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The effects of powder loading and binder additive on the rheology, moulding, and sintered 
properties of alumina injection-moulding blends were studied. The melt viscosity increased 
with the powder loading, which enhanced the defect concentration of the moulded parts 
when the powder loading was higher than 0.54 volume fraction. This transitional powder 
loading was much smaller than the critical powder loading of 0.65 derived by fitting the 
rheological data with a mathematical model. The low molecular weight acidic binder additives 
used in this study effectively reduced the melt viscosity. However, additives that yielded a 
large quantity of burn-out residue deteriorated the sintered properties. A high powder-loading 
mixture having a low melt viscosity and good powder dispersion was achieved by eliminating 
powder agglomerates before mixing, and by using an appropriate binder additive. 

1. Introduct ion  
Powder injection moulding is a fabrication process 
used for mass production of parts with thin walls and 
complex shapes [1]. Although it comprises the steps 
analogous to those in plastic injection moulding and 
other binder-assisted ceramic processes, such as slip 
casting and extrusion, it has unique attributes and 
limitations [1, 2]. Similar to other binder-assisted cer- 
amic processes, a homogeneous and high powder 
packing is one of the primary goals for powder injec- 
tion moulding. A homogeneous particle packing en- 
hances sintering and reduces anisotropic shrinkage, 
while a high particle-packing density gives a high 
sintered density and smaller shrinkage vital to dimen- 
sional control. Nevertheless, a powder loading close to 
the critical value results in an infinitely high viscosity 
which retards injection moulding. Inhomogeneities in 
the blend for powder injection moulding arise mainly 
from the powder agglomerates [3,4], poor binder 
wetting on the powder [5,6], and low mechanical 
shearing in mixing [3, 41. 

Particle dispersion is affected by the powder binder 
adhesion. The surfaces of most metals, metal oxides, 
carbides, and nitrides are covered with polar hydrated 
groups. The adhesion force between the powder and 
binder arises from acid-base interaction [5] or cova- 
lent bonding [7-9]. Usually, a surface-active dis- 
persant is used to bridge between the binder and 
powder. Dispersants based on covalent bonding are 
mostly organometallics. A proper organometallic dis- 
persant reduces the flow viscosity [8, 9] and increases 
the green strength [9], but for incompatible 

powder-binder combinations there may be more 
difficulty in attaining a homogeneous mixture [8]. 
Dispersants based on acid base reaction are mainly 
hydrocarbon organic materials. The acidic or basic 
properties of ceramic powders have been determined 
[10]. From the viewpoint of a Lewis acid-base inter- 
action [5], a basic powder surface is most compatible 
with acidic polar binder and vice versa. An incom- 
patible binder-powder system results in inhomoge- 
neity of the blend and deterioration of green strength 
[5]. 

The widely used injection-moulding binders have 
been documented [11]. An ideal binder for powder 
injection moulding is a multicomponent mixture that 
contains a high molecular-weight backbone polymer, 
a low molecular-weight filler, and a flow modifier or 
dispersant. This combination gives good flow behavi- 
our in injection moulding and subsequently a stepwise 
binder removal in debinding. The adhesion-enhancing 
polar binder component can be a high molecular- 
weight polar wax such as carnauba wax or montan 
wax [12], or it can be a low molecular-weight dis- 
persant such as fish oil or stearic acid [5, 6, 10]. The 
low viscosity and high polarity of low molecular- 
weight dispersants make them more effective than the 
high molecular-weight waxes. A good dispersant con- 
tains a functional group that strongly anchors to the 
particle surface via an acid-base interaction or cova- 
lent bonding, and a carbon chain that extends into the 
binder [7]. These create the stabilization of the par- 
ticles after they are broken apart by mechanical 
shearing. The dispersants are usually added to the 
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powders in a pre-treatment stage [13], whereas mixing 
the powder with the binder and dispersant in one 
batch is most desirable. This depends on the efficiency 
of the dispersant, and is determined by its anchoring 
force to the particle surface and its solubility in the 
binder [7]. If the dispersant is very soluble in the 
binder and the anchoring force to the powders is very 
weak, not much dispersant will stay on the particle 
surface and the dispersion effect is weak. On the other 
hand, if the anchoring force to the powders is strong 
and the solubility of dispersant in the binder is limited, 
the dispersant-coated particles can aggregate. An ideal 
dispersant therefore consists of an insoluble functional 
group that strongly anchors the dispersant to the 
particle surface, and a soluble chain that 
extends into the binder to prevent aggregation [11]. 
Such a good dispersant can easily reach the mono- 
layer coverage of adsorption, or the plateau of the 
adsorption isotherm with a small amount of addition 
[10, 14]. 

In this work, the powder-loading effect on injection 
moulding was first examined. Factors limiting the use 
of a high powder loading were addressed. A high 
powder loading was then tailored by varying the 
binder additives using both organic and inorganic 
materials. Finally, the  sintered properties were 
compared. 

2. Experimental procedure 
The alumina powder (A-16SG, Alcoa Inc.) had a mean 
particle size of 0.5 p.m as determined by a laser for- 
ward light scattering method (Microtrac II). The ap- 
parent density and tap density of this powder were 
27% and 33% theoretical, respectively. Doping of 
alumina with magnesia was compared through two 
routes, i.e. doping in a powder pre-treatment and 
doping in mixing. Some of the ionizable magnesium 
salts were tested as dopants, including hydrated mag- 
nesium nitrate, magnesium sulphate, and magnesium 
stearate. In each case, an equivalent of 0.2 mol% 
magnesia was added. For doping in powder pre- 
treatment, the powder was doped with magnesium 
nitrate water solution. It was followed by calcination 
at 400 ~ ball milling, and sieving through 170 mesh. 
The size of the large agglomerates after sieving was 
about 50 p.m. Magnesium sulphate and magnesium 
stearate were used for doping during mixing. 

The binder was a combination of low molecular- 
weight polypropylene, carnauba wax, paraffin wax, 
md a dispersant. The dispersants used in this study 
included stearic acid, fish oil, and phosphate ester acid 
(Emphos PS-21A, Witco Inc.). The amount of the 
dispersant for the monolayer coverage of adsorption 
to take place is near 3 wt % binder in most reports 
[7, 10, 14], and a higher concentration of dispersant is 
more effective [15]. After several preliminary tests, the 
compositions given in Table I were chosen for com- 
parison. The binder additives were fixed at 4 wt % in 
binder. In blend A, the magnesia dopant was added in 
the powder pre-treatment as described above. Differ- 
ent powder loadings, ranging from 50-60 vol %, were 
studied for this composition. In blends B and C, 
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T A B L E  I Binder compositions for case study 

Weight fraction (%) Density Molecular 
(g c m -  3) weight 

A B C D (g tool-  1) 

Polypropylene 20 20 20 20 0.90 43 000 
Carnauba  wax 10 10 20 10 0.97 1300-1500 
Paraffin wax 66 66 66 63.6 0.90 350-420 
Stearic acid 4 4 0 0 0.85 285 
Fish oil 0 0 4 0 0.82 - 
Emphos  PS-21A 0 0 0 4 1.05 100-500 
Magnesium stearate 0 0 0 2.4 1.03 590 

stearic acid and fish oil were added as dispersants, 
respectively, and magnesium sulphate was added as a 
doping precursor during mixing. In blend D, phos- 
phate ester acid was added as a dispersant and magne- 
sium stearate was added as a doping agent during 
mixing. The powder loading was 60 vol % for blends 
B, C and D. 

The blends were prepared with a double planetary 
mixer at 130 ~ The effective mixing zone of the mixer 
was about 7.4 litre while the combined volume of pow- 
der and binder was about 1.3 litre. The mixing time was 
1 h at a maximum rotation frequency of 120 r.p.m. The 
binder components were added first whereas the 
powder was added sequentially in four batches by a 
time interval of 10 min. The flow behaviour of the 
blends was measured with a capillary rheometer. The 
diameter and length of the capillary were 0.1274 
and 5.09 cm, respectively. The shear rate ranged from 
3,51-351s -1 and the temperature ranged from 
t10-150~ The moulded green specimens were 
prepared with a reciprocating screw-type injection- 
moulding machine with automatic ejection. The 
temperatures of the barrel and the nozzle were kept at 
95 ~ and the mould at 30 ~ The green rectangular 
bars were 5.05 cm x 1.25 cm x 0.36 cm. The binder was 
removed by wick-assisted thermal debinding [15, 16], 
conducted in air for 36 h, with 0.5 p.m alumina powder 
as the wicking powder. The test bars were then sin- 
tered in air at a constant heating rate of 20 K min- 1 to 
1600 ~ holding for 4 h. The density of the sintered 
bars was measured with the water-immersion method, 
and the strength was measured with standard three- 
point bend test with a gap length of 3.2 cm. The strain 
rate was approximately l ax  10-3s -1. The average 
strength was determined based on at least 20 speci- 
mens. 

3. Results and discussion 
3.1. Powder loading and rheology 
Powder-filled organics often show a flow yield stress 
in the plot of shear stress versus shear rate [17]. The 
existence of a flow yield stress causes the possible 
separation of the binder from the binder-powder 
blend in extrusion, and stagnation of the blend in the 
region of low shear stress in mixing. Fig. 1 shows the 
flow curve for blend A with a powder loading of 0.56. 
This blend behaved as a pseudoplastic material with a 
flow yield stress, and was very close to a Bingham 
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Figure 1 Flow curve for blend A having a powder loading of 0.56 
volume fraction at 150 ~ showing the behaviour of a pseudoplastic 
body with a flow yield stress. 
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Figure 2 Variation of flow yield stress with powder loading for 
blend A at 150~ 

plastic body. The value of the flow yield stress is 
proportional to the square of powder loading at low 
powder loadings [18], and increasingly deviates from 
the square of powder loading when the powder be- 
comes the major component in the blend [19]. Such 
behaviour is shown in Fig. 2. A high flow yield stress 
indicates a high friction coefficient between particles, 
such that a high shear stress is required to start 
material flow. This can cause the separation of binder 
from the blend, if the shear stress required for the flow 
of binder in the porous structure is much lower than 
that for the flow of the blend. The separation of the 
binder from the blend with a powder loading of 0.6 
volume fraction in capillary extrusion is shown in 
Fig. 3. The shear rate during extrusion changed from 
3.51 s-1 to 351 s-1. When the applied shear stress was 
lower than the flow yield stress of the mixture at low 
shear rates, the binder in the porous powder channels 
bore the applied pressure. The applied pressure caused 
binder flow in the porous channels, which in turn 
increased the flow yield stress of the mixture by in- 
creasing the powder loading. Therefore, a higher shear 
stress was required to exude the mixture. After reach- 
ing a high shear stress, the binder-depleted mixture 
was completely exuded out of the capillary and a low 
shear stress was again induced. Such behaviour was 
repeated in a pattern of sharp serration of the applied 
force. 

A low mixture viscosity at a high solid content is 
desired for injection moulding. However, the viscosity 
increases dramatically once the powder loading ap- 
proaches the critical value [15]. This critical value 
strongly depends on the binder, powder, and mixing 
conditions. The melt viscosity increases asymptoti- 
cally with powder loading. Fig. 4 shows this phenom- 
enon for blend A at 150~ Many models relating the 
apparent viscosity and the powder loading are avail- 
able [15, 20 22]. All of these models acknowledge the 
substantial increase of flow viscosity with powder 
loading close to the critical powder loading, which has 
an infinite flow viscosity. However, none of these 
include the parameter of shear rate, although the 
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Figure 3 Capillary extrusion profile for blend A having a powder 
loading of 0.6 volume fraction under different shear rates a t 150 ~ 
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Figure 4 Flow viscosity versus powder loading at different shear 
rates for blend A at 150 ~ (�9 3.51 s-  1, (A) 11.7 s-  1, ([5) 35.1 s-  1, 
(*) 117s - 1 , ( + ) 3 5 1 s  -1. 

apparent viscosity is strongly dependent on the shear 
rate. 

A particulate-filled polymer blend is a typical ex- 
ample of a disperse system. The viscosity of the 
particulate-disperse polymer blend is usually related 
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to the volume fraction of solid by the following equa- 
tion [15] 

rill 
rir --  

qo 

where qr is the reduced viscosity of the mixture, q, the 
apparent viscosity of the mixture, rio the apparent 
viscosity of the binder, d o the volume fraction of 
powder loading, and doc the critical volume fraction of 
powder loading. The apparent viscosity is defined as 
the ratio of apparent shear stress, %, to apparent shear 
rate, ~a 

~a 
q a  - -  ~/a 

= /< ~,."-~ (2) 

where K is defined as the fluid consistency index and n 
is the flow behaviour index. 

For a powder-binder blend exhibiting non-New- 
tonian flow, an apparent shear-rate dependent para- 
meter, ~, has been suggested in Equation 1 [15] 

ria 
rir -- 

qo 

= cz 1 -  (3) 

As can be seen from Fig. 1, this mixture exhibited a 
non-Newtonian flow behaviour. The viscosity of the 
pure binder was 0.2 Pa s at 150 ~ A linear regression 
of the viscosity data and the volume fraction of pow- 
der loading with this model yielded the following 
equation 

1], 
rir --  

qo 

where ~, was in units of s-1. The critical powder 
loading was 0.65 volume fraction and the flow behavi- 
our index, n, was 0.06 at 150~ A flow behaviour 
index close to zero can be characterized as having a 
flow pattern similar to most polymer melts [23]. For 
the same grade of alumina powder, a similar value of 
critical powder loading was obtained based on binder 
pyrolysis behaviour [21] and fall in mixing torque 
with the sequential addition of binder [24], while a 
much higher value (0.73-0.76) was obtained by relat- 
ing viscosity to powder loading using a different em- 
pirical equation [21]. The critical powder loadings 
determined based on different empirical equations 
relating viscosity and powder loading were sometimes 
absurdly much higher than the highest powder load- 
ing encountered in real practice. For example, the 
critical powder loadings for a zirconia powder were 
1.22 volume fraction and 0.70 volume fraction using 
different empirical equations, while the highest pow- 
der loading that could be conveniently mixed was 
around 0.45 [20]. 

3.2. Powder  loading and mouldabili ty 
The effect of powder loading on the mouldability of 
blend A based on over 40 injection moulding trials is 
shown in Fig. 5 Owing to the substantial increase of 
flow viscosity, the moulding failure probability in- 
creased abruptly once the powder loading was higher 
than 0.54 volume fraction. Most of the failure speci- 
mens were associated with incomplete mould filling or 
visible flow lines arising from existence of pre-freezing 
mixture. The use of higher moulding temperatures to 
reduce the mixture viscosity resulted in severe cracks. 
The green strengths for blend A at different powder 
loadings are shown in Fig. 6. Also shown in this figure 
are the green strengths for blends B, C' and D for 
comparison. The green strength of the powder-binder 
composite was higher than the strength of the pure 
binder (8.3 MPa), whereas a binder with a higher 
strength does not necessarily give a higher green 
strength for the moulded compact [13]. A dispersant 
that functions through covalent bonding to the pow- 
der increases the green strength of the powder-binder 
composite [9]. The green strength of the powder- 
binder composite increases with decreasing particle 
size [25]. All of these factors imply that the green 
strength is determined by the strength and bonding 
area of the particle-binder interface. For blend A, the 
green strength initially slowly increased with powder 
loading because of the increase of particle-binder 
interfacial bonding area per unit volume. After reach- 
ing a maximum, it then decreased substantially as the 
chance of entrapping voids increased with an increase 
in powder loading. The maximum green strength 
occurred at a powder loading of 0.56 volume fraction. 
The powder loading that yields the maximum green 
strength was suggested to be the critical powder load- 
ing due to the fact that the increase in mixture vis- 
cosity as a result of increasing powder loading causes 
more intense shearing during mixing which minimizes 
the chances of entrapping voids [26]. Based on this 
suggestion, the critical powder loading was 0.56. This 
value was too low compared with the other critical 
powder loading values (0.65-0.76) Suggested by differ- 
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Figure 5 Probability of moulding failure versus powder loading for 
blend A, based on the statistics of at least 40 specimens for each 
powder loading. 

5370 



241 
22, 
2oi 
181 

~v 16 

.c 14 

g 12 
~ 10 

g 8 
(9 6 

4 

2 
0 , 
0.48 0.;0 0.~i2 0 . 5 4  0.,56 0.;8 0 .60  0.62 

Volume fraction of powder loading 
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Figure 7 Modulus of rupture versus powder loading for blend A. 
(�9 Normal failure, (~)  laminated failure. 

ent approaches, as shown in the previous section. A 
high melt viscosity that enhances flow resistance in- 
creases the mould filling time. This causes premature 
freezing and introduces defects in the green parts. A 
low viscosity at low temperatures is required for moul- 
ding parts with complex shapes. A high powder load- 
ing with suitable viscosity at low temperatures can be 
realized by using a low-viscosity multicomponent bin- 
der that wets the powders and still retains the desired 
green strength. A redvction of  number and size of 
agglomerates can substantially enhance the powder 
loading. In addition, mixing at an optimum temper- 
ature [6] with a high shearing rate I-3] gives better 
dispersion and sintered properties, while approaches 
such as agglomerate pro-sizing and extending the 
mixing time, are either tedious or apt to cause pro- 
perty changes in the binder [27] or introduces impu- 
rities [28]. 

The cause of defects due to a high flow viscosity was 
more evident after sintering. Both normal and lamina- 
ted failures were observed for parts moulded with a 
high powder loading. The laminated failure mode 
gives very iow strengths. Fig. 7 shows the sintered 
strength for different powder loadings. The scatter in 
sintered strength increased with the increase of pow- 
der loading. The optimum powder loading for blend A 
was 0.54 volume fraction while its theoretical max- 
imum powder loading was 0.65 volume fraction as 
indicated in Equation 4. It is therefore very clear that a 
compromise must be made between sintering shrin- 
kage and moulding defects arising from the variations 
of powder loading. 

3.3. Dispersant and rheology 
Most of the commercially available dispersants lie in 
the category of semisteric stabilization because of their 
low molecular weight [5]. Fig. 8 shows the effect of 
different dispersants on the melt viscosity at 60 vol % 
solid and 150~ For blend A, the extrusion flow 
pattern showed sharp serrations in the force-time plot 
(Fig. 3). This indicated inhomogeneity due to the exist- 
ence of hard agglomerates (possibly arising from 
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Figure 8 The effect of dispersant on the flow behaviour of blends 
(A) A, ( + ) B, (rq) C and (�9 D, having 60 vol % powder loading at 
150 ~ 

calcination at 400 ~ that were not broken apart by 
the low mechanical shearing during mixing. The res- 
istance to flow could be substantially reduced when 
the powder calcination step was avoided, as indicated 
by the flow behaviour of blend B. Stearic acid effect- 
ively reduces the flow viscosity of the injection-moul- 
ding blend [15, 16]. The addition of 1 wt % stearic 
acid reduces the flow viscosity of pure binder by about 
8% [151, and the flow viscosity of carbonyl iron 
powder mixture by about 20% [29]. The addition of 
stearic acid to the powder as a powder pro-coating 
prior to mixing gives better mixing homogeneity than 
the addition of stearic acid to the powder during 
mixing [13]. Additionally, the green strength is not 
substantially changed with the addition of stearic acid 
[29]. Therefore, stearic acid is not a very efficient 
adhesion-enhancing dispersant, but a good flow modi- 
fier. Fish oil has been widely used in both tape-casting 
[10, 14] and injection-moulding processes [30] to 
improve the dispersion of fine ceramic powders in 
organic binders. Nevertheless, its effect was reported 
to be less than the derivatives of fatty acids such as 
oleic acid and stearic acid [31] while the contrary 
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observation was also reported [7]. In contrast to 
stearic acid, fish oil was not very effective in reducing 
the flow viscosity of the powder-binder blend as 
indicated by comparing the flow behaviour of blends 
B and C. Emphos PS-21A, a phosphate ester acid, is a 
strong acidic-type dispersant with a pH value of about 
2. Out of 29 dispersants tested, this phosphate ester 
acid was reported to affect the dispersion and flow 
viscosity of the powder-binder blend most effectively 
in tape casting [10]. Magnesium stearate, a popular 
lubricant and mould-release agent, can be a candidate 
for serving as a lubricant and magnesia-doping pre- 
cursor. This combination gave a significant reduction 
on flow viscosity compared with the other additives 
tested. 

The effect of temperature on the melt viscosity 
followed an Arrhenius equation in a single-component 
binder system [3, 15]. For the multicomponent binder 
system used in this study, the temperature dependence 
of melt viscosity was roughly divided into two regions. 
Fig. 9 shows this behaviour for blend A having a 
powder loading of 0.56 volume fraction. As temper- 
ature increased, the flow viscosity decreased and 
reached a close-to-constant value when the temper- 
ature was higher than the melting temperature of 
polypropylene (147 ~ prior to mixing). The activa- 
tion energies for flow were 140 and 3.1 kJmol ~ for 
the low-temperature and high-temperature regions, 
respectively. The typical activation energy for success- 
ful injection moulding lies in the range between 14 and 
18 kJmol-~ [15, 32], while a much lower activation 
energy is the main requirement for low-pressure injec- 
tion moulding [3]. The high activation energy en- 
countered due to cooling resulted in escalation of 
viscosity, and caused stress concentration, cracking, 
and distortion in the moulded parts. Injection moul- 
ding is expected to be very sensitive to the injection 
pressure and speed when it is carried out at temper- 
atures whose activation energy for flow is high. 
However, barrel temperatures around 95~ were 
found to optimal for injection moulding without hav- 
ing visible defects in the green parts in this study. A 

higher temperature (> 120~ caused shrinkage 
cracks near the end of the die cavity. A lower temper- 
ature (85 ~ caused difficulty in die filling due to a 
high flow viscosity. 

3.4. Sintered propert ies 
The average sintered densities were 98.5%, 98.6%, 
98.4% and 92.9% theoretical for blends A-D, respect- 
ively. The low sintered density for blend D was caused 
by the existence of binder burn-out residues of ~aagne- 
sium stearate and phosphate ester acid. Fig. 10 shows 
the decomposition profiles of these two materials as 
well as stearic acid in air. The residual carbon inhibits 
final sintering of alumina by reacting with alumina 
and forming vaporizing aluminium suboxides and 
carbon oxides at temperatures at which final-stage 
sintering of alumina takes place [33]. For most 
inorganic dispersants, carbides are very common 
residues after binder burn-out [8]. Therefore, this 
group of dispersants are not suitable for this powder, 
especially when their clean burn-out temperatures a re  
higher than the sintering densification temperature of 
powders. 

The average flexural strengths for blends A-D were 
320 MPa, 372 MPa, 355 MPa and 266 MPa, respect- 
ively. The average flexural strength for blend A was 
the average value for specimens having normal failure, 
ignoring those specimens that delaminated during 
testing. Blend A had a lower average strength than 
blends B and C even though they had approximately 
the same average density. The existence of hard agg- 
lomerates due to powder calcination and the higher 
number of moulding defects due to higher flow vis- 
cosity were the causes of lower strength. In contrast to 
blend A, blends B and C did not experience the 
calcination due to the use of magnesium sulphate as a 
doping agent. Avoidance of the formation of new 
agglomerates resulted in higher strengths. Blend D 
had the lowest strength because of the lowest sintered 
density. For blend B, the average strength was 
372 MPa, which was comparable to those obtained 
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Figure 9 The temperature dependence of flow viscosity at a shear 
rate of 351 s -1 and powder loading of 60 vol % for blend A. 
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through press and sinter [34], and injection moulding 
[3, 35]. 

4. Conclusion 
A non-hydrated magnesium salt is suitable for doping 
alumina during mixing. This avoids the formation of 
new hard agglomerates. Powder loading determines 
the flow viscosity of the powder-binder blend and, 
therefore, the moulding defects. Stearic acid is a more 
efficient flow modifier than fish oil. It also gives a clean 
burn-out compared with phosphate ester acid and 
magnesium stearate, and is suitable for a powder 
whose sintered properties are deteriorated by carbide 
residues. 
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