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Abstract: Regular elemental powders were used in warm flow compaction instead of the expensive micron-sized powders to 
fabricate cross-shaped parts. Debinding behaviors, sintering properties and shape consistency of the sintered parts were studied. 
Binder removal was accomplished by heating green compacts at intermediate temperatures with optimal heating rates until the 
debinding temperature was reached. Results show that by controlling debinding process, complex parts with good shape consistence 
can be obtained by warm compaction of binder-treated powder. Fine and shiny surface was obtained and no surface defect can be 
observed for sintered parts debinded at 2 ℃/min, while defect can be observed in sintered parts debinded at 4 ℃/min. 
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1 Introduction 
 

Powder metallurgy (PM) process is an economical 
net-shape manufacturing technique. Unfortunately, 
conventional PM is not capable of producing complex 
parts with aspects lateral to pressing direction[1]. 
However, a recently developed warm flow compaction 
(WFC) technique[2] can overcome this problem by 
increasing the flowability of the mixed powder and gives 
the powder the capability to flow around corners without 
forming shear cracks in the green during compaction. 
WFC uses higher binder content than conventional die 
pressing but considerably lower than metal injection 
molding. The flowability of the WFC powder was 
enhanced by blending in an appropriate ratio of fine 
powder fraction to lubricating binders. The highly 
admixed binder content transformed the powder-binder 
blend into a highly filled liquid forms during heating[3]. 
Optimal binder should have a favorable rheological 
property and is capable of undergoing complete 
transformation into small and non-toxic volatile 
compounds during the debinding process. Basic 

debinding process includes thermal debinding, solvent 
debinding and wick debinding[4]. Proper removal of 
organic binder is vital in obtaining sintered part with 
good mechanical property and shape consistence[5]. 
Thus, understanding the binder degradation kinetics and 
whether it interacts with inorganic powders are key 
issues to avoid inappropriate debinding operation[6−8]. 
In thermal debinding process, binder removal was 
accomplished by heating green compact at intermediate 
temperature with optimal heating rate to avoid rapid 
phase transformation of the binder. Sudden accumulation 
of the evolving gases in the compact should be avoided 
since it will generate high pressure buildup, which may 
lead to defects[8−10] such as blistering, warping, and 
skin exfoliation in the sintered product.  

In this study, regular elemental powders were used, 
instead of the expensive micron-sized powders that used 
in WFC, to fabricate cross-shaped parts. Debinding 
kinetics and sintered properties were also studied.  
 
2 Experimental 
 
2.1 Materials and sample preparation 
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High purity water atomized iron powder with an 
average particle size of 75 µm was used as base material. 
Ni powder (＜75 µm), Mo powder (＜75 µm) and 
graphite powder (＜ 75 µm) were used as alloying 
elements. Compositions(mass fraction) of the mixed 
powder were 96.5% Fe, 2.0% Ni, 0.5% Mo and 1.0% C. 

After pre-mixed in a V-type mixing machine for 1 h, 
the mixed powder was then wet mixed with 3% and 6% 
of binder, which consists of waxes and polymers. The 
waxes (paraffin wax and carnauba wax) provide 
lubrication and viscosity during warm compaction, while 
the polymers bind the powder together. After drying, the 
mixture was ground and screen to be less than 150 µm. 
The pre-heated mix powder was then pressed in a heated 
steel mold, with a cross-shaped cavity at 163 ℃ . 
Standard tensile test specimens (GB 7963—1987) were  
also prepared to measure the tensile property. 
Compacting pressure was 600 MPa and pressing speed 
was 250 mm/min. Lubrication oil was brushed on the 
inner die wall for lubrication. 

Green compacts were debinded at 500 ℃ for 1 h, 
using heating rates of 2 and 4 ℃/min, in the pre-heating 
zone of a pusher type furnace under the reduced H2-N2 
atmosphere. After debinding, the samples were sintered 
at 1 120 and 1 300 ℃ for 1 h, then subsequently cooled 
to room temperature. 
 
2.2 Thermogravimetric measurement 

Thermogravimetric (TG) measurements were 
carried out on a Netszh STA449 Jupiter Simultaneous 
Thermal Analyzer to provide thermal debinding 
information and the possible effect of inorganic powders 
on the binder decomposition. About 8 mg of binder and 
45 mg of mixed powder+6% binder were heated from 
313 to 823 K under N2 atmosphere. Heating rates of 2, 5, 
8 and 11 K/min were used. 
 
2.3 Properties measurements 

Ultimate tensile strength, elongation, green and 
sintered densities were measured. Density was measured 
by Archimedes method. A computer controlled universal 
testing machine was used to measure the green strength, 
tensile strength and elongation. Dimensional change after 
sintering was measured by micrometer according to 
GB/T 5159—1985. Data reported in this study were the 
average of at least three separate measurements. 
 
3 Results and discussion 
 
3.1 Thermal debinding 

As suggested by GERMAN[5], thermal debinding 
starts with the binder decomposition at the binder/gas 
interface, and the evolving gas diffuses or permeates to 
the surface through inter-particle voids. As debinding 

continues, the binder progressively retreats toward the 
center of the body. Thermal debinding process usually 
starts with the binder melting. According to 
WOODTHORPE et al[11], it can be divided into three 
phases: 1) initial phase, where pores start forming; 2) 
intermediate phase, where interconnected pores form; 
and 3) final phase, where all binder are eliminated. 
Fig.1(a) shows TG curves of binder. It can be seen that 
the binder elimination starts gently at approximately 180 
℃ then the elimination rate increases rapidly at about 
350 ℃. Not considering the melting stage (before 180 
℃), this debinding process mainly consists of two stages. 
First, low melting point waxes are eliminated, at which 
pores and interconnected pores form (stage 1, 180−350 
℃) then the elimination of the polymeroccurs, at which 
all binder are eliminated (stage 2, 350−490 ℃). Fig 1(b) 
shows TG curves of the mixed powder+6% binder. 
Although not as clear as those in Fig.1(a), the two 
debinding stages can be distinguished within the same 
temperature range. 

TG curves of the mixed powder+binder show a 
gradual mass loss during the whole debinding process. 
Binder elimination starts at about 180 ℃  and 
elimination rate becomes significant at about 250 ℃. It 
is at this intermediate temperature that interconnected 
 

 
Fig.1 TG curves at different heating rates: (a) Binder only; (b) 
Mixed powder with 6% binder 
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pores should be developed to make room for vapor 
escaping and thus avoid rapid pressure buildup in the 
part; therefore reasonable slow binder elimination rate is 
preferred. Fig.1(b) shows that at low heating rates of 2 
and 5 K/min, the elimination rate is only half of that of 
the higher heating rates. Thus 2 and 4 K/min are chosen 
as the heating rates and 773 K is selected as debinding 
temperature for debinding in the part preparation. 

The rate constants for each stage were calculated 
from TG data using Eqn.(1)[12]: 

)( res
d mmt

mk
−∆
∆

=                             (1) 

where  m is instantaneous mass, ∆m is mass change 
during time ∆t and mres is residual mass at the end of the 
experiment. Rate constants obtained from each 
experiment are fitted to the Arrhenius expression[13]: 

RT
E

Ak a
d lnln −=                             (2) 

where  R is gas constant and T is absolute temperature. 
The pre-exponential factors A, and the activation energy, 
Ea, can be obtained from the slopes and intercepts from 
the linear fits to each of the TG experiments. The fittings 
can be divided into two regions that correspond to the 
two stages of the debinding process demonstrated in 
Fig.1. Figs.2 and 3 show the Arrhenius plots for samples 
of binder only and for powder+6% binder, respectively. 
 

 
Fig.2 Arrhenius plot for binder only (stage 2) 
 

Table 1 lists the calculated activation energy at 
different stages. The activation energy of thermal 
decomposition for pure binder is higher than that of 
powder+binder. The reason for this is not well known, 
but it is believed that the large surface area of the powder 
particles catalyze the binder decomposition in some  

 
Table 1 Ea calculated from TG experiments 

Sample Stage Ea/(kJ·mol−1) 
Binder only 2 180.9±3.5 

Mixed powder with 
6% binder 

1 
2 

42.6±3.2 
75.1±4.9 

 

 
Fig.3 Arrhenius plots for powder + 6% binder: (a) stage 1; (b) 
stage 2 
 
complex manner[14−15]. 
 
3.2 Properties of sintered part 

As shown in Fig.4(a), sintered cross-shaped part is 
successfully prepared by binder-treated warm 
compaction, using a debinding rate of 2 ℃/min. Fine 
and shiny surface is obtained and no defect can be 
observed. While, defect such as cracks and surface pores 
can be observed for sintered parts debinded at 4 K/min, 
as shown in Fig.4(b). Experimental results show that 
heating rate of 2 K/min is good for debinding samples 
containing both 3% and 6% binder. 
 

 

Fig.4 Photographs of sintered parts: (a) Debinded at 2 K/min; 
(b) Debinded at 4 K/min 
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Table 2 Densities and shrinkages of green and sintered parts debinded at 2 K/min 

w(binder)/ 
% 

Green 
density/ 
(g·cm−3) 

Sinter 
temperature/ 

℃ 

Sintered 
density/ 
(g·cm−3) 

Sinter 
shrinkage 

axial length/
% 

Sinter 
shrinkage 

axial diameter/%

Sinter 
shrinkage 

lateral length/ 
% 

Sinter 
shrinkage 

lateral 
diameter/% 

1 120 6.339 −2.80 −0.19 −2.60 −0.26 
3 5.952 

1 300 6.590 −2.80 −0.20 −2.50 −0.30 
1 120 6.381 −4.87 −0.22 −5.71 −0.28 

6 5.971 
1 300 6.720 −5.83 −0.27 −6.10 −0.31 

 
Table 3 Property of tensile specimen 

w(binder)/% 
Green 
density/ 
(g·cm−3) 

Green 
strength/ 

MPa 

Sinter 
density/ 
(g·cm−3) 

Tensile 
strength/ 

MPa 
Elongation/% 

3 6.456 31.7 6.920 514.0 5.9 
6 6.477 30.7 7.490 430.8 2.6 

 
Green density, sintered density, lateral and axial 

dimensional changes after sintering are listed in Table 2. 
For samples containing 3% binder, the green part has a 
density of 5.95 g/cm3 and the part sintered at 1 300 ℃ 
has 6.59 g/cm3. Compared with samples containing 3% 
binder, samples containing 6% binder have higher 
sintered density. The reason is probably that there is the 
better distribution of the alloying elements caused by the 
better fluidity of the powder mixture. 

From Table 2, it can also be seen that consistent 
dimensional change is maintained for samples prepared 
by using 3% binder. All samples show negative 
dimensional change, which will increase the overall 
density of the part. This shrinkage effect can be 
compensated by adding proper amount of Cu, which 
gives positive dimensional change after sintering. 

The benefit of using high binder concentration is 
that the powder has better flowability and thus better 
complex shape forming ability, but significant 
dimensional change will be introduced (as shown in 
Table 2) and debinding process becomes more difficult, 
especially for high green density parts. The high green 
density hinders the elimination of the evolving gases 
during debinding and causes various kinds of defects in 
the sintered sample. 

Density and mechanical property of the tensile test 
specimen debinded at 2 K/min and sintered at 1 300 ℃ 
are listed in Table 3. Fine and shiny surface is obtained 
and no surface defect can be observed for sintered tensile 
specimen prepared by using 3% binder, while surface 
pores can be observed for sintered tensile specimen 
prepared by using 6% binder. This implies that heating 
rate of 2 K/min is not suitable for debinding compacts 
with high green density (approximately 6.46 g/cm3 in 
this case), although it is good for debinding the 
cross-shaped part, which has a lower green density of 

approximately 5.96 g/cm3. As shown in Table 3, due to 
the presence of pores, samples prepared by using 6% 
binder have lower tensile strength although it has higher 
sintered density. 
 
4 Conclusions 
 

1) Lower activation energy is needed for thermal 
debinding of the binder in the presence of the inorganic 
powders. 2 and 4 K/min are chosen as the heating rates 
and 500 ℃ is selected as debinding temperature for the 
debinding process. 

2) Cross-shaped parts are prepared by binder-treated 
warm compaction method. Fine and shiny surface is 
obtained and no surface defect can be observed for 
sintered parts debinded at 2 K/min, while defect can be 
observed in sintered parts debinded at 4 K/min. 

3) Tensile specimen prepared by using 3% binder 
and sintered at 1 300 ℃ has a density of 6.92 g/cm3, 
tensile strength of 514 MPa and elongation of 5.9%. 
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