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Abstract

Titanium and its alloy, especially Ti-6Al-4V have been widely used for biomaterial, especially
bone implant, because of its high specific strength and excellent corrosion resistance. Big
difference of Young’s modulus or Modulus of elasticity between bone and this alloy has been
a great concern for bone implants. This big difference of Young’s modulus can cause the absent
or less stress at the bone as the consequences of stress concentration on the metal implant as the
stronger part of the structure, namely stress shielding. This present thesis mainly discussed the
fabrication of porous Ti-6Al-4V through space holder method and the influence of heat
treatment to porous Ti-6Al1-4V in order to produce low Young’s modulus of metal implant with
compatible strength value to cortical bone properties which are around 10 — 30 GPa of Young’s

modulus and 70 — 280 MPa of compressive strength.

In order to obtain the effective condition of fabrication of porous Ti-6Al-4V, the influence of
sintering parameters, space holder size and its distribution to the formation of macro- and
micro-porosity were investigated. It was found that space holder distribution plays an important
role to increase open porosity value of porous products. Open porosity of sample increase as
the more homogenous space holder distribution produced suggests distribution of space holder
1s main aspect that control the macro-pore interconnectivity. There is no significant increase of
open porosity number by varying the space holder size and shape implying the interconnectivity
between macro-pore is independent on space holder size and shape. Additionally, sintering
temperature and pressure are the main parameter to control micro-porosity. Increasing sintering
pressure is more effective to reduce micro-porosity in the samples. Relative density produced
1s independent on heating rate. The most effective condition to produce less micro-porosity and
more interconnected macro-porosity is utilization of any kind of space holder size with the

addition of 10 wt. % ethanol as PCA and sintering at 700 °C, 60 MPa.

In the relation of porous products’ mechanical properties, macro-porosity in the range of 50 —
800 um plays more significant role to control mechanical properties of porous product. Irregular
shape of macro-pore result about two times lower mechanical properties than cuboidal shape
macro-pore while porous mechanical properties is insensitive to macro-porosity size.
Homogenous macro-porosity will result more pore connectivity which result to higher number
of open porosity and lower Young’s modulus. Porous product strength is more dependent to

pore wall thickness than its open porosity number. Micro-porosity in the size a few till a few



ten micrometer has no significant effect to both Young’s modulus and mechanical properties

of porous product.

Before doing heat treatment to porous products, solution treatment and aging were performed
to spark plasma sintered Ti-6Al-4V. It was found that upon quenching, martensite phase only
formed by sample solution treatment above 980 °C. Due to quite high vanadium content which
stabilized the BCC structure, quenching below such temperature produced metastable S phase.
Aging treatment enhances formation of f phase precipitate. Thus, after aging martensite
decomposes to rich vanadium S phase, which form along the grain boundary of martensite and
aligned along interface of martensite plate, and lean vanadium a-phase. The decomposition then
decrease the hardness of the sample. The results of solution treatment also imply that the f

transus temperature of spark plasma sintered Ti-6Al1-4V is higher than 1050 °C.

Finally, the influence of solution treatment and oxygen to microstructure and mechanical
properties of Porous Ti-6Al-4V are investigated. Oxygen content affects the phase’s constituent
of porous sample at elevated temperature. Due to relatively high oxygen content the £ transus
temperature of the sample increase till between 1200 and 1300 °C. Even though oxygen
increase the f transus temperature, it also increase the compressive strength of porous sample.
Solution treatment at temperature 850 — 1000 °C followed by ice water quenched produces
microstructure which is similar to spark plasma sintered Ti-6Al-4V and increases the
mechanical properties of porous Ti-6Al-4V. Solution treatment at single S phase area at 1300
— 1400 °C produce a very fine Widmanstitten o and S phase which successfully results to the
increase of mechanical properties of porous Ti-6Al-4V, compatible with cortical bone

properties.



“Have I not commanded you? Be strong and courageous. Do not be frightened,

b

and do not be dismayed, for the LORD your God is with you wherever you go.’

Joshua 1:9
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Chapter 1 General Introduction

1.1 Background

Titanium and its alloy, especially Ti-6Al-4V have been widely used for biomaterial,
especially bone implant, because of its high specific strength and excellent corrosion resistance.
Moreover, it is widely known that titanium provides bone osteoinduction which is defined as
“the induction of undifferentiated inducible osteoprogenitor cells that are not yet committed to
the osteogenic lineage to form osteoprogenitor cells” (Friedenstein, 1968) [1]. To be simple,
osteoinduction means that primitive, undifferentiated and pluripotent cells are somehow
stimulated to develop into the bone-forming cell lineage [2] or the process when

osteogenesis/bone growing process is induced [3].

Big difference of Young’s modulus or Modulus of elasticity between bone and this alloy
has been a great concern for the application for bone implants material. Several researches
reported the difference of Young’s modulus between bone and metal implant can lead to the
implantation failure. This big difference of Young’s modulus can cause less stress at the bone
as the consequences of stress concentration on the metal implant as the stronger part of the
structure, namely stress shielding. Thus, metal implant have to have not only high strength,
good corrosion resistant and good biocompatibility, but also low Young’s modulus, comparable
to Young’s modulus of bone. Porous product could be one of the best alternatives to produce
low Young’s modulus of the metal implant. Consequently, the reduction of Young’s modulus
is followed by the decrease of its strength. Thus, a porous implant has to have comparable

proper strength to bear the body physical stress.

1.2 Porous metal for bone replacement

The application of porous metal for implant fixation started in the late 1970s after
numerical basic studies from laboratory and animal trial program [4]. Porous metal alloys have
become alternate implant substance, include total hip joint and tooth root replacements, bone
lesion site fillers and segmental replacement. Ever since several research have been performed

1



in several topics, e.g. mechanical properties and stability, tissue remodeling, biomechanical

function, chemical characteristics, etc.

Lewangrowshi et al. reported for polyethylene — calcium salt composite samples
implanted into mouse’s tibia more bone ingrowth was observed in more calcium content sample
in which more porosity produced [5]. Bone growth in the implant relate to aggregation and
infiltration of bone cell, osteocyte, to the implant. Higher porosity also generated more bone
ingrowth for porous polyethylene, containing 20 wt. % of hydroxyapatite, rat’s apex implant

fabricated by free solid forming [6].

Meanwhile, mechanical properties of porous structure will also strongly affect by porosity.
Gibson-Ashby model [7] below show us the relation between mechanical properties of open

porous foam and porosity volume fraction.

E=c(&) =cpm 11
2~03 (i)g/2 1.2

Where C and n is constant, E, ¢ and p is Young modulus, strength and density of metal foam

and Es, o5 while ps is properties of solid metal and p is porosity.



1.3 Solid-state state space holder method

Several methods have been performed to produce porous metal either by liquid state or
solid state. Titanium and titanium alloys are known to have high melting point and high
reactivity especially to form oxide and carbide. Hence, unlike forming porous metal or metal
foam through liquid state fabrication process, solid state process is still preferable, especially
in the high melting point of view. In this study, space holder method was selected due to its

simplicity and its ability to produce greater porosity and shape control porosity.

The process begins by mixing the metal powders with an appropriate space holder and is
followed by the mixture to form a green body. Space holder size should be higher than the
average powder size of metal powder. The green body is then subjected to heat treatment
process that is sintering process, leads to growth of sinter neck and densification of green
products which associated with the improvement of structural integrity [8]. The schematic of
the process is shown in figure 1.1. Due to its non-toxic characteristic, its high melting
temperature, its chemical stability and its ease to remove sodium chloride is chosen to be space

holder in this research.

Many researches have been publish about the morphology of space holder and its effect
to the mechanical properties and biocompatibility of porous metal product. Bekoz ef al. [9]
compare the mechanical properties of irregular and spherical shape carbamide to the mechanical
properties of stainless steel foam while Zhang ef al. [10] confirmed the increase of compressive
strength polymeric porous product which is produced by spherical shape space holder rather
than the one produced by cuboidal shape space holder. Although its significance to the total
porosity produced and its influence to the mechanical properties, only limited reports about
space holder distribution are found. Li ef al. [11] reported sieved space holder increase the
compression strength of porous NiTi, implies the importance of space holder size distribution.
Niu et al. [12] used finite element method (FEM) to relate the relation between random pore
distributions to elastic modulus of titanium scaffolds. In this thesis, the influence of space
holder distribution to the properties of porous products, such as porosity, density, Young’s

modulus and compressive strength will be explored.

In order to avoid inhomogeneity distribution of macro-pores, as well as space holder

distribution inhomogeneity, several researchers have been trying to add binder or process
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control agent (PCA) during mixing process. Several kinds of binder have been used such as
water [13], polyvinyl-alcohol (PVA) [14], polyethylene-glycol (PEG) [15], ethanol [16] and
stearic acid (SA) [17]. Despite the importance, its role, its effectivity and its influence of PCA
addition to distribution of space holder as well as macro-pores distribution is rarely discussed.
In this research the quantitative analysis is performed to show the influence of PCA to pore
distribution and its effect to the open porosity and mechanical properties of porous Ti-6Al-4V.
In addition, the influence of macro-porosity produced by space holder and micro-porosity

produced during sintering is also investigated.

Mixing Densification (sintering) Porous Product

Metal powder Space holder

removal
- [~}

Figure 1. 1 Schematic of solid-state space holder method

Space holder

1.4 Heat treatment of Ti-6Al-4V alloy

From the equations 1.1 and 1.2, it is obvious that as the consequences of the reduction of
the apparent Young’s modulus of porous metal, its strength will also decrease. Thus, a
compromising reduction of apparent Young’s modulus should be attained in order to maintain
the strength of porous metal. Another pursuit is to increase the porous product without changing
so much its Young’s modulus. Such pursuit can be obtained by performing heat treatment to

porous metal.

Depending on cooling rate and prior heat treatment, e.g. annealing, thermo-mechanical
process, solution treatment and aging, Ti-6Al-4V alloy microstructure can be modified into
several types microstructure, such as a allotriomorph, globular « or primary a, Widmanstitten,

basket-weave, and martensitic phase [18]. However, Titanium and titanium alloys produced
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through powder metallurgy route, which usually have Widmanstitten structure, not always
effective strengthened by the combination of solution treatment and aging [19]. In this thesis
the effectivity of combination of solution treatment and aging to porous product that is produced
by solid-state method or powder metallurgy route and sintered by spark plasma sintering is

discussed.

1.5 Objective of the present thesis

This present thesis mainly discussed the fabrication of porous Ti-6Al-4V through space
holder method and the influence of heat treatment to porous Ti-6Al1-4V in order to produce low
Young’s modulus of metal implant with compatible strength value to cortical bone properties
which are around 10 — 30 GPa of Young’s modulus and 70 — 280 MPa of compressive strength.

Thus the main objectives of this thesis are describe as follow

(1) To investigate the influence of sintering parameters, space holder size and its
distribution to the formation of macro- and micro-porosity in order to obtain the

effective condition of fabrication of porous Ti-6Al-4V

(2) To investigate the influence of macro- and micro-porosity to the mechanical
properties of porous Ti-6Al-4V. Thus, the optimum fabrication condition and

mechanical properties can be achieved.

(3) To confirm the effect of solution treatment and aging to the mechanical properties of

spark plasma sintered Ti-6Al-4V in order to implement them to the porous product

(4) To investigate the influence of oxygen content and solution treatment to the

microstructure and mechanical properties of porous Ti-6Al-4V



1.6 Outline of the present thesis

In the present thesis, the fabrication of porous Ti-6Al-4V through space holder method
and the influence of heat treatment to porous Ti-6Al-4V in order to produce low Young’s
modulus value of metal implant with compatible strength value to cortical bone properties i.e.
around 10 — 30 GPa of Young’s modulus and 70 — 280 MPa of compressive strength are
discussed. The flow chart of the thesis is given in figure 1.2.

The back ground of this research is explained in Chapter 1 General Introduction. This
chapter also describe the development of space holder technique to produce porous metal. In
addition the introduction of heat treatment process of Ti-6Al-4V and porous metal

characteristic are also explained.

Chapter 2 Fabrication of porous Ti-6AI-4V through space holder method

The influence of sintering parameters (heating rate, sintering temperature and sintering
pressure), space holder size and its distribution to the formation of both micro- and macro-
porosity is investigated in order to achieve the effective condition of fabrication of porous Ti-
6Al1-4V using sodium chloride as the space holder. The original developed image analysis of
samples’ macro-image was used in order to quantitatively analyze the space holder distribution
as well as the pore distribution of the samples. The main parameters to control in this process

are space holder distribution, sintering pressure and sintering temperature.

Chapter 3 Effect of macro- and micro-porosity on mechanical properties of a porous Ti-6Al-

14

In this chapter, the influence of macro-porosity and micro-porosity to the mechanical
properties of porous Ti-6Al-4V fabricated by solid-state space holder method is discussed.
Macro-porosity in the range of 50 — 800 um plays more significant role to control mechanical
properties of porous product while micro-porosity in the size a few till a few ten micrometer

has no significant effect to both Young’s modulus and compressive strength of porous product.



Chapter 4 Influence of solution treatment and aging to microstructure and hardness of bulk

spark plasma sintered Ti-6A1-4V

In order to confirm the effect of solution treatment and aging to the mechanical properties
of spark plasma sintered Ti-6Al-4V, solution treatment and aging was performed. Solution
treatment above 980 °C introduces martensite phase which strengthened the samples upon
quenching. Solution treatment increase the hardness of spark plasma sintered Ti-6Al-4V
whereas aging treatment decrease the hardness of solution treated samples. The results of
solution treatment also imply that the f transus temperature of spark plasma sintered Ti-6Al-

4V is higher than 1050 °C.

Chapter 5 Influence of solution treatment and oxygen content to microstructure and

mechanical properties of Porous Ti-6Al-4V

In this chapter, the influence of solution treatment and oxygen to microstructure and
mechanical properties of Porous Ti-6Al1-4V are discussed. Solution treatment increase oxygen
content in porous samples. Oxygen influences the phase constituent of sample at elevated
temperature. Even though oxygen increase the S transus temperature, it also increase the
compressive strength of porous sample. Solution treatment at single f phase area at 1300 —
1400 °C produces a very fine Widmanstéitten a and S phase which later results to more increase

of mechanical properties of porous Ti-6Al-4V comparable with cortical bone properties.

The general conclusions of this thesis is summarized in Chapter 6 General conclusions.



Chapter 1
General Introduction

Chapter 2
Fabrication of Porous Ti-6Al-4V through Space Holder Method

Chapter 3
Effect of Macro- and Micro-porosity on Mechanical Properties of a Porous Ti-6Al-4V
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Figure 1. 2 Outline of the present thesis
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Chapter 2 Fabrication of Porous Ti-6Al-4V
through Space Holder Method

2.1 Introduction

In order to produce porous metals or metal foams, several methods have been developed
recently. In general, all the available methods can be categorized into big two categories, i.e.
solid-state method or liquid-state method [1]. Titanium and its alloys, including Ti-6Al-4V,
generally have high melting point that is not preferable to produce porous metals through liquid-
state method [2], such as gas injection molding [1], vapor deposition, and foaming agent in
molten metal [3] [4]. The solid-state method through powder metallurgy route using space
holder as pore maker, such as polymethylmethacrylate (PMMA) polymer [5], magnesium [6],
sodium chloride [7], and ammonium hydro carbonate [8], has been known to exhibit some

advantages to permit simple and accurate control of pore fraction, shape and connectivity [7].

The production of porous metals through the powder metallurgy route will produce two
kinds of porosity, namely micro-porosity — produced due to unfinished neck growth — and
macro-porosity — produced by the space holder. These two porosities will influence the
mechanical properties of porous product. Micro-porosity production is strongly related with the
densification process during sintering, while macro-porosity is usually mimic characteristic of
the space holder. Thus, sintering parameters are crucial in this process as well as choice of space
holder and mixing process. In this chapter the influence of sintering parameters (heating rate,
sintering temperature and sintering pressure), space holder size and its distribution to the
formation of both micro- and macro- porosity is discussed in order to achieve the effective

condition of fabrication of porous Ti-6Al-4V using sodium chloride as the space holder.
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2.2 Experimental Procedures
2.2.1 Materials

In this study, spherical gas atomization Ti-6Al-4V powder (Osaka Titanium technologies
Co., Ltd) was used as the metal powder and sodium chloride (Nascalai Tesque, Inc.) was used
as the space holder. Sodium chloride is used because of its non-toxic characteristic and high
dissolubility in water. The metal powder size is less than 45 pm, while the space holder powder
is varied from 600 pum to 106 um. The chemical composition and morphology of metal powder

are shown in table 2.1 and figure 2.1.

Table 2.1 Chemical composition of as received Ti-6Al-4V powder

Ti Fe Al H N C (@) v

% Bal. 0.070 591 0.009 0.008 0.015 0.190 3.94

-

SEl 15.0kV X1,000 WD 11.9mm 10 m

Figure 2.1 SEM image of Ti-6Al-4V powder
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2.2.2 Mixing condition

The volume fraction of the metal powder and the space holder was decided to be 50: 50
vol. % and 40: 60 vol. %. A little amount of process control agent (PCA), i.e. stearic acid (SA)
and ethanol are added in order to improve the distribution of space holder powder. Both of the
process control agent are considered as less-toxic chemical. Powder mixing was performed by
several mixing parameter and condition as shown in table 2.2 using a planetary micro mill

machine (Pulverisette 7, Fritsch). Mixed powder then compacted in a 20 mm inner diameter

graphite die.
Table 2.2 Mixing condition of powder
Ti-6Al-4V : NaCl Size Process Control Balls for mixing Mixing
NaCl Agent Parameter
(pm)

(vol. %) (PCA)
50:50 600 — 425 No No 100 rpm, 1h
1 wt. % SA 1:1 1-mm-ZrO;-ball 100 rpm, 1h
5 wt. % SA 1:1 1-mm-ZrO;-ball 100 rpm, 1h
10 wt. % molten SA No Hand mixing
10 wt. % ethanol No 100 rpm, 1h
600 — 425 and 212 — 106 10 wt. % ethanol No 100 rpm, 1h

(with weight ratio 1:1)
40: 60 600 — 425 10 wt. % ethanol No 100 rpm, 1h
600 —425 and 212 — 106

(with weight ratio 1:1)
425 -212
425 —212 and 106 -

(with weight ratio 1:1)
212 -106
Less than 106
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2.2.3 Spark Plasma Sintering

Spark plasma sintering process (SPS) is known as a process that is effective to sinter high
melting temperature metal. It allows densification in much lower sintering temperature and
shorter sintering time. In the case of sintering of titanium and its alloy, sintering temperature
and time can be reduced to 700 — 900 °C for several minutes, compare to conventional sintering
process and hot isostatic pressing, i.e. 900 — 1200 °C for 8 — 12 hours and 700 — 900 °C for 1 —

8 hours.

Sintering process was performed using a spark plasma sintering machine (SPS 5118,
SPS Syntex) under a vacuum condition less than 13 Pa with different sintering program (figure
2.2) and sintering parameters by varying heating rate, sintering temperature (700 — 725 °C) and

sintering pressure (30 — 60 MPa).

T (OC) »
Temperature: 700 — 725 °C
20 min Pressure: 30— 60 MPa
b Heating rate a b
( /min) { /min)
. Slow (SR) ~50°C ~25°C
o "0_‘% Fast (FR) ~100°C | ~50°C
100 |-
RT
t (min)

Figure 2.2 Sintering temperature profile program

2.2.4 Characterization

Cylindrical sintered samples were cut and then subjected to characterization including

density and open porosity calculation, macro image and its image analysis, and SEM.
2.2.4.1 Density and Open Porosity

In order to calculate density and open porosity of porous samples, the dried mass

difference before and after of a columnar shape samples immersed in an ultrasonic cleanser
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machine filled by warm distilled water for 30 minutes was measured. Equation (2.1) and (2.2)
were used to calculate samples density and open porosity. Samples’ density was simply defined
as the ratio between porous sample weight and its volume while porosity was calculated by

dividing the volume of dissolved sodium chloride over sample’s volume.

Density (,0) — Wafter dissolution 21
Usample
Open Porosity (OP) = — & x100% 2.2

Vsample X PNacCl
2.2.4.2 Relative Density

The relative density of the samples is calculated by comparing the sintered product
density at certain time of sintering time and theoretical density of Ti-6Al-4V/sodium chloride
composite calculated by the rule of mixture (3.3 g/cm® for composite containing 50 vol. %
sodium chloride and 3.074 g/cm® for composite containing 60 vol. % sodium chloride), as

describe in equations below.

P actual Ti-6Al-4V/

Relative Density = 2.3
ptheoriticalTi_GAl_‘W/NaCl
Pineoritical = Yo VOL.Ti — 6Al — 4V x pri_eai—ay + Y vol. NaCl x pyaci 2.4
w
Pactual = 2.5
t
v, = volume at t sintering time 2.6

2.2.4.3 Image analysis

An original developed image analysis was performed by calculating each square pore area
and pore wall thickness — the distance between pore - of samples’ cross sectional macro image

which is divided into several number of 2 mm x 2 mm squares as shown in figure 2.3.
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(a) (b)

wur g

Figure 2.3 Schematic of image analysis include sliced macro image (a), pore area for each square (b), and pore

wall thickness (c)

2.3 Results
2.3.1 Microstructure and densification of porous Ti-6Al-4V

The microstructure of sintered powder mixture of 50 vol. % Ti-6Al-4V: 50 vol. % sodium
chloride size 600 — 425 pm after sodium chloride dissolution shown in figure 2.4. At low
magnification, it is seen that the morphology of macro-pores mimics the cuboidal shape of
sodium chloride as space holder. Rough surface of pore surface was built from the spherical
shape of metal powder, pointed by white arrow. At high magnification, micro-porosity and
necks between powders are clearly observed. Figure 2.5 shows the SEM images of 50 vol. %
Ti-6Al1-4V: 50 vol. % sodium chloride size 600 — 425 pum sintered with slow heating rate
sintering program and varied sintering condition. It is clearly shown that micro-porosity is
reduced as the sintering temperature and pressure increase. Sintering the powder mixture at
700 °C, 30 MPa gives more micro-porosity compare to the other sintering conditions. This
results on the micro-pore fraction consistent with the densification curves in figure 2.6 and 2.7
that increasing temperature and pressure increase the relative density of powder mixture which

related with the reduction of micro-porosity.
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¥
—
—

. et
100 pm_ =y 50 pm

Figure 2.4 SEM image of 50 vol. % Ti-6Al-4V: 50 vol. % sodium chloride size 600 — 425 pm sintered at 700 °C,
30 MPa for low magnification (a) and high low magnification (b)

700 °C, 30 MPa ||&

725 °C, 40 MPa

50 um

Figure 2.5 SEM image of 50 vol. % Ti-6Al-4V: 50 vol. % sodium chloride size 600 — 425 pm sintered at

different sintering condition
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At the initial process of the sintering, the powder mixture was expanded in the response
of increasing of sintering temperature during constant pressure of 10 MPa. This was observed
as the small decrease of relative density at the first four minutes of densification curves in figure
2.6 (black line). This process was not observed when sintering pressure was increased till 60
MPa while sintering at 30 MPa longer the process till the first nine and a half minutes of
sintering process (fig. 2.6). This imply that the densification process was delayed as the
decrease of sintering pressure. This result is in agreement with Ye ef al. that relative density

increase as sintering pressure increase [7].

Relative density then increase as the sintering time, temperature and pressure increase,
reaching its sintering temperature of 700 °C and each designated pressure of 30, 40, and 60
MPa at the 17th minutes (fig. 2.6). Powder mixture then was sintered at designated temperature
and time for 20 minutes. As shown in figure 2.6 increasing sintering pressure results higher

relative density of powder mixture.

100

90

80

Relative density (%)

—a— Sintered at 700 °C, 30 MPa
—e— Sintered at 700 °C, 40 MPa
—— Sintered at 700 °C, 60 MPa

70 N 1 N 1 N 1 N
0 10 20 30 40

time (min)

Figure 2.6 Densification curves of powder mixed contain 50 vol. % Ti-6Al-4V: 50 vol. % sodium chloride size

600 — 425 um during sintering process at 700 °C temperature at different pressure
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Figure 2.7 Densification curves of powder mixed contain 50 vol. % Ti-6Al1-4V: 50 vol. % sodium chloride size

600 — 425 pm during sintering process at 30 MPa pressure (a), 40 MPa (b), and different temperature
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The effect of sintering temperature to the increase of relative density during sintering
process is shown in figure 2.7. The results is consistent with the samples microstructure in
figure 2.5 in both applied pressure of 30 and 40 MPa, increasing sintering temperature will

increase the relative density.

The microstructural change of samples sintered with different heating program of slow
and high heating rate is shown in figure 2.8. There is no microstructural change both in low
magnification and high magnification of samples sintered using slow and high heating rate
especially in term of micro-porosity reduction. The effect of heating rate during SPS process is
clearer observed in figure 2.9. Increasing the heating rate appears to change a little of relative
density during sintering process. At the same sintering time, it is observed that at same sintering
temperature and pressure, higher heating rate produces a little higher relative density.
Comparing each composite relative density at the final sintering process, higher heating rate
results a little lower relative density than samples sintered using slower heating rate. Munir et
al. describe arguable effect of sintering rate during spark plasma sintering method [9]. Higher
heating rate generates densification process, but several results from Shen ef al., Zhou et al. ,
and Chen et al. show independency of final relative density to heating rate [10] [11] [12]. In
this case, since only small change of final relative density were observed, heating rate is

considered to have no significant effect to micro-porosity reduction of the samples.
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10.0kV X200 WD 10.1mm 100 ¢ m X500 WD 10.1mm 10um

SEI 10.0kV X200 WD 9.9mm 100 4 m SEI 10.0kV X500 WD 9.9mm

Figure 2.8 SEM image of 50 vol. % Ti-6Al-4V: 50 vol. % sodium chloride size 600 — 425 um sintered at 700 °C,
40 MPa by high heating rate program at low magnification (a) and high magnification (b); slow heating rate

program at low magnification (c) and high magnification (d)
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Figure 2.9 Densification curves of powder mixed contain 50 vol. % Ti-6A1-4V: 50 vol. % sodium chloride size

600 — 425 pm during sintering process at 700 °C, 60 MPa with different sintering program
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2.3.2 Space holder size and distribution in relation with porous product porosity and

sinter-ability

The space holder distribution was investigated by the macro image of sintered product
after sodium chloride removal in warm water. Figure 2.10 shows the macro image of each
sintered powder mixtures with and without the addition of PCA. It is observed that the
morphology of the pore mimics the cuboidal shape of sodium chloride, in accordance with the
SEM results in section 2.3.1. It is also shown that the pore shape was slightly deformed along
the direction of sintering pressure due to sodium chloride’s low strength. Qualitatively, the
addition of PCA improve the distribution of sodium chloride as space holder. Addition of 5
wt. % of stearic acid, 10 wt. % molten stearic acid and 10 wt. % ethanol during mixing process
improve the distribution of the macro-pore which strongly related with the distribution of space
holder. Porous sample structural segregation was observed in figure 2.10 (a) i.e. big dense area

and isolated close pore.

Further analysis through quantitative analysis of each samples macro-image described in
section 2.2 suggests the same results. Image analysis histogram of pore area in figure 2.11
shows the addition of process control agent results to narrower distribution of pore area which
considered as homogeneous space holder distribution. The quantitative report of the image
analysis in table 2.4 also implies the same results. Addition of process control agent decrease
the difference between maximum value and minimum value of pore area — describe as Amax-min
in table 2.4 — and standard deviation of pore area of each square, indicating the improvement

of space holder distribution.

The relation between additions PCA to the open porosity produced after sodium chloride
removal is describe in figure 2.12. Comparing the image analysis results and open porosity
calculation results, it is known the improvement of space holder distribution results the increase
of open porosity number suggest that homogenous pore structure will result more
interconnectivity between pores. The significance of the increase is analyzed by one step
ANOVA. The result shows that the probability of the null hypothesis of no significance of PCA
to open porosity number is 0.0004, smaller than the decided significance criteria of null
hypothesis of 0.05. The relation between density and pore distribution is not clearly described
since the density is simply calculated by equation 2.1 which is include both macro-, micro-

porosity and isolated pore filled by sodium chloride.
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e —
2 mm
~

Sintering pressure

Figure 2.10 Macro image of porous samples mixed without addition of PCA (a), 1 wt. % (b), 5 wt. % (c), 10
wt. % melted stearic acid (SA) (d), and 10 wt. % ethanol as process control agent (PCA)
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Figure 2.11 Histogram of image analysis results of sintered powder mixtures with the addition of different

process control agent
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Table 2.3 Results of quantitative image analysis of pore area for sintered powder mixtures with addition of

different PCA
Max. pore Min. pore | A max —
Mean Std ) laverage
PCA : area area min
(mm) deviation (mm)
(mm?) (mm?) (mm?)
no 2.07 0.58 3.55 1.05 2.5 0.47+0.45
1 wt. % Stearic Acid 1.98 0.49 331 0.97 2.34 0.414+0.35
5 wt. % Stearic Acid 1.76 0.43 2.69 1.04 1.65 0.43+0.37
10 wt. % melted Stearic
2.5 0.32 3.05 1.83 1.22 0.40+0.76
Acid
10 wt. % Ethanol 1.9 0.24 2.21 1.4 0.81 0.43+£0.34
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Figure 2.12 Density and open porosity change of sintered powder mixtures with addition of different PCA
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Figure 2.13 shows the densification curves of powder mixture containing 40 vol. % Ti-
6Al1-4V: 60 vol. % with varied size of sodium chloride sintered at 700 °C, 60 MPa which mixed
with addition of ethanol as PCA. At the early process of sintering, powder mixture containing
smaller size sodium chloride gives a steep slope of relative density’s increase compare to the
other powder mixtures. This happen due to the compact-ability of powder is increase as the
decrease of its size. Additionally, the shape of small size sodium chloride (less than 425 pm)
used in this research is not cuboidal but irregular. The increase of densification rate at the early
stage of sintering is in accordance with Bouvard ef al. result that the densification rate increases
with decreasing size ratio of the two powders pack together [13] [14]. Arzt et al. [15] is also
modeled that at the initial stage of sintering the relative density is inversely proportional to

powder size.

Although the result shows reduction of sodium chloride size generate the densification at
the early process, the final relative density of sintered samples is not significantly changed. In
the results of titanium foams produced by sodium chloride replication, Ye ef al. shows there is
no significant different on the final relative density of titanium and different size sodium
chloride blend (between 50 — 500 um) which is sintered at 780 °C using uniaxial hot press
machine [7]. In the densification model built by Schuh et al. [16] and Arzt et al. [15] show that

there is no relation between space holder size and final relative density.

The influence of space holder size to open porosity produced is also describe in figure
2.14. Varying sodium chloride powder gives no significant change to the open porosity
produced, implying that open porosity produces is independent to space holder size. The
ANOVA results also suggest the same relation of significance of null hypothesis. The
probability of null hypothesis is 0.31, bigger than the decided significance criteria of null
hypothesis of 0.05.
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Figure 2.13 Densification curves of powder mixed contain 40 vol. % Ti-6Al-4V: 60 vol. % varied size of sodium

chloride sintered at 700 °C, 60 MPa with addition of ethanol as PCA
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2.4 Discussion
2.4.1 Influence of sintering parameter to the formation of macro- and micro-porosity

In this research, sodium chloride was used as the space holder. The melting point of space
holder is around 803°C. Thus, this is the upper limit of sintering temperature. In this research
work and also similarly with Quan ef al. work [17], increasing sintering temperature to 750 °C
will melt sodium chloride that it lost its function as space holder. Due to its soft characteristic
(relatively low hardness) compare to the metal powder, macro-porosity produced is in the shape
of slightly deformed sodium chloride. This kind of shape may affects the isotropy of porous
properties especially its mechanical properties as reported by Tuncer et al. [18]. Since in this
research there is no reaction between space holder and metal powder, it is rather difficult to

relate the influence of heating rate to the formation of macro-porosity.

The formation of micro-porosity is strongly related with the densification process and
densification rate. Increasing sintering temperature and pressure increase number of relative
density of composite Ti-6Al-4V/NaCl. Densification process for sintering polycrystalline
materials such as metal is usually occur through diffusion. The mechanism is usually classified

through several mechanism as follow [19] [20] [21] :
e Surface diffusion
e Vapor Transport
e Surface lattice diffusion
¢ QGrain boundary diffusion
e (Grain boundary lattice diffusion
e Plastic deformation or dislocation lattice diffusion

From the mechanisms above, only grain boundary diffusion, grain boundary lattice diffusion,
and dislocation lattice diffusion give the densifying effect. The mechanism micro-porosity

reduction in relation with temperature is described in figure 2.15.
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1. Grain Boundary diffusion
2. Lattice diffusion from the grain boundary
3. Plastic flow

Figure 2. 15 Schematic mechanism of densification process as well as micro-porosity reduction /22]

A model build by Coble [23] shows the relation between temperature and densification
rate during sintering of polycrystalline materials as describe below [21]:

ldp _ ADyysyl

~ 2.7
p dt pG3KT

Lattice diffusion:

ld_P ~ i( DgpYsv28gp ) 78

Grain boundary diffusion: st = 3 Gz

where p is the density, A is a constant, G is the grain size, Diand Dg is diffusion coefficients
for lattice and grain boundary diffusion, dgs is thickness of grain boundary diffusion, Y%, specific
surface energy, Q is atomic volume, k is Boltzmann constant, and T is temperature. As stated
in his paper Ye ef al. consider that the densification of Ti/NaCl composite is control mostly by

the densification of Ti powders rather than sodium chloride powders [7].

In general the relation between temperature and densification rate is describe in equation

below [9]:

dp _ Y
o B(g . + P) 2.9

Where p is the density, B is a term that includes diffusion coefficient and temperature, g is a

geometric constant, Y™ is the surface energy, x is the parameter that represent a size scale.
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In addition, applying higher pressure not only will enhance plastic flow (fig. 2.15), it will
also increase the number of inter-particles contact which generates densification process by
increasing the driving force of sintering [24]. Furthermore, the influence of pressure to micro-

porosity reduction is described in figure 2.16.

Pressure High
Pressure

Figure 2. 16 Mechanism of reduction of micro-porosity at higher sintering pressure

Although there is no significant difference of final relative density produced by the
varying space holder size. At the early stage of sintering process the densification rate of
composite contained Ti-6Al-4V/NaCl increase as the decrease of space holder size. This is
explained by Artz et al. that at the initial stage of sintering densification rate can be modelled

as equation below [15]:
D = 3(D2Dy)/3y/R 2.10

where D is the densification rate, D is the relative density, Dy is the initial relative density, ¥ is
the initial particle radius. Decreasing space holder size is also generating sintering process by
increasing the number of soft-hard contact particles [13] [14]. During pressure mode sintering
process one of main densification mechanism is happened due to inter-particles plastic
deformation [14]. Smaller size of space holder provides more soft-hard inter-particles contact
that increase the compact ability of powder mixtures which generate the densification process

[13].
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2.4.2 Influence of space holder distribution to the formation of macro-porosity

Space holder distribution is connected to the macro-pore distribution. Without addition
of process control agent, composite contained 50 vol. % of sodium chloride only produce
around 30 % of open porosity. The space holder method is known to be a good alternative to
produce porous metal for its simplicity and accuracy to control pore fraction, shape and
connectivity [7], but in practical it only gives accurate control of pore shape. High weight ratio
between metal powder and space holder that used in this research is the main reason of the
ineffectiveness of sodium chloride utilization as space holder. Due to this high weight ratio,
metal powder will bear bigger centrifugal force during mixing process. Thus, powder mixtures
is not properly mixed. Addition of process control agent (PCA) improve the distribution of
powder mixtures by providing a bond between powders during the mixing process, the

schematic figure of powder mixing with and without PCA is shown in figure 2.17.

—

®* PCA
) [
S :::‘ :’2‘

3
® Ti-6Al-4V, p=4.43 gr/cm

3 Different centrifugal force — badly mixed — PCA to bond metal powder
NaCl, p=2.17 gr/cm segregation and space holder

Figure 2. 17 Schematic of PCA role during mixing process

Addition of PCA results more interconnectivity of macro-pore that increase the open
porosity number of samples. Addition of ethanol and melted stearic acid gives the highest
number of open porosity, while the addition of 1 wt. % of stearic acid only give no significant
increase of open porosity number. In such small amount of stearic acid — most likely exist in
semi-solid condition during mixing due to its low melting temperature — is not having an ability

to provide enough bond between the powders [25].
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2.5 Conclusions

In this chapter the influence of sintering parameters (heating rate, temperature and
pressure), space holder size and distribution to the formation of both micro- and macro-

porosity is investigated. In summary the influence is define below:

(1) Sintering temperature and pressure are the main parameter to control micro-porosity.
Increasing sintering pressure is more effective to reduce micro-porosity in the samples.

Relative density produced is independent on heating rate.

(2) Although changing the densification rate during the initial process of sintering,

varying space holder size has no significant change of final relative density.

(3) Open porosity of sample increase as the more homogenous space holder distribution
produced, suggests that distribution of space holder is main aspect which control the

macro-pore interconnectivity.

(4) There is no significant increase of open porosity number by varying the space holder
size and shape, implies that the interconnectivity between macro-pore is independent

on space holder size and shape.

(5) The main parameter to control in this process is space holder distribution and sintering

pressure and sintering temperature.

(6) The most effective condition to produce less micro-porosity and more interconnected
macro-porosity is the utilization of any kind of space holder size with the addition of

10 wt. % ethanol as PCA and sintering at 700 °C, 60 MPa.
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Chapter 3 Effect of Macro- and Micro-porosity
on Mechanical Properties of a Porous Ti-6Al-4V

3.1 Introduction

The mechanical properties of porous materials is strongly affected by its porosity. Gibson-
Ashby modeled [1] the relation between mechanical properties of porous materials, describe in
chapter 1. As mentioned before, the production of porous metals through solid-state method or
powder metallurgy route will produce two kinds of porosity namely macro-porosity and micro-
porosity. In chapter 2, it was discussed that the production of micro-porosity is related with
densification process during sintering which affected by sintering parameter — temperature,
applied pressure, heating rate — while macro-porosity is obviously related with the space holder
used. Thus, the mechanical properties of porous samples is also effected with the factors

mentioned above.

Zeng et al. result shows the influence of pore shape to the mechanical properties of porous
PZT 95/5 ceramics. The result shows that irregular pore shape lowered the mechanical
properties of PZT 95/5 ceramics [2]. In addition, Bin ef al. in their work of open cell aluminum
shows the independence of compression strength to pore size [3]. In this chapter, the influence
of macro-porosity and micro-porosity to the mechanical properties of porous Ti-6Al-4V

fabricated by solid-state space holder method will be discussed.

3.2 Experimental Procedures

All porous samples obtained in chapter 2 shown in table 3.1 then mechanically tested by
compression test. Compression test was performed in order to acquire the mechanical properties
of columnar shape (fig. 3.1) porous samples using a universal testing machine, Autograph AG-
IC, Shimadzu with 0.2 mm/min of cross head movement parallel to sintering pressure direction.

Strain was measured by two strain gages mounted in parallel circuit system as shown in figure

3.2.
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Table 3. 1 Summary of samples sintering condition and mixing process for compression test

Sintering Process Mixine parameter
. . parameter NaCl Size Control gp
Sintering %vol. Agent
P NaCl i i
rogram a (TF°C, P/ (um) (ba;l r:::‘lil, tl;(lyrtlz;lng
MPa) (PCA) peed,
No No ball, IhOO pm, 1
1% wt. SA 1:1 Zr-ball, 100
rpm, lh
700, 30 600 — 425
594 wi. SA 1:1 Zr-ball, 100
rpm, lh
10 % wt.
ethanol No ball, 100 rpm, 1h
No No ball, IhOO rpm, 1
50 700, 40 600 — 425
10 % wt. .
Slow melted SA hand mix
heating rate B 0 1:1 Zr-ball, 100
(SR) 700, 60 600 — 425 5% wt. SA rpm, 1h
10 % wt.
600 — 425 ethanol No ball, 100 rpm, 1h
725, 30 600 — 425 No No ball, 1hoo rpm, 1
725, 40 600 — 425 No No ball, 1hoo rpm, 1
600 — 425
600 — 425 and 212 — 106 10 % wt.
60 700, 60 (with weight ratio 1:1) ethanol | VO ball 100 rpm, 1h
212 - 106
600 — 425
10 % wt.
50 700, 60 600 — 425 and 212 — 106 ethanol No ball, 100 Ipm, 1h
(with weight ratio 1:1)
Fast
600 - 425
heating rate 425 -212
o,
(FR) 60 700, 60 425212 and less than | 1070 Wt Aoy 100 rpm, 1h
ethanol

106 (with weight ratio
1:1)

Less than 106
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3.3 Results

3.3.1 Influence of sintering parameter to mechanical properties

Table 3.2 shows the is the compression test results of powder mixture contained 50 vol. %
600 — 425 um size sodium chloride sintered at different sintering temperature and pressure.
From chapter 2, it is understood that relative density is strongly related with the micro-porosity
existed in the sample. When samples sintered at different sintering pressure of 30 MPa (figure
3.3 (a)), the increase of sintering temperature results a little increase of sample’s relative density
and mechanical properties, i.e. compression strength and Young’s modulus of the samples, but
the same relation is not observed at higher sintering temperature of 40 MPa (figure 3.3 (b)). At
such pressure increasing sintering temperature slightly decrease the Young’s modulus of the
samples. This happened due to the samples’ open porosity sintered at 700 °C is slightly smaller
than samples sintered at 725 °C (table 3.2). Figure 3.3 (b) also shows that at same sintering
pressure and temperature of 700 °C, 40 MPa, both Young’s modulus and compression strength
of the samples decrease even though the relative density of samples increase. This result implies
that both Young’s modulus and compression strength of the samples are decided by samples’

open porosity rather than relative density.

Figure 3.4 shows the influence of pressure to the mechanical properties of powder mixture
contained 50 vol. % 600 — 425 size sodium chloride sintered at different sintering pressure and
temperature. Additionally, the powder mixture mixed with 10 wt. % of molten stearic acid and
5 wt. % of stearic acid sintered respectively at 700 °C, 40 MPa and 700 °C, 60 MPa. The results
also show that Young’s modulus and compression strength of samples are varied independently
on relative density. At same sintering temperature of 725 °C (fig. 3.4(b)), increasing sintering
pressure, as well as increasing samples’ relative density, slightly increase the strength of the
samples but decrease its Young’s modulus. At 700 °C, the increase of sintering pressure results
to a slight increment of Young’s modulus while at 725 °C the increase of sintering pressure
decrease samples’ Young’s modulus. Comparing the open porosity number of the samples
(table 3.2), it is shown that at sintering temperature 725 °C, samples sintered at 30 MPa have
slightly higher open porosity number than samples sintered at 40 MPa. This tendency is also
shown for samples sintered at the same sintering pressure and different sintering temperature
(fig. 3.3 (b)). These results suggest that besides open porosity number, strength of the samples

also depend on another factor will be discussed later.
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Table 3.3 shows the compression test results of powder mixture contained 50 vol. % and
60 vol. % 600 — 425 um size sodium chloride sintered at different sintering program. The
influence of heating rate to the mechanical properties is shown in figure 3.5. Increasing the
heating rate which decrease the samples’ relative density also only gives small improvement of
samples strength while the relation between samples’ Young’s modulus and heating rate is not
clearly shown. The results change in the same manner in samples which sintered at different
sintering pressure and temperature. Figure 3.5 (a) shows increasing heating rate result small
increment of samples’ Young’s modulus while figure 3.5 (b) shows inversely influence. The
results also suggests that the mechanical properties of the samples are decided by samples’ open

porosity rather than relative density.

3.3.2 Influence of space holder size and distribution to mechanical properties

Mechanical properties of powder mixture contained 60 vol. % of different size of sodium
chloride mixed with the addition of 10 wt. % ethanol then sintered at same sintering temperature
and pressure of 700 °C, 60 MPa but different heating rate, i.e. slow heating rate and high
heating rate is summarized in figure 3.6. It is necessary to be noted as mentioned in chapter 2
that sodium chloride used for the size under 425 um was irregular-shape crunched powder. The
macro image of samples is shown in figure 3.7 and 3.8. The mechanical properties, both
Young’s modulus and strength of porous samples decrease as the decrease of spacer size due
to the spacer shape change from cuboidal shape to irregular shape. Bekoz ef al. showed the
utilization of irregular carbamide as space holder result to lower value of both Young’s modulus
and strength compare to spherical shape of carbamide in their work of steel foams[4]. - Results
of Zhen et al. on porous PZT ceramics had the same tendency of lower compressional strength
of samples with irregular shape pore [2]. Irregular shape pore introduces stress concentration at
sample that lowered its mechanical properties. The effect of irregular shape is then clearly
shown by comparing the mechanical properties of sample with two kinds of pore shape and size
of cuboidal 600 — 425 pm and mixture of cuboidal 600 — 425 pm and irregular 212 — 106 pm.
Both Young’s modulus and strength of sample with mixture of cuboidal and irregular shape

pore have about a half Young’s modulus and compressional strength.
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In order to separate the influence of space holder size and shape to the mechanical

properties of porous samples, figure 3.9 was presented. The figure shows only a little change

of Young’s modulus and strength by varying spacer size. This result is consistent with Bin et

al. that no significant change of compressional strength by changing pore size of aluminum

foam [3].

Table 3. 2 Compression test results of samples sintered at different sintering temperature and pressure

Sintering parameter Mechanical Properties
Composite's relative
density Open porosity Young's Compressive
(T/°C, P/ MPa) (%) (%) Modulus strength
(GPa) (MPa)
700, 30 91.26 33.52 40+ 3 121 £13.59
700, 40 92.20 31.33 50+7 144 £22.85
92.52 42.56 19.4 +£0.53 78 £9.74
700, 60 97.12 39.50 36.5+7.50 82 +14.81
97.42 46.00 13.7+2.41 139 +14.28
725, 30 92.70 31.33 49.7+3.51 132+17.91
725, 40 94.14 33.50 443 +£5.03 155+ 19.05

Table 3. 3 Compression test results of samples sintered at 700 °C, 60 MPa sintered at sintering heating rate

Mechanical Properties
Composite's relative Open
Sintering program % vol. NaCl density porosity Young's Compressive
(%) (%) Modulus strength
(GPa) (MPa)
. 50 97.42 46 1374241 | 13941428
Slow heating rate
(SR) 60 96.44 54 1574617 | 59+8.09
. 50 96.19 46 1734465 | 136+5.16
Fast Heating rate
(FR) 60 96.01 54 1294159 | 112+4.49
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Figure 3. 7 Macro-image of powder mixture contained 60 vol. % sodium chloride size of 600 —425 um (a), 600
—425+ 212 -106 pm (b), and 212 — 106 pm (c) mixed with addition of 10 wt. % of ethanol sintered at 700 °C,

60 MPa using slow heating rate program
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Figure 3. 8 Macro-image of powder mixture contained 60 vol. % sodium chloride size of 600 —425 um (a), 425
—212 (b), 425 -212 + <106 um (c), and <106 um (d) mixed with addition of 10 wt. % of ethanol sintered at

700 °C, 60 MPa using slow heating rate program
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Figure 3. 9 Mechanical properties of powder mixture contained 60 vol. % varied size sodium chloride sintered at

700 °C, 60 MPa

From Chapter 2, it was understood that the addition of process control agent (PCA)
resulted in the improvement of space holder distribution during mixing process. The addition
of 5 wt. % stearic acid, 10 wt. % molten stearic acid and 10 wt. % ethanol during mixing process
improve the distribution of the macro-pore as well as the distribution of space holder. Table 2.4
in Chapter 2 shows the results of quantitative analysis of pore are for sintered powder mixtures
with addition of different PCA while table 3.4 shows the summary open porosity number and
mechanical properties of the samples. Comparing table 2.4 and number of open porosity of the
samples (table 3.4), the improvement of pore distribution results to the increment of open

porosity number which decrease sample’s Young’s modulus.
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Comparing the mechanical properties of samples which have about the same open
porosity number, i.e. samples mixed without PCA and with 1 wt. % SA, the two samples have
about the same Young’s modulus but they have notable compression test. This tendency also
happened for sample mixed with 10 wt. % melted SA and 10 wt. % ethanol. From the
calculation of pore wall thickness of these two samples, sample which has higher mechanical

properties has higher pore wall thickness.

Table 3. 4 Summary of open porosity and mechanical properties of sintered powder mixtures contained 50

vol. % 600 — 425 pm size sodium with addition of different PCA

Process control agent Open p?or/f)))sity, opP Young’ (anIl)(;()iulus, E Proof( i}{r}f;gth’ c
no 33.52+2.51 40+3 121 +13.59
1% mass Stearic Acid 34.59+4.92 39+4.17 92 +17.96
5% mass Stearic Acid 36.74 £ 5.04 45+9.5 106 + 14.58
10 mass% melted Stearic Acid 42.56+£2.12 19.41 £ 0.53 78 £9.74
10 wt. % ethanol 43.05+2.22 16 +£2.49 143 £17.18

3.4 Discussion

3.4.1 Effect of micro-porous to mechanical properties

From figure 3.3-5 even though reducing micro-porosity by adjusting sintering parameters,
including sintering temperature, pressure and heating rate, results on a little increase of
mechanical properties of porous product, there is no relation between relative density and
mechanical properties. In addition, the t-test of the all the results of samples sintered at different
sintering parameters give probability number bigger than 0.05 which lead to the conclusion that
reducing micro-porosity has insignificant increase to the mechanical properties. The results are
in accordance with the model build by Niu et al. in the relation of micro- and macro-porosity
of porous titanium produced by space-holder [5]. The fitting function for the correlation
between micro- and macro- density for the porous titanium is only give a weak interaction

where micro-density only gives a little influence to the Young’s modulus of porous product.
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3.4.2 Effect of macro-porous to mechanical properties

In contrast to micro-porosity, remarkable change of both Young’s modulus and
compression strength of the samples are observed as the distribution and shape of macro-pore
differs. Irregular shape of macro-pore will result to lower mechanical properties while changing
the size of macro pore only results to insignificant change of mechanical properties. The results
imply mechanical properties is only affected by macro-pore shape. Homogenous pore
distribution as the results of PCA utilization produces more pore interconnectivity which
decrease Young’s modulus of samples. This finding opposes results of Cramer et al. on elastic
properties of aluminum alloy 6061-T6 which show insensitive response of elastic properties to

the actual pore distribution [6].

Figure 3.5 is the summary of mechanical properties of samples mixed with different PCA
in table 3.4. It is clearly shown that both Young’s modulus and compression strength of the
samples decrease as the open porosity increase and comparing them with Gibson-Ashby model

[1], the data are lower than the fitting line of Gibson-Ashby model.

More homogeneity yields to lower pore wall thickness (laverage) Which results to the
decrease of compressional strength of samples (table 2.4). From the compression test result in
figure 3.5 (b), for nearly the same open porosity number, one sample is scattered far from the
fitting line. It was already mentioned before that there is another factor affects more sample’s
compression strength. Comparing table 2.4 and table 3.4, for about the same open porosity
number compressional strength may differ due to different pore wall thickness. It is clearly
shown that high compression strength sample has thicker pore wall thickness. This implies that
compare to Young’s modulus, compressional strength is less dependent to the open porosity
number. This relation is described by Gibson-Ashby that the increase of ti/t lead to stronger

porous materials as shown in figure 3.10 [7].
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Table 3. 5 Comparison of Young’s Modulus (a) and compressive strength (b) with Gibson-Ashby model of

samples mixed with different PCA. The dash line is the fitting line of Gibson-Ashby model [1].
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Figure 3. 10 Cross section of a strut with a box like central tubular void [7]

3.5 Conclusions

In this chapter, the influence of micro- and macro-porosity to the mechanical properties,
including Young’s modulus and compression strength, of porous Ti-6Al-4Vproduce by solid-

state space holder method is discussed. In summary the influence is define below:

(1) Micro-porosity in the size a few till a few ten micrometer has no significant effect to

both Young’s modulus and mechanical properties of porous product

(2) Macro-porosity in the range of 50 — 800 um plays more significant role to control

mechanical properties of porous product

(3) Irregular shape of macro-pore result about two times lower mechanical properties
than cuboidal shape macro-pore while porous mechanical properties is insensitive to

macro-porosity size

(4) More homogenous macro-porosity will result more pore connectivity which result to
higher number of open porosity and lower Young’s modulus. Porous product strength

is more dependent on pore wall thickness than its open porosity number
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Chapter 4 Influence of Solution Treatment and
Aging to Microstructure and Hardness of Bulk
Spark Plasma Sintered Ti-6A1-4V

4.1 Introduction

Ti-6Al-4V alloy with the addition of aluminum as o phase stabilizer and vanadium as f
phase stabilizer has performed high weight to strength ratio, high corrosion resistance and
biocompatibility. Depending on cooling rate and prior heat treatment, e.g. annealing, thermo-
mechanical process, solution treatment and aging, this alloy microstructure is divided into
several types microstructure, such as a allotriomorph, globular a or primary o, Widmanstétten,
basket-weave, and martensitic phase [1]. Martensite type of @’ will be formed when S phase is
quenched or cooled under high cooling rate. The martensite has two different structure, o’ with
hexagonal crystal structure and «” with orthorhombic crystal structure [2] [3]. Solution
treatment temperature and vanadium content in § phase strongly affect the formation of o’
and/or o type martensite. More vanadium content in £ phase will stabilize and retain its BCC
crystal structure. Vanadium enrichment of the £ phase occurs in proportion to the reduction of
volume fraction of a phase. If f phase contains about 10 at% vanadium (approximately in
temperature range 750 - 900 °C) is quenched, it partly transforms into soft orthorhombic a”
martensite. Higher solution treatment temperature (above 900 °C phase) will reduce vanadium

enrichment in £, enhancing transformation of hard hexagonal &’ [4] [5] [6] [7].

However, titanium and titanium alloys produced through powder metallurgy method,
which usually have Widmanstétten structure, not always effective strengthened by the
combination of solution treatment and aging [8]. In this present study the effect of combination
of solution treatment and aging to spark plasma sintered Ti-6Al-4V widely used for

biomaterials especially bone implant is investigated.

58



4.2 Experimental Procedures

Same gas spherical gas atomization Ti-6Al-4V powder in Chapters 2 and 3 was used in
this study. Bulk samples were sintered without space holder with different sintering condition
between 700 — 725 °C and 30 — 40 MPa. Sintering was performed under a vacuum condition
around 13 Pa using a spark plasma sintering machine (SPS 5118, SPS Syntex) with slow heating

rate program as described in Chapter 2.

Solution treatment was performed at temperature between 850 — 1050 °C for 1 hour in
argon flow furnace followed by ice water quenching. All solution treated (ST) samples then
aged (STA) at 530 °C for 6 hours followed by air cooling. To understand the phases form during
aging, ST 1000 sample also aged at 530 °C for 6 hours followed by ice water quenched. Table
4.1 shows the heat treatment condition for the samples. After the heat treatment, the samples

then subjected to some characterization including XRD, SEM/EDS, and micro-Vickers test.

Table 4. 1 Availability of heat treated samples for several solution treatment and aging treatment

Solution treatment temperature Aging Condition
Sintering Condition
(°C) No aging | 530 °C, 3h | 530 °C, 6h | 700 °C, 6h
850 0] X 0] X
900 0] X 0] X
700 °C, 30 MPa 980 0] X 0] X
1000 o X 0) 0)
1050 0] 0] 0] X
850 0] X 0] X
900 0] X 0] X
725 °C, 40 MPa
980 0] X 0] X
1000 0] X 0] X
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4.3 Results

4.3.1 Microstructural change after heat treatment

Microstructure of as sintered sample at 700 °C, 30 MPa and 725 °C, 40 MPa are shown
in figure 4.1. At lower magnification, numbers of micro-pores are observed while at high
magnification the microstructure inside the powder shows some small lighter particles in
between a phase. The EDS results from figure 4.2 shows that this lighter particles have higher
vanadium content, suggest that these lighter particles are f phase. In general, there is no much

different of microstructure from varying sintering temperature and pressure.

SEI 10.0kV X2,000 WD 9.2mm 10ttm NONE S 10.0kV X2,000 WD 8.4mm 10um

NONE

Figure 4. 1 SEM images of bulk Ti-6Al-4V sintered at respectively 700 °C, 30 MPa (a) and 725 °C, 40 MPa (b)

at low magnification and high magnification (c-d)
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Figure 4. 2 EDS results of sample sintered at 700 °C, 30 MPa

The microstructures of samples sintered at different condition then solution treated at
several temperatures are shown in figure 4.3 — 4.6. At low temperature, micro-porosities are
observed in all samples. As the solution treatment temperature increase, the neck between
powders also grow. This process is more obviously observed at samples sintered at 725 °C, 40
MPa. At high magnification, figure 4.4 and 4.6, upon quenching, solution treatment above
980 °C produces an acicular structure of hexagonal a’ martensite while solution treatment at
850 and 900 °C only produce thin layer f meta stable phase in between a phase. The XRD
result shown in figure 4.7 confirms that samples heat treated above 980 °C do not have /5 phase
peak. Lee et al. result on heat treated and quenched powder metallurgy Ti-6Al-4V shows that
vanadium content more than 15 wt.%,  phase tends to retain its BCC structure after quenching
while at 10 wt.% o phase partly transform into soft orthorhombic o’ martensite [4]. Thus, upon

quenching below 980 °C, f phase still presences.
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Figure 4.8 and 4.9 are the SEM images of samples sintered at 700 °C, 30 MPa and 725 °C,
40 MPa after solution treatment at several temperature then aged at 530 °C for 6 hours. After
aging at 530 °C, dispersed small lighter particles are observed along the grain boundary and
interior of metastable S phase for ST 850 and ST 900 samples. For ST 980 and ST 1000 samples,

these small particles are also observed along o’ grain boundary and interior of @’ martensite.

15.0kV X1,000 WD 9.1mm 10 m S 10.0kV X1,000 WD 10.1mm 10 m

NONE g 10.0kV X1,000 WD 8.5mm 10 m NONE g 0.0kV X1,000 WD 10.1mm 10um

Figure 4. 3 SEM images of bulk Ti-6Al-4V sintered at 700 °C, 30 MPa after solution treatment (ST) at 850, 900,

980 and 1000 °C for 1 hour followed by ice water quenched at low magnification
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X5,000 WD 9.5mm

Figure 4. 4 SEM images of bulk Ti-6Al-4V sintered at 700 °C, 30 MPa after solution treatment (ST) at 850, 900,
980 and 1000 °C for 1 hour followed by ice water quenched at high magnification
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p A
v O

1W0um < 10.0kV X1,000 WD 10.0mm

N

NONE S 10.0kV X1,000 WD 8.8mm 10m NONE S 10.0kV X1,000 WD 9.7mm 10pm

Figure 4. 5 SEM images of bulk Ti-6Al-4V sintered at 725 °C, 40 MPa after solution treatment (ST) at 850, 900,

980 and 1000 °C for 1 hour followed by ice water quenched at low magnification
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NONE S 0 14m SEI 10.0kV X5,000 WD 10.0mm 1pm

NONE SEl 10.0kV 0 WD 8.9mm 14tm NONE SEI 10.0kV WD 9.8m 1um

Figure 4. 6 SEM images of bulk Ti-6Al-4V sintered at 725 °C, 40 MPa after solution treatment (ST) at 850, 900,
980 and 1000 °C for 1 hour followed by ice water quenched at high magnification
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Figure 4. 7 XRD pattern of samples sintered at 700 C, 30 MPa (a) and 725, 40 MPa aster solution treatment at

several temperature for 1 hour followed by ice water quenching
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Figure 4. 8 SEM images of bulk Ti-6Al1-4V sintered at 700 °C, 30 MPa after solution treatment (ST) at 850 (a),
900 (b), 980 (c) and 1000 °C (d) for 1 hour followed aging at 530 °C for 6 hours
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X5,000 WD 10.0mm Tun SE! 10.0kV X5,000 WD 10.0mm

SEI 10.0kV X5,000 WD 10.0mm

Figure 4. 9 SEM images of bulk Ti-6Al1-4V sintered at 725 °C, 40 MPa after solution treatment (ST) at 850 (a),
900 (b), 980 (c) and 1000 °C (d) for 1 hour followed aging at 530 °C for 6 hours
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SEI 10.0kV X9,000 WD 9.6mm 1um

Figure 4. 10 High magnification SEM image of sintered at 700 °C, 30 MPa sample solution treated at 1000 °C
for 1 hour then aged at 530 °C for 6 hours

Higher magnification of aged samples shown in figure 4.10 and 4.13 shows that the small
lighter particles inside o’ martensite are aligned on the preferred direction along the direction
of @’ martensite. Li et al. on their work of aging response of laser melting deposited Ti-6Al-
2Zr-1Mo-1V alloy reports f phase precipitate formation inside o’ martensite plate and on the
plate interfaces after isothermal aging at temperature between 550 — 600 °C [9]. Increasing
aging temperature to 700 °C leads to the formation of coarser precipitates as shown in figure
4.11. The EDS result in figure 4.12 confirms the precipitates have higher vanadium content, the

result suggests the precipitates are f phase.

69



Figure 4. 11 SEM images of bulk Ti-6Al-4V sintered at 700 °C, 30 MPa after solution treatment (ST) at 1000 °C

at low (a) and high magnification (b) for 1 hour followed by aging at 700 °C for 6 hours at low (c) and high

magnification (d)
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Figure 4. 12 EDS result of sintered at 725 °C, 40 MPa sample solution treated at 1000 °C for 1 hour and aged at
530 °C for 6 hours
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NONE SEI 15.0kV X5,000 WD 9.2mm Tum NONE SEI 15.0kV X10,000 WD 9.2mm Tum

NONE SEI 15.0kV X5,000 WD 9.1mm Tum NONE SEI 15.0kV X10,000 WD 9.1mm Tum

Figure 4. 13 SEM images of samples sintered at 700 °C, 30 MPa solution treated at 1000 °C then aged at 530 °C,
6h followed by ice water quenched at low magnification (a) and high magnification (b) ; solution treated at

1050 °C then aged at 530 °C, 3h followed by air cooling at low (c) and high magnification (d)
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4.3.2 Hardness after heat treatment

Micro-Vickers hardness test was performed in order to understand the hardness change
before and after heat treatment. Figure 4.14 shows the summary of micro-Vickers hardness of
as-sintered samples before and after solution treatment at several temperature. Sample sintered
at 725 °C, 40 MPa has a slightly higher hardness than sample sintered at 700 °C, 30 MPa. At
higher sintering temperature and pressure, S phase are likely formed more upon cooling. Thus,
the hardness of sample is higher due to two phase strengthening. The other reason is at higher
temperature and pressure, less micro-porosity produce in sample which increase its hardness.
Both the hardness of samples sintered at different sintering pressure and temperature are
increased as the solution treatment increase. After solution treatment at 850 and 900 °C, the
hardness increase because the formation of metastable f phase and two phase strengthening
while the formation of @’ martensite causing the increment at solution treatment temperature of

980 and 1000 °C.

The micro-Vickers hardness change after and before solution treatment and aging is
summarized in figure 4.15 and 4.16. It is shown from the figure that compare to as-sintered
samples, both samples that solution treated and aged have higher hardness. However, compare
to solution treated samples, aging treatment lowers the samples’ hardness. After aging, o’
martensite produced by samples solution treated at 980 and 1000 °C decomposes into a phase
and precipitate of § phase. Therefore, the hardness decreases after aging at 530 °C for 6 hours.
After solution treatment at 850 and 900 °C, the formation of more stable f phase precipitate
generates the slight decrease of samples’ hardness. Further martensite decomposition at higher

aging temperature will decrease more samples’ hardness as shown in figure 4.16.
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Figure 4. 14 Micro-Vickers results of sintered samples solution treated at different temperature for 1 hour

500 T T T T T T T T T
Sintered at 700-30 solution treated
F Sintered at 700-30 solution treated + aged 1
Sintered at 725-40 solution treated
400 Sintered at 725-40 solution treated + aged % T 4
i % F 1V
- g 5
300 | % . -
Z - =T :
z 7 57
200 + [ B
100 B
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As Sintered 850 900 980 1000

Solution treatment temperature (°C)

Figure 4. 15 Micro-Vickers results of sintered samples solution treated at different temperature for 1 hour and

aged at 530 °C for 6 hours
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Figure 4. 16 Micro-Vickers results of sample sintered at 700 °C, 30 MPa solution treated at 1000 °C and aged at

different temperature

4.4 Discussion
4.4.1 Influence of solution treatment to microstructure and hardness

According to phase diagram in figure 4.17 at room temperature due small amount of
vanadium content as f stabilized element, this alloy contain a and f phases. Heating the alloy
below its f solvus temperature will form two phases namely HCP o phase and BCC a phase
with higher fraction of a phase. Figure 4.18 shows the decrease of a phase grain size as the
temperature of solution treatment increase while f phase grain size increase as its volume
fraction increase upon heating. After quenching, o phase retains its crystal. Upon cooling
vanadium content in a phase changes a little along a solvus line. On the other hand, the
enrichment of vanadium in f phase along a solvus line is observed. At 850 and 900 °C,
vanadium content in f phase is about 12 wt. % and 10 wt. %. Thus, upon quenching f phase is
able to keep its BCC structure at room temperature, namely metastable S phase which slightly
increase the hardness. Also from the phase diagram, the f solvus temperature is about 980 °C.
Heating the alloy higher than its £ solvus temperature to 1000 °C will form f single phase.
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Upon the quenching this £ phase will transform into hexagonal a’ martensite which increase

the hardness of samples.

Table 4.2 shows the summary of phases after quenching of spark plasma sintered samples
which are solution treated at different temperature. Comparing to the phases constituent from
phase diagram, at 1000 °C notable amount of retained a phase is still observed in the
microstructure of solution treated sample (figure 4.3(d) and 4.4(d)). This suggest that 5 solvus
temperature of spark plasma sintered Ti-6Al-4V is higher than 1000 °C. Solution treatment at

higher temperature 1050 °C is also formed retained a phase as shown in figure 4.11 (c-d).

Figure 4. 19 shows the schematic microstructural evolution of as-sintered samples during
heating at prior solution temperature and quenching and during aging. At 850 — 900 °C the
samples contain o and £ phase. Upon quenching S phase maintain its BCC structure and stays
as metastable f phase. Aging treatment generates the transformation of more stable f phase
with higher vanadium content while vanadium lean phase transform to a phase. At solution
treatment higher than 980 °C, f phase transform into o’ martensite after quenching. Upon aging

treatment, o’ phase decomposes into a and S phases.
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Figure 4. 17 Phase diagram of Titanium containing 6 wt. % Al with different vanadium content [7]
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Figure 4. 18 Grain size of a- and S-phase which transform into a” martensite of samples sintered at 700 °C, 30

Table 4. 2 Phase constitution of spark plasma sintered samples sintered at different sintering condition after

MPa solution treated at different solution treatment

solution treatment at different temperature followed by quenching

Sintering Solution treatment Phases upon
Condition (°C) quenching
700 °C, 30 MPa 850 o+metastable
900 o+metastable f
980 oto’
1000 oto’

725 °C, 40 MPa 850 o+metastable
900 o+metastable
980 ata’
1000 ata’
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At 850 — 900 °C As-ice water quenched As-aged

P Q
metastable p — B +a

At 980 — 1000 °C As-ice water quenched As-aged

B phase
o phase
metastable f phase

o’ phase B S

Figure 4. 19 Schematic microstructural evolution during solution treatment and aging
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4.4.2 Influence of aging to microstructure and hardness

Aging treatment at both 530 and 700 °C enhances the decomposition of o’ to a and f
phase. Coarser a phase is formed at higher temperature. This f phase formed firstly along a’
grain boundary and interface of o’ plate [9] as shown in figure 4.11. The g phase aligned on
certain direction parallel to the direction of martensite phase, marked by the arrow in figure
4.11. This decomposition generates the decrease of samples’ hardness. In addition, comparing
the microstructure as-solution-treated samples in figure 4.3 and figure 4.4 and as-aged samples
in figure 4.6 and figure 4.7, it is shown that during aging a phase grows. Thus, the hardness of
aged samples decrease. The highest hardness was achieved by sample contained o and &’ result

from solution treatment at 1000 °C.

4.5 Conclusions

In this chapter the influence of solution treatment and aging to the hardness of spark

plasma sintered Ti-6Al-4V is summarized as follow:

(1) Upon quenching, martensite phase only formed by sample solution treatment above
980 °C. Due to high vanadium content which stabilized the BCC structure, quenching
below such temperature produces metastable f phase.

(2) Aging treatment enhances formation of f phase precipitate. Thus, after aging
martensite decomposes to rich vanadium g phase, which form along the grain
boundary of martensite and aligned along interface of martensite plate, and lean
vanadium a phase. The decomposition then decrease the hardness of the sample.

(3) Even after heating at 1050 °C, retained a-phase is still observed, implies that the S
tansus temperature of spark plasma sintered Ti-6Al-4V is higher than 1050 °C.
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Chapter S Influence of Solution Treatment and
Oxygen Content to Microstructure and

Mechanical Properties of Porous Ti-6A1-4V

5.1 Introduction

From chapter 4, it was found rather than increase the hardness, aging treatment decrease
the hardness of samples. In this chapter the effectivity of solution treatment to microstructure
and mechanical properties of porous Ti-6Al-4V fabricated by solid-state space holder method
will be discussed. Additionally, it also is revealed that even after heating the samples at 1050 °C,
retained o phase is still observed at the microstructure, implies that the f transus temperature
of spark plasma sintered Ti-6Al-4V is higher than 1050 °C. The increase the f transus
temperature is most likely due to oxygen content in spark plasma sintered sample. Thus,
solution treatment at temperature higher than 1050 °C also will be done. In addition, the effect
of oxygen content to microstructure and mechanical properties of porous Ti-6Al-4V by oxygen

dissolving process will also discussed.

5.2 Experimental Procedures

5.2.1 Fabrication of porous sample

Porous Ti-6Al-4V was prepared by solid-state space holder method. Metal powder in the
size of ~45 pum and sodium chloride as space holder in the size 600 — 425 pm with 50 vol. %:
50 vol. % ratio were mixed with the addition of ethanol as process control agent (PCA). Powder
mixture was compacted in a 20-mm inner diameter graphite die and then was sintered at 700 °C,
30 MPa under a vacuum condition about 13 Pa using a spark plasma sintering machine (SPS

5118, SPS Syntex) for 20 minutes with slow and high heating rate as described in figure 5.1.
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Figure 5. 1 Sintering program

Ti-6A1-4V/NaCl composite then was cut using micro-cutter into dimension of about 5 x
5 x 15 mm. Removal of sodium chloride is then performed by immersing the sample in warm
distilled water (around 30 — 40 °C) for 2 hours with cycle of changing the water every 30
minutes in an ultrasonic cleanser machine. Density and open porosity of samples is calculated

by equation 2.1 and 2.2.

5.2.2 Heat treatment

Porous Ti-6Al-4V is then subjected to solution treatment at temperature in the range of
850 — 1400 °C for 1 hour. Solution treatment at 850 — 1000 °C was performed in an argon flow
furnace followed by ice water quenching (WQ) while at 1300 and 1400 °C was performed in
an ultra-high-vacuum furnace followed by furnace cooling (FC). An elemental analysis by inert
gas fusion (LECO) was performed in order to measure the oxygen composition of samples
sintered with different sintering program and after solution treatment. For further understanding
of the influence of oxygen, sample that solution treated at 1000 °C then heated at 530 °C for 6
hours followed by air cooling in the argon furnace to let oxygen diffuse to the samples. This
process will be further called oxygen-dissolving process. The microstructural change of
samples and mechanical properties of samples were examined respectively by High

temperature-XRD (HT-XRD), SEM/EDS and compression test.
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5.3 Results

5.3.1 Oxygen concentration change

Table 5.1 is the results of oxygen concentration test of both sintered Ti-6Al-4V and
porous Ti-6Al-4V. Porous sample was produced from as-space-holder-removed composite
contained 50 vol. % Ti-6Al-4V and 50 vol. % sodium chloride as the space holder. It is shown
from the results that after sintering, oxygen concentration in sample increase, compare to
oxygen concentration of powder in chapter 2 table 2.1. For sintered Ti-6Al-4V, changing total
sintering time by varied its heating rate only results to a little increase of oxygen concentration.
In contrast, a notable increment of oxygen concentration is observed for porous sample sintered
with different heating rate. After heat treatment, the oxygen concentration of porous samples

also increase.

Lefebvre et al. [ 1] described how oxygen content in titanium foams change during several
heat treatment process in their work of oxygen concentration and distribution of titanium foams.
It was reported that oxygen comes from the thin oxide surface layer (TiO2), usually in the
thickness between 2 — 7 nm [2], which is naturally formed by titanium alloys after they were
expose to the atmospheric environment. During heat treatment, the oxide layer easily dissolved
and the oxygen will interstitially solutes into titanium crystal structure [3], especially in a-
titanium. Upon cooling and being exposed to the atmospheric condition, the oxide layer will
form again. The cycle of dissolving and formation of the oxide layer during heating and cooling
will increase the total oxygen concentration in samples. It was also reported that sample which

has higher surface area exhibits higher total oxygen content.
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Table 5. 1 Oxygen content results of sintered Ti-6Al-4V and porous Ti-6Al-4V at different sintering heating rate

and heat treatment

Sintering Oxygen concentration
Sample heating rate Heat treatment (wt. %)
Low heating No 0.223
rate ’
Ti-6Al-4V
High heating No 0.222
rate ’
No 0.294
Solution treatment @ 850 °C, 1h — Ice WQ 0.811
Low heating :
Porous rate Solution treatment @ 1000 °C, 1h — Ice WQ 0.961
Ti-6Al-4V Solution treatment @ 1000 °C, 1h — Ice WQ + 174
Oxygen-dissolving @ 530 °C, 6h — AC '
High heating No 0.279
rate ’

5.3.2 High-temperature XRD

Figure 5.2 is high temperature XRD results for powder Ti-6Al-4V at room temperature
and elevated temperature until 1100 °C. At room temperature, the pattern shows a and f phase
pattern. At high temperature the patterns are the mixed of several phases including a and S
phase, TizAl a2 phase and TiC phase. Up to 600 °C small peak at low angle 20 value between
20° — 30° is observed, indicates Ti3Al a2 phase.

Figure 5.3 and 5.5 are high temperature XRD results for spark plasma sintered Ti-6Al-
4V at room temperature and elevated temperature until 1200 °C. At room temperature the
results are similar to the pattern of Ti-6Al-4V powder, it contains XRD patterns of a and S
phase. At high temperature, the result shows some more pattern of f phase at high angle 20
value between 50° — 55° and around 70°. Contrarily, Ti3Al a2 phase peaks are only observed at
temperature between 800 — 900 °C. XRD patterns at lower 20 value, as shown in figure 5.4
and 5.6, confirms that at 1000 °C, o, peaks disappears in both samples sintered at different
sintering condition. Table 5.2 shows the summary of phase constituent at elevated temperature
based on HT-XRD. From the phase constituent summary in table 5.2, it is revealed that for both
powder Ti-6Al-4V and as-sintered Ti-6Al-4V, even after heating as high as 1200 °C samples

still contain a phase.
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5.3.3 Microstructural change after solution treatment

The SEM images of porous Ti-6Al-4V solution treated at several temperatures in argon
flow furnace followed by ice water quenched are shown in figure 5.7 — 5.9. At low
magnification, pore surface is not clearly observed because the samples were embedded to
epoxy resin. The epoxy resin was marked with red arrow. At higher magnification, the
microstructure of solution treated porous samples have similar microstructure with spark
plasma sintered Ti-6Al-4V. ST 850 sample has the structure of thin layer of metastable S phase,
marked with white arrow, in between a phase. ST 980 and 1000 samples’ microstructure

contain needle-like o” and o phase.

Figure 5.10 is the SEM of samples solution treated at 1300 and 1400 °C in ultra-high-
vacuum furnace followed by furnace cooling. At low magnification, it was observed a smoother
macro-pore surface in both of solution treatment condition is observed. Denser structure and
lesser micro-porosity are also observed. At higher magnification, the microstructure contains
Widmanstitten structure of o and S phase without remaining retained o phase. The EDS results

in figure 5.11 confirm the f phase is vanadium rich phase.

5.3.4 Mechanical properties after solution treatment

Figure 5.12 shows the mechanical properties of porous Ti-6Al-4V, including compressive
strength (figure 5.12(a)) and Young’s modulus (figure 5.12(b)), solution treated at several
solution treatment temperatures in the argon flow furnace. Notable increment of compressive
strength is observed at sample solution treated at 1000 °C while solution treatment at 850 and
980 °C only result a little increase of samples’ strength. As shown in figure 5.12(b), solution
treatment changes samples’ Young’s modulus a little. The lowest value of Young’s modulus
was resulted from samples solution treated at 850 °C. Increasing solution treatment temperature

then increase sample’s Young’s modulus.

The compressive strength and Young’s modulus of porous Ti-6Al-4V solution treated at
1300 and 1400 °C in vacuum furnace are summarized respectively in figure 5.13(a) and figure
5.13(b). Comparing the compressive strength of ST 1300 and ST 1400 samples and as-sintered
sample, solution treatment at 1300 and 1400 °C increase sample’s compressional strength until

about twice. This increase is also followed by the increase sample’s Young’s modulus.
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Figure 5. 2 High temperature XRD of powder Ti-6Al-4V at elevated temperature
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Figure 5. 3 High temperature XRD of Ti-6Al-4V sintered at 700 °C, 30 MPa at elevated temperature
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Figure 5. 5 High temperature XRD of Ti-6Al-4V sintered at 725 °C, 40 MPa at elevated temperature
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Figure 5. 6 High temperature XRD of Ti-6Al-4V sintered at 725 °C, 40 MPa at elevated temperature for low

angle 20 value between 20° — 40°

Table 5. 2 Summary of phase constituent from HT-XRD results

Temperature Sample

O Powder Sintered at 700 °C, 30 MPa | Sintered at 725 °C, 40 MPa

Room temperature otp otp at+pf
300 - otp at+pf
400 - otp at+pf
500 - otp atp
600 ata,tf a+p a+p
700 a+a,tf a+f a+p
800 a+a,tf a+a,+p+TiC a+a,+p+TiC
900 a+a,+f+TiC a+a,+p+TiC a+a,+p+TiC
1000 o+a, +f + TiC a+p+TiC a+ f+ TiC
1100 a+a,+f+TiC a+p+TiC a+p+TiC
1200 o+a, +f + TiC a+p+TiC a+ f+ TiC
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Figure 5. 7 SEM images of porous Ti-6Al-4V solution treated at 850 °C in argon flow furnace for 1h followed

by ice water quenched at low magnification (a) and high magnification (b-c)
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Figure 5. 8 SEM images of porous Ti-6Al-4V solution treated at 980 °C in argon flow furnace for 1h followed

by ice water quenched at low magnification (a) and high magnification (b-c)
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Figure 5. 9 SEM images of porous Ti-6Al-4V solution treated at 1000 °C in argon flow furnace for 1h followed

by ice water quenched at low magnification (a) and high magnification (b-c)
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NONE 10.0kV X500 WD 9.0mm 10um NONE 10.0kV X500 WD 9.8mm 10um

NONE / X2,00 NONE

Figure 5. 10 SEM images of porous Ti-6Al-4V solution treated at 1300 °C at low magnification (a-b) and high
magnification (c) and 1400 °C at low magnification (d-e) and high magnification (f) in ultra-high-vacuum

furnace followed by furnace cooling
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Figure 5. 11 EDS results of sample solution treated at 1400 °C in ultra-high-vacuum furnace followed by furnace

cooling
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Figure 5. 12 Mechanical properties of porous Ti-6Al-4V after solution treatment in argon flow furnace at several

temperature
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Figure 5. 13 Mechanical properties of porous Ti-6Al-4V after solution treatment in argon flow furnace at

several temperature
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5.4 Discussion
5.4.1 Influence of oxygen

From table 5.1, it is shown that during sintering and heat treatment process, the oxygen
content in samples is changed. Oxygen as strong a phase stabilizer will increase the f transus
temperature of Ti-6Al-4V. Equation 5.1 shows the relation between oxygen concentration and

[ transus temperature of this alloy [4].
Tp—transus = 937 + 242.7 [0] 5.1

where [O] is the oxygen concentration in weight percent. After sintering, spark plasma sintered
sample contained about 0.223 of oxygen, results the f transus temperature about 992 °C. While
for porous samples, the f transus temperature is about 1010 °C. However, HTRD results from
figure 5.2-6 implies that even after heating at 1200 °C, single £ phase peak was not found. From
SEM results of samples solution treated at several temperature, figures 5.7-10, retained o phase
was not observed at sample solution treated at 1300 °C, implies the actual £ transus of the alloy
is between 1200 and 1300 °C. In fact, although it is not discussed in this research, other
interstitial element such as carbon, nitrogen and iron act similarly with oxygen as « stabilizer
elements. Equation 5.2 and 3 describes the oxygen equivalent value affected by each elements

content in weight percent [5] [6].
[0]5q = [0] + 2[N] +2[C] 5.2
[0]gq = [0] + 2.77 [N] + 0.1 [Fe] 5.3

Yan et al. [7] reported the formation of nano-size a> phase in the a phase of as-sintered
Ti-6Al1-4V with interstitial oxygen content between 0.25 and 0.49 wt. %. Figure 5.15 shows the
titanium alloys phase diagram of Ti-rich corner focusses on a and a2 phases [8]. From the phase
diagram, it was shown for 6 wt. % titanium, at elevated temperature a> phase is formed then
disappeared, transformed into a phase. It was mentioned before in section 5.4.1 that oxygen
content increase as surface area increase. Lim et al. [9] and Liu ef al. [10] reported that oxygen
increase the solvus line of o/ (a+az). Thus, at HT-XRD a still occurs at temperature above
1000 °C for Ti-6Al-4V powder. The influence of oxygen to the increase of o/ (a+az) solvus
line is described in equation 5.4 (in wt. %) [8] [9].

[Allg = 1[Al] + 3 [Sn] + = [Zr] + 10[0 + C + 2N] 5.4
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The influence of oxygen content to mechanical properties of porous Ti-6Al-4V is
summarized in figure 5.16. As oxygen content increase the mechanical properties of porous

sample increase this result is comparable with Lefebvre et al. [1].

(c)

(1+(1.2

Temperature —

=

(~6%) a,(TizAl)

Figure 5. 15 Titanium alloys phase diagram of Ti-rich corner focusses on a and o,-phases [8]
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Figure 5. 16 Mechanical properties of porous Ti-6Al-4V with different oxygen content

5.4.2 Influence of solution treatment to micro-structure and mechanical properties of

porous Ti-6Al-4V

Table 5.4 shows the summary of phase constituent after several solution treatments.
Solution treatment at 980 and 1000 °C followed by ice WQ produced a’-phase while at 850 °C
produced metastable B-phase which lead to increase of both compressive strength and Young’s
modulus of samples. Solution treatment at S single phase area at 1300 — 1400 °C followed by
furnace cooling which produce Widmanstétten o and f phase more increase the mechanical
properties of porous Ti-6Al-4V until the upper part of cortical bone properties, figure 5.17

marked by red circle.
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Table 5. 3 Summary of phases after several solution treatment

Heat treatment

Phases

ST 850 — Ice WQ o + metastable
ST 980— Ice WQ at+a’
ST 1000 — Ice WQ at+a’
ST 1300 — FC Widmanstitten a +
ST 1400 — FC Widmanstitten a + 3

| @
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Figure 5. 17 Summary of mechanical properties of porous sample solution treated at different condition. The

grey area is the range of cortical bone Young’s modulus and compression strength
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5.5 Conclusions

The influence of oxygen and solution treatment to micro-structure and mechanical
properties of porous Ti-6Al-4V is discussed in this chapter. In summary the influence is define

below:

(1) Oxygen content affects the phase’s constitution of porous sample at elevated
temperature. Due to relatively high oxygen content the f transus temperature of the
sample increase till between 1200 and 1300 °C. Although increasing the f transus
temperature, oxygen increase the mechanical properties of porous Ti-6Al-4V.

(2) Solution treatment at temperature 850 — 1000 °C followed by ice WQ produces
microstructure which is similar to spark plasma sintered Ti-6Al-4V and increases the
mechanical properties of porous Ti-6Al-4V.

(3) Solution treatment at single f phase area at 1300 — 1400 °C produce a very fine
Widmanstitten o and f phase which results to more increase of mechanical properties

of porous Ti-6Al1-4V comparable with cortical bone properties.
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Chapter 6 General Conclusions

In chapter 1 General Introduction, basic theory of porous metal and the development of space
holder technique to produce porous metal are presented. The basic introduction of heat

treatment for Ti-6Al-4V alloy is also described.

In chapter 2 Fabrication of Porous Ti-6AIl-4V through space holder method, in order to
achieve the effective fabrication condition, the influence of sintering parameters, i.e. heating
rate, sintering temperature and sintering pressure, space holder size and its distribution to the
formation of both micro- and macro- porosity were investigated. Space holder distribution plays
an important role to increase open porosity value of porous products. Open porosity of sample
increase as the more homogenous space holder distribution produced suggests distribution of
space holder is main aspect that control the macro-pore interconnectivity. There is no significant
increase of open porosity number by varying the space holder size and shape implying the
interconnectivity between macro-pore is independent on space holder size and shape Sintering
temperature and pressure are the main parameter to control micro-porosity. Increasing sintering
pressure is more effective to reduce micro-porosity in the samples. Relative density produced
1s independent on heating rate. The most effective condition to produce less micro-porosity and
more interconnected macro-porosity is utilization of any kind of space holder size with the

addition of 10 wt. % ethanol as PCA and sintering at 700 °C, 60 MPa.

In chapter 3 Effect of Macro- and Micro-porosity on Mechanical Properties of a Porous Ti-
6AI1-4V, the effect of macro-porosity and micro-porosity to the mechanical properties of porous
Ti-6Al-4V fabricated by solid-state space holder method was discussed. Macro-porosity in the
range of 50 — 800 um plays more significant role to control mechanical properties of porous
product. Irregular shape of macro-pore result about two times lower mechanical properties than
cuboidal shape macro-pore while porous mechanical properties is insensitive to macro-porosity

size. Homogenous macro-porosity will yield more pore connectivity which result to higher
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number of open porosity and lower Young’s modulus. Porous product strength is more
dependent to pore wall thickness than its open porosity number. Micro-porosity in the size a
few till a few ten micrometer has no significant effect to both Young’s modulus and mechanical

properties of porous product.

In chapter 4 Influence of Solution Treatment and Aging to Microstructure and Hardness of
Bulk Spark Plasma Sintered Ti-6AI1-4V, the effect of solution treatment and aging to the
mechanical properties of spark plasma sintered Ti-6Al-4V was confirmed. Upon quenching,
martensite phase only formed by sample solution treatment above 980 °C. Due to quite high
vanadium content which stabilized the BCC structure, quenching below such temperature
produced metastable S phase. Aging treatment enhances formation of S phase precipitate. Thus,
after aging martensite decomposes to rich vanadium g phase, which form along the grain
boundary of martensite and aligned along interface of martensite plate, and lean vanadium «
phase. The decomposition then decrease the hardness of the sample. The results of solution
treatment also imply that the f transus temperature of spark plasma sintered Ti-6Al-4V is higher
than 1050 °C.

In chapter 5 Influence of Solution Treatment and Oxygen Content to Microstructure and
Mechanical Properties of Porous Ti-6AI1-4V, the influence of solution treatment and oxygen
to microstructure and mechanical properties of porous Ti-6Al-4V are investigated. Solution
treatment increase oxygen content in porous samples. Oxygen content affects the phase’s
constitution of porous sample at elevated temperature. Due to relatively high oxygen content
the f transus temperature of the sample increase till between 1200 and 1300 °C. Even though
oxygen increase the f transus temperature, it also increase the compressive strength of porous
sample. Solution treatment at temperature 850 — 1000 °C followed by ice WQ produces
microstructure similar to spark plasma sintered Ti-6Al-4V and increases the mechanical
properties of porous Ti-6Al-4V. Solution treatment at single f phase area at 1300 — 1400 °C
produce a very fine Widmanstétten oo and S phase which successfully results to the increase of

mechanical properties of porous Ti-6Al-4V, comparable with cortical bone properties.
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