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Abstract

Polymeric binders, such as polyvinyl alcohol, are usually added into molybdenum powders so that, after spray drying, large

spherical agglomerates with good flow properties can be produced. Since these binders may help to reduce the friction among

powders and between powders and the die wall, the necessity of mixing an additional lubricant, such as ethylene bis-stearamide

(EBS), to facilitate compaction has come under question. This study investigated the effect of EBS on the apparent density, flow rate,

variation on compact weight, green density, green strength, and compactability. The results show that, when flow properties, di-

mensional control, and low ejection force are desirable, the optimum content of EBS addition should be between 0.1% and 0.2%.

When high green density, green strength, and compactability are required, no lubricant should be added. � 2002 Elsevier Science

Ltd. All rights reserved.
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1. Introduction

When fine molybdenum powders are pressed into
compacts, the amount of powder filling the die cavity
could vary if the powder has a poor flow rate and low
apparent density. The fine powders could also flow into
the clearances between the sidewall of the punch and the
die, causing serious wear and scoring on the tools. To
circumvent these problems, spray drying is frequently
employed so that fine individual Mo particles can be
transformed into large spherical agglomerates. In the
spray drying process, polymeric binders, such as poly-
vinyl alcohol (PVA) and polyethylene glycol (PEG), are
used [1–3]. With Mo particles being coated with binders,
it is probable that the friction among particles and
the friction between particles and the die wall are re-
duced. This could improve the compressibility and re-
duce die wear. Thus, the first objective of this study was
to compare the compacting performance of the fine Mo
powders before and after spray drying.

Quite a large amount of literature has reported the
effect of lubricants in pressing metal powders [4–11]. In

general, the addition of lubricant increases the flow rate
and apparent density while reducing the ejection force.
It could also improve the green density, depending on
the amount added. These reports have provided guide-
lines for the powder metallurgy industry in selecting the
type and the amount of lubricant. However, very little
information is available on the effect of lubricant on
spray-dried powders. Thus, the second objective of this
study was to investigate whether additional lubricant
will further improve or, contrarily, impair the properties
of the spray-dried powder.

Ethylene bis-stearamide (EBS) is a lubricant com-
monly used in pressing metal powders [10–14]. It con-
tains no metallic elements, as shown by its chemical
structure in Fig. 1. As it is a clean and effective lubricant,
it was used in this study to evaluate its effect on the
properties of spray-dried Mo powders. Apparent den-
sity, flow rate, variation of compact weight, green den-
sity, green strength, ejection force, and compactability
are evaluated.

2. Experimental procedure

Fine Mo powder with an average particle size of
3:54 lm was used in this study. Its morphology and
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characteristics are given in Fig. 2 and Table 1, respec-
tively. With its small particle size and high surface area,
the flow rate is usually too slow and the apparent density
too low to be used for automated die compaction. To
facilitate die filling and compaction, spray drying was
employed. The Mo powder was first mixed with PVA
and de-ionized water. The mixed slurry was then spray
dried using heated air. Table 2 and Fig. 3 show, re-
spectively, the characteristics and the morphology of the
Mo powder after spray drying.

To evaluate the effect of EBS on powder properties,
the apparent density and flow rate were examined with a
Hall flowmeter using the MPIF Standards No. 4. The
Arnold meter was also employed to measure the ap-
parent density based on the MPIF Standards No. 48.
For compressibility testing, a fixed amount of 7 g of Mo
powder was pressed under various pressures into cylin-
drical compacts of 12.5 mm in diameter using a floating
die technique. The ejection force was monitored during
compaction. After compaction, the green strength of the
compact was measured by the four-point bending

method; the 40 mm� 15 mm� 3 mm specimen was
placed on two parallel rods 30 mm apart. The distance
between the other two rods, which were on top of the
specimen, was 10 mm. For the compactability of the
powder, the rattler tester was employed. Thirty cylin-
drical compacts were placed into a barrel, which was
constructed by stainless steel wire meshes. The barrel
was horizontally rotated at 50 rpm. After 2000 rota-
tions, the weight losses of the compacts, which represent
the integrity of the green parts, were compared.

3. Results

3.1. Powder properties

Figs. 4 and 5 show, respectively, that as the amount
of EBS increased, the apparent density and flow rate
measured by the Hall flowmeter improved. This means
that the time required to fill a specified amount of
powder into the die cavity is shortened, and thus pro-
ductivity is increased. This also helps tofs reduce the
thickness of the die, which is usually made of expensive

Fig. 3. The morphology of spray-dried molybdenum powder.

Fig. 1. The chemical structure of ethylene bis-stearamide (EBS).

Fig. 2. The morphology of the fine molybdenum powder prior to

spray drying.

Table 1

Characteristics of the molybdenum powder used in this study

Molybdenum powder Characteristics

Supplier HCST, Coldwater, MI, USA

D50 (Laser scattering) 3:54 lm
Surface area (BET) 0:414 m2=g

Pycnometer density 10:18 g=cm3

Tap density 4:16 g=cm3

Chemistry, wt% Mo >99:8

Table 2

Characteristics of the molybdenum powder after spray drying

Molybdenum powder Characteristics

Particle size (sieving), wt% +100 0.5

+140 29.0

+170 23.5

+200 17.0

+230 13.0

+270 4.5

+325 8.5

)325 4.0

Pycnometer density 9:28 g=cm3

Apparent density 2:1 g=cm3

Flow rate, s/50 g 27.9

Chemistry, wt% Mo >98:5

C 0.88
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tool steels or tungsten carbides. When the Arnold meter
was used to simulate the feed shoe movement during die
filling, the results shown in Fig. 6 were obtained, and
these results illustrate that the variations in the compact
weight decreased when the EBS was added.

The above results on apparent density, flow rate, and
weight variation indicate that the addition of lubricant is

beneficial and that the optimum amount should be
between 0.1% and 0.2%.

3.2. Compaction performance

Table 3 lists the green densities of Mo compacts
pressed at 450 MPa. When the original 3:54 lm Mo
powder was used, the specimen attained 6:82 g=cm

3
, or

66.7% of the pycnometer density of Mo powders. This is
slightly higher than the 6:80 g=cm3 attained with spray-
dried powders. When the compact made of the spray-
dried powder was thermally debound to remove the
PVA binder at 800 �C, the density decreased to 6:73
g=cm

3
. Similar trends were also found using other com-

pacting pressures.
Fig. 7 shows the green densities of compacts pressed

at 600 MPa. When the as-spray-dried Mo powder was
pressed, the green density was 7:445 g=cm

3
. With zinc

stearate die wall lubrication, the green density increased
to 7:470 g=cm3

. With EBS additions, the absolute green
density decreased. The relative density, however, still
increased, as illustrated in Fig. 8. This is in contrast to
most ferrous powders, for which the addition of a small
amount of lubricant usually produces higher green den-
sity, in both absolute and relative scales, than those
without lubricant and those with die wall lubrication
[7,15]. These results suggest that the reduction of the

Fig. 6. The standard variation of compact weight decreases as EBS

is added. Fig. 7. The green density decreases as the amount of EBS increases.

Fig. 5. The flow rate improves when less than 0.2% EBS is added.

Fig. 4. The apparent density increases as EBS is added.

Table 3

The green density, green strength, ejection force, and ejection energy of

molybdenum powders prior to and after spray drying

Before

spray

drying

After

spray

drying

Green density, g=cm3 (pressed at 450 MPa)

As-pressed 6.82 6.80

After debinding – 6.73

Green strength,a MPa (pressed at 600 MPa) 29.5 25.1

Peak ejection force, N (pressed at 600 MPa) 22,900 6700

Ejection energy, N-m (pressed at 600 MPa) 398 215
aWith zinc stearate die wall lubrication.
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interparticle friction among spray-dried Mo powders by
EBS is much less effective due to the presence of PVA
binders. In effect, the lubrication of EBS on spray-dried
powders is minimal during compaction and its effect in
improving the green density is overshadowed by the
increase in the total volume due to the low density of
pure EBS at 1:07 g=cm3

.
Fig. 9 shows the typical ejection force of the Mo

compact. The highest ejection force was found on the as-
received 3:54 lm Mo powder, without spray drying,
without EBS addition, and without die wall lubrications.
After spray drying, the ejection force decreased signifi-
cantly. This means that the PVA binder provides some
lubrication, reducing the friction between the powder

and the die wall. When EBS was added into the spray-
dried powder, the ejection force was further decreased.
The lubrication provided by the EBS could even attain
results close to those of using the die wall lubrication
when the amount of EBS was greater than 0.2%.

The ejection energy, which is the area underneath
each ejection force curve, is illustrated in Fig. 10. When
the powder contained even as little as 0.1% EBS, the
ejection energy decreased markedly, as in Fig. 9. With
greater amounts of EBS, the ejection energy did not
change much and was close to that of the use of die wall
lubrication.

The above results show that the addition of EBS
improves the powder flow properties and the com-
pacting performance of spray-dried powders. Fig. 11,
however, shows that it impairs the green strength of
compacts due to the reduction of friction among indi-
vidual Mo particles. With lower green strength, the
compacts are more susceptible to breaking and chipping
at the corners. Fig. 12 confirms that the greater amounts
of EBS in the compact coincided with more weight loss,
which was noticed during the rattler tests.

Fig. 8. The relative densities of compacts increase as the amount of

EBS increases.

Fig. 9. The ejection forces of compacts of as-received Mo powder and

spray-dried Mo powder under various lubrication conditions.

Fig. 10. The ejection energy decreases as the amount of EBS increases.

Fig. 11. The green strength of compacts decreases as the amount of

EBS increases.
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4. Discussion

4.1. Benefits of PVA

The main purpose of adding PVA binder to fine Mo
powders is to transform them by spray drying them into
spherical powder agglomerates so that good flow prop-
erties can be attained. Other than this, the most im-
portant benefit of the presence of PVA probably lies in
its effect on reducing the ejection force, as shown in
Fig. 9. The PVA addition, however, also has several
disadvantages, such as the reduction in green strength
due to the reduction of interparticle friction, and the
reduction in green density due to its large specific vol-
ume. The comparison of these properties between the
as-received Mo powder and the spray-dried powder is
summarized in Table 3.

4.2. Benefits of adding lubricant

The lubricant addition usually provides several ben-
efits during compaction, such as faster flow rate, more
uniform compact weight, and lower ejection force. With
less variation in the compact weight and better powder
flow properties, it is expected that the green and sintered
densities will be more uniform across the part. The di-
mensional stability should thus be improved. Moreover,
the mechanical properties will also be more consistent
due to the improved uniformity in sintered density and
microstructure.

5. Conclusion

The effect of ethylene bis-stearamide (EBS) on pow-
der properties and compacting performance of spray-
dried molybdenum powders was investigated. When
higher apparent density, faster flow, more uniform
compact weight, and, particularly, lower ejection forces

are the major concerns, a small amount of EBS, less
than 0.2%, should be added to improve the tool life, the
productivity of the press, and the dimensional stabil-
ity of the compacts. However, the addition of EBS im-
pairs the green density, green strength, and the integrity
of compacts. Thus, no lubricant is needed when these
properties are of more concern.

It was also noticed that the PVA binder used for
spray drying has an effect similar to that of EBS lubri-
cant. It lowers the ejection force but impairs the green
strength of the compact.
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