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ABSTRAK : Da/am artike/ ini, dua serbuk komersia/ titanium tu/en
berbentuk sfera dan berlainan garispusat dimampatkan menggunakan
kaedah ringkas tekan-dan-sinter bagi menentukan cara ini bo/eh
menghasilkan sampel sinter yang baik. Sebahagian kerja melibatkan
komposisi Ti-6Al-4 V (peratus berat) dengan percampuran serbuk-serbuk
aluminium dan vanadium berbentuk tidak sekata. Kesan pembolehubahpembolehubah eksperimen (tekanan mampatan, suhu penyinteran dan
sekitaran sinter) keatas ketumpatan dan kekerasan serta kebolehan
membentuk pada serbuk-serbuk titanium tu/en dan Ti-6Al-4Valoi telah
dikaji. Kejayaan kaedah ini bergantung pada kualiti serbuk-serbuk asa/,
teknik memproses yang betul, dan sifat-sifat sampe/ disinterkan.
ABSTRACT : In this paper two different diameters of spherical shape
commercial pure titanium powders were compacted using simple press-

and-sinter method, in order to find if this route can be applied to produce
good sintered samples. Part of this work was done on Ti-6Al-4V (wt%)
composition with irregular shape aluminium and vanadium powders. Effect
of various experimental parameters (compaction pressure, sintering
temperature and sintering environment) on the density and hardness as
well as sample forming ability in the pure titanium and Ti-6Al-4V alloy are
investigated. The success of this method depends on the quality of the
powders, correct processing technique, and the properties of the sintered
samples.
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INTRODUCTION
Metal implants (Faqhih and Selamat, 2000) can be divided into two categories, i.e. for short
and long term use. Short term metallic implants can be in the form of screws, fracture fixation
plates, etc, whereas long term implant are hip or joint prosthesis, spine spacer, etc. Powder
metallurgy is one of the techniques employed in creating specially designed porosity on the
surface of the artificial implants to induce natural bone tissue in growth resulting in mechanical
anchoring of the device.
The selection of titanium in comparison to other metallic and ceramics materials for artificial
implant is due to its biocompatibility, lightweight, outstanding corrosion resistance and unique
combination of strength (Bose, 1993). Therefore the ability to develop short-term titanium
implant such as fracture fixation plate will be an excellent platform in creating artificial implants
before embarking into major structural medical and dental implants.
Powder metallurgy generally involves compaction (pressing), which is the forming of the powder
into a green compact of the desired shape, followed by sintering, which is the consolidation of
the compact at some temperature below its melting point. Powder metallurgy processing
technique on titanium is not well addressed in literature. Therefore, for the past two years,
SIRIM Berhad initiated a research project to search for the technique of producing fixation
plates as a product demonstrator. For this project, starting powder materials and analysis of
sintered samples play an important role in determining the success of the technique.
This article presents the research outcomes in establishing powder metallurgy technique using
spherical shape commercial pure titanium powders and by conventional press-and-sinter
method. Characteristics of incoming powders and analyses on sintered samples referring to
their compositions, pressing pressure, sintering temperature, density and hardness will be
discussed.

MATERIALS AND METHODS
Starting materials
Spherical shape, gas atomized titanium powders (purity> 99.8 %) with average particle diameter
of 45 and 150 m in average particle diameters (hereafter called as Powder-A and Powder-B)
were purchased from Sumitomo Titanium Corporation, Japan. The chemical compositions of
the as-received powders are given in Table 1. Irregular shape aluminium (average particle
diameter 63 m) and vanadium (average particle diameter 45 m) were used as alloying
powders. Commercial fracture fixation plates were purchased from Aesculap (Germany) and
Sanametal (Hungary), and used as reference for the expected density and hardness of potential
sintered sample.
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Table 1. Chemical composition of titanium powders
(a) Powder-A
Element

Fe

0

c

N

H

Ti

Percent

0.039

0.118

0.008

0.009

0.005

balance

(b) Powder-8
Element

Fe

0

c

N

H

ppm

23

770

40

60

40

Element

Ni

Mg

Mn

Cl

Al

ppm

<1

<10

<1

<10

2

<0.1

balance

Si

Cr

Na

<10

<1

<0.1

K

Ti

Powder metallurgy process
Samples of both powders (A and 8) were pressed at compaction pressures ranging from 355
MPa to 1050 MPa using an Automatic Hydraulic Press (Carver, 25 ton) . The samples were
sintered at 1250, 1300 and 1350°C. The compaction of the titanium powders were accomplished
by a simple die pressing attached to the press machine. The samples were sintered in vacuum
or in argon. Details of the process and samples preparation are stated elsewhere (Selamat et
al., 2003; Faqhih et al., 2004; Faqhih et al., 2005; Selamat and Faqhih, 2005; Selamat et al.,
2005a; Selamat et al., 2005b). Titanium alloy samples were prepared according to a specified
proportion by weight (Ti-6Al-4V).

Chemical analysis, density, and hardness
Scanning electron microscopy of the Powder-A and 8 samples were performed on a Scanning
Electron Microscope Model LEO 1525. Sintered samples of both powders (Powder-A and 8)
were sectioned and tested for the carbon, nitrogen and oxygen contents using Elemental
Analyzer (LEGO CHN-900 or FISION CHNS-0 Model EA-1108). Densities of sintered and
commercial samples were measured with Specific Gravity Meter (Shimadzu, SGM-330H-A).
The hardness of all sintered samples was tested using Micro Hardness Tester Machine Model
Akashi - MVK-E.
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RESULTS AND DISCUSSION

Compaction of titanium powders
SEM micrographs of both powders are shown in Figure 1a and 1b respectively. Different
qualities of pure titanium (purity >99 wt%) are graded according to different purity. The impurity
contents separate them; hydrogen, oxygen, nitrogen, carbon and iron should be controlled
carefully. Oxygen in particular has a great influence on the ductility and strength. However,
none of the impurity contents has been recognized as toxic (US Patent No. 5,849,417). Table
2 lists the different grades of quality of titanium for implant applications together with the
corresponding typical impurity contents (wt%). Comparison between Table 1 and Table 2
indicated that the purchased titanium powders with 45 m average diameters (Powder-A) falls
under Type ASTM Grade 1 while for 150 m (Powder-B) is under Type ASTM Grade 3.
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Figure 1. As-received sphedcal shape commercial pure Manium powders
with (a) 43 m (Powder-A) and (b) 150 min average diameters (Powder-8)

Table 2. Maximum impurity limit (wt%) of pure titanium (Lee, 2004)
omax

cmax

Hmax

0.03

Fe max
0.20

0.18

0.10

0.015

0.03

0.30

0.25

0.10

0.015

0.05

0.30

0.35

0.10

0.015

0.05

0.50

0.40

0.10

0.015

Type

Nmax

ASTM Grade 1
ASTM Grade 2
ASTM Grade 3
ASTM Grade 4
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The effect of increasing compaction (pressing) pressure on density of the sintered samples in
the vacuum environment at 1250, 1300 and 1350°C for both sizes of titanium powders are
shown in Figure 2 and Figure 3. The results showed that increasing the compaction pressure
results in an increased sintered density. It is noted that the sintering temperature affects the
sintered density. As the temperature increases from 1250°C to 1350°C, the density of the
samples increases for both diameters of titanium powders. This is due to increase in a total
area of point contacts between the powder particles. Same relationship between compaction
pressure and sintered density in the argon atmosphere environment for both sizes were
determined to be linear over the range of pressures investigated, as shown in Figure 4. In
other words, the sintered densities of gas atomized titanium samples of the two different
particle sizes increased when the pressing pressures increased for both sintering environments,
i.e. in vacuum or argon gas atmosphere. It is predicted that the sintered density is strongly
influenced by the particle diameter. The smaller the particle diameter, the significantly denser
the sintered compact. However, the present results (Figure 2 to Figure 4) indicated that large
particle size (150 m) produced higher sintered density compared with small particle size (45 m)
within the same compaction pressure. It may be explained in terms of the reactivity and pore
size. In the case of titanium , very small particle sizes may be deleterious to sintering as the
increased reactivity promotes oxidation. Additionally, very small particles are difficult to compact
and require higher compaction pressures for the collapse of fine pores (Ederer, 1999).
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Figure 2. Compaction pressure versus density ofPowder-A sinteredin vacuum
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Figure 3. Compaction pressure versus density of Powder-8 sintered in vacuum
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Figure 4. Compaction pressure versus density of Powder-A and Powder-8
samples sintered in argon environment at 1350° C

Figure 5 shows the increase in hardness with increasing compaction pressure for Powder-A
samples sintered in vacuum environment at 1250°C. The increase in hardness values with
increasing compaction pressure agrees well with the trends observed for the sintered densities.
Figure 6 is the hardness value as a function of the compaction pressure for the Powder-B
samples sintered in vacuum environment at 1300°C. The trend is similar to Figure 5. Therefore,
it is deduced that density and hardness of the potential implant material could be adjusted by
controlling the pressing pressure at a specific sintering temperature and environment.
Vickers Hardness vs Pressure
1250°C - vacuum sintered
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Figure 5. Compaction pressure and hardness of vacuum sintered titanium
samples (45 m average diameter and 1250°C sintering temperature)
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Vickers Hardness vs Pressure
1300"C - vacuum sintered
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Figure 6. Compaction pressure and hardness of vacuum sintered titanium
samples (Powder-8 and 1300°C sintering temperature)

As reference to the expected properties of implant materials, density and hardness of two
commercially available titanium fracture fixation plates are tabulated in Table 3. Based on
these values and the above results, proper choice of pressing pressure and sintering
temperature will produce a sintered sample with a specific density and hardness.

Table 3. Density and hardness of commercial titanium fracture fixation plates

Samples

Density, gcm·3

Hardness, HV

Aesculap, Germany

3.647

170

Sanametal, Hungary

4.384

330

One of the problems found in the densification of titanium via powder metallurgy is the control
of interstitial solid solution contaminants. Oxygen, carbon and nitrogen are the typical
contaminants. Small differences in the amount of carbon and oxygen in the sintered titanium
sample can change the hardness and ductility of the sintered sample. When the amount of
carbon increases, TiC (titanium carbide) is produced and ductility declines and hardness
increases. Moreover, when the amount of oxygen increases, ductility declines, and hardness
increases, due to a rise in the amount of solid solution hardening. Nitrogen, oxygen and carbon
compositions of the vacuum-sintered samples for the gas atomized titanium powders are
tabulated in Table 4. According to US Patent No. 5,773,099 for pure titanium, the combined
carbon (C) and oxygen (0) contents in sintered samples should be less than 1.0wt%. All
sintered samples in Table 4 have the total carbon and oxygen contents within the specified
combined C and O contents as cited in the patent of dental care material and manufacturing
method. Based on the impurity levels, we are confident that our powder metallurgy processing
technique is the proper procedure.
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Table 4. Oxygen, nitrogen and carbon compositions of vacuum-sintered samples
for (a) Powder-A and (b) Powder-B, pressed at 335MPa respectively
Nitrogen,%

Oxygen,%

Carbon,%

(a)

(b)

(a)

(b)

(a)

(b)

Sintered (1250°C)

0.11290

0.05528

0.00834

0.00538

0.41

0.22

Sintered (1300°C)

0.19280

0.34320

0.43260

0.00621

1.11

0.04

Sintered (1350°C)

0.11350

0.20940

0.01018

0.00834

0.69

0.14

Samples

Compaction of Ti-6Al-4V alloy using titanium powders
Any attempt to compact dense Ti-6Al-4V with titanium powder using blended elemental powder
metallurgy press-and-sinter method failed. Samples were compacted at various pressures
starting from 355 MPa to 1050 MPa. Spherical shape gas atomized titanium (Powder-A and
B), and irregular shape aluminium and vanadium powders (Figure 7) were used to produce Ti6Al-4V alloy samples. Most of the samples showed cracking at the surface and some of them
split into two pieces. The picture of defected sample pressed at 800MPa is shown in Figure 8.
This means that the titanium powders are unsuitable to be used for preparation of the Ti-6Al4V alloy samples utilizing this conventional pressing and sintering method. Other methods
such as hot isostatic pressing (Delo and Piehler, 1999; Kim and Yang, 2001) and forging (Kim
et al., 2001) should be explored. Alternatively, irregular shape titanium powder (Fujita et al.,
1996; Ederer, 1999) instead of spherical shape should be used for compaction of the Ti-6Al4V alloy.
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Figure 7. As-received aluminium and vanadium powders for Ti-6Al-4V alloy
sample preparation
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Figure 8. Compacted Ti-6AI-Valloy using sphericalshapedgas atomizedtitanium
powders andpressed at 800 MPa, showing crack and spliUed sample

CONCLUSION
From the above study the following conclusions can be drawn :
(1)

(2)
(3)

(4)

Press-and-sinter method proved to be successful in producing sintered commercially
pure titanium samples using the gas atomized spherical shape powders. The samples
presented a good densification and adequate sintered density. This involved compaction
at 355 to 1050 MPa and sintering at a temperature of 1250-1350°C.
The hardness and sintered density values observed in the samples are dependent the
compact pressure, temperature and environment of sintering.
Titanium presents some formidable challenges for the powder metallurgy processing.
Almost all of the problems associated with processing titanium are associated with the
reactivity of the metal.
The blended elemental of the titanium powders (Powder-A or Powder-B) with aluminium
and vanadium powders were found to be unsuitable for producing Ti-6Al-4V alloy samples
through press-and-sinter method.
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