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Deformation behavior of stainless steel particles
under compressive load
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Abstract

Spherical stainless steel particles with diameters of 0.040–0.185 mm plastically deform immediately on compressive

loading. The load–displacement relationship was observed to be approximately linear in the range of displacement

within 5% of the particle size.
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1. Introduction

Die-compaction of metal powders, for the

purpose of densification and shape forming, is one

of the most important processes in the powder

metallurgical industry. Our main interest is in the

density of compacted powders, which affects the

shrinkage of compacted powders during sintering

and in turn the dimensional precision and strength
of sintered compacts. To describe powder densifi-

cation behavior during die-compaction, many

theoretical, semi-theoretical and empirical com-

paction equations have been proposed [1], most of

which express the correlation between the average

density of compacted powders and compacting
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pressure. These equations are useful for predicting
the density of compacted powders for simple

shapes formed by conventional die-compaction, in

which only a narrow density distribution is seen.

Recent developments in computer numerical con-

trol (CNC) pressing technology, however, have

enabled the die-compaction of compacts with very

complex shapes. In general, compacted powders of

complicated shapes show wide density distribu-
tions, making conventional compaction equations

inapplicable. As a result, the dimensions and the

shapes of the press dies as well as of the processing

conditions have up to now been optimized by trial

and error, since the density of compacts affects

shrinkage and dimensional precision.

Due to recent developments in computer tech-

nology, model simulation of the powder densifi-
cation behavior during die-compaction is able to

offer a practical means of predicting powder den-

sity distributions. Extensive work has been re-

ported on the successful prediction of density
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distributions by simulating powder densification

behavior using the finite element method (FEM)

[2–5]. However, the FEM simulation is based on

the assumption that the compacted powder is a
continuous medium. Consequently, FEM simula-

tion is not the most appropriate technique at the

early stages of compaction in which the powder

particles are not yet �cold-welded� with each other

and move into the large voids present in the

powder, which results in densification of the

powder by a simple change of particle distribution.

This phenomenon is called particle rearrangement.
The FEM method is, moreover, not appropriate in

cases where particles need to travel long distances,

such as in a complex die set, during the process of

CNC pressing.

In the particle rearrangement stage, model

simulation based on the discrete element method

(DEM) [6] enables the description of powder

densification behavior. The principle of the DEM
simulation is the successive solution of equations

of motion for individual particles. Therefore, for-

ces acting on contact areas between particles and

between die walls and particles need to be taken

account of in equations of motion for the indi-

vidual particles in the DEM simulation. These

contact forces consist of elastic repulsion, plastic

deformation resistance and frictional resistance.
To obtain more reliable results by DEM simula-

tion, these contact forces need to be estimated

precisely. Either the elastic repulsion or the plastic

deformation resistance can be divided into two

components: the normal component and the tan-

gential component, which act in the normal and

tangential directions to the contact surface. The

tangential component does not exceed the fric-
tional resistance, because particles in contact start

to slip when the tangential component is greater

than the frictional resistance. On the other hand,

the frictional resistance is given by the product of

frictional coefficient and the normal component;

hence, of all the forces and components, the normal
Table 1

Chemical composition of SUS316L

Ni Cr Mo Mn P

12.09 16.26 2.01 1.69 0.035
components of elastic repulsion and the plastic

deformation resistance are the parameters that

need to be the most precisely estimated in a DEM

simulation.
In this study, single particles of stainless steel in

a size range from 0.040 to 0.185 mm were com-

pressed between parallel plates using a micro-

loading apparatus. The compressive load and

displacement in the loading direction were

measured to obtain the relation of the normal

components of elastic repulsion and plastic de-

formation resistance to the deformation of the
particles.
2. Experimental

Spherical particles (particle size range: 0.040–

0.185 mm) of 316L-type stainless steel (designated

as SUS316L in Japan), produced by a plasma ro-
tating electrode centrifugal atomization method,

were subjected to compression testing. The chem-

ical composition of SUS316L is listed in Table 1.

The test was conducted by means of a special

micro-loading apparatus that was obtained by

modifying a dynamic micro-hardness tester. An

outline of the micro-loading apparatus is shown in

Fig. 1. A diamond loading plate (size of plane area
0.5 mm · 0.5 mm) was fixed to a rod connected to

the end of a balance beam. At the other end of the

beam, a solenoid was installed to drive the beam

end up and down for loading and unloading. A

built-in computer was used to control the load and

loading rate by regulating the electric current ap-

plied to the solenoid. One particle was put on an

anvil made of cemented carbide (16 mm · 16
mm · 4 mm) and anchored using a small amount

of soft resin. The anvil was fixed firmly to the X–Y
stage of the loading apparatus. The particle

was centered on the loading plate. The particle

was then compressed at a constant loading rate

(0.00627 N/s). The maximum compressive load
Si C S Fe

0.025 0.013 0.011 Balance



Fig. 1. Schematic illustration of micro-loading apparatus.
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was 0.98 N. The compressive load was calculated

from the electric current applied to the solenoid by

the built-in computer. The displacement in the

loading direction was measured by a differential

transformer fixed to the rod connecting the dia-
mond plate to the end of the balance beam. The

experimental resolutions were 0.49 mN for the

load and 0.02 lm for the displacement. A digital

data recorder was used to record the load and the

displacement at a sampling rate of 0.2 s. Before

and after the test, the particle was observed and

photographed using an optical microscope with a

digital camera and a scanning electron microscope.
The particle size was measured on the photograph.
Fig. 2. SEM images of 316L particle (a) b
3. Results and discussion

SEM images of a 0.102 mm 316L particle before

and after compression up to 0.98 N are shown in
Fig. 2(a) and (b), respectively. It is obvious that a

plane surface was formed due to plastic de-

formation of the particle during compression. To

consider the yielding behavior of the particle,

the experimental load–displacement relation was

compared with predictions based on elastic theory.

The theoretical relation for an elastic sphere made

of 316L compressed between the diamond plate
and the cemented carbide anvil is given by the

following equation derived from Hertz contact

theory [7]

D ¼ 1

2
32=3d�1=3 1� m21

E1

�"
þ 1� m22

E2

��2=3

þ 1� m21
E1

�
þ 1� m23

E3

��2=3
#
P 2=3; ð1Þ

where P [N] is the compressive load, D [m] the

displacement in the loading direction, d [m] the

diameter of the 316L particle, E1 [Pa] and m1 elastic
modulus and Poisson�s ratio of the 316L particle,

respectively, E2 [Pa] and m2 those of the diamond

plate, and E3 [Pa] and m3 those of the cemented

carbide anvil. The elastic moduli and Poisson�s
ratios of these materials [8–10] are listed in Table

2. Fig. 3 shows a load–displacement curve mea-

sured for the 0.102 mm 316L particle and a cor-

responding theoretical curve calculated from Eq.

(1). The experimental curve (except in the early

stages of loading) yields much larger strains for a
efore and (b) after compression test.



Table 2

Elastic moduli and Poisson�s ratios of SUS316 [8], diamond [9]

and cemented carbide [10]

Material Elastic modulus E
[GPa]

Poisson�s ratio m

SUS316 191–196 0.23

Diamond 1220 0.20

Cemented carbide 593 0.21

Fig. 3. Load–displacement curve measured for a 0.1020-mm

316L particle compressed up to 0.98 N.

Fig. 4. Variety of load–displacement curves measured for 316L

particles compressed until 0.98 N.

Fig. 5. Optical micrographs of 316L particle after compression

test; (a) and (b) correspond with those in Fig. 4.
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given load than predicted by elastic theory. It can

be understood from Fig. 3 that the 316L particle

yielded at a quite low compressive load. This result

could be also confirmed by comparison with pre-

dictions based on plastic theory using FEM sim-

ulation approach [11].

Fig. 4 shows typical load–displacement curves
measured for various sizes of 316L particles com-

pressed up to 0.98 N. The displacement is shown

as the normalized displacement (displacement di-

vided by particle size). In the range of normalized

displacements up to 5%, the curves can be ap-

proximated by straight lines. However, the curves

bend abruptly in the range between 5% and 10%

and exhibit significantly shallower slopes in the
range over 10%. In other words, the particles show

abnormal deformation behavior in the displace-

ment range above 10% of the particle size. Fig. 5(a)
and (b) show optical micrographs of 316L particles
after the compression test. The load–displacement

curves of these particles are already shown in Fig.

4. Letters (a) and (b) in Fig. 4 correspond to the

same letters indicated in Fig. 5, respectively.

Namely, the letter (a) indicates that the particle

deformed within 10% and the letter (b) the particle

deformed to more than 10% of the particle size.

Plane surfaces formed by plastic deformation are
seen in both particles. Fig. 5(a) shows a circu-

lar plane surface, while (b) shows an elliptical

one. Both particles were confirmed to be almost

spherical by optical microscopy before compres-

sion. Therefore, the elliptical plane surface in Fig.

5(b) was formed by squeezing the particles. This



Fig. 6. X-ray diffraction patterns of 316L particles before and

after heat treatment.

Fig. 7. Effect of heat treatment on load–displacement relation.
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inhomogeneous deformation may have caused the

abnormal load–deformation relations shown in
Fig. 4.

Fig. 6 shows X-ray diffraction patterns of the

particles. The particles show peaks from ferrite as

well as austenite, in the pattern indicated as before

heat treatment. According to Bouche et al. [12], d-
ferrite dendrites were found in a matrix of c col-

umnar grains in 316L weldments. Therefore, the

two-phase (ferrite and austenite) structure of the
316L particles was presumably caused by rapid

cooling of droplets of 316L melt during the at-

omization process. The rapid cooling of droplets is

presumed to cause a difference in cooling rate, and

therefore solidification rate, between the surface

and the core part of the particle, due to the poor

thermal conductivity of 316L; this results in par-

ticles comprising a soft core covered with a hard
crust. We assume that the plastic deformation

took place within the hard crust in the range of

displacement of less than 5% of the particle size,

while in the displacement range over 10%, the

plastic deformation reached the soft core and the

overall plastic deformation behavior became more

complex. The cause of elliptical surfaces formation

can be understood as follows. During plasma ro-
tating electrode centrifugal atomization process,

droplets of 316L melt flew in an inert gas and were

cooled by gas flow around the droplets. Since the

flow speed of gas at the surface of droplets was

inhomogeneous, cooling rate was inhomogeneous

over the surface. It is easily understood that the

flow speed is the fastest at �equator� of the spherical
droplets if the gas flows from �north pole� to �south
pole�. Therefore, the hard crust becomes thicker at

the �equator� than at the �poles�. Such 316L

spherical particles consisting of the soft core cov-
ered with inhomogeneous hard crust deformed

inhomogeneously and formed the elliptical plain

surfaces. According to Kobayashi et al. [13], the d-
ferrite in 25Cr–7Ni–0.14N stainless steel decom-

poses into austenite and chromium nitride at

temperatures over 823 K. Therefore, heat treat-

ment of the particles at 1118 K for 1.8 ks in a

vacuum was conducted to decompose the ferrite.
An XRD pattern of the particles after heat treat-

ment is also shown in Fig. 6. Compared with the

pattern of the particles before treatment, the in-

tensity of peaks from ferrite was reduced in the

heat-treated particles. Typical load–displacement

curves of the heat-treated particles are shown with

those of the untreated ones in Fig. 7. It is evident

from the figure that the abnormal load–displace-
ment relationship was corrected by the heat

treatment, which supports our above-mentioned

hypothesis.

Finally, the particles in the size range from

0.040 to 0.185 mm were tested, and the slope of the

approximated lines for load–displacement relation

in the range of displacement less than 5% of the

particle size was calculated using the mean square



Fig. 8. Correlation between particle size and slope of approxi-

mated line for load–displacement relation.
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fitting method and plotted against the particle size

in Fig. 8. Although the slope tends to increase with

an increase in particle size, the plotted data spread
so widely that no clear correlation between the

slope and particle size could be established.
4. Conclusions

The deformation behavior of small stainless

steel (316L) particles in the size range from 0.040
to 0.185 mm under compressive load was investi-

gated using a micro-loading apparatus. The fol-

lowing were obtained as our conclusions: (1) The

particles started to deform plastically immediately

after the start of loading. (2) The load–displace-

ment relationship is approximately a straight line

in the range of displacement up to 5% of the

particle size. (3) The slope of the load–displace-
ment curve becomes shallower in the range of

displacement over 10% of the particle size due to

inhomogeneous deformation of the particles,

which consist of a hard crust around a soft core.
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