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Preface

Though titanium and its alloys are relatively new engineering materials, they have
found wide application in the aerospace, shipbuilding, automotive, sports, chemical and
food processing industries due to their extreme lightness, high specific strength and
good corrosion resistance at temperatures below 500°C. They are also considered
suitable materials for biomedical application due to their biological passivity and
biocompatibility. However, besides these positive properties titanium alloys have a
number of adverse favorable properties which are related to their processing,
machinability and long time use in open and corrosive environment. Chemical reactivity
of titanium with other materials at elevated temperature is high, which necessitates the
development of non conventional melting, refining and casting techniques, making this
material very expensive. Numerous research is directed towards addressing these issues
in order to ease their processing and further applications.

This nine diverse chapters of this book are distributed under three sections and
address problems related to the processing and application of this precious metal and
its alloys. The book chapters are contributed by researchers who devoted long periods
of their research career working on titanium and its alloys looking for solutions to
some of these specific problems.. From this perspective this book will serve as an
excellent reference material for researchers whose works is in anyway related to
titanium and its alloys - from processing to applications. The chapters are designed to
address the issues that arise at the material development, processing and the
application stages. For instance, the a case formation defects that arise at the
investment casting stage and the optimization aspects of the additive manufacturing
(AM) processes through numerical modelling and simulation has been addressed in
two different chapters. Similarly, the metallurgical defects resulting from entrapped
gases during casting processes are common to titanium parts. The morphology of
formation of these defects in the production of Ti-6Al-4V alloy is presented in
another chapter of the book with the objective of addressing effectively the problem
at the casting stage. Titanium parts are sometimes designed to work as die
components or as projectiles and as such are subjected to high pressures and
temperatures. However, high pressure raises a number of scientific and engineering
issues, mainly because under such pressures the relatively ductile a phase may get
transformed into a fairly brittle w phase, which may significantly limit the use of
titanium alloys in high pressure applications. One of the chapters of the book deals
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with these issues and indicates how the formation of w phase may be avoided through
adoption of proper processing techniques.

In the Chapter ‘Hot Plasticity of alpha Beta alloys’ the authors have shared their
invaluable experimental results explaining different aspects of hot plasticity of two-
phase titanium alloys and have indicated techniques for developing appropriate
microstructure yielding optimum plastic flow stresses under elevated temperatures. The
phenomenon of super plasticity is also addressed in the same chapter. Furthermore,
application of titanium alloys under corrosive environment and friction requires
additional strengthening through effective surface treatment. One chapter of the book
addresses different aspects of a common chemico-thermal method - nitriding to apply an
effective coating on titanium parts. Specific issues related to the intricacies of the
nitriding process suitable for application on titanium parts have been elaborated in the
same chapter with excellent illustrations. Titanium alloys are common options in
biomedical and dental applications and the ternary alloys Ti-6Al-7Nb are widely used
for these purposes due to their unique mechanical and chemical properties, excellent
corrosion resistance and biocompatibility. Development of nanotube anodic layers for
medical applications on these materials are addressed in one of the chapters while the
mechanism of electrochemical deposition of calcium phosphate on titanium substrate
and the related process parameters and optimization techniques are presented in
another. Titanium and its alloys are well known for their poor machinability properties.
Useful experimental materials are presented in one chapter dealing with machining of
titanium alloys, specifically drilling, a common machining operation.

We hope the research materials presented in the different chapters of this book will
contribute to the ongoing research works on titanium and its alloys and help further
improvement in the properties and application of titanium alloys.
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Numerical Modeling of
the Additive Manufacturing (AM)
Processes of Titanium Alloy

Zhigiang Fan and Frank Liou
Missouri University of Science and Technology
USA

1. Introduction

It is easy to understand why industry and, especially, aerospace engineers love titanium.
Titanium parts weigh roughly half as much as steel parts, but its strength is far greater than
the strength of many alloy steels giving it an extremely high strength-to-weight ratio. Most
titanium alloys are poor thermal conductors, thus heat generated during cutting does not
dissipate through the part and machine structure, but concentrates in the cutting area. The
high temperature generated during the cutting process also causes a work hardening
phenomenon that affects the surface integrity of titanium, and could lead to geometric
inaccuracies in the part and severe reduction in its fatigue strength [Benes, 2007]. On the
contrary, additive manufacturing (AM) is an effective way to process titanium alloys as AM
is principally thermal based, the effectiveness of AM processes depends on the material's
thermal properties and its absorption of laser energy rather than on its mechanical
properties. Therefore, brittle and hard materials can be processed easily if their thermal
properties (e.g., conductivity, heat of fusion, etc.) are favorable, such as titanium. Cost
effectiveness is also an important consideration for using additive manufacturing for
titanium processing. Parts or products cast and/or machined from titanium and its alloys
are very expensive, due to the processing difficulties and complexities during machining
and casting. AM processes however, have been found to be very cost effective because they
can produce near-net shape parts from these high performance metals with little or no
machining [Liou & Kinsella, 2009]. In the aerospace industry, titanium and its alloys are
used for many large structural components. When traditional machining/cast routines are
adopted, conversion costs for these heavy section components can be prohibitive due to
long lead time and low-yield material utilization [Eylon & Froes, 1984]. AM processes have
the potential to shorten lead time and increase material utilization in these applications. The
following sections 1.1, 1.2 and 1.3 summarize the fundamental knowledge for the modeling
of additive manufacturing processes.

1.1 Additive manufacturing

Additive manufacturing can be achieved by powder-based spray (e.g., thermal spray or cold
spray), sintering (e.g., selective laser sintering), or fusion-based processes (or direct metal
deposition) which use a laser beam, an electron beam, a plasma beam, or an electric arc as an
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energy source and either metallic powder or wire as feedstock [Kobryn et al., 2006]. For the
aerospace industry which is the biggest titanium market in the U.S. [Yu & Imam, 2007],
fusion-based AM processes are more advantageous since they can produce 100% dense
functional metal parts. This chapter will focus on fusion-based AM processes with
application to titanium.

Numerical modeling and simulation is a very useful tool for assessing the impact of process
parameters and predicting optimized conditions in AM processes. AM processes involve
many process parameters, including total power and power intensity distribution of the
energy source, travel speed, translation path, material feed rate and shielding gas pressure.
These process parameters not only vary from part to part, but also frequently vary locally
within a single part to attain the desired deposit shape [Kobryn et al., 2006]. Physical
phenomena associated with AM processes are complex, including melting/solidification
and vaporization phase changes, surface tension-dominated free-surface flow, heat and
mass transfer, and moving heat source. The variable process parameters together with the
interacting physical phenomena involved in AM complicate the development of process-
property relationships and appropriate process control. Thus, an effective numerical
modeling of the processing is very useful for assessing the impact of process parameters and
predicting optimized conditions.

Currently process-scale modeling mainly addresses transport phenomena such as heat
transfer and fluid dynamics, which are closely related to the mechanical properties of the
final structure. For example, the buoyancy-driven flow due to temperature and species
gradients in the melt pool strongly influences the microstructure and thus the mechanical
properties of the final products. The surface tension-driven free-surface flow determines the
shape and smoothness of the clad. In this chapter, numerical modeling of transport
phenomena in fusion-based AM processes will be presented, using the laser metal
deposition process as an example. Coaxial laser deposition systems with blown powder as
shown in Fig. 1 are considered for simulations and experiments. The material studied is Ti-
6Al-4V for both the substrate and powder. As the main challenges in modeling of fusion-
based AM processes are related to melting/solidification phase change and free-surface
flow in the melt pool, modeling approaches for these physical phenomena will be
introduced in Sections 1.2 and 1.3.

1.2 Modeling of melting/solidification phase change

Fusion-based AM processes involve a melting/solidification phase change. Numerical
modeling of the solidification of metal alloys is very challenging because a general
solidification of metal alloys involves a so-called “mushy region” over which both solid and
liquid coexist and the transport phenomena occur across a wide range of time and length
scales [Voller, 2006]. A rapidly developing approach that tries to resolve the smallest scales
of the solid-liquid interface can be thought of as direct microstructure simulation. In order to
simulate the microstructure development directly, the evolution of the interface between
different phases or different microstructure constituents has to be calculated, coupled with
the physical fields such as temperature and concentration [Pavlyk & Dilthey, 2004]. To this
approach belong phase-field [Beckermann et al., 1999; Boettinger et al., 2002; Caginalp, 1989;
Karma & Rappel, 1996,1998; Kobayashi, 1993; Provatas et al., 1998; Steinbach et al., 1996;
Warren & Boettinger, 1995; Wheeler et al., 1992], cellular-automaton [Boettinger et al., 2000;
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Fan et al., 2007a; Gandin & Rappaz, 1994; Grujicic et al. 2001; Rappaz & Gandin, 1993; Zhu et
al., 2004], front tracking [Juric & Tryggvason, 1996; Sullivan et al., 1987; Tryggvason et al.,
2001], immersed boundary [Udaykumar et al., 1999, 2003] and level set [Gibou et al., 2003;
Kim et al. 2000] methods. Due to the limits of current computing power, the above methods
only apply to small domains on a continuum scale from about 0.1 pm to 10 mm.

~Deposition Nozzle

J

Direction of Travel
-

Substrate—.

¥ »
f )( |
| P_F-—I.aser Beam
r Powder Particles |

.-"f g LDepuﬁmd Track
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Fig. 1. Schematics of a coaxial laser metal deposition system with powder injection

To treat the effects of transport phenomena at the process-scale (~ 1 m), a macroscopic
model needs to be adopted, where a representative elementary volume (REV) is selected to
include a representative and uniform sampling of the mushy region such that local scale
solidification processes can be described by variables averaged over the REV [Voller et al,,
2004]. Based on the REV concept, governing equations for the mass, momentum, energy and
species conservation at the process scale are developed and solved. Two main approaches
have been used for the derivation and solution of the macroscopic conservation equations.
One approach is the two-phase model [Beckermann & Viskanta, 1988; Ganesan & Poirier,
1990; Ni & Beckermann, 1991], in which the two phases are treated as separate and separate
volume-averaged conservation equations are derived for solid and liquid phases using a
volume averaging technique. This approach gives the complete mathematical models for
solidification developed today, which have the potential to build a strong linkage between
physical phenomena occurring on macroscopic and microscopic scales [Ni & Incropera,
1995]. However, the numerical procedures of this model are fairly involved since two
separate sets of conservation equations need to be solved and the interface between the two
phases must be determined for each time step [Jaluria, 2006]. This places a great demand on
computational capabilities. In addition, the lack of information about the microscopic
configuration at the solid-liquid interface is still a serious obstacle in the implementation of
this model for practical applications [Stefanescu, 2002]. An alternative approach to the
development of macroscopic conservation equations is the continuum model [Bennon &
Incropera, 1987; Hills et al., 1983; Prantil & Dawson, 1983; Prescott et al., 1991; Voller &
Prakash, 1987; Voller et al., 1989]. This model uses the classical mixture theory [Muller, 1968]
to develop a single set of mass, momentum, energy and species conservation equations,
which concurrently apply to the solid, liquid and mushy regions. The numerical procedures
for this model are much simpler since the same equations are employed over the entire
computational domain, thereby facilitating use of standard, single-phase CFD procedures.
In this study, the continuum model is adopted to develop the governing equations.
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1.3 Modeling of free-surface flow

In fusion-based AM processes, the melt pool created by the energy source on the substrate is
usually modelled as a free-surface flow, in which the pressure of the lighter fluid is not
dependent on space, and viscous stresses in the lighter fluid is negligible. The techniques to
find the shape of the free surface can be classified into two major groups: Lagrangian (or
moving grid) methods and Eulerian (or fixed grid) methods. In Lagrangian methods
[Hansbo, 2000; Idelsohn et al., 2001; Ramaswanyé& Kahawara, 1987; Takizawa et al., 1992],
every point of the liquid domain is moved with the liquid velocity. A continuous re-
meshing of the domain or part of it is required at each time step so as to follow the interface
movement. A special procedure is needed to enforce volume conservation in the moving
cells. All of this can lead to complex algorithms. They are mainly used if the deformation of
the interface is small, for example, in fluid-structure interactions or small amplitude waves
[Caboussat, 2005]. In Eulerian methods, the interface is moving within a fixed grid, and no
re-meshing is needed. The interface is determined from a field variable, for example, a
volume fraction [DeBar, 1974; Hirt & Nichols, 1981; Noh & Woodward, 1976], a level-set [
Sethian, 1996, 1999] or a phase-field [Boettinger et al., 2002; Jacqmin, 1999]. While
Lagrangian techniques are superior for small deformations of the interfaces, Eulerian
techniques are usually preferred for highly distorted, complex interfaces, which is the case
for fusion-based additive manufacturing processes. For example, in AM processes with
metallic powder as feedstock, powder injection causes intermittent mergers and breakups at
the interface of the melt pool, which needs a robust Eulerian technique to handle.

Among the Eulerian methods, VOF (for Volume-Of-Fluid) [Hirt & Nichols, 1981] is probably
the most widely used. It has been adopted by many in-house codes and built into
commercial codes (SOLA-VOF [Nichols et al, 1980], NASA-VOF2D [Torrey et al 1985],
NASA-VOF3D [Torrey et al 1987], RIPPLE [Kothe & Mjolsness 1991], and FLOW3D [Hirt &
Nichols 1988], ANSYS Fluent, to name a few). In this method a scalar indicator function, F, is
defined on the grid to indicate the liquid-volume fraction in each computational cell.
Volume fraction values between zero and unity indicate the presence of the interface. The
VOF method consists of an interface reconstruction algorithm and a volume fraction
advection scheme. The features of these two steps are used to distinguish different VOF
versions. For modeling of AM processes, an advantage of VOF is that it can be readily
integrated with the techniques for simulation of the melting /solidification phase change.
VOF methods have gone through a continuous process of development and improvement.
Reviews of the historical development of VOF can be found in [Benson, 2002; Rider & Kothe,
1998; Rudman, 1997; Tang et al., 2004]. In earlier versions of VOF [Chorin, 1980; Debar, 1974;
Hirt & Nichols, 1981; Noh & Woodward, 1976], reconstruction algorithms are based on a
piecewise-constant or “stair-stepped” representation of the interface and advection schemes
are at best first-order accurate. These first-order VOF methods are numerically unstable in
the absence of surface tension, leading to the deterioration of the interface in the form of
flotsam and jetsam [Scardovelli & Zaleski, 1999]. The current generation of VOF methods
approximate the interface as a plane within a computational cell, and are commonly referred
to as piecewise linear interface construction (PLIC) methods [Gueyffier et al., 1999; Rider &
Kothe, 1998; Youngs, 1982, 1984]. PLIC-VOF is more accurate and avoids the numerical
instability [Scardovelli & Zaleski, 1999].
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2. Mathematical model
2.1 Governing equations

In this study the calculation domain for a laser deposition system includes the substrate,
melt pool, remelted zone, deposited layer and part of the gas region, as shown in Fig.2. The
continuum model [Bennon & Incropera, 1987; Prescott et al., 1991] is adopted to derive the
governing equations for melting and solidification with the mushy zone. Some important
terms for the melt pool have been added in the momentum equations, including the
buoyancy force term and surface tension force term, while some minor terms in the original
derivation in [Prescott et al., 1991] have been neglected. The molten metal is assumed to be
Newtonian fluid, and the melt pool is assumed to be an incompressible, laminar flow. The
laminar flow assumption can be relaxed if turbulence is considered by an appropriate
turbulence model, such as a low-Reynolds-number k-e model [Jones & Launder, 1973]. The
solid and liquid phases in the mushy zone are assumed to be in local thermal equilibrium.

Shielding Gas 1/! l l‘J' l

o %
o

Laser Beam ¢)
/

o,
; o
Powder /o ° o\-..__

i 0 0 0%
/ 000k
o |

Deposited Layer
Melt pool
Remelted Zone

Substrate

Fig. 2. Schematic diagram of the calculation domain for laser metal deposition process

For the system of interest, the conservation equations are summarized as follows:

Mass conservation:

P 4v.(pV)=0 M
ot
Momentum conservation:

L)+ V- (Vi) =V - Lvi) - L SL )1 pg [1-a(T =Tyl +Fs, )
P ox K, p

X

STV =V BV L B o) g e TR, )

Energy conservation:
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(Ph)+V - (PVR) =V -(VT) =V [l =)V = V,)]+S @

In equations (1)-(4), the subscripts s and [ stand for solid and liquid phase, respectively. ¢, j,
and T are time, dynamics viscosity and temperature, respectively. u and v are x-direction
and y-direction velocity components. The continuum density p, vector velocity V, enthalpy
h, and thermal conductivity k are defined as follows:

P =8P+ 8P ©)
V=fV.+fV, (6)
h=fh + fil @)
k= gsks + &1k ®)

Here the subscripts s and [ stand for solid and liquid phase, respectively. f; and f; refer to
mass fractions of solid and liquid phases, and gs and g; are volume fractions of solid and
liquid phases. To calculate these four quantities, a general practice is that g (or g is
calculated first and then the other three quantities are obtained according to the following
relationships:

fi=8P p 8P g g -1 firfi=1 ©)
P p

The volume fraction of liquid g can be found using different models, such as the level rule,
the Scheil model [Scheil, 1942], or the Clyne and Kurz model [Clyne & Kurz, 1981]. For the
target material Ti-6Al-4V, it is assumed that g;is only dependent on temperature. The g; (T)
function is given by [Swaminathan & Voller, 1992]:

0 ifT<T,
g = T-1 ifT,<T<T, (10)
1~ 4s
1 ifT>T

The phase enthalpy for the solid and the liquid can be expressed as:

b= c,(T)dT (11)
T, T
Iy =] c(T)T + [ c/(T)dT +L,, (12)
where Ly, is the latent heat of melting. ¢; and ¢ are specific heat of solid and liquid phases.

In Egs. (2) and (3), the third terms on the right-hand side are the drag interaction terms, and
K; and K, are the permeability of the two-phase mushy zone in x- and y- directions, which
can be calculated from various models [Bhat et al., 1995; Carman, 1937; Drummond & Tahir,
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1984; Ganesan et al., 1992; Poirier, 1987; West, 1985]. Here the mushy zone is considered as
rigid (i.e. a porous media). If the mushy zone is modeled as a slurry region, these two terms
can be treated as in [Ni & Incropera, 1995]. In Egs. (2) and (3), the fourth terms on the right-
hand side are the buoyancy force components due to temperature gradients. Here
Boussinesq approximation is applied. a is the thermal expansion coefficient. The fifth terms
on the right-hand side of Egs. (2) and (3) are surface tension force components, which will be
described in Section 2.2 below. The term S in Eq. (4) is the heat source.

2.2 Surface tension

The surface tension force, Fs, is given by:
F; =k +Vgy (13)

where y is surface tension coefficient, k the curvature of the interface, n the unit normal to
the local surface, and Vg the surface gradient operator. The term yxnis the normal
component of the surface tension force. The term Vgy represents the Marangoni effect
caused by spatial variations in the surface tension coefficient along the interface due to
temperature and/or species gradients. It causes the fluid flow from regions of lower to
higher surface tension coefficient.

The conventional approach when dealing with surface tension is to use finite difference
schemes to apply a pressure jump at a free-surface discontinuity. More recently, a general
practice is to model surface tension as a volume force using a continuum model, either the
Continuum Surface Force (CSF) model [Brackbill et al., 1992] or the Continuum Surface
Stress (CSS) model [Lafaurie et al., 1994]. The volume force acts everywhere within a finite
transition region between the two phases. In this study, the CSF model is adopted, which
has been shown to make more accurate use of the free-surface VOF data [Brackbill et al.,
1992].

A well-known problem with VOF (and other Eularian methods) modeling of surface tension
is so-called “parasitic currents” or “spurious currents”, which is a flow induced solely by the
discretization and by a lack of convergence with mesh refinement. Under some
circumstances, this artificial flow can be strong enough to dominate the solution, and the
resulting strong vortices at the interface may lead to catastrophic instability of the interface
and may even break-up [Fuster et al., 2009; Gerlach et al. 2006]. Two measures can be taken
to relieve or even resolve this problem. One measure is to use a force-balance flow algorithm
in which the CSF model is applied in a way that is consistent with the calculation of the
pressure gradient field. Thus, imbalance between discrete surface tension and pressure-
gradient terms can be avoided. Within a VOF framework, such force-balance flow
algorithms can be found in [Francois et al., 2006; Y.Renardy & M. Renardy, 2002; Shirani et
al., 2005]. In this study, the algorithm in [Shirani et al., 2005] is followed. The other measure
is to get an accurate calculation of surface tension by accurately calculating interface
normals and curvatures from volume fractions. For this purpose, many methods have been
developed, such as those in [Cummins et al, 2005; Francois et al., 2006; Lépez & Hernéndez,
2010; Meier et al., 2002; Pilliod Jr. & Puckett, 2004; Y.Renardy & M. Renardy, 2002]. The
method we use here is the height function (HF) technique, which has been shown to be
second-order accurate, and superior to those based on kernel derivatives of volume fractions
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or RDF distributions [Cummins et al, 2005; Francois et al., 2006, Liovic et al., 2010].
Specifically, we adopt the HF technique in [Lépez & Herndndez, 2010] that has many
improvements over earlier versions (such as that in [Torrey et al., 1985]) of HF, including
using an error correction procedure to minimize estimation error. Within the HF framework,
suppose the absolute value of the y-direction component of the interface normal vector is
larger than the x-direction component, interface curvature (in 2D) is given by

H
(1+H 2% 14

where H is the height function, H, and H, are first-order and second-order derivatives of H,
respectively. Hy and Hy, are obtained by using a finite difference formula. Interface normals
are calculated based on the Least-Squares Fit method from [Aulisa et al., 2007].

2.3 Tracking of the free surface

The free surface of the melt pool is tracked using the PLIC-VOF [Gueyffier et al., 1999;
Scardovelli & Zaleski, 2000, 2003]. The Volume of Fluid function, F, satisfies the following
conservation equation:

§+(V-V)F:O (15)
ot

The PLIC-VOF method consists of two steps: interface reconstruction and interface

advection. In 2D calculation, a reconstructed planar surface becomes a straight line which

satisfies the following equation:

nx+ny=d 16)
where 1, and n, are x and y components of the interface normal vector. d is a parameter
related to the distance between the line and the coordinate origin of the reference cell. In the
interface reconstruction step, n, and n, of each cell are calculated based on volume fraction
data, using the Least-Squares Fit method from [Aulisa et al., 2007]. Then the parameter d is
determined to match the given volume fraction. Finally given the velocity field, the
reconstructed interface is advected according to the combined Eulerian-Lagrangian scheme
in [Aulisa et al., 2007].

2.4 Boundary conditions

Energy balance at the free surface satisfies the following equation:

P

g — n(Plaser - utten) _ ]’ZC(T _ Tw) _ 80‘(T4 _ T;l) _ meLv (17)

k
on 7R?

where terms on the right-hand side are laser irradiation, convective heat loss, radiation heat
loss and evaporation heat loss, respectively. Piaser is the power of laser beam, Pagen the power
attenuated by the powder cloud, R the radius of laser beam spot, n the laser absorption
coefficient, 11, the evaporation mass flux, L, the latent heat of evaporation, k. the heat
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convective coefficient, ¢ emissivity, o the Stefan-Boltzmann constant, and n the normal
vector at the local interface. 11, can be evaluated according to the “overall evaporation
model” in [Choi et al., 1987], and Paten can be calculated according to [Frenk et al., 1997] with
a minor modification.

On the bottom surface and side surfaces, boundary conditions are given by

A h(T-T,)=0 (18)

k=
on

V=0 (19)

Note that the radiation heat loss at these surfaces is neglected due to the fact that the
temperature differences at these surfaces are not large.

2.5 Numerical Implementation

Finite difference and finite volume methods are used for spatial discretization of the
governing equations. Staggered grids are employed where the temperatures, pressures and
VOF function are located at the cell center and the velocities at the walls. In the numerical
implementation, material properties play an important role. The material properties are
generally dependent on temperature, concentration, and pressure. For fusion-based additive
manufacturing processes, the material experiences a large variation from room temperature
to above the melting temperature. For Ti-6Al-4V, many material properties experience large
variations over this wide temperature range, as shown in Table 1. For example, the value of
specific heat varies from 546 ]~ K-~ kg at room temperature to 831 ]~ K1~ kg at
liquidus temperature. Thermal conductivity varies from 7 to 33.4 W~ m1™ K1 over the
same temperature range. Thus, the temperature dependence of the properties dominates,
which necessitates a coupling of the momentum equations with the energy equation and
gives rise to strong nonlinearity in the conservation equations.

The variable properties have two effects on the numerical solution procedure [Ferziger &
Peric, 2002]. First, although an incompressible flow assumption is made, the thermo-
physical properties need to be kept inside the differential operators. Thus, solution methods
for incompressible flow can be used. Second, the momentum and energy conservation
equations have to be solved in a coupled way. In this study, the coupling between
momentum and energy equations is achieved by the following iterative scheme:

1. Egs. (1) - (3) and the related boundary conditions are solved iteratively using a two-step
projection method [Chorin, 1968] to obtain velocities and pressures. Thermo-physical
properties used in this step are computed from the old temperature field. At each time
step, the discretized momentum equations calculate new velocities in terms of an
estimated pressure field. Then the pressure field is iteratively adjusted and velocity
changes induced by each pressure correction are added to the previous velocities. This
iterative process is repeated until the continuity equation is satisfied under an imposed
tolerance by the newly computed velocities. This imposes a requirement for solving a
linear system of equations. The preconditioned Bi-CGSTAB (for Bi-Conjugate Gradient
Stabilized) method [Barrett et al., 1994] is used to solve the linear system of equations.
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2. Eq. (4) is solved by a method [Knoll et al., 1999] based on a finite volume discretization
of the enthalpy formulation of Eq. (4). The finite volume approach ensures that the
numerical scheme is locally and globally conservative, while the enthalpy formulation
can treat phase change in a straightforward and unified manner. Once new temperature
field is obtained, the thermo-physical properties are updated.

3. Equation (15) is solved using the PLIC-VOF [Gueyffier et al., 1999; Scardovelli &
Zaleski, 2000, 2003] to obtain the updated free surface and geometry of the melt pool.

4. Advance to the next time step and back to step 1 until the desired process time is

reached.
Physical Properties Value Reference
Liquidus temperature (K) 1923.0 [Mills, 2002]
Solidus temperature (K) 1877.0 [Boyer et al., 1994]
Evaporation temperature (K)  3533.0 [Boyer et al., 1994]
Solid specific heat (J kg K1) 483.04 +0.215T T <1268K [Mills, 2002]
{412.7 +0.1801T 1268 <T <1923
Liquid specific heat (J kg? K1) 831.0 [Mills, 2002]
Thermal conductivity 1.2595 + 0.0157T T <1268K [Mills, 2002]
(W m K-) 35127 +0.0127T 1268 <T <1923
-12.752 +0.024T T >1923
Solid density (kg m?) 4420 - 0.154 (T - 298 K) [Mills, 2002]
Liquid density (kg m?3) 3920 - 0.68 (T - 1923 K) [Mills, 2002]
Latent heat of fusion (] kg1) 2.86 x 105 [Mills, 2002]
Latent heat of evaporation 9.83 x 106 [Mills, 2002]
U kg?)

Dynamic viscosity (N m?s1)  3.25x103 (1923K) 3.03 x 102 (1973K) [Mills, 2002]
2.66 x 10° (2073K) 2.36 x 10° (2173K)

Radiation emissivity 0.1536+1.8377x10 (T -300.0 K) [Lips&Fritsche, 2005]
Surface tension (N m1) 1.525 - 0.28x103(T - 1941K)a [Mills, 2002]
Thermal expansion coefficient 1.1 x 105 [Mills, 2002]

(K7)

Laser absorption coefficient 0.4

Ambient temperature (K) 300
Convective coefficient 10
(W m2 K1)

Table 1. Material properties for Ti-6Al-4V and main process parameters used in simulations.
aValue for commercially pure titanium was used.

The time step is taken at the level of 10 s initially and adapted subsequently according to
the convergence and stability requirements of the Courant-Friedrichs-Lewy (CFL)
condition, the explicit differencing of the Newtonian viscous stress tensor, and the explicit
treatment of the surface tension force.
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3. Simulation results and model validation

The parameters for the simulation were chosen based on the capability of our experimental
facilities to compare the simulation results with the experimental measurements. A diode
laser deposition system (the LAMP system of Missouri S&T) and a YAG laser deposition
system at South Dakota School of Mines and Technology (SDSMT) were used for
simulations and experiments. Ti-6Al-V4 plates with a thickness of 0.25 inch were selected as
substrates. Ti-6Al-V4 powder particles with a diameter from 40 to 140 um were used as
deposit material. Fig. 3 shows the typical simulation results for temperature, velocity and
VOF function.

The numerical model was validated from different aspects. First, it was validated in terms
of melt pool peak temperature and melt pool length. The experiments were performed on
the LAMP system as shown in Fig. 4. The system consists of a diode laser, powder
delivery unit, 5-axis CNC machine, and monitoring subsystem. The laser system used was
a Nuvonyx ISL-1000M Diode Laser that is rated for 1 kW of output power. The laser emits
at 808 nm and operates in the continuous wave (CW) mode. The laser spot size is 2.5 mm.
To protect oxidization of Ti-6Al-V4, the system is covered in an environmental chamber to
supply argon gas. The melt pool peak temperature is measured by a non-contact optical
pyrometer that is designed for rough conditions, such as high ambient temperatures or
electromagnetic interferences. A laser sight within the pyrometer allows for
perfect alignment and focal length positioning; the spot size is 2.6 mm which encompasses
the melt pool. The pyrometer senses the maximum temperature between 400 and 2500
(degrees C) and correlates the emissivity of the object to the resulting measurement.
Temperature measurements are taken in real-time at 500 or 1000 Hz using a National
Instruments real-time control system. A 4-20 mA signal is sent to the real-time system
which is converted to degrees Celsius, displayed to the user and simultaneously recorded
to be analyzed at a later date. Due to the collimator, the pyrometer is mounted to the Z-
axis of the CNC at 42 (degrees) and is aligned with the center of the nozzle. Temperature
measurements recorded the rise and steady state temperatures and the cooling rates of the
melt pool. A complementary metal oxide semiconductor (CMOS) camera was installed
right above the nozzle head for a better view in dynamically acquiring the melt pool
image. The melt pool dimensions can be calculated from the image by the image process
software.

Fig. 5 and Fig. 6 show the measured and predicted melt pool peak temperatures at different
laser power levels and at different travel speeds, respectively. It can be seen from the plot
that the general trend between simulation and experiment is consistent. At different power
intensity level, there is a different error from 10 K (about 0.5%) to 121 K (about 5%). Fig. 7
shows measured and predicted melt pool length at different laser power levels. The biggest
disagreement between measured and simulated values is about 7%. It can be seen that the
differences between measured and predicted values at higher power intensities (higher
power levels or slower travel speeds) are generally bigger than those at lower power
intensities. This can be explained by the two-dimensional nature of the numerical model. A
2D model does not consider the heat transfer in the third direction. At a higher power level,
heat transfer in the third dimension is more significant.



14 Titanium Alloys — Towards Achieving Enhanced Properties for Diversified Applications

T
2400
2200
2000
1800
200 1600
1400
1200
1000
800
600
400
150
150 200 250
(a) Temperature field of the region around the melt pool
- s
i 0.1 m's
200~
180 -
160
140 [ L L L I L L L I L 1 L I L L 1 I L L L I L L L
200 2z0 240 260 280
(b) Velocity field of the melt pool and falling powder particles
[ ¥

200~

150

150 200
(c) VOF field of part of the region around the melt pool

250

Fig. 3. Simulation results of laser deposition of Ti-6Al-4V
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Fig. 5. Melt pool peak temperature comparison between simulation and experiment at
different laser power levels (powder mass flow rate = 4.68g/min., travel speed = 20
inch/min.)
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Fig. 7. Melt pool length comparisons between simulation and experiment at different power
levels (powder mass flow rate = 4. 68 g/min., travel speed = 20 inch/min.)

The samples were cross-sectioned using a Wire-EDM machine to measure dilution depth.
An SEM (Scanning Electron Microscope) line trace was used to determine the dilution of the
clad layer. The deposited Ti-6Al-4V is of Widmansttaten structure. The substrate has a
rolled equi-axed alpha plus beta structure. Even though these two structures are are easily
distinguishable, the HAZ is large and has a martensitic structure that can be associated with
it. Hence a small quantity of tool steel in the order of 5% was mixed with Ti-6Al-4V. The
small quantity makes sure that it does not drastically change the deposit features of a 100%
Ti-6Al-4V deposit. At the same time, the presence of Cr in tool steel makes it easily
identifiable by means of EDS scans using SEM. Simulation and experimental results of
dilution depth are shown in Figs. 8 - 10.
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Fig. 8. Comparison of dilution depth between simulation and experiment at different power
levels (powder mass flow rate = 4.68 g/min., travel speed = 20 inch/min.)
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Fig. 10. Comparison of dilution depth between simulation and experiment at different
powder mass flow rates and different laser power levels (travel speed = 20 inch/min.)

Good agreements between measured and simulated dilution depths can be found in Figs. 8-
10. The differences are from about 4.8% to 15.1%. It can be seen that an increase in the laser
power will increase the dilution depth. An increase in the laser travel speed will decrease
the dilution depth. It is clear that the dilution depth has a linear dependence on the laser
power and the laser travel speed. This is easy to understand. As the laser power increases,
more power is available for melting the substrate. As travel speed decreases, the laser
material interaction time is extended. From Fig. 10, it can be seen that an increase in powder
mass flow rate will decrease the dilution depth. But this effect is more significant at a higher
level of laser power. It is likely that at a lower level of laser power, a significant portion of
laser energy is consumed to melt the powder. Hence the energy available is barely enough
to melt the substrate. Detailed discussion can be found in [Fan et al, 2006, 2007b; Fan, 2007].

Finally, the numerical model was validated in terms of its capability for predicting the lack-
of-fusion defect. The test was performed using the YAG laser deposition system at South
Dakota School of Mines and Technology (SDSMT). The simulation model determined that
1,200 watts would be the nominal energy level for the test. This means that based on the
model, lack of fusion should occur when the laser power is below 1200 W. In accordance
with the test matrix, seven energy levels were tested: nominal, nominal + 10%, nominal *
20%, and nominal + 30%. Based on the predicted nominal value of 1,200 watts, the seven
energy levels in the test matrix are 840, 960, 1080, 1200, 1320, 1440, and 1540 watts. The
deposited Ti-6Al-4V specimens were inspected at Quality Testing Services Co. using
ultrasonic and radiographic inspections to determine the extent of lack-of-fusion in the
specimens. The determination of whether or not there exists lack of fusion in a deposited
specimen can be explained using Figs. 11 - 13. First a substrate without deposit on it was
inspected as shown in Fig. 11. Notice that the distance between two peaks are the thickness
of the substrate. Then laser deposited specimens were inspected. If there is lack of fusion in
a deposited specimen, some form of peaks can be found between the two high peaks in the
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ultrasonic graph, the distance of which is the height of the deposition and the thickness of
the substrate. Fig. 12 shows an ultrasonic graph of a deposited specimen with a very good
deposition. The ultrasonic result indicates there is not lack of fusion occurring between
layers and the interface. The distance between two peaks is the height of the deposition and
the thickness of the substrate. For the deposition as shown in Fig. 13, the lack of fusion
occurs as the small peak (in circle) appears between two high peaks. The results revealed
that no lack-of-fusion was detected in specimens deposited using 1,200 watts and higher
energy levels. However, lack-of-fusion was detected in specimens deposited from lower
energy levels (minus 10% up to minus 30% of 1,200 watts.). The test results validated the
simulation model.
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Fig. 12. Ultrasonic graph of a laser deposited Ti-6Al-4V specimen without lack of fusion
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Fig. 13. Ultrasonic graph of a laser deposited Ti-6Al-4V specimen with lack of fusion

4. Conclusion

This chapter has outlined the approach for mathematical and numerical modeling of fusion-
based additive manufacturing of titanium. The emphasis is put on modeling of transport
phenomena associated with the process, including heat transfer and fluid flow dynamics. Of
particular interest are the modeling approaches for solidification and free surface flow with
surface tension. The advantages and disadvantages of the main modeling approaches are
briefly discussed. Based on the comparisons, the continuum model is adopted for modeling
of melting/solidification phase change, and the VOF method for modeling of free-surface
flow in the melt pool.

The laser deposition process is selected as an example of fusion-based additive
manufacturing processes. The governing equations, auxiliary relationships, and boundary
conditions for the solidification system and free-surface flow are presented. The main
challenge for modeling of the surface tension-dominant free surface flow is discussed and
the measures to overcome the challenge are given. The numerical implementation
procedures are outlined, with a focus on the effects of variable material property on the
discretization schemes and solution algorithms. Finally the simulation results are presented
and compared with experimental measurements. A good agreement has been obtained and
thus the numerical model is validated. The modeling approach can be applied to other
fusion-based manufacturing processes, such as casting and welding.
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1. Introduction

At present the practical utilization of titanium (Ti) and its alloys ranges from sports
equipment to the aerospace, power generation and chemical processing industries, and
automotive, marine and medical engineering [1]. Yet, Ti alloy forming processes are much
more laborious than one thinks, which is mainly due to the fact that in solid solution Ti
combines with carbon, nitrogen and especially oxygen and additionally Ti is constrained to
be melted in inert environments or in a vacuum [2]. For the intended applications, Ti and its
alloy forming processes should incorporate forging, powder metallurgy and casting. A
center bulkhead of the F-22 Raptor fighter aircraft is a good example of the difficulty in Ti
alloy forging. Although the final Ti6Al4V alloy component weighs only about 150 kg, it
should be forged initially from a single cast ingot of nearly 3,000 kg, which clearly exhibits
extremely high machining losses in the Ti alloy forging process [2]. By the way, the powder
metallurgy of Ti alloys offers a practicable way of producing complex components with less
machining losses than in forging processes. However, the applications of the powder
metallurgy have been limited by the freedom of size and shape. In addition, in order to
ensure the soundness of the powder metallurgy products without porosity defects, hot
isostatic pressing (HIP) is essentially required, which makes the powder metallurgy even
more expensive [3].

Casting is a typical net shape forming technique in which molten metals are poured into a
mold to produce an object of desired shape. However, the casting of titanium alloys is
considered as only a near net shape forming technique. That is because regardless of mold
type, titanium alloys casting has a drawback, called alpha-case (a-case), which makes it
difficult to machine them and can lend themselves to crack initiation and propagation, due
to their enormous reactivity in molten states [4]. Thus, the depth of a-case must be taken
into consideration in the initial design for casting since the brittle a-case must be removed
by chemical milling. For the reason, the wide use of titanium alloys casting has been limited,
although titanium alloys castings are comparable, and quite often superior, to wrought
products in all respects [3].

In order to avoid the a-case problem, the expensive ceramics, such as CaO, ZrO; and Y;O;
have been adopted as mold materials since the standard free energy changes of the
formation of their oxides are more negative than that of TiO,. Regardless of thermodynamic
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approaches, the a-case formation reaction still remains to be eliminated in the chemical milling
processes. In order to develop the economic net shape forming technique of titanium alloys by
casting process, it is necessary to take a much closer look into the a-case formation mechanism.
Therefore, the exact a-case formation mechanism must be examined and the development of
a-case controlled mold materials is required for practical applications of Ti alloys.

2. Evaluation of the alpha-case formation mechanism
2.1 Conventional alpha-case formation mechanism

The investment casting of titanium has a drawback, called ‘a-case’, which makes it difficult
to machine and can lead to crack initiation and propagation, due to their enormous
reactivity in molten states [4]. The a-case is generally known to be developed by the
interstitials such as carbon, nitrogen and especially oxygen dissolved from mold materials.
In order to avoid this problem, the expensive ceramics, such as ZrO,, ZrS5iO4, CaZrO;, CaO
and Y,0s have been adopted for mold materials because their standard free energy changes
of the formation of oxides are more negative than that of TiO, as shown in figure 1.

A —

A kI mol-O)]

0 500 1000 1504 2000
Temperature (K)

Fig. 1. Standard free energy changes of the formation of various oxides.

Regardless of the thermodynamic approaches, some amount of a-case still remains to be
eliminated with the complex chemical milling processes except for Y203 mold. However, in
the case of Y>0; mold, there is not enough strength to handling due to the silica-free binder
and there occur metal-mold reactions to some extent, too.

2.2 Evaluation of alpha-case reaction

The wax patterns for the examination of a-case reactions were made by pouring molten wax
into a simple cylindrical silicon rubber mold (@15 x 70 mm). Subsequently, the patterns
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were inspected and dressed to eliminate any imperfection or contamination, and coated
with AlOj3 slurry. The ALOs shell molds were dried at a controlled temperature (298 K + 1
K) and a relative humidity (40% +1%) for 4 hrs. Dipping, stuccoing and drying procedures
were repeated three times. After the primary layer coating, the patterns were coated with
the back-up layers by the chamotte. To prevent the shell cracks, the dewaxing process of the
shell molds were carried out at around 423 K and 0.5 MPa in a steam autoclave. Finally, the
shell molds were fired at 1,223 K for 2 hrs.

Tungsten electrode

Argas —p l i

/s
— Ti
Copper

crucible —] L Alz02 mold

}— Cooling waler

Fig. 2. Schematic diagram of drop casting procedure of titanium with a plasma arc melting
furnace.

In order to prevent any contamination from refractory crucibles, the specimens for the of a-
case formation examination were prepared in a plasma arc melting (PAM) furnace with
drop casting procedure. The pressure in the PAM was controlled at about 1.33x10-'Pa by a
rotary pump and then in order to minimize the effect of oxygen contamination, high purity
argon was backfilled to the pressure of 4.9x10° Pa.

After the drop casting, Ti castings were taken out of the molds, sectioned, polished and
etched using a Keller solution [5]. The microstructure in the reaction region of the castings
was observed using Olympus PME3 microscopy, and its hardness was measured using a
Mitutoyo MVK-H2 microvickers hardness tester with the condition of 100 g load and 50 pm
intervals. For a closer examination of the alpha-case formation, the distribution state of the
elements analysis at the alpha-case region was performed by SHIMADZU EPMA 1600 and
the phase structures of reaction products were identified by JEOL JEM-3011 TEM.

3. Thermodynamic calculation of alpha-case formation mechanism
3.1 Evaluation of the alpha-case reaction

In this research, Al;O; was selected for the mold material because the standard free energy
changes of the formation of its oxides are more negative than that of TiO». In addition, ALO;
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features suitable strength, permeability and collapse-ability, which can ensure dimensional
accuracy of castings. Fig. 3 shows the microstructure and hardness profile on the surface of
pure titanium investment castings poured into Al,O3 mold.
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Fig. 3. Microstructure of the interface between Ti and Al,O3; mold, and hardness profile.

The microstructure of a distinct reaction layer is about 200 pm thick on the interface between
Ti and Al,Os; mold. In addition to the reaction layer, there shows a hardened layer about 300
pm thick. The reaction layer and the hardened layer together are called the a-case of
titanium castings. However, when the molten titanium (around 2,000 K) is poured into the
AlO; investment mold, and if the a-case results between Ti and the interstitial oxygen, the
reaction could be described as follows:

Ti(l)+Ox(g)=TiOx(s) AGeTiO,= -585.830 kJ/mol )

4/3A1(1)+O0x(g)=2/3A1,0s(s) AGoanos=1,028.367 kJ/mol @)
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Ti(l)+2/3A1L0s(s)=TiOx(s)+4/3Al(I) AGop= +99.748 kJ/mol 3)

The above calculations utilized the joint of army-navy-air force (JANAF) thermochemical
tables [6]. According to the equation (3), the a-case formation by interstitial oxygen cannot
occur spontaneously. Therefore, the reason why the o-case reaction is generated cannot be
explained by the conventional a-case formation mechanism.

3.2 Alpha-case formation mechanism

For the clear examination of the a-case formation mechanism, the distribution of the
elements of the a-case and its chemical composition were investigated by EPMA elemental
mapping as shown in Fig. 4. On the o-case region, the oxygen element was uniformly
distributed. Also, the Si element originating from the colloidal silica binder was scarcely
detected on the surface.

Fig. 4. Comparison of elemental mapping images of O, Al and Si in Ti castings into Al,Os
mold and BEI image by EPMA.

However, the concentrated Al contamination layer about 30 pm thick was detected on the
interface. The EPMA mapping result shows that not only the interstitial oxygen elements
but also the substitutional Al elements dissolved from the mold material affect the metal-
mold reactions. Until recently, the effect of substitutional metallic element dissolved from
mold materials has been ignored as negligibly small [7]. However, Fig. 3 and 4 indicate that
the effect of metallic elements cannot be overlooked any more.

The phase identification of the detected Al element will be the very core of a-case formation
mechanism. The phases of the detected Al on the interface were examined by transmission
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electron microscopy (TEM). In order to observe o-case region precisely, the titanium
castings specimen was grinded from inside to the surface until about 30 pm and final
thinning was carried out using ion milling. Fig. 5 is the cross-sectional bright field TEM
image of the a-case region.

WL\

Fig. 5. Bright field TEM image of the a-case region.

To examine what kinds of phases are presented in the o-case region, C2 aperture was
temporarily removed. Fig. 6 (a) shows ring and spot patterns on the TEM image without C2
aperture. The definite contrast of continuous ring pattern could not be found on the TEM
image since the ring pattern was an extremely small size polycrystalline TiO, phase. In the
case of spot patterns on Fig. 6 (b), the contrast could be distinguished on the TEM image.
And the indexed pattern was a hexagonal close-packed (HCP) phase in the [21i0] beam
direction as shown Fig. 6 (b).

Fig. 6. Results of analytical transmission electron microscopy of (a) ring and spot patterns on
the TEM image without C2 aperture on the bright field image, and (b) spot pattern on the
TEM image was HCP phase in the [2110] beam direction.

The convergent beam electron diffraction (CBED) analysis was carried out for the
verification of the phase of spot patterns with the primitive cell volume method [7]. The
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primitive cell volume is characteristic material constant. So, the phase of interest can be
easily identified by comparing the measured primitive cell volume of an unknown phase
using CBED patterns with the known values of the possible phases. This method is accurate
(error range of <10%) for the phase identification. In the CBED pattern where zero order
Laue zone (ZOLZ) disk and high order Laue zone (HOLZ) ring are present, by measuring
the distance of ZOLZ disk from the transmitted beam to the diffracted beam (D1, D,), an
internal angle (ANG) between D1 and D2, and HOLZ ring's radius (CRAD), the primitive
cell volume of unknown phase can be easily determined using the equation (4). Camera
Length (CL) was calibrated with Au standard sample at 200 keV.

2 43
Cell volume = L4 4)

D, D, .sin(ANG){l - Cos{tanl (CRADJH

CL

Fig. 7 (a) shows the CBED pattern of the HCP phase. There are two possible HCP phases of
Ti and TizAl. The measured primitive cell volume (61.08 ang3, CL=521.4 mm, D;=D,=6.5
mm, ANG=60°, CRAD=23 mm) from CBED pattern corresponded to the theoretic value of
TisAl (66.60 ang?®). This phase identification was in accordance with EDS spot analysis as
shown in Fig. 6 (b). The phase of the detected Al from EPMA mapping was Ti3Al phase.
Thus, considering the microstructure, hardness profile, EPMA mapping and TEM, the a-
case is not wholly TiO,, but TiO, and TisAl between Ti and Al,O3 mold.

(@) (b)

bl
0 1 2 3 4 ] G 7 8 keV

Fig. 7. Convergent beam electron diffraction analysis with the primitive unit cell volume
method (a) The measured primitive unit cell volume, 61.08 ang? (CL=521.4 mm, D;=D»=6.5
mm, ANG=60°, CRAD=23 mm, A =0.0251 A) and (b) EDS spot analysis result.

In this study, from the synthesis of the microstructure, hardness profile, EPMA mapping
and TEM, it could be confirmed that the o-case is formed by not only interstitial oxygen
element but also substitutional metallic elements dissolved from mold materials as shown in
Fig. 8.
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Fig. 8. Schematic diagram of the interstitial and substitutional a-case formation mechanism
of titanium castings.

4. New alpha-case formation mechanism with alpha-case controlled mold
4.1 Alpha-case controlled stable mold fabrication

The a-case formation mechanism was applied to the development of a-case controlled
stable mold and verified by titanium alloy castings with the a-case controlled mold
materials. To synthesize the o-case formation products, 10 wt% to 50 wt% of about 45 pm
titanium powders were added into ALO3 for the purpose of eliminating the a-case. After
blending, the slurry was prepared with the Al;Os; based powder. The a-case controlled
stable mold manufacturing and titanium casting procedures were carried out at the same
condition as mentioned above. The synthesized phases between titanium and Al,O; were
identified by RIGAKU X-ray diffractometer.

4.2 New alpha-case formation mechanism

Although the above mentioned Al;O; has the proper strength, permeability and collapse-
ability enough to ensure dimensional accuracy of castings, it could not be applied for mold
due to its severe a-case formation. However, in this study, for the maximization of
performance and cost-effectiveness of the investment mold, the a-case controlled mold was
designed on Al,Oj3 base.

In consideration of the interstitial and substitutional elements in a-case formation
mechanism, 10 wt% to 50 wt% of titanium powders were blended with ALOs for the
previous synthesis of a-case reaction products into the mold. Then the blended powders
were mixed with the colloidal silica and agitated.

Fig. 9 shows the X-ray diffraction result of 50 wt% titanium mixed AlO; powders before
curing. The composition of the starting titanium and AlbO3 remained unchanged after being
mixed with colloidal silica. After the mixing and agitation, the mold materials were cured at
1,223 K for 2 hrs. According to XRD analysis, TiO; and TizAl phases were in-situ synthesized
on the Al;O; base between titanium and AlO3 powders as shown in Fig. 10.
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Fig. 9. lllustration of the diffraction patterns and replots for identifying phases in 50 wt%
titanium and Al;O3; mixed with colloidal silica before curing.
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Fig. 10. X-ray diffraction pattern of synthesized a-case controlled stable mold materials.

The scan angles were from 20° to 80° and the pattern was verified with JCPDS card numbers
88-0826 (Al,O3), 84-1284 (TiO;) and 14-0451 (TisAl) [8]. No trace of the starting titanium
reagent was detected by XRD analysis. Fig. 11 shows the variation of XRD patterns with the
amount of titanium powders. The component ratio of TiO, and TizAl phases increased
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gradually with the addition of titanium. Consequently, the synthesis of the a-case formation
products TiO, and TizAl phases into Al,O3 based mold could be possible by the addition of

titanium powders.

The effect of a-case controlled stable mold which contained the interstitial metal-mold
reaction product TiO, and the substitutional metal-mold reaction product TisAl was verified
with titanium casting.

| | | ALO.410 wi% Ti
|
—1—'—'|I¥r-'1l--wuun.-a—w\f'I\J‘.r’|l Lﬂ%—nu—-Jln_r'II-\__‘ll\\oulu-\_n_u{’Ll\\ﬁ-_u_)‘_n__
| ' .MED.C&EG wit% Ti
|
I 1 1 | 1
_..-L-.___'_-.-IL—.ll.-'ll_Jl._n_l"_lv_____....__.rl__"k_l'JIa___f__p_.x_,I'Llll-"L e et ]
}I | | ( ALO.+30 W% Ti
.'l.,_l L-l,_,|| ‘_,L_,L\ Il._'. L..l ads _.II'. L.-"-.i. e
|
= ALO, +40 wi% Ti
s
£ | : |
= |1 _.-lln. .-|-| -In " f .lll.f L .-"' .i'LII Y. BTN e
v
k: ALO. +50 wit% Ti
o . I’ ﬁ I
o . "-.-l.J a .-lll. Lo bt ..,-.-.Ill amtt b }rll\-"L ao
N;DR S8-0B26
‘ | ‘ | .
TiD. 84-1284
| . L i
Ti-Al 14-0451
| | |
20 40 0 a0 i) 0 Fii]

T Thetal? &), Degres=

Fig. 11. lllustration of the diffraction patterns and replots for identifying phases from 10
wt% to 50 wt% titanium and Al,O; after curing at 1,223 K for 2 hrs.

Fig. 12 (a) indicates that in the case of CaO stabilized ZrO,, the expensive and thermally
stable mold, the externals of titanium castings lost metallic luster as a result of the o-case
formation reactions. However, in the o-case controlled stable mold, its characteristic luster
of titanium was well preserved as shown in Fig. 12 (b).
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Fig. 12. Comparison of externals of titanium castings (a) CaO stabilized ZrO, mold and (b)
the a-case controlled stable mold.
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Fig. 13. Microstructure and hardness profile between pure titanium and a-case controlled
stable mold.

This external examination result of the o-case controlled stable mold is in good accordance
with the microstructure and hardness profile as shown in Fig. 13. The effect of prevention of
a-case formation can be obtained after addition of more than 2 wt% titanium.

4.3 Noble synthesis of the alpha-case controlled stable mold

The a-case controlled stable mold is much less expensive than the conventional mold materials
for titanium such as ZrO,, CaO stabilized ZrO, and Y,0Os, and the complete control of a-case is
possible. However, in this study, the noble synthesis route was conceived, which is more cost-
effective than the above route by the inexpensive TiO; and aluminum raw materials.

The homogeneous powders containing 30 mol% TiO. powders (anatase, 45 um, 99% pure)
and 70 mol% aluminum powders were prepared by blending. After blending, the powders
were mixed with colloidal silica and agitated. The o-case controlled stable mold
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manufacturing and titanium casting procedures were carried out at the same condition as
mentioned above. The 3:7 molar ratio of TiO, and aluminum was chosen to yield the Al,O3
and TiAl final product after in-situ synthesis according the following reaction.

3TiO, + 7Al — 2A1,03 + 3TiAl

®)

In order to synthesize the AlO; and TiAl phases, the mixed TiO, and aluminum powders
were cured at the 1,323 K for 2 hrs. However, the equation (5) is an ideal reaction, and thus it
is very difficult to synthesize the ideal product by the simple blending and after agitation.
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Fig. 14. Illustration of the diffraction patterns and replots for identifying the synthesized

phases between TiO, and aluminum powders.
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Fig. 15. Microstructure and hardness profile between pure titanium and noble route a-case

controlled stable mold.
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According to the XRD analysis as shown in Fig. 14, the major phases are anatase TiO; and
rutile TiO; as well as the in-situ synthesized Al;Os, TizAl and TiAl phases since the partially
non-reacted anatase TiO, remained and the TiAl, TisAl intermetallic compounds and rutile
TiO, were synthesized between anatase TiO. and aluminum powders. As a result, the
synthesis which is similar to the titanium powders added a-case controlled stable mold can
be obtained by the economical route. The a-case free titanium casting can be possible by the
noble route synthesized a-case controlled stable mold which contained the a-case formation
products such as AL,Os, TiO,, TiAl and TisAl phases as shown in Fig. 15.

5. Conclusion

By the conventional a-case formation mechanism regardless of thermodynamic approaches,
the alpha-case generation cannot be explained. In order to ascertain the reason, a-case
formation mechanism was closely examined and from the mechanism, two kinds of a-case
controlled stable molds were developed.

1. Regardless of thermodynamic approaches, about 500 um thick a-case was generated
between titanium and AlOs; mold. The reason why the a-case generated cannot be
explained by the conventional a-case formation mechanism, which is known to be
formed by the interstitials, especially oxygen dissolved from mold materials.

2. In spite of having used pure titanium, the concentrated aluminum contamination layer
about 30 pm thick was detected on the interface by the EPMA elemental mapping. From
the results of the TEM phase identification, the phase of the detected aluminum from
EPMA mapping was identified as TizAl phase.

3. Considering the microstructure, hardness profile, EPMA mapping and TEM analysis, it
could be confirmed that the a-case is formed not only by interstitial oxygen element but
also by substitutional metallic elements dissolved from mold materials.

4. The synthesis of the TiO, and TizAl phases which are the o-case reaction products
between titanium and AlO; mold can be obtained by the simple curing of Al,O3; mold
added titanium powders. The complete control of a-case formation can be possible with
the a-case controlled stable mold.

5. The o-case free titanium casting can be possible by the noble route synthesized o-case
controlled stable mold which is in-situ synthesized between TiO, and aluminum
powders to obtain the a-case formation product such as Al,Os, TiO,, TiAl and TisAl
phases.

6. Consequently, the economical net-shape forming of titanium alloys without a-case
formation and the verification of a newly established a-case formation mechanism, can
be possible using the a-case controlled stable molds.
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1. Introduction

At present, gas-containing inclusions of metallurgical origin like Ti-O, Ti-N, and Ti-O-N are
one of the main problems of titanium production. These defects negatively influence the
mechanical properties of titanium alloys, as the mechanical properties (hardness and
plasticity) of gas-containing inclusions differ appreciably from the corresponding
characteristics of alloy matrices. Therefore, cracks nucleate in defect-matrix contact zone
upon loading, which results in catastrophic fracture of heavily loaded parts. For example,
the tragic consequences of failures of aircraft engine parts owing to the presence of similar
effects are well known. The technology of vacuum arc remelting (VAR) of titanium alloys is
most vulnerable from the view point of the formation of gas-containing defects, and, at the
same time, it dominates in the overall production of titanium alloys. Efforts over many years
have not resulted in the development of a technology for the defect-free production of
titanium alloys by the VAR method and the titanium defect problem known also as “hard
alpha” remains a troublesome aspect of the use of titanium alloys. Attempts to remove or
modify the hard-alpha inclusions by diffusion homogenization of ingots had failed due to
the long time required for the appropriate heat treatment at high temperature. Therefore,
the genesis of defects under the conditions of industrial processes, their identification in
each specific case, classification, and the elaboration of measures for reducing the formation
of defects are topical questions.

A generally accepted concept has been developed (Bellot & Mitchel, 1994), according to which
the sources of defects are particles of titanium and its alloys with a high concentration of
oxygen and nitrogen atoms (the predominant element is nitrogen) and liquidus temperatures
exceeding the smelting process temperature. Such particles can be formed at different stages of
the preparation of batch materials for smelting. It may be supposed that all the components of
a batch, such as titanium sponge, titanium return production wastes, and titanium containing
alloy additions, are potential sources of defects. Smelting products with rather high
concentrations of oxygen and nitrogen atoms may also be sources of defects. In melting
oxygen and nitrogen atoms pass into a melt due to diffusion, the melting temperature of
particles enriched in light elements decreases, the inclusion size decreases too, and conditions
for the their dissolution are created. This scenario takes place for most particles enriched in
oxygen and nitrogen atoms. Nevertheless, some of them remain solid by the end of melting
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although titanium sponge (plus titanium return production wastes, and alloy additions) are
melted twice for many applications and even three times for critical aeroengine parts.

Studies that have been conducted on the defects in titanium alloys may be conditionally
classified into two groups: works with model defect sources and model smelting processes
and works based on the analysis of the characteristics of defects revealed for industrial
processes. At present, the model approach is predominant. However, the patterns
established in model experiments may be not adequate for the processes that occur during
smelting under industrial conditions, owing to the difference between the characteristics of
real and model defect sources, industrial and experimental smelting modes, and also of the
corresponding equipment.

In our opinion, the possibilities of the model approaches have been almost exhausted. This is
shown by the fact that the model approaches has not led to substantial progress in the
understanding of the genesis of defect formation under industrial conditions and the
development of technologies for the defect-free production of titanium alloys. In this
connection, we place our emphasis on gaining information on the processes of defect
formation exclusively on the basis of the data characterizing industrial processes in the present
work. In this case, it is impossible to study a statistically representative sample of defect
sources, as, on average, a single defect is formed in several millions of particles of batch
materials, so the study of a statistically significant ensemble of defects of industrial origin was
used as the basis of this approach. This was achieved by the long term monitoring of a process
in which the VAR technology was used. We know only one work of a similar type in the
literature. This is a report that was published by the Material Development Department of the
TRW Company (Grala, 1968). Metallographic and micro X-ray spectral studies of seventeen
metallurgical defects in a Ti-6Al-4V alloy were performed in this work. According to the
results of this work, the formation of defects may be caused by an increased concentration of
atoms of both light elements (oxygen and nitrogen) and aluminum.

2. Materials and methods

The detection of inclusions in metal and their localization in semi products (rods, billets,
plates, and sheets) made from titanium alloys was conducted by the method of ultrasonic
testing. After the device received an echo signal indicating the presence of an internal defect
we marked and cut out a specimen containing the zone of the signal with increased
amplitude, whereupon specimens were subjected to mechanical processing (layer by layer
metal stripping) accompanied by metallographic studies. As a result, the zone of the
maximum echo signal was brought into the visible plane of a metallographic polished
specimen. These polished specimens were the objects of metallographic studies;
measurements of the microhardness and the concentration of oxygen, nitrogen, and alloying
metal atoms in the matrix and the material of defects were also made.

The measurements of the microhardness in the zone of defects were performed with the use
of a device with a Vickers diamond tip. The load of the indentor was 200 g. The
concentrations of the atoms of alloying metals (mainly, aluminum and vanadium) in
revealed defects were determined by X-ray spectral analysis using the energy dispersion
method on an EDAX scanning electron microscope. The statistical error in the measurement
of the aluminum concentration was 10% of the measured value for aluminum
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concentrations of less than 5.0% (hereinafter, all concentrations are given in weight
percents). For higher aluminum concentrations, the error was 0.5% and the error in the
measurement of the vanadium concentration was approximately 0.5%.

The concentrations of oxygen and nitrogen atoms in specimens were determined by nuclear
microanalysis technique (NRA) on a 2 MV Van de Graaf accelerator with the use of the
160(d,p1)170O and ¥N(d,a1)12C reactions at an incident beam particle energy of 0.9 MeV. The
method in its traditional variant (Vykhodets et al., 1987), in which the diameter of the
incident beam of the accelerator was 1.0 or 2.0 mm, was used for the measurement of the
average concentrations of light element atoms in a matrix of the titanium alloys. Defects
usually had smaller sizes. In this connection, we developed a variant of the NRA method
with enhanced locality (Vykhodets et al.,, 2006) to study them. Using this method, we
measured the average concentrations of oxygen and nitrogen in defects 0.1-2.0 mm in size.
In this case, each specimen that was measured was equipped with an individual collimator.
Its dimension was chosen with consideration for the size of an analyzed zone, i.e., a defect,
in a certain specimen. A scheme of NRA experiment is shown in Fig. 1.
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Fig. 1. Scheme of NRA experiment: 1 - incident beam; 2 - specimen; 3 - defect to be
investigated; 4,6 - silicon surface-barrier detectors of the system of monitoring incident
beam; 5 - silicon surface-barrier detector, which register spectrum of the products of nuclear
reactions for the studied specimen; 7 - propeller of the system of monitoring incident beam;
8 - individual collimator; 9 - plate with specimens.

Using the NRA method, we measured the concentrations without destruction of a specimen
down to a depth of nearly 2.0 pm. This allowed us to distinguish the effects of the volume and
surface (uncontrollable) alloying of alloys with the atoms of light elements in the
nondestructive profile analysis. These appeared, in particular, at the stage of the preparing
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polished specimens and could propagate in a specimen down to a depth of nearly 0.5 pm. The
effects of the surface alloying of specimens with atoms of oxygen and nitrogen are excluded
from consideration in all the results below. In this work, the sensitivity in the measurements of
the concentrations of oxygen and nitrogen was approximately 0.01%, the statistical error in the
measurements of concentrations was at a level of several percent of a measured value. The
mounting of the individual collimators 8 and the specimens 2 with the defects onto the plate 9
was performed under an optical microscope before the plate was placed into the vacuum
chamber of the accelerator unit. As a result, the precision with which the beam hit the defect
was 0.01 mm. The typical spectrum of nuclear reactions is shown in Fig. 2.
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Fig. 2. The typical spectrum of nuclear reactions.

In total, more than 100 metallurgical defects revealed in the Ti-6Al-4V alloy were studied.
This grade dominates in the overall production of titanium alloys. Defects revealed in other
grades of titanium alloys were also investigated. In all the cases, the alloys were obtained by
the VAR. Inclusions varied in their shapes and sizes and, to a first approximation, it was
possible to distinguish spherical and extended defects. The causes of such variations have
not been established as yet and this question is not discussed in this work. The minimum
size of the studied effect was predominantly within the interval from 0.1 to 2.0 mm. The
length of extended defects could amount to several centimeters. The full range of studies
was conducted not only for defects, but also for the matrix surrounding a revealed defect.
These investigations were performed for verification, and their results did not reveal any
particular features. The microstructure, microhardness, and the concentrations of gaseous
impurities and metal atoms near defects were identical to those for the zones remote from
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defects. Some of the results represented in this work were previously published in
(Tarenkova et al., 2006; Vykhodets et al., 2007; Vykhodets et al., 2011), but the corresponding
data were obtained on an appreciably smaller sample of defects.

The above mentioned characteristics of defects (concentrations of gaseous impurities and
aluminum, microhardness etc.) are traditional in the description of defects in titanium
alloys. In this work, we included also the data on defect coordinates in ingots into the defect
database. They are also important for the understanding of the genesis of gas-containing
defects since in the industrial VAR technology the rate of dissolution of defect sources in
different ingot parts may differ essentially. This is connected with different temperature of
the liquid pool in different parts of the ingot and with the use of magnetic stirring in the
VAR technology. This operation results in different liquid flow velocity around solid defect
sources in the melt. Earlier, in model experiments (Bellot et al., 1997; Reddy, 1990; Schwartz,
1993; Mitchell, 1984) it was found that the dissolution rate of defect sources strongly
depends both on the temperature of the liquid pool and the degree of stirring. For example,
the measured dissolution rate of nitrogen-containing inclusions for intense stirring was 10
times faster than those without stirring and the dissolution rate doubled for the temperature
rise of about 100°C. In our study, the data on the distribution of defects in ingots were
obtained by means of the following procedure. Under production conditions, for each metal
volume we made a flow chart of technological operations. After detecting the defect in
semiproduct or finished product, the flow chart allowed finding the position of the metal
volume in the ingot from which the semiproduct or finished product was produced. Further
calculations allowed determining two coordinates of a defect in the ingot: distances from a
defect to the ingot base and the ingot axis. Accuracy of coordinate determination in the
ingots was about several millimeters.

3. Experimental results and discussion
3.1 Oxygen and nitrogen concentration in defects

Histograms of the distributions of defects over the concentrations of nitrogen and oxygen
are shown in Figs. 3 and 4. Almost all the revealed defects contained excess concentrations
of oxygen and nitrogen in comparison with the volume of titanium alloys; the excess ranged
from several times to several tens of times larger. In almost of cases, the concentration of
oxygen was slightly higher than that of nitrogen. At the registered concentration level of
gaseous impurities, the alloying of inclusions by nitrogen is the predominant factor in the
formation of defects. This is associated with the fact that the alloying of titanium by nitrogen
leads to an appreciably higher increase in the liquidus temperature of a material in
comparison with the alloying of titanium by oxygen. This result, which indicates the
predominant role of nitrogen in the formation of gas-containing defects, agrees with the
data from study (Wood, 1969). The data obtained on the concentration of gaseous impurities
in defects turned out to be insufficient for the verification of the concept, according to which
all sources of defects did not dissolve in the liquid pool because of a high concentration of
nitrogen and oxygen in them. There are two main reasons for this. Firstly, the range of
possible values of smelting temperatures for an industrial process is not known with
certainty. Secondly, the concentration of gaseous impurities could not be measured strictly
at the end of smelting since during ingot cooling or other high-temperature treatment
processes the concentration of light element atoms decreased due to their diffusion from a
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Fig. 3. Distribution of defects over the concentration of nitrogen in them: N is the number of
defects; Cy is the average concentration of nitrogen in a defect.
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Fig. 4. Distribution of defects over the concentration of oxygen in them: N is the number of
defects; Co is the average concentration of oxygen in a defect.

defect to a solid titanium alloy. Fig. 5 presents a calculated histogram of defect distribution
on the liquidus temperature of the defect material. The liquidus temperatures T;, were found
using the data of binary diagrams of states for the systems Ti-O and Ti-N (Bellot & mitchell,
(1994); Fromm & Gebhardt, 1976). Here, an additive approximation was used, namely, it
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was assumed that in Ti-N and Ti-O-N systems nitrogen atoms raise the liquidus
temperature of the defect material by the same value if nitrogen concentrations are equal in
these systems. The same additive approximation was used for Ti-O and Ti-O-N systems.
The effect of vanadium and aluminum on the liquidus temperature of the defect material
was not considered since it is much weaker than that of nitrogen and oxygen.

0
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Fig. 5. Distribution of defects over the liquidus temperature of the defect material: N is the
number of defects; Tt is the calculated liquidus temperature of the defect material.

The temperature of smelting is usually assumed to be close to 1900°C. In study (Bellot et al.,
1997), a lower value (1780°C) is reported. Anyway, it can be stated that defects were
revealed, the material of which has the liquidus temperature both higher and lower than
that of the smelting process. This conclusion can hardly change the rough approximations
used for the calculation of the liquidus temperature of the defect material. The existence of
defects with liquidus temperatures below the temperature of smelting in principle can be
due to diffusion processes occurring in the system upon completion of smelting.

On the whole, in most cases the concentration of nitrogen in defects was higher than in the
alloy matrix. For such defects, the data on nitrogen and oxygen concentrations are not in
conflict with the existing viewpoint that the sources of defects are titanium particles and its
alloys with high concentrations of oxygen and nitrogen. At the same time, prolonged
monitoring of the industrial technology revealed about ten defects, in which the
concentration of nitrogen did not exceed that in the alloy matrix. Naturally, such defects
cannot be considered as gas-containing defects; they turned out to be abnormal also in some
other respects. We shall dwell on this question in greater detail in section 3.3.

3.2 Microhardness

Under the conditions of industrial production, the microhardness is traditionally
measured in each case that a defect is revealed. These data are usually used as an
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indicator of the presence of light element atoms in defects. In this study, we did not
observe any univocal correlation between the microhardness and the concentration of
gaseous impurities in defects. This can be seen from Fig. 6, which illustrates the
dependence of the microhardness on the total concentration of oxygen and nitrogen in
defects. For definiteness, in Fig. 6, we give only the minimum values of the microhardness
in the body of a defect because of a slight scatter observed in the measurements of the
microhardness.
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Fig. 6. Microhardness of defects versus total concentration of nitrogen and oxygen (Co + Cy)
in them.

We also detected several defects with a very high microhardness from ~ 900 to 2600
kg/mm?, the corresponding data are not shown in Fig. 6. These defects proved to be
abnormal in several other respects. As in the case of the results on the concentration of
nitrogen in defects, this circumstance will be used in this work for the classification of
revealed defects. The result shown in Fig. 6 is not trivial. A linear or close to linear
dependence of the microhardness on the concentration of gaseous impurities is usually
observed (David et al., 1979). From Fig. 6, it follows that in the case of industrial defects,
the value of microhardness cannot serve as a criterion of the presence of gaseous
impurities in them. On the whole, the only pattern that can be noted with respect to the
microhardness is that its value in defects is usually higher that that in the matrix (nearly
350 kg/mma?).
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3.3 Aluminum concentration at the centre of defects

As different batch materials before smelting and smelted alloys contain various quantities of
alloying elements, the patterns of the concentrations of alloying element atoms in defects
may be used for the identification of defect sources. A similar idea was suggested in study
(Bewlay & Gigliotti, 1997); this approach is widely used in industry. Let us estimate the
prospects of this approach for the Ti-6Al-4V alloy. This alloy mainly contains atoms of
aluminum (from 5.50 to 6.75%) and vanadium (from 3.50 to 4.50%).

le

0 2 4 6 8 10 12 14
0
Cys%

Fig. 7. Distribution of defects revealed in the Ti-6Al-4V alloy over the concentration of
aluminum: N is the number of defects; Cx;is the aluminum concentration at the center of a
defect.

Aluminum and vanadium are also present in the same quantities in titanium production
wastes. Titanium sponge does not contain appreciable amounts of alloying elements; only
atoms of aluminum (20.0%), oxygen, and titanium are present in the oxygen containing
addition alloy before smelting. A much more difficult situation with the concentration of
aluminum and vanadium takes place in the smelting products, whose particles can pass into
a melt in the process of smelting. According to the data of several reports of the VSMPO-
AVISMA Corporation, the concentration of vanadium and aluminum in smelting products
obtained in the smelting of the Ti-6Al-4V alloy may be 2.0-4.2 and 4.7-20.0%, respectively.
On the whole, it is possible to talk of higher aluminum concentrations in smelting products
in comparison with those in a melted alloy.

The histogram of the distribution of defects over the aluminum concentration at their
centers is shown in Fig. 7. The presence of a pronounced peak in the distribution may be
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associated with the fact that all the probable defect sources fall within the corresponding
concentration interval. It can be seen that the genesis of only 26 defects can reliably be
established on the basis of the measurement results on aluminum concentration. These were
defects with an aluminum concentration of less than 4.0%; their origination from titanium
sponge does not raise any peculiar doubts. The remaining revealed defects cannot be
identified with the use of the data shown in Fig. 7. The vanadium concentration at the center
of defects was also measured. As shown by analysis, the data of vanadium do not clarify the
situation at all, so they are not given here. Hence, we can state that the approach that is used
in practice for the identification of defect sources and based on the measurement of the
concentration of aluminum and vanadium in defects has no any substantial grounds. It is
not inconceivable that progress in this matter may be made with the use of additional
criteria. First of all, we may use the analysis of the dependence of the aluminum
concentration at the center of a revealed defect on its linear size.

To analyze the diffusion processes that occur during the smelting of titanium alloys in the
subsystem of aluminum atoms we shall use the solution of the second Fick equation for the
diffusion from a finite sized body with conjunctive boundaries in the form (Fromm &
Gebhardt, 1976)

c-c’

oo ADE). 0
where C is the concentration of an impurity (aluminum in our case) at the center of an
inclusion at the end of smelting; C? is the initial concentration of an impurity in an inclusion;
Cs is the concentration of an impurity at the interface between an inclusion and melt; A is

the function of the parameter Dt/ I*; D, t and [ are the diffusion coefficient of an impurity,

the annealing time and the linear size of a specimen, respectively.

The precise dependence A(Dt/2) for a cylindrical specimen (defect in our case) is shown in
Fig. 8 (curve). This dependence also has a similar shape for other regular bodies. Certainly,
in the case of defect sources that appear in the smelting of titanium alloys, it is necessary to
take into account the fact that their sizes are reduced in the process of smelting. Because of
the absence of a precise solution of the second Fick equation in the case of variable
dimensions of an inclusion, we shall obtain an approximate solution of the problem for the
dependence of the aluminum concentration at the center of a defect, whose dimensions are
varied in the process of smelting. The calculated dependences A(l) obtained at several
certain values of the parameter Dt are illustrated in Fig. 8 (straight lines). It can be seen that
the dependences A(l) are close to linear ones within the interval of the most appreciable
changes, i.e.,

A1)= A(0) 1. @

The points in one of the straight lines indicate the precise values of the function A(l). It can
be seen that the deviation of the points from a linear dependence is slight. In this case,
expression (1) may be applied also for the variable size of a defect with the substitution of A
for its average value obtained for the entire interval of changes during smelting.
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Fig. 8. Calculated dependences A(D#/12) and A(l) for cylindrical specimens. The dependences
A(l) were calculated at Dt of 3.44 - 10-5, 6.88 - 10-5, 13.8 - 10-5, and 27.5 - 10-5 mm?2 (respectively:
1,2,3,4).

Below, we will use the following notation: [ is the radius of a cylindrical defect source before
smelting, d is the diameter of a revealed defect, and A is the thickness of the defect source
layer dissolved in the process of smelting. Taking into consideration that

d
[=Z+A, 3
; G)

we obtain
_ 0 (0 S 1 I(~0 s
Cu=C"-(C"-C )[A(O)'ZWA}LZ(C -C%)yd @

Hence, according to expression (4), the dependence of the aluminum concentration Ca; at the
center of a revealed defect on its linear size d must be linear. It is self evident that this issue
concerns the situation where the concentrations C° and CS are equal for all defect sources.
Otherwise, a band of the values of the concentration Ca must be observed in experiments.
Equation (4) may be used for calculating the thickness A of the defect source layer dissolved
in the process of smelting. No fitted parameters are required to perform the corresponding
calculations. As shown by the calculations, the value of A(0) does not depend on the
parameter Dt and is determined only by the shape of a defect source. For example, A(0) =
1.49 for a cylindrical specimen and A(0) = 1.31 for a plate (I was accepted as the radius of a
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cylinder or the half thickness of a plate). In this connection, the results of the calculations for
the dissolved layer thickness A depend on the shape of a defect. This creates certain
problems, as defect sources can actually have any shape.

Note that the approach for obtaining the experimental data on the thickness A of the defect
source layer dissolved in the process of smelting and on the size [ of a defect source before
smelting for the industrial technology was first found in this work. Information of this kind
is important for the development of methods that reveal the probable defect sources in batch
materials. Moreover, the dissolution rate V of defect sources in the process of industrial
smelting can be estimated in a linear approximation with the use of the value A as

V= )

A
L
Previously, the defect dissolution rate, as mentioned in section 2, was determined only in
model experiment (Bewlay & Gigliotti, 1997; Bellot et al., 1997; Reddy, 1990; Schwartz, 1993;
Mitchel, 1984), and its strong dependence on the temperature of the liquid pool and the
liquid flow velocity around solid particle was established.

Since reliable identification of the sources of 26 defects proved to be feasible, the additional
identification method based on the analysis of the linear dependence of the aluminum
concentration Cya; at the center of a defect on its size d (expression (4)) might be approved on
the same defects. Actually, linear dependences (4) are expected to be fulfilled only
qualitatively. This is connected with the following circumstances. To obtain such
dependences, it was necessary to clarify the notion “linear size of a defect,” which is
especially topical for extended defects. In specimens with complex shapes, the rate of
diffusion processes is generally determined by the minimum linear size of a specimen, so it
is chosen as the parameter d. Besides, the specificity of experiments performed in this work
consisted in the fact that the concentrations of light elements and aluminum could not be
measured at the end of smelting. During the cooling of ingots and other high temperature
treatment processes, the atoms of impurities diffuse from defects into the solid titanium
alloy and on the contrary, thus leading to a decrease or increase in the concentration of
impurities in defects. In section 3.1 it was pointed out that the concentrations of oxygen and
nitrogen in the revealed defects were apparently much smaller than those at the end of
smelting. However, for aluminum this effect is expected to be appreciably weaker or
negligible since the diffusion coefficients of aluminum in solid titanium are almost five
orders of magnitude smaller than those of oxygen and nitrogen (Le Claire & Neumann,
1990; Le Claire, 1990). Besides, there are other reasons for the scatter of experimental data on
Cai(d). In particular, parameters A(0), C5, and C? in expression (4) will vary within certain
intervals for different defects and different smelting processes. For example, as already
noted above, the concentration of aluminum in the melt varied in different smelting
processes from 5.50 to 6.75%.

The experimental data on Ca(d) for these 26 defects are illustrated in Fig. 9. It can be seen
that there is no pattern in the corresponding data. The situation changes radically if defects
with ordinary (below 800 kg/mm?2) and high (above 900 kg/mm?2) microhardness values are
considered separately. As seen from Fig. 9, a linear dependence Ca(d), which results from
the diffusion model, is observed for each individual group of defects in this case.
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Fig. 9. The aluminum concentration Ca; at the centre of defects that were revealed in the Ti-
6Al-4V alloy and originated from titanium sponge as a function of the minimum linear size
of the defect: triangles are data for defects with microhardness above 900 kg/mm?; circles
are data for defects with microhardness below 800 kg/mm?2.

The concentration intervals for defects with ordinary and high microhardness are denoted
in Fig. 9 as 1-2 and 3-4, respectively. It may be supposed that these two groups of defect
sources differ from each other in the diffusion coefficients D of aluminum atoms in them
(these coefficients are lower for defects with high microhardness). In turn, the difference
between the values of D may be caused by different phase states of inclusions with high and
ordinary microhardness values.

The results displayed in Fig. 9 are of interest mainly for two reasons. Firstly, they showed
that the value of microhardness should be considered in the classification of defect sources.
Secondly, the accuracy with which the theoretical linear dependence Ca(d) was fulfilled
proved to be high. This occurred in spite of a large number of factors determining the scatter
of Cai(d) data. The width of the concentration intervals denoted in Fig. 9 as 1-2 and 3-4 was
1.25%. This value agrees in particular with the technical specifications for the concentration
range of aluminum in the Ti-6Al-4V alloy (from 5.50 to 6.75%). Note however that a single
point in Fig. 8 falls outside of the established dependence Cai(d). The microhardness of this
defect was about 800 kg/mm?, Ca; = 2.3%, and d = 0.25 mm. This shows that small and rare
deviations from the theoretical dependence Cai(d) can nevertheless take place.

In Fig. 10, the data on Ca(d) are shown for almost all the defects revealed in the Ti-6Al-4V
alloy. Only a single defect is not represented in this figure. Its minimum size (3.0 mm)
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appreciably exceeded the sizes of the other defects, so it was unreasonable to provide the
data on this defect. In connection with this exclusion, it should be noted that this defect was
not inconsistent with the common patterns, which will be considered below. From Fig. 10, it
can be seen that almost all the defects fit into the determined intervals of aluminum
concentrations. In Fig. 10, they are denoted as 1-2, 3-4, 5-6, and 7-8. The first two intervals
have already been discussed above. Interval 7-8, as well as intervals 1-2 and 3-4,
correspond to the slanting linear dependence Ca(d). It makes sense to relate this to the
sources of defects, in which the concentration of aluminum before smelting was higher in
comparison with that in a melt. They might be the particles of smelting products and
addition alloy. Interval 5-6 is horizontal. According to the diffusion model, it corresponds to
the sources of defects in which the concentration of aluminum before smelting was close to
that in the liquid pool. These may be particles of smelting products and return production
wastes. The width of the concentration intervals was equal for all the corridors (1-2, 3-4, 5-
6, and 7-8).

Let us discuss the sense of these results in connection with the problem of the identification
of defect sources. First, we consider the case of small defects. From Fig. 10, it can be seen that
such defects can be equally related to the intervals denoted as 3-4, 5-6, and 7-8. This means
that in the case of small defects, their identification with the use of the discussed scheme is
impossible, i.e., these defects may be formed from the particles of titanium sponge, return
production wastes, smelting products, and addition alloy.

Further, let us consider medium and large sized defects. Here, the situation looks to be
much more unambiguous. First, it is possible to note that only the defect sources that are
characterized by a nearly equal and high aluminum concentration before smelting fitted in
the interval 7-8. Such a condition is satisfied by the particles of addition alloy with an
aluminum concentration of 20.0%. Hence, we can state that the defects that originate from
the addition alloy are presented within interval 7-8. The absence of defects that formed from
smelting products within the interval 7-8 and their presence within interval 5-6 seems to be
unnatural. This allows us to think that defects that formed from smelting products are not
represented within the interval 5-6, i.e., in the case of large defects, the 5-6 interval is caused
by the formation of defects from return production wastes.

Let us consider the defects that did not fit in any of the intervals distinguished in Fig. 10.
Only four similar defects were found. One of them had microhardness higher than 900
kg/mm?2. The abnormal behavior of such defects has already been mentioned. The other
three defects, whose data are denoted by asterisks in Fig. 10, have nitrogen concentrations
that are lower than that in the matrix. It was previously mentioned that such inclusions
cannot be reliably classified as gas-containing defects. We suppose that these defects were
formed from the particles of smelting products and that their residence in a liquid pool
might be very short, for which reason they fall outside of the diffusion patterns. Another
defect, which is within the interval 5-6 in Fig. 10, should be classified with inclusions of the
same type. The results for this defect are denoted by an asterisk. Consequently, it can be
seen that all the cases in which the data on defects lie outside the distinguished intervals 1-
2, 3-4, 5-6, and 7-8, are accompanied by abnormal properties of the defects (very high
microhardness or very low nitrogen concentration).
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Fig. 10. The aluminum concentration Cya; at the centre of defects that were revealed in the Ti-
6Al-4V alloy as a function of the minimum linear size of the defect: triangles are data for
defects with microhardness above 900 kg/mmb?; circles are data for defects with
microhardness below 800 kg/mm?; asterisks are data for defects in which the nitrogen
concentration does not exceed that in the matrix.

So, a method for the identification of the sources of defects in the industrial VAR technology
was developed in this work. Diffusion laws form the basis of this method. This scheme has
proven to be very simple for practical application. The identification of the source of a defect
revealed in the smelting of the Ti-6Al-4V alloy requires a very limited data set containing
the aluminum concentration at the center of the defect, its minimum size, the microhardness
of the material of the defect, and the average nitrogen concentration in the body of the
defect. Under industrial conditions, this information is usually available, so this method can
be recommended for practical application. Note also that during the prolonged monitoring
of an industrial process we did not observe defects whose data contradict this method.

Overall, the identification proved to be unfeasible for approximately 20% of the defects.
According to the results of the identification, return production wastes were the source of
approximately half of all the revealed defects, and nearly a quarter of them originated from
titanium sponge. The remaining defects were formed from the particles of addition alloy
and smelting products.

Further, using expressions (3)-(5) and the data shown in Fig. 10, the thickness of the defect
source layer dissolved in the process of smelting and the dissolution rate V of defect sources
were estimated. The average value of the thickness A was about 2 - 3 mm. At the same time,
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the data obtained do not exclude a broad interval of A values during the industrial process:
from 0 to 8.5 mm. With the corresponding estimates, the shape of the defects and the
concentration of aluminum in the liquid pool varied from 5.50 to 6.75%. Besides, it was
taken into consideration that the concentration of aluminum CS at the boundary between the
defect source and the melt can be smaller than the corresponding equilibrium concentration.
With this approach, the interval of A values was obviously overestimated. In reality, it will
be smaller.

The average value of the dissolution rate V was approximately 1.0 pm/s. The estimation
was performed under the assumption that the residence time of any melt volume in the
liquid phase was 2500 s. This value of the average dissolution rate is very low. Model
experiments (Bellot et al., 1997) showed that the dissolution rate of the nitrogen-containing
source of defects is 2.2, 4.0, and 6.7 pm/s at the temperature of the liquid pool of 1700, 1800,
and 19000C, respectively, when the liquid flow velocity around solid particle in the liquid
pool was 1 cm/s. Even when the liquid flow velocity around solid particle was 0.1 cm/s and
the temperature was 1800°C, it was 2.0 pm/s. One of the possible directions for defect
formation reduction is enhancement of the dissolution rate of defect sources. The prospects
of this trend will be discussed in section 3.4.

3.4 Location of defects in ingots

The experimental data on the location of defects in ingots were obtained for the ingots from
650 to 1000 mm in diameter and from 1200 to 2750 mm in height. Hereafter we use the
following non-dimensional coordinates of defects: 7/R (r is the distance from a defect to the
ingot axis, R is the ingot radius) and h/H (h is the distance from a defect to the ingot base, H
is the ingot height). The subjects of investigation were the distributions of defects over /R
and h/H coordinates, as well as the probability of formation of one, two, and more defects in
an ingot. The experimental data on the location of defects in the ingots are presented in Figs.
11, 12 and 13. In Fig. 14, the number of defects revealed in the unit of the ingot volume is
shown as a function of the non-dimensional radius 7/R. The data for Fig. 14 were obtained
by calculation from primarily data displayed in Fig. 13.

In a real process, the defect formation probability is p = N/Nj, « 1, where N and Nj, are the
numbers of defects and heats, respectively. If the formation of a defect is an independent
event the probability of formation of several defects in one ingot p(n) is

p(n) =p", Q)

where 7 is the number of defects in the ingot. Since the formation of a defect is a very rare
event (p « 1), the formation of two or more defects in one ingot in this mechanism is almost
impossible. However, experimental results indicated that one, two and even more defects
can exist in ingots at the close probability.

Altogether we have discovered 205 defects in 86 ingots. 42 ingots contained one defect, 27
ingots contained two defects, 7 ingots had three defects, and in 10 ingots there were more
than three defects. These results show that generally the formation of each defect cannot be
considered as an independent event .
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Fig. 11. Distribution of defects over their non-dimensional coordinate i/H: N is the number
of defects; I is the distance from a defect to the ingot base; H is the ingot height.

For those cases when two defects were revealed in an ingot simultaneously, we analyzed the
differences in i and r coordinates of these defects. In the majority of cases, such defects were
very close to each other (the difference in /1 and r coordinates usually did not exceed several
millimeters). Only in one case the difference in the i coordinates was very large (more than
600 mm). Based on this result we can assert that the sources of defects usually do not move
over large distances during smelting.

From Figs. 11 and 14 it is seen that the distribution of defects over the ingot height and
radius is strongly inhomogeneous. The defects are located chiefly near the ingot base and
axis. Since the sources of defects do not move over large distances during smelting as
mentioned above, it may be stated that the dissolution rate of defect sources near the ingot
base and the axis is much smaller than the average dissolution rate in the ingot. This may be
due to a decreased temperature of the liquid pool and (or) a decreased liquid flow velocity
around solid particle in the melt. The ingot volumes with Ii/H values from 0 to 0.2 and /R
from 0 to 0.1 turned out to be most critical for defect formation. In this range of I/H values
(20% of the metal volume) 68% of defects were revealed, while in the above range of #/R
values (1% of the metal volume) there were revealed 17% of defects. These findings are
indicative of strong inhomogeneity of defect distribution in the ingots. The number of
defects in the unit volume of the metal for the volume bounded by h/H values from 0 to 0.2
and 7/R values from 0 to 0.1 (0.2% of the ingot volume) turned out to be almost 60 times
higher than the average value in the ingots.

Relying on these findings we can propose two mechanisms of defect formation. One of them
suggests fluctuations in the characteristics of defect sources, i.e. the sources of defects
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Fig. 12. Distribution of defects over their coordinate Ii/H near the ingot base: N is the number
of defects; i is the distance from a defect to the ingot base; H is the ingot height.

contained in the charge materials have unfavorable characteristics for complete dissolution
of defect sources during smelting. Such characteristics can include large sizes of defect
sources and/or high concentrations of gaseous impurities in them. According to this
mechanism two or more defects could form in one ingot and in one place of the ingot
because some defect sources fell into two, three or more fragments during smelting. For this
mechanism it is difficult to estimate the probabilities p(n) theoretically.

The second mechanism suggests fluctuations in the dissolution rate of defect sources
during smelting. Such fluctuations can be associated with the existence of microvolumes
with a decreased temperature of the liquid pool and/or microvolumes with a decreased
liquid flow velocity around solid particles in the melt during smelting. According to this
mechanism the formation of several defects in one ingot and in one place of the ingot is
due to the value of fluctuation for the dissolution rate of defect sources. For this
mechanism it is also difficult to determine theoretically the probabilities p(n). Thus,
there are no available data at present to give preference to one of the considered
fluctuation mechanisms. At the same time, this question is a topical problem. Its solution
determines the direction of the main efforts for reducing defect formation in the VAR
technology. The first mechanism suggests scientific and technological measures for
enhancing the quality of charge materials. With the second mechanism, efforts should be
focused on the stabilization of the smelting regime. The results obtained on the
distribution of defects over the ingot height (Fig. 11) agree with the reasoning (Bellot &
Mitchel, 1994) that the temperature of the liquid pool is minimal near the ingot base.
Probably, this cause for enhanced defect formation in the VAR technology cannot be
eliminated. The results obtained on the distribution of defects over the ingot radius agree
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with the model experiments (Bellot et al., 1997) on the examination of the dissolution rate
of gas-containing inclusions as a function of liquid flow velocity around solid particles in
the melt. In the existing technology, the rotation axis of the magnetic field coincides with
the axis of the ingot during the whole period of smelting. This is likely to be one of the
reasons why more defects are formed near the ingot axis than at the ingot periphery.
Therefore, a possible measure for defect formation reduction is variation of the position of
the magnetic field rotation axis during smelting. The estimates showed that with the use
of this technique the defect formation can be reduced not more than in 2.5 times. In the
estimation we used the data of Fig. 13 and Fig. 14. Besides, the following concepts were
accepted.

First, different liquid flow velocities around solid particles in the liquid pool was
considered to be the only reason for inhomogeneous distribution of defects over the ingot
radius. Second, it was postulated that variation of the position of the magnetic field
rotation axis can provide a high liquid flow velocity around solid particles in all parts of
the ingot.

1.0

7R

Fig. 13. Distribution of defects over their non-dimensional coordinate r/R: N is the number of
defects; r is the distance from a defect to the ingot axis; R is the ingot radius.
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Fig. 14. Distribution of defects over their non-dimensional coordinate #/R: g is the number of
defects in the unit of the ingot volume; N is the number of defects; r is the distance from a
defect to the ingot axis; R is the ingot radius.

4. Conclusion

A database on the characteristics of metallurgical gas-containing defects in titanium alloys
was obtained. This was achieved by the long term monitoring of a industrial process in
which the vacuum arc remelting (VAR) technology was used. It is the most complete one
that is available at present. It contains data on location of defects in ingots, the sizes of
defects, their microhardness, and the concentrations of nitrogen, oxygen, and aluminum in
them. Almost all the data are related to the Ti-6Al-4V alloy.

Almost all the revealed defects contained excess concentrations of oxygen and nitrogen in
comparison with the matrix of titanium alloys; the excess ranged from several times to
several tens of times larger. In almost of cases, the concentration of oxygen was slightly
higher than that of nitrogen. At the registered concentration level of gaseous impurities, the
alloying of inclusions by nitrogen is the predominant factor in the formation of defects. On
the whole, the data on the concentrations of nitrogen and oxygen in the defects agree with a
generally accepted concept, according to which the sources of defects are particles of
titanium and its alloys with a high concentration of oxygen and nitrogen atoms.

It was shown that the approach that was used in practice for the identification of defect
sources based on the measurement of the concentration of aluminum and vanadium in
defects has no any substantial grounds.
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The distribution of defects over the height and radius of ingots was studied; it turned out to
be strongly inhomogeneous. The defects were located predominately near the ingot base
and the ingot axis. The number of defects in the unit volume of the metal in the lower part
and near the axis of the ingots was almost 60 times greater than the average value in the
ingots. The inhomogeneous distribution of defects in the ingots is due to different
dissolution rate of defect sources during smelting in different parts of the ingot. In turn, this
results from a low temperature of the liquid pool in the lower part of the ingots and a low
liquid flow velocity around solid particles near the ingot axis.

A large number of cases have been registered when not one but two, three or even more
defects are formed simultaneously in the ingot. The probabilities of formation of one and
several defects were comparable. Usually, several defects in the ingot were located very
close to each other. These findings indicate that generally the formation of each defect
cannot be considered as an independent event.

A method for identification of the sources of metallurgical defects in the smelting of
titanium alloys has been developed. It is based on the diffusion mechanism for the
modification of defect sources in smelting and the established dependences of the aluminum
concentration at the center of a defect on its size. The identification scheme included data on
microhardness and the average concentration of gaseous impurities in the zone of a defect.
The efficiency of identification using this method was 80%.
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1. Introduction

The electronic structures of the early transition metals are characterised by the relationship
that exists between the occupied narrow d bands and the broad sp bands. Under pressure,
the sp bands rise faster in energy, causing electrons to be transferred to the d bands (Gupta
et al., 2008). This process is known as the s-d transition and it governs the structural
properties of the transition metals.

At ambient conditions, pure Ti crystallizes in the 2-atom hcp, or o phase crystal structure
(space group P63/mmc) and has an axial ratio (¢/a) ~ 1.58. Under pressure, the o phase
undergoes a martensitic transformation at room temperature (RT) into the 3-atom
hexagonal, or ® phase structure (space group P6/mmm). The appearance of the @ phase at
high pressure raises a number of scientific and engineering issues mainly because the ®
phase appears to be fairly brittle compared with the o phase, and this may significantly limit
the use of Ti in high pressure applications. Furthermore, after pressure treatment the ®
phase appears to be fully, or at least, partially recoverable at ambient conditions, thus
raising questions as to which is the lowest thermodynamically stable crystallographic phase
of Ti at RT and pressure.

This chapter deals with the behavior of Ti alloys under extreme pressure and temperature
conditions. Our recent results are presented and comparison is made to data available in the
open literature. We volume compressed Ti-6Al-4V (an a alloy) and Ti-Beta-21S (a p alloy) in
a series of RT diamond anvil cell (DAC) angle-dispersive X-ray diffraction (ADXD)
experiments, to investigate the effects of alloying and the pressure environment on phase
stability and the transformation pathway. However, before describing the results of these
experiments in detail, we present a brief review of the current state of knowledge of Ti at
high pressure.

2. Ti at high pressure

The phase relations of Ti have been studied extensively at high pressure. As indicated in the
introduction, there is great interest in the properties of Ti at high pressure and temperature.
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The RT a — o phase transition has been observed to occur between 2 GPa and 12 GPa,
depending on the experimental technique, the pressure environment, and the sample purity.
Although most of the recent work has involved the use of diamond anvil cells (DACs) to
volume compress Ti in the static regime (for example, Ming et al., 1981; Akahama et al.,
2001; Vohra et al.,, 2001; Errandonea et al.,, 2005), many studies have also utilised large
volume presses to statically compress Ti (Jamieson 1963; Jayaraman et al., 1963; Bundy 1963;
Bundy 1965; Zhang et al., 2008), and to a lesser extent, shock techniques have been
employed to compress Ti in the dynamic regime (see Gray et al., 1993; Trunin et al., 1999;
Cerreta et al., 2006).

2.1 Dynamic compression of Ti

The effects oxygen and other interstitial impurities on © phase formation in Ti has been
studied using shock compression (Gray et al., 1993 & Cerreta et al., 2006). In these studies,
samples with oxygen content 360 ppm (high purity Ti) and 3700 ppm (A-70) were shocked
whilst simultaneously probed using a real-time velocity interferometer system for any
reflector (VISAR) diagnostic and then analysed post-shock. A phase transition was reported
at 10.4 GPa for the high purity sample, whereas the A-70 sample did not show any evidence
of a phase change up to 35 GPa (Gray et al., 1993 & Cerreta et al., 2006). A post shock (11
GPa) recovered high purity sample retained 28% of the o phase (Gray et al., 1993). The
suppression of the oo — ® stress transformation in Ti is likely caused by the presence of
interstitial oxygen (Cerreta et al., 2006). Greef et al. performed an analysis of early Ti shock
measurements, but were unable to allow for sample purity in their study, since the oxygen
content was not measured in these early experiments, and as a consequence placed the oo —
o phase transition at ~ 12 GPa (Greef et al., 2001).

2.2 Static compression of Ti
2.2.1 Room temperature compression

Using DACs and X-ray diffraction, the experimental technique RT o. — © phase transition in
commercially available purity Ti has been observed to occur between 2 GPa and 12 GPa - in
cases where data was collected during pressure release large transformation pressure
hysteresis is observed and in some cases the o phase can be recovered at ambient conditions
(Vohra et al., 1977; Ming et al., 1981; Vohra et al., 2001; Akahama et al., 2001; Errandonea et
al., 2005). The effect of the pressure environment (and therefore uniaxial stress) on the oo —
o transformation in Ti was studied in a series of DAC and angle dispersive X-ray diffraction
(ADXD) experiments (Errandonea et al., 2005). By embedding Ti samples in a variety of
pressure-transmitting-media (PTM), Errandonea et al were able to demonstrate that the
pressure at which the Ti transformed into the ® phase was found to increase with an
increase in the hydrostaticity of the PTM. For an argon PTM (the most hydrostatic PTM
used in the experiment), the o — ® transition occurred in the pressure range between 10.5
GPa and 14.9 GPa, and for the least hydrostatic environment (that is, no PTM), the o - ®
transition occurred under pressure between 4.9 GPa and 12.4 GPa (Errandonea et al., 2005).
A coexistence of the a and o phases over a largish pressure range was also observed, in
agreement with earlier findings (Ming et al., 1981).
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Vohra et al. investigated the effects of the impurity levels of oxygen on the oo — o transition
(Vohra et al., 1977). In this non-hydrostatic DAC study (no PTM), the oxygen content of the
Ti samples was varied between 785 ppm and 3800 ppm (by weight) and the corresponding
transition pressure was measured between 2.9 GPa and 6.0 GPa.

Ti has been volume compressed at RT (no PTM) in a DAC to a pressure of 220 GPa and
found to follow the transformation pathway a - o — y — 6 (Vohra & Spencer, 2001;
Akahama et al., 2001). The ® phase structure was observed to be stable to pressures greater
than 100 GPa. The reported intermediate orthorhombic y phase (transforming between ~ 116
GPa - 128 GPa) possessed a distorted hcp crystal structure (space group Cmcm), and the
orthorhombic § phase (transforming at ~ 145 GPa) was of a distorted bcc type structure
(space group Cmcm) (Akahama et al., 2001). These observations for Ti are at variance with
the other Titanium Group transition metals Zr and Hf, which have been observed to follow
the a > ® —  pathway at RT (Jayaraman et al., 1963; Xia et al., 1990a; Xia et al., 1990b).
However, Ahuja et al. have observed the coexistence of a bcc-like structure (referred to by
the authors as ') with the @ phase, during the compression of Ti at RT from 40 GPa to 80
GPa (Ahuja et al., 2004). In this study, Ti was embedded in a NaCl PTM. The subsequent
ADXD patterns could only be fully analysed on the assumption that the additional
reflections present in the patterns belonged to the  phase of Ti. Laser heating Ti to between
1200 K and 1300 K at 78-80 GPa resulted in the formation of a new orthorhombic n-phase
(space group Fmmm), which on decompression, at RT, transformed back into the " phase
below 40 GPa (Ahuja et al., 2004). On further decompression below 30 GPa, the ' phase
reverted back into the o phase, and this phase could be quenched to ambient conditions
(Ahuja et al., 2004).

Most recently, nano-Ti sample (with grain sizes ~ 100 nm) was compressed at RT in a DAC
to 161 GPa and the transformation pathway o — @ — y — & was observed (Velisavljevic et
al.,, n.d.). The slightly high o — o transition pressure of 10 GPa observed (no PTM), may
have been caused by the increase in interface to volume ratio, resulting from the reduction
in grain size, and leading to increased resistance to shear deformation. Compared to coarse
grained Ti, in nano-Ti there may also have been a larger concentration of interstitial
impurities near the grain boundaries, which have been shown to help suppress the o - ®
structural phase transition (see Hennig et al., 2005). The o phase was observed to be stable
up to ~ 120 GPa, and under compression to 127 GPa resulted in a phase transformation to
the orthorhombic y phase. A further compression resulted in a transition from y to the §
phase at 140 GPa, in good agreement with a previous study (Akahama et al., 2001). The §
phase was stable up to 161 GPa. Figure 1 shows a stacked plot of nano-Ti ADXD patterns in
the o, y and & phases (Velisavljevic et al., n.d.). The metastable » phase was recovered after
pressure treatment, which is consistent with reports from other experiments on Ti,
indicating that after pressure release, samples were either recovered in the o phase or as a
mixture of a+o (see Errandonea et al., 2005 & Vohra et al., 2001). In the case of these nano-Ti
experiments, the recovered sample was observed to consist of only the ® phase
(Velisavljevic, n.d.). The high pressure behavior of nano-Ti, including the oo > ® -y —> &
structural phase sequence (without the appearance of the  phase), the change in axial c/a
ratio with pressure, recovery of o phase, and change in volume with pressure and the EOS
values (Velisavljevic, n.d.), is very similar and consistent with previous experimental results
on Ti (Akahama et al., 2001; Vohra et al., 2001; Errandonea et al., 2005;).
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Fig. 1. A stack of ADXD patterns showing pressure induced structural phase transformation
® — vy — & innano-Ti (Velisavljevic et al., n.d.).

2.2.2 High temperature compression

Very few combined static high-pressure and high-temperature studies have been reported
for Ti. Thermally treating Ti to temperatures exceeding 1155 K at room pressure (RP)
transforms the o phase into the more densely packed bcc or p phase (space group Im3m),
without the intermediate  or other crystallographic phase occurring.

Jayaraman et al. studied the o — p boundary up to ~ 6.5 GPa and 1100 K, and found that
increasing the pressure lowered the a — P transition temperature (Jayaraman et al., 1963). A
more extensive study conducted by Bundy, in which Ti was compressed to 16 GPa and
heated to 1200 K revealed the location of the boundaries of the three solid phases, a, p and ®
(Bundy, 1963 & Bundy, 1965). More recently, Ti was compressed in a cubic anvil apparatus
to 8.7 GPa and heated to 973 K (Zhang et al., 2008). The ADXD patterns collected confirmed
the high-temperature phase diagram reported by Bundy. The a-o-p triple point was
estimated at 7.5 GPa and 913 K (Zhang et al., 2008), in agreement with the previous estimate
of 8.0 £ 0.7 GPa and 913 £ 50 K (Bundy, 1965). Zhang et al. observed the o-phase to undergo
an isotropic compression between RP and 7.8 GPa, resulting in the axial ratio (c/a) being
constant (1.587) over this pressure range (Zhang et al., 2008).

Errandonea et al. melted Ti in a DAC up to 80 GPa using single-sided laser-heating and the
“speckle technique” to determine the onset of melting (Errandonea et al., 2001). No X-ray
diffraction patterns were collected in this lab-based study, and so the authors were unable to
discriminate between melting from either the P phase or the o phase. Short term laser-
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heating appeared to lower the o — © transition pressure in pure T, as was determined in a
follow up DAC study conducted by Errandonea at a synchrotron (Errandonea et al., 2005).
At 5 GPa, Ti was transformed into the  phase by laser-heating to 1750 K and 2150 K (above
melting), at which point the samples were quenched. A mixture of o and ® phases were
obtained at a pressure for which only the o phase existed previously at RT, suggesting that
thermal fluctuations may have a similar effect on the o — ® transformation as uniaxial
stress.

2.3 Theoretical treatments of Ti at high pressure

Although Ti has received much theoretical attention over the years, we will mention here
only studies that are of direct relevance to this chapter. First-principles calculations have
been used to generate the phase diagram of Ti (Trinkle et al., 2003; Pecker et al., 2005;
Hennig et al., 2005; Trinkle et al., 2005; Verma et al., 2007, Hennig et al., 2008; Mei et al.,
2009; Hu et al., 2010).

A multiphase equation of state (EOS) of the three solid phases (a, p and ), the liquid phase
and gas phase, was calculated up to 100 GPa and predicted (based on experiment) the w-p-
liquid triple point at around 45 GPa and 2200 K (Pecker et al., 2005). Verma et al. predicted
the @ > y — P pathway for Ti, and found the § phase to be energetically unstable under
hydrostatic conditions (Verma et al., 2007). The y phase was found to be elastically stable
between 102 GPa and 112 GPa. However, under non-hydrostatic conditions, the authors
predicted the y phase to exist over a larger pressure range (Verma et al., 2007). The influence
of anisotropic stresses under very non-hydrostatic conditions may support the existence of
the 8 phase reported in DAC experiments (Akahama et al., 2001, Vohra et al.,, 2001;
Velisavljevic, n.d.).

The actual mechanism behind the martensitic transformation between the o, p and © phases
in Ti has been explored in a series of molecular dynamics simulations (Trinkle et al., 2003;
Trinkle et al., 2005; Hennig et al., 2005; Hennig et al., 2008). The authors propose the lowest
energy pathway for the o — o transition to be the TAO-1, (“titanium alpha to omega”), in
which atoms in the a phase transform through small shuffles and strains into the @ phase,
without going through a metastable intermediate phase (Trinkle et al, 2003 & Trinkle et al.,
2005). The presence of impurities in Ti such as O, N and C can affect the energy barrier to
the ® phase and suppress the o - o transformation (Hennig et al., 2005). Hennig et al.
predicted the phase boundaries for Ti up to 15 GPa, and the a-p-o triple point at 8 GPa and
1200 K. (Hennig et al., 2008).

Mei et al. studied the thermodynamic properties and phase diagram of Ti and predicted the
RP a — P transition at 1114 K and the a—o—p triple point at 11.1 GPa and 821 K (Mei et al.,
2009). The oo — o transition was predicted at 1.8 GPa, slightly lower than experimental
measurements. Hu et al. performed a detailed calculation to predict the phase diagram,
thermal EOS and thermodynamic properties of Ti (Hu et al., 2010). The axial ratio of the a
phase was predicted to be almost invariant with pressure, in agreement with the anvil study
of Zhang et al., and with calculation (Zhang et al., 2008 & Mei et al., 2009), but not with a
DAC study in which the compression was found to be anisotropic (Errandonea et al., 2005).
Hu et al. calculated the RT o — o transition at 2.02 GPa and the triple point at 9.78 GPa and
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931 K, which is in close agreement with experiment (Bundy 1965 & Zhang et al., 2008). The
slope of the a-o boundary (dT/dP = 81 K/GPa) differs significantly to that measured by
Zhang et al. in their cubic anvil study (dT/dP = 345 K/GPa) (Zhang et al., 2008). The slope of
the o-p boundary was calculated to be 2.4 K/GPa (Hu et al., 2010), in good agreement with
earlier measurements (Bundy, 1965). The predicted RT @ — y transformation at 110 GPa
concurred with the calculation of Verma et al. (Verma et al., 2007).

For reference, we show in figure 2 a representation of the Ti phase diagram as a function of
pressure and temperature, based loosely on the experimental and theoretical studies
discussed in this review.
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Fig. 2. The P-T phase diagram of Ti (this is a representation based on published work).

3. Ti alloys at high pressure

Ti alloys are usually classified according to their phase stability. An o alloy consists mainly
of an a-phase stabilizing element such as Al, O, N or C, which has the effect of extending the
range of the more ductile a-phase field to higher temperatures and higher pressures.
Similarly, a  alloy contains a B-phase stabilizing element such as Mo, V or Ta, the presence
of which will shift the p phase field to lower temperatures. Ti alloys containing a
combination of both a-phase and p-phase stabilizing elements are by far the most widely
used alloys commercially. At ambient conditions, the a+p alloys possess a f-phase fraction
by volume that lies somewhere between 5 and 50% and so crystallizes predominantly in the
o phase. Of particular importance is the a+p alloy Ti-6Al-4V (wt%), which has found many
commercial applications as a result of its superior material properties. The phase stability in
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Ti alloys is governed by the presence of impurities, and for a ternary alloy such as Ti-6Al-
4V, the substitutional impurities, Al (which is an o-phase stabilizer) and V (a p-phase
stabilizer), influence the onset of the o. - ® phase transformation by changing the d electron
concentration in the alloy (Vohra, 1979). The addition of Al reduces the d band
concentration, whilst the addition of V increases it by one, thus resulting in an overall
reduction in the d band concentration. Interstitial impurities such as O, N and C can retard
the o > o transformation. Ab initio calculations have shown that the presence of these
impurities can affect the relative phase stability and the energy barrier of the phase
transformation (Hennig et al., 2005). The presence of impurities in the commercial Ti alloys
A-70 and Ti-6Al-4V, particularly O and Al, suppresses the onset of a — ® phase
transformation by increasing the energy and energy barrier of o relative to o (Hennig et al.,
2005). Thus, the stability range of the o phase at RT is increased. Hennig et al. predicted the
RT o - o phase transformations in A-70 and Ti-6Al-4V to occur at 31 GPa and 63 GPa
respectively (Hennig et al., 2005).

3.1 Ti-6Al-4V at high pressure

As the most prevalent Ti alloy currently in commercial and industrial usage, it is perhaps
not surprising that Ti-6Al-4V has received the most attention of all the Ti alloys at high
pressure (Rosenberg & Meybar, 1981; Gray et al., 1993; Cerreta et al., 2006; Chesnut et al,,
2008; Halevy et al., 2010; Tegner et al., 2011; Tegner et al., n.d). The alloying of a metal can
have substantial effects on its properties, which of course is the desired effect, and so it is
important that we understand how the alloy responds to extremes of pressure.

3.1.1 Dynamic compression of Ti-6Al-4V

In the dynamic regime, the Hugoniot curve of Ti-6Al-4V was generated up to 14 GPa using
powder-gun driven shock waves and manganin stress gauges (Rosenberg & Meybar, 1981).
A break in the stress-particle velocity curve near 10 GPa was indicative, the authors
proposed, of a possible phase transformation, though they were unable to state
unequivocally that the transformation was . — ® (Rosenberg & Meybar, 1981). As part of a
study to examine the effects of alloy chemistry on o phase formation in Ti alloys, Gray et al.,
shocked Ti-6Al-4V (oxygen content 0.18 by weight %) up to 25 GPa and used VISAR to
measure wave profiles (Gray et al., 1993). No evidence of a o — ® phase transformation was
detected using VISAR, and using neutron diffraction to analyse the recovered specimen did
not reveal the presence of w-phase structure.

3.1.2 Static compression of Ti-6Al-4V

The first study of Ti-6Al-4V in a DAC was reported by Chesnut et al., in which a sample was
loaded into a 4:1 methanol: ethanol PTM and compressed to 37 GPa (Chesnut et al., 2008).
The ambient conditions volume of Ti-6Al-4V (predominantly in the o phase) was measured
using ADXD and found to be Vo = 17.208 A3/atom. Chesnut et al. observed Ti-6Al-4V to
undergo the oo — ® phase transition at ~ 27.3 GPa (Chesnut et al., 2008). The ® phase was
observed to be stable to 37 GPa (the pressure limit of the experiment). The volume change
across the phase boundary, at around 1%, was considered too small to detect in shock
experiments and may explain why this transformation has yet to be observed in
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dynamically driven Ti-6Al-4V (Rosenberg & Meybar, 1981 & Gray et al., 1993). Fitting a 3rd
order Birch-Murnaghan EOS (Birch 1952) to the data generated an isothermal bulk modulus
(which is a measure of the incompressibility of a material) for the a phase of K = 125.24 GPa
and the pressure derivative of the isothermal bulk modulus, K" = 2.409.

Halevy et al. compressed a sample of Ti-6Al-4V to 32.4 GPa in a DAC, and using energy
dispersive X-ray diffraction (EDXD), did not observe a transformation to the ® phase
(Halevy et al., 2010). A Vinet EOS (Vinet et al., 1987) fit to the experimental data returned
values for the isothermal bulk modulus and the pressure derivative of K = 154 + 11 GPa and
K’=5.4+1.4. No mention was made of a PTM being used in this study.

3.1.2.1 Effects of pressure media on the phase relations of Ti-6Al-4V

In the most recent DAC study of Ti-6Al-4V, conducted by two of us (MacLeod and Cynn),
powdered polycrystalline samples were embedded in a variety of PTMs to investigate the
effects of the pressure environment on the RT oo — © phase transformation (Tegner et al.,
2011; Tegner et al., n.d.). ADXD data were collected at the High Pressure Collaborative
Access Team (HP-CAT) beamline 16-IDB at the Advanced Photon Source (APS) in Chicago,
for Ti-6Al-4V samples embedded in neon, 4:1 methanol: ethanol and mineral oil. The oxygen
content of the Ti-6Al-4V was 0.123 by weight %. The ambient conditions volume in the o
phase was measured to be Vy = 17.252 A3/atom. We observed the o — © phase
transformation to occur at 32.7 GPa for Ti-6Al-4V in the neon PTM, 31.2 GPa for the
methanol: ethanol PTM and 26.2 GPa for the mineral oil PTM (in order of decreasing
hydrostaticity in the PTM). At elevated pressures, ultimately all PTMs will become non-
hydrostatic in nature (see Klotz et al., 2009, for a general discussion on the hydrostatic limits
of various pressure media) and so it becomes more difficult to quantify the dependence of
the a — o phase transformation pressure in Ti-6Al-4V based on the hydrostaticity of the
pressure environment, unlike in Ti where the transition is observed at a much lower
pressure (see Errandonea et al., 2005).

A coexistence of the oo and ® phases was observed over a largish pressure range (of the order ~
10 GPa or greater) for the different PTMs, similar to what was observed for Ti. A stacked plot
of ADXD patterns, showing the structural response of Ti-6Al-4V to applied pressure, in a neon
PTM, is shown in figure 3. Reflections from the Ti-6Al-4V sample in both o and o phases are
present, together with reflections from neon (PTM) and copper (the pressure marker).

In figure 3, at 30.7 GPa, we observe the (100), (002), (101), (102) and (110) peaks that are
characteristic of the a phase. The dominant (110/101) reflections corresponding to the ®
phase appear at ~ 32.7 GPa (between the o phase (002) and (101) peaks) and then gradually
grow in magnitude with pressure, whilst simultaneously the a phase peaks diminish in
intensity, until the pressure reaches ~ 44 GPa. By 44 GPa, the oo — © transformation is
virtually completed. The ® phase (001), (201) and (210) reflections appear at a slightly higher
pressure than the (110/101) peaks, at around 36 GPa to 39 GPa. In all, up to 10 ® phase
peaks were indexed in this study. It is clear from figure 3 that both the a and ® phases
coexist over a large pressure range, of the order of 10 GPa (between ~ 32.7 GPa and ~ 44
GPa). We observed similar behaviour for Ti-6Al-4V embedded in methanol: ethanol and
mineral oil, and also for an experiment with no PTM (Tegner et al., 2011). For Ti-6Al-4V
embedded in methanol: ethanol, we decompressed our DAC from 75 GPa to ambient and
observed the o phase to gradually revert back to the o phase.
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Fig. 3. A stack of ADXD patterns showing structural change in Ti-6Al-4V with increasing
pressure (Tegnet et al., 2011).

We determined the pressure in our experiments by analysing the reflections from the
pressure markers (either Ta or Cu) and using a known EOS from previous shock
measurements. In the case of the Cu marker used in the compression of Ti-6Al-4V in a neon
PTM (figure 3), we used a well known Cu shock study (Carter et al., 1971).

We now show in the P-V plot in figure 4 our measurements for Ti-6Al-4V embedded in a
methanol: ethanol PTM, alongside previous DAC measurements (Chesnut et al.,, 2008 &
Halevy et al., 2010). There is good agreement between the Chesnut et al. and our (Tegner et
al., n.d.) measurements (both using a methanol: ethanol PTM), but not with the Halevy et al
measurements (there was no mention of a PTM being used in their study). We measured the
Pssp = 31.2 GPa, and an isothermal bulk modulus of K = 115 + 3 GPa and pressure
derivative of K" = 3.22 + 0.22 after fitting a Vinet EOS (Vinet et al., 1987) to the data (Tegner
et al., 2011). The volume change across the a—w phase boundary was measured to be less
than 1%, in agreement with the previous methanol: ethanol study (Chesnut et al., 2008).

The axial ratio (c/a) for the o phase of Ti-6Al-4V (at ambient conditions) was measured to be
1.602, which is slightly higher than that reported for pure Ti (1.587), but is an expected result
due to the presence of the a stabiliser Al (possessing a smaller atomic radius than Ti) in the
alloy.

For the a phase of Ti-6Al-4V, in a methanol: ethanol PTM, we found the axial ratio to be
almost constant between 1.600 and 1.602 up to 42 GPa, see figure 5. The measured c/a ratios
for the @ phase are also effectively constant between 34 GPa and 74 GPa, varying between
0.616 and 0.617. We find similar results for a loading of Ti-6Al-4V in a neon PTM. These
measurements are in broad agreement with those reported by Errandonea et al. for pure Ti
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(Errandonea et al., 2005). We also include for reference in figure 5 our axial ratio results for
nano-Ti with no PTM (Velisavljevic et al., n.d.) and Ti-Beta-21S in a methanol: ethanol PTM
(Velisavljevic & Chesnut, 2007) (see section 3.2). The c¢/a ratio for nano-Ti in the o phase had
a steady value of 0.612 initially, and as the pressure was increased above 20 GPa, this value
increased slightly to 0.626 and then levelled off above 80 GPa. Under compression, the @
phase of Ti-6Al-4V in a methanol: ethanol PTM was observed to be stable to ~ 115 GPa (the
pressure limit in this experiment).

We observed, in further RT volume compression experiments of Ti-6Al-4V embedded in
neon and mineral oil PTMs, a gradual transformation from the o phase to the body-centred-
cubic B phase (space group Im3m) (Tegner et al., 2010 & Tegner et al., n.d.). For both neon
and mineral oil PTMs, the transformation is completed between 115 GPa and 125 GPa. The (3
phase is formed by the splitting of the alternating (001) plane along the c axis of the ® phase
into two (111) planes of the § phase (Xia et al., 1990a). All the 3 phase peaks are therefore
contained in the o diffraction pattern (that is, the peaks are coincident). With no detectable
volume change from ® — f, it was not possible to ascertain over what pressure range both
phases coexisted. The disappearance of the o phase (001), (210) and (002) peaks was the only
indication that a solid-solid phase transformation had occurred. We observed the p phase of
Ti-6Al-4V to be stable to at least 221 GPa (the pressure limit of the experiment) in a mineral
oil PTM (Tegner et al., 2011) and stable to 130 GPa (the pressure limit of the experiment) in
the neon PTM (Tegner et al.,, n.d.).

The P-V plot for Ti-6Al-4V in a mineral oil PTM is shown in figure 6. No intermediate
phases were observed in this experiment. For comparison, we include the P-V data for nano-
Ti (Velisavljevic, n.d.), Ti-6Al-4V (Chesnut & Velisavljevic, 2008) and (see section 3) Ti-Beta-
21S (Velisavljevic & Chesnut, 2007). Verma et al. proposed that the observations of the §
phase in Ti DAC experiments were likely caused by the presence of non-hydrostatic stresses
and that the transition sequence ® — y — P is thermodynamically preferable, with the
intermediate y phase existing over a range of at least 10 GPa (Verma et al., 2007). In our Ti-
6Al-4V study, we collected ADXD patterns with pressure steps ~ 5 GPa and found no
evidence for an intermediate y phase in Ti-6Al-4V. Nor was there any evidence for an
orthorhombic § phase. The Ti-6Al-4V sample was embedded in a PTM (albeit the very non-
hydrostatic mineral oil and neon PTMs above 100 GPa). Our own calculations predict the
transformation pathway for Ti-6Al-4V to be o — & — B, with o — ® occurring at 24 GPa and
® —> P at ~ 105 GPa, in agreement with experiment (Tegner et al., 2010). Above 110 GPa we
find that the orthorhombic y and & phases relax to the cubic B phase under hydrostatic
conditions. As far as we know, all Ti DAC experiments compressed above 100 GPa have had
samples compressed in the absence of a PTM (Vohra et al.,, 2001, Akahama et al., 2001;
Velisavljevic et al., n.d.).

In figure 7, an integrated ADXD pattern is shown of Ti-6Al-4V in a neon PTM, collected at
129 GPa (Tegner et al., n.d.). The peaks are indexed as the B-phase reflections (110), (200),
(211) and (220) and face-centred cubic (fcc) neon (111), (002) and (220). The pressures were
calculated using a previous static high pressure EOS study of neon (Dewaele et al., 2008).
We performed a Rietveld analysis of our diffraction patterns to confirm the crystal structure
of Ti-6Al-4V to be the p phase.
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The observation of the o - & — P transformation pathway at RT for Ti-6Al-4V suggests that
the slope of the »-B phase boundary (see boundary in figure 2) is negative at high pressures,
or that there are two separate areas of p phase separated by the ® phase (see for example,
Xia, 1990a).

3.2 Absence of the ® phase in the Ti-beta-21S alloy at high pressure

In cases where a sufficient amount of alloying elements are introduced, known as Mo
equivalent (Moeg), alloys with up to 50% P phase can be recovered after temperature
treatment (Bania, 1993). The large p phase concentration can have a significant effect on the
pseudo-elastic response (Zhou et al., 2004), while also effecting structural phase stability at
high pressures. One example is the Mo rich Ti-Beta-21S (also known as TIMETAL21S®)
alloy, which is a B-stabilized alloy with 15 wt.% Mo, 3 wt.% Al, 2.7 wt.% Nb, 0.2 wt% Si, and
the remainder made up by Ti. The standard “solution-treated-and-aged” (STA) heat
treatment, in which the samples were heated to 1098 K, held for 30 minutes, cooled to RT
(air-cooled equivalent rate), subsequently heated to 828 K, held for 8 hours, and again
cooled to RT, produced a sample resulting in a mixture of o+ phases, with 29% - 42% in the
a phase (Velisavljevic & Chesnut, 2007; Honnell et al., 2007).

An initial ADXD pattern collected at ambient conditions clearly shows the sample is
composed of both the a and  phases (Velisavljevic & Chesnut, 2007), as shown in figure 8.
A close examination of the diffraction pattern does not indicate the existence of any peaks
that could not be attributed to either the o or p phase, and in particular, there is no evidence
of ® phase in the sample. Cold compression of the sample in a methanol: ethanol PTM, in a
DAC, shows very little change at low pressure. Up to ~ 11 GPa both a and 3 phases appear
to be stable, including the axial ratio of the a phase, which remains fairly constant near the
initial value of cy/a9 = 1.601. Comparison of the axial ratio of the o phase of Ti-Beta-21S and
the co/ap value of 1.602 reported for the a phase of Ti-6Al-4V indicates that the inclusion of
Mo, which has a larger atomic radius than Ti, does not have a significant effect on the initial
axial ratio. However, the measured volume V= 17.912 A3/atom (a, = 2.956 + 0.002 A and ¢
=4.734 +0.025 A) for the o phase of Ti-Beta-21S is larger than both the V, = 17.355 A3/atom
(a0 = 3.262 + 0.004 A) measured for the p phase of Ti-Beta-21S and values reported for Ti-
6Al1-4V, which would suggest that a significant amount of alloying elements are still present
in the o phase portions of the sample. Above 11 GPa, anisotropic compression of the o
phase is observed, which leads to a steady decrease in the ¢/a ratio down to 1.568 at 36 GPa,
as shown in figure 5. A sudden increase in the axial ratio up to 1.613 at 44 GPa, followed by
a steady value up to 67 GPa is then observed. Over this same pressure range, besides a
steady decrease in volume, no significant changes are observed for the § phase. The sudden
change in the axial ratio in the 36-44 GPa region could denote a potential first order
isostructural phase transition. Over the same pressure region of 36-44 GPa, no evidence of
appearance of the ® phase or any other new phases could be detected.

With pressure increased to 58 GPa, the sample remains stable, as a mixture of o+ phases.
However, above this pressure a relative change in the measured peak intensities between
the two phases indicates the onset of a structural phase transition (Velisavljevic &
Chesnut, 2007). A comparison of the intensity change of the (102) a-phase peak and the
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(200) B-phase peak indicates a steady disappearance of the o phase and a transition of the
sample to 100% P phase above 67 GPa. The ADXD patterns collected at 18 GPa and 48
GPa in figure 8 show the mixture of the a+p phases. At 71 GPa in figure 8, only B phase
peaks are now present. From the experimental data, a Vinet EOS fit returned values of K =
119 GPa and K’ = 3.4 for the a phase and K = 109 GPa and K’ = 3.8 for the P phase
(Honnell et al., 2007), and for a Birch-Murnaghan EOS fit, values of K =117 GPa and K’ =
3.4 for the a phase and K = 110 GPa and K’ = 3.7 for the 3 phase (Velisavljevic & Chesnut,
2007) were obtained. Although, as previously mentioned, there is a volume difference
observed between the o phase of Ti-Beta-21S and Ti-6Al-4V, the overall compressibility
and EOS of Ti-Beta-21S are in good agreement with the various EOS values generated for
Ti-6Al-4V, as shown in figure 6.
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Fig. 8. A stack of ADXD patterns showing structural change in Ti-Beta-21S with increasing
pressure. Initially sample is composed of mixture o+ phase and with pressure increase
sample transforms completely to B phase - @ or other intermediate phases were not
observed at any point. Additional peaks in ADXD spectra belong to Cu, which was used as
a pressure marker.

For data collection, and the values reported here for Ti-6Al-4V and Ti-beta-21S,
synchrotron source monochromatic X-ray beams were used. The image plate detectors
available at the synchrotrons had pixel sizes of 100 pm?2 and so the diffraction patterns
were generated with a resolution ~Ad/d = 10-3. As a consequence, the uncertainties in the
measured volume data were of the order of ~0.3%. This is consistent with the different
values reported for the volume of Ti-6Al-4V at ambient conditions by the various authors.
For example, Tegner et al. reported V, = 17.252 A3/atom (Tegner et al., 2010) whereas
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Chesnut & Velisavljevic measured a 0.25% smaller value, Vo = 17.208 A3 /atom (Chesnut &
Velisavljevic, 2007).

4, Discussion

A P-T phase diagram for Ti (Errandonea et al., 2001; Errandonea et al., 2005; Pecker et al.,
2005; Zhang et al., 2008; Mei et al, 2009; Hu et al., 2010) and Ti-6Al-4V (Chesnut et al., 2008,
Tegner et al., 2010) summarising the current state of knowledge of the phase relations of
these systems up to 125 GPa is shown in figure 9. There is good agreement between
experiment and theory for the location of the Ti a—w phase boundary, and also the melt
curve, but the location and slope of the o—p boundary is still in dispute and requires more
study for clarification. Phase stability and the effects of anisotropic stresses on the o — ®
transition in Ti is an issue that also requires more attention at high temperature. Very little is
known about Ti alloys at high pressure, and even less at high pressure and high
temperature. In figure 9, we suggest possible phase boundaries for Ti-6Al-4V as a dashed
blue line. We are unsure about the exact location, or slope even, of the o-o and a- {3
boundary for Ti-6Al-4V at high temperature.
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Fig. 9. The combined P-T phase diagram of Ti (Errandonea et al., 2001; Errandonea et al.,
2005; Pecker et al., 2005; Zhang et al., 2008; Mei et al, 2009; Hu et al., 2010) and Ti-6Al-4V
(Chesnut et al., 2008, Tegner et al., 2010). The possible phase boundaries for the a+p alloy Ti-
6Al-4V (wt%) are suggested by us as the dashed blue line.
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By comparing our high pressure Ti-Beta-21S (Velisavljevic & Chesnut, 2007), Ti-6Al-4V
(Chesnut et al., 2008; Tegner et al., 2010; Tegner et al., n.d.) and nano-Ti (Velisavljevic et al.,
n.d.) data, we observe that the addition of alloying elements can have a significant influence
on the structural phase transition sequence in these metals at high pressure and
temperature. For example, the presence of alloys and interstitial impurities in Ti-6Al-4V
suppresses the onset of the a — ® phase transformation, thus ensuring the predominance of
the a-phase alloy over a much larger pressure range than exists for pure Ti, which is
desirable in industrial and commercial applications. The main effect observed in Ti-Beta-21S
is the complete suppression of the brittle @ phase at high pressures.

However, it is also important to recognize that changes in the electronic configuration
cause changes in crystal structures. These changes can be induced either by an increase in
pressure or an increase in the occupancy of the d bands. The structural trend exhibited by
the 3d, 4d, and 5d transition metals is well known. The variation in the electronic
configuration affects crystal structures and mechanical properties such as micro-
structures and dislocations. For industrial applications, it is the machineability and
superior mechanical properties that are of paramount interest. Pressure allows us to
measure the differences in crystal structures induced by changes in the electronic
configuration.

Among the Group IV elements, similar structural changes occur. Group IV elements and
their alloys apparently favor a transformation pathway oo — © — [ at high pressure, based
on recent DAC experiments and theoretical calculations. The intermediate structures, &
and vy, appear to be metastable and are shear driven. Based on the experimental results
one can conclude that high pressure structural phase transitions in Ti and Ti alloys are
highly susceptible to loading conditions and stress distribution, as shown from
experiments using various PMTs. However, stability of various phases can be controlled
by other variables, such as alloying, which can change electronic structure by
increasing/decreasing d band occupancy, inclusion of interstitial impurities, which help
reduce shear deformation, and in some cases it appears that shear driven structural phase
transitions can be controlled by varying sample grain size as well. Although these factors
play a significant role in controlling structural phase transitions they appear to have only
a slight effect on the initial compressibility (i.e. EOS) - measured a phase EOS parameters
for Ti-Beta-21S, Ti-6Al-4V, Ti, and nano-Ti are all relatively close with values of K = 115-
125 GPa and K" = 2.4-3.9. Overall it appears that with stress conditions, grain size, and
presence of impurities, there is a systematic shift of the transition pressure P, _, , as the
transition pressure increases with improved hydrostaticity of the pressure environment
and by grain size reduction.
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1. Introduction

Two phase titanium alloys most often are hot deformed, mainly by open die or close-die
forging. Desired mechanical properties can be achieved in these alloys by development of
proper microstructure in plastic working and heat treatment processes. Irreversible
microstructural changes caused by deformation at the temperature in a+p<f phase
transformation range quite often cannot be eliminated or reduced by heat treatment and
therefore required properties of products cannot be achieved (Bylica & Sieniawski, 1985;
Liitjering, 1998; Zwicker, 1974). Some of the properties of titanium alloys, such as: high
chemical affinity to oxygen, low thermal conductivity, high heat capacity and significant
dependence of plastic flow resistance on strain rate, make it very difficult to obtain finished
products having desired microstructure and properties by hot working. Differences in
temperature across the material volume, which result from various deformation conditions
(local strain and strain rate) lead to formation of zones having various phase composition
(equilibrium a and P phases, martensitic phases a'(a")), morphology (equiaxial, lamellar, bi-
modal) and dispersion (fine- or coarse-grained) and therefore various mechanical properties
(Kubiak & Sieniawski, 1998).

Obtaining desired microstructure of Ti-6Al-4V titanium alloy using plastic deformation in
the a+P«P phase transformation range is related to proper conditions selection taking into
account plastic deformation, phase transformation, dynamic recovery and recrystallization
effects (Ding et al., 2002; Kubiak, 2004; Kubiak & Sieniawski, 1998). Grain refinement can be
achieved by including preliminary heat treatment in thermomechanical process. Final heat
treatment operations are usually used for stabilization of microstructure (they restrict grain
growth) (Motyka & Sieniawski, 2010).

Titanium alloys together with aluminium alloys belong to the largest group of
superplastic materials used in industrial SPF. Their main advantages are good
superplasticity combined with relatively high susceptibility to diffusion bonding. Among
them two-phase a+f Ti-6Al-4V alloy has been the most popular for many years as it
exhibits superplasticity even after application of conventional plastic working methods
(Sieniawski & Motyka, 2007).
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2. Deformation behaviour of titanium and its alloys

Titanium has two allotropic forms: Ti, with hexagonal close packed (hcp) crystal structure
(up to 882.5°C) and Tig with body centered cubic (bcc) crystal structure (between 882.5 and
1662°C). Each of the allotropes exhibit different plasticity resulting from its crystal structure
and different number of the slip systems (A. D. Mc Quillan & M. K. Mc Quillan, 1956;
Zwicker, 1974).

Deformation of a titanium, both at room and elevated temperature, occurs by slip and
twinning (Tab. 1). Primary slip systems in a titanium are: { 1100} <1120 > and {1101 } <1120 >
(Fig. 1). Critical resolved shear stress value (tass) depends on deformation temperature,
impurities content and slip system (Fig. 2). If the relative value of tss stress for { 1100} <1120 >
slip system is set to 1, for {1101} <1120 > system it equals to 1.75, and for {0001} <1120 >
system - 1.92. Coarse grained and single crystal o titanium deforms in {0001} <1120 > system,
because stacking fault energy and atom packing density are larger in {1100} planes than in
{0001} planes (Kajbyszew & Krajuchijn, 1967; Zwicker, 1974).

Critical resolved
Metal ¢/aratio Slip plane shear stress Terss, Twinning plane
MPa
. {0001} 0.34 -

Zinc 1.856 (1100 1015 {1102}
{0001} 45 {1102}
Manganese 1.624 (1100} > { 1oL }
{1100} 39.2 (1103}
: {1121}
{0001} 62.1 (1122}
N {1121}
Titanium o 1.587 (1122}
{1100} 13.83 (1102}

Table 1. Slip and twinning planes and critical resolved shear stress in metals with hcp crystal
structure (Kajbyszew & Krajuchijn, 1967)
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Fig. 1. Slip systems in o titanium (Balasubramanian & Anand, 2002)
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Fig. 2. Critical resolved shear stress as a function of: a) interstitial impurities content and
temperature (Zwicker, 1974) b) temperature and slip plane in titanium with 0.1% interstitial
impurities content (Levine, 1966)

The number of twinning planes is higher in o titanium than in other metals (except for
zirconium) having hcp crystal structure. Twinning in single crystal o titanium occurs in
{1102}, {1121}, {1122}, {1123 }, { 1124 } planes, while in polycrystalline o titanium in {1102},
{1121}, {1122} planes (Fig. 3). The smallest value of critical stress for twinning occurs in
{1102} plane. It was found that slip and twinning interact with each other. Twinning in
{1122} plane hinders slip in that plane. Twinning is intensified by increase in deformation,
metal purity, grain size and by decrease in temperature (Churchman, 1955).
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Fig. 3. Twinning planes in a titanium (Balasubramanian & Anand, 2002)
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Plastic deformation in B titanium takes place by mechanisms characteristic of metals with
bec structure. In B titanium following slip systems operate: {110} <111>, {112} <111>, {123}
<111> along with twinning system {112} <111> (Balasubramanian & Anand, 2002;
Wassermann & Grewen, 1962). Alloying elements affect plasticity of p titanium to different
degree. Cold strain of B titanium (with high content of Mo, Nb or Ta) can exceed 90%.
However addition of ruthenium or rhodium results in very large decrease in plasticity,
rendering cold deformation of B titanium practically impossible (Raub & Réschelb, 1963).

Titanium alloys can be classified according to their microstructure in particular state (e.g. after
normalizing). It must be emphasized that this classification is questionable, because phase
transformations in alloys with transition elements proceed so slowly, that very often the
microstructure consistent with phase equilibrium diagram cannot be obtained at room
temperature. According to widely accepted classification of the alloys in normalized state
following types of titanium alloys can be distinguished (Fig. 4) (Glazunov & Kolachev, 1980):

1. aalloys
- not heat strengthened
- heat strengthened due to metastable phases decomposition
2. o+palloys
- strengthened by quenching
- with increased plasticity after quenching
3. Palloys
- with mechanically unstable By phase (decomposing under the stress)
- with mechanically stable Bums phase (not decomposing under the stress)
- with thermodynamically stable s phase.

Two transition types of alloys can also be distinguished:

1. near o alloys - which contain up to 5% of P stabilizers (microstructure is composed of o
phase and small amount, about 3-5%, of  phase),

2. near B alloys - their properties match the properties of a+f alloys with high volume
fraction of B phase (the microstructure after solutionizing is composed of metastable Bum
phase).

[i-stabilizars content

o 862

emperature T,

-phase stabilizing factor K

Fig. 4. Classification of titanium alloys on the basis of B stabilizers content: 1 - o alloys,
2 - near o alloys, 3 - martensitic a+f alloys, 4 - transition a+f alloys, 5 - near f alloys,
6 - B alloys (Glazunov & Kolachev, 1980)
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Plasticity of commercial pure (CP) titanium and single-phase alloys depends on type and
content of impurities, alloying elements, temperature of deformation and strain rate.
Increase in impurities and alloying elements content reduces plasticity due to solid solution
strengthening (Fig. 5) (Glazunov & Mojsiejew, 1974).
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Fig. 5. The influence of temperature on plasticity of CP titanium and single-phase a alloys
(Glazunov & Mojsiejew, 1974)
Increase in temperature of deformation reduces plastic flow stress of the CP titanium and

single-phase o alloys (Fig. 6).

Critical strain of CP titanium depends on temperature of deformation and strain rate
(Fig. 7).
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Fig. 6. Dependence of plastic flow stress of CP titanium and a alloys on deformation
temperature (Hadasik, 1979)

Roughly 90% of about 70 grades of titanium alloys that are manufactured by conventional
methods are two-phase martensitic or transition alloys. They exhibit high relative strength
(UTS/p), good creep resistance (up to 450°C), corrosion resistance in many environments,
good weldability and formability. The most widely used representative of this group of
alloys is Ti-6Al-4V showing good balance of mechanical and technological properties.
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Fig. 7. The effect of temperature of deformation and strain rate on the critical strain of CP
titanium (Hadasik, 1979)

The basic technological processes enabling final product manufacturing and development of
mechanical properties of titanium alloys are hot working and heat treatment. Application of
cold working is limited to the operations of bending (sheets, flat bars, tubes and bars) and
shallow drawing of sheets allowing to obtain large elements. Bulk cold forming is not used
due to high resistance of titanium and its alloys to plastic flow. (Fig. 8) (Lee & Lin, 1997).
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Fig. 8. The influence of strain rate on plastic flow stress of cold worked Ti-6Al-4V alloy
(Lee & Lin, 1997)

Plasticity, microstructure and mechanical properties of titanium alloys depend on hot
working conditions (Peters et al., 1983; Brooks, 1996):

- heating rate, time and temperature of soaking and furnace atmosphere,
- start and finish temperature of deformation,

- draft in final operations of deformation,

- strain rate,

- cooling rate after deformation.

Application of all or selected operations of hot working and heat treatment (Fig. 9) allows to
vary to a large extent the microstructure e.g. morphology and dispersion of phases in o+f
titanium alloys (Fig. 10).
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Fig. 9. The schematic diagram of plastic work and heat treatment processes of two phase
titanium alloys (Peters et al., 1983)

The processes of hot working and heat treatment of two-phase titanium alloys, e.g. Ti-6Al-
4V, allow to obtain various types of microstructure (Fig.10) (Ezugwu & Wang, 1997; Kubiak
& Sieniawski, 1998):

- martensitic (or composed of metastable fm phase),

- globular (fine or coarse-grained),

- necklase (fine or coarse-grained),

- lamellar (fine or coarse-grained),

- bi-modal (with various volume fraction and dispersion of o phase).

Fig. 10. Microstructure of two-phase Ti-6Al-4V alloy: a) martensitic, b) globular, c) necklace,
d) lamellar, e) bi-modal (Kubiak & Sieniawski, 1998)
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3. The influence of deformation conditions and morphology of phases on the
plasticity of o+ titanium alloys

Hot deformation behaviour of two-phase titanium alloys depends on chemical and phase
composition, stereological parameters of microstructure and process conditions
(deformation temperature, strain rate, stress and strain distribution). They exhibit analogous
dependences of the plastic flow stress on temperature and strain rate like other metals
alloys. Increase in strain rate raises plastic flow stress while increase in deformation
temperature reduces it (Sakai, 1995).

Increase in temperature of deformation of two-phase titanium alloys reduces plastic flow
stress (Fig. 11) more effectively in a+f field than in B phase field, as a result of change in
volume fraction of o and B phases (Fig. 12) (Ding et al., 2002; Sheppard & Norley, 1988).
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Fig. 11. The effect of temperature of deformation and strain rate on plastic flow stress for Ti-6Al-
4V alloy: a) torsion test (Sheppard & Norley, 1988), b) compression test (Ding et. al., 2002)
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High sensitivity to strain rate is a characteristic feature of two-phase titanium alloys. The
coefficient of strain rate sensitivity depends on temperature of deformation and strain rate
(Fig. 13), grain size (Fig. 14), strain magnitude (Fig. 15) and morphology of phase
constituents (Fig. 16) (Semiatin et al., 1998).

Deformation temperature T, °C

10 820 BE0 200 240
Strain rate ¢, 57 | ,/f ™5
——=310 F{ o
— 10" ¥ ; ., o
—_—0* ! ™,

o8 — 20 A

I f A"

0.6

Strain rate sensitivity factor m

0.2 1 I I I
&0 [j: 70 65 40

Volume fraction of o phase V., , %

Fig. 13. The dependence of strain rate sensitivity factor m on temperature (volume fraction
of o phase) and strain rate for Ti-6Al-4V alloy (Semiatin et al., 1998)
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Fig. 14. The dependence of strain rate sensitivity factor 1 on grain size of o phase for
Ti-6Al-4V alloy (Semiatin et al., 1998)
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Fig. 16. The dependence of strain rate sensitivity factor m on microstructure morphology
(type of heat treatment) for hot-rolled sheets of Ti-6Al-4V alloy (Semiatin et al., 1998)

Volume fraction of o and  phases affects the value of the coefficient of strain rate sensitivity
m. For two-phase titanium alloys it reaches maximum value when V,,=Vs= 50%, at the
temperature close to start temperature of a+p—f phase transformation and strain rate in the
range of & =4-105 - 1-10-3 s1. Grain refinement leads to increase in m value and growth of
strain magnitude reduces it (Ghosh & Hamilton, 1979).

Deformation of titanium alloys in two-phase range leads to distortion of o and B grains,
fragmentation of o grains and their globularization. As a result of these processes (Fig. 17)
elongated o phase grains develop with particular orientation which are arranged along
direction of maximum deformation (Seshacharyulu et al., 2002).

Fig. 17. The deformation process in a+f field - fragmentation and globularization of o phase
lamellae (Seshacharyulu et al., 2002)
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These processes occur simultaneously during deformation and have an impact both on
texture (Fig. 18) and morphology of phases (Liitjering, 1998).
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Fig. 18. The texture diagram - pole figure (0002) - of two-phase titanium alloys for various
modes and temperature of deformation (Liitjering, 1998)

After deformation in the o+ temperature range and air cooling following microstructure of
a phase can be obtained (Fig. 19) (Kubiak & Sieniawski, 1998):

- coarse lamellar - not deformed or slightly deformed large size lamellae of primary o
phase are usually present in dead zone of semi-finished products (Figs 19-3 and 19-5),

- fine lamellar - o lamellae formed upon cooling from temperature above the B transus
temperature at the cooling rate slightly lower than critical (Fig. 19-1),

- distorted lamellar - primary o lamellae which were fragmented and deformed (Fig. 19-4),

- equiaxed - o grains formed upon slow cooling from the temperature higher than finish
temperature of o+« transformation (Fig. 19-2),

- distorted equiaxed - a grains distorted upon deformation below the finish temperature
of a+pf transformation (Fig. 19-6).

Increase in degree or rate of deformation may lead to local increase in temperature even
above finish temperature of a+p«<f transformation and development of martensitic o'(a.")

phases or colonies of lamellar a and B phases with stereological parameters depending on
cooling rate.

Upon deformation of a+f titanium alloys above the finish temperature of o+f—f
transformation dynamic recrystallization occurs. New grains nucleate at primary  grain
boundaries and then grow until complete ring arranged along these grain boundaries is
formed. New nuclei form also inside formerly recrystallized grains in the ring and the

process repeats until new grains completely fill up the 'old' grain (Fig. 20) (Ding et al.,
2002).
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Fig. 19. The microstructure of Ti-6Al-4V alloy after die forging at 950°C (Kubiak &
Sieniawski, 1998)

o= 42 8 um

Fig. 20. Simulation of microstructure development for Ti-6Al-4V alloy deformed at 1050°C at
the strain rate ¢ =1.0 s for various strains: a) ¢ = 0.7; b) ¢ =5.0; ¢) e = 15, d) € = 45; d AR -
average diameter of recrystallized B grains (Ding et al., 2002)
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Increase in deformation rate decreases the size of recrystallized o grains (Fig. 21). The

change in average diameter of primary B grains - d ;4 and average thickness of o lamellae -
g va » induced by deformation, can be described for Ti-6Al-4V alloy by following equations,

depending on morphology of primary a and B phases:

- lamellar microstructure d pp =1954.3 Z-0172 (um) (Seshacharyulu et al., 2002)
- lamellar microstructure S po =1406.4 Z-013 (um) (Seshacharyulu et al., 2002)
- equiaxed microstructure log(d yp) = 3.22 - 0.16 log (Z) (Seshacharyulu et al., 1999)

where: Z - Zener-Holomon parameter.
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Fig. 21. The effect of strain rate on average diameter of primary 3 phase grains in Ti 6Al-4V
alloy with globular initial microstructure (Seshacharyulu et al., 1999)

However presented model of dynamic recrystallization (Fig. 20) does not take into account
the change of shape of primary p grains and deformation of recrystallized B grains. Thus it
can be stated that it describes process of metadynamic recrystallization. Upon cooling after
dynamic or metadynamic recrystallization following phases can be formed within B grains
(depending on cooling rate): colonies of o and P lamellae, equiaxed o and P grains,
martensitic a'(a") phases or the mixture of them.

The character of flow curves obtained during sequential deformation of two phase titanium
alloys at the temperature in B field confirms occurrence of dynamic processes of
microstructure recovery. Increase in time of metadynamic recrystallization reduces
strengthening. The character of the curves describing volume fraction of recrystallized B
phase confirms the influence of chemical composition on recrystallization kinetics (Fig. 22).
Increasing content of alloying elements leads to decrease in rate of recrystallization. Time for
recrystallization of 50% of B phase is equal t0,5 = 3.5 s for Ti-6Al-5Mo-5V-2Cr-1Fe alloy and
t0,5 = 1.5 s for Ti-6Al-4V alloy.
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Fig. 22. The dependence of volume fraction of recrystallized B phase on dwell time during
sequential deformation of Ti-6Al-4V and Ti-6Al-5V-5Mo-2Cr-1Fe alloys (Kubiak, 2004)

Microstructure of a+f titanium alloys after sequential deformation at the temperature in B
field and air cooling is composed of globular and heavily deformed a grains (Fig. 23) in the
matrix of the lamellar a and B phases (Fig. 24a, b). Increase in dwell time during sequential
deformation leads to reduction of the strengthening effect and moreover to reduction of
dispersion of the phases - growth of both globular and deformed o grains. New, recrystallized
grains nucleate at the primary P grain boundaries, forming chains (Figs 23b, 24b). The
dislocation density in globular and lamellar o phase and B phase is low (Fig. 24c, d).

- k -|. - e | a.. ' L d)

Fig. 23. The microstructure of Ti-6Al-4V alloy after sequential deformation with various
dwell time: a) 1s - transverse section, b) 1s - longitudinal section, c) 100s - transverse
section, b) 100s - longitudinal section (Kubiak, 2004)

Fig. 24. The microstructure of Ti-6Al-4V alloy after sequential deformation with various
dwell time: a) 1s - transverse section, b) 1s - longitudinal section, c) 100s - transverse
section, b) 100s - longitudinal section (Kubiak, 2004)
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In the 1980s and 1990s deformation maps for CP titanium were calculated on the basis of
material constants, describing possible deformation mechanisms operating during
processing. In the late 1990s the map of microstructure changes depending on deformation
conditions was developed for Ti-6Al-4V alloy (Fig. 25) (Seshacharyulu et al., 1999).

10

>:f 2] Cracking Instabilty
\< 3 of [i phase
Adiabatic [
shaar B
. 2]
w ]
¥ R
& 10 ST /:z . Dd!'::-'rl'-:!lll:-!' of 5‘ &
) ;?*-5\'}\&\ o and f lamellaa] & =
e DBSEIR B
@ ¢ Cracking slong X 8
n 0 _}l.ll fTLarY o Grains E
"5 boundares a
by
K
=, Spheroidizabion
10 of & ard P lamellas
¥
310

750 B00 B50 SO0 B850 1000 1050 110
Deformation termperature T, *C
Fig. 25. The map of microstructure changes and phenomena occurring during hot
deformation of Ti-6Al-4V alloy (Seshacharyulu et al., 1999)

Technological hot plasticity of a+p titanium alloys, characterized by plastic flow stress and
critical strain, depends on morphology and stereological parameters of the phases in the
alloy microstructure and deformation conditions (Kubiak, 2004).

The flow curves ¢ = f(g) of a+p titanium alloys have similar character. Three stages of flow
stress changes can be distinguished, what is characteristic for materials in which dynamic
recrystallization occurs (Fig. 26):

- increase up to opm value,
- decrease down to oy value,
- stabilization at o} value.
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Fig. 26. The effect of strain rate on plastic flow stress at 900°C for Ti-6Al-4V alloy - coarse-
grained lamellar microstructure (Kubiak, 2004)
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Deformation of Ti-6Al-4V alloy at 1050°C - the range of B phase stability - results in
reduction of maximum plastic flow stress cpm regardless of the initial phase morphology
and dispersion. Coarse lamellar microstructure shows the maximum plastic flow stress.
Reduction of the size of colonies and lamellae of o and  phases leads to significant decrease
in flow stress in comparison with bi-modal and globular microstructure. It was also found
that deformation rate have a pronounced effect on the flow stress Gpm and enm strain for
Ti-6Al-4V alloy. Increase in strain rate results in higher 6,m and en values (Figs 27 and 28).
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Fig. 27. The dependence of &, strain on strain rate, temperature of deformation and
microstructure of Ti-6Al-4V alloy: a) bi-modal, b) globular, c) coarse-grained lamellar,
d) fine-grained lamellar microstructure (Kubiak, 2004)

a) b)

140 140

120 120

100 ] 100
© — /I/
g e — 1 5 —x
b%“ 60 ] 60 — e |
2 sl | 40/
2
» 20 20
2 0.1 1 0.1 1
2 c d
o 140 ) 140 )
= | —— Deformation
8 120 ] 120 temperature, °C
a —+—— 900
€ 100—— 100 %X 950
= —S— 1050 |
g " /< % /_'/_
=3
© /<
= 60 —9 | 60 ///

40 | 40—

sole ] 20
0.1 1 . 0.1 1
Strain rate &, s

Fig. 28. The dependence of maximum plastic flow stress cpm On strain rate, temperature of

deformation and microstructure of Ti-6Al-4V alloy: a) bi-modal, b) globular, c) coarse-
grained lamellar, d) fine-grained lamellar microstructure (Kubiak, 2004)
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The influence of microstructure morphology and deformation condition on maximum flow
stress 6pm for Ti-6Al-5Mo-5V-2Cr-1Fe alloy is similar to that found for Ti-6Al-4V alloy.

The effect of conditions of heat treatment and degree of plastic deformation in
thermomechanical process on development of microstructure and plasticity of Ti-6Al-4V
and Ti-6Al-2Mo-2Cr titanium alloys in hot tensile test was also investigated (Motyka &
Sieniawski, 2010). On the basis of dilatometric results and previous findings conditions of
heat treatment and plastic deformation were defined and two schemes of thermomechanical
processing were worked out, denoted TMP-I and TMP-II respectively (Fig. 29).

e

1050°C 1050°C

f
Torpep

900°C 900°C

| 35
Torpep

WaQ v wQwy

Fig. 29. Schemes of thermomechanical processing of Ti-6Al-4V alloy with forging reduction
e~20% (a) and e =50% (b) (WQ - water quenching) (Motyka & Sieniawski, 2010)

Initial microstructure of Ti-6Al-4V alloy was composed of globular, fine a grains and p
phase in the form of thin layers separating a grains (Fig. 30a). Quenching of Ti-6Al-4V alloy
from the B phase temperature range led to formation of microstructure composed solely of
martensitic a’(a’”’) phase (Fig. 30b). Microstructure after following plastic deformation in the
a+p«p range with forging reduction of about 20% (TMP-I) and 50% (TMP-II) comprised
elongated and deformed grains of primary a phase in the matrix of B transformed phase
containing fine globular grains of a secondary phase (Fig. 30c,d). Higher degree of initial
deformation led to obtaining finer microstructure containing more elongated a grains - fq =
16 for € = 20% and 21.1 for € = 50%. The larger volume fraction of a phase was also found

Fig. 30. Microstructure (DIC) of Ti-6Al-4V alloy before thermomechanical processing (a),
after quenching from the [ phase range (b) and after deformation in the a+B«+[ range with
forging reduction of 20% (c) and 50% (d) (Motyka & Sieniawski, 2010)
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Fig. 31. Microstructure (DIC) of Ti-6Al-2Mo-2Cr alloy before thermomechanical processing
(a), after quenching from the p phase range (b) and after deformation in the a+p«f range
with forging reduction of 20% (c) and 50% (d) (Motyka & Sieniawski, 2010)

Initial microstructure of Ti-6Al-2Mo-2Cr alloy was composed of colonies of parallel
a-lamellae enclosed in primary  phase grains (Fig. 31a). Solution heat treatment led to
formation of microstructure composed of martensitic a’(a”’) phase, similarly to Ti-6Al-4V
alloy (Fig. 31b). Microstructure after thermomechanical processes (TMP-I and TMP-II)
comprised fine, elongated grains of a phase in the matrix of p transformed phase (Figs
31c,d). In contrary to Ti-6Al-4V alloy primary p phase grain boundaries were observed.
Higher degree of initial deformation in thermomechanical process led to obtaining finer
microstructure and larger volume fraction of a phase (Table 2).

Stereological parameters

Condition of Ti-6Al-4V alloy v, i, | b, _

. fa

% pm
As received 82 41 5.3 0.77
TMP-I processed 59 51.3 3.2 16
TMP-II processed 79 23.2 1.1 21.1

Va a i b rim ra R
Condition of Ti-6A1-2Mo-2Cr alloy 7 gyrin | B gy Foprim B

% um um
As received 76 137 42 3.26 12| 1
TMP-I processed 34 - - - -1 4
TMP-II processed 40 - - - -1

Table 2. Stereological parameters of microstructure of as-received and thermomechanically
processed Ti-6Al-4V and Ti-6Al-2Mo-2Cr alloys; where: V,, - volume fraction of a phase, @ ,

and b ,, - length of sides of rectangular circumscribed on a grain section, f, - elongation
factor of a phase grains, @ gpim and b gy - length of sides of rectangular circumscribed on
primary B grain section, fg,, - elongation factor of primary  phase grains, R - size of the
colony of parallel a lamellae, g - thickness of a-lamellae (Motyka & Sieniawski, 2010)

TEM examination of Ti-6Al-4V alloy revealed fragmentation of elongated a grains (Fig. 32a)
and presence of globular secondary a grains in the 3 transformed matrix (Fig. 32b) after

TMP-I thermomechanical processing. Higher dislocation density in elongated a grains was
observed after TMP-II processing (larger forging reduction) (Figs 33a,b).
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Fig. 32. Microstructure (TEM) of Ti-6Al-4V alloy after TMP-I process: fragmentation of
a phase (a), globular secondary a phase grain (b) (Motyka & Sieniawski, 2010)

In Ti-6Al-2Mo-2Cr alloy after TMP-I processing dislocations were observed mainly near
grain boundaries (Fig. 34a). It was found that the secondary a phase in § transformed matrix
occurs in lamellar form (Fig. 34b). Higher degree of deformation in TMP-II process led to
higher dislocation density in a phase grains (Fig. 35a) and fragmentation of elongated a
grains (Fig. 35b).

In Ti-6Al-2Mo-2Cr alloy higher volume fraction of B phase (Tab. 3) was found than in Ti-6Al-
4V alloy which can be explained by higher value of coefficient of  phase stabilisation Kp.

Fig. 33. Microstructure (TEM) of Ti-6Al-4V alloy after TMP II process: high dislocation
density in a grains (Motyka & Sieniawski, 2010)

212
o L2

L2i

)

Fig. 34. Microstructure (TEM) of Ti-6Al-2Mo-2Cr alloy after TMP-II process: dislocations in
a grains (a), lamellae precipitations of a grains in p transformed phase (b) with indexing of
diffraction (c) (Motyka & Sieniawski, 2010)
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Fig. 35. Microstructure (TEM) of Ti-6Al-2Mo-2Cr alloy after TMP-II process: dislocations in
a grains (a), precipitations of a grains in p transformed phase (b) (Motyka & Sieniawski,
2010)

Condition of Ti-6Al-4V alloy

Critical temperatures of a+p«<p phase
transformation [°C] As-received TMP"I TMP'H
processing processing
Start of a+p—p 894 882 912
Finish of a+B< 979 976 1009
Condition of Ti-6Al-2Mo-2Cr alloy
. TMP-1 TMP-II
As-received . .
processing processing
Start of a+B—p 803 800 809
Finish of a+B<p 991 992 1011

Table 3. Critical temperatures of a+p«[ phase transformation of as received and
thermomechanically processed two-phase alloys (Motyka & Sieniawski, 2010)
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Fig. 36. Dilatometric curves of Ti-6Al-4V (a) and Ti-6Al-2Mo-2Cr (b) alloys in as-received
state and after thermomechanical processing (Motyka & Sieniawski, 2010)
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Dilatometric examination revealed the influence of forging reduction on critical
temperatures of a+p«<P phase transformation. The TMP-II thermomechanical processing
with highest strain applied (e=50%) caused significant increase in finish temperature of
a+Pef phase transformation in both examined titanium alloys (Tab. 3 and Fig. 36). The
temperature range of phase transformation was considerably wider in Ti-6Al-2Mo-2Cr alloy
(Tab. 3).

On the basis of tensile tests at 850°C and 925°C on thermomechanically processed Ti-6Al-4V
and Ti-6Al-2Mo-2Cr alloys it was found that the maximum flow stress op,m decreased with
growing temperature of deformation but increased with strain rate (Fig. 37). It was found
that the maximum flow stress opm determined in tensile test is higher at lower test
temperature 850°C for the strain rate range applied (Fig. 37). There is no significant effect of
degree of initial deformation (forging) of two investigated alloys on opm value for both
850°C and 925°C test temperature (Fig. 37).

The relative elongation A of hot deformed Ti-6Al-4V and Ti-6Al-2Mo-2Cr titanium alloys
decreased with the increasing strain rate ¢ in the whole range applied (Fig. 38). For strain
rate & above 0.1 the influence of forging reduction e in thermomechanical processing and
tensile test temperature is very slight. Considerable differences are visible for ¢ = 1102 s
where the maximum A value was achieved for both alloys deformed at 850°C. After
thermomechanical processing TMP-II (e = 50%) alloys exhibit maximum elongations, typical
for superplastic deformation (Fig. 38). It seems that higher grain refinement obtained in
thermomechanical process enhanced hot plasticity of two-phase titanium alloys deformed
with low strain rates. Similar behaviour was observed in previous works on superplasticity
of thermomechanically processed Ti-6Al-4V alloy (Motyka, 2007, Motyka & Sieniawski,
2004). It was found that fragmentation and globularization of elongated a phase grains
during initial stage of hot deformation restricted grain growth and resulted in higher values
of total elongation in tensile test.
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1 Results obtained in tensile tests in fine-grained superplasticity region for Ti-6Al-4V alloy after TMP-II
processing (Motyka & Sieniawski, 2004)

Fig. 37. The opm - ¢ dependence (on the basis of tensile test) for Ti-6Al-4V (a) and Ti-6Al-
2Mo-2Cr (b) alloys after processing TMP-I and TMP-II (Motyka & Sieniawski, 2010)
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after TMP-II processing (Motyka & Sieniawski, 2004)

Fig. 38. The A - ¢ dependence (on the basis of tensile test) for Ti-6Al-4V (a) and Ti-6Al-2Mo-
2Cr (b) alloys after processing TMP-I and TMP-II (Motyka & Sieniawski, 2010)

4. Superplasticity of titanium alloys

Superplasticity is the ability of polycrystalline materials to exhibit very high value of strain
(tensile elongation can be even more than 2000%), appearing in high homologous
temperature under exceptionally low stress which is strongly dependent on strain rate.
Generally two types of superplasticity are distinguished: fine-structure superplasticity (FSS)
- considered as an internal structural feature of material and internal-stress superplasticity
(ISS) caused by special external conditions (e.g. thermal or pressure cycling) generating
internal structural transformations that produce high internal stresses independent on
external stresses.

FSS phenomenon is observed in isotropic fine-grained metallic materials under special
conditions: limited range of low strain rates and temperature above 0.4 Tr,. Main features of
superplastic deformation are: high value of strain rate sensitivity parameter (i > 0.3), lack of
strain hardening, equiaxial shape of grains not undergoing changes, conversion of texture
during deformation, low activity of lattice dislocations in grains and occurrence of intensive
grain boundary sliding (GBS) with associated accommodation mechanisms (Grabski, 1973;
Nieh et al., 1997).

One of the titanium alloys which has been extensively studied in aspect of superplasticity is
widely used Ti-6Al-4V alloy. Results concerning research on this alloy published in world
scientific literature indicate meaningful progress in evaluation and applications of
superplasticity in last 30 years. In the beginning of 70’s maximum superplastic tensile
elongation of Ti-6Al-4V alloy was about 1000% at the strain rate of 104 s (Grabski, 1973),
whereas in few last years special thermomechanical methods were developed that enabled
doubling the tensile elongation and increasing strain rate by the factor of 100 (Inagaki, 1996)
(Table 4).
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Elongation Grainsize Temperature Strain rate
& d T &
[%] [um] [°C] [s1]

Two-phase a + f alloys

Phase

Alloy composition

Ti-4Al-4Mo-25n-0.55i

104

(IMI550) a+p 2000 4 885 510
Ti-4.5A1-3V-2Mo-2Fe

- -3
(SP-700) a+p 2500 23 750 10
Ti-5A1-25n-4Zr-4Mo-2Cr-

- 404
IFe (5.CEZ) a+p 1100 23 72 210
Ti-6Al-4V a+p 2100 2 850 102
Ti-6Al-25n-4Zr-2Mo a+p 2700 1-2 900 102
Ti-6Al-2Sn-4Zr-6Mo a+p 2200 122 750 102
Ti-6AL-7Nb (IMI367) a+p 300 6 900 3104
Ti-6.5A1-3.7Mo-1,5Zr a+p 640 6-7 600 104
Ti-6Al-25n-2Zr-2Mo-2Cr-

104
0155 a+p 2000 4 885 510
Intermetallics based alloys
Ti-24AI-11Nb a (TisAl) +p 1280 4 970 10
Ti-46Al-1Cr-0.25i v (TAD + 380 2.5 1050 10
ax (TisAl)
Ti-48 Al-2Nb-2Cr v (TiAD + 350 03 800 83104
(05) (T13A1)

) v (TiAl) + . ] 2104
Ti-50Al b (ThAL 250 5 90041050 a0
Ti-10Co-4Al o + Ti,Co 1000 0.5 700 5102

Titanium matrix composites
Ti-6Al-4V + 10%TiC o + TiC 270 5 870 1.7 104
Ti-6Al-4V + 10%TiN o + TiN 410 5 920 1.7 104

Table 4. Superplastic deformation conditions of selected titanium alloys and titanium matrix
composites (Sieniawski & Motyka, 2007)

Relatively new group of superplastic titanium alloys are TiAl or TizAl intermetallics based
alloys (Tab. 2). It is well known that intermetallics based alloys have a high relative strength,
and good high-temperature creep resistance. Widespread usage of those materials is limited
mainly by their low plasticity precluding forming of structural components using
conventional plastic working methods. In this case pursuit to obtain fine-grained
microstructure enabling superplastic deformation seems to be very promising [Hofmann et
al., 1995; Imayev et al., 1999; Kobayashi et al., 1994; Nieh et al., 1997).
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Main criterion for superplastic materials is possibility of obtaining fine-grained and
equiaxial microstructure. Desired microstructure is most often obtained by conventional
plastic working methods coupled with suitable heat treatment and severe plastic
deformation methods (i.e. equal-channel angular pressing - ECAP). Superplastic forming
(SPF) of titanium alloys is limited by relatively long time and high deformation temperature.
It was established that grain refinement causes increase of strain rate and decrease of
superplastic deformation temperature (Fig. 39) (Sieniawski & Motyka, 2007).
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Fig. 39. Effect of grain size on strain rate of superplastic deformation for Ti-6Al-4V and
Ti-5Al1-2.55n alloys (a) and on superplastic deformation temperature for Ti-6.5A1-3.3Mo-
1.8Zr-0.265i alloy (b) (Sieniawski & Motyka, 2007)

Taking into account the mechanism of superplastic deformation equiaxed microstructure
favours proceeding of GBS. It was found that in fine grained polycrystalline materials with
grains elongated crosswise deformation direction GBS is limited. The main reason is
difficulty of deformation accommodation in triple points. Transverse deformation is also
related to cavities formation along grain boundaries and precludes superplastic deformation
(Nieh et al.,, 1997). It is emphasised that superplastic deformation does not cause shape
changes of equiaxed grains. However, gradual transformation of texture is observed what
indicates that GBS plays a crucial role in superplastic deformation (Grabski, 1973; Zelin,
1996).

On the basis of the results of research works conducted at the Department of Materials
Science of Rzeszow University of Technology it was found that initial microstructure of
superplastic titanium alloy can be different from equiaxed one. High superplasticity was
observed in Ti-6Al-4V alloy with microstructure composed of strongly elongated and
deformed a grains (Fig. 40a) (Motyka & Sieniawski, 2004). It was established that during
heating and first stage of superplastic deformation significant changes of the morphology of
phases occur (Fig. 40b) (Motyka, 2007).
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Fig. 40. Microstructure of Ti-6Al-4V alloy before (a) and after superplastic deformation (b) -
temperature 850°C and strain rate of 10-3 s (Sieniawski & Motyka, 2007)

Along with grain size and shape, volume fraction of particular phases in the alloy also
affects its superplasticity. Properties of phases in two-phase a+p titanium alloys differ
considerably. a phase (hcp) has less slip systems and two order of magnitude lower self-
diffusion coefficient than p phase (bcc). These features suggest that in the superplasticity
conditions a phase has a higher plasticity than p phase. It was confirmed by results obtained
from experiments on superplasticity in Ti-6Al-4V alloy where deformation in a grains was
observed. Density of dislocations was found to be very low in  grains (Bylica & Sieniawski,
1985; Inagaki, 1996; Jain et al., 1991, Meier et al., 1991; Nieh et al., 1997).

It was established that increase in volume fraction of  phase in alloy causes decrease of the
effect of a grain size (Meier et al., 1991). Maximum values of elongation and strain rate
sensitivity factor m as a function of B volume fraction is shown in Figure 41. Increase in
relative volume of B phase causes improvement of superplasticity of titanium alloys. The
best superplastic properties of two-phase a+f titanium alloys are achieved for 40-50%
volume fraction of  phase (Nieh et al., 1997). Whereas similar properties of intermetallics
based alloys are possible for about (20-30)% volume fraction of  phase (Kim et al., 1999; Lee
etal., 1995).

Superplasticity of titanium alloys depends on relationship between grain growth control
and plasticity. p grains are characterized by high diffusivity therefore they grow
extremely rapidly at the superplastic deformation temperature which does not favour
superplastic flow (Meier et al., 1992). Particular volume fraction of a phase considerably
limits B grains growth because in this case long distance diffusion of alloying elements is
necessary (e.g. vanadium in [ phase). The second phase, besides stabilization of
microstructure, influences the rate of grain boundary (a/a, /p) and phase boundary
(a/P) sliding (Inagaki, 1996; Jain et al., 1991, Meier et al., 1991; Nieh et al., 1997). Increase
of volume fraction of P phase causes decrease of a/a grain boundary areas and
consequently their contribution to deformation by GBS. It is thought that improvement of
superplasticity of a+p titanium alloys caused by increase of volume of § phase should be
considered in following aspects (Inagaki, 1996): a/ phase boundary sliding, B/p GBS
and contribution of other deformation mechanisms.
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Fig. 41. Effect of volume fraction of p phase on elongation ¢ (a) and strain rate sensitivity m
(b) in selected titanium alloys (Nieh et al., 1997)

Most often microstructure of a+p superplastic titanium alloys is composed of a and  grains
which have similar size and shape. Interesting results was obtained for Ti-6Al-4V alloy
where a grains were separated by thin films of p phase. Superplastic elongation in this case
was more than 2000%. Further investigations indicated that during superplastic deformation
thin films of  phase coagulated in triple points into larger particles having irregular forms.
Thanks to that a/a grain boundaries free of {3 thin films were formed. It can be expected
that sliding along these grain boundaries proceeds easily. However it was revealed that at
this stage superplastic deformation is almost completed and deformation within grains
becomes dominant deformation mechanism. It seems that a/a grain boundary sliding is not
dominant superplastic deformation mechanism. In this case the effect of § phase thin film
can be comparable to role of grain boundaries in single phase materials. Slip and shearing in
B phase thin film is caused by movement and rotation of neighbouring a grains. Mentioned
processes enable accommodation of grain boundary and phase boundary sliding (Inagaki,
1996). Other investigations also indicate accommodative role of P phase, in which
substantially higher dislocations density is observed than in a phase grains. It was noticed
simultaneously that dislocations density in a phase increases together with decrease in
temperature and increase in strain rate of superplastic deformation (Kim et al., 1999; Meier
et al., 1991). Superplasticity of titanium alloys with intermetallic phases like Ti-12Co-5Al and
Ti-6Co-6Ni-5Al is observed for grain size about 0.5 um. Particles of Ti;Co and Ti>Ni phases
(about 27% of volume) advantageously influence the grain refinement and limit grain
growth during superplastic deformation (Nieh et al., 1997).

5. Conclusion

Hot plasticity of two-phase titanium alloys strongly depends on values of stereological
parameters of microstructure. It is possible to develop appropriate microstructure of these
alloys yielding optimum plastic flow stress and critical strain values based on
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technological plasticity criterion. The value of critical strain depends on microstructure
morphology and deformation conditions. The character of dependence of plastic flow
stress as well as results of microstructure examination support conclusion that dynamic
processes of microstructure recovery take place above the temperature range of a+B<f
phase transformation.

Thermomechanical processing enables microstructure and hot plasticity development of
two-phase a+p titanium alloys. Increase in degree of initial deformation (forging) in
proposed thermomechanical processing leads to formation of more elongated and refined a
grains in tested a+( alloys. The most significant effect of degree of initial deformation
occurs for the lowest strain rate and lower tensile test temperature used, resulting in
considerable rise of elongation A.

High superplasticity of the Ti-6Al-4V alloy does not necessarily require equiaxial
microstructure. Changes of the morphology of phases during heating and first stage of
superplastic deformation enables superplastic behaviour of the alloy with initial
microstructure composed of strongly elongated and deformed a grains.
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1. Introduction
1.1 Drilling technology

Hole making is an essential process in the structural frames of an aircraft and contributes to
40 to 60% of the total material removal operations (Brinksmeier, 1990). This process is
commonly divided into short hole or deep hole drilling. Short hole drilling typically covers
holes with a small depth to diameter ratio having diameter up to 30 mm and a depth of not
more than 5 times the diameter. Meanwhile deep hole drilling caters for holes greater than
30 mm in diameter and the depths are usually greater than 2.5 times the hole diameter.
Drilling deeper hole with conventional drills requires pecking method to enable easy flow of
the chips out of the hole. Deep hole drilling is more difficult especially when hole
straightness is the main concern. Therefore, a usual method is to make a circular cut using a
hollow-core cutting tool. This technique allows larger hole diameter to be drilled with lesser
power. In addition, holes can be produced in many forms which include through holes or
blind holes (Fig. 1). Through hole is one which is drilled completely through the workpiece
while a blind hole is drilled only to a certain depth.

A twist drill is fabricated with 3 major parts as shown in Fig. 2. The most important features
from the analytical point of view are rake angle, point angle, web thickness, nominal
clearance angle, drill diameter, inclination angle and chisel edge angle. The rake angle is
usually specified as helix angle at the periphery. The direction of the chip flow is attributed
to the point angle. The torque decreases with increasing point angle due to the increase of
orthogonal rake angle at each point on the main cutting edges. Furthermore, the thrust force
always increases with increasing point angle.

Fig. 3 shows the phases involved in a drilling operation, first is the start and centering
phase, second is the full drilling phase and finally the break through phase (Tonshoff et al.,
1994). To ensure good surface quality and accuracy of the holes are achieved, the first phase
is very important (Fig. 3 (a)) in order to avoid the occurrence of premature wear and
breakage of the drill. In this phase, the torque and force on the tool constantly increase. The
full drilling phase starts once the main cutting edges are fully engaged (Fig. 3 (b)). The break
through phase begins when the drill point breaks through the underside of the work piece
and the process is stopped when the drill body passed through the work piece (Fig. 3 (c)).
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2. Tool wear in drilling process

Heat generation, pressure, friction and stress distribution are the main contributors of drill
wear. The drill wear can be classified into (Kanai et al., 1978): outer corner (w), flank wear
(Vy), margin wear (My), crater wear (Ky), along with two types of chisel edge wear (Cr and
Cwm) and chipping at the cutting lips (Pr and Pu). Fig. 4 shows the aforementioned types of
wear. Wear starts at the sharp corners of the cutting edges and distributed along the cutting
edges until the chisel and drill margin (Schnieder, 2001). Flank wear is considered as one of
the criterion to measure the performance of a drill. It occurs due to the friction between the
workpiece and the contact area on the clearance surface. However, Kanai et al. (1978)
suggested that outer corner wear should be used as the main criteria of tool performance
because of the relative ease of measurement and the close relationship between this type of
wear and the drill life.
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a) Outer corner wear b) Flank Wear
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Chagth edge
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e) Chisel Edge Wear f) Chipping

Fig. 4. Types of drill wear (Kanai et al., 1978)

Crater wear was also observed on the rake face of the drill and can be found clearly around
the outer corners of the cutting edges (Choudhury & Raju, 2000; Kaldor & Lenz, 1980).
According to Dolinsek et al., (2001), wear land behind the cutting edges is less significant as
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an indicator of tool wear because it depends on the relief angle. They suggested that the drill
will be considered damaged once the corner of the drill has been rounded off as shown in
Fig. 5. However, Fujise and Ohtani (1998) and Harris et al. (2003) considered the outer
corner wear as their tool rejection criteria (Fig. 6). The tools were rejected when the outer
corner wear reached 75% of the total margin width. Kaldor and Lenz (1980) also employed
the corner wear as the tool life criterion in drilling because of the similar wear behavior of
other cutting tools.
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Fig. 5. Location of flank wear land on the drill (Dolinsek et al., 2001)
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Fig. 6. A method to measure outer corner wear from a fixed reference point (Harris et al.,
2003)

Tetsutaro & Zhao (1989) considered that the tool is rejected when the maximum flank wear
width, Vi reached 0.7 mm when drilling plain steel. Wen & Xiao (2000) used to measure
the wear width developed on the flank surfaces when they drilled stainless steel. Lin (2002)
rejected the tool based on the tool rejection criteria when maximum flank wear land
exceeded 0.8 mm, surface roughness value exceeded 5.0 pm, excessive outer corner tearing
and chipping of the helix flutes. Choudhury & Raju (2000) have studied the influence of
feed and speed on crater wear at different points along the cutting lip in drilling. Ezugwu &
Lai (1995) rejected the drill bit when maximum flank wear in excess of 0.38 mm on any of
the drill lips, a squeaking noise occurring during machining and fracture or catastrophic
failure of the drill. These criteria were used when they investigated the drilling of Inconel
901 using HSS drills.
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3. Titanium alloys

Lightweight materials such as titanium alloys are now being constituted in modern aircraft
structure especially in jet engine components that are subjected to temperatures up to 1000°
C. Titanium alloys possess the best combination of physical and metallurgical properties
and have established to be quite attractive as engineering materials due to their high
strength-to-weight ratio, low density, excellent corrosion resistance, excellent erosion
resistance and low modulus of elasticity (Brewer et al., 1998)

Titanium alloys are classified into groups based on the alloying elements and the resultant
predominant room temperature constituent phases. These groups include a alloy, a- {3 alloy
and { alloy. The a alloys can be divided into two types, commercially pure grades of titanium
and those with additions of a- stabilizers such as Al and Sn. a alloys are non-heat treatable and
are generally very weldable. They have low to medium strength, good notch toughness,
reasonably good ductility and possess excellent mechanical properties which offer optimum
high temperature creep strength and oxidation resistance (Boyer, 1996; Ezugwu and Wang,
1997). These include alloys such as Ti-3Al-2.5V, Ti-5Al-2.55n, Ti-8Al-1Mo-1V and Ti-6Al-25n-
47r-2Mo. A wide variety of application for a alloys includes gas turbine engine casings, air
frame skin and structural components and jet engine compressor blades.

Most of the titanium alloys used in the industry contain a- and {3- stabilizers. These alloys
include Ti-6Al-4V, Ti-6Al-6V-25n and Ti-6Al-25n-4Zr-6Mo. They are heat treatable and
most are weldable especially with the lower - stabilizer. Their strength levels are medium
to high. These alloys possess excellent combination of strength, toughness and corrosion
resistance. Typical applications include blades and discs for jet engine turbines and
compressors, structural aircraft components and landing gear, chemical process equipment,
marine components and surgical implants. Meanwhile, § alloys contain small amounts of a-
stabilizing elements as strengtheners and generally weldable, high corrosion resistance and
good creep resistance to intermediate temperatures. Additions of vanadium, iron and
chromium as stabilizing elements, provide superior hot working characteristics. Ti-10V-
2Fe-3Al, Ti-15V-3Cr-3Al-35n, Ti-15Mo-2.7Nb-3Al1-0.2Si and Ti-3Al-8V-6Cr-4Mo-4Zr are
examples of these alloys. Typical applications include airframe components, fasteners,
springs, pipe and commercial and consumer products.

4. Machinability of titanium alloys

Research works on the machinability of titanium alloys have been conducted extensively
and reviewed comprehensively by several researchers. The increasing demands of titanium
alloys with excellent high temperature, mechanical and chemical properties make them
more difficult to machine. According to Ezugwu et al. (2003), machinability can be phrased
as the difficulty to machine a particular material under a given set of the machining
parameters such as cutting speed, feed rate and depth of cut. It can be rated in terms of tool
life, surface quality, the reaction of cutting forces and also machining cost per part. Basically,
work hardening, low thermal conductivity, abrasiveness, high strength level and high heat
generated were the dominant reasons for the difficulty in machining titanium alloys. Heat is
the most important factor that needs to be aware of when machining titanium alloys.
Excessive heat could damage the cutting tool rapidly. The main sources of heat during
machining are from the shear zone, from the tool-chip interface friction and from the tool-
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workpiece interface friction. However, too much heat is not the only reason associated with
tool failures. The lack of rigidity in holding the tool holder with cutting tool and workpiece
can also shorten the tool life. Non-rigid setups with vibration or inconsistent cutting
pressure and interrupted cuts often cause tool chipping or fracturing. Prolong machining
also causes severe chipping and fracture of the tool edge.

5. Performance evaluation in drilling of titanium alloys

Among the various machining processes, drilling can be considerably as the most difficult
process in comparison to milling and turning. Many researchers have studied the
machinability of titanium alloys in the past, especially in turning and milling operations.
Although extensive investigation reports have been published, no considerable progress is
being made and reported on the drilling of these alloys.

5.1 Tool wear

Tool wear of cutting tools in metal cutting accounts for a significant portion of the
production costs of a component. Tool wear occurs due to the physical and chemical
interaction between the cutting tool and workpiece as a result of the removal of small
particles of the tool material from the edge of the cutting tool.Tool wear takes place in three
stages as shown in Fig. 7 (Vaughn, 1966). Tool wear developed rapidly in the initial stage
and then grew uniformly until it reached its limiting value. In the third stage, the tool wear
developed rapidly and caused tool failure. Machining beyond this limit will cause
catastrophic failures on the tool and usually this should be avoided.

Break-in
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Fig. 7. Typical stages of tool wear in machining (Vaughn, 1966)

The main problem in drilling titanium and its alloys is the rapid wear of the cutting tool.
Permissible rates of metal removal are low, in spite of the low cutting forces. The inhibitor in
machining titanium alloys are the high temperature generated and the unfavorable
temperature distribution in the cutting tool (Ezugwu & Wang, 1997; Vaughn, 1966). Due to
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the low thermal conductivity of titanium alloys, the temperature on the rake face can be
above 900° C even at moderate cutting speed.

Various types of wear can be observed when drilling titanium alloys, namely non-uniform
flank wear, excessive chipping and micro-cracking. These types of wear are the dominant
tool failure modes when drilling Ti-6Al-4V. The wear occurs along the drill’s cutting edges
or the flank faces. An increase in cutting speed led to a proportional increase in the flank
wear width. The increase of flank wear rate may encourage adherence of workpiece material
and may lead to attrition wear and eventually ended up in severe chipping.

During drilling of Ti-48Al-2Mn-2Nb, Mantle and co-workers (Mantle et al. (1995)) found
that the workpiece material adhered to the chisel and the cutting edges. The adherence of Ti-
48Al-2Mn-2Nb was thinner than Ti-6Al-4V and after verification under the SEM, they
concluded that the adhered material was the main contributor to the tool failure. Titanium is
highly chemically reactive with the tendency of welding onto the cutting tool during
machining. In the beginning, the adhered material may protect the cutting edges from wear
as shown in Fig. 8. In this figure, the adhesion occurred mainly at the cutting edge, near the
periphery and on the chisel edge. However with prolonged drilling, the adhered material
becomes unstable and breaks away from the tool carrying along small amount of tool
particles. This situation may lead to severe chipping on the cutting edge.

Adhered material

(b)
Fig. 8. Adherence of workpiece materials observed at: (a) chisel edge and (b) cutting edge of
after drilling Ti-6Al-4V (Rahim, 2005)
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Fig. 9 shows a thermal crack on the flank face of the drill (Rahim, 2005). It can be seen that
the crack line propagated perpendicularly to the cutting edge. Cracks on the cutting tool and
fracture of the entire cutting edge were mainly observed when machining titanium alloys at
higher cutting conditions (Ezugwu et al., 2000; Jawaid et al., 2000). Cracks usually originate
from the chipped area and gradually propagate along the worn flank face. Chipping at
cutting edges is attributes mainly by the generation of cyclic surface stresses during drilling,
which may lead to the stress cycling results in the formation of cracks parallel on the cutting
edge. The propagation of cracks with prolonged machining, leads to chipping along the
cutting edge. Chipping can also occur without the presence of crack formation, especially at
the initial stages of the wear progress. If cracks become very numerous, they may join and
cause small fragments of the cutting edge to break away.

Fig. 9. Crack on the flank face after drilling Ti-6Al-4V for 1 minute at 55 m/min and 0.06
mm/rev (Rahim, 2005)

Cantero et al. (2005) reported on the approach in drilling Ti-6Al-4V under dry condition.
Using a 6 mm diameter with TiN coated carbide drill, they recommended that speed and
feed rate for drilling of Ti-6Al-4V were 50 m/min and 0.07 mm/rev respectively. Attrition
and diffusion were the dominant tool wear mechanisms, especially in the helical flute of
drill. With prolonged drilling, these tool wear mechanisms lead to the catastrophic failure of
the drill. Attrition wear is a removal of grains or agglomerates of tool material by the
adherent chip or workpiece (Dearnley and Grearson, 1986). This could be due to
intermittent adhesion between the tool and the workpiece as a result of the irregular chip
flow and the breaking of a partially stable built-up edge. When seizure between the tool and
the workpiece is broken, small fragments of the tool can be plucked out due to weakening of
the binder and transported material via the underside of the chip or by the workpiece. The
presence of fatigue during machining operation can initiate cracks and also encourage
cracks propagation on the tool.

Furthermore, diffusion wear is associated with the chemical affinity between the tool and
workpiece materials under high temperature and pressure during machining of titanium
alloys (Hartung and Kramer, 1982; Kramer, 1987). An intimate contact between the tool-
workpiece interface at temperature above 800° C provides an ideal environment for
diffusion of tool material across the tool-workpiece interface. The EDAX analysis (Fig. 10)
confirmed that tool elements (C, Co and W) had diffused into the interface between tool-
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workpiece during drilling Ti-6Al-4V (Rahim & Sharif, 2009). Diffusion wear is significant at
the tool-workpiece interface, especially at high cutting temperature. Due to high chemical
reactivity of titanium alloys, carbon reacts readily with titanium. Therefore, the formation of
titanium carbide occurred at the interface between the tool and work material.

1.08 Fw 00 490 00 [ M) T LN ] FoOR 0.0 LL.OW 1309

Fig. 10. EDAX Section of worn tool, showing adherent workpiece material on the cutting edge
after drilling Ti-6Al-4V for 2 minutes at 45 m/min and 0.06 mm/rev (Rahim & Sharif, 2009)

5.2 Thrust force and torque

Piezoelectric dynamometer is commonly used to measure the cutting force in most
machining processes. The various types of the dynamometer depend on the machining
process such as turning, milling, drilling or grinding. A three components dynamometer is
able to measure the cutting force and feed force, especially in milling and turning
operations. Meanwhile, two components dynamometer is normally used in drilling process
to measure the thrust force and torque.

Comparison of thrust force against the coolant-lubricant conditions at cutting speed of 60
m/min and feed rate of 0.1 mm/rev is presented in Fig. 11 (Rahim & Sasahara, 2011). It was
found that the air blow condition produced the highest thrust force in comparison to the
other coolant-lubricant conditions. In contrast, the MQLPO (palm oil using MQL condition)
and flood conditions exhibited comparable and the lowest thrust force among the other
conditions tested. As expected, the flood condition demonstrated the lowest torque among
the other conditions tested as shown in Fig.12. Through the comparison, it was found that
air blow did not reduce the drilling torque as much as the other coolant-lubricant
conditions. They concluded that the highest value of thrust force and torque for the air blow
condition could be attributed to higher amount of friction between tool-chip interface,
hence, more heat is generated during the drilling process. Furthermore, Lopez and co-
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workers found that the cutting force produced by high pressure internal cooling method
was lower compared with the external cooling, which has a beneficial effect on workpiece
deformation and hole quality (Lopez et al. , 2000).
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Fig. 11. Thrust force when high speed drilling of Ti-6Al-4V under various coolant-lubricant
conditions (Rahim & Sasahara, 2011)

The influence of drilling parameters has been assessed for different material characteristic
and properties of titanium alloys (Mantle et al. ,1995). Result shows that the thrust force and
torque for Ti-48Al-2Mn-2Nb were greater than Ti-6Al-4V. As shown in Figs. 13 and 14, the
thrust force decreases as cutting speed increases (Rahim et al., 2008). At the same time,
results also showed that low torque values were obtained at the highest cutting speed. This
behavior is attributed to the reduction of the contact area between the tool-workpiece
interface and the reduction of specific cutting energy. Moreover, with increase of cutting
speed, the cutting temperature increases, subsequently reduced the material hardness. As a
result, both the thrust force and torque are reduced. Meanwhile, the thrust force and torque
values were significantly increased when the feed rate was increased as shown in Fig. 15
(Rahim & Sasahara, 2011). The thrust force and torque are strongly correlated with the chip
thickness, which is associated with the feed rate (Liao et al., 2007). This is because high feed
rate results in a larger cross sectional area of the undeformed chip, and, consequently,
greater thrust force and torque are produced.
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Fig. 12. Torque when high speed drilling of Ti-6Al-4V under various coolant-lubricant
conditions (Rahim & Sasahara, 2011)
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Fig. 14. Comparison of torque when drilling Ti-6Al-4V using cemented carbide tool under
flood coolant condition (Rahim et al., 2008)

Some researchers have tested several techniques in drilling of titanium alloys. A step feed
drilling or intermittently decelerated feed drilling and vibratory drilling were conducted by
Sakurai co-wrokers (Sakurai et al., 1992; Sakurai et al., 1996) to examine the cutting force and
cutting characteristic of TiN coated cobalt HSS and oxide treatment nitridized cobalt HSS
when drilling Ti-6Al-4V. Results of their study showed that step feed drilling contributed a
lower thrust force and torque as compared to continuous conventional drilling. In addition,
the thrust force and torque on TiN drills are lower than oxide treatment nitridized drills in
both conventional and step feed drilling. As reported by Okamura and co-workers
(Okamura et al., 2006), the non-vibration drilling shows a tremendous reduction on thrust
force. However, the value tends to decrease once the vibration exceeded 20 kHz. It is
believed that the natural frequency of measurement systems does not exceed the vibrating
frequency. In another work by Rahim and co-workers (Rahim et al.,, 2008) showed that
pecking drilling method significantly reduces the thrust force and torque.
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Fig. 15. (a) Thrust force and (b) torque for MQLSE and MQLPO under various cutting speed
and feed rate (Rahim & Sasahara, 2011)

5.3 Temperature

Embedded thermocouples were one of the earliest technique used for the estimation of
temperatures in various manufacturing and tribological applications. In order to use this
technique, particularly in machining, a number of fine deep holes have to be made in the
stationary part, namely the workpiece or the cutting tool, and the thermocouples are
inserted in different locations in the interior of the part, with some of them as close to the
surface as possible. In drilling process, the measurement of temperature by thermocouple
wires can be done by embedding the wires in the workpiece and cutting tool as shown in
Figs. 16, 17, 18 and 19, respectively. These methods are able to measure the workpiece and
cutting tool temperature, especially when drilling titanium alloys.
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Fig. 16. Thermocouple locations (Rahim & Sasahara, 2010a)
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Fig. 17. System for measurement of the temperature in the workpiece (Zeilmann &
Weingaertner, 2006)

Cutting speed and feed rate are among the factors that contribute to the variation of
temperature during drilling titanium alloys. The cutting temperature increases with the
cutting speed. This corresponds with the high cutting energy, deformation strain rate as
well as the heat flux (Rahim & Sasahara, 2011). Furthermore, drilling at high feed rate
increases the friction and stresses, thus increasing the cutting temperature.

The application of different cooling methods provides a variation in temperature results. For
example, the maximum temperatures recorded for drilling with abundant emulsion through
the interior of the tool stayed in the range of 22-32% of the values obtained with the
application of MQL with an external nozzle as shown in Fig. 20 (Zeilmann & Weingartner,
2006). Comparing drilling with MQL applied with an external nozzle and dry drilling, the
values obtained for the second condition were approximately 6% superior, ranging from 455
to 482 °C. Furthermore, flood and MQL conditions recorded a low workpiece temperature
in comparison to the air blow condition as shown in Fig. 21 (Rahim & Sasahara, 2011).

Al

Fig. 18. The thermocouple was inserted through the oil hole of internal coolant carbide drill
(Ozcelik & Bagci, 2006)
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Fig. 19. Top view and coordinates of thermocouple tips on drill flank face (Li & Shih, 2007)
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Fig. 20. Maximum temperature in the piece for different cutting fluids conditions when
drilling Ti-6Al-4V using grade K10 cemented carbide tool (Zeilmann & Weingartner, 2006)
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Fig. 21. Maximum workpiece temperature in high speed drilling of Ti-6Al-4V under various
coolant-lubricant conditions (Rahim & Sasahara, 2011)
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As reported by Pujana and co-workers (Pujana et al., 2009), the cutting temperature was
higher when using ultrasonic-assisted drilling in comparison to the non-vibration drilling.
In this case, the higher the vibration amplitude, the higher the temperature variations.
Okamura and co-authors (Okamura et al., 2006) have designed a low-frequency vibration
drilling machine to drill a Ti-6Al-4V. They described the effect of low-frequency vibration
drilling on cutting temperature. Results showed that, higher amplitude of 0.24 mm and
frequency of 30 Hz exhibited lower cutting temperature as compared to non-vibration
drilling.

6. Surface integrity

Surface integrity is defined as the unimpaired or enhanced surface condition of a material
resulting from the impact of a controlled manufacturing process (Field and Kahles, 1964).
Damaged layer and surface integrity of the finished surface significantly influence the wear
resistance, corrosion resistance and fatigue strength of the machined components. Surface
integrity produced by metal removal operation can be categorized as geometrical surface
integrity and physical surface integrity. To find the impact of the manufacturing process on
the material properties both categories effects must be considered. Surface integrity aspects
are very important, especially in aerospace industry with respect to the high degree of
safety. Surface integrity is concerned primarily on the effect of the machining process on the
changes in surface and sub-surface of the component which are categorized as surface
roughness, plastic deformation, residual stress and microhardness.

6.1 Surface roughness

There are three essential parameters in a surface roughness; arithmetical mean deviation
of the profile (R.), maximum height of the profile (Rma) and height of the profile
irregularities in ten points (R,). It is believed that the higher surface roughness value is
responsible for the decrease of the fatigue strength on the machined surface. Significant
improvement in surface roughness can be obtained when low feed rate and high cutting
speed are employed. However, the response of surface roughness towards cutting speed
was less significant when compared to feed rate. Sun and Guo (Sun & Guo, 2009),
reported that surface roughness value increased with increase in feed rate and radial
depth-of-cut.

Previous study showed that surface roughness value is lower at high cutting speed when
drilling Ti-6Al-4V using carbide drills (Sharif & Rahim, 2007). During machining at high
cutting speed, the cutting temperature increases due the small contact length between tool-
workpiece interfaces. This could be due to the decrease in the value of coefficient of friction,
which results in low friction at the tool-workpiece interface. These factors could contribute
to the improvement in surface roughness values as shown in Fig. 22 (Rahim & Sasahara,
2010b). In addition, as the cutting speed increases, more heat is generated thus softening the
workpiece material, which in turn improves the surface roughness. However, a low cutting
speed may lead to the formation of built-up edge and hence deteriorates the machined
surface. Investigation revealed that at high feed rate the surface roughness is poor, probably
due to the distinct feed marks produced at high feed rate (Rahim & Sasahara, 2010)
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Fig. 22. Comparison of surface roughness level obtained when drilling Ti-6Al-4V using
TiAIN coated carbide tool under MQLSE and MQLPO (Rahim & Sasahara, 2010b)

Types of cutting fluid also influence the surface roughness of the machined surface. Under
the MQL condition, vegetable oil (MQLPO: palm oil) exhibits better surface roughness than
synthetic ester (MQLSE) as shown in Fig. 22 (Rahim & Sasahara, 2010b). It can be suggested
that less heat is generated using palm oil thus provided enough time to cool and lubricate
the tool-workpiece interface. Apparently, such reduction may attribute to better lubrication
and shorter tool-chip contact length during drilling. Moreover, surface roughness measured
by peck drilling is far better than conventional drilling method (Rahim et al, 2008).

6.2 Microhardness

The microhardness alterations observed during machining may be due to the effect of
thermal, mechanical and chemical reaction. Many researchers believed that the workpiece
material is subjected to work hardening and thermal softening effect during machining,
especially at high cutting temperature and pressure (Che Haron, 2001; Ginting & Nouari,
2009). When machining titanium alloys, the hardness just beneath the machined surface was
found to be softer than the bulk material hardness due to the thermal softening effect.
However, when the depth below the machined surface increases, the hardness value starts
to increase before reaching its peak value and finally drops gradually to the bulk material
hardness as shown in Fig. 23. The increase in hardness value is directly associated with the
effect of work hardening. This effect depends on the temperature, cutting time and the
mechanism of internal stress relaxation (Ginting and Nouari, 2009).

Fig. 23 shows that the microhardness of the sub-surface at 0.025 mm underneath the
machined surface was below the average base material hardness. This indicates that the
machined surface experienced thermal softening effect or over aging due to the localized
heating during the drilling process (Rahim & Sasahara, 2010b). Turning test of titanium
alloys by Haron and Jawaid (Haron & Jawaid, 2005) and Ginting and Nouari (Ginting &
Nouari, 2009) have also indicated significant drop of microhardness value near the surface
of machined layer. They pointed out that the existence of high cutting temperature and high
cutting pressure produced noticeable softening in the surface region.
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Fig. 23 also shows that there is hardening layer below the softened layer whose hardness
depends on the cutting parameters (i.e cutting speed, feed rate, depth of cut) as well as
mechanical and thermal interaction. It was generally observed in the work hardening region
that the microhardness increases with increase in cutting speed and feed rate. An increase in
microhardness of the surface layer, as a result of high feed rate could be associated by the
high rubbing load between the tool and the machined surface and the consequent work
hardening effect.

[ 3 [ - N

ol *";; ay MOLSE

é 3-‘10- 4 ) ll-.a &

g =g

% - 3 Ve=60 m/min, f=0.1 mmfrev |
2 923p " ®- V=60 m/min, /=0.2 mm/rev
'?I as0 | Hid o Ve=80 m/min, f=0.1 mm/rev
s “ B Ve=80 m/min, f/=0.2 mm/rev

S 240- | Ve=100 m/min, 0.1 mm/rev |-

= 20, | # Ve=100 m/min, /<0.2 mm/rev |

== — Average bulk hardness
200+ i ! ¥ !
0 0.2 0.4 0.6 0.8 1

Depth beneath the machined surface (mm)

Fig. 23. Sub-surface hardness variations after drilling Ti-6Al-4V using MQLSE (Rahim &
Sasahara, 2010b)

In another work by Rahim and Sharif (Rahim & Sharif, 2006), it was reported that the
hardness value underneath the drilled surface was higher than the average hardness of the
bulk material when drilling Ti-5Al-4V-Mo/Fe (Fig. 24). Meanwhile, a significant changed of
microhardness values were also observed underneath the machined surface. It was due to
the transformation of beta phase to alpha phase during drilling (Cantero et al., 2005).
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Fig. 24. Microhardness variation beneath the surface produced when drilling Ti-5AI-4V-
Mo/ Fe (Rahim & Sharif, 2006)
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6.3 Sub-surface plastic deformation

It is discernible that the surface and sub-surface of the machined surface are subjected to
plastically deform. Sub-surface plastic deformation is particularly due to the effect of large
strain, strain rate and temperature. In addition, a freshly cut surface may be burnished by a
dull cutting tool, hence work hardened the machined surface. Jeelani and Ramakrishnan
(Jeelani & Ramakrishnan, 1983) observed that the machined surface is severely damaged
with the plastic flow in the direction of the tool motion. Meanwhile, Velasques and co-
workers (Velasques et al., 2010) found that the severe deformation beneath the machined
surface is associated with high cutting speed. Sub-surface plastic deformation area can be
divided into three zones, namely highly perturbed region, a plastically deformed layer and
unaffected zone. Normally, the sub-surface plastic deformations of microstructure of the
machined surfaces are examined under the high magnification microscope in etched
condition.

In most cases, plastic deformation occurs towards the spindle rotational direction. When
drilling titanium alloys at higher cutting speeds and feed rates, a thicker plastic deformation
can be observed. At this condition, the temperature between tool-chip interface increases
thus sticking friction region occurred. Therefore, the combination of high cutting
temperature and sticking friction contributed to the severe and noticeable subsurface plastic
deformation (Rahim & Sasahara, 2010).

Fig. 25 shows an evidence of sub-surface plastic deformation when drilling Ti-5Al-4V-
Mo/Fe (Rahim & Sharif, 2006). In this figure, the deformation is found to be severe after
prolonged drilling. In this case, no white layer especially on the top of the machined surface
is observed. The authors stated that high cutting force and temperature are the dominant
factors which lead to the severe plastic deformation. Cantero and co-workers (Cantero et al.,
2005) also found the same phenomenon and they concluded that the plastic deformations
during machining are caused by mechanical forces from the cutting tool acting upon the
work-piece. Additional deformation can occur as a consequence of temperature gradients
due to localized heating of the machined surface area.
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Fig. 25. Magnified view of the machined sub-surface when drilling Ti-5A1-4V-Mo/Fe
(Rahim & Sharif, 2006)
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7. Conclusions

Creditable works have been carried out by many researchers in drilling of titanium alloys
which resulted in significant improvements in the productivity of titanium parts. The
application of drilling strategies, introduction of newly developed tool geometry and
coolant conditions have improved the surface integrity and increased the tool life
performance of the cutting tools in several folds. In general the following conclusions can be
drawn when drilling titanium alloys:

i.  Adhesion, attrition and diffusion are the operating tool wear mechanisms when drilling
titanium alloy.

ii. Flank wear, excessive chipping, cracking and tool breakage are the dominant tool
failure modes.

iii. The values of thrust force and torque decrease with increase in cutting speed. In
contrast, these values increase significantly when the feed rate is increased.

iv. Cutting speed and feed rate significantly affect the surface roughness of the machined
surface whereby high cutting speed and low feed rate resulted in the better surface
finish.

v. Under various coolant-lubricant conditions, air blow produces higher -cutting
temperature as compared to other condistions.

vi. The machined surface deteriorates due to the effect of metallurgical changes and
surface quality during drilling at high cutting speed, feed rate and under various
coolant conditions.
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1. Introduction

Titanium and its alloys are widely used in aircraft, rocket production, shipbuilding, machine
industry, chemical and food industry, medicine due to their high specific strength, good
corrosion resistance and biological passivity. However, titanium has properties which limit
its application as construction material. Particularly, tendency to surface adhesion and
galling at friction results in its lowest wear resistance among construction materials. The
application of titanium alloys in friction units and in the places of direct contact is
impossible without additional surface treatment for higher strength. The corrosion
resistance of titanium alloys is not often satisfactory. Therefore titanium alloys also need the
additional protection in the aggressive media.

The chemical heat treatment, particularly nitriding, allows to extend the functionality of
titanium alloys, enhancing the wear resistance and providing the high anticorrosion
characteristics in aggressive media. However, the molecular nitrogen is a reactionless gas as
a result of significant bond strength in molecule (AH,=940 kJ/mole). Therefore it is very
important to intensify the interaction between titanium and nitrogen and to elaborate the
relevant nitriding methods.

2. Basic regularities of high-temperature interaction of titanium alloys with
nitrogen

One of the ways to solve the problem of intensification of nitriding of titanium alloys is the
high-temperature saturation based on temperature dependence of diffusion coefficient of
nitrogen in titanium. Therefore we will consider the basic regularities of nitriding of
titanium alloys at high temperatures.

2.1 Kinetic regularities of high-temperature interaction of titanium alloys with nitrogen

Kinetics of nitrogen absorption by titanium alloys was widely studied by both the
thermogravimetric analysis, when the mass change after different exposures in nitrogen at
constant temperature is fixed and the manometric method, when the change of nitrogen
pressure in the closed system is determined. The results of these studies in a wide
temperature range (550..1600 °C) showed that the process of nitrogen absorption by
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titanium is described by the parabolic dependence. That is the dependence of relative mass
increase of the nitrided samples on time can be presented by a function:

(4m/S)? = Kz, @

where Am = (m; - my) - difference between sample’s mass after and before nitriding; S -
nitriding surface square; 7 - nitriding duration; K - parabolic constant of nitriding rate.

The appreciable deviations from the parabolic law caused by the presence of negligible
quantity of oxygen impurities in nitrogen are observed at the initial stage of reaction.

With the rise of temperature during isothermal exposure the intensity of interaction of
titanium with nitrogen increases substantially. The parabolic constant of nitriding rate (K) is
determined by the tangent of angle of inclination of straight lines of time dependence of square
of mass increase. It characterizes quantitatively the relative intensity of saturation process
(table 1). Values K increase practically on order with the rise of temperature on one hundred
degrees (for example, at 900 °C K = 8,6x1012 g2/cm*xs and at 1000 °C K = 3,5x1011 g2/cmsxs).

Alloy K, =K, exp (E/RT)
Ko, g2/ (cméxs) -E, kJ/mole

VT1-0 0,11 214
OT4-1 0,42 229
VT5-1 0,6 248
VT20 0,16 241
PT-7M 0,8 250
OT4 0,02 223
VTés 1,9 258
VT6 0,9 267
VT23 0,4 252
VT32 0,4 240
VT35 0,1 238

Table 1. Parameters of temperature dependence of parabolic constant of nitriding rate K,

The temperature dependence of parabolic constant of nitriding rate is described by
Arrhenius equation:

K=K, exp (-E/RT), (2)

where E - activation energy of nitriding process, J/mole; K, - preexponential multiplier,
g2/cméixs; R - gas constant; T - temperature. Activation energy of nitriding determined by
many researchers has different values for the certain temperature ranges and it increases
with the rise of temperature of isothermal exposure as a rule. It allows to assert that process
which determines the nitrogen absorption rate is changed with temperature.

The value n in law:

(Am/S)n = Kt ®3)
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change of mass increase of the nitrided samples of titanium alloys in time determined by
treatment of nitriding isotherms of each investigated alloy in the double logarithmical
coordinates In(4m/S)-Int (cotangent of angle of inclination of the received straight lines) are
near to 2 that corresponds to the parabolic law of interaction (1) as well as for the unalloyed
titanium.

The calculated constants (K, K, E) of the dependences (1, 2) at the use of corresponding
mathematical models (Matychak et al.,, 2007, 2008, 2009, 2011) at the predetermined
temperature and duration of saturation process allow to forecast the thickness of the phases
formed during the nitriding process or determine time and temperature parameters of
nitriding at which the thicknesses of the formed layers would be predetermined.

The results of investigation of kinetics of saturation process of titanium alloys by nitrogen
testify that alloying influences on nitriding rate (fig. 1).
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Fig. 1. Kinetics of nitriding of titanium alloys : a - 950 °C; b - 900 °C; c - 1000 °C; d - 1100 °C; 1
-VT1-0;2-PT-7M; 3 - VT5-1; 4 - OT4- 1; 5 - VT6s; 6 - VI5; 7 - VT1-D; 8 - VI3-1; 9 - VT6; 10 -
VT20; 11 - VT23.

With the rise of temperature of isothermal exposure the influence of alloying elements on
the nitriding process increases that confirmed by the increase of distance between the
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isotherms of nitriding (fig. 1): difference in the mass increase of titanium alloys with
different chemical composition at saturation by nitrogen increases.

As opposed to the unalloyed c.p.titanium the nitriding rate of titanium alloys, as a rule, is
less. The mechanism allowed the alloying elements to decrease the nitrogen diffusion rate in
titanium does not discussed in literature. However, as diffusion in titanium nitrides is
interstitial, the influence of alloying elements effects either on the decrease of sizes of
interstitial intervals in the titanium lattice or on their filling.

Thus, the process of high-temperature interaction of titanium with nitrogen is described by
parabolic dependence which is the result of forming of chemical reaction products - nitrides
on the metal surface that slows down the behavior in time. The presence of alloying
elements in titanium does not change the process substantially and only slows its. Besides,
as a result of heterogeneous reaction titanium-nitrogen the considerable dissolution of gas
into the metal with formation of solid solution of nitrogen in o and B titanium (gasing) is
observed. Therefore the study of nitriding process by only determination of general mass of
absorbed nitrogen which includes both the nitride formation and gasing is incomplete and
not quite correct. The differential estimation of contribution of both nitride formation and
gasing during nitriding is necessary.

2.2 Features of nitride formation at nitriding of titanium alloys

The well coherent with matrix nitride film of the golden color is formed on the surface of
titanium alloys during the isothermal exposure in the nitrogen at temperatures above
800 °C. The film can have different tints of base golden color (from bright to mat) which
depends on temperature and duration of nitriding, chemical composition of the nitrides.
The film loses the brightness at the temperature behind 900 °C. The thickness of the nitride
film and the degree of saturation by nitrogen are stipulated by the time and temperature
parameters of nitriding and chemical composition of the saturated material. It allows to
assert that the change of colour gamut and reflection power of film depends on its thickness
and degree of saturation by nitrogen because titanium nitrides, in particular TiN, is
characterized by the wide homogeneity region (27...52 at.%).

Nitride film formed at temperatures below 1000 oC repeats the contours of metallic matrix.
In the case of the long exposures and temperatures below 1000 °C and above there are
growths of film. On fig. 2a the characteristic topography of surface of the nitrided samples is
presented: wavy inequalities forming net on surface, which, most probably, repeats the net
of grains boundaries of the material matrix. These formations are most noticeable and reach
the large sizes at the nitriding temperatures which are higher than temperature of a<f
polymorphic transformation (fig. 2b). a<>p phase transformation during the processes of
heating and cooling causes the strain hardening, volume changes and formation of surface
relief. The origin of considerable compression stresses at forming of nitride film causes the
plastic deformation. It promotes the formation of quantities of inequalities. The surface
topography, more or less expressed, is observed after nitriding at temperatures even lower
than polymorphic transformation, and not arises after nitriding at the certain temperature.
With the rise of nitriding temperature there is the growth of fragments of surface net like the
growth of grain of titanium matrix. More active nitride formation on the grains boundaries
promotes the forming of surface net, and processes, accompanying o< transformation,



Chemico-Thermal Treatment of Titanium Alloys — Nitriding 145

assist to enhance the surface relief. Alloying weakens the formation of surface relief owing
to the rise of temperature of polymorphic transformation of alloys.

Fig. 2. Surface of nitrided VT1-0 alloy: a - 850 °C, 12h; b - 950 °C, 8h.

The formation of surface relief worsens the quality of nitrided surface with the nitriding
temperature rising (fig. 3). For example, nitriding of VT23 alloy at 900°C results in change of
surface roughness parameter (R,) from 0,08 to 0,2 um. After isothermal exposure in nitrogen
at 950°C R, is 0,4 um, that is the surface roughness became worse on two classes. The
substantial worsening of surface quality during nitriding at high temperatures complicates
the obtaining of smooth surface. Therefore the use of nitriding with the purpose to increase

the wear resistance of titanium foresees either limitation of process temperature (< 900 °C) or
additional surface treatment of the nitrided details.
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Fig. 3. Surface roughness of VT6 (a) and VT22 (b) titanium alloys after nitriding.

The nitride film consists of only nitrides of base metal - 5-(TiN) and &-(Ti2N). The grains of
nitride phases have predominating orientations (table 2, 3). It is better expressed for e-Ti2N
grains, which are mainly oriented on planes [002]. It should be noted that the texture of e-
phase is formed only during the process of nitride film growth (the redistribution of
reflexes” intensity is not observed after short-term exposures when nitride film is thin).
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Alloys
Paflaiggf;; of VT6 V22
La11y/ Lo T (200) L1/ Too) T (200)

800°C,1h - - - -

800°C,5h 1,3113 0,4327 1,0510 0,4876
800°C,10 h 1,1015 0,4758 1,0690 0,4893
850°C,1h 1,2053 0,4535 - -

850°C,5h 1,2047 0,4537 0,9726 0,5069
850°C,10 h 0,9864 0,5034 1,0642 0,4845
900°C,1h - - 1,105 0,4751
900°C,5h 1,1129 0,4733 1,0209 0,4948
900°C,10 h 1,0759 0,4817 0,8165 0,5505
950°C,1h 1,2308 0,4483 1,1349 0,4684
950°C,5h 1,0634 0,4846 0,9272 0,5189
950°C,10 h 1,2248 0,4495 0,9865 0,5034

Table 2. The ratio I111)/I200) and coefficient of texture plane (200) T200)* of TiNx (*T(200= I200)/
(Ip00)tL111)) (Hultman et al., 1995)).

Parameters of |Reflexes TioN VTG Alloys VT
n1tr1d1r1g (hkl) I, arb. units I(111) / I(zoo) I, arb. units I(111) / I(zoo)
800°C,1h Eéég 29524 2,7609 [11?12 2,9861
800°C,5h Eéég ;2; 0,4199 282 0,4401
800°C,10h Eég; égg 0,3758 %2 0,3522
850°C,1h Eéég igg 1,3731 ;g? 1,1616
850°C,5h Eéég ig}} 0,5529 1150% 0,1154
. (111) 121 - )
850°C,10h (002) 1046 0,1157 2006
900 °C, 1h 832 o 1,5960 = £,0410
900°C,5h Eéég iii 0,6643 ggg 0,7719
900°C,10 h Eéég ggg 0,8845 gég 0,7666
o (111) 259 ) - )
950°C,1h (002) - o1
o (111) 235 216
950°C,5h (002) 153 1,5359 185 1,1676
o (111) 387 - )
950°C,10 h (002) 108 3,5833 12

Table 3. Relative intensity of diffraction reflexes (111) and (002) of Ti2N on the diffraction
patterns from VT6, VT22 and T110 alloys after nitriding.
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The thin outer layer of golden color consists of TiN and the thick inner layer of white color -
TiN. The perceptible growth of TiN is observed only at the long exposures.

Due to the large brittleness of nitride layer the measuring of its quantitative characteristics is
complicated. Therefore there are few articles on the kinetics of nitride formation. This explains
the substantial spread and certain discordance of the results received by different researchers.

The alloying elements of titanium alloys does not participate in the process of nitride
formation. According to the thermodynamic activity of elements in relation to nitrogen (fig. 4),
except of formation of titanium nitrides, zirconium nitrides are formed probably at nitriding of
titanium alloys. The information about their formation is not found in literature, although at
nitriding of alloys with 3..4 % Al, 8...12 % Zr, 1,2..2,6 %V the formation of phase (Ti, Zr)N
with the lattice parameter of 0,4283 nm was fixed (Kiparisov & Levinskiy, 1972).

Alloying of titanium influences on the depth of nitride layer. In according with the recent
results the nitrided area in (a+f)-alloys is less than in a- and pseudo-a-alloys (fig. 5).
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Fig. 4. Change of Gibbs thermodynamic potential AGre on 1 g-at of titanium depending on
temperature for the reactions of formation of some nitrides (Kiparisov & Levinskiy, 1972).
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Fig. 5. Thickness of nitride layer on titanium alloys depending on duration of nitriding at
1000 °C.
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The beginning of active nitride formation influences on the surface microhardness which
depends on the nitrided material and ranges in 4,5...7,0 GPa. The rise of temperature leads
to the increase of surface microhardness due to the activating of nitride formation (fig. 6).

10

5
T.h
Fig. 6. Dependence of surface microhardness of VT6 (a) and VT22 (b) alloys on duration and
temperature of nitriding.

Thus, during the nitriding the growth of nitride film has columnar character (mainly on the
grain boundaries). It assists in the rising of surface relief that worsens the surface quality at
higher nitriding temperature. During the growth of nitrides the texture Ti,N is formed
mainly on plane [002]. The change of thickness of nitride film with duration is described by
parabolic dependence, thus the thickness of nitride film on - and (a+p)-titanium alloys is
less than on a-alloys. The texture growth increases with the rise of nitriding temperature
resulting to the increase of imperfectness and heterogeneity of nitride film.

2.3 Regularities of formation of gas saturated layer — Morphology of the nitrided
layers

At the high-temperature interaction of titanium alloys with nitrogen, except for formation of
nitride area on the metal surface, nitrogen diffuses into the alloy, dissolves and forms the
area with increased microhardness, so-called gas-saturated area. This area is identified as a-
titanium with the increased lattice parameters (solid solution of nitrogen in a-titanium). The
grains of a- solid solution are oriented mainly on plane [211]. The layers with the higher
nitrogen concentration are characterized by the texture of a-solid solution.

The process of gasing of titanium alloys is connected with the process of nitride formation.
Surface microhardness (Hs,), strengthening level of gas-saturated layer (H, = f ({)) and its
depth ({) are determined by time and temperature parameters of nitriding and depend both
on chemical and phase composition of alloys. The surface layer of a- and pseudo-o-titanium
alloys is the most strengthened (fig. 7). This effect weakens considerably at transition to
(a+B)- and, especially, B-alloys. Considerably bigger depth of gas-saturated layer of B-alloys
as compared to a-alloys is determined by the values of nitrogen diffusion coefficients in a-
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and B-phases of titanium. For pseudo-a- and (a+f)-alloys when the saturation process
occurs at low (< 850 °C) temperatures and undurable exposures (< 5h) the depth of gas-
saturated layer is decreased with the increase of coefficient of p- stabilization of alloy. High
temperatures and long exposures assist in the increase of depth of gas-saturated layer with
the increase of coefficient of B-stabilization.

H;-

Microhardness

I
Distance from the surface

Fig. 7. Distribution of microhardness through cross section of surface layers after nitriding of
a- and pseudo-a- (a), (a+p)- (b) and B- (c) titanium alloys at temperatures of T > T

The morphology of gas-saturated layers after nitriding depends on temperature and metal’s
phase composition. Let's consider the influence of these factors on the morphology of the
gas-saturated layer.

At the temperatures of nitriding below the polymorphic transformation the morphology of
gas-saturated layer does not depend on phase composition of alloys (fig. 8a). The layer
consists of two parts. The first part contains a-grains with high microhardness due to their
strengthening by nitrogen (a-solid solution stabilized by nitrogen). The solubility of nitrogen in
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Fig. 8. Structure of gas-saturated layer of o- and pseudo-a- (a, b), (a+p)- (a, ¢) and B- (d)
titanium alloys nitrided at the temperatures of T< Ty (a) and T > Ty (b-d).
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o-titanium is high. Based on the titanium - nitrogen phase diagram, the deformation of
lattice at the dissolution of nitrogen is considerable, which results to the significant increase
of microhardness of this part of gas-saturated layer. The thickness of this part of gas-
saturated layer increases with nitriding time and temperature parameters and connects with
the redistribution of alloying elements. The second part of gas-saturated layer is not nearly
differ from the alloy matrix. The level of saturation by nitrogen of this part is less
substantially than the first part. The microhardness gradient and the redistribution of
alloying elements are insignificant. The thickness of gas-saturated area fixed by
metallographic method does not give the real depth of nitrogen penetration into the alloy’s
matrix and as a usual is less than that determined by measuring the microhardness.

At the nitriding temperatures higher than temperature of polymorphic transformation the gas-
saturated layer also consists of two parts. However the structure of every part is determined
by phase composition of nitrided alloy (fig. 8, b-d). The gas-saturated layers of a-, pseudo-a-
and (a+p)-titanium alloys are separated by the phase boundary from the matrix which at the
nitriding temperature was B-titanium. During the cooling B-phase is decomposed but the
boundary fixed at the high temperature maintains at the room temperature as well as the
structure of a-phase formed in result of a«=>p transformation. a-phase which stabilized by
nitrogen and a<f transformed phase but saturated by nitrogen have significant differences.
The morphology of gas-saturated layer of p-titanium alloys does not almost depend on the
nitriding temperature. That is caused by the absence of both polymorphic transformations of
matrix and part of gas-saturated layer below the level of a-phase stabilizing.

The first part of gas-saturated layer formed at the temperatures of (o + ) - B - area is a-
phase (grains of o-solid solution of nitrogen in titanium). The high microhardness of this
part is caused by large solubility of nitrogen in o-titanium (21,5 at.% in o-titanium against
0,95 at.% in B-titanium at 1000 C). It should be noted that microhardness of this part of gas-
saturated layer for o- and pseudo-a-titanium alloys exceeds insignificantly the same layer
for (o + B)- and B-alloys (18...7 GPa against 10...5 GPa). It is determined by the different
nitrogen solubility in a- and B-phases of titanium. The second part of gas-saturated layer
consists of metal § — o transformed and enriched by nitrogen. It is separated from the first
part by the phase boundary. For a- and pseudo-a-titanium alloys this boundary is detected
metallography as a dark band of high etching. For a- and pseudo-o-titanium alloys this part
is a-grain of smaller size but with the increased degree of etching compared with a-
structure of the first part. For (o + )-alloys it is mainly o-phase (a-plates) in f-transformed
structure (mixture of a- and B-phases). The second part of gas-saturated layer of (a + fB)-
titanium alloys is often called “the transition area” between the gas-saturated layer and
alloy’s matrix because of the sharp structural difference as compared to the first part.

With the rise of nitriding temperature and duration the size of the second part of gas-saturated
layer decreases, and the size of the first part increases. In addition, there is a coarsening of the
structural components of both parts, and also a change of phase correlation in the direction of
increasing the quantity of o-phase. The typical microhardness redistribution through the gas-
saturated layer of a- and pseudo-a-titanium alloys is shown in fig. 7. It represents the gradient
of nitrogen concentration from the surface into the matrix. Some tendency to stabilization of
microhardness in the second part of gas-saturated layer for (a+p)-alloy can be explained by
different nitrogen solubility in a- and B-phases of titanium.
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The structure of gas-saturated layer of B-titanium alloys does not depend on the nitriding
temperature and is analogical to the structure of alloys nitrided below temperature of a<=f
transformation when the structural difference between the alloy’s matrix and second part of
gas-saturated layer is absent (fig. 8). The first part is a-phase stabilized by nitrogen with the
boundaries decorated by initial f-grains.

For B-alloys the microhardness distribution of gas-saturated layer has the original regularity
(fig. 8): the curve passes through a minimum on the boundary of the part of gas-saturated
layer stabilized by nitrogen.

For B-titanium alloys the strengthening of surface layers is significantly lower than for alloys
of other structural classes (microhardness distribution curves are in the region of lower
hardness values) (fig. 7).

Thus, the basic characteristics of gas-saturated layer i.e depth and degree of strengthening of
surface layers (surface microhardness, hardness redistribution), depend on the phase
composition of nitrided material. The most strengthening of surface layers is proper for o-
and pseudo-a-titanium alloys and substantially decreases at the transition to (ot+p)- and,
especially, to B-alloys. The depth of gas-saturated layer of B-alloys is considerably larger
than depth of gas-saturated layer of a-alloys. The morphology of gas-saturated layer of
titanium alloys depends on nitriding temperature and phase composition of the nitrided
alloy. For B-alloys the morphology of gas-saturated layer does not depend on the nitriding
temperature and thus is identical to alloys with other structures nitrided in a-area.

2.4 Redistribution of alloying elements

The strengthened surface layer consists of nitride and gas-saturated area. As it was shown
above, it is the result of the high-temperature interaction of titanium with nitrogen. This
interaction is accompanied with the redistribution of alloying elements in alloy’s surface
layers. Let's consider the general regularities of alloying elements redistribution at nitriding
of titanium alloys.

The alloying elements of titanium alloys are categorized as a- (Al), - (Mn, V, Mo, Cr, Fe,
Nb, Si, W) - stabilizers and neutral reinforcers (Zr, Sn). During the saturation of Ti-alloys by
nitrogen there is the redistribution of alloying elements between the nitrided layer and
matrix as well as in the gas-saturated layer.

The increase of electron concentration during the nitrogen dissolution leads to the decrease
of solubility of alloying elements in titanium due to the limited solubility and also because
the formation of continuous series of solid solutions. It assists in redistribution of alloying
elements in the surface layers of titanium alloys: their separation from solid solution and
diffusion into titanium matrix.

Thus, at thermodiffusion saturation by nitrogen there is diffusion of elements separated
from solid solution into the alloy (fig. 9). The intensity of this diffusion is determined by the
solubility and diffusion mobility of alloying elements.

The alloying elements have different solubility and diffusion coefficients in a- and -
modifications of titanium. According to the calculations, taking into account the diffusion
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constants, the diffusion mobility of alloying elements is decreased in a sequence
Fe->Mn—Zr—Cr—>Al->Sn—Nb—>V—>Mo. With regard to solubility, then the solubility of
zirconium is unlimited, and tin and aluminum are characterized by high solubility in o-
titanium. Vanadium, molybdenum and niobium are less soluble in o-titanium but dissolve
indefinitely in B-titanium. Iron, chromium and manganese are limitedly solubles in B-titanium
and solubility in o-titanium is small. Iron, manganese and chromium are redistributed the
most actively in surface layers because their solubility is minimal and diffusion mobility is the
highest. The solubility of zirconium, aluminum and tin in a-titanium is high and diffusion
mobility is low. Therefore, the substantial redistribution of these elements does not occur.
Molybdenum, vanadium and niobium redistribute more active than zirconium, aluminum
and tin but more weaker than iron, manganese and chromium.

Except for diffusion, there is the concentration of p-stabilizing elements separated from solid
solution of nitrogen in a-titanium on the boundary of nitride - gas-saturated areas, even
with high diffusion constants. These effects are caused by no occupied bonds between atoms
located on the phases’ interface and possible anomalous value of electron concentration in
these areas.

TiN

Fig. 9. Scheme of redistribution of alloying elements in the gas-saturated layer of titanium
alloys at nitriding (a) and images of surface layers of OT4-1 (b) and VT6s (c) alloys in the
characteristic rays K,Mn and K,V (1100 °C, 1 h).

Among these elements the special attention deserves aluminum. Since aluminum is a-
stabilizer with high affinity to nitrogen (AHo9 is -318,0 and -335,0 k] /mole for AIN and TiN
respectively), the increase of electron concentration of alloy during stabilization of
hexagonal close-packed lattice of solid solution of nitrogen in o-titanium does not influence
on the solubility of aluminum and does not assist its diffusion. Releasing of lattice energy
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and energy stability of system is achieved by the redistribution of other alloying elements.
The similar selective redistribution, not so clear expressed, is observed for the systems, in
which solubility and diffusion mobility of alloying elements differs significantly (for
example, zirconium and molybdenum, tin and iron etc.). Near the interface gas (nitrogen) -
metal and afterwards near nitride - gas-saturated layer the areas (clusters) with the high
concentration of aluminum are formed (fig. 10). It is possible that the redistribution and
coagulation of aluminum will be over by establishing of short range ordering completing by
decomposition of solid solution with formation of superstructure of a>-phase (TizAl) type.

Fig. 10. Image of surface layers of OT4-1 alloy in the characteristic rays K,Al: a - 900°C, 100
h; b -950 °C, 8 h.

With the rise of temperature of isothermal exposure the diffusion of alloying elements is
activated because the diffusion coefficients increase. The active motion of alloying elements
along grain boundaries leads to their loosening, nitrogen diffusion becomes accelerated and
nitriding rate increases.

The morphology of gas-saturated layer of titanium alloys is connected with the
redistribution of alloying elements in the surface layers. There is the active diffusion of
alloying elements from the most enriched by nitrogen part of layer. In that part with
nitrogen concentration the redistribution is negligible: alloying elements are redistributed
between a- and B-phases of titanium. Aluminum (a-stabilizer) and, as a rule, the neutral
reinforcers (zirconium, tin) are located in a-phase of titanium, B-stabilizers enrich p-phase.

Thus, the basic constituents of alloying elements redistribution at nitriding of titanium
alloys are as follows: 1) separation of alloying elements from the hexagonal close-packed
lattice of nitrogen solid solution in a-titanium; 2) diffusion of alloying elements from the
surface into the alloy’s matrix.

The first process is controlled by the solubility and the second - by the diffusion constants.

In result of alloying elements redistribution, as a rule: 1) a concentration of aluminum
increases near the boundary nitride - gas-saturated areas; 2) the surface layers are depleted
by B-stabilizing elements.

The redistribution of alloying elements causes the structural and phase changes in the
surface layers of alloys, determining the morphology of the nitrided layer.

In spite of the fact that at the increase of temperature the degree of surface strengthening
increases continuously (thickness of both nitrided layer and its constituents, surface



154 Titanium Alloys — Towards Achieving Enhanced Properties for Diversified Applications

microhardness and gradient of nitrogen concentration on the cross section of surface layers
increase), the use of temperature as the factor of intensification of saturation process has
substantial limitations. In particular, the perceptible structural and concentration heterogeneity
(on nitrogen and alloying elements) of surface layers caused by the active diffusion processes,
and also the inconvertible grain growth of titanium matrix at the saturation temperatures of
(a+p) - B- areas result in the substantial decrease of fatigue life, plasticity of the nitrided details.
The heightened requirements to these characteristics cause the limitation on the saturation
temperature (a-area) that does not always provides the provide level of surface strengthening
(Hys = 6...8 GPa; £ > 100 pm). Moreover, with the increase of temperature the brittleness of
nitrided layer increases catastrophically. In the result of thick nitride film forming the surface
quality of the nitrided layer becomes worse (surface roughness increases, imperfection and
heterogeneity of nitride film grow because the effect of growth texture increases). It influences
negatively on the wear- and corrosion resistance of the nitrided details.

At present, it is actual to find out other factors of intensification which allow to provide the
effective surface strengthening at lower nitriding temperatures and exclude the negative
consequences of the influence of high nitriding temperatures on surface quality and level of
mechanical characteristics.

3. Nitriding of titanium alloys at thermocycling

One of the ways to weaken the negative consequences of the high-temperature nitriding is
to decrease the time of processing at high temperatures. It can be attained by nitriding in the
conditions of thermocycling.

As opposed to the standard methods of the chemical heat treatment there are the additional
sources of the influence on the structure at thermocycling. They are inherent only to the
process of continuous change of temperature: phase transformations, gradient of
temperature, thermal (volume) and interphase tensions caused by the difference of
thermophysical characteristics of the phases. The accumulation of structural changes in the
material leads to forming, moving and annihilation of point and linear defects,
redistribution of distributions, forming of low-angle boundaries, migration of low-angle
boundaries with absorption of defects, migration of grain boundaries between recrystallized
grains with their coarsening at the simultaneous decrease of grain boundary and surface
energies, by the redistribution of alloying elements etc. It results to the increase of mobility
of impurity atoms and the acceleration of diffusion processes.

For titanium alloys the thermocyclic treatment is considered as a way to achieve of such
structural changes which improve the level of mechanical properties. To estimate the
intensity of saturation process in these conditions is impossible due to the absence of such
investigations for titanium, although the interaction of steels, aluminum and nickel alloys
with gases (carbon, nitrogen) at the cyclic change of temperature, pressure and gas
composition is well studied.

Let's consider the regularities of interaction of titanium alloys with nitrogen in the
conditions of thermocycling.

Nitriding is intensified at the cyclic change of temperature. It influences on the rise of mass
increase of the samples, surface microhardness and depth of the nitrided layer as compared
to the isothermal exposure at the middle temperature of thermal cycle (fig. 11).
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Fig. 11. Influence of thermocycling on intensity of interaction of titanium alloys with
nitrogen in different temperature intervals.

The efficiency of thermocycling at nitriding depends on the parameters of thermocyclic
treatment (amplitude of thermal cycle, frequency of thermocycling) and increases with their
rising.

The maximal effect of thermocycling is proper for the temperature range of polymorphic
transformation and correlates with the clear expressed effect of volume strengthening which
increase at the rise of amplitude and frequency of thermocycling. Alloying, as a factor of
intensification on interaction of titanium alloys with gas media, does not change generally
the influence of thermocycling but changes only its intensity (slope of curves ¢) depending
on participating of certain alloying element in the forming of defect structure.

The morphology of nitrided layer thermocycling as well as after the isothermal conditions is
the thick nitride film (> 1 pm) and gas-saturated area. The difference from the isothermal
nitriding is that the increase of degree of imperfectness of surface layers at thermocycling
leads to the forming of surface nitride films with considerable deviation from stoichiometry,
mainly the deficit of nonmetal component. Therefore the lattice parameter of TiN after
isothermal saturation with the rise of temperature is decreased significantly while the cyclic
change of temperature assists to reach the reverse dependence: lattice parameter of TiN
increases (fig. 12).

Taking into account the dependence of the lattice parameter of titanium mononitride on
nitrogen content in the homogeneity region, the observed regularities allow to suppose that
at nitriding in the conditions of thermocycling nitride with considerable deviation from
stoichiometry with the deficit on nitrogen is formed on the surface. With displacement of
temperature range of thermocycling into the range of lower temperatures the deviation from
stoichiometry of surface nitride increases.

It should be noted that forming of these nitride layers gives new possibilities in surface
engineering of titanium alloys, in particular, at the complex modification of surface layers
by the interstitial elements (Pohreliuk et al., 2007; Pohrelyuk et al., 2009, 2011; Yaskiv et al.,
2011; Fedirko et al., 2009).
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Fig. 12. Lattice parameters of TiN after the isothermal nitriding and nitriding in the
conditions of thermocycling. Change of lattice parameter of TiN depending on the content
of nitrogen in the homogeneity region (Goldschmidt, 1967).

Thus, at thermocycling the nitriding process of titanium is intensified and reaches the
maximum during processing in area of a<>f transition. The efficiency of application of
thermocycling at nitriding depends on the parameters of thermocyclic treatment and rises
with their increase. The temperature range of thermocycling determines the character of the
surface strengthening. The nonstoichiometric nitride films with the deficit of nonmetal
component are formed on the titanium surface.

The strength characteristics of titanium are improved after nitriding at thermocycling. The
highest strengthening effect is observed at cycling in the area of temperatures of
polymorphic transformation of titanium alloys and enhances with the increase of both
amplitude and frequency of thermocycling.

4. Influence of initial deformation texture on nitriding of titanium alloys

The intensification of nitriding at thermocycling is based on the structural changes in material.
The same changes in the structure of material is possible to provide before thermal heat
treatment, for example, using material with deformation texture. Such approach is based on
the dependence of diffusion constants on predominating crystallographic orientation (texture).

In practice the metallic materials are used, as a rule, in the polycrystalline state. Although all
grains in homogeneous metal have the identical crystalline structure, however they differ in
the mutual crystallographic orientation of axes. The analogue of crystallographic orientation
of plane in monocrystal for polycrystal is the predominating orientation of grains (texture).
One of the basic technological processes causing the formation of crystallographic texture, is
plastic deformation. Formation of texture at plastic deformation occurs in the result of
crystallographic planes turning in the process of sliding and twinning. In titanium the
deformation occurs by sliding on the systems {1010} <11_§ 0>, {1011}<1120> and
(0001)<112 0> (critical shear stress is ‘minimal for plane {1010} and maximal for basal
plane) and by twinning on planes {1012}, {1122} and {112 } and causes corresponding
deformation texture.
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The crystallographic texture of titanium alloys depends on the chemical composition (alloying)
of metal, degree of deformation, temperature and method of rolling, thickness of semi-finished
rolled products, presence of gas-saturated layer etc. Heating of textured material also allows to
change the texture (recrystallization, polygonization annealing, polymorphic transformation).
Therefore in practice there is a great number of methods to operate the crystallographic texture
of titanium alloys allowung to form texture with set-up parameters.

Having established the correlative dependences between crystallographic texture and
processes of interaction of titanium alloys with gas media, it is possible to use the texture
factor for operating of the intensity of physical and chemical processes in gas - metal system,
and, consequently, to influence on improved characteristics of construction material.

Let's illustrate the influence of texture on the nitriding of titanium alloys.

At the gasing of samples with t; - “base” (0001)[1010] (fraction of orientations 44 %)
deformation texture (the plane of base of hexagonal close-packed lattice is parallel to the
rolling plane) the rate of the increase of nitrogen concentration in titanium is higher than for
samples with t - “prismatic” (101 0)[11 20] (fraction of orientations 50 %) texture that assists
to form strengthened layers with different parameters (depth of area, surface hardness,
gradient of hardness). During nitride formation with “base” texture the density of nucleation
centers of nitride phases is larger and time to formation of continuous surface films is less than
for the samples with “prismatic” texture (the plane of prism of hexagonal close-packed lattice
is parallel to the rolling plane), that assists to form nitride films of different thickness. That is
crystallographic texture of titanium alloys influences on the conditions of mass transfer on the
gas - metal boundary and diffusion mobility of nitrogen. A schematically influence of
crystallographic texture on the processes of interaction of titanium with nitrogen at different
phase-boundary conditions on the boundary gas - metal is presented on fig. 13.

Thus, the application of texture factor allows to influence on the intensity of nitride
formation and gasing, changing the relation between the dimensions of nitride and gas-
saturated areas. Forming by preprocess of the primary crystallographic orientation (“base”
or “prismatic” properly), it is possible to provide either higher level of surface strengthening
or larger depth of nitrogen penetration in matrix.

E s H I‘_
o ®
Lty
H
ts t
- %2
]
Thickness of gas-saturated layer Thickness of nitride film

Fig. 13. Influence of crystallographic texture on the processes of interaction of titanium with
nitrogen: a - at gasing; b - at nitride formation.
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The intensification of process at the use of the considered approach allows to decrease the
temperature of treatment, and, consequently, to weaken the negative consequences of the
influence of high saturation temperatures on the quality of surface and level of mechanical
characteristics.

5. Use of elements of vacuum technology at nitriding

The analysis of results of nitriding of titanium alloys at high temperatures showed that
the major reason which decelerates the diffusion of nitrogen into the matrix is the forming
of thick nitride film with nitrogen diffusion coefficient less on 2 - 4 orders of magnitude
than in matrix (DrinN = 3,76x10-12 cm?2/s; DN = 1,29x10-10 cm?2/s; Dg.piN = 3,92x10-8 cm?2/s
at 950 °C). Another reason is the presence of oxide films formed at technological
operations of details’ manufacturing and their heating to nitriding temperature due to the
presence of oxygen impurities in nitrogen. Therefore, the possible ways of intensification
of nitriding is to provide the corresponding conditions that allows to : 1) increase the
nitrogen diffusion coefficient in nitride film or in general prevent its formation on the
initial stages of nitriding; 2) favour the dissociation of existing oxide films and prevent the
formation of new ones.

Let's consider some variants of realization of the above approaches.

5.1 Nitriding in rarefied dynamic nitrogen atmosphere

The parabolic character of kinetics of high-temperature interaction of titanium with nitrogen
is caused by forming of nitride film on the surface. The amount of nitrogen diffused through
nitride layer during its growth is decreased constantly preventing to penetration of nitrogen
into the metal.

The calculated nitrogen diffusion rate in titanium and rate of nitrogen supply to the metal
surface testify that under the certain conditions even all nitrogen molecules which get on
surface can not be sufficient to provide the maximal flux of nitrogen atoms from surface into
matrix. Except of it, not all nitrogen molecules, contacting with the surface of metal, interact
with surface. In this case the processes connected with supply of nitrogen to the gas - metal
reaction area become limiting. It allows to control the maximal nitrogen concentration on
titanium surface and thus to provide the necessary nitrogen concentration for nitride
formation. The absence of nitride film on the surface removes the diffusion barrier, and,
consequently, penetration of nitrogen into titanium matrix intensifies. That is, the nitrogen
partial pressure becomes the factor of intensification of nitriding process (fig. 14).

With the decrease of nitrogen partial pressure it is possible to provide the conditions when
beginning of nitride film forming is shifted in time, that is at corresponding duration the
nitride film is in general absent or its thickness is too thin. Thus, in the certain interval of
nitrogen partial pressure the area of solid solution of nitrogen in a-titanium on the surface is
formed, providing the more uniform distribution of hardness in the diffusion layer and
increasing the depth of nitrogen penetration.

Let’s consider the general tendencies in the processes of gasing and nitride formation at
nitriding of titanium alloys in the rarefied dynamic nitrogen medium.
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Fig. 14. Stages of nitriding of titanium alloys in nitrogen containing oxygen (a, b, c) and
possibility of the intensification of process at the decrease of oxygen partial pressure.

The decrease of pressure from 105 to 100 Pa (gas flow rate 0,03 1/min) with the rise of mass
increase of samples causes the increase of depth of nitrided layer and the significant
decrease of thickness of nitride film. With the increase of gas rarefaction to 10 Pa the nitride
thickness is stabilized and the depth of nitrogen penetration into titanium is decreased. With
the decrease of gas flow rate on one order of magnitude, the mass increase and depth of
nitrided layer increase, and thickness of nitride film decreases. This effect is similar to the
decrease of gas partial pressure. At the decrease of pressure to 0,1...1 Pa in order to intensify
the nitriding it is necessary to change the nitrogen flow rate. Thus, with the decrease of
nitrogen flow rate in the range of 0,03...0,003 1/min the growth of depth of nitrided layer
slows down.

The observed regularities and general tendencies in the processes of saturation of titanium
alloys in the rarefied dynamic nitrogen medium indicate that in the interval of rarefaction
0,1...10 Pa at the gas flow rate 0,03..0,003 1/min (specific leakage rate 7x10-2...7x104Paxs1)
the kinetics of nitriding becomes receptive to the processes connected with supply of
nitrogen to the gas - metal reaction area.

The analysis of the results on the influence of nitrogen partial pressure and nitrogen supply
rate on the mass increase of samples, surface strengthening (surface microhardness), depth
of nitrided layer testifies that the providing of the indicated gas-dynamic parameters of gas
medium allows the dynamic equilibrium between adsorbed and diffused nitrogen into the
titanium matrix to be maintained in certain time interval. In such conditions the nitride film
is not formed on the surface and the strengthened area is the solid solution of nitrogen in a-
titanium. In due course, in the result of forming of diffusion layer and increase of nitrogen
concentration on the gas - metal boundary to the necessary level for nitride formation, that
corresponds t¥, titanium nitride is fixed continually on titanium alloys (fig. 15).
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Fig. 15. Influence of temperature (T) and gas-dynamic parameters of nitrogen (p, d) on the
phase-structural state of surface layers of titanium alloys.

At nitriding of titanium alloys with conservation of general tendencies the corresponding
correctives in the process of saturation contributes the redistribution of alloying elements
that influences on the absolute values of characteristics of the nitrided layers.

Nitriding in the rarefied nitrogen as compared to saturation in nitrogen of atmospheric
pressure decreases the gradient of nitrogen concentration on the cross section of surface
layers and increases the depth of penetration of nitrogen (in 1,3...2,3 time) and decreasing
surface strengthening (fig. 16).
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Fig. 16. Saturation temperature (a) and nitrogen partial pressure (b) as factors of the
intensification of nitriding process of titanium alloys (arrows are direction of motion of
phase boundaries in the areas of the identified parameters as factors of intensification).

As at lowering of nitrogen partial pressure the process of thermodiffusion saturation of
titanium alloys intensifies, it makes possible to lower the nitriding temperature and decrease
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the process duration. The possibility to provide the sufficient surface strengthening at the
temperatures of a-area excludes the negative aspects connected with high saturation
temperatures, that is the quality of surface rises and the level of mechanical characteristics
increases.

Thus, with lowering of nitrogen partial pressure the nitride formation is suppressed. The
absence of nitride film on the surface or substantially less its thickness weaken the diffusion
barrier and penetration of nitrogen into titanium matrix intensifies. Nitriding in the rarefied
dynamic nitrogen condition as compared to nitrogen of atmospheric pressure provides
more uniform redistribution of hardness through the diffusion layer and more significant
depth of nitrogen penetration.

5.2 Some methods of nitriding improving

The vacuum technology is widely used in practice of thermal heat treatment, including at
nitriding. A brief annealing in vacuum (800 °C, 2 h) before nitriding and final treatment of
detail surface is recommended to conduct for distressing and prevention of warping
(Samsonov & Epik, 1973). To decrease the brittleness of diffusion layer and increase the
plasticity of alloys after nitriding on 10...15 % regardless of method it is recommended to
conduct the additional annealing of details in vacuum at rarefaction of 4x10-2 Pa during 2 h
at 800 oC (Kiparisov & Levinskiy, 1972).

The vacuum annealing in this case is the separate technological process. However, such
technological process can be used with better efficiency when applying the vacuum
technology in nitriding, that is, realizing vacuum annealing not as the separate process but
as the element of nitriding process. It allows to considerably shorten and simplify the
treatment as in this case the additional processes of heating and cooling are not necessary
(fig. 17a) and, consequently, to improve substantially its productivity.

The treatment of titanium alloys in vacuum of 0,1..10 mPa when oxygen partial pressure is
about 0,001...0,01 mPa excludes the possibility of formation of surface oxide films.
Moreover, at the such oxygen partial pressures and corresponding time and temperature
parameters it is possible to provide the conditions for dissociation and dissolution of natural
oxide films before nitriding. The surface is activated and, as a result, at the subsequent
inflow of nitrogen the adsorption and diffusion processes have been intensified. The upper
limit of pressure of residual gases in vacuum is caused by the intensive processes of
sublimation, contributing vacuum embittering of alloys’s surface, and the lower one - by the
active processes of oxidation and oxygen saturation.

That is, providing before the nitrogen supply in the reaction furnace the pressure of the
residual gases of 0,1...10 mPa provides the necessary conditions for the intensification of
nitriding. At the rarefaction of 0,1...1 mPa and temperatures above 600.700 °C the
dissolution of oxide films is began and the effective removal of internal tensions is occurred
that determines the lower boundary of temperatures of vacuum treatment. To receive the
optimal complex of the mechanical characteristics the use of temperatures above the
temperature of polymorphic transformation is undesirable. This determines the upper
boundary of temperatures range of vacuum treatment.

The use of vacuum technology elements before nitriding in above indicated temperatures
interval assists in the increase of saturation of surface layers with nitrogen, depth of
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strengthened area, surface quality and more higher temperature of exposure in vacuum.
With the increase of temperature the more smooth redistribution of hardness throughout
surface layers is achieved.

On this stage the heating in vacuum provides the conditions which exclude the additional
oxidation of titanium surface and intensifies the nitriding. The vacuum medium (~1 mPa)
during the heating activates the surface in the result of dissociation of oxide films. In result,
the supply of nitrogen even of technical purity (with oxygen content to 0,01 % vol.) at the
saturation temperatures of 750...850 °C allows to realize the quality nitriding. Providing of
low pressure of residual gases of vacuum before supply of nitrogen into the reaction furnace
does not require the long-duration isothermal exposure (< 2h). Only heating in vacuum
causes the positive result because it excludes the forming of oxide film at heating.
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Fig. 17. Efficiency of the use of vacuum technology elements at nitriding of titanium alloys: I
- vacuum treatment; II - nitriding.

Thus, the proposed vacuum technology before nitriding (fig. 17b) assists the intensification
of thermodiffusion saturation of titanium alloys with nitrogen, allows to decrease the purity
requirements to nitrogen for oxygen impurities at high-temperature treatment (> 850 °C)
and to realize nitriding at the temperatures of 750..850 °C.

Thus, at the use of one or another intensification factor it is possible to influence on the
constituents of nitriding process - nitride formation and gasing. At thermocycling as well as
at the high saturation temperatures both nitride formation and gasing intensify. At the use
of vacuum technology elements (lowering of nitrogen partial pressure, heating before
nitriding and exposure in vacuum) the nitride formation is slowed down but gasing is
activated.

At the same time the nitrided layers formed on titanium alloys are not limited by single
variant of structure (thick nitride film (=1 pm) and gas-saturated area). Depending on the
conditions of nitriding by the control of intensity of physical and chemical processes on the
boundary gas - metal it is possible to form various phase-structural states of surface layers
of the nitrided titanium (fig. 18) which allows to change the level of surface strengthening
(surface hardness, depth of penetration of nitrogen, distribution of microhardness on the
cross section of surface layers) in the wide range, to control by thickness, continuity,
composition stoichiometry and content of oxygen impurities, and, consequently, to realize
the surface engineering of titanium alloys at nitriding according to the requirements of
exploitation.
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Fig. 18. The phase-structural state of surface layers of nitrided titanium alloys: a - gas-
saturated area without nitride film; b, d - thin nitride film and gas-saturated area; c -
nitride islands and gas-saturated area; e - thick nitride film and gas-saturated area.

Thus, the change of thermokinetic parameters of saturation, the use of vacuum technology
elements and corresponding initial deformation texture allow to intensify the process of
nitriding of titanium alloys in molecular nitrogen.

6. Surface engineering of titanium alloys by nitriding for corrosion protection
in aqueous solutions of inorganic acids

Thermodiffusion coatings, including nitride ones, protect the titanium alloys against
corrosion by combining of covering and electrochemical mechanisms (Chukalovskaya et al.,
1993). The covering mechanism is being realized by making of barrier layer on the metal-
medium border and thus it depends on its dimension. The electrochemical mechanism is
defined by electrochemical characteristics of contacting surface and thus it causes the
tendency of system to disturb the balance. In other words, it leads to reactions between
surface layer ions and medium. Thus, protective properties of coatings depend on their
dimension and structural characteristics (such as uniformity, relief, amount of oxygen
impurities). In aggressive medium every mechanism brings in own contribution in
protection. The effective combination of these mechanisms is mandatory criterion to ensure
the high protective properties of nitride layers. The high saturation temperature (950 °C)
provides the high-quality of nitriding in commercially pure nitrogen medium. However, the
increasing of nitride coating saturation by nitrogen as well as the increasing of coating
dimension due to saturation temperature rising do not lead to the improving of protective
properties, but quite the contrary these processes lead to the decrease of these properties
due to roughness and defectiveness raising. The saturation temperature determines the
changes of surface relief. The nitride film forming at the temperature lower then the
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temperature of polymorphic transformation, only follows the material’s matrix geometry.
Nevertheless, at the temperatures higher than polymorphic transformation temperature, the
relief fragments, such as burrs, form a grid and thus a roughness has been developed. The
roughness is in 0,2...0,3 um more than after nitriding at 850 °C. The activity of nitride-
forming on the grain boundaries at high temperatures assists the relief forming. Processes
following a«>f transformation, such as deformation strengthening and three-dimensional
changes, can only enhance the relief. It should be noted that the plastic deformation has
certain influence. The plastic deformation is caused by significant residual stresses during
the thick nitride film forming (Rolinski, 1988). The influence of temperature on the surface
roughness is essential while the influence of isothermal duration is no significant because in
this case the enhancing of surface relief is minimum. For instance, the roughness R, after
different durations (5 h and 10 h) is close: 1,06 and 1,09 um.

The investigations of influence of temperature-time parameters of nitriding on the nitride
coatings dimension reveal that their thickness rises when the temperature and isothermal
duration increase. For instance, after nitriding at the 950 °C thickness increases up to 3...4
pm with duration change from 5 to 10 h as well as from 4 to 5 pm at the duration 5 h but
with the temperature increasing (from 850 °C to 950 °C) and from 5 to 6 pm at duration 10 h.

At the same time low-temperature nitriding (lower than 950 °C) does not provide the
forming of high quality phase composition since the surface becomes dark gold colors. XRD
measurements show TiN and TixN reflexes as well as rutile TiO, ones. It determines by high
thermodynamic relationships between titanium and oxygen, because the active interaction
each other begins at 200...300 °C while with nitrogen - at 500...600 °C. Thus the surface
oxidation takes place before nitride-forming. Oxide films dissolve and dissociate only at the
high temperature (upper than 850 °C).

Therefore, temperature-time and gaseous-dynamic parameters determine the dimension,
quality and phase composition of nitride coating. The oxygen partial pressure and saturation
temperature determine the purity of nitride coating. The roughness of nitride coating depends
on saturation temperature. The thickness of nitride layer is grown with increasing of
temperature and duration. Moreover the influence of temperature is more sufficient.

Since every part of nitride structure brings in own contribution in protection against
corrosion, it can be possible to optimize the morphology of nitride coatings by manipulating
of above-mentioned parameters to achieve the highest protective properties.

The aqueous solutions of inorganic acids dissolve the titanium and its alloys very actively
(Kolotyrkin et al., 1982; Gorynin & Chechulin, 1990; Kelly, 1979). To prevent a significant
corrosion losses the nitrides, carbides and borides coatings are formed, e.g. in chloric and
sulphuric acids corrosion rate of nitrided titanium alloys decreases in hundred times
(Kiparisov & Levinskiy, 1972; Tomashov et al., 1985; Fedirko et al., 1998). In the same time
according to some studies, the corrosion mechanism has differences in chloric and sulphuric
acids (Kolotyrkin et al., 1982; Brynza & Fedash, 1972; Sukhotin et al., 1990). It indicates that
protective coatings must have a different structure and phase composition for use in these
acids.

The corrosion of nitride coatings passes by the parabolic dependence. At first, the nitride
layers are being dissolving and then the oxidation layers takes place. During the corrosion,
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the corrosion cracking of nitride films has been occurred and then the oxidation and
dissolution processes have being following.

Change of quality, morphology and phase composition of nitride coatings influence on their
protective properties in chloric and sulphuric acids.

In 30 % HCI the increasing of thickness of nitride film improves the anticorrosion protection:
kinetic curves of mass losses of nitrided specimens of significant thickness lie below. When
thickness, caused by change of saturation temperature, increases the corrosion losses of light
thin nitride films (5 pm) formed at 900 °C are less in 1,2-1,4 times. Another words, the
thickenings of nitride films caused by longer isothermal duration improve their protective
properties, whereas when it caused by increasing of temperature of saturation - decrease.
Losses of nitride films have been increased in 1,5 times (Fig. 19). Obviously, it connected
with forming of surface relief. To confirm this assumption the influence of coating thickness
was excluded. For that the nitride coatings of different roughness but similar thickness (10
um) have been forming. It has been achieved by nitriding at 950 °C for 10 h and at 1000 °C
for 6 h. It was shown that increasing of roughness is been accompanied by increasing of
corrosion rate near in 2 times (Fig. 20).
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Fig. 19. Dependence of roughness (R,, um), nitride coating thickness (h, um) and corrosion
rate (K, mg/m?2xh) in 30% aqueous solution of chloric acid on nitriding duration at 950 °C.
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Fig. 20. Dependence of corrosion rate in 30% aqueous solution of chloric acid on the
nitriding temperature and time parameters: a - 950 °C, 10 h; b - 1000 °C, 6h.
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Electrochemical measurements in 30 % HCI confirm above-mentioned regularities. The
forms of anodic curves of nitride coating are similar to the nontreated cases. Nevertheless,
the electrochemical values of nitride coating with lower roughness are better: corrosion
potential (Ecor) becomes higher (+0,08 V versus +0,06 V) and corrosion current density (icor)
becomes lower from 1,0 up to 0,2 A/m? at the active dissolution and from 3,0 up to 0,8
A/m? at the passive state (fig. 21). Decreasing of the growth of corrosion current density on
the different intervals of anodic curve is obviously connected with the forming of oxide
films of different composition during the polarization (Gorbachov, 1983).
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Fig. 21. Polarization curves of nitrided titanium in 30% aqueous solution of chloric acid (1 -
950 °C, 5 h; 2 - 850 °C, 5 h).

In 30% HCI the oxygen impurities or oxides including in nitride layers after the nitriding at
850 oC increase the corrosion rate (Table 4). For instance, the corrosion potential of free of
oxygen nitride coating is more positive than oxynitride coating ones (Fig. 21). The corrosion
current density decreases up to 101 A/m2. The decreasing of anodic current density on the
nitride coating in comparison with oxynitride ones indicates about a big braking of
dissolution processes and confirms their advantage in protective properties. Cathode
polarization passes by the hydrogen polarization mechanism. At the cathode polarization
the nitride coating has lower current densities of cathode hydrogen depolarization. It
indicates about the increasing of protection against electron conduction at the cathode
depolarization of hydrogen. It is obviously that the hydrogen pickup of nitride coating is
decrease sufficiently at that it decreases the hydrogen degradation of ones.

Corrosion rate, K,
Coating technique Morphology of coating mg/m2xh
30% HCl1 | 80% HySO,4
Heating and cooling in Nitride coating with large surface 59 120
nitrogen, 950 °C, 5 h relief ¢ ’
Heating and cooling in Multiphase coating (mixture of 97 70
nitrogen, 850 °C, 5 h nitrides and oxides or oxynitrides) ! !

Table 4. Corrosion rate of nitride coatings of different morphology in aqueous solutions of
inorganic acids
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The mass losses investigations of corrosion processes confirm the high protective properties
of nitride coating without oxygen impurities (Table 4).

In 80% H>SO; protective properties of nitride coating are changed: nitride layer without
oxygen impurities is characterized by the lower corrosion resistance than oxynitride layer, e.g.
more negative corrosion potential and higher current density at anodic dissolution (Fig. 22).
Since the values of overstresses in both cases are similar the increasing of anodic characteristics
of oxynitride coating should be related to addition modification of nitride coating by oxygen.
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Fig. 22. Polarization curves of oxynitride (1) and nitride (2) coatings on the titanium surface
in 80% aqueous solution of sulphuric acid.

Indeed, the kinetic curves of mass losses of nitride coating without oxygen impurities are
situated higher and corrosion rate is in 3...10 times bigger than the oxynitride layer ones. It
indicates about the good protection properties of oxynitride coatings. The positive role of
oxygen impurities at the providing of protective properties of nitride coatings in sulphuric
acid should be explained by different activity of chlorine- and sulphate-iones in passivation
processes.

Differences in protective properties of nitride coatings in aqueous solutions of sulphuric and
chloric acids indicate about necessity of differential approach to a protection against
corrosion of titanium. Nitride coatings are more effective for use in chloric acid whereas
oxynitride coatings are more effective in sulphuric acid.

Oxygen impurities in nitride coatings increase the corrosion losses in chloric acid whereas it
decreases the corrosion dissolution in sulphuric acid.

Decreasing of nitride surface roughness at the simultaneous retaining of big thickness
improves the protection properties in inorganic acids. More effective way to decrease the
roughness is the decreasing of temperature of saturation. Increasing of thickness due to
the large duration increases the protection properties but due to higher temperature -
decreases ones.

7. Influence of nitriding and oxidation on the wear of titanium alloys

The methods of thermodiffusion surface hardening of titanium alloys and, specifically, the
procedures of thermal oxidation and nitriding have serious advantages over the other
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available methods under service conditions excluding the application of high contact
stresses (>4 MPa) (Gorynin & Chechulin, 1990; Nazarenko et al., 1998). They are
technologically simple, guarantee the reliable physical and chemical characteristics of
treated surfaces, and do not require any additional technological procedures. Unlike the
application of coatings, in this case, we have no problems connected with the adhesion
between the hardened layers and the matrix, porosity, and, hence, with the sensitivity to
aggressive media.

Let's analyze the wear resistance of titanium after thermal oxidation and nitriding.

To increase the output and efficiency of the technological processes of surface hardening, it
is necessary to find out the ways of their intensification because the procedure of
thermodiffusion saturation of titanium alloys, e.g., with interstitial impurities (oxygen,
nitrogen, carbon, and boron), requires high temperatures and long duration. At present, the
problem of intensification of the thermodiffusion saturation of titanium alloys with oxygen
finds its solution in new technologies of thermal oxidation. Both the duration of process of
getting the desired thickness and degree of hardening of the diffusion layer and its
temperature can be decreased by applying of the procedures of boiling-bed and vacuum
oxidation.

The thermodiffusion saturation of titanium alloys with oxygen from the boiling bed (650-800
°C, 4-7 h) is accelerated due to the activation of the surface of workpieces in contact (friction)
with sand particles, which intensifies the processes of absorption and adsorption (Zavarov
et al., 1985). In this case, we observe the formation of a hard (with a surface microhardness
of 6.0-8.5GPa depending on the alloy) wear-resistant diffusion layer consisting of a 3-7-um-
thick film of titanium dioxide (in the rutile modification) and an interstitial solid solution of
oxygen in titanium with a thickness of 20-70 pm.

However, the non-uniform boiling of sand, its insufficient degree of dispersion and
deviations from the required temperature conditions quite often lead to the formation of
cavities on the titanium surface and exfoliation of the surface layer, which means that the
corresponding workpieces must be rejected.

More stable results are attained in the process of thermal oxidation (700-1050 °C, 0.3-7 h) of
titanium alloys in a vacuum (~ 0,1 Pa). In this case, the surface of workpieces is saturated
with residual gases of vacuum media (oxygen, nitrogen, and carbon), which results in the
formation of a hard wear-resistant layer consisting of two areas: a complex compound of
titanium oxides, nitrides, and carbides and an interstitial solid solution of these elements in
the matrix.

The procedure of nitriding of titanium alloys is carried out at temperatures of about 950 °C
for 15-30 h either under the atmospheric pressure (10> Pa) or in rarefied nitrogen (< 102 Pa)
(Gorynin & Chechulin, 1990). Long periods of holding at high temperatures result in the
irreversible growth of grains in the titanium matrix accompanied by the formation of brittle
surface layers and, hence, in a pronounced deterioration of the mechanical characteristics of
nitrided workpieces. The characteristics of plasticity and fatigue life of the material prove to
be especially sensitive to high-temperature treatment (Table 5). Thus, after nitriding in the
indicated mode, the plasticity of unalloyed VT1-0 titanium becomes in 2.3 times lower than
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after oxidation in a vacuum. At the same time, its fatigue life decreases by a factor of 3-6
depending on the level of strains (Table 5, rows 2 and 3).

No | Treatment Alloy o, MI1a 0, % Fatigue life, cycles
e=10% e=15%

1 No treatment VT1-0 450 34,5 2500 900
OT4-1 790 19,3 10100 2200
BT6s 1040 15,3 33700 6500

2 Oxidation VT1-0 374 21,7 1000 300
OT4-1 729 5,9 2600 250
BT6s 975 7,2 11700 2000

3 Nitriding VT1-0 395 9,3 300 50
OT4-1 735 51 2700 230
BT6s 950 4,8 4200 1500

4 Nitriding in VT1-0 369 32,9 4000 770
rarefied nitrogen 0T4-1 740 18,4 3700 670
VTé6s 943 14,2 13200 3100

Table 5. Mechanical characteristics of titanium alloys.

Thus, the energy consumption, productivity, and the general level of the attained
mechanical characteristics of workpieces for the procedure of oxidation are better than for
nitriding. At the same time, the process of nitriding enables to set the higher degrees of
surface hardening than oxidation due to the difference between the ionic radii of the
interstitial elements (0,148 nm for nitrogen and 0,136 nm for oxygen). Moreover, titanium
nitrides are characterized by much smaller Pilling-Bedworth ratios (1,1 for TiN and 1,7 for
TiO»), coefficients of thermal expansion and residual stresses in the surface layer of nitrides,
which excludes the possibility of violation of the continuity of the formed film (Strafford,
1979). In addition, the corrosion resistance of nitrided layer is higher than the corrosion
resistance of the oxidized layer. Thus, the intensification of nitriding makes it possible to
decrease the temperature and time of treatment and preserve the characteristics of
toughness of the base material. This enables us to recommend this type of treatment as an
efficient and cost-effective method of surface hardening.

The diffusion coefficient of nitrogen in titanium nitride is in 2-4 times lower than in
titanium. Indeed, at 850 °C we have DNy = 3,95 10-13 cm2%s-1, DN 1; = 1,81 10-11 cm2xs-1, and
DNg.1; = 9,03 10 cm2xs1,

As the nitrogen partial pressure decreases due to the weakening of the barrier effect of the
nitride film or its complete vanishing, the process of nitriding intensifies. However, a vacuum
of 102 Pa is insufficient for a positive effect attained only if the pressure of the dynamic
atmosphere of nitrogen is as low as 0,1-1 Pa for a feed rate of the gas of 0,003 1/min (Fedirko &
Pohrelyuk, 1995). The elements of vacuum technology (heating in a vacuum and preliminary
vacuum annealing) also intensify the thermodynamic saturation of titanium with nitrogen.

The low pressure of residual gases of rarefied atmosphere (~ 10 mPa) prior to the delivery of
nitrogen in the stage of heating and, for a short period of time (< 2 h) at the saturation
temperature, activates the titanium surface and promotes the dissociation of oxide films.
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These technological procedures decrease temperature and time of treatment down to 800-
900 °C and 5-10 h and, hence, significantly improve the mechanical characteristics of
nitrided samples (Table 5, rows 2 and 4). Thus, the plasticity and fatigue life of nitrided VT1-
0 (c.p. titanium) are, respectively, in 1,5 and 2,6-4,0 (depending on the level of strains) times
higher than in the case of oxidation.

The outlined procedure of nitriding leads to the formation of a hardened layer consisting of
a TiN + Ti;N nitride film (£ 1 pm) and a deep diffusion layer (100-180 pm).

Let's compare the wear resistance of the oxidized (in a vacuum of 0,1 Pa at 850 °C for 5 h)
and nitrided [heating to 850 °C in a vacuum of 10 mPa, creation and maintenance of a
dynamic atmosphere of nitrogen (1 Pa, 0.003 1/min) for 5 h, and cooling in nitrogen]
titanium. The surface microhardness of nitrided and oxidized layers was 7,9 and 5,1 GPa
and the thickness of hardened layer was 100 and 55 pm, respectively.

Wear tests were carried out for the case of boundary sliding friction with lubrication with a
AMG-10 hydraulic fluid in an SMTs-2 friction-testing machine by using the disk-shoe
mating scheme. The contact load was as large as 1 and 2 MPa. The counter body was made
of bronze. The sliding velocity was equal to 0,6 m/s. The friction path was equal to 10 km.
To make the contact area of the mating bodies not lower than 90%, the friction couple was
run in on a path of 200 m. We analyzed the mass losses of the treated specimens and counter
bodies, the friction coefficients, and wear depending on the lengths of the basic friction
paths (1, 2, 2, 2, and 3 km).

It was discovered that the wear resistance of nitrided titanium is quite high. After testing, the
mass losses of the disk for the indicated contact loads did not exceed 1 mg (Fig. 23, curves 1
and 2). The influence of the load is noticeable (i.e., for 2 MPa, the mass losses are higher) only
for the first 1.5 h of operation of the friction couple (this corresponds to a friction path of about
3 km). After this, the mass losses under loads of 1 and 2 MPa are practically equal.

Fig. 23. Kinetics of mass changes of nitrided (1, 2) and oxidized (3, 4) disks of VT1-0 titanium
in the process of friction with BrAZh9-41 bronze: 1, 3 - 1 MPa; 2, 4 - 2 MPa.
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The process nitriding of titanium alloys is accompanied by the formation of a typical surface
pattern, which worsens the quality of the surfaces of the workpieces (the parameter R,
increases by 0,4-0,7 mm). During the friction, the microproasperities (elements of the
pattern) are separated, move into the contact zone, and finally, penetrate into the relatively
soft counterbody. These hard particles of nitrides play the role of an abrasive substance and
make scratches of relatively small depth in the nitrided surface. Thus, to enhance the
characteristics of wear resistance, it is necessary to improve the quality of the nitrided
surface, which, in turn, depends on the temperature of nitriding (the lower is the saturation
temperature, the lower the roughness of the surface) (Fedirko & Pohrelyuk, 1995).

The nitriding noticeably increases the antifriction characteristics of titanium in a friction
couple with bronze. The friction coefficient equal to 0,18 is stable and independent of contact
pressure.

The process of friction of the oxidized disk is accompanied both by the wear of its surface
layers and the process of transfer of small pieces of soft bronze to the oxidized surface. This
is connected with the adhesion of bronze particles to the disk leading to the formation of
unstable secondary structures, which are destroyed and removed in the course of friction,
and the process is repeated again. As a result, the time dependence of the mass of the
oxidized disk is not monotonic (Fig. 23, curves 3 and 4). Under a load of 1 MPa, the
processes of mass transfer of bronze and its fracture are practically balanced. As a result of
fitting of the mating surfaces, the friction coefficient decreases from 0,23 to 0,14 and then
stabilizes. Under a load of 2 MPa, the mass transfer of bronze is predominant and, in the
course of time, the oxidized surface is more and more intensely rubbed with bronze. The
friction coefficient is unstable and varies from 0,24 in the stage of fitting to 0,22-0,21 in the
stationary mode. In aggressive media, the appearance of bronze on the oxidized titanium
surface leads to the formation of galvanic couples and, thus, promotes the corrosion
processes.

The mass increment of the oxidized disk exceeds the degree of wear of the nitrided surface
by one or even two orders of magnitude and the wear of the counterbodies is of the same
order. Moreover, the wear of the counterbody is more intense in couples with the nitrided
and oxidized disks and, thus, determines the wear of the friction couples.

In the friction couple of nitrided titanium with bronze, the wear of bronze exceeds the wear
of the nitrided disk by more than three orders of magnitude. Under a load of 1 MPa, the
mass loss of the shoe is a monotonically increasing function of time (Fig. 24, curve 1). Under
a load of 2 MPa, this process becomes in 1,4-1,6 times more intense (curve 2). For a friction
couple of oxidized titanium with bronze, the increase in the load leads to a more
pronounced increase in the wear of the shoe (by a factor of 3,4-3,8) (Fig. 24, curves 3 and 4).
Moreover, under a contact pressure of 1 MPa, the mass losses of the shoe in the process of
friction with the nitrided disk are in 1,9 times greater than for the oxidized disk but, under a
pressure of 2 MPa, the situation changes and the mass losses of the shoe coupled with the
oxidized disk are in 1,6 times greater than for the nitrided disk.

The mass losses of the friction couples and their elements after different parts of the basic
friction path have their own regularities. Let's now consider the wear of the counterbody in
the process of friction against the nitrided and oxidized disks.



172 Titanium Alloys — Towards Achieving Enhanced Properties for Diversified Applications

Am,g

—
—t

0.7
0,5
03

01

] | 1L
0 06 L5 24 33 47 th

Fig. 24. Kinetics of the mass losses of the counterbody of BrAZh9-41 bronze in the process of
friction with nitrided (1, 2) and oxidized (3, 4) disks of VT1-0 titanium: 1, 3 - 1 MPa;
2,4 -2 MPa.

In the former case, the wear of the bronze shoe after fitting and the first reference section
(200 and 1000 m) first increases, then stabilizes at a level of 0,12 g (0,21 g) under a contact
load of 1 MPa (2 MPa) and, finally, begins to increase again. In the latter case, the wear of
the bronze is different for different sections of the friction path and under different stresses.
Thus, under a load of 1 MPa, the mass loss of the bronze shoe slightly increases after fitting
and then stabilizes. Only at the very end of the tests, we observe a weak tendency to
increase in the mass losses. Under a load of 2 MPa, the wear of bronze significantly increases
after fitting, then decreases and, finally, stabilizes.

It seems possible that the intense wear of the counterbody in the process of friction against the
nitrided or oxidized titanium surface is explained by the hydrogenation of bronze as a result of
tribodestruction of the lubricant (Goldfain et al., 1977). This observation is confirmed by the
formation of bronze powder, which may be caused by the dispersion of hydrated bronze.

Thus, as compared with recommended nitriding, the application of oxidation as a method
for increasing the wear resistance of titanium alloys is reasonable only under low contact
stresses (< 1 MPa). Under higher contact stresses, the processes of oxidation and nitriding
are characterized by practically equal levels of energy consumption and productivity but the
tribological and mechanical characteristics of nitrided titanium are better than the
corresponding characteristics of oxidized titanium.
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Anodic Layer Formation on Titanium
and Its Alloys for Biomedical Applications

Elzbieta Krasicka-Cydzik
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1. Introduction

Properties of the oxide layers on titanium and its implant alloys can be tailored to desired
applications by anodizing parameters. Electrochemical oxidation in various electrolytes and
different polarization regimes may shape the morphology, structure and chemical
composition of oxide layers to enhance the use of titanium materials in electronics,
photovoltaic and medicine. Phosphate electrolytes play specific role in the anodizing
process. Besides forming compact barrier layer they enable also to form porous and
nanostructural oxide layers enriched with phosphates, which enhance their bioactivity.

The formation of anodic layers: thick or thin, compact or porous, gel-like and nanostructural
on titanium and its alloys Ti6Al4V and Ti6Al7Nb in phosphoric acid solutions of different
concentrations is described in this charter. Basing on morphological and chemical
composition analysis (SEM, XPS) as well as on the electrochemical examination the influence
of electrolyte composition on enrichment of surface oxide layers with phosphates and
fluorides, enhancing their bioactivity, is presented. Studies to use Ti/titania systems as the
platforms of the electrochemical biosensors to detect H,O, and glucose proved the
opportunity to use the nanotubular titania material as a platform for the 2rd generation
biosensors.

2. Oxide layers on titanium and its implant alloys formed in H;PO, solutions

Anodic films formed on titanium and its alloys are of great interest due to the industrial
applications of metal covered with oxide layers of various and unique properties [1-7].
These layers have been investigated extensively by many authors [8-11]. Thick oxide layers
on titanium, obtained by anodizing, provide improved resistance to local corrosion [12].
Anodizing can result in the adsorption and incorporation of inorganic and organic,
biologically important species, e.g. phosphate ions, into the oxide layer. Such surface layers,
desirable for medical implants, are not only corrosion resistant in a biological environment,
but also compatible with tissue response [13-15]. Anodizing titanium and its alloys has been
investigated in a wide range of parameters [16-20], which include also the participation of
the electrolyte components, e.g. anions, in the formation of anodic films [21, 22].

At anodizing oxide layers are formed according to the following reaction [17, 23]:
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n Me + m HyO - MeOm + 2 m H* + 2m ¢ 1)

Studies in this field [24, 25] have shown that, phosphate ions can be incorporated into the
anodic layer on titanium and Ti-6Al-4V, and in turn stimulate the formation of the bio-
compatible hydroxyapatite [26].

Anodizing in phosphate solutions exhibit some advantages over other acid and base
electrolytes. First of all less corrosive attack of phosphoric acid on titanium and its alloys,
when compared with other acidic media, is related to the strong adsorption of phosphate
anions on the surface [27,28]. Although unalloyed titanium is resistant [11] to naturally
aerated pure solutions of phosphoric acid up to 30 % wt. concentration (~3.6 M) in
phosphoric acid of lower concentrations (0.5-4 M), mainly non-dissociated acid molecules
and H>PO4- of phosphate ions exist [29,30] and they exhibit a strong affinity or complexing
power towards most metal cations.
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Fig. 1. Adsorption of phosphates onto TiO; [28] and effect of pH on phosphoric acid
composition [30]

Thus, anodizing in phosphate solutions leads to the incorporation of phosphate ions into the
oxide layers on titanium and Ti-6Al-4V [5-8] influencing their bioactivity and stimulating
deposition of the biocompatible hydroxyapatite. The latter may be used to shape properties
of titanium implant materials for medical purposes.

2.1 Thin porous anodic layers

Anodic layers on pure Ti and its alloys Ti6Al4V ELI and Ti6Al7Nb (ASTM F136-84), alloys
in the annealed condition) can be formed by anodizing carried out at ambient pressure and
room temperature in non-deaerated electrolyte solutions of 0.5 M H3PO,. Both techniques,
the galvanostatic at anodizing current density values varied in the range of 0.1-0.5 Am-2 and
the potentiostatic at up to 60V [22] are used. The oxide layers, 30-120nm thick, enriched with
phosphorus are formed in these conditions. With mechanical and chemical pre-treatment
applied to titanium and its alloys: Ti6Al4V ELI and Ti6Al7Nb (Timet Ltd, UK) [12-20], the
layers obtained at 60V in phosphoric acid are golden and porous [11, 24-26] (Fig. 2) and they
show very stable values of currents in passive region up to 1 V (SCE) (Fig.3) [11]. At other
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polarization parameters however layers of different thickness and colorization are formed
[11]. Due to the presence of phosphates in the anodic layers they are highly bioactive in
comparison to oxides formed in other electrolytes. Just after 9 days in the SBF solution
(Simulated Body Fluid) they are covered with hydroxyapatite deposists (Fig. 2) [27].

Fig. 2. Porous titania layers on Ti formed at 0.5 A/m?2in 0.5 M H3PO, [22] (a,b) and HAp
particles on anodic layer after 9 days in SBF solution [21, 25, 27] (c), JEOL JLM 5600 EDS

The bilayer structure of compact oxide covered with HAp particles can be demonstrated also
in the impedance tests (Fig. 3). The first time constant in Bode diagrams in range of the high
and intermediate frequencies confirmed the high R; resistance of the barrier layer covering the
anodized metal, thus giving the evidence of its high corrosion resistance. The second time
constant corresponds to porous layer above the barrier one. Its lack in case of the Ti6Al4V ELI
indicates the different characteristics of the coating on this implant material.

L
o [ meame
L TN
L} \I
i v —
\ ", Fa Ti
5 _,,,a—-"‘ ‘-L\-‘“ H"‘+ .‘.- .-'.
— W s TIBAITND
TieAMY ELI W # ~ ;
4 . 1\}' i \',
“w e Y
Boa ¥ l‘lI|I L 4
3 ‘\.\ \ L
. L.
2 .h"t_k_ \\:!-
1 TIGAMVY ELI ™.
1o 1] 1 2 3
- logF

Fig. 3. EIS spectra recorded after 9 days in SBF solution [21, 25, 27] for anodic layers on Ti,
Ti6Al4V and Ti6 Al7Nb formed at 0.5 A/m2in 0.5 M H3POj4 [22]

To investigate the effect of phosphoric acid concentration (0.5 - 4 M) on the anodising of
titanium and its alloys the galvanostatic and potentiodynamic techniques have been applied
[11,19]. Particularly, the galvanostatic method with low current densities, up to 0.6 Am?2,
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applied in order to minimize side effects (ie. oxygen evolution), and more importantly to
determine processes responsible for the growth of the oxide layer on the anodised metal at
the early stages of its formation, allowed to observe the abnormal behaviour of titanium at
anodizing. In Fig. 4 the results presenting the minimum rates of potential growth at initial
stages of galvanostatic anodising in 2 M H3POy solutions are shown.
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Fig. 4. Surface response for the investigation of the effect of H;PO, concentration and
polarization current on the rate of potential growth dE/dt at galvanostatic anodizing of
titanium [11]

Also the anodic polarization curves for titanium in electrolytes of different concentration
show various shapes and different slopes in active-passive region (Fig.5).Potentiodynamic
control at a comparable rate in 2 M H3PO, applied to titanium and two of its implant alloys,
Ti6Al4V ELI and Ti6Al7NDb, revealed a shift in corrosion potential toward the anodic
direction with the lowest current densities in the passive region. This was possibly due to
the effect of adsorption of phosphate ions onto the surface layer.

2.2 Gel like layers on anodic titania

Active-passive transition of titanium in phosphoric acid solutions of 0.5-4 M [11,19] reveals
that the growth of anodic layer is affected proportionally by the applied anodic potential,
but shows the unusual influence of electrolyte concentration. Under galvanostatic
conditions at low current densities (0.1-0.6 Am-2) the slope of dE/dt shows the minimum at
the concentration ~2 M H3POy (Fig. 4), which is resulted due to a coating of an oxide film by
an additional gel-like layer during anodizing, [28, 29], similar to the one observed in other
media on aluminum.

It was found that the active-passive transition was a process in which an inhibiting effect of
phosphate ions on a dissolution of oxide layer was observed during anodizing [29]. Typical
examples of voltage vs time transients (dE/df) during the growth of the galvanostatic anodic
oxide film on titanium for the current density of 0.5 A/m? (Fig. 5a) show that the
continuous linear growth of potential to the steady state, demonstrates the lowest value in 2



Anodic Layer Formation on Titanium and Its Alloys for Biomedical Applications 179

M H;POy. Polarization curves (Fig.5b), show that after an initial range of cathodic
depassivation, samples reach the corrosion potential E.r. Then an active-passive transition
is observed with passivating currents the order of a few microamperes, which are typically
observed during the passivation of titanium and its alloys. Anodic curves for 0.5 M and 3 M
H3PO, solutions (Fig.5b), illustrate quasi-passive behaviour in active-passive transitions,
while curves for 1 and 2 M H3PO,, having the higher corrosion potential E., do not show
linear dependence in this potential region. The differences in anodic Tafel slopes are
accompanied by a shift of the E.,, value in the positive direction by ~0.15V with the increase
of H3PO4 concentration to 2 M (Fig. 5b).
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Fig. 5. Corrosion potential values Ecor of Ti anodised at 0.5 A/m2 in 0.5-2 M H3PO4 in SBF
solution [11,29] (a) and active-passive transition regions of polarization curves for titanium
(scan 3 mV/s)in 0.5-4 M H3PO4 (b)

SEM/EDS examination confirm the evidence of two-layered surface film. Such layers
presented in Fig. 6, show the whole surface covered by a gel-like layer of H3PO4x0.5H>0.
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The SEM/EDS examinations reveal that thin films of anodic titania oxide are covered by gel-
like layer with crystalline phosphates nuclei inside. Phosphates deposits are few in layers
formed in 0.5 M H3POy, but numerous and uniformly dispersed in a surface oxide of sample
anodised in 2 M H3PO,. However, the oxide and phosphates are covered with the additional
layer consisting of 76.3£3.6 wt.% of phosphorus and 23.7£1.5wt.% of oxygen (Fig.6a and 6b).

15kU HZ,0088 10um

Fig. 6. SEM micrographs of titanium surface anodized at 0.5 A/m?2 in a,b) 0.5 M,c)2 M
H3PO, [29], and d) HAp particles on anodic layer after 9 days in SBF solution [21, 27]

The EIS spectra of titanium after anodizing at 0.5 A/m? in 0.5-2 M HsPO, (Fig. 7), exhibit a
behavior typical of a metallic material covered by a porous film which is exposed to an
electrolytic environment [6]. Two time constants are seen in the spectra: the first in the high-
frequency part arises from the ohmic electrolyte resistance and the impedance resulting
from the penetration of the electrolyte through a porous film, and the second in low-
frequency part accounts for the processes at the substrate/electrolyte interface.
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Fig. 7. Impedance spectra for titanium anodised in 2 M H3PO, exposed to 0.9% NaCl solution
a) Nyquist spectra, b) Bode diagrams and results oftheir fitting to c) equivalent circuit

The EIS data can be fitted to the equivalent circuit in Fig. 7c, which consists of a solution
resistance R, the capacitance C, of the barrier layer, the charge transfer resistance associated
with the penetration of the electrolyte through the pores R; and the polarization resistance
of the barrier R as well as the electrical double-layer capacitance at the substrate/electrolyte
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interface Cp,. In the case of surface layer formed in 2 M H3PO, the specimen is covered by a
passive oxide film of higher impedance (Fig.7a). The significant increase of the resistance Ry,
and R, values for the 2 M H3PO, anodized samples, over those determined for the 0.5 M
H3PO, anodized titanium, confirm that the EIS results are complementary to those obtained
by E.r measurements and potentiodynamic polarization studies [11,31].

Titanium as metal very sensitive to the pre-treatment [33], due to the polishing, rinsing with
water and drying, is usually covered by an air-formed oxide film and on immersion into
acid solution shows potentials of the active-transition region [32-34]. However, in solutions
of low pH may become active. In sulphate solution the anodic oxide film on titanium
dissolves giving Ti3* ions [11]. Typical activation behaviour and slow decrease in the open-
circuit potential (-0.3 V SCE), is observed on immersing titanium into 1M HCI [35,36].
Titanium behaves differently in H3PO4 solutions. Although the values of E. ranging from -
0.1V to -0.6V (SCE) indicate in Pourbaix diagram [29] that the oxide film should dissolve to
Ti%*, on immersion to H3PO, solutions titanium shows the continuous shift of potential
towards the anodic direction [32]. Such a tendency indicates that the rate of the anodic
reactions is continually decreasing, as a result of the presence of an adsorbed, additional
layer on the metal surface [37]. Thermodynamic data [11,33] for the potential E > -0.8V
(SCE), indicate that the following reactions on titanium are likely:

Ti03 + 6 H* + 2 =2 Ti2* +3 HO E°=-0.478 V - 0.177pH - 0.059 log(Ti2*) 1)

Ti203 + HO =2TiO2+2H*+2e E°=-0.556V - 0.059 pH 2)
Ti,03 + 3 HO = 2 TiO, HXO + 2 H* + 2 - E°=-0.139V - 0.059 pH 3
2 Ti(OH)3 + H2O=2 TiO>H,O + 2 H* + 2e- E° =-0.091V-0.059 pH 4)

In acidic solutions within the cathodic region, the only oxide dissolution is reaction (1). This
reaction determines the potential-current changes in active-passive region of titanium in 0.5
M and 3-4 M H3POy, whereas due to the shift of the corrosion potential E,, towards the
anodic direction for titanium immersed in 1-2 M H3PO, electrolyte, its direct oxidation
proceeds according to reactions 3 and 4. These results indicate that, the layer of phosphates
(Fig. 6) blocks the oxide dissolution. Insight into the adsorption of phosphates to TiO»
surface revealed the hypothesis according to which they form covalent bonding to oxygen
[38], or metal ions react with phosphate anions forming a gel of metal hydrophosphates [39].
Both proposed processes would lead to local increase of pH at the oxide surface and in
consequence to the increase of concentration of dihydro-phosphate ions (E-pH diagram)
[29]. Then, on phosphates covered titanium oxide electrode, the following gel like layer
formation could proceed

2 HoPOy + 2 HO* + (n-2) HO—> 2 HaPO; x 11 0 )

This attribution agrees with Morligde’s et. al. results on aluminum [40]. Both reactions: the
phosphates adsorption and gel-like layer formation are non-faradaic, but are competitive
towards the oxide dissolution (reaction 1) with regard to proton consumption. The
advantageous effect of these two reactions on the anodizing, may be attributed to an
inadequate supply of H* ions to keeping up with the demand for the reaction (1) of oxide
dissolution. The increasing coverage of the anodized titanium surface by phosphates ions
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with the electrolyte concentration provides the evidence of a direct influence of electrolyte
anions in suppressing the formation of dissolved titanium ions. According to potential/pH
diagram for P-Ti-H,O system [41], HsPO4x0.5H,O, the product of reaction 5, is stable
thermodynamically in solutions of pH ranging to 3.

Thus, due to the applied anodizing conditions formation of either thin and porous oxide
layer [11-23] or gel-like phosphates rich layer of HsPO4x0.5H,O [11, 24-29, 42], covering
thicker oxide layer on titanium can be obtained.

2.3 Bioactive layer

Apart from mechanical properties and biocompatibility, which make titanium and its alloys
the materials of choice for various applications (artificial hip and knee joints, dental
prosthetics, vascular stents, heart valves) also enhancement of bone formation is desired
feature of a metallic implant developed through adequate surface treatments to obtain
proper osseointegration.

Fast deposition of hydroxyapatite (HAp) coatings on titanium and its alloys Ti6Al4V and
Ti6 Al7Nb substrates anodised in H3PO4 was observed [21,23,25]. Anodizing in 0.5 M H3POy,
which produces phosphates enriched porous sub-surface layer on of titanium and its alloys
Ti6Al4V and Ti6Al7N [22] or anodizing in 2 M H3PO, which generates phosphates rich gel-
like layer [31,42] may be used to enhance hydroxyapatite (HAp) deposition (Fig.8). For the
latter anodic layers soaking the anodised substrates in simulated body fluid (SBF) resulted
in the deposition of a uniform coating in 24 hours (Fig. 9). SEM and EDS investigations
revealed that after 9 days thick coating consists of HAp globular of diameter varied from
100 to 300 nm aggregates. The Ca-O-P deposits merge in large clusters and they are seen in
large numbers on both alloys, particularly on Ti6Al4V anodized in 2 M H3PO,.

f

Fig. 8. SEM micrographs of titanium (a,b) and its alloys: Ti6Al4V (c,d) Ti6Al7Nb (e f) surface
anodized at 0.5 A/m? in 0.5 M H3POy after 24 h (abc) and 9 days (b,d,f) in SBF solution [21, 23]
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SEM observations (Fig.8) and EDS microanalysis indicate the presence of deposits dispersed
on the surface of anodised titanium and its implant alloys. However, deposits are are non-
uniformly dispersed on a surface. Titanium and its two alloys anodised in 0.5M H3PO, are
covered with very thin oxide layer, which includes numerous and more scattered Ca-O-P
deposits of diameter varied from 200 to 800 nm, suggesting the heterogeneous nucleation of
Ca-O-P on TiO; covered surface. Althogh just after 24 hours deposits are seen on the surface of
the 3 materials (more deposists on the Ti6Al4V alloy) the continuous films cover the whole
surfaces after 9 days in SBF solution. At higher magnification it is seen that the film on
titanium is formed of more flatter layer of deposits and broken layer of titanium oxides with
titanium phosphates, whereas film on both alloys comprise small globules of Ca-O-P. The ratio
of Ca/P ranging from 1.26 to 1.42 corresponds to non-steochiometric hydroxyapatite.
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Fig. 9. EIS) spectra recorded during immersion of titanium and Ti6Al6V samples anodized
in 0.5 M and 2 M H3POy in SBF solution [21,23]

Impedance (EIS) spectra (Fig. 9) recorded during immersion of the anodized titanium and
the Ti6Al4V alloy in simulated body fluid (SBF) for titanium and Ti6Al4V alloy show
changes in capacitance and structure of surface layers as well as differences between
coatings on titanium and its alloy and confirm the SEM observations (Fig. 8). Titanium
exhibits two-layered structure: the inner oxide layer is covered by an outer layer of more or
less uniformly distributed various size Ca-P-O deposits. On contrary the Ti6Al4V alloy is
coated by a more uniform and dense layer of deposits (Fig. 8 ¢, d) and much lower
concentration of titanium oxide on a surface [25].
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3. Nanostructural oxide layer formed in phosphate solutions

In the last 20 years anodizing has been also used as a method to form nanooxides on metal
surfaces. Formation of self-organized titania nanotubes with high level organization of pores
on large surfaces [43-48] became very useful technology applied to many purposes, i.e. to
modification of surgical implant surfaces and to biomedical sensing. Titania nanotubes, just
like barrier type titania, combine very well with osseous tissue and can be a perfect basis for
osteoblasts in surgical implants. Studies focused on controlling the size and arrangement of
pores [49-54], aiming at bone ingrowth and on use of titania nanotubes platform for
biosensing, due to their capability to combine with e.g. enzymes, proteins or biological cells,
brought promising results [55,56].

Formation of nanotubes at different polarization parameters in various electrolytes [57-60] as
well as various scan rates during the very first seconds of anodizing, may help tailoring the
oxides for effective implantation and improve their properties for biomedical and sensor
applications. For the latter applications titania nanotubes require better ordering ie. controlled
diameter achieved during improved oxide growth kinetics. For the last 5 years in several
papers [61-64] it has been revealed that the value of polarisation determines the diameter of
nanotubes. Every additional 5V of potential increases the nanotubes diameter of about 20nm,
whereas the time of anodizing determines the length of the nanotube layer. Moreover, the low
pH and organic aqueous solutions assure more regular shapes of nanotubes.

3.1 Nanotubes on titanium in phosphate solutions

Electrochemical oxidization of titanium can be carried out in electrolytes with or without HF
additives [65-67]. Attempts to assess the optimal scan rate/fluoride concentration ratio for
formation of structurally uniform nanotubes [60] revealed that 1M H3PO4+0.3% wt. HF is
the most proper electrolyte for anodizing at 0.5Vsl. To study the effect of phosphates
concentration, layers of titania nanotubes were produced in electrolytes of different
phosphoric acid concentration. Their properties as the future coatings on titanium for
medical uses were characterized by SEM/EDS observations and capacitance tests in
simulated body fluids. Formation of oxide layers on titanium in phosphoric acid solutions
with additions of fluoride ions [50] at 25°C, is usually carried out in two stages: the first
stage potentiodynamic to the desired potential and the second stage, potentiostatic with
fixed potential on electrodes for over 2 hours (Fig. 10).

Fig. 10 shows the behavior of titanium polarized from the OCP (Open Circuit Potential) to
20V with a sweep rate of 0.5Vs~! in phosphoric acid solutions of different concentration (1M,
2M and 3M H3;POy) containing 0.4 wt.% HF. Flat polarization curve confirm passive
behavior of titanium anodized in 2 and 3M H3PO,+0.4 wt.% HF, contrary to current
transients recorded in 1M H3PO4+0.4 wt.% HF. The increase of current with potential in that
region usually can be explained by the presence of some pores [9]. Polarization curves for
more concentrated phosphate solutions show the presence of the anodic peaks, which can be
ascribed to the oxygen evolution [6] followed by a broad passive region. By fixing the
concentration of HF (fixing the dissolution rate) the decrease of current with potential
indicates that oxide formation dominates over oxide dissolution at relatively higher field
strengths or/and passive layer of phosphates is formed over nanotube titania in 2 and 3M
H3PO4+0.4 wt.% HF solutions.
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Fig. 10. Transients for potentiodynamic experiments recorded for titanium anodized to 20V
(with scan rate 500mV /s) at various concentration of supporting electrolyte H3PO,, a) 1M, b)
2M, c) 3M with addition of 0.4% wt. HF [53]

Anodic titania nanotubes formed on titanium in 1-3 M H;PO, with 0.4% wt. HF (Fig. 11)
show the morphology of nanotubes on titanium which differ in diameter and the layer
thickness due to electrolyte concentration.

Fig. 11. SEM images of titania nanotubes formed anodically prepared at 20V for 2 h in
aqueous solutions of H3PO, ranging from 1 M to 3 M with 0.4% wt. HF (field emission JEOL
7600F) [53,54]

SEM observations (Fig. 11) confirmed formation of a highly organized nano-sized pores,
ranging from 90 to 120 nm in all applied electrolytes. As apparent, the average nanotube
diameter is slightly affected by the supporting electrolyte concentration. Also, the increase
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of the latter from 1M to 3M under fixed HF concentration results in significant decrease of
nanotube layer thickness, from 760£35 nm to 590435 nm, respectively.

H3PO, Diameter Thickness
Concentration (+/- 10nm) (+/- 35nm)

Table 1. Diameters of nanotubes and the thickness of their layer on titanium formed in 1-3 M
H3;PO,with 0.4% wt. HF

The XPS analysis (Fig. 12) revealed that the highest amount of fluorides in oxide surface layer
was obtained in 1M H3PO4+0.3% wt. HF, but in this case the lowest amount of phosphates
adsorbed above nanotubes was observed. Using higher concentrations of phosphoric acid 2-3
M H;PO, Judging on the results of XPS analysis, the competition between fluorides and
phosphates is observed during anodizing and the higher concentration of the latter is
responsible for higher bioactivity of nanotubes formed in 2M HsPO4+0.4% wt. HF [53].
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Fig. 12. Results of XPS analysis of nanotubes formed on titanium in 1-3 M H3POy solution
containing different amount of fluorides, from 0.2% wt to 0.4% wt. HF VSW (Vacuum
Systems Workshop, Ltd.) Ka Al (1486.6 eV) X-ray radiation working at power of 210 W (15
kV - voltage, 14 mA - emission current) [53].

The XPS spectra (Ti 2p, O 1s, P 2p and F 1s) revealed that nanotube layers consist of Ti, O, F
and P species. The Ti 2p spectra for all samples showed only one doublet line. The position
of the Ti 2p3/2 peak on the binding energy scale at 458.8 eV corresponded to titanium
dioxide and Ti IV phosphates [16]. One type of phosphorus was revealed by the P 2p3/2
peak position at 133.3 eV associated to phosphate type species, indicating that species from
the electrolyte are indeed adsorbed over the oxide film during anodizing. Oxygen was
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found to exist in two forms. The binding energies of the O 1s spectra corresponded to
hydroxyl groups OH- (531.3eV) and oxygen in oxides OZ (529.9 eV). The presence of fluorine
in the surface layer was confirmed by the F 1s spectra of binding energy 684.6 eV associated
probably with Ti. As it is shown in Fig. 12 the concentrations of titanium corresponding to
titanium dioxide and Ti IV phosphates are nearly the same in all tested samples, whereas
the concentrations of the other elements vary with the composition of the anodizing
electrolyte. Samples anodized in 1M H3PO4+0.3% wt. HF shows the highest amount of O
(asTiO») and fluorides, but the lowest amount of phosphates and hydroxyl ions. It means
that previously recommended [6] conditions of uniform nanotubes formation on titanium
implant materials favor titanium oxidation and enhance transport of fluorides in formed
titania. The similarly high concentrations of relevant elements (Ti and O), together with the
highest amount of phosphates of all controlled, are observed in samples anodized in 2-3M
H;PO4+0.4% wt. HF. It indicates that the use of more concentrated phosphate electrolyte
leads to the increase of phosphates adsorbed over the surface layer of nanotubes in
competition with much smaller and more mobile fluorides.

3.1.1 Competition between phosphates and flurides

This is well known that at anodizing a competition between oxide formation and its
dissolution exists, and that HF is the key factor, which causes the production of porous
oxide layer. However, there is also a competition between phosphates and fluorides in the
process of oxide nanotubes formation. These 2 anions differ in size, charge and rates of
diffusion in oxides (Tabl. 2)

Diffusion coefficient Van der Waals radius
[mol/m2s] (pm)

Fluoride ion

Phosphate ion

Table 2. Values of diffusion coefficients and Van der Waals radius for fluoride and
phosphate ions

OCP mV SCE
Q
50
-IDO ¥
-150
1M HIPOL 2 MH3IPOL
o HDA%HF HL4%HF
200 W HIPO4+IA%HF

Fig. 13. Values of the OCP for nanotubes formed in 1M, 2M and 3M H3PO, [unpublished
results]
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The effect of the phosphoric acid concentration in fluoride containing electrolytes on the
properties of oxide nanotubes formed at anodizing was characterized by SEM/EDS
observations and capacitance characteristics when immersed in simulated body fluids (SBF)
in order to predict their behavior as the future coatings on titanium for biomaterial
applications [53].

The values of the OCP (Fig. 13) for nanotubes formed in 1M, 2M and 3M H;POy, each
containing 0.4% wt. HF, measured at 25°C in SBF solution 1 h after anodizing are -0.140 V, -
0.170V and -0.195V (SCE), respectively, indicate the observed earlier [68] decrease of the
OCP of oxide produced in more concentrated phosphoric acid solution.

The impedance spectra for titanium anodized in 1-3M H3PO4+0.4% wt. HF were obtained at
the OCP for frequency ranging from 105 to 0.18 Hz with ac amplitude 10 mV. The spectra
recorded 1 hour after immersion in SBF solution show that variations in chemical
composition of the surface layer over obtained nanotubes are confirmed by variations in
capacitance characteristics.

The results of EIS tests (Fig.14) indicate nearly the same properties (similar impedance and -
0 angle values) for ohmic resistance of the electrolyte and its penetration through nanotube
films. However in the low frequency range, the impedance values are sensitive to the
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Fig. 14. EIS spectra (a- Nyquist, b,c- Bode spectra) for titania nanotubes formed on titanium
in 1-3 M H3POj solutions with addition of 0.4% wt. HF recorded at the OCP in SBF solution
at 25°C [53]
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phosphate concentration in anodizing electrolyte, accounting for the processes at the
nanotube layer/electrolyte interface which can be associated with deposited products. As
the changes between spectra occurred during the first hour of exposure to SBF solution, one
can assume that the deposition processes on nanotube layers formed in 2-3M H3PO4+0.4%
wt. HF are quick.

The formation of porous metal oxides, ie. titania and alumina, is explained by a field-
enhanced model [11,61,63,69] that depends on the ability of ions to diffuse through the
metal oxide. Thus, due to the large size the incorporation of the phosphate ions is difficult,
but the increased fluoride concentration in solution leads to its ability to migrate and
intercalate into the oxide films during the anodizing [70]. The XPS results show (Fig. 12),
that the increased fluoride concentration is accompanied by the decreased phosphates and
hydroxyl ions in adsorbed layer over nanotubes [53]. It correlates very well with the results
of titanium anodizing in electrolyte not containing fluorides, where the gel-like protective
layer of phosphates was formed over the oxide [42].

3.2 Nanotubes on implant alloys in phosphate solutions

Titanium and its implant alloys, mainly ternary alloys of Ti-6Al-7Nb or, are widely used in
biomedical implants and dental fields due to their unique mechanical, chemical properties,
excellent corrosion resistance and biocompatibility [71-73].

Further improvement of the unique properties of nanotube anodic layers for medical
applications, particularly for enhancement of bone in-growth [74] and biosensing [75]
require not only the development of the formation method on two phase titanium alloys,
but also providing the proper morphology and structure. Reported efforts to form anodic
nanotube layers on Ti alloys such as Ti-6Al-7Nb, TiAl [76], or Ti45Nb [77] showed the
formation of highly inhomogeneous surfaces due to selective dissolution of the less stable
phase and/ or different reaction rates of the different phases of the alloys.

Studies on development of nanotubes growth on the Ti6A4V [60] and Ti-6Al-7Nb alloys [54]
were focused on varying the HF concentrations in the phosphoric acid media, in order to
establish the pore size distribution and estimate the critical scan rate/concentration ratio for
the initiation of nanopitting in compact oxide layer, which would be decisive for the
formation of uniform nanotubes on both two-phase alloys.

Among several parameters influencing the quality of nanotubes formed anodically, such as
potential, time of anodizing, fluoride ions concentration and scan rate of polarization,
particularly the last two seem to be determiners for nanotubes structure and morphology.
As an example to show the effect of fluoride ions concentration on the morphology of
nanotubes on the implant alloy, the anodizing of the two phase (a+fp) Ti6Al7Nb alloy
samples in 1 M HsPO, containing 0.2%; 0.3% and 0.4 % wt. HF to 20V using scan rate
500mV/s and then holding them at that potential for further 2h in the same electrolyte, was
performed. Nanotubes of diameter ranging from 50nm to 80nm, with thicker walls over -
phase grains than over a- phase grains, were obtained. During the formation process, which
includes two stages: the first potentiodynamic and the second potentiostatic (20V), different
electrochemical behaviour was observed in electrolytes of various fluoride concentration.
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The implant alloy Ti6 Al7Nb (Fig 15) of black a phase (hcp) and white  phase (bcc) irregular
shape platelets forming variously oriented colonies, with the surface fraction of a and p
phases 78% and 22%, respectively, was enriched with aluminum in oxides over a phase and
enriched with niobium over p phase anodic nanotubes.
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Fig. 16. Current transient for potentiodymic and potentiostatic stages recorded at anodizing
the Ti-6Al-7Nb alloy and titanium (for comparison) at 20V for 2h in 1M H3PO4 containing
0.3% HF (scan rate in the potentiodynamic stage 500mV/s) and current transients recorded
during potentiodynamic stage of anodizing of the Ti6Al7Nb alloy in 1 M H3;PO4 with
different fluoride concentration, a) 0.2%HF b) 0.3%HF c) 0.4%HF [54]
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The typical current transients Fig. 16 recorded during the anodizing of the Ti-6Al-7Nb alloy
in 1M H;3POy containing 0.3 wt.% HF are similar to current transients observed during
nanotube oxide layers formation on other alloys in other electrolytes [78]. As in previously
described process the whole treatment consists of the potentiodynamic polarization from
the OCP to 20V with a scan rate of 0.5Vs1, followed by the potentiostatic polarization at 20V
for further 2 h. However, contrary to constant current density increase observed at
anodizing of pure Ti [49,50,79], during the potentiodynamic sweep to 20V at the alloy Ti-
6AIl-7Nb anodizing the current transients show 2 peaks: the first at about 2-3 V due to
oxygen evolution and the second at about 4-6V linked probably to Al oxidation. In the
potentiostatic stage of anodizing the current density for the alloy decreases until the end of
the treatment, while in case of Ti a broad peak is seen at about 900 s of the anodizing (Fig.
16). According to [78,79] the broad peak, typically recorded in the potentiostatic stage of the
process, indicates the dissolution of oxide before reaching final balance between both
processes: oxide formation and oxide dissolution during nanotubes formation. Such the

balance determines a steady-state oxide layer formation stage during anodizing of metals
[11].

d- (1X75,000

E00nm 500nm

Fig. 17. SEM images of nanotubes produced on the Ti6AI7ND (a ,c, e a-phase; b, d, f- B-
phase) by anodization at 20V for 2h in 1M H3POj, containing (a),(b) 0.2%HEF, (c),(d) 0.3% HF,
(e),(f) 0.4% wt. HF

Small pits on P phase grains and regular nanotubes on a-phase are observed in 0.2 wt.% HF
(Fig. 17a,b). Irregular tubes on P-phase and regular tubes on a-phase grains are seen after
anodising in 0.3 wt. % HF (Fig. 17c,d). Both phases are covered with regular nanotubes in
case of samples anodised in 0.4 wt. % HF (Fig. 17e,f), but on p- phase nanotube walls are
thicker than on a- phase. Fig. 16 illustrates the dissolved oxide over a-phase on Ti6Al4V
alloy and bigger size of nanotubes over - phase in more concentrated phosphoric acid
solution.
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Fig. 18. SEM images of nanotubes produced on the Ti6Al4V by anodization at 20V for 2h in
1M H3POyq containing (a) 0.2%HF, (b) 0.4% wt. HF

According to EDS analysis nanotubes formed on the Ti-6Al-7Nb alloy showed that those
films are predominately TiO, with small amounts of TixOs, Al or Nb oxides (Table 3).
Aluminium and niobium are present in their most stable oxidation states, Al,O3 and NbOs.
The amount of alloying elements in the nanotube oxide layer was influenced by the
underlying metal microstructure, where Nb was present in the - phase and Al in the a-
phase [80].
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Fig. 19. Results of XPS examination of surface layer of nanotubes formed on the Ti6Al7Nb
alloy in 1 M H3PO4 with different fluoride concentration

In the combined SEM and XPS examinations [54] (Fig. 17 and 19) the highest intensities for
all controlled elements and groups: titanium oxide and titanium phosphates (458.7eV),
oxides (530eV), hydroxyl ions (531.6eV), phosphates (133.3eV) and fluorides (648.6eV),
clearly confirm that the most advantageous scan rate and electrolyte composition for the
formation of uniform nanotube layer on the Ti6AlI7Nb alloy, are 0.5Vs! during
potentiodynamic stage of anodizing in 1M H3POy containing 0.3% wt. HF. Interesting is that
also the intensity of niobium (207.3eV) in the most stable of the niobium oxides Nb,Os [81],
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increases with fluoride concentration, but seems to reach the limit in these conditions for
0.3% wt. HF (Fig. 19). The highest current density (Fig. 14) is linked to the biggest nanotube
diameters, as it was observed in case of pure titanium anodised in the same conditions [50].

Fluoride 0.2%HEF 0.3%HEF 0.4%HF Compact
concentration [weight %] [weight %] [weight %] oxide
Phases a B a B a B [weight %]
Titanium 63.90 51.66 61.39 35.70 59.52 38.59 69.22
Oxygen 32.09 36.66 34.44 45.43 36.40 44.99 19.72
Aluminium 4.00 291 417 2.69 4,08 1.99 4.45
Niobium --- 8.77 --- 16.18 --- 14.43 6.53

Table 3. Results of EDS analysis of nanotube layers obtained by anodizing at 20V for 2h
in 1M HsPOj4 containing 0.2; 0.3; 0.4% wt. HF [53]

Due to chemical similarity of titanium and niobium [11, 82] electrochemical behaviour of the
Ti-6Al-7Nb electrode should be qualitatively similar to that of the titanium and niobium
electrodes in the potential range from -1 to 4V (SCE). Electrochemical oxidation of niobium
electrode leads to formation of sub-oxides NbO and NbO, at the OCP, which partly
transform into Nb,Os oxide at 20V, according to the equations 6-7 [83,84]:

Nb + HyO - 2e- — NbO + 2H* ©6)
NbO + H,0 - 2e- — NbO, + 2H* @)
2NbO;, + H,0 - 2e- — Nb,Os + 2H* ®)

The dissolution process of niobium oxide (B-phase) (5) increases with increasing fluoride
concentration [85], so the fluoride concentration is a crucial factor for nanotubes growth on Ti-
6AI-7Nb. Structural and metallurgical aspects of the formation of self-organized anodic oxide
nanotube layers on alloys are crucial for medical application to the advanced techniques of
biological media immobilization which require morphologically uniform surface.

4. Titania layers formed in phosphate solutions for biosensing

The additional advantageous property of phosphate rich compact and nanotubular anodic
oxide layers on titanium is its ability to attach enzymes, proteins or biological cells. To test
such the possibility in order to apply anodic surfaces for H,O, biosensing two electrodes
were prepared: 1) the first electrode prepared by the electropolymerization of conducting
polymer (PANI) on the surface of Ti/ TiO, (compact) electrode [55], 2) the second electrode
was prepared by using titania nanotubes on titanium as a platform of the 3rd generation
biosensor [56]. In both cases the HRP (horseradish peroxide) enzyme was immobilized on
the sensing surface. By using either cyclic voltammetry or amperometric modes the
feasibility and electrochemical parameters for H,O, monitoring on Ti/TiO, surface were
checked in the simulated body fluid (SBF). Both electrodes were sensitive to H,O,, however
the second electrode only in the presence of thionine as the mediator [56]. Two peaks seen
on cyclic voltammograms (Fig. 18) for the Ti/TiO, (nanotube) electrode with immobilized
HRP, indicate the sensitivity of the prepared platform to the presence of H>O- in the analyte.
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Fig. 20. SEM of Ti/ TiO; (nanotube) covered with HRP and cyclic voltammograms for
Ti/TiO,/HRP in 0.1 M PBS (pH 6.8) in the presence of H,O,, scan rate 100 mV/s [56]

5. Conclusions

Titanium surfaces can be modified by electrochemical treatment in the phosphoric acid
solutions for better corrosion resistance, improved physicochemical and electrochemical
properties and bioactivity. The formation of oxide layers enriched with phosphorus of 30-
120nm thick can be formed in 0.5 M H3PO, at both galvanostatic anodizing current density
values varied in the range of 0.1-0.5 Am2 and potentiostatically at up to 60V giving
yellowish layers porous on the surface. Due to the presence of phosphates they are highly
bioactive in comparison to oxides formed in other electrolytes and are covered with
hydroxyapatite deposists after 9 days in the SBF solution.

Anodizing in more concentrated 2M solutions of the phosphoric acid generates a gel-like
film with thickness of about 100nm on titanium. The film, containing a large number of
phosphates nuclei, exhibits its effectiveness to activate titanium surface for biomimetic
coating of calcium phosphate. The electrochemically treated titanium was able to form
uniform Ca-P coatings on titanium after 48 hour immersions in the SBF solution. The
treatment is a simple method to generate bioactive metal surfaces, besides other methods
such as alkaline treatment applied to titanium implant materials.

Electrochemical treatment in the phosphoric acid solutions with the addition of 0.2-0.4% wt.
HF allows to form on titanium and its implant alloys nano-sized pores (nanotubes) in more
concentrated phosphoric acid solutions (1-3M). Their morphology, electrochemical
properties and chemical composition are in close relation with the anodic polarization
parameters and with the concentration of both ions: phosphates and fluorides. The highest
amount of fluorides in surface layer is obtained when using 1M H3PO4+0.3% wt. HF, but in
this case the lowest amount of phosphates adsorbed above nanotubes is observed. The use
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of higher concentrations of phosphoric acid (2-3M H3PO, with 0.4% wt. HF assures the
formation of nanotubes containing the high concentration of both bioactivity enhancing
elements, fluorides and adsorbed phosphates. The obtained titania nanotubes show the
significantly higher bioactivity in vitro during the first hour of immersion in SBF in
comparison to barrier titanium oxide.

Depending on fluoride ion concentrations in anodizing electrolyte morphologically different
nanotubular layers have been obtained on both phases of two titanium alloys: the Ti6Al4V
and the Ti6Al7ND alloys. Self organized nanotubes grow on both phases (o and a+f) in 1M
H5PO4 containing 0.4% wt. HF, though smaller pore size and thicker wall tubes are obtained
on the 3 phase. The electrochemical behavior of both phases of the alloys differs due to
fluoride concentrations which is the key parameter in controlling their morphology.
Uniform nanotubes are obtained in 2M H3PO, containing 0.3% wt. HF at scan rate of
polarization 0.5Vs! during potentiodynamic stage of anodizing. Such conditions assure the
highest fluoride and phosphate concentrations in surface layer of nanotubes on titanium
and nanotubes containing niobium oxide on the Ti6Al7Nb alloy. Both features promise a
proper coating for improved osteoblast cell adhesion on artificial implants and for
biosensing.
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1. Introduction

Titanium and titanium alloys are widely used in a variety of engineering applications,
where the combination of mechanical and chemical properties is of crucial importance.
Aerospace, chemical and automotive industries as well as the medical device manufacturers
also benefited from the outstanding properties of titanium alloys. The wide spread of its
uses in biomedical implants is mainly due to their well-established corrosion resistance and
biocompatibility. However, not all titanium and its alloys can meet all of the clinical
requirements for biomedical implants. For instance, it is reported that bare titanium-
vanadium alloy has traces of vanadium ion release after long period exposure with body
fluid (Lopez et al., 2010). Excessive metal ions release into the body fluid and causes toxicity
problems to the host body. A new group of titanium alloy such as Ti-Nb and Ti-Zr based are
recently introduced in the market to overcome the toxicity of titanium-vanadium based
alloy (Gutiérrez et al., 2008). Although, these alloys have a high strength to weight ratio and
good corrosion resistance and biocompatible, but it suffers from poor tribological properties
which limits their usefulness to a certain extent especially when they are applied to joint
movements. Wear debris generated from these articulation joints can induce inflammation
problem and toxic effect to the human body. In biomedical point of view, post implantation
is very crucial stage where the interaction between the implanted material surface and the
biological environment in human body is critically evaluated. Either in the short or long run,
the toxic effect becomes an issue to host body. Hence, the implant material surface has a
strong role in the responses to the biological environment. In order to improve the biological
and tribological properties of implant materials, surface modification is often required
(Huang et al., 2006, Kumar et al., 2010b). This chapter embarks on the commonly used
implant biomaterials, followed by general overview on the surface modification techniques
for treating titanium alloy. The basic principles of oxidation, carburization and ion
implantation methods and their developments are discussed in the following sections.
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2. Implant biomaterials

Biomedical implant is defined as an artificial organ used for restoring the functionality of a
damaged natural organ or tissue of the body (Liu et al., 2004). In other words it is expected
to perform the functions of the natural organ or tissue without adverse effect to other body
parts (Andrew et al., 2004). Fig.1 shows a typical hip and knee joint implants replacement.
Biomedical engineering is a new discipline where engineering principles and design
concepts are applied to improve healthcare diagnosis, monitoring and therapy by solving
medical and biological science related problems. At least three different terminologies that
always are being referred to biomedical implant materials, i.e. biocompatibility,
biodegradable and biomaterials. Biocompatibility is defined as the immune rejection or
inflammatory responses of the surrounding tissue systems to the presence of a foreign object
in the body. Whereas biodegradable material means the implant material can easily
decompose in the body. Their presence in the body is temporary and usually they degrade
as a function of time, temperature or pressure. Biomaterials must possess biocompatibility
and sometimes biodegradable properties. A typical example of simultaneously possess
biocompatibility and biodegradable properties is drug delivery capsule where their
presence to release drugs inside the body over a specific time without causing any toxic
effect to the surrounding tissues (Hollinger, 2006). There are varieties of biomaterials such as
metallic, ceramics and polymers that have been used as biomedical devices. Metallic
biomaterials can be grouped as steels, cobalt and titanium based alloys. Among non-metallic
polymeric based biomaterials are polyethylene terephthalate, polytetrafluoroethylene,
ultrahigh molecular weight polyethylene (UHMWPE) and lactide-co-glycolide. While titania
(TiO,), titanium carbide (TiC), titanium nitride (TiC), bioglass, hydroxyapatite (HA), silicon
carbide (SiC) are typical examples of ceramic biomaterials. All biomaterials must be free
from cytotoxicity. Plain steel would corrode easily in the body and become toxic. On the

9 il

Acatabular Shell
Femoral Haad COmMponen
MNeck
=~ Slem
Palyethylene
insert
Tibial component

Tibia

Fig. 1. Total hip and knee implants replacements (Geetha, 2009)
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other hand, biomedical grade 316L stainless steel possesses higher biocompatibility
properties and it can be used as implant as well as for surgical devices. However, due to its
heavy weight, this group of materials have been gradually replaced by other lighter
biomaterials such as titanium alloys. Co based alloys is another metallic biomaterials but its
high elastic modulus compared to bone causes stress shielding effect especially in load
bearing applications (Kumar et al., 2010b). Stress shielding effect is the reduction of bone
density due to the removal of normal stress from bone by an implant. Among metallic
materials, titanium and its alloys are considered as the most convincing materials in medical
applications nowadays because they exhibit superior corrosion resistance and tissue
acceptance when compared to stainless steels and Co-based alloys. Table 1 shows the

various metallic biomaterials used for medical applications.

Material designation Common ASTM 150

or trade name Standard Standard
Steel biomaterial :
Fe-18Cr-14Ni-2.5Mo 316L Stainless Steel ASTM F 138 (ISO 5832-1
Fe-18Cr-12.5Ni-2.5Mo,Cast 316L Stainless Steel ASTM F 745 |-
Fe-21Cr-10Ni-3.5Mn-2.5Mo REX 734 ASTM F 1586 (ISO 5832-9
Fe-22Cr-12.5Ni-5Mn-2.5Mo XM-19 ASTM F 1314 |-
Fe-23Mn -21Cr-1Mo-1N 108 F-04.12.35 -
Cobalt base biomaterials:
Co-28Cr-6Mo Casting alloy Cast CoCrMo ASTME75 |ISO 5832-4
Co-28Cr-6Mo Wrought alloy#1 Wrought CoCrMo, Alloy 1 ASTM F 1537 |ISO 5832-12
Co-28Cr-6Mo Wrought alloy#2 Wrought CoCrMo, Alloy 2 ASTM F 1537 |ISO 5832-12
Co-28Cr-6Mo Wrought alloy#3 Wrought CoCrMo,GADS ASTM F 1537 |-
Co-20Cr-15W-10Ni-1.5Mn L-605 ASTM F90 (ISO 5832-5
Co-20Ni-20Cr-5Fe-3.5Mo-3.5W-2Ti |Syncoben ASTM F 563 |ISO 5832-8
Co-19Cr-7Ni -14Fe-7Mo-1.5W-2Ti |Grade 2 “Phynox” ASTM F 1058 (ISO 5832-7
Co0-20Cr-15Ni -15Fe-7Mo-2Mn Grade 1 “Elgiloy” ASTM F 1058 (ISO 5832-7
Co0-35Ni-20Cr-10Mo 35N ASTM F 562 |ISO 5832-6
Titanium base biomaterials:
Ti Cp-1 CP-1(a) ASTM F 67  |ISO 5832-2
Ti CP-2 CP-2(a) ASTMF 67  |ISO 5832-2
Ti-3A1-2.5V Ti-3Al-2.5W(a/p) ASTM F 2146 |-
Ti-5Al-2.5Fe Tikrutan (a/p) - ISO 5832-10
Ti-6Al1-4V Ti 364(a/P) ASTM F 1472 (ISO 5832-3
Ti-6Al-4V ELI Ti 364ELI(a/p) ASTM F 136 (ISO 5832-3
Ti-6Al-7Nb Ti 367(a/B) ASTM F 1295 (ISO 5832-11
Ti-15Mo Ti-15Mo (Metastable Beta) ASTM F 2066 |-
Ti-12Mo-6Zr-2Fe “TMZF” (Metastable Beta) ASTM F 1813 |-
Ti-11.5Mo-6Zr-4.55n “Beta 3” (Metastable Beta) - -
Ti-15Mo-5Zr-3Al Ti-15Mo-5Zr-3Al(Metastable Beta) |- ISO 5832-14
Ti-13Nb-13Zr Ti-13Nb-13Zr (Metastable Beta) |ASTM F 1713 |-
Ti-35Nb-7Zr-5Ta “TiOsteum” (Metastable Beta) |- -
Ti-45Nb Ti-45Nb (Metastable Beta) ASTM B 348 |-

Table 1. Metallic biomaterials for medical and surgical implants (Courtesy from ATI, Allvac,

USA)
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3. Overview of surface modification techniques

Since all biomedical devices subject to extremely high clinical requirements, a thorough
surface modification process is needed prior to implantation process into the human body.
The main reasons to carry out various surface modification processes on implant materials
for biomedical applications can be summarized as follows:

i.  Clean implant material surface from contaminations prior to implantation

ii. Increase bioactivity, cell growth and tissue attachments after implantation

iii. Increase hardness of implant to reduce wear rate especially in articulation joint
applications

iv. Introduce passive layer to prevent excessive ion release into body environment

v. Promote antibacterial effect

vi. Increase fatigue strength of implants

The proper surface modification techniques keep the excellent bulk attributes of titanium
alloys, such as good fatigue strength, formability, machinability and relatively low modulus.
It also improves specific surface properties required by different clinical requirements. Table
2 summarizes the typical surface modification schemes used to treat titanium and its alloys
for implant.

Surface modification Modified layer Objective
methods

Mechanical methods
Machining Rough or smooth surface Produce specific surface
Grinding formed by subtraction process topographies; clean and roughen
Polishing surface; improve
Blasting adhesion in bonding

Chemical methods
e  Chemical treatment

e Acidic <10 nm of surface oxide layer Remove oxide scales and
treatment contamination
Alkaline ~1 pm of sodium titanate gel Improve biocompatibility,
treatment bioactivity or bone conductivity
Hydrogen ~5 nm of dense inner oxide and  Improving biocompatibility,
peroxide porous outer layer bioactivity or bone conductivity
treatment

~10 pm of thin film, such as Improve biocompatibility,
calcium phosphate, TiO, and  bioactivity or bone conductivity
silica
Anodic oxidation ~10 nm to 40 um of TiO; layer, Produce specific surface
adsorption and incorporation of topographies;
electrolyte anions improved corrosion resistance;
improve

biocompatibility, bioactivity or
bone conductivity
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CVD ~1 pm of TiN, TiC, TiCN, Improve wear resistance,
(Chemical Vapour diamond and diamond-like corrosion
Deposition) carbon thin film resistance and blood
compatibility
L EAEIBN LT EN Modification through silanized — Induce specific cell and tissue
titania, photochemistry, self- response
assembled monolayers, protein- by means of surface-
resistance, etc. immobilized
peptides, proteins, or growth
factors
Physical methods
e Thermal spray ~30 to 200 um of coatings, such Improve wear resistance,
e Flame spray as corrosion
e HVOF titanium, HA, calcium silicate, resistance and biological
. Al,Os, ZrO,, TiO, properties
PVD (Physical Vapour
Deposition) ~1 pm of TiN, TiC, TiCN, Improve wear resistance,
e Evaporation diamond and diamond-like corrosion
e Jon plating carbon thin film resistance and blood
e  Sputtering compatibility
Ion implantation and
deposition
e Beam-line ion ~10 nm of surface modified Modify surface composition;
implantation layer and/or ~pm of thin film improve wear, corrosion
o PII resistance, and biocompatibility

(@ [GIAE WS ESHER ~1 nm to ~100 nm of surface Clean, sterilize, oxide, nitride
treatment modified layer surface; remove native oxide layer
Table 2. Summary of surface modification methods used for titanium and its alloys implants
(Liu et al., 2004)

Among the popular surface modification methods are mechanical, chemical, sol-gel,
oxidation, carburization and ion implantation. The last three methods will be discussed in
detailed in later sections. Mechanical surface treatments include machining, grinding, and
blasting. These methods were discussed in depth elsewhere (Lausmaa et al., 2001). The main
goal of mechanical modification is to obtain particular surface roughness and topographies
on implant surface. In general, mechanical surface treatments lead to rough structures
which finally increase the surface area of implant. This condition is considered more
favourable for the implant because it facilitates biomineralization process to take place
(Sobieszczyk, 2010a). Surface roughness enhances cell attachment, proliferation and
differentiation of osteogenic cells and is the key factor for the osseous integration of metallic
implants. Among the mechanical methods, blasting is the most popular technique for
achieving desired surface roughness on titanium. The common abrasive particles used as
the blasting media are silicon carbide (SiC), alumina (Al,Os), biphasic calcium phosphates
(BCP), hydroxyapatite and $-Tricalcium phosphate (Citeau et al, 2005). One of the
disadvantages of blasting is that it may lead to surface contamination and local
inflammatory reactions of surrounding tissues as a result of dissolution of abrasive particles
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into the host bone (Gbureck et al., 2003). A range of surface roughness (Ra = 0.5-1.5 pm)
shows stronger bone response after the implantation compared to implants with smoother
or rougher surface (Sobieszczyk, 2010b). This observation was in contrast with the findings
by Fini et al. (2003), that rougher surface show encouraging results. Their results were
confirmed in the vivo experiments using titanium implants having roughness of 16.5 - 21.4
pm inserted in the cortical and trabecular bone of goats.

Chemical methods include acid treatment, alkali treatment, sol-gel, oxidation, chemical
vapour deposition (CVD), and biochemical modification. Following discussion is limited to
the first four chemical methods. Since oxidation method itself is a big field, this technique is
separately discussed in section 4.

Acid treatment is a popular surface treatment method to clean substrate surface by means of
removing oxide and contamination. A mixed acids solution is frequently used for this
purpose (Nanci et al., 1998). It is also noted that TiO; is the dominant oxide layers formed on
the substrate due to high affinity of titanium to react with O,. These oxides need to be
removed prior to other surface treatments such as HA coating, thermal oxidation or
carburization and ion implantation. A recommended standard solution for acid treatment is
composed of HNO; and HF (ratio of 10 to 1 by volume) in distilled water. Hydrofluoric acid
has natural tendency of quickly attack TiO; in the acid solution and forms soluble titanium
fluorides and hydrogen. This acid solution also can be used to minimize the formation of
free hydrogen that prevent surface embrittlement occurs due to inclusion of hydrogen in
titanium (American Society for Testing and Materials, 1997). A group of researchers
investigated the decontamination efficiency to the Ti surface using three acids, Na)S:Os,
H>S04, and HCI (Takeuchi et al.,, 2003). They found that HCl was the most effective
decontamination agent among these three due to the capability to dissolve titanium salts
easily without weakening Ti surfaces.

Alkali treatment can be simply defined as simple surface modification by alkali solution
such as NaOH or KOH to form bioactive porous layer on substrate materials. Later, this
method followed by thermal treatment to dehydrate and transform amorphous structure
into porous crystalline. The combined treatment is called Alkali Heat Treatment (AHT). The
alkali treatment process is started by immersing titanium alloy in a 5-10 M NaOH or KOH
solution for 24 hr (Kim et al., 1996). After that specimens have to rinse with distilled water
followed by ultrasonic cleaning. It is then dried in an oven. Finally heat treatment is carried
out by heating the specimens around 600-800 °C for 1 hr. The heat treatment is performed at
very low pressure for avoiding oxidation of titanium at high temperature. The porous
surface formed on treated titanium surface disclosed the formation of sodium titanate
hydrogel on the titanium substrate. It was observed that after thermal treatment, a large
quantity of crystalline sodium titanate with rutile and anatase precipitated. Bioactive bone-
like apatite was obtained on the surface after soaking the treated titanium in simulated body
fluid (SBF) for 4 weeks. They found that bone-like apatite layer which is bioactive can be
formed on other surfaces such as bioglass, hydroxyapatite and glass-ceramic by using this
method. It is noted that bioglass, hydroxyapatite and glass-ceramic all are the examples of
bioactive ceramics. Recently, a group of researchers investigated the effect of substrate
surface roughness on alkali treated CP-Ti for apatite formation after immerging in SBF
solution for seven days (Ravelingien et al, 2010). They found that apatite formation
increased with the moderate surface roughness. However, very smooth surface (< 0.5 pm)
causes sudden decrease in apatite formation.
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Sol-gel consists of two terms, sol and gel. A sol can be defined as a colloidial suspension of
very small solid particles in a continuous liquid. Gel can be defined as a substance that
contains a continuous solid skeleton enveloping a continuous liquid phase (Brinker, 1990).
The sol-gel process consists of five main steps: (1) hydrolysis and polycondensation; (2)
gelation; (3) aging; (4) drying; (5) densification and crystallization (Piveteau et al., 2001). Two
different techniques usually used to carry out the sol-gel process: (i) spin coating technique
and (ii) dip coating technique. In spin coating technique the specimens are spun to spread
the coating solution on the substrate using centrifugal force where in dip coating specimens
are dipped or submerged in the solution. The sol-gel process is popular for depositing thin
(<10 pm) ceramic coatings (Liu et al., 2004). In the biomedical area, the sol-gel process is
considered new field. Sol-gel method capable of producing various types of coatings on
titanium and titanium alloys for biomedical applications. Examples of these coatings are
titanium oxide (TiOy), calcium phosphate (CaP), and TiO.-CaP composite. Sol-gel
technique also has been applied for some silica-based coatings. It has a great potential to
replace plasma spray for synthesizing the composite hydroxyapatite/titania coating on the
titanium substrate with high adhesion and good bioactivity (Kim et al., 2004). It is reported
that plasma spray method results in chemical inhomogeneity and low crystallinity of HA
coating on titanium alloys (Wang et al., 2011). In contrast, sol-gel technique produces high
crystalline HA microstructure and better chemical homogeneity due to ability to mix the
calcium and phosphorus precursors at molecular-level. They also found that atomic
diffusion accelerated when increasing the calcining temperature or prolong the calcining
time. Other advantages of sol-gel method in comparison with other conventional thin layer
oxidation processes are: i) low densification temperature, ii) better control of the
homogeneity, chemical composition and crystalline structure of the thin coating, iii) Cost
effective and less complicated equipment.

4. Oxidation

Oxidation is a chemical reaction between metal and oxygen. This reaction occurs naturally.
However, this reaction can be started with exciting the atoms by providing external energy.
In simple way, an oxidation is defined as a chemical reaction by the interaction of metal
with oxygen to form an oxide. The oxidation behaviour of a metal depends on various
factors and the reaction mechanism usually quite complex. The phenomena started with
adsorption of oxygen molecules from the atmosphere, and then followed by nucleation of
oxides, formation of a thin oxide layer, finally growth to a thicker scale. During the growth
process, nodule formation and scale spallation may also take place (Khanna, 2004) . The
total chemical reaction for the formation of oxide (M.Op) by oxidation between metal (M)
and oxygen gas (O) the can be written as:

aM + (b/2) O, = MO (1)

The mechanism of oxidation process is illustrated in Fig. 2. The initial step started by the
adsorption of gas on the clean metal surface during the metal-oxygen reaction. As the
reaction proceeds, oxygen may dissolve in the metal forming an oxide on the surface either
as a film or as oxide nuclei. The gas adsorption and initial oxide formation both are
functions of various factors: (i) surface orientation, (ii) crystal defects at the surface, (iii)
surface preparation, and (iv) impurities in both the metal and the gas. The oxides formed on
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surface separates the metal and the gas and sometimes act as a barrier for further oxide
formation. This barrier oxide is called protective oxide layer. The oxide can be continuous
film or porous structure. Oxides can also be liquid or volatile at high temperature. In
general, the reaction mechanism for a specific metal will be a function of several factors:
(i) pre-treatment and surface preparation of the metal, (ii) temperature, (iii) gas
composition, (iv) pressure and (v) required time of reaction (Kofstad, 1988). The
oxidation mechanism can be generalised both at room temperature as well as at high
temperature. The basic difference between oxidation at room temperature and high
temperature is the reaction rate. At room temperature reaction rate is very slow where at
high temperature the rate is accelerated. There are various types of oxidation for surface
modification of biomedical grade titanium alloy such as (i) Thermal oxidation, (ii) Anodic
oxidation, (iii) Micro-arc oxidation (MAO). These techniques are discussed separately in
4.2,4.3 and 4.4 respectively.
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Fig. 2. Scale Formation during high temperature metal oxidation: (a) O gas absorption, (b)
O: dissolution, (c) Thin oxide film formation, (d) Oxide layer growth, (e) Thick oxide layer
(Kofstad, 1988)

4.1 Mechanism of oxidation based on thermodynamic point of view

In oxidation, the chemical reaction between a metal (M) and the oxygen gas (O2) can be
written as:

M (s) + 02 (g) = MOz (s) ®)

In thermodynamic point of view, if oxygen potential in the environment is greater than the
oxygen partial pressure in equilibrium with the oxide then an oxide will form on the surface
of that metal. This equilibrium oxygen pressure is determined from the standard free energy
of formation of the oxide. This equilibrium oxygen pressure is also called the dissociation
pressure of the oxide in equilibrium with the metal. From equation 2, the standard free
energy of the oxidation can be written as,

AGe = -RT In (amoz2 / am. Pioz) )
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Where,

AGe = Gibbs free energy

R = Universal gas constant

T= Absolute temperature

amoz and ay = Activities of the oxide and the metal respectiely

and ay (element activity in alloy) = ym. Xum;

yMm = the activity coefficient of metal in the alloy ;

Xm= mole fraction of metal in the alloy;

P(o2) = Partial pressure of the oxygen gas.

If a value coefficient ym is not available, ideal behaviour is assumed and ywm is assigned the
value of unity. Assuming element activity of the solid constituents is unit, i.e. the metal and
oxide, the equation 3 becomes

AGe =-RTInP oy )
Or, P (Oy) = exp (AGe / RT) )

Therefore, equation 5 can be used to determine the partial pressure of oxygen required for
any metal to form oxide at any temperature from the standard free formation energy.
Standard free energy for the formation of oxides is a function of temperature. This can be
obtained from the Ellingham/Richardson diagrams which is mentioned elsewhere (Khanna,
2004).

4.2 Thermal oxidation

Thermal oxidation occurs when metals or alloys are heated in a highly oxidizing
atmosphere such as air or in the presence of oxygen. It is one of the cost- effective surface
modification methods to deliberately generate a barrier oxide layer on titanium alloy.
Thermal oxidation treatment aims for obtaining a ceramic coating, mainly focussed on rutile
structure. Particularly, oxidation at temperature above 200 °C promotes the development of
a crystalline oxide film. Many researchers reported that the thermally formed oxide layer
enables increment in hardness, wear resistance and corrosion resistance of titanium and its
alloy (Borgioli et al., 2005, Kumar et al., 2009). This protective oxide layer also reduce ion
release inside body fluid and thus helps the body from metal toxicity (Lépez et al., 2010).
During thermal oxidation process, titanium can easily reacts with air due to its affinity to
oxygen. Three types of oxides structure can be produced through this method, which are
rutile, brookite or anatase structures. Among the three, rutile structure is more preferable for
several reasons. Rutile structure is more inert to bacterial attack (Bloyce et al., 1998), has high
hardness and low friction coefficient that can reduce wear as compared to the other two
structures (Krishna et al., 2005).

Many researchers investigate thermal oxidation method to solve ion release issues through
increasing the corrosion resistance of titanium alloy. A group of researchers studied the
chemical composition of oxide layer produced by thermal oxidation on vanadium free TiNb
and TiZr based alloys (Lopez et al., 2001). Their aim was to reduce ion release as well as
improving corrosion resistance for better biocompatibility. They reported that Ti, Al and Zr
based oxide dominate the surface where small amount of Nb based oxide formed. They also
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explored further to study the chemical composition of the deeper oxide layer surface and
found that rutile structure dominates in oxide layer of TiZr based alloy (Lépez et al., 2002).
Another group of workers investigated the oxide structure to develop thicker oxide layer for
improving the corrosion resistance as well as biocompatibility (Morant et al., 2003). They
found that oxide layer was compact and uniform with the granular structure in TiNb based
alloy and longitudinal groove structure in TiZr based alloy. It was investigated the
corrosion- wear responses by increasing hardness through thermal oxidation of CP-Ti and
Ti-6Al-4V (Dearnley et al., 2004). They found that corrosion-wear resistance improved by
oxidation where surface of oxidized Ti-6Al-4V is harder than CP-Ti.

Some investigators study the effect of oxidation time on surface roughness of oxide layer
through this method to improve surface structure for better corrosion resistance (Gutiérrez
et al., 2006). It is noted that higher surface roughness will provide better cell adhesion. They
observed that surface roughness increases with the increase of oxidation time. A group of
researchers investigated in depth chemical composition of oxide layer to understand the
diffusion of elements in the substrate during oxidation (Gutiérrez et al., 2008). Their
motivation was to produce thick oxide layer for reducing ion release as well as corrosion
protection. They observed that TiZr based alloy showed thicker oxide layer than TiNb based
alloy but less homogenous. Another group of researchers studied extensively to optimize
the oxidation temperature and time (Kumar ef al., 2010b). Their objectives were to produce
well adherence oxide layer with rutile structure for improving corrosion resistance and
biocompatibility. They observed that best corrosion resistance achieved by oxidation at 650
oC for 24 hr and the hardness increased threefold at 650 °C for 48 hr compare to bare metal.

Excessive wear rate is another issue that limit the usage of titanium alloy in various
articulation applications. To address the wear resistance issue, another group of researchers
investigated the effect of oxidation and temperature on hardness of the oxide layer formed
through thermal oxidation on CP-Ti (Yan et al., 2004). They found that thickness of the oxide
layer increases with increasing temperature or time and hardness also increases accordingly.
Another team of researchers studied the effect of temperature on adhesion and hardness of
the oxide layer through thermal oxidation (Rastkar et al., 2005). Their aim was to improve
sliding wear resistance by providing hard surface on TiAl based alloy. They observed that
higher temperature oxide layer is non-adherent where lower temperature produced
adherent oxide layer and also hardness increases with the oxidation temperature increment.
Other group of workers also investigated the effect of oxidation time on oxide layer
produced through this method (Guleryuz et al., 2005). They wanted to evaluate the dry
sliding wear performance on Ti-6Al-4V by providing hard surface. They observed that
hardness and surface roughness increases with the increase of oxidation time and these hard
oxide layers show significant improvement in dry sliding wear resistance. Another team of
researchers investigated the effect of oxidation time and temperature to developed well
adherent rutile based oxide surface in order to improve wear resistance (Biswas ef al., 2009).
It is also noted that rutile structure provides higher hardness compared to anatase structure.
They observed that hardness is proportional to oxidation time as well as temperature.
However, higher temperature shows significant increase of hardness compared to higher
oxidation time.

An appropriate articulating implant should possess the modulus of elasticity close to the
bone. Otherwise, this could lead to stress shielding effect which is a loss of bone density. A
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team of researchers made an effort to address the stress shielding issue of TiNb and TiZr
based implant alloys (Munuera et al., 2007). They studied the surface structural properties
by evaluating the nanoscale elastic properties of oxide layers at various oxidation times.
They found that most cases the Young moduli of the oxide layer are lower than 65 GPA and
in some cases it is almost near to bone ie. 20 GPA. In other study, the nanomechanical
properties of oxide scale (hardness and Young modulus) was also investigated (Céceres et
al., 2008). They noticed that TiZr based alloy shows increment in hardness and Young
modulus after thermal oxidation. However, TiNb shows reduction in hardness and Young
modulus at prolonged oxidation duration which is near to bone. Several researchers also
investigated the effective oxidation parameters to produce rutile structure through thermal
oxidation. As mentioned earlier, rutile structure is more preferable compared to other
structures due to better resistant to bacterial attack and also having higher hardness. A
group of researchers carried out thermal oxidation process on Ti-6Al-7Nb, Ti-13Nb-13Zr,
and Ti-15Zr-4Nb at 750 °C for 24 hours (Lépez et al., 2003). They reported that TiNbZr
based alloys present a thicker scale with rutile structure. Other group of researchers studied
the effect of producing rutile structure on AISI 316L coated with titanium (Krishna et al.,
2005). They found that the presence of rutile structure improves the hardness and corrosion
resistance. Another group of workers investigated the effect of thermal oxidation
temperature on the Commercial Pure Titanium (CP-Ti) (Kumar et al., 2010a). They reported
that rutile structure can be obtained at 800 °C after continuous heating for 24 hours. Another
group of researchers carried out experiments to investigate the effects of different pickling
times as well as temperature on the adhesion strength of oxide layer formed on the Ti-6Al-
4V after oxidation process (S. Izman et al., 2011a). It was revealed that the thickness of oxide
layer increases with pickling time but the adhesion strengths become lower. It was also
found that the adhesion strength of oxide layer formed on Ti substrate surface increases
with the increase of temperature while the thickness of the oxide layer decreased within 40
oC pickling temperature. Izman et al took an attempt to evaluate the effect of thermal
oxidation temperature on surface morphology and structure of the Til3Nb13Zr biomedical
material (S. Izman et al., 2011c). It is noted that all thermally oxidized samples exhibit the
presence of oxides without spallation regardless of the thermal oxidation temperatures.
Surface morphology of oxidized substrates changes from smooth to nodular particles-like
shape when the oxidation temperature increases from low to high. Rutile structure
dominants the surface area when the substrate is thermally oxidized at 850 °C. In summary,
thermal oxidation is a simple and low cost method to produce protective oxide layer with
rutile structure on titanium alloys. Studies show that the Young modulus of rutile structure
is near to that of the bone (less than 65 GPa) and has antibacterial effect, better corrosion and
wear resistance. Despite these encouraging properties, limited works have been reported on
the adhesion strength of oxide layer formed on the titanium substrate.

4.3 Anodic oxidation

Anodic oxidation is an electrochemical reaction which is a combined phenomenon of
diffusion between oxygen and metal ion. In this technique, the metal ion is driven by an
electric field. This phenomenon leads to oxide layer formation on the surface of anode (Liu
et al., 2004). Anodic oxidation can be used for producing different types of protective oxide
layer on different metals. Common electrolytes used in the process are various diluted acids
such as HSO,, H3POy, acetic acid, etc. The main advantage of anodic oxidation compared to
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other oxidation methods is their ability to form bioactive oxide film on surface of titanium
and its alloy. Anodic oxidation increases thickness of the oxide layer for reducing ion release
as well as improving corrosion protection. By varying the anodic oxidation parameters, such
as current, process temperature, electrolyte composition, and anode potential, the oxide film
properties i.e. chemical or structural can be changed.

Principal reactions cause oxidations at the anode are as follows:

At the Ti/Ti oxide interfaces:

Ti <> Ti2* + 2e-

At the Ti oxide/ electrolyte interfaces:

2H,0 < 202 + 4H* (oxygen ions react with Ti to form oxide) ,

2H,0 < O3 (gas) + 4H* + 4e- (O, gas evolves or stick at anode surface).
At both interfaces:

Ti2* + 202 & TiO; + 2e-

In anodic oxidation, a linear correlation exists between the oxide film thickness and applied
voltage. If the final oxide thickness is d and the applied voltage is U, then the relationship is
d = aU. ais a constant and its typical range is 1.5-3 nmV-1. Ishizawa and Ogino et al. is the
pioneer in developing Ca and P contained oxide layer through anodizing titanium in -
glycerophosphate sodium and calcium acetate contained electrolyte (Ishizawa and Ogino,
1995). They further proceeded exploring and able to transform it into hydroxyapatite by
applying hydrothermal treatment. The results showed that the electrolyte possessed some
impurities (e.g. sodium). These impurities decreased oxide layer’s strength. A group of
researchers reported that desirable cellular behaviour such as cell growth, cell attachment,
etc. can be obtained from the thin HA layer on the surface of CP-Ti which was produced by
anodization and subsequently followed by hydrothermal treatment (Takebe et al., 2000). It is
observed that cellular attachment and spreading are affected by this thin HA layer on the
CP-Ti surface. It is also revealed a thin HA layer on titanium surface shows more
osteoconductive behaviour to cell attachment as compared to bare CP-Ti. Other group of
workers investigated new electrolytes consists of calcium glycerophosphate and calcium
acetate for producing anodic oxide films that consist of Ca and P on titanium implants (Zhu
et al., 2001). The anodic oxide film of titanium obtained using this method is highly
crystalline with porous structure and rich in Ca and P. The recommended optimum
conditions are: (i) 350 V as final voltage, (ii) 70 A m?2 as current density, and (iii)
concentrations of the calcium glycerophosphate (0.02M) and calcium acetate (0.15 M). Ca
and P ratio near to 1.67 was achieved using this recommended condition. Positive biological
response also observed from the properties of that anodic oxide layer surface. Yang ef al.
reported that using anodic oxidation in HSO; solution united with consequent heat
treatment is an efficient method for obtaining titanium alloy with bioactive surface (Yang et
al., 2004). They also observed that the porous structure Titania of anatase and/or rutile
phase covered on the surface after anodic oxidation. It was interesting to observe that
apatite can be formed on titanium alloy by anodic oxidation in simulated body fluid. The
initial time for apatite formation was inversely proportional to the quantity of rutile or
anatase phase (Liu et al., 2004). Apatite cannot be formed without spark discharge on the
surface although anatase was produced on anodically oxidized titanium. Hence, a
combination of anodic oxidation with heat treatment is required for the apatite formation on
titanium in SBF without spark discharge treatment. Heat treatment induces apatite
formation in SBF since the amount of anatase and/or rutile increases by the heat treatment.
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This also indicates that prior to the formation of apatite on the surfaces, a titanium oxide
with three-dimensional micro-porous structure may be essential. It is also noted that
surfaces can be bioactive by containing Ca and/or P which leads to osteoinduction of new
bones. Wojciech (2011) investigated the effective anodic voltage for producing better
corrosion resistance bioactive oxide layer containing Ca and P on TiZr based alloy through
anodic oxidation method. He found that lower anodic voltage produced highest corrosion
resistance. However, higher anodic voltage provides bioactive oxide layer rich in Ca and P
on TiZr based alloy which also increase the corrosion resistance. In summary, anodic
oxidation is a simple and effective method of surface modification for providing better
bioactive surface of titanium alloys which also homogenous and highly crystalline.
However, bioactive apatite formation on titanium alloy through this method required post-
treatment such as hydrothermal heat treatment. The oxide film produced by anodic
oxidation method shows various properties such as better biocompatibility, corrosion
resistance, osteoconductive, etc. These properties rely on the microstructure and
composition of the materials as well as anodic oxidation parameters, such as current,
temperature, anode potential and electrolyte composition.

4.4 Micro-arc oxidation (MAO)

Another name of micro-arc oxidation is anodic spark oxidation or plasma electrolytic
oxidation (PEO). Micro arc oxidation is an electrochemical surface modification process for
producing oxide coatings on metals such as Al, Ti, Mg, Ta, W, Zn, and Zr and their alloys
(Liu et al., 2010). According to Yerokhin ef al. (1999), MAO can be defined as a complex
plasma-enhanced physico-chemical process which involved micro-arc discharge, diffusion
and plasma chemical reactions. Basically, it is a new type of anodic oxidation technique, but
the difference between MAO and the conventional anodic oxidation is it employs higher
potentials to discharges and the resulting plasma modifies the structure of oxide layer. This
process can be used to grow crystalline oxide coating with thickness range from ten to
hundreds um. The coating thickness depends on process parameters such as current
density, process time, electrolyte temperature, applied voltage, electrolyte composition,
alloy composition (Dunleavy et al., 2009). A large number of short-lived sparks (micro arc
discharges) produced in MAO process is a result of localized electrical breakdown of the
growing coating. These discharges play the key role in the coating growth mechanism as
they deposit ‘craters’ on the free surface of the growing coating. In MAO process, the anode
is immersed in electrolyte which is an aqueous solution. The anode is made from valve
metals. Valve metals usually refer to Ti, Al, Mg, Ta, W, Zn, and Zr due to their usage as a
cathode to emit electron in electronic valve. They are also known as ‘thermionic valve’
materials in early days. However, disputes on the right definition of these terms have been
remained among researchers since Al is not a suitable material for high temperature
resistance to emit electron. In MAQO, an unequal alternating voltage between the anode and
cathode initiates an electrical discharge at the anode. The typical voltage range for anode
and cathode is from 150 to 1000V and from 0 to 100V respectively. Temperature and local
pressure in the discharge channels are among the parameters that affect the MAO coating
qualities such as high strength, well adhesion, high micro-hardness, and wear resistance
(Liu et al., 2010). Since MAO can provide high hardness and a continuous barrier, this
coating is suitable for protection against wear, corrosion or heat as well as electrical
insulation (Curran and Clyne, 2005). General characteristics of these coatings are porous,
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firm adhesion to substrates and the pores are homogenously distributed on the coating’s
surface with nanostructure grains (Kim ef al., 2002). Due to superior corrosion resistance,
thermal stability, photocatalytic activity, wear resistance and CO sensing properties makes
MAO coatings as a popular research area (Shin et al., 2006, Jin et al., 2008). MAO has been
popular in the biomedical community since Ishizawa et al. pioneered the technique to
biomedical titanium implants (Ishizawa and Ogino, 1995). Biomimetic deposition of apatite
is possible on Ca and P-containing MAO coatings (Song et al., 2004). Zhao et al. found that
the MAO coatings benefit osteoblast adhesion (Zhao et al., 2007). They compared the
adhesion performance of MAO coatings on various modified smooth and rough surfaces.
Other researchers investigated the effect of variations in the electrolyte compositions to
produce different kinds of nanostructured composite coatings under this method (Kim et al.,
2007, Yao et al., 2008) . Cimenoglu et al. investigated the MAO coating on Ti6Al7Nb and
found that oxide layer shows grainy appearance rather than porous and contained calcium
titanate precipitates, HA and rutile structure (Cimenoglu ef al., 2011). In summary, MAO is a
potential method for producing porous nanostructured coatings on Ti and its alloys which
promote best osteoblast cell adhesion. This technique has been spreading into the field of
orthopaedic and dental implant materials.

5. Carburization of titanium alloy

Poor tribological properties limit the usefulness of titanium alloy in many engineering
applications (Bloyce et al., 1994). Moreover, not all titanium and its alloys can meet all of the
clinical requirements. In order to improve the biological, chemical, and mechanical
properties, surface modification is often performed (Huang et al., 2006, Kumar et al., 2010b).
Till now various surface modification techniques by thermo-chemical process have been
studied and applied for improving wear resistance of titanium alloys. These are carburizing,
nitriding and oxidation (Biswas ef al., 2009, Tsuji et al., 2009b, Savaloni et al., 2010). Among
them, carburization technique is one of the methods that can be used to form hard ceramic
coating on titanium alloys. The main objective of carburization is to provide hard surface on
titanium and its alloys for increasing wear resistance in articulation application since
titanium carbide is one of the potential biocompatible carbide layers (Bharathy ef al., 2010).
It is also one of the cost-effective surface modification methods to deliberately generate a
carbide layer on titanium alloy. Many researchers reported that the carbide layer enables to
increase hardness, wear resistance and corrosion resistance to titanium and its alloy (Kim et
al., 2003). Sintered solid titanium carbide is a very important non-oxide ceramics that
widely used in the fields of wear resistance tools and materials due to its high melting point
(3170 °C), low density, high hardness (2500 ~3000HV), superior chemical and thermal
stability, and outstanding wear resistance (Courant et al., 2005). Apart from sintering,
titanium carbide layer can be created by other surface modification methods, such as plasma
carburizing process, thermal carburization or high-temperature synthesis, carburization by
laser melting, gas-solid reaction or gas carburization and sol-gel process (Lee, 1997, Yin et al.,
2005, Cochepin et al., 2007, Luo et al., 2011). Among these methods, thermal carburization
process is considered as the simplest and the most cost effective. Typically, one of the main
obstacles for TiC coating is the high affinity of titanium to oxygen which leads to form TiO;
easily on the surface. To overcome this issue , vacuum carburization or inert gas
environment is introduced to remove O, contents in carburization chamber (Wu et al., 1997).
Another common problem related to carburization is non uniform hardness profile across
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the carburized layers due to variation of carbon concentration in the surface region (Saleh et
al., 2010). The discussion of this chapter starts with the basic mechanism of carburization
followed by three popular carburization methods, i.e. thermal, gas and laser melting.

5.1 Basic mechanism of carburization

Carburization is a process widely used method to harden the surface and enhance the
properties of components that made from metal. Carburizing consists of absorption and
diffusion of carbon into solid metal alloys by heating at high temperature. Historically, the
carburizing process is generally done at elevated temperatures with a carbon medium that
can supply adequate quantity of atomic carbon for absorption and diffusion into the steel
(Luo et al.,, 2009). The carbon medium that use for carburizing process can be solid
(charcoal), molten salt (cyanide), a gaseous or plasma medium (Prabhudev, 1998). There are
three methods of carburizing process, i.e. solid carburizing, liquid carburizing, and gas
carburizing. All these three methods have their own compounds medium that is used for
the carbon supply during the process. In solid carburizing process, carburizing compound
such as charcoal or graphite powder is used for its medium. In the liquid carburizing
method, molten cyanide is used for carbon enrichment. Lastly, for the gas carburizing
method, hydrocarbon gas or plasma is used as the source of the carburizing medium.

During carburizing, the atomic carbon is liberated from carbonaceous medium due to
decomposition of carbon monoxide into carbon dioxide and atomic carbon as given below:

2CO > CO,+ Cy (6)

Then, the carbon atom from carburizing medium is transferred to the surface of the metal.
These metal surfaces will absorb the carbon and diffuse deep into it. Thus, this phenomena
results increase in hardness of the substrate materials surface.

5.2 Thermal carburization

Thermal carburization process is considered the earliest carburization technique and it is a
kind of solid carburization. Generally solid particle such as charcoal, graphite powder, etc is
used as a carbon source to surround titanium substrate during carburization process.
Titanium can easily react with oxygen in ambient environment and form a thin passive layer
of TiO; on the outer surface with thickness range of 3 to 7 nm (Liu et al., 2004) . This passive
layer becomes a barrier for carbon atom diffusion into the titanium surface. Since titanium is
highly affinity to oxygen, an inert or vacuum environment is preferable for conducting
carburization process. Argon gas is commonly used as a medium to remove oxygen in tube
or muffle furnace heating chamber from pre-oxidizing the titanium substrate surface. The
quality of carburized layer largely depends on the carburizing temperature, soaking time,
source of carbon (type and particle size) and the absence of oxygen level in the chamber. The
carburizing parameters may have significant effects on the thickness, adhesion, density and
chemical composition of carburized layer formed on the titanium substrate. Studies on
titanium carbide powder synthesis by carbothermal method in argon environment requires
high temperature in the range of 1700-2100 °C (Weimer, 1997) and long reaction time (10-24
h) (Gotoh et al., 2001). Other workers tried to synthesize TiC powder at lower temperatures
and shorter time with success. For instance, Lee et al. studied the chemical kinetics at various



216 Titanium Alloys — Towards Achieving Enhanced Properties for Diversified Applications

temperatures (1100 to 1400 oC) for synthesising TiC from CP-Ti alloy and graphite powders
(Lee and Thadhani, 1997). They found that Ti with compacted graphite powder shows
highly activated state of reactants which reduce activation energies by 4-6 times, undergo a
solid state diffusion reaction. They also concluded that increasing temperature will increase
the rate of heat released. This released heat generates localized melting of unreacted Ti and
initiate a combustion reaction. It has been reported that the carburizing rate of titanium
dioxide, TiO, into TiC can be accelerated by using the finest and homogenous carbon
powder (Maitre et al., 2000). Sen et al produced fine and homogeneous TiC powders by
carbothermal reduction of titania/charcoal in a vacuum furnace at different reaction
temperatures from 1100 °C to 1550 °C (Sen et al,, 2010). They observed that reaction
temperature increases, uniform crystal grain arises with the liberation of much CO and
higher temperature (at 1550 °C) produced large amount of TiC. They also noticed that as
reaction temperature increased, formation of the compounds was in sequenced as TisO7,
Ti30s, Ti2O3, TiCxO1-x and TiC. Hardly found researchers study TiC formation on titanium
solid substrate. Izman et al initiated the study to investigate the effects of different
carburizing times on the adhesion strength of carbide layer formed on the Ti-6Al-7Nb (S.
Izman et al., 2011b). Prior to carburization process, all samples were treated to remove
residual stress and oxide scales by annealing and pickling processes respectively. Hard
wood charcoal powder was used as a medium. The carburizing process was carried out
under normal atmospheric condition. They found that a mixture of oxide and carbide layers
formed on the substrate and the thickness of these layers increases with carburizing time. It
was also revealed that the longer carburizing time provides the strongest adhesion strength
and TiC as the dominant layer. Porous structure of TiC was observed and this structure is
believed able to facilitate the osteoblast cell growth on implant. In summary, thermal
carburization is a simple and cost effective method to produced TiC for increasing the wear
resistance properties of titanium and its alloys. However, the technique has not been
explored rigorously this far. Issues regarding carbide grain growth, carbon particle
agglomeration, non-uniform carbide particle shapes and large amounts of unreacted TiO;
and carbon in the substrate are still under on-going research.

5.3 Gas carburization

The main difference between thermal and gas carburization process is the carbon source
medium. Instead of solid, hydrocarbon gas is used as a carbon source and carburization
process takes place either under gaseous or plasma condition. This process is typically
performed using plasma or flowing hydrocarbon gas over the Ti and Ti alloy substrate at
high temperature in a inert gas or vacuum furnace. Gas carburizing also have various
categories such as hydrocarbon gas carburizing (using methane or ethane), plasma
carburizing, etc. The advantage of gas carburizing over solid carburising is faster processing
time but this method is costlier compared to solid carburization (Robert et al., 1994). Due to
high affinity to oxygen, plasma carburizing method has difficulties in carburizing the Ti
alloys because thin protective titanium oxide film easily forms on its surface which cause in
obstruction of the carbon diffusion (Okamoto et al., 2001). Kim ef al carburized Ti6Al4V at
900 °C and 250MPa pressure using CHy-Ar-Hy plasma for 6 hrs to increase the wear
resistance (Kim et al., 2003). Hardness of titanium alloy was improved significantly from
400HV to 1600HV with the carburized layer thickness of about 150 pm along the surface.
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They revealed that fine and homogeneous dispersion of hard carbide particles such as TiC
and V4C; found in the carburized layer able to improve wear resistance as well as fatigue life
for more than two folds. Tsuji ef al. carburized Ti6Al4V at 600 oC in a Ar gas conditioned
furnace using CHy-H> plasma for 1 hr for improving hardness from 400 HV to 600 HV
(Tsuji et al., 2009a). They also investigated the effects of combining plasma-carburizing and
deep rolling on the notched surface microstructure and morphology, micro-hardness and
notch fatigue life of Ti-6Al-4V alloy specimen in a laboratory at an ambient temperature.
They reported that the notch root area of plasma-carburized specimen’s surface roughness
has been significantly improved by deep-rolling. This method effectively introduces
compressive residual stress and work hardening in the substrate. Plasma-carburization with
subsequent deep-rolling largely enhances the notch fatigue strength of specimen in
comparison with untreated specimen. The developed compressive residual stress and work
hardening zone influence the initial crack growth rate of deep-rolled carburized specimen.
The thickness of this zone is approximately 350 pm depth from the surface. However, the
crack rapidly propagates toward the inside after it passes through this zone. They
concluded that plasma-carburizing process combined with deep-rolling effectively improves
the notch fatigue properties of Ti-6Al-4V alloy. Another researcher made an effort to
investigate the plasticity effect on titanium alloy after being treated under gas carburization.
Luo et al. carburized Ti6Al4V at 1050 °C in a vacuum furnace using C,H> gas for 4 hrs for
improving the of hardness from 350 HV to 778 HV (Luo ef al., 2011). TiC or also called
titanium cermets were successfully formed on the surface. It was reported that the plasticity
of the titanium cermets was slightly lower (10.86%) than original titanium bare material.
This indicates that the carburized titanium has significantly improved in fracture toughness
as compared to typical ceramics material. They concluded that carburization is a way to
produce titanium cermets efficiently which consists of hard surface, high toughness and
plasticity. All these properties make titanium carbide as a potential candidate for artificial
articulation material. In summary, the primary objective of gas carburizing is to produce
carburized layer on the substrate in order to increase wear resistance property of titanium
alloys. However, improvement in hardness introduces other issues such as reduction in
plasticity and fatigue strength in the titanium substrate.

5.4 Carburization by laser melting

Laser carburizing technique is developed from laser surface hardening of steel. In a simple
way, laser carburization can be defined as a process of using laser as a source of high energy
to perform carburization. There are various types of laser carburizing methods where the
categories are based on laser source, such as Neodymium Yttrium Lithium Fluoride
(Nd:YLF), Neodymium Yttrium Aluminium Garnet (Nd:YAG), Titanium Sapphire
(Ti:Sapphire), CO; laser, etc. Laser carburizing process involves carbon diffusion into the
metal substrate using laser irradiation. The typical source of carbon is graphite powder.
Other type of powder such as TiC is also being used in laser melting technique to form
carburized layer on titanium based materials. Fig. 3 shows a schematic diagram of laser
melting working principle. This process involved heating of specimen through continuous
or pulse wave laser irradiation, rapid melting, intermixing or diffusion of carbon particle,
and rapid solidification of the pre-deposited alloying elements on substrate to form an
alloyed zone or carburized layer.
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Fig. 3. Schematic diagram of typical pulsed laser carburization set up.

Investigations on laser carburizing technique were extended from steel to a-Titanium
(Fouilland et al., 1997), commercial pure titanium (Courant et al.,, 2005) , and biomedical
grade titanium (Sampedro et al., 2011). Laser melting carburization produces thick coating
ranged between one and several hundred micrometers depending on the irradiation
conditions. Other carburizing methods are more suitable for producing thin film coating.
Another advantage of this method compared to other techniques is that it's capability of
coating complex substrate geometry and shape such as notches or grooves where through
other methods very difficult to reach these inaccessible areas. Wide heat affected zone is a
general issue for thermal or plasma method heating which leading to shape distortion. On
the other hand, laser carburizing method is free from these disadvantages since an accurate
focused heating on the work piece can be controlled easily. Other commonly controlled laser
processing parameters are laser power (W), scanning speed (mm/min), pulse/deposition
time (ms), laser frequency (Hz) and overlapping factor (%). The effects of these variables are
investigated in terms of changes to the hardness, compositions, heat affected zone, pores,
cracks and microstructure of the carburized zone. For instance, a group of researchers
investigated the effect of processing time on the TiC microstructure formation on titanium
alloy using Nd-YAG laser (Courant et al., 2005). They observed that the time ratio has a
significant effect on the carburized microstructure. A lower time ratio caused an increase in
pulse power leading to form a thick layer of melted zone with rich in carbon but free from
graphite formation. In contrast, higher time ratio produces large amount of graphite
formation in the melted zone which can act as a solid lubrication. This phenomenon shows
the potential to reduce abrasive wear rate and hence increase the tribological performance of
articulation implants. One group of researchers compared the effect of process parameters
(laser power and scanning speed) on solidification of TiC microstructure using two different
laser sources on Ti-6Al-4V substrate (Saleh ef al., 2010). They found that TiC appears either
in the form of dendrites or as particles located inside the grains and at the grain boundaries.
This resulted significant increment in microhardness of the surface after carburizing process.
They concluded that both Nd-YAG and the CO, lasers able to produce macroscopically
homogeneous microstructures of carburized layers. However, the former laser produces
deeper carburized layer compared to the later. Recently, another group of workers studied
pulse wave laser method (Nd-YAG laser) to form TiC layer on CP-Ti. They investigated the
effect of process parameters (irradiated energy per length and pulse duration) on the
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microstructure as well as hardness of the substrate surface. It is noted that the
microhardness of the surface increased 3-5 times higher than the base metal substrate when
increasing the pulse duration. It is also observed that the microhardness of microstructure
reduced by decreasing the irradiated energy per unit length of the material where irradiated
energy can be reduced by increasing the process travel speed (Hamedi ef al., 2011). In a
summary, laser carburization is a potential route of strong surface hardening method with a
short process time to increase the wear resistance property of the titanium alloys without
affecting its bulk properties. This method provides hardest carbide layer compared to other
two carburization techniques.

6. lon implantation and deposition

Ion implantation or ion beam processing is a procedure in which ions of a material are
accelerated in an electric field and bombarded into the solid substrate surface. Various ions
such as oxygen, nitrogen, carbon, etc. can be implanted on any substrate material for a
coating purpose to modify the substrate surface. When carbon is implanted on substrate
material then the effect of the surface modification is similar to carburization. Similarly, this
method also can be applicable for nitridation as well as oxidation. Two common types of ion
implantation process are (i) Conventional beam line ion implantation and (ii) Plasma
immersion ion implantation (PIII) method. The basic difference between the beam line ion
implantation and plasma immersion ion implantation method is the target function. In beam
line ion implantation, the target is totally isolated from the ion beam generation. In contrast,
the target is an active part of the ion generation through bias voltage in PIII system
(Savaloni et al., 2010). Fig. 4 shows the two typical types of ion implantation systems. The
ion implantation phenomena started with the acceleration of ions and it directed towards a
substrate (titanium in the present case) which is called target. The energy of the ions is
usually in the range of several kilo electronvolt to few mega electronvolt. This level of
energy could cause significant changes in the surface by the ions penetration. However, the
energy of ions is selected carefully to avoid deep penetration inside the substrate. Therefore,
the surface modifications are limited to the near-surface region and a depth of 1 um from the
surface is normal (Rautray ef al., 2011). In other words, bulk material properties will not be
affected by the ion implantation process.
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Fig. 4. Schematic diagram of (a) beam line ion implantation system and (b) PIII ion
implantation system
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For instance, in carbon ion implantation process, the implanted carbon ions are limited
either to form titanium carbides or carbon atoms with C-C bonds near the surface. This may
result in improvement of the mechanical properties as well as biocompatibility of titanium
alloys. However, studies on the issue regarding corrosion resistance of TiC formation by ion
implantation carburization are still underway. It is reported that a very high carbon ion dose
of implantation (108 cm-2) will reduce surface hardness of the titanium substrate (Viviente et
al., 1999). The reaction between excess carbon and titanium produces mixed layer of
graphite (C-C bonds) and TiC which cause reduction in hardness. In other study, a
moderate dose of ion implantation from 5 x 1015 to 1x1017 cm-2 able to create nanocrystalline
titanium carbide (TiC) layer which hardness of more than two folds on Ti-6Al-4V alloy
substrate (Liu et al., 2004). Liu et al. also reported that the tribological properties of titanium
alloys are significantly improved at ion implant doses of over 4 x 107 cm2, producing
friction coefficients of 0.2-0.3. Ion implantation method is free from some disadvantages of
plasma process such as thick coating, different phases of mixed crystalline and low
crystallinity which leads to delamination problem (Rautray et al., 2011). Effects of ion
implantation process on wear resistance also have been studied by various researchers.
Williams et al. investigated carbon ion implantation effect on the wear resistance of Ti-6Al-
4V alloys in a corrosive environment with the composition of 0.9% NaCl or 0.9% NaCl +
10% serum (Williams, 1985). Two-stage carbon ion implantation: 2.5x 10 cm2 at 35 kV
followed by 1.6 x 1017 cm2 at 50 kV were carried out for the test. They revealed that ion
implanted sample shows reduction in corrosion current by a factor of 100 compared to that
untreated samples. A group of researchers investigated Ti-6Al-4V alloy’s corrosion
resistance after 80 kV, 3 x 1017 cm2 carbon ion implantation (Zhang et al., 1991). They
carried out examinations using electrochemical methods in two media: 0.5 M H,SO4 and
(HCI + NaCl) solution (pH = 0.1) at 25 °C. In both solutions, ion implanted samples show
higher corrosion potential (Ecor) than unimplanted samples. They also reported that the
increment in the surface corrosion resistance was due to a durable solid passive layer
formation. Other group of researchers experimented various carbon doses on the titanium
alloy for evaluating corrosion resistance of TiC formation at energy of 100 keV. in 0.9% NaCl
solution at a temperature of 37 °C (Krupa et al., 1999). They revealed that the corrosion
resistance of titanium alloy improved significantly by producing a continuous solid
nanocrystalline TiC layer when applying 1x1017 C* cm~2 of carbon dose or more. Another
group of workers studied the formation of TiC on titanium alloy using PIII method by
varying the deposition times (Baba et al., 2007). They concluded that the formation of TiC
through ion implantation on titanium alloy depends on amount of carbon ion implantation
which is proportional to ion implantation process time. Corrosion resistance on biomedical
grade titanium alloy can also be improved by nitrogen ion implantation. It was reported
that increasing of N* flux will influence the corrosion potential, corrosion current and
passive current. These changes lead to initial increase in the corrosion resistance of the
titanium alloy (Savaloni ef al., 2010). Other group of researchers investigated the effect of
process temperature and implantation time on the corrosion properties of Ti-6Al-4V. It was
found that prolonged implantation times do not contribute to a major changes in corrosion
resistance where process temperature does (Silva et al., 2010). They also reported that the
best corrosion resistance achieved at 760 °C with 2 hr processing time. Previous studies on
PII method basically focused on single non-metallic ion implantation to improve
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tribological properties such as hardness as well as corrosion resistance. However, in the
recent development, it shows that the research interests in this method have been expanded
to include implanting both metal and non-metallic ion simultaneously on titanium alloy.
The main driving force of introducing this dual implantation method is to address the
clinical and tribological issues concurrently. For example, Ca and Mg ion implanted into
titanium alloy for increasing the bone integration (Kang et al., 2011). Ag and N ion have been
used to have dual effects on titanium alloy (Li et al., 2011). Ag provides antibacterial effect
and nitride layer (TiN) formed on the titanium surface increases wear and corrosion
resistance. The ion implantation sequence in this dual method also has impact on the
deposited particle size and distribution. In a summary, ion implantation method is more
suitable for wear and corrosion resistance application. However, recent research trend on
ion implantation shows the focus is not only on tribological issues but also on the effect in
clinical aspects. Therefore, various metallic ions implantation on titanium alloy appear to be
a future prospective research area.

7. Conclusions

Various surface modification methods used for improving properties of biomedical grade
titanium and its alloys are discussed in this chapter. There are at least six (6) different
methods available in the current practice. These are mechanical, chemical, physical, sol-gel,
carburization and ion implantation. Oxidation and carburization methods are discussed in
detail while the discussions on other methods are in brief.

Oxidation method modifies the titanium surface into various types of oxides. The main
objective is to produce porous oxide structure for promoting cell growth and cell
attachment. There are cases where corrosion and wear resistance are also improved by
applying this technique. The recent trend shows that the oxide layer formed on the titanium
substrate serves as a basis for growing hydroxyapatite layer to increase bioactivity.

Carburization is mainly used to improve wear resistance by increasing titanium surface
hardness via thermal, gas and laser melting methods. Hardness of titanium carbide layer
formed through these methods varies from 1.5 to 5 times as compared to bare material. Higher
hardness of carbide layer assists to increase wear and corrosion resistance of implant surface.

Ion implantation method provides better wear and corrosion resistance than other thermal
surface modification techniques. In the recent trend, ion implantation technique is found to
provide dual effects concurrently such as wear resistance and antibacterial effect.

Generally, it is observed that the overall trends of surface modification methods seem to
shift from the use of conventional source (chemical, induction heater and gas) to the
application of advanced technology (electrolyte based, laser, plasma and ion). This could be
due to the low efficiency of conventional methods that require longer time and huge amount
of energy. The works on surface modifications also appear to expand from focusing on
tribological issues such as wear resistance, corrosion resistance and hardness of modified
layer to clinical issues such as cell growth, cell attachment and antibacterial effects. These
developments demand newer technologies in the future for providing solutions of dual
issues simultaneously, i.e. tribological and clinical.
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9. Nomenclature

BCP Biphasic Calcium Phosphates

CVD  Chemical Vapour Deposition

cp Commercial Pure

DGUN Detonation Gun

HVOF High Velocity Oxygen Fuel spraying
HA Hydroxyapatite

LSA  Laser Surface Alloying

MAO  Micro Arc Oxidation
Nd:YAGNeodymium Yttrium Aluminium Garnet
Nd:YLF Neodymium Yttrium Lithium Fluoride
PIII Plasma Immersion Ion Implantation
SBF Simulated Body Fluid
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