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A powder extrusion molding (PEM) process has been used for the manufacturing of tungsten heavy alloy rods
with large length to diameter ratio. An improved wax-based multi-component binder was developed for PEM
of 93W–Ni–Fe alloy. The miscibility of its components and the characteristics of the binder were evaluated and
good thermal–physical properties were obtained. Also, the feedstock rheological properties, extrusion molding
and debinding process were studied. The feedstock exhibited a pseudo-plastic flow behavior. The large length
to diameter ratio rods, with diameters up to 36 mmwere extruded at 65 °C by optimizing the extrusion process.
A two-step debinding process was employed to remove the binder in the extruded rods. Solvent debinding was
carried out in n-heptane at 45 °C to extract the soluble components. A process of repeated short time immersion
and drying of the extruded rods (called short-period solvent debinding) was developed and using this novel
technique the binder removed was raised from 45% to 60%. SEM analyses indicated that a large volume of
poreswas formed in debound rods, but had not created interpenetrating pore channels yet. The rest of the binder
could be thermally extracted at a high heating rate without defects.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Tungsten heavy alloys have excellent physical andmechanical prop-
erties. They are extensively used in the military field, e.g. kinetic energy
penetrators. With the rapid development and innovation of tanks, ar-
mored vehicles and other defense equipments, higher demand for the
strength and toughness and the length to diameter ratio of tungsten
alloy materials for missiles (such as long rod penetrators) is required
[1–3]. PEM is an advanced near net shape technology for powdermetal-
lurgy, which has been rapidly developed in recent years, and has now
become one of the most effective ways to produce tube, rod, strip and
other special shaped products of cemented carbide, high-density tung-
sten alloy, and other metals and their alloys [4–6].

The PEM process includes basically four steps: mixing, extrusion
molding, debinding and sintering. Successful production of parts by
PEM is closely related to the binder system utilized. However, little in-
formation has been reported concerning the PEM binder, especially for
tungsten heavy alloys. In PEM, the binder should have low viscosity at
the extrusion temperature, and good low-temperature fluidity during
molding. During debinding, the binder should hold the shape and be to-
tally removed with the least impact on the compact. To fulfill the above
requirements a successful binder for the PEM process requires a multi-
componentmixture.Wax-basedbinders are often recommendedbecause
ghts reserved.
waxes have low-melting temperature, good wetting and low viscosity.
Zhou et al. [4] have successfully manufactured hard-metal extruded
rods with diameters up to 16 mm by using a novel wax-based binder
system. Although wax-based binders are widely used, they suffer from
long debinding time and a tendency to crack, slump or distort during
debinding [7,8]. Thus, some of additives andmodifiers are adopted to im-
prove the comprehensive properties [9]. Moreover, debinding is the cru-
cial step to limit the thickness and size of parts [10,11]. The current PEMor
PIM (powder injectionmolding) technology can only fabricate parts with
the thickness below 20 mm. If PEM binder can be designed comprehen-
sively and the debinding cycles for PEM can be optimized, the PEM pro-
cess can be suitable for fabricating larger-sized parts.

In this work, production of tungsten alloy rods via extrusion molding
methodwith a developedwax-based binder was investigated. The rheol-
ogy behavior of prepared feedstock was studied and extrusion molding
was performed at low temperature. A combination of solvent debinding
and thermal debinding was used for removing binder from specimens
and defect free tungsten heavy alloy rods were manufactured after opti-
mizing the process variables.
2. Experimental

2.1. Materials

Themixed 93W–4.9Ni–2.1Fe powder (Fig. 1) was used in the exper-
iment. The characteristics of raw powders are listed in Table 1. The
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Fig. 1. SEM micrograph of 93W–4.9Ni–2.1Fe composite powder.

Fig. 2. A photograph showing the extrusion molding equipment.

Table 2
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binder used in this work was composed of paraffin wax (PW), liquid
paraffin wax (LPW), high density polyethylene (HDPE), polyethylene
vinyl acetates (EVA), carnauba wax (CW), stearic acid (SA) and a minor
plasticizer (dioctyl phthalate, DOP) and modifier (polyethylene
wax, PEW).

2.2. Process

The feedstock for extrusionwas prepared bymixing a proper ratio of
powder and binder. The proper ratio of the binder and tungsten heavy
alloy powder was 50/50 by volume, respectively. Premixing was done
with a dry-mixing apparatus (IJA, US) at room temperature (RT) and
30 r/min for 0.5 h. Fine mixing was done in a simple z-type stirring
kneader (NH-20L, Jiangsu Province, China) at 160 °C and 41 r/min
for 3 h. Green extruded rods were formed by extrusion molding the
feedstock mixture in a Dorst vacuum worm type extrusion press using
a water heating system (Fig. 2). The rods were cut into 80 mm sections
to investigate the debinding character. Solvent debinding was carried
out in n-heptane at different debinding temperatures (ranging from
RT to 50 °C), in different periods (ranging from2 to 16 h) and atfixed sol-
vent feed ratio of 10/1 by volume. The rod samples (extrusion molded
parts) were placed at the center of a 1500 ml self-designed device con-
taining the solvent. The device was kept at a constant temperature by
thermostaticwater bath. The debound sampleswere air-dried to constant
weight at RT.

The debinding ratio (Wd) was measured according to the following
equation:

Wd ¼ Wi−W
Wi

� 100 ð1Þ

where Wi is the initial weight of extruded body and W is the weight
after solvent debinding. The binder removed weight fraction was calcu-
lated by dividing Wd by the total binder content (5 wt.%) in the
feedstock.

After solvent debinding, the rods were thermally debound by using
the designed heating curve, and then pre-sintered at 950 °C for 1 h in
a vacuum debinding furnace. Sintering was performed under H2 atmo-
sphere in a molybdenum wire furnace.
Table 1
Typical characteristics of raw powder.

Powder Powder shape Particle size (μm) Powder purity (%)

W Irregular 2.0 99.9
Ni Spherical 5–8 99.5
Fe Irregular 5–8 99.5
2.3. Test methods

DSC and TGA analyses were used to study the thermal properties
of the binder. The DSC and TGA experiments were performed on
NETZSCH STA 449C under the following conditions: the heating
ratewas 10 °C/min, the atmospherewas pure nitrogen and the temper-
ature was up to 600 °C. A capillary rheometer (Instron 3211) was used
tomeasure the viscosity of the feedstock at 60–90 °C. A diewith a diam-
eter of 1.2 mm and a length of 51.0 mm was used. Photographs were
taken for observation of the surface topography of the extrusion mold-
ing green rods. The surface morphology of the binder was observed
with a polarizing microscope (OLYMPUS, PMG3). The sectional micro-
structures of the feedstock, green and debound rods were studied on
a SEM device (JSM-5600LV, JEOL).

3. Results and discussion

3.1. Binder characterization

The thermal characteristics of the major binder components are
summarized in Table 2. Various waxes and other adjuvants are added
to the binder to lower down the viscosity and increase the miscibility,
wettability and rheological property. To evaluate the performance of
the binder, the extrusion property of the feedstock based on the binder
was tested, and compared with a typical binder (see Section 3.2). The
composition of the binders is listed in Table 3. The binder TB-1 is a typ-
ical wax-based binder for PIM tungsten heavy alloys [12,13] and an im-
proved wax-based binder named NB-2 was developed for this work.

The prepared binder NB-2 was a light yellow hard solid at RT. After
heating, an oil sticky and molten state substance was obtained. Fig. 3
shows the sectional SEM photographs of the prepared binder. This re-
veals that the binder has a uniform laminated structure. A typical polar-
izing microscope photograph is shown in Fig. 4. The white crystalline
components (such as PW) are irregular lumps or fine particles, which
has been dispersed uniformly in black amorphous components. The re-
sults show that the binder is simply a physicalmixture of the components,
suggesting partial miscibility, which is beneficial for each component to
retain its specific feature.
Thermal characteristics of binder components.

Binder
component

Melting
point (°C)

Weight loss start
temperature (°C)

Rapid weight loss
temperature (°C)

Weight loss end
temperature (°C)

PW 58 160 230–350 510
LPW – 70 180–270 450
HDPE 139 410 440–500 550
EVA 80 380 410–450 540
DOP 18 200 250–320 500

image of Fig.�2


Table 3
Compositions of binder systems used in this study.

Binder ID Component (wt.%) Reference

TB-1 PW(74) + HDPE(5) + EVA(20) + SA(1) [12,13]
NB-2 PW(55) + LPW(15) + CW(3) + HDPE(10) +

EVA(10) + SA(1) + DOP(5) + PEW(1)
This work

Fig. 4. Sectional polarizing microscope photograph of binder.

235W. Liu et al. / Int. Journal of Refractory Metals and Hard Materials 42 (2014) 233–239
DSC and TGA analyseswere used to study the thermal characteristics
of NB-2. It is found from Fig. 5 that there are two melting endothermic
peaks at 58.7 °C and 117.0 °C, which are between the melting points
of the binder components. DSC test demonstrates that good miscibility
exists among the binder components. The TGA curve (Fig. 6) shows
that the binder evaporates in two distinct temperature regions, which
are in the temperature ranges from 200 to 385 °C and from 450 to
500 °C. This gradual andwide decomposition temperature range is ben-
eficial for the debinding process.

3.2. Feedstock rheological properties and extrusion molding

The rheological properties of feedstock are crucial to evaluate the
suitability for being extruded. The main problem in extruding large-
diameter rods is the tendency to collapse. In this sense the rheological
properties of the feedstock being extruded must be such that no defor-
mation of the plastic green body can occur due to own weight or to the
necessary handling [6]. To characterize the fluidity of the feedstock, its
viscosity was measured at the extrusion temperature (60–90 °C) and
shear rates in the range of 0–1500 s−1. Fig. 7 gives the dependence of
viscosity on shear rate for the prepared feedstocks based on the two
binders. The feedstocks show pseudo-plastic behavior and the viscosity
decreaseswith increasing shear rate. Also, as the temperature increases,
there is a decrease in the feedstock viscosity. This behavior is the most
adequate for the extrusion or injection process.

As it can be seen in Fig. 7, theflowbehavior of the feedstock based on
NB-2 is basically identical to the feedstock based on TB-1, but the values
are reduced to some degree in all the shear rate range studied. This
proves that the feedstock based on NB-2 has better rheological proper-
ties at low temperatures. The reason is that LPW and DOP added as
modifier improve the rheology of the feedstock significantly [14].
From this point of view, the feedstock based on NB-2 was believed to
be more suitable for extrusion molding step.

The feedstock present very good homogeneity as deduced from the
microstructural analysis and from feedstock viscosity fluctuation with
time. Fig. 8 shows a typical fracture surface of the feedstock (based on
NB-2). It can be seen that the binder and powder are of good compati-
bility and themixture is homogeneous. The SEM image shows a uniform
distribution of the binder throughout the feedstock. A thin layer of the
Fig. 3. Sectional SEM photograph of binder.
binder around almost all the particles can be seen, which is considered
useful for facilitating the flow during the molding stage. Fig. 9 gives the
viscosity variation with time at a constant shear rate of 1000 s−1. Small
variation of viscosity versus testing time indicates homogeneous feed-
stock [15].

The molding properties of the prepared feedstocks were tested by
the continuous extrusion experiment. The main factors that influence
the quality of extruded rods include extrusion temperature and extru-
sion velocity. After repeated screening experiments, the optimal mold-
ing temperature for NB-2 based feedstock was determined to be 65 °C
when the screw speed was 4.2 r/min, and the ratio between screw
speed and feed speed was 2:1. The study showed that the high quality
rods with good surface finish, and with diameters up to 24 mm and
36 mmweremanufactured (Fig. 10). However, due to its high softening
temperature, and its high viscosity and poor fluidity at low extrusion
temperature, it is difficult for TB-1 based feedstock to form by this plas-
tic extrusion process. That is, the traditional binder (TB-1) is only appro-
priate for PIM but not PEM.
3.3. Debinding process

Debinding is a critical and probably themost difficult step because it
remains a challenge for thick samples to completely remove the binder
without introducing defects such as cracking and blistering. A two-step
debinding process, namely the solvent-thermal debinding method was
used to extract the binders in the rods. The main advantage of this pro-
cess is that the long debinding cycle in conventional thermal debinding
Fig. 5. DSC curve of binder.
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Fig. 6. TGA curve of the binder. Fig. 8. SEM photograph of fracture of feedstock.
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is now shortened significantly without causing cracking and distortion,
which occur frequently in straight thermal debinding [16].

During the solvent debinding, the important parameters are
debinding temperature and debinding time. Fig. 11 shows the temper-
ature influence on the debinding process for Φ24 mm rods. The tem-
perature promotes an improvement in debinding process efficiency
for all specimen dimensions, due to an increase in solubility and diffu-
sivity of soluble components (such as PW and LPW) in n-heptane as a
function of temperature. A similar behavior has also been reported ear-
lier in the literatures [11,17–19]. However, quite a number of the rods
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Fig. 7. Relationship between viscosity of feedstock and shear rate.
showed varying degrees of cracks or other defects within 12 h or
shorter when the temperature rose to 50 °C. These defects are related
to the swelling of the binder during solvent debinding, and the higher
the temperature, the greater the possibility of the defects [20,21].
Fig. 12 shows the effect of debinding time on the binder removal at
45 °C for different sample thicknesses. After 16 h, the binder removed
of Φ24 mm and Φ36 mm rods up to 55% and 45% were obtained, re-
spectively. In general 79% of the soluble components (PW, LPW, CW,
SA and DOP) could be extracted. But the debinding rods were suffering
from cracking or slumping when the debinding time was over 18 h,
which was also related to the binder swelling and softening. Therefore,
the solvent debinding process for extruded rods, when not properly ex-
ecuted,may result in cracking, distortion, and slumping, which is attrib-
uted to binder swelling and binder softening, and the extent of swelling
or softening increases with increasing temperature and debinding time.
It can be seen from the above analysis that the most suitable solvent
debinding condition is 45 °C for 16 h.

For safe and rapid binder removal with aminimumpossibility of de-
formation and crack formation, the vacuumatmospherewas used in the
subsequent thermal debinding process [8]. The rods that are solvent
debound at 45 °C for 16 h have been thermally debound to remove
the backbone components (HDPE, EVA andPEW) and the rest of the sol-
uble components, which remain after solvent debinding. The thermal
debinding cycles were performed based on the thermal decomposition
of the binder components and the TGA curve of the binder (Fig. 13).
After thermal debinding, defect-freeΦ24 mm rods were gained, but se-
rious crack and bubbling occurred inΦ36 mm rods (Fig. 14). That's due
to the lower binder removed fraction of Φ36 mm rods during solvent
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Fig. 9. Viscosity variation with time for feedstock at 1000 s−1.
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Fig. 10. Surface morphology ofΦ24 mm and Φ36 mm green rods.
Fig. 13. Thermal debinding process.
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debinding. Therefore, in order to avoid the defects that can be produced
by inadequate binder removal, the binder removed fraction should be
raised by optimizing the solvent debinding process.

Fig. 15 shows the sectional SEM photograph of the sample surface
after solvent debinding, and it clearly displays the segregation phenome-
non of some binder components. During the solvent debinding process,
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solvent molecules penetrate into the binder, producing swollen gels.
Soluble binder components, such as PW, when dissolved in the solvent,
would form liquid solutions, which have good fluidity [20]. So when tak-
ing samples out of the solvent debinding bath, and then air-drying them
at RT, the liquid solutions would diffuse toward the surface due to the
pressure and capillary force. A large quantity of liquid solutionswas gath-
ered together in the surface layers of rods, whichwould form an accumu-
lation of binder as the solvent molecules began to evaporate. Since this
Fig. 14. Thermal debinding defects of Φ36 mm rod.

Binders

Fig. 15. SEM morphology of sample debound in axis direction.
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part of residual binder could be removed quickly by immersing in the sol-
vent again, a short-period immersing solventmethodwas designed as an
optimized solvent debinding process for thick rods. The specific process
was that first immersing in n-heptane at 45 °C for 12 h and drying at
40 °C for 1 h, then repeatedly re-immersing in n-heptane at 45 °C for
6 h and drying at 40 °C for 1 h. After immersing Φ36 mm rods in
n-heptane for twice, around 60% of the soluble components have been
removed. Therefore, during the optimized solvent debinding process, an
intermediate stage was successfully introduced as an additional drying
step to provide stress relaxation, and hence, no defects occurred. Further-
more, the rods had an adequate strength for handling even after solvent
debinding.
a

b

c

Fig. 16. SEM micrographs of solvent debound rod from surface (a) through (b) to center
(c) of rod.
Fig. 16 shows the micrographs of Φ36 mm rod after immersion for
twice. It reveals that the solvent debinding process is advancing from
external to internal. There are a large amount of connected pores in
the surface, and themorphologies of powder particles obtained became
more distinct (Fig. 16a).With the formation of surface pores, the solvent
gradually spread to the inside, the internal binder begins to dissolve,
and forming a layer ofmedium similar to the “liquid film”which contin-
uously distributed between the powder particles (Fig. 16b). However,
there are still two-phase homogeneous mixtures of binder and powder
in the center of debound rod (Fig. 16c). It can be seen that it is difficult
for the thick samples to form interpenetrating pore channels from exte-
rior to interior during solvent debinding. However, Since nearly 60% of
binder was removed by optimizing solvent debinding process in the
present study, there is a large volume of capillary porosity inside of
rod which makes leaving of gaseous products in subsequent thermal
debinding easy in short time. After thermal debinding, the rest of the
binder (nearly 40%) was removed. The total weight loss percent of
these rods was close to 5%, indicative of a successful debinding process.
After sintering at 1550 °C for 180 min in reductive H2 atmosphere, rods
free of defect were obtained. Fig. 17 shows a photograph of the sintered
rods after the surface machining process.
4. Conclusions

A wax-based multi-component binder for extrusion molding of
tungsten heavy alloy has been developed and tested. The polarizingmi-
croscope, SEM and DSC analyses showed that this binder system has
good miscibility and thermal properties which are beneficial for the
debinding process. The rheological characteristic of feedstock allowed
to perform the extrusion molding at relatively low temperatures, as
well as a pseudo-plastic behavior favoring the molding process. The
defect-free 93W–Ni–Fe green rods were obtained at an extrusion
temperature of 65 °C. A short-period solvent debinding method was
successfully introduced as an optimization solvent debinding process
for thick rods to raise the binder removed fraction and to avoid the
debindingdefects. By optimizing the solvent-thermal debindingprocess
conditions, tungsten heavy alloy extruded rods with diameters of up to
36 mm, with no defects, were manufactured successfully.
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