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INTRODUCTION

1. Introduction

Research on titanium and its alloys is of great interest because of their unique
combination of properties such as: high specific strength, outstanding corrosion
resistance and biocompatibility [1]. Titanium is a nearly ideal material for the
development of bone reinforcement and replacement products [2]. Furthermore, special
attention has been given to extending the application of titanium in the automotive
industry due to demands to reduce energy consumption [3]. In terms of space
technologies, e.g. the Ti-6Al-4V alloy has been widely used as a viable engineering
material [4]. However, due to the rather high costs of processing and raw materials, the

use of titanium alloys in mass production remains limited.

Powder metallurgy (PM) has been used to lower the cost of titanium alloy parts since
the 1970s [5]. In contrast to traditional PM techniques such as pressing, metal injection
moulding (MIM) combines the materials flexibility of powder metallurgy with the
design flexibility of plastic injection moulding. Nowadays, it is possible to fabricate Ti-
6Al-4V alloy components produced by MIM with excellent tensile properties (UTS >
800 MPa, & > 14%) [6]. However, components such as permanent implants, automotive
parts and some special aerospace parts require extremely high reliability, when e.g.
dynamic loading is applied. Unfortunately, the performance of the MIM components
with respect to fatigue resistance is not as good as demonstrated for the static tensile
behaviour. A recent investigation [7] demonstrated that the fatigue endurance limit of
the Ti-6Al-4V alloy at 10’ cycles is approximately 380 MPa. This value is significantly
lower than the value found, typically around 600 MPa, for annealed, wrought material
with its usual lamellar microstructure [8, 9]. Moreover, it is much lower compared to
the thermo-mechanically treated Ti-6Al-4V alloy with an equiaxed microstructure
which exhibits an endurance limit typically above 800 MPa [10-12].

It has been assumed so far, that the main factors responsible for such behaviour are
related to surface quality and the presence of pores. Nevertheless, it is important to point
out that no systematic study of the influence of these features on the fatigue behaviour
of Ti-6Al-4V alloy processed by MIM has been carried out to date. Furthermore, the

interaction between microstructural features such as porosity, grain size and impurity
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levels with the fatigue behaviour of MIM components remains unclear. Consequently, if
Ti-6Al-4V alloy components fabricated by the MIM technique are to be used in
applications where fatigue resistance in the range of wrought material is required, then
identification of the critical features responsible for the degradation of fatigue behaviour

of the MIM parts is necessary.

1.1. Scope of the work

In the present work, the high cycle fatigue behaviour of Ti-6Al-4V components
fabricated by MIM is investigated in detail. Experiments were conducted in an attempt
to determine the influence of critical features such as surface quality, porosity and
microstructural features on the fatigue behaviour of MIM Ti-6Al-4V components. In
order to identify the crack initiation mechanism, detailed examination of the fatigued
fracture surfaces was performed. In a second step, the fatigue response of different
configurations is described in terms of tensile properties, microstructural features,

surface quality and composition.

The present work contributes to the understanding of the influence of surface quality,
microstructural features and process parameters on the fatigue behaviour of MIM Ti-
6Al-4V components. Based on this comprehensive understanding, an alloy has been
designed with the microstructural features required to minimise the degradation of the
high cycle fatigue behaviour resulting from the presence of inherent MIM processing
defects.
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2. State of the art

2.1. Ti-6Al-4V alloy

Titanium was first discovered by the mineralogist and chemist, William Gregor in 1791.
Four years later, Martin Klaproth, based on the story of the Greek mythological
children, the Titans, named the element as titanium. After that, more than 100 years
were necessary to isolate the titanium metal from its oxide. Finally, the first alloys, as
well as the popular Ti-6Al-4V alloy, were developed in the late 1940s. The Ti-6Al-4V
alloy is the most common used alloy among the commercially available titanium alloys.
The reason for this success is the good balance of its properties and the intensive

development and testing of this alloy during the approximately last 60 years [13].

Ti-6Al-4V alloy belongs to the group of o + B titanium alloys. The aluminium acts as a
o stabilizer and the vanadium as a 3 stabilizer. At this specific composition both phases,
o and B, are presented in the microstructure at room temperature. Typically, three
different microstructure morphologies can be obtained by changing the thermo-
mechanical processing route: fully lamellar structures, fully equiaxed structures, and so-

called bi-modal microstructures [14].

The fully lamellar microstructure (Fig. 1b) is characterized normally by packages of
lamellae. The typical thermo-mechanical processing route applied to obtain the fully

lamellar microstructure is schematically illustrated in Fig. 1.
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Fig. 1. Figure (a) illustrates the processing route for fully lamellar microstructure,

and (b) the resultant microstructure.
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The most important parameter in the processing route is the cooling rate from 3 phase
field during the recrystallization step since it delineates the size of the o lamellae, the o
colony size and the thickness of the o layers at B grain boundaries. In the fully lamellar
microstructure the a colony size, alternating o and B plates with distinct orientation
relationship, is the feature that defines a grain, or in other words, the size of the slip
length during plastic deformation. Thus this feature determines mechanical properties

such as tensile yield strength and high cycle fatigue strength.

In the case of fully equiaxed (Fig. 2b) microstructure the typical thermo-mechanical

treatment is illustrated in Fig. 2a.

A
=1 D T,=1000C_ B 3
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Fig. 2. Figure (a) illustrates the processing route for fully equiaxed microstructure,

and (b) the resultant microstructure.

Again, the critical process segment is related to the cooling rate of the recrystallization
process step. The cooling rate needs to be sufficiently low in order to allow only growth
of o grains with no formation of o lamellae within the B grains, resulting in an
equilibrium volume fraction of B phase located at the “triple-points” of the o grains.
The microstructure feature that defines the grain size or the slip length for this

microstructure is the o grain size.

Finally, the bi-modal microstructure (Fig. 3b) is obtained from the typical process route

shown in Fig. 3a.
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Fig. 3. Figure (a) illustrates the processing route for bi-modal microstructure, and

(b) the resultant microstructure.

The microstructure consists of equiaxed primary o grains situated at the triple points of
B grains. The background of matrix constituent, often referred to as “transformed f3,”
contains a lamellar structure of B phase plus secondary o lamellae. For the bi-modal
microstructure the feature that defines the slip length is the distance between the

equiaxed primary o grains.

Among the microstructures cited above, the fully lamellar microstructure is usually the
microstructure obtained after sintering the Ti-6Al-4V alloy powder processed by MIM.
The two most relevant parameters during the sintering process are the maximum
sintering temperature and, as for the thermo-mechanical process route, the cooling rate.
These two factors will determine the o colony size and consequently the mechanical

properties.

Besides the difference in microstructure morphology, another important feature that
describes the mechanical properties of Ti-6Al-4V alloy is the amount of interstitial
elements, such as O, C and N. Conrad [15] proposed an equivalent oxygen content
(Oegy= O + 2N + 0.75C) in order to describe the effect of dislocations-impurity
interaction on the tensile properties of commercial titanium alloy. Furthermore, Meester
et al. [16] noticed that the interaction of dislocations with interstitial impurities (C, N
and O) for the Ti-6Al-4V alloy was similar to that for unalloyed titanium. In general the

tensile strength and the high cycle fatigue strength increase with a subsequent increase
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of Oeq, [14, 17] whereas the ductility and specially the fracture toughness decrease with
a higher amount of interstitial elements [18-20].

2.2. Metal injection moulding process

The idea of using thermoplastics as vehicle for metal or ceramic powders to get
moulded parts of a desired shape has been developed since the late 1920°s [21].
Evolution of this process idea in terms of maximization of the solid particles content
and the extraction of the thermoplastic polymer binder during sintering allowed the
production of metals and ceramics parts with a highly complexed shape, low cost
forming, and high performance properties [22]. Consequently, this new process named
powder injection moulding (PIM) combines the advantages of powder metallurgy
process with the design flexibility of thermoplastic injection moulding technique [23,
24]. If ceramics are used, the process is termed “ceramic injection moulding” (CIM) and
if metals are applied the term is “metal injection moulding” (MIM) [23, 25]. The
principle of the MIM process is illustrated in Fig. 4, displaying the technique performed
at GKSS. Initially, powder and thermoplastics are mixed by using kneaders in order to
obtain the feedstock. This feedstock is heated and injected into a mould using a
conventional injection moulding machine. After injection, the moulded part or the so
called green sample is exposed to chemical debinding. Usually, one component of the
binder system is removed in the chemical debinding step with the objective of opening
micro-channels in the sample to facilitate the extraction of the remaining binder during
following thermal debinding. Finally, the sample is exposed to thermal debinding and

sintering in a single furnace run.

It is important to note that MIM of ferrous materials is a well establish fabrication
process. Nowadays, there is even an ASTM standard (ASTM B883-05) with acceptable
chemical composition levels and minimal tensile properties values for the most common
ferrous alloy such as: MIM 2700 low alloy steel, MIM-316L austenitic stainless steel or
the MIM-17-4PH precipitation hardening stainless steel. Unfortunately, such a standard
does not exist yet for the MIM titanium alloys. This contributes to the actual lack of
available data related to the desired chemical composition and/or mechanical properties

of the MIM titanium alloys.
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Mixing and Injection Chenmical Thermal debinding and
kneading moulding debinding sintering process
Powder + Polymer Feedstock Green sample Brown sample Sintered

- Sample

Fig. 4. A schematic diagram of the processing steps, equipments involved and

sample configuration in powder injection moulding.

2.2.1. Powders for MIM

Particle morphology has a large effect on the success of the MIM process. While
irregular particles exhibit better moulded parts shape retention during binder removal,
the packing coordination number and density are degraded by an irregular particle
shape. The particles size may be in the range between around 1 pum up to 45 pm.
Coarser powders are usually not used because their lack of sintering activity [26]. In
terms of titanium powders, three main different kinds of powders exist: sponge fines,
hydride-dehydride (HDH) and gas atomised powder. The sponge fines and HDH
powders are cheaper for MIM production compared to atomised powders. However, due
to irregular particle morphology, which reduces the maximum powder loading of the
feedstock, the sponge fines and HDH powders are typically deprecated in favour of

atomised powders [23, 27].

2.2.2. Binder for MIM

A primary requirement of the binder is that it allows flow and packing of the particles

into the mould cavity [28]. The binder is usually designed as a multi-component system.
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The backbone component, typically a thermoplastic, retains the moulded shape during
all phases prior to the later stages of debinding. The second component, which is
typically a wax, has the function to improve the flowability of the mixture. Furthermore,
as the wax is the first component to be extracted during debinding, open pores will be
created. This will allow the gaseous products of the remaining polymer to diffuse out of
the structure without generating an internal vapour pressure that might cause compact
failure. In addition, removal of half the amount of binder means to reduce the potential
pick-up of carbon during thermal debinding significantly. Finally, additives such as
surfactants are added in order to reduce the contact angle by lowering the surface energy
of the binder-powder interface [29, 30].

Currently, there are a number of binder systems, e.g. Polyethylene, Paraffin, Stearic
Acid [31], Naphthalene, Stearic Acid, Polyethylene Vinyl Acetate [32] and etc., which
appear to have the necessary characteristics to process titanium alloys by MIM

technology approach.

2.2.3. Injection moulding and debinding

In the injection moulding process, temperature and pressure are varied to deliver the
feedstock to the mould cavity. During injection the so called “jetting filling” (Fig. 5)
should be avoided, because of the associated surface weld lines and trapped air defects.
The progressive mould filling is most desirable for a successful production of parts by

the injection moulding technique [22].

sequential fill steps

progressive
= filling

= - - jetting
QT

Fig. 5. A schematic comparison of the sequential feedstock flow in progressive

mould filling and jetting [22].
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In terms of rheological behaviour, the feedstock should exhibit a pseudo-plastic flow
characteristic [33]. Pseudo-plastic flow refers to a substance that demonstrates a
decrease in viscosity as the shear rate increases. Apart from shear rate, in general the
viscosity of the feedstock is also dependent of temperature, powder loading, powder
characteristics and the binder system composition. It is desirable that the viscosity of the
feedstock should decrease quickly with increasing shear rate during moulding. The
shear shinning of MIM feedstock with the increase of shear rate results from the powder
particle ordering and the binder molecule orientation with flow [34]. Empirical studies
have demonstrated that a viscosity of less than 10° Pa'sec is desired in order to obtain
flow conditions. Furthermore, during moulding the shear rates usually ranges between
10 and 10° sec™, with the low shear rate at the walls and the high shear rate at the gate
[35, 36]. Because of so large variations of the viscosity and non-homogeneous viscosity
distribution during the filling process, it is possible that at critical conditions powder
binder segregation or other defects related to the filling behaviour occur [37].

The binder removal process includes a series of physical or chemical process such as the
transport of the evaporated or decomposed binder phase to the surface through the
connected pore channels inside of the compacts, the flow and redistribution of liquid
binder phase in compacts due to capillary forces and the evaporation or decomposition
of the binder components [38]. The spaces between the powder particles, which are
filled with the binder phase, are opened gradually during the first step of debinding
process. Barone et al. [39] and Cima et al. [40] observed that after approximately 40%
binder extraction the connected pore channels were formed in the moulded parts. These
connected pore channels are essential for the subsequent debinding of the remaining

binder.

Potential defects formed during debinding consist of internal cracks, distortion,
slumping, warping, surface pits and discoloured spots [41]. Fig. 6 illustrated several
possible defects in a cross sectioned MIM part. These defects are created due to
inhomogeneous mixture, mould filling errors or wrong debinding parameters. In order
to achieve good mechanical properties such defects should be eliminated or minimized

by changing the MIM process parameters.



STATE OF THE ART

shrinkage vapor
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Fig. 6. Possible defects in a MIM component that might be noted after debinding
or sintering process [22].

2.2.4. Sintering

Sintering is a process where particles bond together by atomic motions acting to reduce
the high surface energy associated with an unsintered powder [42]. Theoretical concepts
of sintering are based on thermally activated processes effecting the growth of contacts
between particles and their coalescence [43]. Thus, local kinetics of the process, contact
formation and driving force nature have been studied to a large degree [44-46]. The
main driving force for the sintering process is the reduction in surface free energy of the
particle. The reduction is achieved mainly by diffusional transport of material from the
centres of particles to the particle-particle necks [47]. Basically, mass transport during
sintering without liquid phases have been discussed under two categories for
polycrystalline materials:
e diffusion mechanism and

e plastic deformation mechanism.

The first mechanism can be divided in three main segments:
e evaporation-condensation mechanism,
e surface diffusion mechanism and
e volume diffusion mechanism.
Surface diffusion and evaporation-condensation mechanisms are transport mechanisms

that can produce surface smoothing, particle joining and pore rounding, but do not

10
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produce volume shrinkage [48]. Alternatively, the volume diffusion is fairly important
to the densification of sintered materials. The volume diffusion can be further divided in

lattice diffusion and grain boundary diffusion.

The second mechanism was postulated by Lenel [49] and is more applicable to the early
stage of sintering where a dislocation climb mechanism may be rate controlled by the
diffusion of vacancies toward the dislocations. The experimental evidence which has
been presented in support of the deformation mechanism for material transport is strong,

especially under pressure condition, e.g. sintering with hot isostatic pressing (HIP) [46].

However, in the absence of an applied pressure the available stress in the system is
insufficient to nucleate new dislocations [22, 50]. Furthermore, Taskinen [51]
demonstrated for a carbonyl nickel powder that the material transport in the sintering of
normal powder (particle size 50 to 500 um) is never controlled or dominated by
dislocation motion. Only in the case of micron-size particles is it possible for

dislocations to be the dominated material transport mechanism.

In order to better understand the sintering behaviour of a given material, the process is
typically divided in three stages [42]:

e initial stage: the particles form bonds at the particles contacts and a fully
interconnected pore structure with a rough pore shape are presented,

e intermediate stage: at this point significant densification occurs, where the
density is normally in the range of 70 to 92% of the bulk value. The interaction
between pores and grain boundaries is crucial for the further densification.

o final stage: the pores at this stage tend to be isolated and rounded. Further
densification is nearly inhibited since vacancy diffusion through the lattice to the
grain boundaries is required in order to eliminate the isolated pores. In general
coarsening of the microstructure is also observed at this stage.

During sintering of a powder compact, both densification and grain growth occur
simultaneously [52-54]. It has been recognised that the relationship between
densification and grain growth must be assessed in order to understand and control the
sintering process. A prominent approach is to investigate the interaction between pores
and grain boundaries. These interactions can be expressed into three forms: the pores

11
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can act as a barrier for grain growth [55], the pores can be dragged by the grain
boundaries, or the grain boundaries can break way from the pores, leaving them isolated
in the grain interior [42]. The first and the second situation are favourable to the
densification whereas the third situation supports the coarsening of the microstructure.
Brook [56] explained the breakaway of the grain boundaries from the pores in terms of
pores and grain boundary mobility. Separation of pores from the grain boundary will
occur, when pore and grain boundary velocity become different. Additionally, he
demonstrated that the pore and the grain boundary mobility are related to the size of
these features. Fig. 7 illustrated schematically when the breakaway occurs as a function
of grain and pore sizes for a hypothetic system.

100 T

Grain size [um]
|

1 1 1 1 1
0.01 1 100
Pore size [um]

0.01

Fig. 7. Grain size and pore size interaction during sintering, showing the condition
where breakaway may occur [56].

Pores and second phase inclusions may inhibit the grain boundary migration and can be
used to improve densification since the pores located at grain boundaries can be
removed faster by grain boundary diffusion than those located in the interior of the

grains [54].

Another attractive option for increasing the final densification of sintered parts is the
utilization of additional phases which improve the diffusion rates by stabilizing
desirable crystal structures or, more typically, to form a liquid phase to increase the

sintering rate [57].

12
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Despite a strong research activity for decades, numerous questions remain open, in
particular when real systems are concerned. The main problem of real system is the fact
that the sintering kinetics of real porous bodies is determined not only by the properties
of the particles and the nature of their interaction, but also by macroscopic factors such
as defects due to powder packing faults, presence of inclusions, particle rearrangement
and anisotropic shrinkage [43].

2.3. MIM of Ti-6Al-4V alloy

A major concern of titanium alloys is their high manufacture cost compared to steels or
aluminium alloys. In order to reduce these cost near net shape techniques such as MIM
and precision casting have been successfully applied in the fabrication e.g. of Ti-6Al-4V
alloy [8, 27, 58, 59]. MIM is basically the approach of choice when a large number of
small parts of highly complex shape are required [60]. However, the unsuccessful
application of MIM technology in the mass production of titanium parts during the last
decades was mainly related to the unavailability of suitable powder and to inadequate
sintering atmosphere and binders for a material as reactive as titanium [61]. However,
nowadays it is possible to produce Ti-6Al-4V components fabricated by MIM with
excellent mechanical properties at a tolerable impurity level [6, 62-65]. Gas atomised
spherical and prealloyed titanium powders are currently the best option among the
available powders for obtaining MIM components. A maximum oxygen content of 0.2
wt.% and tensile elongation in the range of 15 % [62] are achievable. Nevertheless, the
powder cost is a barrier to widespread applications. An alternative could be the use of
HDH titanium powder. Unfortunately, poor rheological properties and sintering activity
due to irregular particle shape and often too contaminated powders leading to
insufficient tensile properties are obstacles for the application of HDH titanium powder

in MIM process for commercial applications [66, 67].

An essential problem in using the MIM technology for small and complicated titanium
parts is the high affinity of the powder towards carbon, oxygen and nitrogen. As
discussed in section 2.1 these elements tend to affect the mechanical properties of
titanium alloys and for many applications the loss of ductility due to high impurities

level is unacceptable [68]. Recently, much effort has been put into regulating powders,
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modifying binders and optimising other MIM process steps in order to reduce

contamination [69].

2.4. Fatigue

The study of the fatigue of materials and structures started in the nineteenth century
because of the appearance of service fractures during cyclic loading of components at
relative low loads e.g. below the yield strength [70]. One of the first studies concerned
with the identification of the phenomenon of fatigue was carried out by Wohler [71]. In
his study Wohler investigated the dependence of the stress on the number of loading
cycles to complete fracture. The maximum stress at which fracture does not occur even
after a very high number of loading cycles (of the order of 107) was assumed to be the
fatigue limit. The relationship between stress and cycles was believed to be as a
rectangular hyperbolic relationship with a horizontal asymptote (fatigue limit) [70].
However, such condition may not exist for all metallic materials as reported by Bathias
[72]. He noticed that for the Ti-6Al-4V alloy fatigued up to 10° cycles the fatigue limit

was approximately 100 MPa lower than the values obtained at 10” cycles.

The fatigue process has proved to be very difficult to study. Nonetheless, the basic
principles of fatigue behaviour of metallic materials has been summarised in numerous
publications [73, 74]. Now, it is generally agreed that four distinct phases of fatigue
may occur [17]:

e nucleation,

o structurally dependent crack propagation (microstructurally short cracks phase),

e crack propagation that is described by either linear elastic, elastic-plastic or fully

plastic fracture mechanics and

o final instability.
A more general approach separates the fatigue life of a component in two parts: the
fatigue crack initiation and the fatigue crack propagation. During high cycle fatigue
regime the crack initiation phase, which includes nucleation and propagation of
microstructurally short cracks, is the determinant phase. In case of normally processed
samples, it is assumed that approximately 90 % of the total fatigue life is determined by

the crack initiation phase [75]. Additionally, the period of crack nucleation in smooth
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specimens without defects is assumed to be in the range of 5-20 % of the fatigue life.
The major part of the life is spent in the growth of microstructurally short cracks [76].
Consequently, in order to predict the fatigue response of a given material it is essential
to identify and understand the dominant mechanisms during nucleation and propagation

of microstructurally short cracks propagation.

Crack nucleation in ductile metals is often associated with local plastic deformation. In
the absence of metallurgical defects such as casting pores or impurity inclusions, fatigue
crack in single-phase materials initiate at the surface [77]. Surface cracks are typically
observed to form at the following sites: slip bands, grain boundaries, precipitates,
dispersoids and twin boundaries. All of these regions are subject to stress concentrations

and thus to a possible localized plastic deformation.

Among possible sites of crack initiation, the slip band is preferentially the one for pure
single-phase metals [78]. The cyclic strain is concentrated along the slip band and
extrusion or intrusion is accompanied with it. The models proposed to explain such
phenomenon are based on Mott’s assumption [79], that dislocations move along
different paths in the slip bands under forward and reverse loadings. Fig. 8 illustrates

schematically the crack initiation due to irreversible slip bands.

INTRUSION

/

MATRIX

Fig. 8. Schematic illustration of single slip system of intrusion formation [80].

In polycrystalline metals, however, the grain boundary is often an additional relevant
factor for the crack initiation. During cyclic deformation, the grain boundary serves as

an obstacle to the slip bands resulting in the build-up of high stress concentration at the
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boundary. Such high stress concentrations promote early crack initiation during fatigue
[76, 81].

Recently, Miller [82] introduced the concept of microstructure fracture mechanics
(MFM) which is essential in order to understand the very long-life fatigue failures (10°
— 10" cycles). Basically, he emphasized the existence of two fundamentally different
conditions in polycrystalline metals, one related to long crack growth behaviour
involving minimal effects of microstructure, and another concerned with microstructure
dominated threshold condition. Furthermore, he pointed out that the fatigue limit of
most materials does not reflect the critical stress for crack initiation, but the threshold
stress for non-propagation of the crack emanating from original cracks, defects or
inhomogeneities. Finally, he highlighted the statement of Kitagawa and Takahashi [83]
that linear elastic fracture mechanics (LEFM) should not be applied to either physically
small or microstructurally short cracks since the assumption of small-scale yielding

conditions at such short cracks does not apply.

Fig. 9 depicts the typical situation in the early growth stage of a microstructurally short
crack in an f.c.c polycrystal. In a large surface grain a crack is nucleated along persistent
slip bands or along twin boundary, i.e. in a {111} crystallographic plane of the grain.
When the crack reaches the boundary, two favourable oriented slip systems become
active in the neighbouring grains. Only if such a grain is oriented for single slip the
crack can advance along the {111} planes. A unique crack front is only formed if the
crack growth in all the neighbouring grains is correlated. Consequently, some cracks
will stop due to the unfavourable slip plane orientation. This leaves secondary cracks

that are often identified on the fracture surface [84].
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Fig. 9. Schematic of the growth of microstructurally short cracks in a polycrystal.

2.4.1. Fatigue in Ti-6Al-4V alloy

The resistance to fatigue crack initiation for titanium alloys decreases with coarsening

of the microstructure. Fig. 10 shows the S-N curves of differently processed Ti-6Al-4V

specimens. Typically, fine equiaxed

microstructure produced by thermo-mechanical

treatment exhibits higher fatigue resistance than the coarse cast lamellar structures.
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Fig. 10. High cycle fatigue behaviour of Ti-6Al-4V alloy obtained by different

processes route [85].
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Stubbington and Bowen [86] investigated the influence of microstructure size on the
fatigue behaviour of Ti-6Al-4V alloy. They conclude that by refinement of the
microstructure from fully lamellar to an equiaxed microstructure, the fatigue strength
could be improved from 440 MPa to 670 MPa.

Generally, the high cycle fatigue strength at 10 cycles is directly related to the
resistance against fatigue crack nucleation [14]. In terms of fatigued fracture surfaces,
normally the crack initiation sites are characterized by a faceted fracture surface [87].
For example, fatigue cracks in fully lamellar microstructure nucleate at slip bands

within the o lamellae or at a zones along beta grain boundaries [17].

The first model accounting for the formation of facets due to the dislocations pile-up at
a critical point (e.g. grain boundaries) was proposed by Stroh [88]. Fig. 11 illustrated
the model that describes the quasi-cleavage facets formation in titanium alloys.

3lip band

Fig. 11. Stroh’s model to describe quasi-cleavage facets formed in titanium alloys
[88].

It is important to note that the term “quasi-cleavage” does not mean that the facet is
created in a single load cycle (brittle fracture mechanism), but instead due to the gradual
separation of slip damage concentrated within a persistent planar slip band [89]. In a
recent publication Pilchak et al. [90] suggest that all terminology with the word
cleavage for the description of the facets formation on the titanium alloys should be

abandoned in favour of low AK faceted growth. They argued that this term is intended
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to be a phenomenological descriptor that does not imply anything about the number of
load cycles required to produce the facet.

Tanaka and Mura [91, 92] proposed a model that during fatigue loading, irreversible
slip occurs in a favourably oriented surface grain, leading to dislocation motion on a slip
plane (I), see Fig. 12, and dislocation pile-up at grain boundaries. During unloading,
dislocations with opposite signs are activated on an adjacent plane (Il), producing
reverse slip and the formation of vacancy and interstitial dislocation dipoles at the ends
of the double pile-up. Consequently, the crack nucleation is assumed to be related to the

stored energy in the dislocation dipoles.

Fig. 12. A schematic showing the fatigue crack initiation process along a planar
slip band due to dislocation pile-up. (d) is referring to grain size and (h) is the slip
band width [91].

A prominent modification of this model has been made by Chan [93] which includes
crack size and relevant microstructural parameters. Although the slip band width (which
is related to the work hardening behaviour of the material) was used as fitting
parameter, excellent agreement between the model and experimental data was obtained
for different materials including Ti-6Al-4V alloy [84].
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3. Experimental procedures

3.1. Materials

The materials used in this work are gas atomised spherical Ti-6Al-4V alloy ASTM
grade 23 (ELI — extra low interstitial) powder with particle diameter < 45 um, supplied
by TLS Technik GmbH, Germany and amorphous boron powder (grade I, 95% purity)
with a particle diameter < 2 um, supplied by H.C. Starck. The Ti-6Al-4V ELI (Fig. 13)
alloy powder has been produced by argon gas atomisation with respective impurity
levels of: 1000 pg/g in O, 100 pg/g in N and 200 ug/g in C.

Fig. 13. Scanning electron microscope image (SE-mode) of the powder size fraction

used for the present metal injection moulding experiments.

The amorphous boron powder exhibited maximal impurity levels of: 15,000 pg/g in O,
2,000 pg/g in N and 5,000 pg/g in Mg. The binder system used in this study consisted
of 60 wt.% paraffin wax, 35 wt.% polyethylene vinyl acetate (EVA) and 5 wt.% stearic

acid.

3.2. MIM process

The feedstock (mixture of metallic powder and binder) contained 31 vol. % of a binder
system. The metallic powder (Ti-6AL-4V ELI) and the binder system were mixed in a

Z-blade mixer at a temperature of 120 °C for two hours under argon atmosphere. After
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granulation the feedstock was injection moulded using an Arburg 320S machine. As
moulded, the bending fatigue specimens and “dog-bone” specimens measured

approximately 10 % bigger than the nominal values presented in Fig. 14 and Fig. 15,
respectively.
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Fig. 14 — Geometry of bending fatigue specimens. Dimensions of as sintered part
and measured in millimetres.
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Fig. 15 - Geometry of “dog-bone” tensile test specimen. Dimensions of as sintered
part and measured in millimetres.

The paraffin was removed by chemical debinding with heptane at 40 °C during 20 h.
Final removal of the remaining binder and subsequent sintering were carried out in a
single-step heat treatment run. Sintering was conducted in a cold wall furnace with
tungsten heating elements and shield packs of molybdenum. Sintering was performed in

vacuum of 10~ mbar at 1250 °C with a holding time of two hours, followed by
controlled furnace cooling (10 °C/min).
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The samples processed with the parameters described above will be referred to as
MIM3IL (L is related to “low” sintering temperature and “31” refers to the
corresponding volume percentage of binder in the feedstock). It is important to note that
these samples are assumed for this investigation to be the starting point condition.
Further experiments were planned based on the results obtained for this configuration.
In one attempt to separate the influences of critical parameters such as surface quality,
porosity and microstructural features on the fatigue behaviour of the MIM components

the following approaches were used:

e Surface quality — samples with different binder content or surface
treatment.
e Porosity — 5 samples with different initial powder size or

application of HIP on sintered samples.

e Microstructure features samples with different grain size or
microstructure morphology by means of alloy
modification or a powder+HIP manufacture

route.

In the following only the difference in processing between the MIM31L samples and
the other investigated configurations is pointed out.

3.2.1. Binder content

Firstly, the influence of the binder content on the mechanical properties of Ti-6Al-4V
alloy was investigated. For that a feedstock with a binder system fraction of 35 vol.%
instead of the usual 31 vol.% was prepared. Differences in the binder content of the
feedstock imply different particle distances prior to sintering resulting in different
porosities if sintering time and temperature are kept constant. Therefore, in order to
yield approximately the same level of porosity after sintering without prolongation of
the process time, the samples were sintered at different maximum temperatures. Two
maximum sintering temperatures (1250 °C and 1350 °C) were used for this set of

experiments.
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One complete S-N curve was measured for the samples with a binder system fraction of
35 vol. % sintered at 1350 °C. Additionally, nine of those samples were sintered at
1250 °C and tested at three different stress levels. This last experiment was carried out
in order to evaluate the influence of maximum sinter temperature on the mechanical

properties.

In the following the samples fabricated with a binder system fraction of 35 vol. %
sintered at 1250 °C and 1350 °C will be referred to as MIM35L and MIM35H,
respectively, with “H” corresponding to “high” temperature and “35” is associated to

volume fraction of binder.

3.2.2. Particle size

In order to decrease the total amount of remaining porosity samples with a smaller
particle size were fabricated. A feedstock with metal powder size below 25 pm and with
binder content of 35 vol.% was used. Sintering was performed at 1250 °C for two hours

followed by controlled furnace cooling (10 °C/min).

In the following, the samples with a powder size below 25 um and with 35 vol.% of
binder will be referred to as 25MIM35L (25 is referring to powder size, L is related to

the “low” sinter temperature and 35 is associated to the binder content).

3.2.3. Boron addition

It is well known that during casting small addition of about 0.1 wt.% of boron to the Ti-
6Al-4V alloy decreases the grain size by approximately one order of magnitude [94].
However, it is unclear if during a sintering process such an effect occurs too. Therefore,
in order to evaluate possible changes in microstructure of MIM Ti-6Al-4V alloy
samples with 0, 0.1 and 0.5 wt.% boron added were sintered at 1250 °C. Moreover,
samples with 0 and 0.5 wt.% of boron addition were also sintered at high temperatures
of 1400 °C.

Addition of amorphous boron powder was carried out during the mixture of the powders
and the binder system (feedstock preparation). The feedstock contained 35 vol.% of

binder system. The further process, apart from maximum sintering temperature, was
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carried out as described for the MIM31L samples in section 3.2. The maximum
sintering temperature of 1400 °C was defined on ground of the dilatometry experiments

(see 3.5.3).

3.3. The hot isostatic pressing
The HIP process was applied to fabricate components from Ti-6Al-4V alloy powder

without pores.

3.3.1. Powder+HIP

A HIP process was applied on the Ti-6Al-4V alloy powder with particle size < 45 pum
(same powder used to fabricated the MIM components) to produce samples for micro-
tensile test and for the four-point bending fatigue experiments. The HIP process was
carried out at Julich Forschungszentrum. The powder (1.13 kg) was packed inside a
thick-walled titanium can of 50.8 mm diameter and 211 mm length. This container was
evacuated during eight hours at room temperature and sealed after six hours at 400 °C.
The canned powder was consolidated using the process cycle illustrated in Fig. 16. It is

important to note that the process was carried out below the B transus temperature
(approximately 1000 °C for the Ti-6Al-4V alloy [95]).
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Fig. 16. HIP process cycle.
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After the HIP process the impurity levels and the final microstructure were investigated.
The samples for micro-tensile and fatigue tests were spark eroded to the final geometry
shown in Fig. 14 (fatigue samples) and Fig. 19 (micro-tensile samples). These samples

will be referred to as Powder+HIP.

3.3.2. MIM+HIP

In order to obtain specimens fabricated by MIM process with no remaining pores a HIP
process was applied on some of the MIM35H samples after sintering. The HIP process
was carried out in a shared titanium cycle running at Bodycote HIP N.V., Belgium, with
a maximum temperature of 915 °C for two hours at 100 MPa. Microstructural features
and impurity levels were evaluated after the HIP process. Tensile and fatigue tests were

carried out.

In the following the samples fabricated by MIM and exposed to a HIP process will be
referred to as MIM35H+HIP.

3.4. Surface modification and characterisation

Fatigue properties of titanium alloys are largely determined by surface defects [96],
microstructures [86], and crystallographic textures [97]. In order to evaluate the
influence of surface quality on the fatigue behaviour some of the samples were exposed
to shot peening. The shot peening was conducted on an air-blast machine using
zirconium oxide particles with a diameter of 500 pum. The air pressure was 4 bar with an
exposure time of 10 seconds for each surface sample. The nozzle diameter was 6 mm

and the work distance applied was 50 mm.

Light microscopy was used to investigate the influence of shot peening on the surface
quality of MIM samples. The surface roughness was estimated by using a Hommel
tester T1000.

Four MIM35H samples with shot peening were subjected to a further heat treatment.
The samples were heated up to 915 °C for 30 min in vacuum of approximately 10
mbar. The furnace used was the same applied for the sintering process. After the heat

treatment the samples were exposed to fatigue loading under four-point bending
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configuration. This experiment was carried out in order to relieve possible compressive
stresses in the surface. Furthermore, if the samples after the shot peening application
content a higher degree of local plastic deformation it might be possible to do a
recrystallization of the microstructure (finer microstructure at the deformed regions).
The microstructure at the surface and the fatigue fracture surfaces were investigated by
using light microscopy and SEM.

3.5. Characterization of the samples

3.5.1. Impurity levels, microstructural features and relative density

The impurity levels such as oxygen, nitrogen and carbon of the specimens were
determined using a conventional LECO melt extraction system. The TC — 436AR
equipment was used to analyse the nitrogen and oxygen levels. The CS — 444 was
applied in order to determine the carbon content. In an attempt to evaluate the influence
of these elements on the mechanical properties of samples processed with different
parameters, the concept of oxygen equivalent Oy introduced in section 2.1. was
applied. It is important to note that at least three samples were examined for each
different sintering furnace run (batch). Consequently, the impurity level values

presented for this investigation are average from these samples.

The microstructure of the samples was examined by optical microscopy after polishing
and etching in Kroll’s reagent (containing 3% HF and 10% HNO3). The average grain
size was measured using an image analysis system (Olympus Soft Image Solution,
analysis pro). A linear intercept technique (ASTM E112-96) was applied in order to
determine the grain size. For this investigation, the grain size was assumed to be the
microstructural feature that defines the slip length. Therefore, the o colony size (Fig. 17,
length a)) and the o phase (Fig. 18, length a)) or o colony (Fig. 18, length b)) sizes are
the features that define a grain for lamellar and quasi equiaxed microstructures,

respectively.

26



EXPERIMENTAL PROCEDURES

Fig. 18. Quasi-equiaxed microstructure; a) a. grain size, b) a colony size.

The relative densities of green (after injection) and sintered samples were determined by
the immersion method outlined in ASTM B311. The bulk density of the Ti-6Al-4V
alloy component without pores was determined to be 4.41 g/cm?® after measuring a
sample exposed to an additional HIP process following the MIM production. Therefore,
it was possible to estimate the porosity of the sintered samples by using:

Porosity [%] = 100{[&}100} 1
Ps

Where py is the apparent sintered or the apparent green density measured by immersion

method and pg is the apparent bulk density of Ti-6Al-4V alloy component without

pores.
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3.5.2. EBSD measurements

Electron backscatter diffraction (EBSD) was performed using hardware fabricated by
ZEISS, GEMINI (ULTRA™ 55) and TSL OIM Analysis 5.2 software. Spatially
resolved EBSD maps were acquired at 15 keV using a step size of 0.2 um. The samples
were prepared by conventional polishing procedures followed by a final polishing (5
min.) with a Struers oxide polish suspension (OPS) compound. When electropolishing o
+ B titanium alloys the B phase is attacked preferentially. This makes it impossible to
detect the B phase and its texture during the EBSD mapping. For this reason, the
samples were finally polished in a vibration machine (Buehler Vibromet 2) during 48

hours in colloidal silica polishing suspension (MasterMet® 0.06 pm).

Electron backscattered diffraction Kikuchi patterns (EBSPs) were used to help clarify
the borides’ structure. The lattice parameters and the fractional coordinates of atoms in
TiB and TIB; are given in Table 1. These data made it possible to distinguish local

crystallographic differences by means of EBSD patterns.

Table 1 — Crystal structure, lattice parameters, and fractional coordinates in TiB
and TiB,.

Phase Structure/space group  Unit cell [107° m] Atomic positions
TiB Orthorhombic/Panma a=6.12 Ti: 4c, m, x = 0.1777,
b =3.06 y=1/4,2=0.123
c=4.56 B: 4c, m, x = 0.029,
y=1/4,z=0.603
TiB; Hexagonal/P6/mmm a=3.03 Ti: 1la, 6/mmm, x = 0,
c=3.23 y=0,z=0

B: 2d, 6 m2, x = 1/3,
y=2/3,2=1/2

3.5.3. Dilatometry

The influence of the boron addition on the sintering behaviour of the Ti-6Al-4V alloy
was investigated by dilatometry. The maximum sintering temperature applied to the
fabrication of the Ti-6Al-4V-0.5B alloy specimens was chosen based on the dilatometry
results. For this experiment, the MIM samples made from Ti-6Al-4V and Ti-6Al-4V-
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0.5B were chemically and thermally debinded followed by pre-sintering at 700 °C for 1
hour. The diameter of the samples was approximately 5 mm with a length of 10 mm.
The dilatometer used was a vertical configuration dilatometer fabricated by LINSEIS
(L70/2171). A heating rate of 10 °C/min and an isotherm of 1400 °C for two hours were
used. Argon atmosphere was applied during the heating and cooling processes of the

dilatometry experiments.

3.5.4. Tensile test

Fig. 15 illustrates the geometry used for the tensile experiments. Micro-tensile
specimens (Fig. 19) were also used. The difference of specimen geometry is due to the
fact that for some configuration, such as Powder+HIP samples, the amount of material
was not enough to fabricate specimens with the required dimensions (Fig. 15).
Therefore, in order to compare the results obtained for the micro-tensile specimens with
the dog-bone specimens, both micro-tensile and dog-bone specimens were fabricated
for the MIM35H samples. Tensile tests were performed on a servohydraulic structural
test machine equipped with a 100 kN load cell. The tensile tests were carried out at
room temperature at a strain rate of 1.2 x 10° s™*. At least three dog-bone specimens and

five micro-tensile samples were tested for each investigated configuration.
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Fig. 19. Micro-tensile specimen geometry. Dimensions are in millimetres.
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3.5.5. Fatigue experiments

High cycle fatigue testing was done in four-point bending configuration using a
resonance machine fabricated by RUMUL (Mikrotron 654-H, 20kN). Tests were
conducted under load control with a cyclic frequency of ~95 Hz (sine wave) at a load
ratio R=comin/omax 0f 0.2. All the experiments were carried out at room temperature in
air. The fatigue endurance limit was defined as 10’ cycles. The geometry used for the

high cycle four-point bending fatigue test is shown in Fig. 14.

The maximum initial tensile stress o within the loaded bar was calculated using
equation 2 where F is the applied force, L is the gauge length, W is the bar thickness

and (Ixx)r is the moment of inertia of rectangular cross section with corner radius r.

FLW
o= 2
24(IXX)I‘
The true moment of inertia (Ix)r about the neutral axis x-X is:
BW —2r)® (B - 2nrd 9 a7 4
() = + +(1/2)(B - 2r)(W — )°r + 4r (———j
XX°r 12 6 16 O 3

2
+7rr2 W _ r[l—iJ
2 3t
where B is the bar width and r is the corner radius.

The fracture surfaces of broken specimens were analyzed by a stereoscope (LEICA
MZ95) in order to identify the crack initiation location. The microstructure and fracture
surface of the samples were investigated using a scanning electron microscope (ZEISS —
DSM962). The observations were focused upon the crack initiation location. In
addition, the chemical composition of selected regions was investigated by using
scanning electron microscopy (SEM) coupled with energy dispersive X-ray

spectroscopy (EDX).
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In an effort to better understand the influence of the microstructural features on the
fatigue crack nucleation and propagation, crack front profiles at the possible crack

nucleation site were investigated for samples with and without boron addition.
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4. Verification of the four-point bending fatigue tests

Usually, the high cycle fatigue tests are performed in a constant amplitude axial fatigue
test machine following the ASTM standard (E466). According to this standard to ensure
test section failure, the grip cross-sectional area should be at least four times the test
section area. However, the manufacture of such component by MIM technique is
complicated due to problems related to sample integrity after injection and sinter
processes. Therefore, in this work as a first step on the investigation of fatigue
behaviour of Ti-6Al-4V components fabricated by MIM technique, the high cycle
fatigue tests were performed in a four-point bending configuration. Bending fatigue test

requires a simple geometry, which can be easily processed by MIM technology.

4.1. Experimental procedure

A hot rolled and annealed commercial Ti-6Al-4V ELI (ASTM grade 23) alloy cylinder
with a diameter of 55 mm and a length of 250 mm supplied by Enpar, Germany was
used to fabricate the specimens for the verification of the fatigue experiments. The
samples were machined in the rolled direction to the final geometry shown in Fig. 14
via electric discharge machining. In order to minimize the influence of surface
difference on the fatigue behaviour, the samples were exposed to shot peening. The shot
peening was conducted on an air-blast machine and the same parameters used for the
MIM samples were also applied here. In the following, these samples will be referred to

as reference material.

The fatigue tests were performed with the same parameters applied for MIM samples, as
described in 3.5.5.

4.2. Results and discussion

The reference material exhibited an equiaxed microstructure, as illustrated in Fig. 20,

with an average o grain size of approximately 5 um.
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Fig. 20. BSE image of the reference material microstructure (equiaxed

microstructure).

The result of high cycle four-point bending fatigue tests for the reference material is
shown in Fig. 21. For all S-N curves demonstrated in this investigation the numbers
between parentheses indicate the amount of samples that survived at a specific stress

level (run out).
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Fig. 21. S-N curve for reference materials samples with shot peening (SP).
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The reference samples with shot peening demonstrated a fatigue endurance limit of
approximately 890 MPa. Unfortunately, it is not possible to compare directly this result
with literature values due to the lack of data related to high cycle four-point bending
fatigue test of Ti-6Al-4V alloy. Akahori et al. [10] carried out high cycle axial fatigue
test with R=0.1 and found a value of 800 MPa for fatigue endurance limit of Ti-6Al-4V
alloy with equiaxed microstructure. This lower literature value of fatigue endurance
limit compared to our reference material is expected. Morrisey et al. [98] described the
influence of stress ratio R on mean and amplitude stresses for Ti-6Al-4V alloy at fatigue
life of 10" cycles. Increasing of R leads to a decrease of stress amplitude and an increase
of mean stress. Therefore, it is expected that tests with higher R values cause greater
values for maximum stress. Moreover, it should be pointed out that the shot peening
promoted an increase in the fatigue strength which could be an additional reason for the
higher fatigue endurance limit observed for our reference material compared to
literature values. Thus, it is possible to assume that the results demonstrated in this work

are in an acceptable range with literature data.
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5. Results

5.1. The MIM31L samples

The MIM3LL sintered samples presented a fully lamellar microstructure, as illustrated
in Fig. 22. The a colony size, alternating o and B with distinct orientation relationship,
was approximately 100 pm. The apparent densification was 96.6 % (3.4 vol.% of

remaining porosity).

100 pm
Fig. 22. Microstructure of MIM Ti-6Al-4V with 31 vol.% of binder and sintered at
1250 °C for two hours (MIM3L1L).

The porosity was near-circle shape with diameter size of approximately 9 um. The pore
size distribution and the cumulative probability are illustrated in Fig. 23. The maximum
pore diameter measured was 33 pum (almost 300 pores were evaluated for this

configuration).

The oxygen, carbon, nitrogen and the oxygen equivalent contents of the applied powder,
sintered MIM31L samples and the Ti-6Al-4V ELI alloy (ASTM grade 23) are given in

Table 2. An expected increase of impurity levels due to the MIM process was observed.
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Fig. 23. Pore diameter distribution and cumulative probability for MIM31L
samples.

Although the MIM31L and MIM31L* samples were fabricated with the same process
parameters, a difference of approximately 250 pg/g in terms of oxygen equivalent was

observed.

Table 2. Chemical concentration of interstitial alloying element.

Material O C N Oxygen Equivalent
[Hg/g] [Ho/g]  [Mg/g] [Ho/a]
Ti-6AI-4V ELI powder 1000 200 100 1350
MIM31L 1900 £90 450420 180 +15 2598 + 135
MIM31L* 2128+119 370439 222+ 58 2850 + 264
Ti-6AI-4V ELI 1300 800 300 2500

*typical variation of impurity levels of the MIM samples

5.1.1. Tensile mechanical behaviour

The tensile properties of the MIM31L samples are summarized in Table 3. Samples
fabricated by MIM technique exhibited lower strength compared to ASTM B 348-02 for
Ti-6Al-4V ELI values. However, the elongation of the MIM31L samples was higher
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than the minimal values accepted for this alloy. It is important to note that the interstitial
elements concentration for the MIM31L samples (Table 2) was higher than the accepted
concentrations of Ti-6Al-4V ELI as described in ASTM B348-02.

Table 3. Tensile properties of the Ti-6Al-4V ELI (ASTM Grade 23) and the
MIM31L samples.

Material oy [MPa] UTS [MPa] Elongation [%0]
Ti-6Al-4V ELI Min. 759 Min. 828 Min. 10
MIM31L 7005 8001 151+1
MIM31L* 7033 806 +3 13.7+1

The difference of approximately 250 pg/g in oxygen equivalent between MIM31L and
MIM31L* samples was not enough to significantly affect the mechanical properties.
Fig. 24 illustrates a typical tensile fracture surface of the MIM31L samples. A relatively

coarse dimpled structure with remaining porosity is observed.

Fig. 24. Typical tensile fracture surface of MIM31L samples. Pores and dimples

are visible.

5.1.2. Fatigue behaviour

The four-point bending fatigue behaviour of MIM31L samples is shown in Fig. 25. It is
important to note that the data points shown are composed from measurements on both
MIM31L and MIM31L* samples.
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Fig. 25. S-N curves for MIM31L samples and the standard material [9].

The MIM31L samples demonstrate an inferior endurance limit (350 MPa) when
compared with annealed wrought Ti-6Al-4V alloy with a lamellar microstructure, here
referred to as standard material (575 MPa) [9]. It is important to note that the S-N curve
for the standard material was obtained under axial loading, at room temperature and
with a stress ratio R = 0.1. Furthermore, the microstructure was lamellar with an

average colony size of 500 pm.

It is well known that the surface quality can affect the fatigue behaviour of engineering
materials [74]. Therefore, the surface quality of the MIM31L samples was investigated.
The roughness measurement revealed that the R, value for MIM31L was 1.95 pm.
However, cross section image of the fatigue samples after sintering process (Fig. 26)
indicated that the local roughness or the defects presented on the surface of the

MIMB31L samples can be much larger than the R, value.
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Fig. 26. Surface quality of MIM31L samples.

The fracture surfaces of broken fatigue specimens were investigated. Fig. 27 illustrated
a typical fracture surface, indicating that the fatigue crack nucleation started at the

surface.

Fig. 27. Typical fracture surface of MIM31L samples. The black line indicates the
position where the crack front profile (Fig. 29) was evaluated.

The white arrow in Fig. 28a indicated the surface exposed to tensile stress during four-
point bending fatigue test. The white arrow in Fig. 28b appoints for the assumed crack
initiation location. Two distinct regions are visible: one region shows a normal fracture
surface, where it is possible to identify lamellae boundaries (area 1). The other region
illustrates the original powder surface (area 2), which demonstrates that in this region

the particles were not connected.

This disconnection of the particles resembles a notch located at surface sample, as

illustrated by Fig. 26. It is important to note that all investigated fracture surfaces of the
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MIM31L samples presented at the assumed crack nucleation site the presence of
notches as illustrated in Fig. 28b. The maximum observed size of the notches located at
the samples surface was approximately 100 um. Apparently, these defects are randomly
distributed over the sample surface. Furthermore, note that apart from the notches at the
surface, typical microstructural features presented at the assumed crack initiation region

were facets and pores as illustrated in Fig. 28b in the region 1.

Fig. 28. Typical fracture surface of MIM31L samples: (a) lower magnification and

(b) higher magnification of the assumed crack initiation location.

In order to understand the interaction between microstructural features and the crack
nucleation and propagation, crack front profiles at the possible crack nucleation site
were investigated. The black line in Fig. 27 illustrates the region where the crack front
profile (Fig. 29) was evaluated. The right side of Fig. 29 represents the lower middle

side of Fig. 27, which is assumed to be the crack initiation location.

. Crack propagation direction

===
200 pm

Fig. 29. Typical crack front profile of MIM31L samples.
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Secondary cracks and micro cracks deflections were observed on the assumed crack
nucleation side as illustrated in Fig. 30a. Furthermore, the black arrow in Fig. 30b
points to a region with a different surface morphology. This particle surface
morphology located directly on the sample surface resembles again the existence of the

surface defects as illustrated in Fig. 26 or in Fig. 28b.

Fig. 30. Higher magnification of the crack front profile at crack nucleation site:
(a) BSE image, (b) SE image.

5.2. Binder content

5.2.1. Microstructural features

Table 4 shows the microstructural features and chemical composition of MIM3L1L,
MIM31L*, MIM35L and MIM35H samples. The results referent to interstitial impurity
elements for MIM31L and MIM31L* were illustrated already in Table 2. The MIM35L
samples presented the highest porosity value of approximately 6 %. Moreover, it is
important to note that the MIM35H samples and the MIM31L samples showed
approximately the same amount of porosity. No significant difference in the level of
impurities was observed among the three different configurations. E.g. the variation of
the oxygen content was between 1900 pg/g and 2300 pg/g. The same trend is observed
for Oeq).
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Table 4. Microstructural features of samples sintered at a maximum temperature
of 1250 °C and 1350 °C with different binder content.
Microstructural Features MIM31L MIM31L* MIM35H MIM35L

Green density [g/cm®] 3.31 3.31 3.2 3.2
Sinter density [g/cm®] 4.26 4.26 4.25 4.16
Porosity [%0] 3.4 3.4 3.6 5.7
a colony size [um] 97+ 9 100 £ 11 148 £ 20 77+£10

Average C content [pg/g] 450+ 20 370+ 39 409 £23 422 +23
Average N content [ug/g] 180 £ 15 222 £ 58 172+24 190+ 19
Average O content [ug/g] 1900+90 2128 +£119 2318+44 2066 + 35
O(eq) [Ha/0] 2598 + 135 2850 +264 2969 +109 2763+ 90

The increase of sintering temperature promoted an increase in o colony size. In
addition, contrary to the MIM31L (Fig. 22) and MIM35L samples (Fig. 31), a well
defined continuous o layer at  grain boundaries is observed in the MIM35H samples
(Fig. 32).

100 pm
Fig. 31. Microstructure of MIM Ti-6Al-4V with 35 vol.% of binder and sintered at
1250 °C (MIM35L).
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.% of binder and sintered at

Fig. 32. Microstructure of MIM Ti-6Al-4V with 35 vol

1350 °C (MIM35H).

Fig. 33 and Fig. 34 depict a typical pore diameter distribution for the MIM35L and

MIM35H samples, respectively. The average pore diameter for MIM35L was

approximately 14 um with a maximum value of 86 um (1530 pores were analysed). The

MIM35H samples exhibited a maximum observed pore size of 46 um and an average of

approximately 12 um (510 pores were analysed).
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Fig. 33. Pore diameter distribution and cumulative probability for MIM35L

samples.
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Fig. 34. Pore diameter distribution and cumulative probability for MIM35H

samples.

5.2.2. Tensile properties

The tensile properties of the MIM31L, MIM31L*, MIM35L and MIM35H samples are

summarized in Table 5.

Table 5. Tensile property and fracture surface analysis.

Tensile property MIM31L MIM31L* MIM35L MIM35H
Yield Stress [MPa] 700+5 7033 680 + 2 720+ 2
Maximum Stress [MPa] 800+ 1 806+3 784+0.8 8244
Elongation [%] 151+1 13.7+1 10.8+0.3 13.4+0.7

The results presented in Table 3 for MIM31L and MIM31L* samples are illustrated
again in Table 5, in order to compare the mechanical properties with the MIM35L and
MIM35H samples. As illustrated in Table 5 the samples with higher amount of porosity
(MIM35L) exhibited the poorest tensile properties. However, the elongation values for
all four configurations are above the minimal value accepted for wrought Ti-6Al-4V
ELI alloy (ASTM Grade 23).
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The typical tensile fracture surfaces of MIM35L and MIM35H samples are shown in
Fig. 35 and Fig. 36 , respectively. A dimpled structure with remaining porosity is

observed.

Fig. 35. Typical tensile fracture surface of MIM35L samples. Pores and dimples

are visible.

Fig. 36. Typical tensile fracture surface of MIM35H samples. Pores and dimples

are visible.

Two distinct regions are presented on the tensile fracture surface of the MIM35H
samples. The white arrow on Fig. 36 points to a fine dimpled structure, here called “fine
dimples”. In the other region, indicated by the white ellipse on Fig. 36, it was possible
to observe a coarser dimpled structure with remaining porosity. Apparently the amount
of fine dimpled structures increases with a subsequent improvement of the sintering

temperature.
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5.2.3. Fatigue behaviour

The results of high cycle four-point bending fatigue tests for the three configurations,
MIM31L, MIM35L and MIM35H are shown in Fig. 37. The MIM35H samples
demonstrate a superior endurance limit compared with MIM31L samples. Surprisingly,
the MIM35L samples apparently achieved a fatigue behaviour similar to that of the
MIM35H samples.

900
L = MIM31L
800 [ ® MIM35L
A MIM35H
E 700 - - om0
=,
» 600 | VN
3 L
& 500 - m A Vi V7
2 - n A A
(=
S 400 | um g éﬁg %
o i -t @)
D 300 B0
= n
g L
£ 200
(3] L
=
100 |-
0 P TR T | PR | PR |
10* 10° 10° 10

Number of Cycles [N]

Fig. 37. S-N curves for MIM31L, MIM35L and MIM35H samples.

Compared to MIM3LL (Fig. 26) the surface quality of MIM35H samples (Fig. 38) and
MIMB35L samples (Fig. 39) appears to be different in terms of surface roughness. It is
interesting to note that however the roughness measurement revealed no significant
difference on the R, values for MIM31L (R,=1.95 pm) and MIM35H (R,=2.08 um).
Apparently, the surface quality of MIM35L samples is similar to that of MIM35H

samples.

Fractography of fatigued specimens revealed the possible region for the crack
nucleation of MIM35L (Fig. 40) and MIM35H (Fig. 41). The maximum observed size
of the notches located at the surface of the samples was approximately 50 um for both

configurations.
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Surface

Fig. 38. Surface quality of the MIM35H samples.

Surface

Fig. 39. Surface quality of the MIM35L samples.

It was possible to identify in Fig. 40 and Fig. 41 the presence of facets regions. Such a
microstructural feature at the assumed crack initiation region was also observed for the
MIM31L samples (Fig. 28b). However, the size of the facets for the MIM35H samples
was apparently bigger than the MIM35L samples.

Fig. 40. Typical fracture surface of MIM35L samples. Possible crack nucleation

region.

47



RESULTS

Fig. 41. Typical fracture surface of MIM35H samples. Possible crack nucleation

region.

5.3. Shot peening as a surface treatment

High cycle fatigue properties of engineering materials can be enhanced by surface
treatment. Shot peening is by far the most common and the least costly surface
treatment technique employed [11]. The benefits of shot peening are related to the
surface work hardening and the development of subsurface compressive residual
stresses [11, 99, 100]. Therefore, in order to evaluate the fatigue behaviour of MIM
samples with a different surface quality without change others relevant parameters such
as porosity or grain size the MIM31L and the MIM35H samples were exposed to a shot

peening process (for details see 3.4).

5.3.1. Fatigue behaviour

Fig. 42 and Fig. 43 illustrate the fatigue behaviour of MIM Ti-6Al-4V alloy components
with and without shot peening. The MIM31L samples with shot peening showed a
significant higher endurance limit (450 MPa) then those without shot peening (Fig. 42).
The same trend was observed for the MIM35H samples, where shot peening enhanced
the endurance limit by approximately 50 MPa (Fig. 43). However, the absolute

enhancement seems somewhat lower.
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Fig. 42. S-N curves for MIM31L samples with and without shot penning (SP).
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Fig. 43. S-N curves for MIM35H samples with and without shot penning (SP).
A typical cross section of the MIM31L samples after the shot peening application is

illustrated in Fig. 44. The MIM35H samples with shot peening (Fig. 45) showed the
same surface morphology as the MIM31L samples with shot peening.
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Surface

Fig. 44. Surface quality of the MIM31L samples with shot peening.

Surface

Fig. 45. Surface quality of the MIM35H samples with shot peening.

The possible crack nucleation site was also investigated on the fatigue fracture surface
of the MIM31L and MIM35H samples with shot peening. Since MIM31L and MIM35H
samples with shot peening presented approximately the same fracture surface
morphology, only MIM31L fracture surface is presented in the following Figs. 46 to 50.
The shape of rough region in Fig. 46 indicates that the crack initiation location was in
some place near to the lower left corner. Scanning electron micrographs of a typical

fracture surface of the MIM31L samples with shot peening are shown in Fig. 47.

The white arrows in Fig. 47a and Fig. 47b indicate the surface under tensile stress
during testing and the crack initiation location, respectively. Note that for all samples
the crack initiated at a location inside the samples instead of the surface, except for the
samples marked with parenthesis in Fig. 42. For these samples the crack initiated at the
surface as illustrated in Fig. 48.
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Fig. 46. Typical fracture surface of MIM31L samples. The black line indicates the

position where the crack front profile (Fig. 49) was evaluated.

Surface

Fig. 47. Typical fracture surface of MIM31L samples with shot peening: (a) lower

magnification and (b) higher magnification of crack initiation location.

Surface

e ————
200um

Fig. 48. Typical fracture surface of MIM31L samples (Fig. 42 with parentheses)
with shot peening and (a) lower magnification (b) higher magnification of crack

initiation location.
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Accordingly to the samples without shot peening (Fig. 27), the black line in Fig. 46
demonstrates schematically the position where the crack front profile was evaluated.

Crack propagation direction

<«

Fig. 49. Typical crack front profile of MIM31L samples with shot peening.

The right side of Fig. 49 represents the lower left side of Fig. 46 , which is assumed to
be the crack initiation location. Higher magnification of the assumed nucleation region
is illustrated in Fig. 50.

Apparently, secondary cracks are originated in a subsurface level. Typical features near

by the secondary cracks were flat regions (facets) pointed to by the white arrows.

Fig. 50. Higher magnification of the crack front profile at crack nucleation site of

MIM31L samples with shot peening, BSE image mode.

5.3.2. The internal stresses promoted by the shot peening

Several authors demonstrated that the application of shot peening on Ti-6Al-4V alloy
samples promoted internal compressive residual stress in the range of 600 MPa to
900 MPa [12, 14, 100-102]. Furthermore, Litjering [14] reported that with a pressure of

52



RESULTS

4 bar the depth of the layer that exhibited internal compressive stress for the Ti-6Al-4V
alloy is approximately 300 pum. It is expected that within this layer the dislocation
density is much larger than in the interior of the samples. Thus, it should be possible to

do a recrystallization process by heat treatment, if the dislocation density is high enough

to promote the nucleation of the new grains.

Surface

Fig. 51. Typical microstructure of the MIM35H+SP+HT samples.

Nevertheless, as illustrated by Fig. 51 the microstructure at the surface of the
MIM35H+SP+HT sample exhibited the same features compared to the inner regions.
This indicated that no refinement (recrystallization) occurred during the heat treatment.
Furthermore, the heat treatment did not promoted a significant change in the impurity

levels as illustrated in Table 6.

Table 6. Chemical concentration of interstitial alloying element of MIM35H and
MIM35H+SP+HT samples.
Interstitial alloying element MIM35H  MIM35H+SP+HT

Average C content [pg/g] 409 + 23 346 + 14
Average N content [ug/g] 172 £ 24 136+ 9
Average O content [ug/qg] 2318 + 44 2142 £ 123
Oeq) [H0/0] 2969 + 109 2673 + 152
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The fatigue behaviour trend of the MIM35H+SP+HT samples is plotted in Fig. 52.
After the heat treatment the samples exhibited approximately the same fatigue

behaviour as the MIM35H samples without shot peening.
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Fig. 52. S-N curve of the MIM35H, MIM35H+SP and MIM35H+SP+HT samples.

A typical fracture surface of the MIM35H+SP+HT samples at the assumed crack
nucleation site is shown in Fig. 53. The crack nucleation for these samples is assumed to
be located at the surface of the samples. A facet is directly located near to the surface as
illustrated in Fig. 53b. The typical notches presented in the assumed crack nucleation
site of the MIM31L samples without shot peening (Fig. 41) were not observed for the
MIM35H+SP+HT samples.
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e, .

Surface

Fig. 53. Typical fracture surface of MIM35H+SP+HT samples, (a) lower

magnification (b) higher magnification of crack initiation location.

All the samples used to obtain the following fatigue results were exposed to shot
peening prior the fatigue tests. Such procedure was carried out due to the fact that
differences in the surface quality tend to be the determinant factor to describe the
fatigue behaviour of a given material. This means other factors could remain
undetected. Therefore, the surface quality needs to be as similar as possible in order to
investigate e.g. the influence of microstructural features. As an attempt to assure
relatively identical surface qualities for the different studied configurations shot peening

was applied.

5.4. Particle size

In one attempt to obtain lower porosity levels, samples were fabricated by using a Ti-
6Al-4V ELI powder with a particle size below 25 pum (samples are referring as
25MIM35L).

5.4.1. Microstructural features and tensile properties

The o colony size of 25MIM35L samples was approximately 150 um (Table 7). The
apparent porosity, also visible in Fig. 54, observed on 25MIM35L samples was 2.0

vol.%.
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Fig. 54. Microstructure of MIM Ti-6Al-4V with 35 vol.% of binder, particle size
below 25 pm and sintered at 1250 °C (25MI1M35L).

The amount of porosity for the 25MIM35L decreased compared to MIM31L or
MIM35H samples (Table 4). Additionally, similar grain size was obtained for
25MIM35L samples and MIM35H samples.

Fig. 55 illustrates the pore diameter distribution for the 25MIM35L samples.
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Fig. 55. Pore diameter distribution and cumulative probability for 25MIM35L

samples.
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The average pore diameter was approximately 7 pum and the maximum pore diameter
measured was 31 um (670 pores were analysed). In general, a slight reduction of the
pore size diameter is observed by changing the maximum powder particle size from 45

pm to 25 pm.

Table 7 illustrates the tensile behaviour and the impurity levels of the sintered
25MIM35L samples. For comparison, the impurity levels and tensile properties of
MIM35H samples are shown, too. Better tensile properties were obtained for MIM
samples processed with particle size below 25 um. Moreover, a marginal increase of the
impurity levels was observed for 25MIM35L samples compared to the samples
processed with the powder size below 45 pm.

Table 7. Microstructural features and tensile properties of MIM35H and
25MIM35L samples.
Microstructural features and tensile properties MIM35H  25MIM35L

Sinter density [g/cm’] 4.25 4.32
Porosity [%0] 3.6 2.0

a colony size [um] 148 + 20 150 + 23
Average C content [ug/g] 409 + 23 652 + 53
Average N content [pg/g] 172 + 24 178 + 6
Average O content [ug/g] 2318+ 44 2449+ 24
O¢eq) [MO/0] 2969 + 109 3295+ 72
o, [MPa] 720+ 2 791+8
UTS [MPa] 824 +4 900+ 7
Elongation [%0] 13.4+0.7 153+1

5.4.2. Fatigue behaviour

The results of high cycle four-point bending fatigue test for 25MIM35L and MIM35H
with shot peening are shown in Fig. 56. Only the high cycle region (10° to 10’ cycles)
was investigated for the 25MIM35L samples. A relative small increase of the fatigue
resistance of the 25MIM35L samples with shot peening is observed compared to the

MIM35H samples with shot peening.

57



RESULTS

800
A MIM35H with SP

700 ® 25MIM35L with SP
=
<
% 600 | bl
@ LA
% * *

A A A

@ 500 - L —
= e, (2
[} A (1)
D 400
e B
>3
£
3
s 300 |-

200 L 1 1 1 X 1 P |

10° 107

Number of cycles [N]

Fig. 56. S-N curves for 256MIM35L and MIM35H samples. All samples were
exposed to shot peening (SP) prior to testing.

A typical fracture surface of 25MIM35L samples is illustrated in Fig. 57. The shape of
the rough region indicates that the crack initiation location was close to the lower right

corner.

Fig. 57. Typical fracture surface of 25MIM35L samples.
SEM micrographs of the assumed crack nucleation region are shown in Fig. 58. Facets

and pores are typical visible features. Apparently, as for the other configurations that

were exposed to shot peening, the crack initiation location was in a subsurface level.
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Surface

Fig. 58. Typical fracture surface of 25MIM35L samples with shot peening: (a)
lower magnification and (b) higher magnification of crack initiation location.

5.5. The MIM+HIP configuration

5.5.1. Microstructural features

The microstructure of the MIM35H samples after the HIP process is shown in Fig. 59.

EE—
100 ym

Fig. 59. Microstructure of MIM35H samples after HIP process.

After the HIP process no remaining porosity was observed on the investigated
microstructure. The relative density was determined using the immersion method, and
the value obtained (4.41 g/cm®) was similar to the values accepted for the wrought Ti-
6Al-4V alloy after annealing [17].
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Table 8. Microstructural features and impurity levels of MIM35H samples with
and without HIP.
Microstructural Features MIM35H  MIM35H + HIP

Sinter density [g/cm”] 4.25 4.41
Porosity [%0] 3.6 -

a colony size [um] 148 + 20 174 + 26
Average C content [pg/g] 409 + 23 480 £ 7
Average N content [ug/g] 17224 1775
Average O content [ug/g] 2318 £ 44 2308 + 16
O(eq) [MO/0] 2969 + 109 3023 + 32

The impurity levels were investigated and the results are shown in Table 8.
Furthermore, due to an additional exposure of the samples to a relative high temperature
(915 °C) and pressure (100 MPa), a coarsening of the microstructure was observed (Fig.
59). The MIM35H+HIP samples presented similar values for the oxygen, nitrogen and

carbon contents as the MIM35H samples.

5.5.2. Tensile properties

The tensile properties of the MIM35H+HIP samples are compared to the MIM35H

samples in Table 9.

Table 9. Tensile properties of MIM35H with and without HIP.

Tensile property MIM35H MIM35H + HIP
Yield Stress [MPa] 720+ 2 8415
Maximum Stress [MPa] 824 +4 9373
Elongation [%0] 13.4+0.7 17.1+£2

A significant improvement of the tensile properties was observed for the MIM35H+HIP
samples. The tensile fracture surface demonstrated a completely fine dimpled structure
(Fig. 60). Such structure is in agreement with the obtained higher values for plastic

elongation.
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Fig. 60. Typical tensile fracture surface of MIM35H+HIP samples. An fine

dimpled structure is visible.

5.5.3. Fatigue behaviour

Fig. 61 illustrates the results of the high cycle four-point bending fatigue tests for
MIM35H+HIP samples with shot peening. The elimination of the porosity promoted an
improvement of the fatigue behaviour, from 450 MPa to 500 MPa. The fracture surfaces

of the MIM35H+HIP samples with shot peening are shown in Fig. 62 and Fig. 63.
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Fig. 61. S-N curves for MIM31L and MIM35H+HIP samples. All samples were
exposed to shot peening (SP) prior to testing.
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Based on the topography difference exhibited in Fig. 62, it was possible to assume that
the crack initiation location was at a subsurface level located approximately in the lower

centre site of the fracture surface.

1 mm
Fig. 62. BSE micrograph of a typical fracture surface of MIM+HIP samples with
shot peening.

The white arrow in Fig. 63 indicates the surface that was exposed to tensile stress
during the four-point bending fatigue test. As for the previous fracture surfaces studied
in this investigation, the facets were also observed for the MIM35H+HIP samples. No
porosity and surface defects were identified.

Fig. 63. Typical fracture surface of MIM35H+HIP samples with shot peening: (a)

lower magnification and (b) higher magnification of crack initiation location.
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Note that apart from the facets, a region with a different topography pointed out by the
white arrow (a) in Fig. 64 is presented in the assumed crack nucleation region. The
energy dispersive X-ray spectroscopy (EDX) of this region (white arrow (a) in Fig. 64)

and the facets (white arrow (b) in Fig. 64) are summarized in Table 10.

Fig. 64. Typical fracture surface of MIM35H + HIP samples with shot peening at
higher magnification of crack initiation location. White arrows (a) and (b)

indicated the EDX analysed regions.

The region pointed by the white arrow (a) in Fig. 64 exhibited higher oxygen content
than the region indicated by the white arrow (b), see Table 10.

Table 10. EDX of the fine particles and the facet regions.

Position Element Weight [%0] Atomic [%0]
Ti 44.8 22.7
_ o Al 2.5 2.3
White arrow (a) in Fig. 64
\% 4.3 2.1
O 48.3 73.0
Ti 84.6 80.9
_ o Al 6.5 11.0
White arrow (b) in Fig. 64
\% 9.0 8.1
e) - -
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5.6. The Powder+HIP configuration

5.6.1. Microstructural features

The microstructure of the Ti-6Al-4V alloy Powder+HIP samples is shown in Fig. 65.
The dark regions are the B phase and the white regions are the o phase. The grain size
and the lamellae are not well defined. However, it was possible to observe that there
were regions with very fine lamellae and other regions with larger o phase that
resemble the equiaxed microstructure. Therefore, it is assumed that this microstructure
IS a transition between equiaxed and lamellar microstructure. Although the
identification of the grain boundaries was not clear, the microstructure of the
Powder+HIP samples apparently is much finer than the MIM samples (lamellar

microstructure).

20 ym

Fig. 65. Microstructure of Powder+HIP samples.

In an attempt to quantify the microstructure size of the Powder+HIP samples EBSD
measurements were performed and the results are shown in Fig. 66. Based on Fig. 66b,
the average o grain and o colony sizes were estimated to be around 9 um. Although the
BSE image (Fig. 66a) and the B phase mapping (Fig. 66c) are in a good agreement, the
thinner B phases regions were not indexed as B phase, only coarser 3 regions were

indexed properly.
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a)
Fig. 66. EBSD phase map of Powder+HIP sample: representation of the (a) BSE

image, (b) a phase and (c) B phase. Each colour (gray scale for copy) is related to a

specific orientation.

The impurity levels of the Ti-6Al-4V alloy Powder+HIP samples are illustrated in Table
11.

Table 11. Chemical concentration of interstitial alloying element of Ti-6Al-4V

alloy powder and Ti-6Al-4V alloy powder+HIP.

Interstitial alloying element Ti-6Al-4V ELI Powder Powder+HIP

Average C content [pug/g] 200 205 £ 67
Average N content [pg/g] 100 179+ 10
Average O content [ug/g] 1000 1768 + 136
O(eq) [MO/0] 1350 2280 + 207

After the HIP process, the impurity levels increased, especially for oxygen content.
However, the oxygen levels for the Powder+HIP samples are still below the common

values obtained for the investigated MIM samples (1900 — 2300 pg/g).
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5.6.2. Tensile properties

The tensile properties of the Powder+HIP samples were obtained by using micro-tensile
specimens. In order to compare the properties with the MIM dog-bone shaped samples,
micro-tensile specimens from MIM35H samples were also investigated. Table 12
illustrates the results for Powder+HIP samples and MIM35H samples.

Table 12. Tensile properties of Powder+HIP and MIM35H samples

Tensile property Powder+HIP* MIM35H* MIM35H
Yield Stress [MPa] 772 +18 655 + 48 720+ 2
Maximum Stress [MPa] 832+ 20 750 £ 14 824 + 4
Elongation [%6] 139+4 82+11 13.4+0.7

*values obtained by using micro-tensile specimens.

The tensile behaviour was affected by the specimen geometry. The tensile property for
the MIM35H samples using the micro-tensile specimens exhibited poorer values and
larger scatter than the values obtained for the dog-bone specimens. Considering the
elongation values, even larger scatter was observed for the Powder+HIP samples
compared to the MIM35H samples. The tensile elongation scattering for the
Powder+HIP samples is significant and a more detailed analysis was required. Tensile
fracture surfaces of the Powder+HIP samples, that demonstrated different plastic
elongation, were investigated in order to describe such phenomenon. Fig. 67 shows two
tensile fracture surfaces of Powder+HIP samples: (a) is referring to 10 % of plastic

elongation and (b) to 17 % of plastic elongation.

A fine dimpled structure is observed for both fracture surfaces. However, a particle
surrounded by a flat region (white arrow in Fig. 67a indicated this defect) is observed
on the tensile fracture surface of the sample that exhibited only 10 % of plastic
elongation. Such a defect was not identified on the tensile fracture surface of the

samples that presented higher plastic elongation.
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Fig. 67. Tensile fracture surfaces of Powder + HIP samples: (a) 10 % of plastic

elongation, (b) 17 % of plastic elongation.

A typical tensile fracture surface of the MIM35H samples (micro-tensile specimens) is
shown in Fig. 68. Regions with fine dimples, coarser dimples and pores are presented.
Such features were also observed for the tensile fracture surface of the dog-bone

samples (Fig. 36).

Fig. 68. Typical tensile fracture surface of the MIM35H samples (micro-tensile

specimens).

5.6.3. Fatigue behaviour

All samples shown here were exposed to the shot peening process prior to the fatigue
experiments. The S-N curve for the Powder+HIP samples is plotted in Fig. 69 together
with the MIM35H and the MIM35H+HIP samples.
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The large scattering observed for tensile test was also present in the fatigue results for
Powder+HIP samples. In general, the fatigue resistance of Powder+HIP samples was
higher than the MIM35H and MIM35H+HIP samples. Fig. 70 illustrates a typical

fatigue fracture surface of Powder+HIP samples with shot peening.
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Fig. 69. S-N curves for MIM35H, MIM35H+HIP and Powder+HIP samples. All
samples were exposed to shot peening (SP) prior testing.

Surface

Fig. 70. Typical fracture surface of Powder + HIP samples with shot peening: (a)
lower magnification and (b) higher magnification of crack initiation location.

The white ellipse indicates approximately the crack nucleation site. A higher

magnification micrograph of this region is shown in Fig. 71. The particle observed in

Fig. 71 exhibited a complete different morphology compared to the typical fracture
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surface. Apart from the particle, it was also possible to identify the presence of the

facets in the assume crack initiation location.

The EDX analyses of the particle and a region near by the particle are shown in Table
13. They indicate that most probably the particle was magnesium oxide. It is important
to note that at the assume crack initiation location for all investigated fatigue fracture

surfaces of Powder+HIP samples a particle such as illustrated in Fig. 71 was presented.

Fig. 71. Typical fracture surface of Powder+HIP samples with shot peening.
Higher magnification at the assume crack nucleation site. The particle is
highlighted by the white line.

Table 13. EDX of the particle and the matrix (Fig. 71).

Position Element Weight [%0] Atomic [%0]

Ti 50.8 29.0

Al 1.2 1.2

Particle \ 1.5 0.8

Mg 17.8 20.0

O 28.7 49.0

Ti 88.4 83.4

Al 7.9 13.2

Matrix Y% 3.7 33
Mg - -
O - -
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5.7. Addition of boron on Ti-6Al-4V alloy

5.7.1. Boron content

The influence of small boron additions on the microstructure evolution during sintering
process of the Ti-6Al-4V alloy processed by MIM was investigated. The microstructure
of samples with additions of 0, 0.1 and 0.5 wt. % of boron on the Ti-6Al-4V alloy
sintered at 1250 °C are shown in Fig. 72, Fig. 73 and Fig. 74, respectively.

Fig. 72. Microstructure of Ti-6Al-4V alloy sintered at 1250 °C for two hours and

10 °C/min cooling rate.

As it can be seen in all figures, the addition of boron significantly modifies a number of
microstructural features. In terms of o colony size the Ti-6Al-4V alloy samples with no
addition of boron showed values of approximately 100 um. With the addition of 0.1

wt.% of boron, the a colony size was reduced to approximately 80 pum.

The samples with 0.5 wt.% of boron addition exhibited a microstructure with no well
defined o colony: in other words, the lamellar structure was suppressed. Because the
grain boundaries were not clearly detectable by common microscopy, the grain size was
quantified by EBSD measurements. The results are shown in section 5.7.3.

The white arrows in Fig. 73 and Fig. 74 indicate the TiB,, particles (w = 1 or 2) formed
during the sintering process (in situ reaction). The increase of boron content apparently

promoted a refinement of the microstructure; however, at this maximum sintering
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temperature of 1250 °C, an increase of porosity was also observed: the Ti-6Al-4V alloy
samples sintered at 1250 °C exhibited a relative densification of approximately 97 %.
The addition of 0.1 wt.% boron promoted a decrease in the relative densification to
approximately 96%. Furthermore, addition of 0.5 wt.% boron significantly decreased
the relative densification to a value of approximately 91%. In order to obtain samples
with a lower level of porosity the samples with 0.5 wt.% of boron addition were sintered
at higher temperature. The relative densification results are plotted in Fig. 75 for
samples sintered at 1250 °C and 1400 °C.

Fig. 73. Microstructure of Ti-6Al-4V-0.1B alloy sintered at 1250 °C for two hours
and 10 °C/min cooling rate.

50 pm

Fig. 74. Microstructure of Ti-6Al-4V-0.5B alloy sintered at 1250 °C for two hours

and 10 °C/min cooling rate.
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wt.% of boron at two different maximum sintering temperatures: 1250 °C and
1400 °C.

The negative influence of boron addition on the densification of the samples during
sintering at 1250 °C was not observed for the samples sintered at 1400 °C. In this case
the samples with boron addition exhibited even a higher relative densification than
those samples without boron addition. This interesting behaviour was detailed

investigated by using the dilatometry technique.

5.7.2. Dilatometry

Fig. 76a and b illustrate the linear shrinkage (LS) and the linear shrinkage rate (LSR) of
the Ti-6Al-4V alloy with and without 0.5 wt.% of boron, respectively. The Ti-6Al-4V
alloy started earlier to shrink compared to the samples with boron addition. After
820 °C the Ti-6Al-4V-0.5B sample exhibited a significant decrease of the LSR until
approximately 1048 °C. The Ti-6Al-4V alloy exhibited a maximum LSR of 0.27 %/min
at approximately 985 °C. Above this temperature the LSR started to decrease which is
an indication of the final sintering stage’s initiation. On the other hand, the Ti-6Al-4V-
0.5B alloy started to shrink significantly above 1048 °C. The maximum LSR achieved
for this alloy during dilatometry experiments was approximately 0.45 %/min at about
1252 °C. The maximum LSR for Ti-6Al-4V-0.5B was approximately two times higher.
Additionally, the alloys with and without boron addition exhibited after two hours at
1400 °C a LS of approximately 13.6 % and 12.9 %, respectively.
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Fig. 76. Dilatometry of Ti-6Al-4V and Ti-6Al-4V-0.5B alloys: a) linear shrinkage
(LS) and b) linear shrinkage rate (LSR). Starting acquisition data at 75 °C.

It is important to note that the LS of the Ti-6Al-4V-0.5B alloy achieved higher values
than the Ti-6Al-4V alloy only after 33 minutes at 1400 °C, as it started later.
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5.7.3. Impurity levels and microstructural features

The impurity levels of the Ti-6Al-4V-0.5B samples sintered at 1400 °C together with
the MIM35H samples are shown in Table 14. Lower remaining porosity was observed
for the samples with 0.5 wt. % of boron addition compared to the MIM35H samples. In
terms of impurity levels, the samples with boron addition exhibited lower oxygen
equivalent. Fig. 77 shows the microstructure of the Ti-6Al-4V-0.5B alloy sintered at
1400 °C for two hours. A significantly finer microstructure was observed compared to
the MIM35H (Fig. 32).

Table 14. Microstructural features of Ti-6Al-4V-0.5B and MIM35H samples
Microstructural Features  Ti-6Al-4V-0.5B MIM35H

Sinter density [g/cm’] 431 4.25
Porosity [%0] 2.3 3.6

a colony size [um] 18+5 148 + 20
Average C content [ug/g] 390 £33 409 + 23
Average N content [ug/g] 164+ 6 172 £ 24
Average O content [ug/g] 1960 + 21 2318 + 44
O(eq) [MO/0] 2580 + 58 2969 + 109

The remaining porosity was investigated and the pore size distribution is plotted in Fig.
78. The average pore size was 12 um and the total number of analyzed pores was 345.

The maximum observed pore diameter was 41 pm.

50 um
Fig. 77. Microstructure of Ti-6Al-4V-0.5B alloy sintered at 1400 °C for two hours a

cooling rate of 10 °C/min.
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Fig. 78. Pore diameter distribution and cumulative probability for Ti-6Al-4V-0.5B

samples.

With the EBSD measurements (Fig. 79) it was possible to identify clearly the phases
and their orientation. Each different colour represents a different orientation. Regions
with o colonies (o lamellae with the same orientation) and single a grains (no 3 phase
was detected in these specific grains, which is a typical feature of the equiaxed

microstructure) were observed in Fig. 79b.

A higher magnification was used in order to better identify these two regions (o
colonies and o grains). The regions defined as (1) in Fig. 80b refer to the o colonies.
Note that only few lamellae had the same orientation at a specific a colony. The regions
(1) indicate a single o grain with no orientation relationship to neighboured o phase

lamellae or grain.

Furthermore, it was possible to clearly identify the B phase (Fig. 79c) and the related
orientations. Information regarding to the B phase grain size was obtained by analysing

the B phase regions with same orientation.
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L

a) b)
Fig. 79. EBSD phase map of Ti-6Al-4V-0.5B sintered at 1400 °C: representation of

the (a) BSE image, (b) a phase, (c) B phase and (d) TiB particles. Each colour (gray

scale for copy) is related to a specific orientation.
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Fig. 80. High magnification EBSD phase map for Ti-6Al-4V-0.5B sintered at

1400 °C. (a) BSE image, (b) a phase.
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Two more phases were investigated during the EBSD measurements: TiB and TiB,.
However, only the TiB phase (Fig. 79d) was indexed and no TiB, particles were
identified. As can been seen in Fig. 81 relatively well defined Kikuchi patterns were
obtained from the TiB particles.

Fig. 81. Electron backscattered diffraction patterns obtained from TiB particles in
Ti-6Al-4V-0.5B alloy. a) EBSD pattern, b) indexed EBSD pattern.

All the phases, including TiB particles, exhibit a texture free microstructure as
illustrated in Fig. 82. The average grain size (for this microstructure the grain was
assumed to be either an o colony or an o grain) measured is 18 £ 5 um which is a

significant reduction compared to the 148 pum o colony size measured for the MIM35H

samples.
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Fig. 82. Pole figures of the phases presented in Fig. 79. (a) a phase, (b) B phase and
(c) TiB particles.
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In order to provide more evidences of the influence of boron addition on the
microstructure changes, a MIM Ti-6Al-4V sample without boron addition sintered at
1400 °C were submitted to the EBSD analysis. As illustrated in Fig. 83, the o phases
and the B phases (B phases with the same orientation) are significantly larger than those
of the samples with boron addition. The white phases in Fig. 83a represented the 3
phase and those regions should be presented in the mapping of B phases (Fig. 83c).
Although the thinner B phases were not indexed for the Ti-6Al-4V sample, the B grains
tend to be larger than the samples with boron addition, see Fig. 83c and Fig. 79c.

Fig. 83. EBSD phase map of Ti-6Al-4V sintered at 1400 °C: representation of the
(a) BSE image, (b) a phase and (c) B phase. Each colour (gray scale for copy) is

related to a specific orientation.
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5.7.4. Tensile properties of the Ti-6Al-4V-0.5B alloy

The tensile behaviour of the Ti-6Al-4V-0.5B alloy is compared with the MIM35H in
Table 15. A significant increase of yield strength and UTS is observed for the alloy with
boron. On the other hand, the ductility decreases approximately by 2 %.

Table 15. Tensile properties of Ti-6Al-4V-0.5B and MIM35H.

Tensile property Ti-6Al-4v-05B  MIM35H
Yield Stress [MPa] 7871 720+ 2
Maximum Stress [MPa] 902 +3 824 + 4
Elongation [%6] 118+1 13.4+0.7

Fig. 84. Typical tensile fracture surface of Ti-6Al-4V-0.5B. Fine and coarse
dimpled structures and pores are visible. Additionally, broken and debound TiB

particles are indicated by the white arrows.

The white arrows in Fig. 84 indicate broken TiB particles and interfacial decohesion
between TiB particle and titanium matrix. Moreover, fine and coarse dimples with
remaining porosity were typical features of the tensile fracture of Ti-6Al-4V-0.5B

samples.
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5.7.5. Fatigue behaviour

The four-point bending fatigue life response of the Ti-6Al-4V-0.5B alloy with shot
peening is shown in Fig. 85. This figure also presents the S-N curve of MIM35H with
shot peening and the MIM35H+HIP with shot peening.

The addition of boron promoted a significant increase of the fatigue resistance. The
endurance limit was approximately 640 MPa. Even the MIM35H+HIP samples without

pores exhibited a substantially lower endurance limit.
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Fig. 85. S-N curves for MIM35H, MIM35H+HIP and Ti-6Al-4V-0.5B alloy. All

samples were exposed to shot peening (SP) prior to testing.

As for the previous experiments the fracture surfaces of broken samples were
investigated. Fig. 86 shows the overview of the fracture surface, indicating that the

crack initiated in some place near the lower right corner.
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Fig. 86. Typical BSE micrograph of the fracture surface. The black line indicates

the approximately position where the crack front profile (Fig. 88) was evaluated.

As can been seen in Fig. 87, the facets and pores were also observed in the possible
crack nucleation location of Ti-6Al-4V-0.5B.

Fig. 87. Typical fracture surface of Ti-6Al-4V-0.5B with shot peening at the

assumed crack nucleation site.

The apparent nucleation site is located inside of the sample instead of at the surface.
Another interesting aspect of the crack nucleation location is the evidence of secondary
crack formation and a possible interfacial decohesion (pull-out) between TiB particles

and matrix as pointed out by the white arrows in Fig. 87.

The black line in Fig. 86 illustrates approximately the region where the crack front
profile (Fig. 88) was carried out. The left side of Fig. 88 represents the lower right
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corner of Fig. 86, which is the assumed crack initiation site. A higher magnification of
the assumed crack nucleation region is illustrated in Fig. 89.

Crack propagation direction

200 pm

Fig. 89. High magnification of the crack front profile (Fig. 88). Directed at the

assumed crack nucleation site.

Flat surfaces (indication of slip band fracture) and secondary cracks are typical features
of the crack front profile near the assumed crack nucleation site. These features are not

present on the right side of the crack front profile.

The micro cracks in Fig. 89 apparently were related to the presence of pores and TiB
particles. Fig. 90 illustrated clearly the interfacial decohesion between the matrix and
the TiB particles. Apparently, the crack propagated around the particles and no

evidences of the eventual particle fracture were observed during this investigation.
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Fig. 90. Crack propagation interaction with TiB particle.
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6. Discussion

In the following section, the relevant parameters that describe the fatigue behaviour of
the MIM Ti-6Al-4V components are identified and evaluated. Based on the existent
crack nucleation mechanism for the annealed wrought Ti-6Al-4V alloy and on the
fatigued fracture surfaces analysis of MIM Ti-6Al-4V parts a crack initiation
mechanism is proposed. As mentioned before, the qualitative influence of critical
features such as surface quality, porosity and microstructure morphology is obtained by

the following set of samples:

e Surface quality — 5 samples with different binder content
samples with surface treatment (shot peening)

e Porosity samples with different initial powder size

sintered MIM samples with additional HIP

e Microstructure morphology —  samples fabricated from powder+HIP route

samples with boron addition
This experimental approach is evaluated in terms of its validation and limitations.

The last part focuses on the enhancement of the MIM Ti-6Al-4V fatigue behaviour. A
desired microstructure is obtained by small addition of boron. The microstructure

morphology changes and the required process parameters are discussed in detail.

6.1. The influence of interstitial elements on the mechanical

properties of MIM samples

As described by Lutjering [103] the high cycle fatigue strength (resistance to crack
nucleation) depends primarily on the resistance to dislocation motion, and therefore in
most cases on the yield strength. A parameter that could influence the yield strength of
the Ti-6Al-4V alloy is the concentration of interstitial elements in both o and B phases.
Typical interstitial elements for the Ti-6Al-4V alloy are oxygen, carbon and nitrogen.
These elements increase strength and decrease ductility [104]. Gysler and Lutjering
[105] investigated the influence of oxygen equivalent on the yield strength of a wrought

annealed and aged Ti-6Al-4V alloy with a lamellar microstructure. They observed an
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increase in the yield strength from 800 MPa to 940 MPa by changing the oxygen
equivalent from 990 pg/g to 2390 ug/g, respectively. In a first approach, it is possible to
assume that this relationship might be proportional, as suggested by Meester [16].
Therefore, for an increase of 100 pg/g in the oxygen equivalent an enhancement in the

yield strength of around 10 MPa is expected.

However, in the case of the MIM samples, the situation seems to be different. For the
MIM31L and MIM31L* samples a variation of approximately 250 pg/g did not
promote any increase in the yield strength (see Table 2 and Table 3). This difference in
the amount of interstitial elements between the MIM31L and MIM31L* samples is
related to the process conditions. Although same process parameters are used to
fabricate a specific set of samples, the samples processed at different sintering runs
usually exhibited a variation in the amount of interstitial elements. Previous work
performed at GKSS with the same process parameters applied for the fabrication of the
MIM31L samples reported an oxygen equivalent value of 2069 ug/g and a respective
yield strength of 698 MPa. This result suggested that even a variation of approximately
800 ug/g does not significantly affect the yield strength of the MIM Ti-6Al-4V alloy.
Thus it is possible to propose that the observed variation of oxygen equivalent between
the MIM samples promoted a minor influence on the yield strength and consequently on
the fatigue behaviour. Most probably two factors contributed to the observed difference
between MIM samples and the results reported by Gysler and Litjering [105]: in the
case of MIM samples the existence of pores and for the Gysler and Lutjering results the

effect of annealed and aged microstructure condition.

As a result, predominant parameters that explain the mechanical properties of the
studied materials are most likely the surface quality, the existence of residual
compressive stresses, porosity and microstructure morphology rather than an interstitial

alloying elements effect.

6.2. Ti-6Al-4V alloy processed by MIM

In this section the influence of the MIM process on the microstructural features and

mechanical properties are discussed. Comparison between the MIM process results and
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standard literature values for wrought annealed Ti-6Al-4V alloy with a lamellar

microstructure is carried out.

6.2.1. Tensile properties

As illustrated in Table 3 lower tensile strength was observed for the MIM31L samples
compared to wrought Ti-6Al-4V ELI (grade 23), here referred to as standard material.
This behaviour is expected. Previous studies [7, 61, 106] reported similar values for
tensile strength of Ti-6Al-4V components fabricated by MIM and obviously, this
degradation of tensile property was related to the presence of the pores. Under tensile
test, porosity reduces the effective load bearing cross-section area and acts as a stress
concentration site for strain localization and damage, decreasing both strength and
ductility [107]. Other features such as grain size and impurity levels were assumed to be
of minor relevance compare to the porosity effect. As a matter of fact, the amount,
shape and distribution of the pores are very important parameters in order to describe
the mechanical properties of sintered materials [108]. For the MIM31L samples the
volume percentage of remaining porosity was approximately 3.5%, meaning the
porosity being most probably closed. For porous materials it is commonly accepted that
the limit between open and closed porosity is around 5 vol.% as reported by several
authors [107-111]. The porosity morphology exhibited in Fig. 22 for MIM31L samples
contributes to the assumption of closed porosity, because another typical characteristic

of a closed porosity is the fact that the pores are usually isolated and rounded [111].

It is expected that a closed porosity will not promote a severe degradation of the
ductility [110] and indeed the elongation of MIM31L samples (Table 3) was greater
than the minimal value tolerated for this alloy (10%). Additionally, the dimpled tensile
fracture surface structure observed in Fig. 24 indicated that predominantly ductile

fracture occurred.

6.2.2. Fatigue behaviour

A reduction of approximately 9 % is observed for the yield strength of the MIM31L
samples compared to the wrought Ti-6Al-4V ELI (grade 23) alloy. A proportional
reduction is expected for the fatigue strength; however, the results indicated that a
degradation of approximately 39 % occurred.

86



DISCUSSION

The significant lower endurance limit of 350 MPa compared to 575 MPa of the standard
material (Fig. 25) can be explained in terms of surface quality and crack initiation
mechanisms. It is well known that surface quality can affect the fatigue behaviour of
engineering materials dramatically [112]. As illustrated in Fig. 26 the surface of
MIM31L samples exhibited notches. The presence of these notches can be related to
injection and debinding steps of MIM processing. During injection, the sample surface
is exposed to higher shear stress compared to the interior regions of the sample due to
turbulence effects promoted by fluid (hot feedstock) and mould wall interaction. Such
shear stress could promote local separation of binder/powder mixture. This separation
leads to regions where only binder is present with no powder particles. Consequently,
the notches are formed during thermal debinding and sintering in these specific surface
regions due to missing particle powder contact. Another possibility is the fact that the
powder particles, on specific surface sample regions after injection, could be surrounded
by only one binder component of the binder system, e.g. paraffin. Therefore, during
chemical debinding these particles will be removed together with the paraffin which

leads to a local empty space.

Another result that supports the assumption that the notches are created during the
injection and debinding processes is the fact that the maximum notch size observed on
the fracture surface of MIM31L samples was around 100 um, which was much larger

than the maximum analysed pore size (approximately 33 um, see Fig. 23).

These notches are, from the fracture mechanical point of view, cracks located directly
on the samples surface. Consequently, the high cycle fatigue behaviour will be affected
by the presence of such notches. Evidence of the presence of these notches on the
assumed crack nucleation site of the MIM31L samples fracture surfaces is depicted in
Fig. 28 and Fig. 30.

Crack initiation in a wrought Ti-6Al-4V alloy is invariably associated with the
formation of facets [89]. The formation of such facets is related to the fact that the weak
grains, favourably orientated for slip, generate a dislocation pile-up at the boundary with
the neighbouring strong grain. The pile-up leads to the required combination of shear
and tensile stresses on the unfavourably plane which induces facet formation. This

mechanism was proposed for the first time by Stroh [88] describing the fatigue
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behaviour of wrought Ti-6Al-4V alloy. Apparently the same mechanism holds for the
MIM3L1L samples. The facets (region 1 in Fig. 28) are also presented together with the
notches (region 2) on the assumed nucleation site. Another interesting feature near by
the assumed nucleation site is the presence of secondary cracks, as illustrated in Fig. 30.
It is important to note that the secondary cracks and an overall tortuous crack path (Fig.
29) are postulated features responsible for the superior crack growth resistance of the

lamellar microstructure compared to e.g. bi-modal microstructure [113].

6.3. Influence of surface quality

As discussed in the section 6.2 the notches presented on the surface of the MIM31L
samples are a determinant factor in order to describe the fatigue behaviour.
Furthermore, the presence of these notches is most probably related to injection and
debinding processes. The binder content is a critical parameter in order to describe the
rheological behaviour of the feedstock during injection. Therefore, in one attempt to

modify the surface quality the binder content was varied.

In order to facilitate the interpretation of the results Table 16 summarizes the variation
of the factors assumed being relevant for the fatigue behaviour of the MIM components.
A factor such as surface quality is ranked as bad (-), good (0) and very good (+). The
existence of compressive stresses due to shot peening is labelled as (yes) or (no).
Furthermore, grain size, porosity and impurity levels are represented as actual measured

values for each set of samples.

Table 16. Selected samples for the evaluation of the surface quality influence.

Samples Surface  Compressive  Grain size Porosity Oxygen
quality stresses [um] [96] Equivalent
[ug/g]
MIM31L - no 97+ 9 3.4 2598 + 135
MIM31L* - no 100 £ 11 34 2850 £ 264
MIM35L 0 no 77+£10 5.7 2763 £ 90
MIM35H 0 no 148 + 20 3.6 2969 £ 109
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It is important to note that by changing process parameters usually more than one
feature such as grain size, porosity or oxygen equivalent is influenced in some way.
Consequently, it is extremely difficult to isolate their effect on the mechanical
behaviour of sintered materials in general. The MIM31L and MIM35H samples are a
typical example of such limitation. In order to obtain approximately the same level of
porosity for samples with different surface quality a higher sintering temperature was

applied. However, it was inevitable to avoid the coarsening of the microstructure.

6.3.1. Influence of the binder content

Microstructural features and tensile properties

The increase of the binder content from 31 vol.% to 35 vol.% promoted a decrease of
the apparent density of the sintered samples (Table 4), if sintered at the same
temperature. The porosity level of MIM35L samples was even slightly above the
assumed boundary between open and closed porosity. As illustrated in Fig. 31
significant pore clusters were observed. Thus, most likely due to the presence of these
clusters, large pores up to 86 um were identified (Fig. 33). As a result of the high
amount of pores, the MIM35L samples (Table 5) demonstrated poorer tensile properties
compared to MIM3L1L (Table 3). However, the elongation was still above the minimum
value tolerated for the wrought Ti-6Al-4V ELI (ASTM grade 23). Although large pores
are presented on the tensile fracture surface of MIM35L samples (Fig. 35), a dimpled
structure is also observed which is in agreement to the elongation values obtained for

these samples.

On the other hand, the MIM35H samples, which were sintered at higher temperature
(1350 °C), displayed an amount of porosity similar to the MIM31L samples. This means
that the larger initial particle distance was compensated by applying a higher sintering
temperature. The increase of sintering temperature promoted an increase in o colony
size due to the tendency of coarsening mechanism domination over densification
mechanisms (Table 4). Another consequence of sintering at high temperature is the
smaller maximum pore diameter for the MIM35H samples of around 46 um (Fig. 34),
which is a significant reduction compared to 86 um of the MIM35L samples.
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Usually the increase of grain size promotes a degradation of the mechanical properties.
However, in this study the increase of a. colony size observed in the MIM35H samples
did not result in a decrease of strength or ductility (Table 5). As the MIM31L samples
and MIM35H samples have nearly the same apparent density and impurity levels (Table
4), the higher tensile strength of the MIM35H samples has to be associated with some
other effect involved by the higher sintering temperature. This effect overcomes the
influence of grain size on mechanical properties as supported by the observed higher
amount of “fine dimples” on the tensile fracture surface of MIM35H samples (Fig. 36)
compared to MIM31L samples (Fig. 24). Even the MIM35L samples, sintered at low
temperature, showed less fine dimples (Fig. 35). However, the exact mechanism behind
the different amount of the fine dimples cannot be explained in the scope of the present
investigation. A detailed investigation focused on dislocation concentration, low grain
boundaries and possible preferential concentration of carbon or oxygen in the
microstructure of the sintered samples needs to be performed to elucidate this

phenomenon.

Nevertheless, the presence of these dimples on the tensile fracture surface of Ti-6Al-4V
alloy without pores has been reported on the literature before [114, 115]. The
dimensions of the dimples shown in those investigations are in the same range as those
observed in this study for MIM35H samples, here referred to as “fine dimples”. In
contrast, for Ti-6Al-4V alloy produced by MIM and sintered at 1250 °C, Zhang et al.
[116] proposed as the typical ductile dimple structure a surface similar to the fracture
surfaces of the MIM31L and MIM35L samples, here referred to as “coarse dimples”.
Even if such a coarse structure is also present in the fracture surface of MIM35H
samples (region inside the white ellipse in Fig. 36), its occurrence is much less
pronounced. Therefore, as mentioned before, the maximum sintering temperature seems
to be a critical factor for increasing the “fine dimples” structure in the tensile fracture

surface.
Fatigue property

Several authors [109, 110, 117-119] assumed that the fatigue resistance of powder
metallurgy materials is mainly controlled by porosity. However in terms of porosity, it
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Is not possible to explain the fatigue behaviour difference of MIM31L and MIM35H
samples since the amount of porosity is almost identical for the two configurations
(Table 4). Furthermore, even the grain size difference between the two configurations
cannot explain the fatigue behaviour difference, since the relatively coarser
microstructure exhibits the higher fatigue resistance. Therefore, other mechanisms have
to be taken into account to cause such behaviour. One possible explanation is the fact
that fatigue behaviour is very sensitive to surface quality, especially under bending
conditions. As it can be seen in Fig. 26 (MIM31L), Fig. 38 (MIM35H) and Fig. 39
(MIM35L) the surface quality appears to be different in terms of surface roughness. It is
clear to see that a higher content of binder promotes a better surface quality for the
injected samples. The explanation for such behaviour is most likely related to the lower
viscosity of the feedstock when higher binder content is used. As a consequence, during
injection the powder particles in the feedstock with the higher amount of binder are able
to fill a possible surface defect more easily.

Fractography of fatigued specimens revealed the possible region for the crack
nucleation of MIM35L (Fig. 40) and MIM35H (Fig. 41). The maximum observed size
of the notches located at the surface of the samples was approximately 50 um. Notches
are well known to exhibit a negative influence on the fatigue properties [120, 121], thus,
the differing results in fatigue resistance of MIM31L compared to MIM35L and

MIM35H could be related to surface roughness differences.

Another possible explanation for the higher fatigue strength of MIM35H compared to
MIM3LL is the influence of the sintering parameters on the mechanical properties. As
discussed before, the increase of maximum sintering temperature results in an
improvement of the tensile properties together with an apparently higher presence of
fine dimples on the tensile fracture surface. Results presented by Hadrboletz and Weiss
[108] for Fe-2C-2.5Ni samples made by powder metallurgy showed that fatigue
strength increases when a more intensive sintering process (higher temperature, longer

sintering time) has been chosen.

The MIM35L samples apparently achieved a fatigue behaviour similar to that of the
MIM35H samples (Fig. 37). This result is unexpected since the MIM35L presented

higher porosity and poorer tensile properties (Table 5). However, it is possible to
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explain this behaviour with Fig. 31, which illustrates that the MIM35L samples exhibit
a finer microstructure when compared to MIM35H (Fig. 32). It is well known that a
refinement of the microstructure leads to an increase of the high cycle fatigue resistance
[86, 122]. In fact, refinement of the microstructure means reduction of the slip length
and, consequently, reduction of the number of dislocation pile-ups at critical preferential
locations for crack nucleation as e.g. pores and grain boundaries.

Furthermore, Fig. 37 shows that MIM35L samples exhibit also a better fatigue
behaviour than MIM31L samples. This behaviour is expected since as illustrated in Fig.
39 and Fig. 26, the MIM35L samples present smaller surface defects than MIM31L
samples. Obviously, a better surface quality compensate for the negative influence of
porosity with respect to high cycle fatigue behaviour. Although pores with a diameter of
approximately 90 um were observed in the interior of the MIM35L samples (Fig. 33),
the maximum observed size of the notches located at the surface was only
approximately 50 um (Fig. 40). This is a clear indication that for the fatigue behaviour
amount and size of the pores, within the range observed in this study, is not the most
critical factor. In contrast, as indicated in Table 5, for the tensile properties amount, size

and distribution of the porosity are the determinant parameters.

6.3.2. Influence of shot peening

As a surface treatment shot peening was applied in order to modify the surface quality
without affecting microstructural features such as grain size, porosity and impurity
levels. Table 17 illustrates the selected samples for the evaluation of the shot peening

influence.

The application of shot peening (SP) promotes a better surface quality and introduces
residual compressive stresses. In order to separate the relevance of these parameters the
MIM35H+SP and MIM35H+SP+HT samples are compared. In the following the
influence of different surface quality and existence of residual compressive stresses on
the fatigue behaviour of MIM components are discussed in terms of microstructural

features and fracture surface analyses.
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Table 17. Selected samples for the evaluation of the shot peening

Samples Surface Compressive  Grain Porosity Oxygen
quality stresses size [um] [90] Equivalent
[Lg/g]
MIM31L - No 97+ 9 34 2598 + 135
MIM35H 0 No 148 £+ 20 3.6 2969 + 109
MIM31L+SP + Yes 97 9 3.4 2598 £ 135
MIMB35H+SP + Yes 148 £+ 20 3.6 2969 £ 109

+

MIM35H+SP+HT No 150 + 19 3.6 2673 + 152

Fatigue behaviour

The shot peening promoted a significant improvement of the surface quality for the
MIM31L and MIM35H samples as illustrated in Fig. 44 and Fig. 45, respectively. This
is mainly due to the fact that the shot peening process leads to a local plastic
deformation which practically removes the notches and promotes residual compressive
stress. Consequently, higher endurance limit was achieved for the samples exposed to
shot peening as shown in Fig. 42 and Fig. 43. It is important to note that for almost all
samples the crack initiated at a location inside the samples instead of at the surface (see
Fig. 46 and Fig. 47), except for the samples marked with parentheses in Fig. 42. In these
samples, the local plastic deformation promoted by shot peening application was not
sufficient to close the surface defects. Most probably, there is a critical shape and size of
the surface defect that limits the shot peening benefit. As can be seen in Fig. 48 the
crack initiated at the surface instead of the inner region. Therefore, the fatigue life of

theses samples is closer to that of the MIM31L samples without shot peening.

Internal fatigue origins are not common, however after shot peening application, it is
frequently encountered in titanium alloys [11, 99, 100]. Subsurface crack initiation sites
in fully lamellar Ti-6Al-4V alloy were related to cross-colony slip-band fracture [123].
This fracture behaviour is also presented in the fracture surface of MIM samples with
shot peening. The crack is supposed to nucleate at the intersection of two slip bands, as
indicated by the white arrow in Fig. 47b. Apart from the cross-colony fracture facets,

the presence of pores is another origin of the crack nucleation in MIM samples. In this
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investigation, the fracture surface of MIM samples with shot peening always exhibited
both features (pores and cross-colony fracture facets) present at its nucleation site.

As observed for the samples without shot peening, an overall tortuous crack path (Fig.
49) and secondary cracks (Fig. 50) were also presented for the samples with shot
peening. In fact, the application of shot peening moves the crack initiation site from the
surface to a subsurface level, mainly due to the existence of compressive residual
stresses (local plastic deformation). However, it is possible to assume that
approximately the same mechanism, formation of facets, for the crack nucleation
occurred. Instead of dislocations pile-up at a notch located at the surface which is the
assume mechanism of the samples without shoot peening, for the samples with shot
peening the pile-up of the dislocations took place most likely in a pore located in a

subsurface level.
Influence of the residual stress promoted by the shot peening

As intended, most probably the heat treatment at 915 °C relieved the residual
compressive stresses and due to that the fatigue resistance for the MIM35H+SP+HT
samples tends to decrease as illustrated in Fig. 52. Furthermore, the facets at the
assumed crack nucleation site for these samples are located closer to the surface
indicating a crack initiation in the surface instead of subsurface level (Fig. 53). As
reported by several authors [11, 12, 99, 101, 102, 124, 125], the presence of residual
compressive stresses is assumed to be mainly responsible for the subsurface crack
nucleation and subsequent increase of the high cycle fatigue behaviour. Such
assumption is also made in the present work in order to interpret the obtained results for
the MIM35H samples. However, it is important to note that the improvement of the
surface quality promoted by the shot peening application also contributes to the increase

of the fatigue behaviour, especially in the case of MIM31L samples.

As a second point, the heat treatment could promote a refinement of the microstructure
at a subsurface level. However, as illustrated in Fig. 51 the desired refinement of the
microstructure did not occur. This is probably related to the fact that the amount of
dislocations created by the local plastic deformation during shot peening was not high

enough to promote the nucleation of new grains during the heat treatment process. Gray
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et al. [101] reported that mechanical surface treatment combined with a subsequent
recrystallization was successfully applied for Ti8.6Al and Ti-6242 alloys. They were
able to reduce approximately five times the average grain size of the near surface.
Several factors as annealing temperature, isotherm time, cooling rate, shot peening
pressure and material used for the shot peening could have contributed for the
unsuccessful recrystallization of the MIM35H samples. However, among these
parameters, most probably the main factor responsible for this behaviour is the

relatively low shot peening pressure used in this investigation (around 4 bar).

6.4. Influence of the porosity

The degradation of the mechanical properties due to the presence of the remaining
porosity in the MIM components was investigated. In order to obtain different porosity
levels two different routes were applied: 1. using a smaller powder particle size and 2.
addition of a HIP process. In the following the results are discussed. As for the previous

section, Table 18 illustrates the samples selected to perform this investigation.

Table 18. Selected samples for the evaluation of the porosity influence.

Samples Surface  Compressive  Grain Porosity  Oxygen
quality stresses size [um] [%%0] Equivalent
[Lg/g]
MIMB35H+SP + Yes 148 £+ 20 3.6 2969 £ 109
25MIM35L+SP + Yes 150 £ 23 2 3295+ 72
MIM35H+HIP+SP + Yes 174 + 26 0 3023 + 32

6.4.1. Influence of the particle size

High binder content (35 vol.%) was used for the production of 25MIM35L samples.
Two reasons contributed to the utilization of the higher binder content: the first one is
related to the possibility to decrease the surface size defect and the second one is the
fact that smaller particles tend to promote an increase in the viscosity of the feedstock
mainly due to the increase of surface area [126]. In one attempt to obtain a porosity
level below the values achieved for the MIM31L or MIM35H samples without having a

significantly coarsening of the microstructure, the 25MIM35L samples were sintered at
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1250 °C. As shown in Table 7 and Table 18 the 25MIM35L samples exhibited lower
porosity level and similar grain size compared to MIM35H samples. This occurred due
to the fact that the driving force for sintering is the reduction of surface energy. The
surface energy per unit volume depends on the inverse of the particle diameter; thus,
finer particles increase the driving force. Consequently, it is possible to achieve higher
density using lower temperature and less time [127].

Another effect that is probably related to the finer particles is the slight increase of the
impurity levels, especially related to carbon and oxygen content (Table 7). Nevertheless,
as discussed in the section 6.1 such a variation is assumed to be of minor relevance in
terms of mechanical properties. In fact, the significant improvement of the tensile
properties is most probably related to the lower porosity size (Fig. 55) and porosity level
(Table 7) compared to MIM35H samples.

Fatigue behaviour

The 25MIM35L samples exhibited a slight improvement of the fatigue behaviour
compared to MIM35H samples (Fig. 56). Obviously, the smaller amount of pores is the
probable reason to explain the observed increase of the fatigue resistance. Additionally,
another factor that may contribute is the fact that the 25MIM35L samples tend to
exhibit smaller pores diameter (Fig. 55) than MIM35H samples (Fig. 34).

As can be seen in Fig. 57 and Fig. 58, again facets and pores were present on the crack
nucleation site of the 25MIM35L fatigued fracture surface. This, as discussed in the
previous sections, is a further indication that the mechanism that describes the crack
nucleation is the dislocation pile-up at critical points (grain boundaries, pores, particles,

etc).

6.4.2. Influence of the HIP process

The MIM35H sample configuration was chosen due to the fact that the quality of the
sintered surface was much better than that of the samples with a lower binder volume
fraction e.g. MIM3L1L. Furthermore, the amount of remaining porosity for the MIM35H
was approximately 3.6%. In this investigation this value is assumed to be a typical and

sound porosity level for the components processed by MIM technology.
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The additional exposure of the MIM35H samples to a relatively high temperature
during the HIP processing did not promote a subsequent increase of the impurity levels
(Table 8). Consequently, the difference in the mechanical properties can be attributed to

existence of pores and grain size difference.
Tensile properties

The significant improvement of the tensile properties of the MIM35H+HIP samples
compared to MIM35H samples is related to the elimination of the porosity. This effect
overbalances the detrimental larger grain size of the samples with HIP (Fig. 59 and
Table 8). It is important to note that even small and round pores exhibit associated stress

concentration which influence the tensile mechanical behaviour.

The tensile fracture surface of the MIM35H+HIP samples (Fig. 60) exhibits a well
defined dimpled structure, which is in agreement to the high values obtained for the
tensile elongation (Table 9). Contrary to the MIM35H samples only fine dimples are
visible. This indicates that the “coarse dimples” are most likely related to the existence

of remaining porosity.
Fatigue behaviour

The significant increase of the yield stress of approximately 17 % was not completely
observed for the fatigue behaviour; in fact, the improvement of the endurance limit was
only around 11 % (Fig. 61). The fatigue fracture surface illustrated in Fig. 62 and Fig.
63 suggests that, as for the other configurations exposed to shot peening, the crack
initiated at subsurface level. Another similarity of the fracture surfaces of MIM35H and
MIM35H+HIP samples was the presence of the facets. This indicates that most likely
again the mechanism responsible for the crack nucleation was the pile-up of dislocations
at a critical point. Instead of pores as a critical point, the features presented in Fig. 64
suggest that an oxide particle could have acted as a barrier for the dislocation motion.
The results presented in Table 10 confirm that the region pointed to by the arrow (a) in
Fig. 64 exhibited a higher concentration of oxygen than the region pointed by the arrow
(b) in Fig. 64. This is one indication that with the absence of porosity the next defect

class acts as the determinant factor for the fatigue behaviour, which in this case is the
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oxide particle. Avoiding foreign particles completely is nearly impossible in powder
metallurgy.

It should be recognised, however, that no other element apart from titanium, aluminium,
vanadium and oxygen were identified in the rich oxygen region of the fatigued fracture
surfaces. The possibility of titanium oxide particles existence in the MIM Ti-6Al-4V is
very low. The Ti-O binary phase diagram shows that oxygen has a large solubility (over
30 at.%) in low-temperature titanium and assuming that Ti-6Al-4V exhibits
approximately the same trend the oxygen should be soluble in the matrix especially
after sintering under vacuum and temperatures above 1250 °C. Nevertheless, as reported
in section 5.6 magnesium oxide particles appear to be a typical powder contamination.
These particles are not dissolved under the applied HIP conditions (maximum
temperature of 850 °C and a pressure of 200 MPa). However, in the case of MIM
samples, it is not clear what will happen with these particles. Based on available
thermodynamic data, it is unlikely that these particles will dissolve at higher

temperature, e.g. at 1250 °C. Therefore the enhanced oxygen content remains unclear.

6.5. Influence of the microstructure morphology

In order to achieve a finer microstructure, samples were consolidated from powder
below B transus temperature by applying a HIP process. The influence of finer
microstructure on the mechanical properties of the Ti-6Al-4V alloy produced by powder
metallurgy route will be discussed in the following. Table 19 lists the samples used for
the estimation of the grain size influence on the fatigue behaviour.

Table 19. Selected samples for the evaluation of the grain size influence.

Samples Surface Compressive  Grain Porosity Oxygen
quality stresses size [um] [90] Equivalent
[Lg/g]
MIM35H+SP ++ + 148 + 20 3.6 2969 + 109
Powder+HIP+SP ++ + 9+5 0 2280 + 207
MIM35H+HIP+SP ++ + 174 + 26 0 3023 £ 32
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6.5.1. Microstructural features

As illustrated in Fig. 65 and Fig. 66 the Powder+HIP samples exhibited a relatively fine
microstructure. The microstructure morphology resembles a typical equiaxed
microstructure with some region containing a very fine lamellar structure. This is
mainly related to the fact that the process was carried out below [ transus temperature.
After handling and HIP processing a moderate increase of the impurity levels was
observed, especially related to oxygen level (Table 11). However, this level was still

lower than the minimal levels obtained for the MIM samples.

6.5.2. Tensile properties

As mentioned in 3.5.4 the tensile properties of the Powder+HIP samples were
characterized by using micro-tensile specimen. It is well known that the miniaturization
of tensile specimen causes so-called “size effects” [128-131], which lead to different
material behaviour in the micro scale compared to the macro scale. Kals et al. [128]
found out that the proportion of grain size versus sheet thickness plays and important
role in the tensile properties. With respect to plastic deformation, grains located at the
specimen surface and grains located within the specimen volume are expected to behave
differently. This difference is connected to the fact that the presence of a free surface
strongly reduces the constraints on the grains near the surface, and consequently, the
grains will be deformed at substantial lower stress. The behaviour of the grains located
at the free surface becomes more and more dominant with the reduction of the specimen
size. To the author’s knowledge no relationship between thickness and grain size was
established for the Ti-6Al-4V alloy; however, in e.g. ferrous materials the size effect
was observed for samples with thicknesses smaller than about 6 to 10 times the average
grain size [130]. Consequently, based on the results for ferrous materials, the size effect
is expected to occur for the MIM35H samples since only few grains are present along
the thickness of the micro-tensile specimens (thickness = 500 um). This correlates to the
results illustrated in Table 12. The micro tensile specimens exhibited poorer tensile
properties than the dog-bone samples. However, in terms of tensile fracture surface no
significant difference was observed between the dog bone samples (Fig. 36) and micro-

tensile specimens (Fig. 68).
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The Powder+HIP samples exhibited significantly better tensile properties than the
MIM35H samples of same geometry. Furthermore, this is even valid compared to the
MIM35H dog-bone shaped samples. Such behaviour is most probably related to the size
effect and the positive effect of microstructure refinement on the tensile properties.
Furthermore, a larger scatter especially of the elongation was also observed. This
behaviour is most probably related to the fact that particles were found in the fracture
surface of the samples exhibiting lower elongation (Fig. 67a). These particles were not
identified on the samples with higher elongation (Fig. 67b). This could be an indication

that the amount of these particles is relatively small.

6.5.3. Fatigue behaviour

As for the tensile tests the fatigue results of the Powder+HIP samples exhibited a larger
scatter than those of the MIM samples (Fig. 69). Such behaviour is most probably
related to the presence of particles at the assumed crack nucleation size as demonstrated
in Fig. 70 and Fig. 71. The size and location of these particles varied among the
samples, which might be the explanation for the observed larger scatter. The particle
shown in Fig. 71 displays a higher concentration of magnesium and oxygen (Table 13).
The particles observed on the fatigued fracture surface apparently are the same of those
presented on the tensile fracture surface. The presence of such a particle can be related
to:

e typical contamination of the material used to do the atomization process or

e handling of the powder.
It is important to note here that the Powder+HIP samples were processed twice. This
means that two different charges from Ti-6Al-4V ELI powder were used. This extra
experiment was performed in order to evaluate a possible contamination during
handling of the powder prior the HIP processing. The two sets of samples exhibited
always such particles on the fatigued fracture surface. This indicates that most likely

these particles are a common contamination of the powder.

Most probably these particles (impurities) are also present in the MIM samples.
However, it was not possible to identify such particles on the fatigued fracture surface
of the MIM samples. This could be related to the fact that other defects such as pores
are more relevant to the crack initiation mechanisms than the particles. Another
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argument that contributes to this assumption is the fact, that even the fatigued
MIM35H+HIP samples exhibited a contaminated region at the assumed crack
nucleation site (Fig. 64). Thus, with the elimination of the porosity the next defect class
appears to be the determinant factor for the crack nucleation, here being the presence of

small oxide particles.

As reported by Froes et al. [27] the endurance limit of the Ti-6Al-4V pre-alloyed
powder after HIP processing is in the range of 400 MPa to 600 MPa. Testing conditions
were axial loading with stress ratio of 0.1 and use of smooth samples. The value
obtained for Powder+HIP samples is above this range probably due to the shot peening
application. Consequently, it is possible to assume that the oxide particles found on the
crack initiation sites are a typical impurity feature related to the powder metallurgy
processing. Thus, the value obtained in this study for the endurance limit is in

agreement to the literature.

Finally, it is important to highlight that in spite of the observed foreign particles the
high cycle fatigue limit was much higher than that of the MIM35H and MIM35H+HIP
samples. The main reason for this is assumed to be the grain size and the microstructure
morphology differences among the investigated configurations. As described by Miller
and O’Donnell [132] high cycle fatigue resistance of a material is enhanced if a large
number of barriers is placed in the path of a growing microscopically short crack. The
misorientation of the slip systems of neighboured grains is one of the most effective
barriers. Consequently, due to more barriers per unit area, a small grain size material

has a greater fatigue resistance than a large grain size material.

6.6. Enhancement of the high cycle fatigue behaviour of the MIM

components by microstructure design
As described in this investigation and in the literature [86, 103], the grain size is a
determinant factor regarding the high cycle fatigue behaviour of a material. The

addition of boron on the MIM Ti-6Al-4V alloy was performed with the objective to
obtain a finer microstructure. In this section, the influence of the boron addition on the
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Ti-6Al-4V alloy will be discussed in terms of microstructural features and mechanical
properties.

6.6.1. VVariation of boron content

As a preliminary investigation the samples with different boron additions were sintered
at 1250 °C. With the addition of 0.1 wt.% of boron, the o colony size was reduced to
approximately 80 um compared to MIM31L (around 100 um). Such a phenomenon can
be related to the TiB particles (the particles in the form of needles in Fig. 73) influence
on grain coarsening. Komizo et al. [133] demonstrated by using high-temperature laser
scanning confocal microscopy that TiB particles act as a barrier for 3 grain growth at
high temperatures. However, it is important to note that the lamellar microstructure is
still the predominant microstructure morphology in Ti-6Al-4V-0.1B. In contrast, the
samples with 0.5 wt.% of boron addition exhibited a microstructure with no defined o

colony: in other words, the lamellar structure is almost totally suppressed (Fig. 74).

Another important microstructural feature is the porosity. The addition of 0.1 wt.% and
0.5 wt.% of boron promoted a decrease in the relative densification (Table 14). This is a
clear indication that the formation of TiB particles affects the sintering behaviour of the
Ti-6Al-4V alloy. On the other hand, the negative influence of boron addition in terms of
porosity was not observed for samples sintered at 1400 °C. In this case samples with
boron addition exhibited even higher densification level than samples without boron
(Fig. 75). Therefore, a better understanding of the sintering process of the Ti-6Al-4V
alloy powder with added amorphous boron powder is required. One technique that is

very helpful in describing the evolution sintering process is dilatometry.

6.6.2. Sintering process

The addition of boron in the Ti-6Al-4V shifted the start temperature of the shrinkage
process by almost 110 °C as illustrated in Fig. 76a. As stated by German [127] the
shrinkage of the powder compact is a result of a change in the interparticle spacing as
neck growth takes place which is promoted by bulk transport processes. Consequently,
based on the results of the dilatometry experiments it is possible to argue that the boron

causes a delay of the bulk transport processes responsible for the shrinkage of the
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powder compact. Therefore due to the presence of boron the sample starts to shrink only
at 722 °C rather than 614 °C. It is important to note that the pre-sinter of the samples
with and without boron addition was carried out in a single furnace run. No temperature
difference between the samples is expected since they were positioned very close to
each other. Thus it is possible to attribute the delay of the sintering process to the

presence of boron.

Another interesting behaviour of the samples with boron addition is the fact that the
sample progressively increased the linear shrinkage rate (LSR) from 722 °C up to
820 °C (Fig. 76b). After this temperature the LSR decreased until approximately 1050
°C. This phenomenon can be related to the formation of TiB particles. For this
formation a solid diffusion process needs to take place between boron from amorphous
boron powder and titanium from Ti-6Al-4V alloy powder. Divinski et al. [134]
investigated the tracer diffusion of boron in pure o-Ti by secondary ion mass
spectroscopy using the stable *'B isotope. They observed that at temperatures below
760 °C, diffusion profiles of acceptable quality could no longer be measured, probably
due to the low solubility of boron in o-Ti. On the other hand, they reported that boron is
the fastest diffuser in a-Ti after hydrogen. Therefore, it is reasonable to assume that
most probably the TiB particles are formed above 760 °C. The dilatomety experiment
suggests that the TiB formation occurred above 820 °C which is in a good agreement to
the values obtained by Divinski et al. [134].

It is well known [135-137] that TiB particles can restrict grain growth of cast Ti-6AIl-4V
alloy. By extension of this concept it can also be assumed that the initial and
intermediate sintering stage can be inhibited by the presence of TiB particles as well.

The Ti-6Al-4V alloy exhibited a maximum LSR of 0.25 %/min at approximately
985 °C. Above this temperature the LSR started to decrease which is an indication of
the final sintering stage’s initiation. For most materials, it is common that a separation
of grain boundaries and pores occurs, leaving the pores isolated in the grain interior at
final sinter stage process [127]. This leads to coarsening of the microstructure, and
further elimination of the porosity (further densification) becomes difficult since lattice
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diffusion, which is much slower than grain boundary diffusion, is needed for
elimination of the pores.

On the other hand, the Ti-6Al-4V-0.5B alloy started to shrink significantly above
1050 °C. The maximum LSR achieved for this alloy during dilatometry experiments
was approximately 0.45 %/min at around 1250 °C. It is important to note that the
maximum LSR for Ti-6Al-4V-0.5B was roughly two times higher than for the alloy
without boron addition. This behaviour can be explained in terms of densification and
coarsening processes. As pointed out before, the presence of TiB particles decreases the
grain growth. Consequently, a separation of pores and grain boundaries might be
delayed. This leads to an optimum configuration for the elimination of pores by grain
boundary diffusion [138].

In fact, the addition of boron to a Ti-6Al-4V alloy results in a delay of the bulk transport
processes responsible for the shrinkage of the powder compact. Most probably due to
the formation of TiB particles the shrinkage process is retarded from 820 °C up to
1050 °C. This delay of densification occurred due to the pinning effect promoted by the
presence of TiB particles. Such a pinning effect is beneficial for the densification at a
later stage’s of sintering process due to postpone separation of pores and grain

boundaries which extended the elimination of the pores by grain boundary diffusion.

6.6.3. The microstructure of Ti-6Al-4V-0.5B alloy sintered at 1400 °C

As described before, the o colony size is not well defined for the Ti-6Al-4V-0.5B
samples (see Fig. 77 and Fig. 79) which can be related to a tendency to form equiaxed o
instead of the lamellar structure. Such behaviour was also reported in the work of Hill et
al. [139] for cast Ti-6Al-4V alloy with a small addition of boron. They obtained the
equiaxed microstructure after additional heat treatment with slow cooling from above
the B transus without being subjected to any thermo-mechanical treatment in the o + 3
phase field (a typical procedure to create globular microstructure of o + B titanium
alloys). They suggested that o nucleating at and growing from the TiB precipitates

usually results in equiaxed or globular morphology.
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Tamirisakandala et al. [94] also tried to describe the mechanism responsible for the
microstructure refinement of the cast Ti-6Al-4V with a small additions of boron. In
their study, the refinement of the microstructure was explained by three mechanisms:
refinement of B-grains, the heterogeneous o nucleation and grain growth restriction.
The B-grain refinement was related to the influence of boron partitions ahead of the
titanium solid/liquid interface. In hypoeutectic Ti-B alloys the B+ grains are formed
prior to the precipitation of TiB particles. Therefore, TiB particles cannot be nucleation
sites for the Bi grains. More recently, Bermingham et al. [137] described similar
observations for cast commercially pure titanium with a small addition of boron. The
second mechanism, the heterogeneous o nucleation, is related to the influence of TiB
particles on the nucleation of o phase. They suggested that the presence of TiB particles
enhanced the kinetics of phase transformation from f to a, which occurs by nucleation
and growth according to Burger’s orientation relationship, by providing additional
nucleation sites. As a consequence of these additional nucleation sites a microstructure
with equiaxed o grains is more likely to occur than the lamellar microstructure.
Finally, the grain growth restriction mechanism is related to the pinning effect promoted
by the TiB particles on grain growth. This mechanism for cast materials is assumed to
be relevant during subsequent thermal exposure at elevated temperatures by restricting

the mobility of grain boundaries.

It is important to note that the refinement of B-grains mechanism is not likely to occur
for the sintered MIM Ti-6Al-4V-0.5B samples since no liquid phase is expected to be
present during the sintering process. Nevertheless, as for the cast Ti-6Al-4V alloy with a
small addition of boron, the heterogeneous o nucleation is a relevant mechanism in
order to describe the microstructure changes of the MIM Ti-6Al-4V-0.5B samples after
sintering. Although the grain growth restriction is assumed to be a secondary
microstructure refinement mechanism for cast Ti-6Al-4V alloy with a small addition of
boron, for the MIM samples this mechanism is significantly relevant for the sintering

process and for the final microstructure.

For the Ti-6Al-4V-0.5B alloy both o colonies and o grains were assumed to define the

grain size (slip length) because both features exist in the microstructure. Fig. 80b shows
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regions (1) where o lamellae are oriented in the same direction, setting up a colony.
However, also regions (regions Il) can be observed where neighboured single o phases
have no correlated orientation. These regions are considered as single grains. A lower
magnification mapping of the o phase orientation (Fig. 79b) confirms the existence of
both small o colonies and o grains. The microstructure of the samples with 0.5 wt.% of

boron addition can be considered as a transition between lamellar and equiaxed.

In addition, it was possible to clearly identify the B phase between o lamellae and at
grains boundaries (Fig. 79c). The B grain size of the samples with boron addition,
apparently, is smaller than that of samples without boron (Fig. 83c). This is an

indication that the TiB particles act as a barrier to grain growth of 3 grains.

Three boron compounds exist in the Ti-B system: TiB, TizB, and TiB,. These occur at
boron concentrations of about 18%, 22%, and 30% by weight, respectively. Feng et al.
[140] stated that only TiB can be in situ synthesized from the reaction between Ti
powder and boron powder. In this investigation, during the EBSD experiments, only the
TiB phase (Fig. 79d) was indexed and no TiB, was observed for the Ti-6Al-4V-0.5B
alloy. This is in agreement with thermodynamic expectation [141-145] and with the
Feng et al. [140] statement.

Another interesting aspect of the Ti-6Al-4V-0.5B alloy microstructure produced by
MIM technology is the apparent homogeneous distribution of the TiB particles. This is
a clear advantage of the MIM process over the cast process. As reported by Srinivasan
et al. [146], the cast Ti-6Al-4V alloy with a small addition of boron (0.1 wt.%) tends to
exhibit a microstructure with TiB precipitated at the grain boundaries. This preferential
precipitation at the grain boundaries promotes a degradation of mechanical properties,

especially with respect to ductility.

6.6.4. The tensile property of Ti-6Al-4V-0.5B alloy sintered at 1400 °C

As reported in the literature [147, 148] the TiB particles tend to deteriorate the ductility
of Ti-6Al-4V alloy. Such behaviour was also observed for the Ti-6Al-4V-0.5B samples
produce by MIM (Table 15). However, the level of this expected reduction was rather
moderate (around 2 %). As illustrated in Fig. 84 a typical ductile tensile fracture with
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the presence of fine dimples, coarse dimples and pores occurred for the Ti-6Al-4V-0.5B
samples, being in agreement to the low reduction of tensile elongation. Although a
significant improvement occurred due to the boron addition, the tensile properties are
still inferior to those of the samples without pores (MIM35H+HIP, Table 9). This is a
clear indication that the influence of porosity on the tensile behaviour of MIM

components is greater than the influence of grain size or microstructure morphology.

Another relevant parameter is the maximum sinter temperature. Since the samples with
boron were sintered at higher temperature, it seems possible to attribute the increase of
strength and the decrease of ductility to a possibly higher impurity level. However, as
can be seen in Table 14, impurity levels for the alloy sintered at 1400 °C are in the
accepted variation range and as discussed in section 6.1 no significantly influence on the

mechanical properties is expected.

6.6.5. Fatigue behaviour of Ti-6Al-4V-0.5B alloy sintered at 1400 °C

The addition of boron in the Ti-6Al-4V alloy promoted a significant improvement of the
fatigue behaviour. The endurance limit was approximately 640 MPa. Even the
MIM35H+HIP samples exhibited a lower endurance limit. This is an indication that, in
contrast to the tensile behaviour, for the high cycle four-point bending fatigue behaviour
of MIM components the pores are not the most significant parameter. Instead, the grain

size seems to be much more relevant.

As described before, the boron addition induces a refinement of the microstructure. It is
known that refinement of the microstructure can promote an increase of the Ti-6Al-4V
alloy fatigue strength, e.g. from 440 to 670 MPa as reported in [86]. Furthermore, the
TiB particles are expected to effectively decrease the slip length when compared to the
slip length of fully lamellar Ti-6Al-4V alloy [136]. Therefore, the reduction of the slip
length, which means a more homogeneous distribution of dislocation densities, is
assumed to be one of the main origins for the significant enhancement of the fatigue

behaviour by adding boron as performed in this work.

In this investigation, it was assumed so far, that the crack nucleation is related to
dislocation pile-up at critical points (e.g. pores), leading to the formation of facets in the

crack nucleation region of the fracture surface. As can been seen in Fig. 87, these facets
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and pores were also observed in the assumed crack nucleation location of Ti-6Al-4V-
0.5B samples. In addition another mechanism that might be determinant for the crack
nucleation is the evidence of interfacial decohesion around the TiB particles as
appointed by the white arrows in Fig. 87. Such mechanism was proposed before by
Soboyejo et al. [149] in order to explain the fatigue results obtained for an ingot Ti-6Al-
4V/-0.5B alloy.

Flat surfaces as an indication of slip band fracture and micro cracks are typical features
of the crack front profile near the assumed crack nucleation site (Fig. 89). The micro
cracks exhibited microscopic deflection, which is a well known mechanism for the
crack propagation behaviour of o + (B titanium alloys with a lamellar microstructure
[141]. Furthermore, micro cracks apparently are formed near TiB particles, which is a
further indication of the interfacial decohesion mechanism between the matrix and the
TiB particles as clearly illustrated in Fig. 90. Most probably, such phenomenon is
associated to stress concentration promoted by the particles and due to the dislocation

pile-up at the particles.

As a result, for nearly fully dense materials, it is possible to assume that a fine
microstructure can tolerate a higher number of defects than a coarse microstructure. It is
also important to note that apart from the typical crack nucleation mechanisms of the Ti-
6Al-4V alloy fabricated by MIM technology, a further mechanism, the interfacial
decohesion between matrix and TiB particles, apparently occurs during crack nucleation
in the Ti-6Al-4V-0.5B alloy.
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7. Conclusions

In the present work, the high cycle four-point bending fatigue behaviour of a Ti-6Al-4V
alloy processed by MIM was investigated and evaluated. Critical process parameters
and the most relevant microstructural features responsible for the fatigue behaviour of
the MIM parts were identified and assessed. Based on the results obtained in this study,
it is proposed that the factors determining the fatigue behaviour of MIM Ti-6Al-4V
components can be ranked in the following order of relevance:

1% Surface quality

2"%: Microstructure (grain size)

3": Porosity

4™: Foreign particles (e.g. oxides)

The amounts of interstitial elements were not considered in the above ranking, since the
observed variation of oxygen equivalent turned out to be irrelevant to describing the
mechanical properties of the MIM Ti-6Al-4V components investigated. However, such
an assumption is only valid for the oxygen equivalent range (O¢q = 2598 — 3238 pg/g)

investigated.

The MIM Ti-6Al-4V samples sintered at 1250 °C with 31 vol. % binder in the feedstock
exhibit a fatigue strength degradation of approximately 39 % compared to the annealed,
wrought Ti-6Al-4V alloy with a lamellar microstructure. This occurs mainly due to the
presence of notches at the surface of the MIM samples. Such notches are assumed to be

created during the injection and debinding processes.

A Dbetter surface quality is achieved by using feedstock with higher binder content and
as a result, superior fatigue behaviour is obtained. A clear relationship between the type
of porosity (open or closed) and the tensile properties is observed. However, variations
in porosity (3.6 — 5.7 %) surprisingly did not affect the fatigue behaviour of Ti-6Al-4V
alloy components fabricated by MIM. This is an indication that, at these specific
porosity levels, the surface quality and grain size are the main factors that influence the

fatigue behaviour, not the porosity.
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Typical features such as facets and pores are always present in the assumed crack
nucleation site of the MIM samples. Dislocation pile-ups at critical, preferential
locations such as e.g. notches, grain boundaries, pores and oxide particles are assumed
to be responsible for the crack initiation mechanism, which promotes the occurrence of

facets on the fatigued fracture surfaces.

Shot peening was successfully used to generate residual compressive stresses in the
surface regions via local plastic deformation and practically remove notches. As a result
the fatigue behaviour improves and cracks tend to initiate in subsurface regions instead
of at the surface. For high quality surfaces obtained by shot peening, the residual
compressive stresses are the main factor responsible for the enhancement of the fatigue

behaviour.

The elimination of pores by using HIP led to significant improvements in the
mechanical properties. In terms of the yield strength an increase of 17 % was observed,
however, for the fatigue behaviour the improvement was only around 11 %. Such
behaviour might be related to the coarsening of the microstructure promoted by the HIP
processing. Possible oxide particles are the determining defect class in the absence of

porosity.

The samples consolidated directly from powder by applying a HIP process exhibit a
drastic change in the microstructure compared to the microstructure of the MIM
samples. This microstructural refinement promotes a significant improvement in the
mechanical properties. The powder+HIP samples have an approximately 28% higher

endurance limit than the MIM+HIP samples.

Since the refinement of the microstructure seems to be more relevant than the presence
of pores in terms of fatigue behaviour, a small addition of boron was added to the Ti-
6Al-4V during the MIM process. The refinement of the microstructure occurs mainly
due to the fact that TiB particles act as new nucleation sites for the o phase
(heterogeneous nucleation) and as pinning sites to restrict grain growth. Such a pinning
effect promotes a delay in the starting point of the sintering process. On the other hand,
this effect is beneficial for densification in the later stages of sintering due to the

delayed separation of pores and grain boundaries.

110



CONCLUSIONS

The significant improvement in the fatigue behaviour to an endurance limit of
approximately 640 MPa is most probably related to the finer grain size. Common
features such as facets and pores are present at the assumed crack nucleation location.
Apart from these features, a further mechanism involving the interfacial decohesion
between matrix and TiB particles may have occurred during the crack nucleation
process. Moreover, it is important to emphasise that even with approximately 2 vol.% of
residual porosity, the samples with boron exhibited higher fatigue resistance than the

MIM+HIP samples (samples with no pores).

As a matter of fact, the results presented in this investigation demonstrate that it is
possible to produce MIM parts with sound mechanical properties even in terms of high
cycle fatigue behaviour. Consequently, entirely new application possibilities may be
considered by designers and engineers in terms of using the MIM technology for the
manufacture of highly loaded components for sectors such as biomedical, aerospace and

automobile industries.
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8. Suggestions for future work

The fatigue behaviour of the MIM component is mainly determined by the presence of
notches on the surface, which is assumed to be related to the MIM process (injection
and debinding steps). It was demonstrated that the amount of binder plays an important
role in the size of such notches. However, it is necessary to investigate systematically

the influence of other parameters such as:

o different particle morphology, e.g. instead of spherical powder, an irregular

powder might be applied.

o different binder system, e.g. a binder based on naphthalene. With this
experiment it would be possible to evaluate the effect of a different debinding
process, in this case sublimation of the naphthalene, on the size of the notches.

The presence of fine and coarse dimples on the tensile fracture surface of the MIM
samples need to be careful investigated. A detailed investigation focused on dislocation
concentration, low grain boundaries and possible preferential concentration of carbon or
oxygen in the microstructure of the sintered samples needs to be performed to elucidate

this phenomenon.

The exact influence of impurity levels on the mechanical properties of the MIM
components remains unclear. The results so far suggested that a critical point might
exist. A methodological investigation on the relationship among amount of porosity,

oxygen equivalent and mechanical properties is necessary.

It should be noted that this study was a preliminary investigation of the boron addition
influence on the MIM Ti-6Al-4V alloy. It is clear that more research is needed in order
to evaluate the relationship between mechanical properties and boron addition content.

The development of the microstructure during sintering and cooling steps for the
samples with small addition of boron is still not totally understood. In situ experiments

might be helpful in order to describe the mechanisms involved during the process.
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The biocompatibility of the Ti-6Al-4V alloy with small boron additions should be
systematically investigated in order to evaluate a possible degradation of this property.
Furthermore, another interesting property that should be investigated is the effect of

boron addition on the corrosion resistence.
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ABBREVIATIONS INDEX

Abbreviations index

BSE Backscattering electrons image mode
CIM Ceramic injection moulding

EBSD Electron backscattering diffraction
EBSPs Electron backscattering diffraction Kikuchi patterns
EDX Energy dispersive X-ray spectroscopy
ELI Extra low interstitial

EVA Polyethylene vinyl acetate

HDH Hydride-dehydride Ti powders

HIP Hot isostatic pressing

LEFM Linear elastic fracture mechanics

LS Linear shrinkage

LSR Linear shrinkage rate

MIM Metal injection moulding

MFM Microstructure fracture mechanics
Oq) Equivalent oxygen

OPS Struers oxide polish suspension

PIM Powder injection moulding

PM Powder metallurgy

SE Secondary electron image mode
SEM Scanning electron microscopy

SP Shot peening

oy Yield strength

UTS Ultimate tensile strength
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