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ABSTRACT 
 
Binder-assisted processing techniques are widely used in the fabrication of metal 
and ceramic components from powders. Central to the success of the processing 
techniques is the ability to obtain homogeneous mixtures. The present study 
investigates the effect of mixing technique on the homogeneity of tungsten based 
feedstock. Experiments were conducted with as-received (agglomerated) and rod-
milled (deagglomerated) tungsten powder mixed in wax-polypropylene binder 
system. Increase in the shear rate during mixing decreased the size of the 
agglomerate particles of as-received tungsten powder, enhancing the homogeneity 
of the feedstock. Higher solids loading, lower mixing torques and improved 
homogeneity were observed with deagglomerated tungsten powder, emphasizing 
the importance of particle characteristics and mixing procedures in powder injection 
molding process. 
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INTRODUCTION 
 

The importance of particulate processing ranges across many fields and has 
a large economic impact in many segments of industry. Powder injection molding is 
a near-net shape processing technique that permits the manufacture of complex 
parts using ceramic or metallic powder. The end product is a result of compounding 
a thermoplastic binder and powder followed by injection molding, binder removal and 
sintering. Mixing of powder and binder is an important phase in this process, as the 
uniformity of the mixture influences the flow behavior of the feedstock and the 
sintered properties [1]. The focus of the present work is to evaluate the effect of 
mixing on the homogeneity of tungsten feedstock. 

Factors that influence the feedstock homogeneity include processing 
variables such as speed and time of mixing, geometry of mixing blades, raw material 
feed rate, processing temperature and material variables such as particle 
characteristics, solids loading, binder composition and viscosity. Typical particle 
sizes encountered in powder injection molding (PIM) are in the range of 0.1 µm to 15 
µm, which can interact with each other and form clusters, generally referred to as 
agglomerates.   

The presence of agglomerates alters the flow behavior of the feedstock [2-4] 
and causes defects in the sintered body [5]. Obtaining a homogeneous feedstock 
involves a reduction in the scale and frequency of the agglomerates. Studies on 
agglomerate dispersion pertaining to PIM have generally been conducted on ceramic 
systems such as alumina and titania [6-9].  Agglomerates in these systems are a 
result of surface interactions and Van der Waal’s forces. Deagglomeration of ceramic 
powder is caused by a combination of rupture and erosion during mixing [10]. Few 
studies have been conducted on the mixing of cohesionless metal powders [1,11]. In 
these cases, homogeneity is predominantly due to distributive mixing.  However, 
there are no reported studies on the mixing behavior of tungsten.  Agglomerates of 
this material are formed during the powder production stage and constitute particles 
that are welded or fused together. In practice, deagglomeration of tungsten is 
accomplished by mechanical attrition during the rod milling process. 

It is assumed that the agglomerates are broken down by hydrodynamic forces 
during mixing, resulting in dispersion of tungsten powder in the polymer. The 
viscosity of the feedstock is influenced by the presence of undispersed agglomerates 
[3,4,12,13] and is considered a good indicator of feedstock homogeneity [2,14,15]. In 
this study homogeneity is qualitatively estimated by viscosity measurements.  
 
EXPERIMENTAL PROCEDURE AND DISCUSSION 
 

The material used in this experiment was a feedstock of 97%W-2.1%Ni-
0.9%Fe prepared using as-received and rod-milled tungsten powder. The powder 
characteristics are given in Table1. The particle size distribution was measured using 
Horiba LA-920 laser scattering particle analyzer and the pycnometer density in a 
Micromeritics Pycnometer. The tap density was obtained using a Dual Autotap 
Quanta Chrome equipment and the apparent density followed the ASTM B 703 [16] 
standard test. The rod-milled powder was prepared by milling the as-received 
powder with tungsten rods in a plastic jar backfilled with argon. The powders 
morphology observed by scanning electronic microscopy (SEM), is given in Figures 
1 (a) – (d). 

 



The powders were weighed to the desired composition and blended in a 
Turbula mixer for 30 minutes. Wax-polypropylene was used as the binder system. 
The feedstock was evaluated for its critical solids loading in a Haake torque 
rheometer, which was also used as low intensity mixer. The feedstock mixing 
temperature used was 170 °C. The variation in mixing torque with solids loading is 
given in Figure 2. The as-received powder exhibits lower critical solids loading (φc = 
63%) and higher mixing torque for a given solids loading compared to the rod milled 
powder (φc = 66%). The error bars in the graphs represent standard deviation in the 
torque during mixing. The presence of agglomerates in the as-received powder 
hinders effective packing [12] decreasing the critical solids loading content [3,4]. The 
viscosity of a suspension varies with the ratio of the solids loading to the maximum 
packing fraction and can be related as: 

ηm = ηb (1- φ/ φc)-2  (1) 
where ηm  is the mixture viscosity, ηb  is the binder viscosity, φ is the powder solid 
loading fraction and φc  is the critical powder solid loading fraction. 

An increase in the factor φ/ φc, due to the presence of agglomerates, in the 
present case, increases the viscosity of the feedstock. The measured torque is 
proportional to the viscosity of the feedstock. 

The hydrodynamic force (Fh), that is, the driving force for agglomerate rupture, 
given as, 

Fh = η x  γ*  (2) 
where γ* is the shear rate, increases with an increase in the viscosity of the 
feedstock and shear rate during mixing.  Hence, experiments were conducted to 
observe the effect of change in the viscosity of the feedstock on the morphology of 
the agglomerates.  The viscosity of feedstock, mixed at the same torque rheometer 
conditions  (180 RPM for two hours), increased with solids loading, as shown in 
Figure 3. The morphology of the powder was observed using a small sample 
obtained from feedstock that was debound in a retort furnace at 600 °C in hydrogen 
for one hour. No discernable change in the particle morphology was observed as 
evident from Figures 4 (a) and (b). The powder shows significant agglomeration 
indicating negligible effect of torque rheometer mixer on deagglomeration. It was 
concluded that the hydrodynamic force due to the low intensity torque mixer was 
insufficient to induce agglomerate rupture.  

High shear rate mixing conditions were realized using Readco continuous 
mixer. In some cases, feedstock discharged from the mixture was re-introduced into 
the mixing chamber, retrieving sample in each iteration. Viscosity variation of the 
feedstock, prepared with as-received and rod-milled powder respectively, with shear 
rate under different conditions, is shown in Figure 5. It can be seen that the viscosity 
of feedstock composed of as-received powder decreased with additional mixing 
iterations. It is also evident that for a given solids volume fraction, an increase in the 
mixing intensity, represented by shear rate x mixing time, decreased the viscosity 
and enhanced the flow stability, as given in Figure 6. This decrease in viscosity is 
attributed to the reduction in agglomerate size.  As stated previously, decrease in the 
scale and frequency of agglomerates enhances the packing fraction.  An increase in 
the mixing intensity makes the viscosity of feedstock composed of as-received 
agglomerated tungsten powder approach that of deagglomerated, rod-milled 
tungsten powder. The observed decrease in the viscosity is an indicator of enhanced 
homogeneity [14]. The effect of shear rate during mixing is also apparent from Figure 
7, which shows the viscosity variation with shear rate for 60 volume percent tungsten 



feedstock mixed in low intensity torque rheometer and high intensity continuous 
mixer.  The change in the particle morphology is evident from Figure 8, which shows 
a marked difference in the scale of the agglomerates compared to the as-received 
powder shown in Figure 1 (a). 

Particle size distribution was measured to quantify the change in the 
agglomerate size due to different mixing conditions. Table 2 summarizes the findings 
of these studies, where the feedstock was repeatedly mixed in the Readco 
continuous mixer and powder samples were debound, as described previously, for 
analysis. The results indicate that there is a difference in particle size distribution, 
with a decrease in the mean particle size as mixing increase.  However, the extent of 
particle size reduction is not substantial, contrary to the morphological observations 
given in Figures 1, 4 and 8. The quantification of particle size reduction is being 
investigated [17]. 

 
Table 1 - Characterization of as-received and rod milled tungsten powder.   
 
 
 

Apparent 
density 
(g/cm3) 

Tap Density 
(g/cm3) 

Helium 
Pycnometer 

Density  (g/cm3) 

Particle Size (µm) 
 

 
D10 

 
D50 

 
D90 

 
As Received 
Powder 

 
 

5.36 
 

 
 

7.17 

 
 

19.23 
 

 
8.17 

 

 
16.54 

 
35.42 

 
 
Rod Milled 
 

 
7.62 

 
9.9.0 

 
19.23 

 
4.08 

 
8.89 

 
14.82 

 
Iron 

 
2.43 

 
4.63 

 
7.80 

 
2.9 

 
5.9 

 
9.9 

 
Nickel 

 
2.30 

 
3.26 

 
8.98 

 
4.0 

 

 
9.9 

 
23.5 

 
 
Table 2 – Feedstock size distribution at high shear rate conditions. Powder was 
obtained using a small sample from feedstock that was debound in a retort furnace 
at 600 °C in hydrogen for one hour. 
 
 D10 µm D50 µm D90 µm 
As-received feedstock–Torque Rheometer 
(180 RPM/ 120min), φ: 60% 

 
6.7 

 
14.0 

 
82.2 

As-received feedstock–Torque Rheometer 
(180 RPM/ 120min), φ: 63% 

 
7.2 

 
15.4 

 
75.5 

 As-received feedstock (first iteration) 
Readco continuous mixer,   φ: 60% 

 
6.0 

 
13.8 

 
83.0 

As-received feedstock (sixth iteration) 
Readco continuous mixer, φ: 63% 

 
6.0 

 
13.4 

 
73.0 

 
 



 
 
 
 
 

 
 

 

Figure 1(a) - Morphology of as-received 
tungsten powder observed by SEM, 
revealing the agglomerate structure. 

Figure 1(b) - Morphology of rod-milled 
tungsten powder observed by SEM, revealing 
the presence of a deagglomerated powder. 

 
 
 
 

 
 

Figure 1 (c) - Morphology of nickel 
powder observed by SEM. 

Figure 1 (d) - Morphology of iron powder 
observed by SEM. 
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Figure 2 - Mixing torque variation with solids 
loading for feedstock composed of rod-milled 
and as-received powder. The critical solids 
loading for as-received powder is estimated at 
63% and 66% for rod-milled powder. 

Figure 3 - Variation in the apparent viscosity 
with shear rate for feedstock of 60 and 63% 
solids loading. The mixing experiments were 
conducted in torque rheometer at 180 RPM 
during 120 min. 

 
 
 
 

  
Figure 4  (a) - Particle morphology of the 
feedstock  (φ = 60%) after mixing at 180 
RPM for 120 min. in a torque rheometer.  

Figure 4 (b) - Particle morphology of the 
feedstock (φ = 63%) after mixing at 180 
RPM for 120 min. in a torque rheometer.  
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Figure 5 - Apparent viscosity versus 
apparent shear rate obtained for a 60% 
solid loading feedstock mixed in 
continuous mixer. 
 

Figure 6 - Apparent viscosity versus time 
for 60% solid loading feedstock obtained 
at constant shear rate (294.53 s-1 ) at 
Readco continuous mixer.  

 
 
 
 

 

Figure 7 - Apparent viscosity versus apparent shear rate for a 60% solid loading 
feedstock, composed of as-received powder, mixed in the torque rheometer and 
Readco continuous mixer respectively. 
 
 



  
Figure 8 (a) – Powder morphology 
obtained from the debound feedstock (φ = 
60%) after first iteration in Readco 
continuous mixer exhibiting reduction of 
agglomerate size.  

Figure 8 (b) - Significant reduction of 
feedstock agglomerate size after sixth 
iteration at Readco continuous mixer, 
compared with the same condition of 
Figure 8 (a)  

 
CONCLUSIONS 
 

Experiments were conducted with as-received, agglomerated tungsten 
powder and rod milled tungsten powder to study the effect of mixing on the 
homogeneity of the powder injection molding feedstock.  An increase in the mixing 
shear intensity increases the hydrodynamic force and contributes to the agglomerate 
size reduction.  Deagglomeration during mixing improves the packing efficiency of 
the particles promotes homogeneity.  Viscosity is a good indicator of the 
homogeneity of the feedstock.  An increase in the homogeneity of the feedstock is 
reflected as a decrease in its viscosity.  A perfectly homogeneous mixture will have 
the least viscosity.  It is observed that with an increase in the intensity of mixing, the 
viscosity of the feedstock composed of as-received powder approaches that of the 
deagglomerated, rod milled powder. 
 
ACKNOWLEDGEMENTS 
 
The authors are grateful for Center for Innovative Sintered Products, The 
Pennsylvania State University, USA and CAPES - Coordenação de Aperfeiçoamento  
Pessoal de Nivel Superior – Brazil for support. 
 
REFERENCES 
 
1. P. Suri, S. V. Atre, J. A. Thomas, K. Sghaier and R. M. German, Homogeneity 

of Powder-Binder Mixtures: A Microstructural Model, Advances in Powder 
Metallurgy and Particulate Materials, Metal Powder Industries Federation, 
Princeton, NJ, 2000, v. 4, p. 35. 

2. T. Gillespie, The Effect of Aggregation and Particle Size Distribution on the 
Viscosity of Newtonian Suspensions, Journal of Colloidal and Interface 
Science, 1983, v. 94(1), p. 166. 



3. T. B. Lewis and L. E. Nielsen, Viscosity of Dispersed and Agglomerates 
Suspensions of Spheres, Transactions of the Society of Rheology, 1968, v. 
12[3], p. 421. 

4. J. H. Song and J. R. G. Evans, The Effect of Undispersed Agglomerates on 
the Relative Viscosity of Ceramic Molding Suspensions, Journal of Materials 
Science Letters, 1994, v.13, p.1642. 

5. R, M. German and A. Bose, Powder Injection Molding of Metals and 
Ceramics, Metal Powder Industries Federation, Princeton, NJ, 1998. p. 25. 

6. H. Bohm, S. Blackburn, Effect of Mixing Procedure on Fine Alumina Paste 
Extrusion, British Ceramic Transactions. 1994, v. 93, n. 5, p. 169. 

7. R. Wu and W. J. Wei, Torque Evaluation and Effects on Alumina Feedstock 
Prepared by Various Kneading Sequences, Journal of European Ceramic 
Society, 2000, v.20, p.67. 

8. S. T. P. Lin and R. M. German, The Influence of Powder Loading and Binder 
Additive on the Properties of Alumina Injection-Molding Blends, Journal of 
Materials Science, 1994, v.  29, p. 5367. 

9. K. N. Hunt and J. R. G. Evans, The Influence of Mixing Route on the 
Properties of Ceramic Injection Molding Blends, British Ceramic Transactions 
and Journal, 1988, v. 87, p. 17. 

10. P. Suri, S.V. Atre and R. M German, Effect of Mixing on the Homogeneity of 
Alumina Feedstock, to be published. 

11. R. Raman, W. Slike III, AND R. M. German, Experimental Evaluation of the 
Mixing Process for Preparation of Feedstock for Powder Injection Molding. 
Ceramic Engineer Science, American Ceramic Society, Westerville, OH, 
1993, v. 14 [11-12], p.166. 

12. R. F. Fedors and R. F. Landel, Effect of Surface Adsorption on the Packing of 
Particles, 1979, v.  23, p. 219. 

13. P. M. Adler, Viscosity of Concentrated Suspensions of Aggregable Particles, 
Rheologica Acta, 1978, v. 17(3), p. 288. 

14. R. M. German, Homogeneity Effects on Feedstock Viscosity in Powder 
Injection Molding, Journal of American Ceramic Society, 1994, v. 77(1), p. 
283. 

15. M. Y. Cao, B. O. Rhee and C. I. Chung, Usefulness of the viscosity 
measurement of feedstock in powder injection molding. Advances in Powder 
Metallurgy, Metal Powder Industries Federation, Princeton, NJ, 1991, v. 2, p. 
59. 

16. Standard Test Method for Apparent Density of Powders Using Arnold Meter, 
ASTM B703 – 94, Annual Book of ASTM Standards, American Society for 
Testing Materials, Philadelphia, PA, 1999, v. 02.05, p. 436. 

17. J. P. De Souza, L. Campbell, P. Suri, S. V. Atre, and R. M German,  
Evaluation  of Inhomogeneities in a Feedstock of  W-Ni-Fe Using Different 
Particle Size Methods, to be published. 

 
 



 
UNDERSTANDING HOMOGENEITY OF POWDER-

POLYMER MIXTURES–EFFECT OF MIXING ON TUNGSTEN 
POWDER INJECTION MOLDING FEEDSTOCK 

 
 
 
Jupiter P. de Souza1, Sundar V. Atre2, Pavan K. Suri3, Julian A. Thomas4 and 
Randall M. German5 
 
ABSTRACT 
 
Binder-assisted processing techniques are widely used in the fabrication of metal 
and ceramic components from powders. Central to the success of the processing 
techniques is the ability to obtain homogeneous mixtures. The present study 
investigates the effect of mixing technique on the homogeneity of tungsten based 
feedstock assessing the effect of shear rate/mixing intensity on it. Experiments were 
conducted with as-received (agglomerated) and rod-milled (deagglomerated) 
tungsten powder mixed in wax-polypropylene binder system. Increase in the shear 
rate during mixing decreased the size of the agglomerate particles of as-received 
tungsten powder, enhancing the homogeneity of the feedstock. Higher solids 
loading, lower mixing torques and improved homogeneity were observed with 
deagglomerated tungsten powder, emphasizing the importance of particle 
characteristics and mixing procedures in powder injection molding process. 
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