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Abstract

The development of new lubricants for single compaction requires an excellent undersianding of the
lubrication mechanisms, with the goal of optimizing their performance. The lubricant particle size
distribution was already shown 1o have a significant impact on the ejection behaviour. This paper
focuses on the more complex effects of the particle size distribution of the lubricant through the
evaluation of the compaction and ejection performance given different concentrations of a mixture of
fine and coarse lubricants and with variocus compaction parameters, FC-0208 powder mixes with
different lubricant particle size distributions and concentrations were evaluated on an industrial
mechanical press operating at various stroke rates and die temperatures. The ejection behaviour was
recorded and compared to other parameters such as the springback and the green density.

Introduction

In the powder metallurgy process, lubrication is a key parameler. Several methods exist to provide
lubrication, two of the most common being the admixing of an internal lubricant and the die wall
lubrication technology with the former being by far more common. This approach is convenient due to
the assurance that the compaction tools will always benefit from some level of lubrication and it is also
simpler o use since it does not require additional equipment. However, internal lubrication has major
drawbacks, especially if higher green densities are desired. The volume fraction occupied by the
lubricant in 2 standard powder metallurgy mix is important. In an un-compacted volume of powder of
standard formulation (FC-0208 MPIF designation) lubricated with 0.7% (by weight) of wax, 4.9% of the
volume is occupied by the lubricant. During compaction, the lubricant will tend to limit the maximum
achievable density. This explains why so much effort is focused on decreasing the amount of
lubricant added to high performance powder mixes [1). Die wall lubrication can address this issue by
applying the lubricant only on the die surface, but its practical limitations {slowing of compaction cycle,
suction-fill not being possible and the risk of a failed lubricant application) have so far limited its
commercial use eventhough efficient die wall lubrication systems are now commercially available on

the market [2].

A possible approach to reduce the amount of admixed lubricant and improve lubrication is the
increase of lubricant migration through the powder volume as the compaction occurs and subsequent
exit of the lubricant from the part at the die wall interface, where it is most needed for the soon-to-
follow ejection stroke. There are several phenomena that occur in a stepwise fashion during the
compactlion cycie. Before compaction, the most abundant constituent in a powder volume is not the
powder itself: nearly 60% of the volume is occupied by air, found in the voids between the powder
particles. At the onset of compaction, particles will tend to rearrange themselves in the first place
while some of the air is expelled from the compact. As the pressure increases, elastic and plastic
deformation will eventually occur, a process which will end with the consolidation of the powder
volume into a finished part. How the lubricant will react in those critical seconds between re-
arrangement and full consolidation has been little studied {3, 4]. Once pressure is released, most
compacted parls exhibit some level of elastic relaxation, commonly known as springback.

Lubrication mechanisms during compaction involve both chemical and physical processes. Physical
processes are for instance migration of jubricant within the powder mix/green body, formation of a
jubricant film between the tool wall and the green compact during compaction and displacement of
lubricant in the near-surface region during ejection [4]. Chemical processes, on the other hand, include
reactions between |ubricant and metal particles during compaction and ejection, as well as the
modification of jubricant properties because of high temperatures or shear stresses. The objectives of
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this paper are to investigate the effect of the particle size of lubricant as well as the compaclion stroke
rate which are expected to have an impact on the deformation and migration of lubricant towards the
die wall. Studies in the field of compaction of pharmaceutical components have demonstrated that
higher compaction speeds lead to increased ejection forces [5]. On the other hand, with metal
powders, Mallender [6], using a pin-on-disk system, as well as Bonnefoy [7] using a shear plate device
showed there was little or no effect on friction by increasing the sliding velocity. Other research
demonstrated the beneficial impact of larger lubricant particle size on the ejection performance [8,
9].This paper attempts to describe both the influence of the physical and chemical properties of the
lubricant and the compaction velocity on the ejection behaviour.

Experimental Procedure

A set of five steel powder mixes of 20 kg each were prepared using 0.7 wi% of various fatty acid
based lubricants having different pariicle sizes and melting points (T, ). Ethylene bis-stearamide, a
common powder metallurgy lubricant often referred to as EBS (T, = 145°C) and a low melting point
fatty acid based wax (50°C < T, < 100°C). The detailed compeosition of the samples is provided in
Table 1. For each powder sample, compaction and ejection behaviour was evaluated on a 150 mt
Gasbarre mechanical press at the National Research Council Canada, Boucherville (Quebec). This
press is equipped with a tungslen carbide (WC-Co) die, 25.4 mm in diameter with a core pin of 14.2
mm in diameter and strain gauges to monitor the compaction and ejection forces. Rings about 25.4
mm fall were compacted at different stroke rates of 5, 9 and 13 paris per minute which corresponds to
punch speeds (in the compaction portion of the cycle) of 46, 94 and 142 mm/s, respectively. The M/Q
ratio of the test part, defined as the taleral area over compacied area [1], was 9.08 as compared {o 1.4
for 2 6.35 mm (0.25 in) standard TRS bar, confirming the high friction area of the test part.

The green density of the parts was measured by weighing the parls and measuring their respective
volume with a CMM apparatus, model Smartscope Flash 300 fram OGP Inc., with a precision of 1.5
pm. The temperature of the parts was measured immediately after compaction using a type K,
contact thermocouple.

Table 1. Detailed composition of the test samples.

Mix Base Powder Copper Graphite Lubricant (0.70 wt%)
1 A
2 B
3 at100tkp | I0M% | 70 wiv 25 A+B
4 A+C
5 A+B+C

A: Fine EBS; B: Coarse EBS; C: Coarse low melting point wax (50°C < T, < 100°C)

Results

Room Temperature Compaction

The graphs shown in Figure 1 present some of the results from room temperature compaction. The
compaction stroke rate was 5 parts per minute (lefimost column), 9 parts per minute (centre column)
and 13 parts per minute {righimost column). Fer ease of comparison, all axes were set to the same
scale. A coarse, high melting point EBS lubricant (B) tends to decrease the maximum achievable
green densily, regardless of the compaction pressure applied. However, using a portion of finer EBS
or a low melling point lubricant can mitigate the compressibility limitation. A strong influence of the
compaclion rate was noted. At about 800 MPa, the maximum achievable green densily gradually
diminished as the compaction rate increased. Most lubricant lost about 0.03 gfcm® of density going
from 5 to 13 parts per minute. The compaction rate also showed an effect on the springback. At5
paris per minule, all lubricants contributed to a maximum radial springback between 0.22% and
0.27%. With the compaction speed increased to 9 parts per minute, the radial springback also
increased, varying from 0.27% to 0.31% (at around 800MPa). The largest springback was observed
at the highest compaclion speeds and pressures with values exceeding 0.33%. While the nature of
the lubricant contributed to some differences in the springback recorded for the compaction at a low
stroke rate, very few differences are observed at the highest compaction speed.
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Figure 1. Results of the compaction performed with the non-heated die (ambient temperature),

Stripping and ejection shear stresses are a good approximation of the ejection behaviour. At the
onset of the ejection process, forces peak sharply before the part begins fo move out of the die and
this force is computed into the stripping shear stress. As the part exits the die, the ejection force
rapidly declines, due o the reduction in the surface area in contact with the die and this is calculated
as the ejection shear stress. The nature and particle size distribution have a clear effect on the
ejection behaviour. At the lower compaction speeds of 5 and 9 parts per minute and high compaction
pressures, the impact of the increase in the particle size of the lubricant is obvious. As an example,
with a 5 parls per minute stroke rate and at 827 MPa, the fine EBS recorded a stripping shear stress
of 1.58 tsi, the mixlure of fine and coarse EBS, 1.50 tsi and the coarse EBS, 1.45 tsi. The presence of
low melting point lubricants further enhanced the ejection as demonstrated by the lower stripping and
ejection shear stresses. As the compaction speed is increased, the benefits of both the targer particle
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size distribution and the low melting point lubricant are less obvious. This is demonstrated by the
changes in the stripping shear stress values. At 5 parts per minute, the impact of both the coarser
lubricant particle size and the low melting point lubricant are clearly distinguishable. The stripping
shear stresses decreased with increasing particle size distribution and decreased even further with the
addition of a low melting point lubricant. At 13 parts per minute, however, all three EBS mixes had
comparable stripping shear stresses while the samples containing the low melting point lubricant still
ejected better. The ejection shear stress values showed a similar trend but at 13 parts per minute, the
results were much more variable, indicaling that the effect of the particle size of the [ubricant and its
chemical nature had little influence on this value.
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Figure 2. Results of the compaction performed with the heated die (60°C).
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Warm Die Compaction {60°C)

Figure 2 shows the exacl same data but for these results, the compaction was performed with the die
heated to 60°C {warm die compaction technique or WDC). The benefits on the compressibility of
WDC technique were notable for the mixes containing EBS. The maximum green density obtained (at
higher compaction pressures) increased by about 0.03 gicm®. This was not the case for the powder
mixes containing low melting point products. For high compaction speeds, mixes 4 and 5 were less
compressible than EBS. This reduction in the green density can be atiributed to the higher springback
for these |ubricants. Contrary to the compaction at room temperature, the presence of low melting
point products is promoting higher springback which was particularly visible at higher compaction
pressures and at high stroke rates. At the fastest stroke rate and the highest compaction pressure,
the springback was 26% higher for mix 5 and 56% higher for mix 4.

The ejection performance is also impacted by the use of warm die compaction. Generally speaking,
the compaction at elevated temperature contributed to a reduction of the stripping shear siresses of
about 14%. Low melting point lubricants also improved the ejection behaviour compared to EBS wax.
Akin to the room temperature compaction, an increase in the stroke rate caused a reduction in the
stripping shear stresses.

The combination of warm die compaction and the use of low melting point lubricants had a significant
effect on the ejection shear stresses. The lowest values were obtained with the combination of WDC,
low melting point lubricants and high stroke rates. Once more, the increase in the stroke rate caused
a general improvement of the ejection behaviour.

Discussion

Contrary o what has been noted in the literature [5-7], the increase in the compaction rate — and by
extension faster punch displacements — lead to reduced ejection forces. This can be tentatively
explained by either one of the three following phenomena. Firstly, the compaction process generates
a significant amount of thermal energy which needs to dissipate both within the powder volume
(including the lubricant) and the die material. With high compaction speeds, this thermal energy has
less time to dissipate through the die, due to a shorter dwell time before ejection begins and can lead
to increased softening and melting of the lubricants contained in the powder [10]. This softening or
meilting reduces the viscosity of the lubricant which can then travel to the die part surface more
efficiently, thus improving the ejection behaviour. Secondly, the pressurization of the air conlained in
the powder can extrude some lubricant to the surface with higher velocity thereby enhancing the
iubrication. Those mechanisms were not evaluated with precision in this study and would benefit from
a more comprehensive study of the compaction mechanisms. Alternatively, at higher compaction
speeds, more plastic deformation is achieved which results in an increased surface area of metal
powder particles in contact with the die surface. Thus, as the force exerted by the compact on the die
is spread over a larger area, the local pressure is proportionally reduced [11].

In all cases, as the compaction speed is increased, there is a net negalive impact on the achievable
green densities. Two hypotheses could explain this phenomenon. Firstly, as the entire compaction
cycle occurs faster, there is less time available for the fine powder parlicles to rearrange in the voids
crealed between larger particles. This would induce high residual elastic stresses in the small
particles which are later released when the compact is freed from the die [12]. The second hypothesis
relates to the potential melting of the lubricant which could cause air entrapment.

The positive effect of the larger lubricant particle size could be explained by a volume constraint effect.
It is assumed that small lubricant particles can easily travel to voids between the powder paricles
where they can remain shielded from the inter-particles collisions and particle rearrangement [12].
Such lubricant particles would thus provide little lubricating effect for the ejection process because
they would tend to remain located at the core of the compact. Larger lubricant particles, by opposition,
would be forced to deform and be expelled to the surface of the compact, in order to form a lubricating
film between the part and the die surface. This process remains beneficial as long as the lubricant
does not degrade or melt under the heat generated. While it is conceivable that a liquid lubricant
would tend to migrate faster toward the die surface, this is not necessarily so as previous research link
the migration of the lubricant to the densification process [3]. Nevertheless, assuming that the
lubricant migrates due to its reduced viscosity beyond its melting point, the benefits of this
phenomenon can still be questioned. As the porosity is rapidly closing under the compaction and
deformation of the compact, a significant volume of air needs to escape the powder. It is a possibility
that a liquid lubricant would tend o seal off the porosity channels — if not completely, at least parttally —
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needed for the air to escape. This would lead to air entrapment within the part. As long as the
pressure is maintained on the compact, the compressed air is not a problem. Upon the part exiting
the die, the now pressurized air would cause some level of elastic relaxation beyond the intrinsic
elastic deformation of the material. The observable consequence of the phenomenon is an increased
springback. This would also explain why powder mixes containing low melting point lubricants appear
to be less compressible. While these powder mixes can reach a high in-die density, the elastic
relaxation following the ejection out of the stiff die reduces the final green density.

Conclusion

The use of lubricants with larger particle sizes can contribute to lower the ejeclion forces due to a
better migration of the lubricant to the die to part interface, where its effects are the most desirable.
This effect appears to be facilitated by using low melting point lubricants that will soften or partially
liguefy by the heat generated through the compaction phase of the part fabrication. However, there
seems lo be a practical limit to this characteristic of low melting point lubricants. As the temperature is
increased, it is possible to melt the lubricant to the extent where some porosity channels — escape
paths for compressed air — are being effectively sealed off, causing an internal pressurization of the air
trapped in the part. Upon the release of the constraint of the compacted pan, elastic relaxation
causes the part to swell thereby reducing the green density of the compact.

Differences between various types and particle size distributions of the lubricant tend to be fairly
visible at low compaction rates and low temperatures. However, as the compaction speeds and
temperature are increased, those differences become less obvious. While no clear explanation was
found to explain the observed behaviour of those lubricants, further investigation remains important as
industrial compaction of metal powders is regularly done under fast stroke rates and at elevated
temperatures.
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