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a  b  s  t  r  a  c  t

Titanium  exhibits  properties  that  are  excellent  for various  applications  but  the  processing  routes  remain
expensive  and  difficult.  Metal  injection  moulding  is  a  processing  route  that  offers  reduction  in  costs,
with  the  added  advantage  of  near  net-shape  components.  In this  study,  the  commercially  pure  (CP-
Ti)  powder  was  subjected  to metal  injection  moulding  studies  in  order  to investigate  its  suitability  for
biomedical  applications.  The  CP-Ti  with  powder  size  of  sub  45  �m was  mixed  with  a  binder  which  consists
of a  water  soluble  component,  injection  moulded  and  then  sintered.  The  mechanical  and  impurity  level
properties  of  the  final  components  were  then  determined  and  found  to  be within  ASTM Grade  2 (ASTM
F67)  specifications  for titanium.  The  debinding  mechanisms,  kinetics  and  chemical  reactions  are  analysed
itanium alloys
P-Ti
ebinding
intering
olvent debinding
olid polymer solution
hermal debinding

and  discussed  in detail in  this  study.
© 2012 Elsevier B.V. All rights reserved.
. Introduction

Titanium and titanium alloys exhibit a high specific strength
nd stiffness, outstanding corrosion resistance and biocompatibil-
ty. This combination of properties makes titanium and its alloys an
xcellent choice for applications in watch parts, dental parts and
ports goods as was reported by Shibo et al. (2006),  and also pro-
ides a great potential for biomedical and aerospace applications. In
iomedical applications, commercially pure titanium was reported
y McCracken (1999) and Elias et al. (2008) to be used preferen-
ially for endosseous dental implant applications. However, the
rocessing of titanium is limited by costly, multi-step process of
abrication and associated geometry design constraints as reported
y Ferri et al. (2009).  Ebel et al. (2011) recently reiterated that metal

njection moulding (MIM)  is a technique that can provide minimi-
ation of such problems and may  contribute to the development of
i implants with higher functionality without increasing the price.
MIM  is a well-established, cost-effective method of fabricating
mall-to-moderate size metal components. In this process metal-
ic powders are injected into a mould. Plasticity and fluidity of the

∗ Corresponding author. Tel.: +44 (0)114 222 6035; fax: +44 0114 222 5943.
E-mail address: A.T.Sidambe@sheffield.ac.uk (A.T. Sidambe).

1 Permanent address: Instituto de Investigaciones en Materiales, UNAM, 04510
éxico, D. F., México.

924-0136/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2012.03.001
powder is essential for this to take place and this is achieved by the
use of binder material. All binder systems are based on two impor-
tant major groups of ingredients, polymers and waxes with minor
additions of lubricants, surfactants and coupling agents. After injec-
tion moulding, the binders are then removed in a process known
as debinding and the remaining “brown” part is then sintered at
elevated temperatures to achieve a densified part.

In the metal injection moulding of titanium, there have been
serious challenges in recent years. Froes (2005),  German (2009),
German (2010) and Ebel et al. (2011) singled out the oxygen and
carbon levels in the sintered parts as having been too high for
structural use, which meant that the titanium produced could not
conform to standards required for biomedical applications such as
implants.

Much of the early work on developing a viable titanium MIM
process was plagued by the unavailability of suitable powder, less
than optimum binders and debinding processes for a material as
reactive as titanium, and inadequate protection of the titanium dur-
ing elevated temperature processing. Petzoldt et al. (1995),  Froes
and German (2000) and Shibo et al. (2009) discussed various meas-
ures that have been taken to improve the properties of titanium
parts produced via MIM,  including careful binder selection. Sev-

eral other binder formulations have recently been reported by Baril
et al. (2011) as having been developed for MIM  of titanium. The
formulations which generally include polyethylene, polypropyl-
ene, polymethylmethacrylate, polyethylene glycol, ethylene vinyl

dx.doi.org/10.1016/j.jmatprotec.2012.03.001
http://www.sciencedirect.com/science/journal/09240136
http://www.elsevier.com/locate/jmatprotec
mailto:A.T.Sidambe@sheffield.ac.uk
dx.doi.org/10.1016/j.jmatprotec.2012.03.001
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Table 1
CP-Ti chemical properties.

Powder type Size (�m) Composition (%)

 N H Fe Ti
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cetate, paraffin wax, naphthalene and stearic acid have been used
o produce titanium via MIM  as reported in reviews by Froes (2007),
erman (2009) and Park et al. (2009).

During debinding, the decomposition mechanisms and chem-
cal composition of binder play a major role in levels of residual
ontamination. Therefore in order to reduce contamination of Ti
ith carbon and oxygen due to debinding, the requirement is to

educe the amount of decomposable substances in the binder. At
he same time the binder has to provide enough residual strength
o that the component can be handled after debinding as stated by
hibo et al. (2009).

One of the standards that have been used in the past to charac-
erise Ti MIM  is the ASTM F67 from the American Society for Testing

aterials (ASTM Standard F67-06 2006) and its specifications cover
he chemical, mechanical, and metallurgical requirements for four
rades of unalloyed titanium strips, sheets, plates, bars, billets,
orgings, and wires used for the manufacture of surgical implants.
owever, at the time of writing up this publication, a proposed new

tandard for four different grades of metal injection moulded CP-Ti
omponents to be used in the manufacture of surgical implants
as been placed under development by ASTM (ASTM Standard
K35394, 2011). For alloyed Ti6Al4V, equivalent standards have

lready been released (ASTM Standard F2885-11, 2011).
This study therefore describes the MIM  process which employs a

inder with a water soluble component and with reduced decom-
osing substances. The binder system, which uses water soluble
EG, was first reported by Cao et al. (1992) after they developed a
inder made of a major fraction of polyethylene glycol (PEG) and a
inor fraction of PMMA polymer. Other uses of PEG as the primary
ater-soluble component have been reported by Hens and German

1993) where the PEG aided in designing feedstock systems aimed
t maximising the ease of processing and shape retention during
ebinding and sintering, while minimising processing times.

The PEG based water soluble binder system has since been used
idely with other ceramic and metallic powders, including tita-
ium and its alloys. Yang et al. (2003) studied the solvent debinding
echanism for alumina injection moulded compacts whilst Anwar

1996), Omar et al. (2006) and Eroglu and Bakan (2005) used 316L
tainless steel powder as a test material. However, one report by
inhorn et al. (1997) discouraged the use of binder with a water
oluble component in the MIM  of Ti on the basis that such binders
ive increased oxygen content in the parts which in turn affect
he mechanical properties and hence the suitability for biomedical
pplications.

In this study a binder consisting of polyethylene glycol (PEG),
olymethylmethacrylate (PMMA) and stearic acid (SA) is investi-
ated for its ability to produce titanium components that can be
sed in biomedical applications. The debinding chemical reactions
nd the debinding mechanisms are discussed in detail.

. Experimental

The CP-Ti powder used in this study was supplied by Advanced
owders and Coatings (Raymor Inc., Canada) and is produced by

lasma atomisation. Table 1 shows the CP-Ti chemical properties
hat were obtained via X-ray fluorescence (XRF). Fig. 1 is a scanning
lectron micrograph (SEM) showing the morphology of the powder
s spherical in shape. All the characterisations carried out via SEM
Fig. 1. Scanning electron micrograph showing the morphology of the CP-Ti.

were done on the Camscan Mk  II (Cambridge Scanning, UK). The
particle size distribution is shown in Fig. 2 as sub 45 �m in size and
this was  obtained using a Coultier LS particle size analyser with
sonication and diffloculant used to break up agglomerates.

The CP-Ti powder was mixed with a binder that consists of a
major fraction of water soluble polyethylene glycol with molecular
weight of 1500 (PEG1500) and a minor fraction of polymethyl-
methacrylate with a molecular weight of 106 (PMMA6

10) with
stearic acid (SA) used as a surfactant.

The PEG was  supplied by Sigma–Aldrich and at the molecular
weight of 1500 g/mol, the PEG is in a crystalline form. PEG has in the
crystalline state has a fairly open helical structure and this structure
is responsible for the low melting temperature of 45–50 ◦C and its
solubility in water as reported (Elias, 2003). The PMMA  was  sup-
plied by Scott Bader Co. Ltd (Wellingborough, UK). The chemical
structures of the PEG and the PMMA  are shown in Fig. 3. The sim-
plest degradation of PMMA  occurs at very high molecular weights
as explained (Hsu, 1999).

Handling of the materials was carried out in an inert argon
0
1 10 100

Log Diameter (um) 

Fig. 2. Particle size distribution for CP-Ti.
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in heated distilled water. After an hour of solvent debinding, it can
be seen that there is still some residual PEG within the Ti/PMMA
matrix. After 4 h of solvent debinding, the SEM shows virtually no
PEG with the remaining strands of binder consisting of PMMA.
Fig. 3. Chemical stru

00, 1200, 1400, 1400, 1600 rpm, leading to a total mixing time of
0 min. The weight ratios of the constituent binder materials were
7:11:2 of PEG, PMMA  and SA respectively. A critical powder load-

ng of 69 vol% was obtained via rheological studies carried out on a
osand RH2000 capillary rheometer (Malvern Instruments, UK).

The mixed feedstock was granulated and then injection
oulded in a 60 t Arburg 320 C (Arburg, Germany) injection mould-

ng machine at 120 ◦C. An injection pressure of 1500 bar, packing
ressure of 1350 bar and injection speed of 30 cm3/s were used.
n MPIF Standards 35 mould was used to mould tensile bars and
fter injection moulding, the mouldings were visually inspected
nd each weighed for quality control.

The green part mouldings were subjected to solvent extraction
y immersing them in a heated water bath containing distilled
ater for 6 h at 55 ◦C. This stage of debinding was aimed at remov-

ng the PEG component of the binder. The MIM  samples were then
ried in air at 40 ◦C for 12 h.

The parts were then subjected to thermal debinding in order
o remove the backbone PMMA  binder in a Centorr VI MIM-Vac

200 Series 3570 furnace (Nashau, USA). This was  done by heating
he parts in an argon atmosphere at a ramp rate of 2.5 ◦C/min to
50 ◦C, and holding for 1 h after which they were heated up again
t a heating rate of 2 ◦C/min to 440 ◦C and again holding for 1 h.

Sintering was carried out in the furnace during the same cycle
ith the thermal debinding. The sintering carried out under the

ontrol of four sintering factors; sintering time, sintering atmo-
phere, heating rate and the sintering temperature. The conditions
hat were selected for the sintering of the CP-Ti parts are; sintering
ime of 3 h, sintering in argon with a retort flow rate of 10 slpm,
eating rate of 10 ◦C/min and sintering temperature of 1300 ◦C.
uring thermal debinding and sintering, the partial pressure in the

urnace was set at 300 Torr (∼400 mbar). The results of the study
hich was carried en route to obtaining the optimum process-

ng parameters of solvent and thermal debinding used here have
een published by Sidambe et al. (2008).  The optimisation of the
intering process was carried out using the Taguchi L9 experimen-
al method and the details of this study have also been published
y Sidambe et al. (2009, 2011a,b). However, in these two publi-
ations the extents to which the debinding mechanisms, kinetics
nd chemical reactions affect the final sintered component were
ot discussed in detail. In this study, the focus is on the debinding
oute.

Differential scanning calorimetry (DSC) studies in order to
bserve phase transitions were carried out on a Perkin Elmer DSC
achine (MA, USA). Tests to determine changes in weight loss in
elation to change in temperature and PMMA  decomposition were
arried out also using a Perkin Elmer TGA machine. The chemical
nalysis of the sintered samples to determine the impurity levels
f oxygen and carbon of MIM  specimens was carried out using a
s of PEG and PMMA.

conventional LECO melt extraction system by London & Scandina-
vian Metallurgical Laboratories (Rotherham, UK). Mechanical tests
were carried out at room temperature according to ASTM E8 stan-
dards by NDT Ltd (Sheffield, UK).

3. Results

3.1. Rheology and feedstock

Fig. 4 shows the evolution of the viscosity with temperature
of the 69 vol% CP-Ti feedstock mixed with PEG, PMMA  and SA at
weight ratios of 87:11:2 respectively.

It can be seen from the shear viscosity vs shear rate plot that the
flow is pseudo plastic with the viscosity decreasing with increas-
ing shear rate, the viscosity being lower at the higher temperature
of 120 ◦C and increasing with lower temperature. It is desirable
that the viscosity of the feedstock should decrease quickly with
increasing shear rate during injection with no dilatants behaviour.
This was the case with the CP-Ti feedstock and rheology indicates
improved homogeneity of feedstock. This is confirmed in Fig. 5
which is a scanning electron micrograph of a moulding fracture
surface which shows the distribution of the CP-Ti powder within
the PEG/PMMA/SA binder system. The binder, as can be seen, is
evenly distributed throughout the sample body.

3.2. Solvent debinding

Fig. 6 shows two  scanning electron micrographs which illus-
trate the typical development of pores during the removal of PEG
Fig. 4. Apparent viscosity vs apparent shear rate of 69 vol% Ti feedstock at different
temperatures.
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Fig. 8. DSC showing scans of an as moulded CP-Ti green specimen and that of a
leached part after solvent debinding. The scans were carried out at 2 ◦C/min.
Fig. 5. Scanning electron micrograph of an as moulded component surface.

The complete removal of PEG was achieved at 55 ◦C after 5 h
ith no defects such as cracks. Fig. 7 shows the amount of PEG that
as removed by water leaching from mouldings plotted against

he leaching time at 55 ◦C.
Fig. 8 is a graph taken from a DSC and shows scans of a selected

s moulded CP-Ti green specimen and that of a typical leached part
fter solvent debinding. The graph shows the absence of the PEG
omponent in the leached samples as there is no peak correspond-
ng to the heat flow as a result of PEG. The DSC also shows the peak
or the PEG at 44 ◦C indicating the melting temperature.

.3. Thermal debinding

Fig. 9 is a scanning electron micrograph which shows a typical
rown part after the removal of the PMMA  during thermal pyrol-
sis. The PMMA  strands that were remaining behind as shown in
ig. 6 have been eliminated, indicating successful debinding. The
esults can even be verified further by TGA analysis.

Fig. 10 is a TGA trace showing weight loss of CP-Ti/Binder mix
efore and after thermal pyrolysis. It can be seen that there is no
ecorded weight loss from the brown part after thermal pyrolysis
hich confirms the complete removal of the PMMA  binder com-
onent. Fig. 10 also shows the decomposition characteristics of the
MMA which degrades at 200–430 ◦C. This information is useful in
etting the thermal debinding process parameters. Binder unzip-
ing under argon occurs over a shorter period than in air.
.4. Sintering

The CP-Ti feedstock used here contains a relatively high volume
f binder at 31%. Therefore after the complete removal of the binder

Fig. 6. Scanning electron micrographs showing the de
Fig. 9. Scanning electron micrograph which shows the brown part after the removal
of the PMMA  during thermal pyrolysis.

and subsequently the sintering, the linear shrinkage was  found to
be 11 ± 1%. Fig. 11 is a photograph illustrating the linear shrinkage

undergone by a sintered CP-Ti MIM  tensile sample. The dimensional
change of the MIM  sample after injection moulding and sintering
is shown with good shape retention.

velopment of pores during the removal of PEG.
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Fig. 10. Weight loss curves for PMMA  at a heating rate of 5 ◦C/min for Ti/binder mix
in  argon and in air before and after thermal pyrolysis.
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Table 2
CP-Ti injection moulded component mechanical and chemical results.

Sample Tensile strength (MPa) Elongation (%) Oxygen (%) Porosity (%)

1 483 21 0.21 3.5
2 460 24 0.21 4.2
3 467 21.5 0.19 3.0
4  475 20 0.20 5.2
5 466 27 0.19 4.7
6  451 24.5 0.17 3.8

Fig. 13. Fracture surface of a CP-Ti MIM-tensile test sample after mechanical test
showing honeycomb structure which signifies a typical sign for a ductile break.
ig. 11. Photograph illustrating the linear shrinkage undergone by a MIM  sintered
P-Ti part.

The final mechanical and chemical properties of selected CP-
i injection moulded standard tensile bars are shown in Table 2.
rom Table 2 it can be seen that CP-Ti properties for oxygen impu-

ity levels and elongation are that of Grade 2 according to ASTM
67-06 specifications. The tensile strength is above Grade 1 require-
ents. The residual carbon level was 0.04% in one of the sintered Ti

ample analysed. The maximum requirement for carbon is 0.08%.

Fig. 12. The pore structure of the s
The porosity of the samples that was measured using image anal-
ysis ranges from 3% to 5.2%. ASTM Standard F2885 for Ti64 MIM
specifies that the porosity should not exceed 4%.

Shown in Fig. 12 is the pore structure and microstructure of
the six selected CP-Ti MIM  components which indicates a low void
ratio of round unconnected pores. Fig. 13 is an SEM of the typical
fracture surface of a CP-Ti MIM-tensile test sample after mechanical
test showing honeycomb structure which signifies a typical sign for
a ductile break.
intered CP-Ti MIM  compacts.
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Fig. 14. ln(1/F) with leaching time at 40, 55 and 75 ◦C. F is the remaining fraction of
P
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and � is the effective molecular collision diameter. This term K can
then be adjusted to predict the effective transport coefficient (Keff)
of a single gas through a porous body. Using this approach should
show that the presence of a porous, PMMA  free outer layer gives
EG.

. Discussion

Because it is crucial in MIM  components for biomedical implants
hat there is no residual binder left behind in the final part, it is
mportant to discuss in detail the mechanisms through which this
as been achieved in this study.

.1. Solvent debinding

Commercially pure titanium (CP-Ti) is considered to be the
est biocompatible metallic material because its surface proper-
ies result in the spontaneous build-up of a stable and inert oxide
ayer as reported (Elias et al., 2008). The first debinding process, i.e.
olvent debinding, does not involve polymer decomposition. The
hemical analysis results shown in Table 2 confirm that leaching
P-Ti MIM  samples in water does not increase oxygen levels detri-
entally. Titanium metal contains a surface layer of titanium oxide

hat prevents chemical reactions. When the layer is damaged it is
sually restored rapidly. Titanium only reacts with water after its
rotective titanium oxide surface layer is destroyed. It is therefore
ater insoluble.

Pertaining to kinetics, solvent debinding is a two-stage process
onsisting of dissolution and diffusion. Initially, the solvent dis-
olves the polymer phase, thus forming porous surface. The solvent
hen gets into the pores by capillary action. This is followed by dif-
usion of dissolved polymeric substances out of the green body. The
rocess can be formulated using Fick’s diffusion-based model that
as been reported by Kim et al. (2007):

n
(

1
F

)
= Det�2

(2L)2
+ K (1)

here F is the fraction of the remaining soluble polymer, De is the
nter-diffusion coefficient of polymer and solvent, t is time, 2L is
he thickness of the specimen and K represents the change in the

echanism controlling the debinding behaviour.
Eq. (1) can be utilised to explain solvent debinding behaviour of

EG for the injection moulded CP-Ti powder. In order to demon-
trate that solvent debinding is a two stage process, results have
een included in Fig. 14 for the debinding temperatures of 40 and
5 ◦C where ln(1/F) is plotted against leaching time. At 40 ◦C it is
lear that the solvent debinding is a two-stage process. The dissolu-
ion of PEG is the rate limiting step in the beginning of debinding up
o leaching time of 3 h. As the process proceeds, a longer diffusion

istance through porous channels formed after initial debinding
lows down the process and diffusion becomes rate-determining
tep.
ng Technology 212 (2012) 1591– 1597

4.2. Thermal pyrolysis

The backbone PMMA  is removed by decomposition. The decom-
position was explained by Jellinek (1978) who  stated that the
PMMA  retro polymerises into monomers with the production
of gaseous product but leaves no residue and that the range of
monomer (MMA)  yielded in the process is from 95% to 100% in vac-
uum or inert atmospheres. The residual oxygen and carbon levels
obtained in the sintered samples suggest that the titanium surfaces
do not interact significantly with PMMA  or its degradation prod-
ucts. During the process, several mass transport processes often
occur simultaneously during binder removal but in the case of the
Ti/PMMA body it is the pore structure of the partially debound
body which influences the resistance to mass transfer. The pre-
existing porosity allows for fast vapour transport, making the body
relatively easy to debind.

Apart from the pore structure, the carefully controlled heating
rate and the partial pressure in the furnace, on which the mean free
path depends, are designed to control the capillary forces and limit
defect formation. At the set partial pressure of 300 Torr or 400 mbar,
the velocity of the inert (argon) gas molecules is sufficient to allow
for smooth and even flow over surface irregularities. According to
Joens (2005),  this creates an even flow and no shadow effects, much
as if the parts were submerged in a liquid. At an atmospheric pres-
sure of 760 Torr, the gas molecules would flow at high pressure and
velocity, colliding with each other whereas at a molecular flow of
1 Torr or less, the gas molecules are known to collide with each
other randomly and gas flow becomes unpredictable.

The transport of gaseous species through empty pores occurs by
either Knudsen slip, or viscous (Poiseuille) flow as demonstrated
by German (1979).  The flow mechanism was also used by Tsai
(1991) when they analysed pressure build up and internal stresses
during binder burnout and by Song et al. (1996) in modelling the
effect of gas transport during thermal debinding. The Knudsen flow
which was originally formulated by Knudsen (1909) occurs when
the average pore radius (r) is much smaller than the mean free path
(�g), i.e. r/�g < 0.1. Slip flow occurs when gas transport is intermedi-
ate between viscous flow and Knudsen flow, i.e. r/�g is in the range
of 0.1–10 and, finally, viscous flow occurs when r/�g > 10 as was
demonstrated (Lewis, 1997).

The process of gas transport through the pores can be estimated
using an expression developed by Wakao et al. (1965) to estimate
K, the transport coefficient for a single gas through a capillary of
radius r:

K = 1
RT

[
(2r/3)

√
8RT/�MW

1 + 2r/�
+ 1

1 + �(2r)

(
�r

6

√
8RT

�MW
+ r2p

8�

)]
(2)

where R is the gas constant, T is temperature, Mw is molecular
weight of the gaseous species, P is pressure, and � is the viscosity
of the gas given by:

� = MW �̄

3
√

2N0��2
(3)

where �̄ is the mean molecular speed, N0 is the Avogadro constant,
rise to a moving boundary with a variable concentration of diffusant
that depends upon the surface flux, gas transport coefficient, and
thickness of the porous layer as stated by Lewis (1997).
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. Conclusion

Titanium components which have biocompatible properties
ave been produced via the MIM  process. Details of the route which

ocuses on the debinding process have been discussed in terms of
hemical reactions and also in terms of debinding kinetics. The final
intered products were evaluated against ASTM standard require-
ents. The tensile strength, elongation and oxygen levels within

pecification were achieved using the specially controlled debind-
ng and sintering process to meet the requirements for Grade 2
itanium.

Therefore the titanium components fabricated exhibit poten-
ial for biomedical applications because the binder is completely
emoved before sintering. After sintering at high temperatures the
arts are absolutely clean due to the protected atmosphere at high
emperature. The fabrication route can be used for orthopaedic and
ental products with complicated shapes.
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