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Inorganic fullerene-like materials have been identified as being of potentially utmost
importance for many industrial applications. MoS, and WS, hollow nanoparticles have
been identified as strong candidates for tribological applications such as solid lubricants.
The main goal of this work was to evaluate the mechanical properties of solid lubricant
particles in ensemble under hydrostatic pressure. The behavior of nanopowders under
compression has been described on the basis of constitutive models of continuum
mechanics. The model will be applied to an isotropic compaction of copper (well-studied
medium), fullerene-like (IF-WS,) nanoparticles and a natural powder of 2H-WS, platelets.
The morphology of individual nanoparticles and nanoparticle ensembles will be examined
and discussed. Another aspect of this work was to study the applicability and limitations of
the proposed constitutive model for the understanding of the tribological behavior of solid
lubricant nanoparticles. Compression with the maximal pressure (500 MPa) showed that
the shape of the IF nanoparticles is preserved. The dominant mechanism of damage was
found to be the delamination or peeling-off of the external sheets of hollow nanoparticles.

Strong destruction of 2H-WS, platelets was observed under compression.
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1. Introduction

Inorganic fullerene-like materials have been identified
as being of potentially utmost importance for many in-
dustrial applications, as a consequence of their unique
mechanical and electronic properties. In analogy to car-
bon fullerenes (Cg, etc.), fullerene-like materials are
made of two-dimensional lamellar structure, like BN,
CNy, MoS,, CdCl,, etc., with closed and curved mor-
phologies, grown into three-dimensional networks or
architectures and displaying a wide range of shapes. As
a consequence of their atomic-scale structure involving
strong covalent bonds and noncompact space filling,
these materials have been identified as strong candi-
dates for tribological applications such as solid lubri-
cants [1]. Detailed analysis of the nanoparticles prop-
erties is essential to gain understanding of the complex
physical behavior of this nanopowder at the interface
during a friction test. There are some works attempting
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to characterize individual fullerene-like nanoparticles
(see for example [2, 3]). However evaluation of the
nanoparticle behavior in ensemble as a medium has not
yet been studied. Thus the main goal of this work was
to evaluate the mechanical properties of solid lubricant
particles in ensemble. As a first step, hydrostatic com-
pression of the solid lubricant nanoparticles which pro-
vides uniform loading of a particulate media has been
studied. In a forthcoming work the properties of a solid
lubricant medium under compression with a shear will
be considered.

2. Background

2.1. The phenomenological model of
nanoparticle media

It is well established that a densification of the par-

ticulate media occurs in the following succession [4]:
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(i) rearrangement of grains (particles), (ii) fracture and
rearrangement of grains and (iii) deformation and frac-
ture of grains. At the first stage of densification of a
loose powder the particle rearrangement is obtained by
an interparticle sliding which depends on the friction
properties of nanoparticles. The cohesion between the
powder particles increases with the relative density. If
the cohesion is very high, the powder system behaves
like a sintered porous material (third mechanism) [5].
The deformation and fracture of particles are defined
by their bulk properties. Thus the main task of the pow-
der compression analysis is to evaluate both the fric-
tion properties of the solid lubricant medium and the
bulk properties of particles. In general, the compres-
sion of a powder is characterized by compaction curve
(pressure-density relationship). The behavior of pow-
ders under compression has been described on the basis
of constitutive models of continuum mechanics [4—12].
Many of these models were originally developed for
the sintered powders. However, the loose powder be-
haves differently from the sintered ones. Many of the
differences between a powder media and porous body
originate from the individuality of the powder particles
in a powder system. In addition to particles distortion
(plastic deformation for metal powders), fragmentation
(for ceramic and pharmaceutical powders) or crystal-
lographic glide (for oxide aggregates), the assemblage
of powder particles can move and rotate against each
other with interfacial friction or cohesion.

The continuum models determine the yield condition
of porous medium using second deviator stress invariant
J; and first stress invariant J;. One general form of the
yield function proposed in many works (for example,

[6]):
¢=AJ,+B(J;+kP—Y?*=0 (D)

where A, B and k are functions of the relative density
p, and Y is the apparent flow stress which is at least a
function of the relative density. Also

1
/ ’ !
Jy = Eaij 55

Ji = ok = 30m,
/ @)

O'ij = O‘ij — O‘m(sij

where: oy, is the mean stress, ojj is the macroscopic

stress, &j is the Kronecker delta function.

The various models for porous metals as reviewed
in Refs. [13, 14] are all in the form of Equation 1 with
k = 0. The physical reason for including the coefficient
k in Equation 1 is to reflect the limited inter-particle
strength when it is subjected to a tensile stress state. In
order to use Equation 1 for porous materials and differ-
ent powders alike, it was assumed that the apparent flow
stress Y is a fraction of the flow stress for the individual
particle, Yy, i.e.

Y2 =n(p)Ys 3)

One can see from (3), that the parameter 1(p) depends
only on the relative density of the porous material and
represents the square of the Y /Y ratio. The specific
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forms of A, B, k and n in Equation 1 relies greatly
upon the experimental and material data. The hydro-
static pressing of powder and green strength of powder
compact have been used in order to determine the co-
efficients A, B and k [6]. However, the above relations
have not been rigorously proved for loose powders.

In the present work, the phenomenological model
based on Equation 1 will be used in order to describe
the constitutive behavior of nanoparticle media during a
general isotropic compression. The shape of the powder
particles is an important characteristic at the first stage
of compression where sliding and the local plastic de-
formation play an important role [5]. The model will
be applied to an isotropic compaction of copper (well-
studied medium), fullerene-like (IF-WS;) nanoparti-
cles and a natural powder of 2H-WS; platelets, having
very different particle morphology. This new constitu-
tive model takes into account the combined influence
of particles morphology, agglomeration and distortion
of the solid lubricant medium on the behavior of the
powder under compression. Another aspect of this work
was to study the applicability and limitations of the pro-
posed constitutive model for the understanding of the
tribological behavior of solid lubricant nanoparticles.
Additionally the morphology of individual nanoparti-
cles and nanoparticle ensembles will be examined and
discussed.

2.2. Yield function and properties
estimation

We propose to use the yield function of Equation 1,
with a new approach to determine the flow stress of
individual particles, Y and a function of the particle
ensemble, k, as the main mechanical characteristics of
a powder body. First, we consider an isotropic (hydro-
static) compression. In this case the yield function (1)
is transformed into:

B(Ji + k)’ —Y*=0 )

According Tszeng and Wu [6], the function-k is zero
when an inter-particle sliding during compression is
stopped and the material becomes porous and consol-
idated. In the case, when the densification of this ma-
terial is associated with a plastic deformation, the flow
stress of individual particles, Y, can be calculated. The
coefficients A, B and n are assumed to be functions of
the density [6]:

1—p?
A(p) =2+ p%  B(p) = T
5 , )
_pT=p;
77(/0)—71_/002

where p. is the critical relative density, where the yield
stress of the powder is zero. Thereafter, Equations 3
and 4 with the porosity functions (5) serve to fulfill the
definition of the flow stress during an isotropic com-
pression of the powder at high density. Inserting (5)
into (4) and taking into account that k = 0, the flow



stress of individual particles can be expressed as:

2 2
Y2_3(1_/° )(I_Pc) 2
0 2 2

p* — pg

(6)

Therefore, the k-function in Equation 4 is given by:

K=Y0|:

3(p* — p?)

)

2—3
(-1 - pz)} P

EHT=268.88 kV

3. Experimental procedure
The experiments were conducted using fullerene-like
nanoparticles (IF-WS,), commercially available lay-
ered 2H-WS, particles and water-atomized copper
powder. Details of the IF synthesis are presented in
Ref. [3]. The characteristics of the studied particles are
given in Table I. The average size of the IF-WS, par-
ticles was close to 120 nm, Fig. 1a, while it was 4 um
for 2H-WS,, (Fig. 1b).

Atomized copper powders show more or less round
shape. The IF-WS, nanoparticles have either ovoid,

-

WD=

(a)

AccV  Spot Magn
100kV 30 10000x SE 2971

Det WD Exp

l——! 5 um
; s~

(b)

Figure 1 Fullerene-like IF-WS; nanoparticles (a) and layered commercially available platelets of WS, (b).
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TABLE I Characteristics of IF-WS,, 2H-WS; and copper powders

IE-WS, 2H-WS,  Water-atomized
nanopowder powder  copper powder
Apparent relative density ~ 0.197 0.208 0.395
Tap relative density 0.278 0.293 0.449
Particle size distribution®  — -
(pm)
—140 14
—140 to +200 233
—200 to 4325 753
—325

*US standard sieve (wt%).

quasi-spherical shape whilst 2H-WS; come in platelet
morphology.

The hydrostatic powder compression experiments
were carried out using quasi-hydrostatic polyurethane
bag tooling. The hydrostatic pressure was changed in
the range of 3—-500 MPa. After cold hydrostatic pressing
(CHP), the density of the green compact was measured
by Archimedes’ method. The CHP was performed us-
ing INSTRON test machine with a load capacity of
200KN. The load-displacement diagrams were com-
puter recorded and they were corrected to take into ac-
count the deformation of the polyurethane bag. The
density of the green compact measured after densifi-
cation was used in the analysis of the pressure-density
curve. The deformation and fracture of IF and 2H par-
ticles were analyzed using Transmission electron mi-
croscope (TEM)- Philips model CM120 (120 kV); high
resolution scanning electron microscope (HRSEM) FEI
model XL-30 equipped with a field emission gun, and
X-ray diffraction. Specimens for TEM examination
were prepared by touching the compressed pellet of
nanoparticles with a carbon/collodion coated copper
TEM grid. XRD patterns were collected in the range
2-90° (2®) with CuK,, radiation on the ®-© powder
diffractometer “Scintag X" equipped with a liquid ni-
trogen cooled Ge solid-state detector. Peak positions

and widths of the Bragg reflections were determined
by a self-consistent profile-fitting procedure using the
Pearson VII function [15]. Lattice constants compu-
tation was carried out by a reciprocal lattice param-
eter refinement; microstrains in radial direction were
estimated by Williamson—Hall approach [16] from
(0.02 L) (L = 1 + 4) peaks broadening.

4. Results

4.1. Pressure-density relation

Fig. 2 shows the relationships between the hydro-
static pressure and density for three powdered com-
pacts. The density of 2H-WS, powder compact un-
der maximal pressure, p = 500 MPa, is seen to be
(6 g/cc), while it was 5.37 g/cc for IF-WS, (Fig. 2a).
The theoretical density of a natural 2H-WS; is known
to be 7.2 g/cc [17]. The calculated density of IF-WS;
was 6.6 g/cc [1]. The difference in the densities be-
tween the observed and calculated values is associated
with the hollow cage structure of the IF nanoparti-
cles [1]. As seen from Fig. 2, two ranges of the den-
sity variation are observed with pressure increasing-
quick and slow change in the density for low and high
values of the pressure. The relative densities of the
powder media were different for each type of pow-
der at the low pressure range. The compressibility
of IF-WS; nanoparticles is much larger than that of
both 2H-WS,; and copper powders at the first stage of
compression.

At higher hydrostatic pressures a saturation value of
the density was obtained at a pressure close to 300 MPa.
For the 2H-WS, powder, a tendency for slower increase
in the density was observed under high pressure. It is
expected that the character of densification is typical
for each of the above powders and depends on the ini-
tial structure of the particles and the mechanisms of
compression. The structural characteristics of IF and
2H particles at the different stages of compression will
be considered below.
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Figure 2 The relationships between the hydrostatic pressure and relative density for three powdered compacts: IF, 2H and Cu powders.
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Figure 3 Flow stress-pressure relationships for IF (a) and 2H (b) media.
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Figure 4 The linear approximations of flow stress-pressure curves for IF (1), 2H (2) and Cu (3) media.

4.2. Grains’ flow stress determination

The results of the flow stress determination are shown
in Figs 3 and 4. To determine the flow stress, relation-
ship (6) was used. A permanent increase of the flow
stress due to hardening of the powder during com-
pression of the powder ensemble is observed. The ini-
tial flow stress of individual particles was calculated
using linear approximation of flow-stress-hydrostatic
pressure curves. One can see (Figs 3 and 4) that a
part of the pressure-density curve at the high density
range can be approximated as a linear curve for all
the materials studied with sufficiently high reliability.
The equations for these approximations are shown in
Table II.

4.3. Approximation for the flow
stress-pressure curves

These data reveal that the flow stress—compression

stress dependence may be represented as Yy = Ap+ Y,

where Ys is an initial flow stress of the base solid
(bulk) material at a hydrostatic pressure p = 0, A—
is a hardening coefficient. It should be noted that for
metal powders the initial flow stress is equivalent to the
yield strength of the bulk metal. Actually the initial flow
stress of copper estimated in the present study is slightly
higher than the documented yield strength of the bulk
metal determined by classical tensile test. This discrep-
ancy may be attributed to differences between the me-
chanical properties of metal powder and bulk metal due
to different metallurgical history of the tested materials
and oxidation of the coper surface [5]. A comparison

TABLE II Approximation equations for powders

Powder Equation R?

WS, IF Yo = 1.1159P +91.442 R? =0.9983
WS,22H Yo = 0.5208P + 171.63 R? =0.9992
Cu Yo = 0.4352P 4 234.87 R? =0.992
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Figure 5 k-function for IF, 2H and Cu media in low pressure range.
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of the initial flow stress Y of the fullerene-like nanopar-
ticles with 2H-WS; platelets and copper particles show
that Ys of the IF-WS, is minimal while the hardening
coefficient is maximal for this powder. The hardening of
the IF-WS, nanoparticles is so high that the compress-
ibility of this nanoparticle medium at the final stages
of powder compression is lower than that of the other
powders (Fig. 2).

4.4. Interparticle strength function, «

The k—function has been calculated in the range of low
hydrostatic pressures using the Equations 1 and 7. The
results of this calculation are summarized in Fig. 5. The
real values of x have a positive sign and tend to zero as
the pressure increases. One can see that the interparticle

1 - Pressure
60 1 2 - k- function

“ & n
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[
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Figure 6 The connection between k—function, hydrostatic pressure and density in low dense zone for IF nanoparticles media.

Figure 7 The virgin structure of hollow and closed IF-WS; nanoparticles.
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strength of IF-WS, nanoparticles is smaller by a factor
of two compared to that of 2H-WS,. In other words,
IF-WS; nanoparticle media shows the best slippery na-
ture in comparison to 2H and copper powder at the
low pressure range. The rearrangement of grains (par-
ticles) occurs up to densities 0.60-0.65 and in these
range of densities the interparticle strength is strongly
influenced by grain sliding (Fig. 6).

4.5. The effect of compression on the
structure of IF and 2H particles

In order to analyze the change of the shape and the
structure of the IF and 2H solid lubricant particles as
a medium under compression, their virgin state has
been originally studied using TEM and HRSEM mi-
croscopy. The virgin shape of the hollow and closed
IF nanoparticles was found to be ovoid and irregular
(see Fig. 7). Tilting of the IF-WS, samples in the TEM
showed that the lattice images of the IF-W S, nanoparti-
cles remain essentially unchanged, attesting the closed
nature of the nanoparticles (see Fig. 8). The average

-20°

20nm

o

size of the IF-WS; nanoparticles was found to be close
to 120 nm. The compression with maximal pressure
showed that the shape of the IF nanoparticles is appar-
ently preserved (see Fig. 9). The dominant mechanism
of damage was found to be the exfoliation or pilling
off the external sheets of the hollow nanoparticles. It
is important to note that although the external sheets
of IF-WS, nanoparticles were peeled-off, the shape
of the nanoparticles after distortion remained essen-
tially unchanged compared with the virgin state. A typ-
ical ensemble of single and agglomerated IF-WS; solid
lubricant nanoparticles after compression is shown in
Fig. 10. It is expected that the mobility of such “spheri-
cal” nanoparticles can be high in comparison to 2H and
Cu powders at the first stage of compression where the
structure of the powder is preserved and the nanopar-
ticles are free to slip and rotate. Free-spread 2H-WS,
particles with platelet morphology are shown in Fig. 11.
Appreciable destruction occurred for the compressed
2H-WS; platelets (see Fig. 12).

X-Ray analysis (XRD) of the IF-WS; medium
showed that cell parameters of most compressed

20°

Figure 8 The tilting of the IF-WS; nanoparticles in the virgin state confirms the preservation of their form in different directions.

-40°

S0nm

0“

40°

Figure 9 The tilting of the IF-WS; nanoparticles after high pressure compression (P = 500 MPa).
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Figure 11 Free-spread layered 2H-WS,.

IF-WS, particles A = 3.153 & 0.001 A and C =
12.497 £ 0.005 are very close to the original ones
A = 3.154£0.001 A and C = 12.512+0.005 A.
Compression has no effect on the microstrains in the
radial direction: (AC/C) = (10.83 & 0.45) - 1073 for
most compressed vs. (11.1940.62)-10~2 for the origi-
nal media. Having in mind also that the size of coherent
scattering domains ( & IF shell thickness) in both cases
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is beyond a high bound detectable by Bragg reflections
broadening, we may conclude that the XRD results con-
firm the results of the TEM and SEM study: the bulk
structure of the IF-WS, medium under compression
with pressure of 500 MPa does not change. Thus the
X-Ray analysis of the IF medium after compression
confirmed the data of TEM and SEM study. Therefore
it may be concluded that these nanoparticles are capable



Figure 13 The scheme of compression of IF (A) and 2H (B) solid lubricant particles in the ensemble.

of withstanding a high hydrostatic pressure, caused by
the compression stress. Mainly, only the outermost lay-
ers of the IF-WS, medium are damaged, which affect
on the tribological behavior of this material.

5. Discussion

5.1. The behavior of solid lubricant particles
under hydrostatic compression

Compression of soil or ceramic powders can be at-

tributed to a number of mechanisms: (i) rearrange-

ment of the grains, (ii) fracture and rearrangement of
the grains, (iii) distortion or deformation (for example,
bending) of the grains [4]. It is expected that mainly
the first two mechanisms of compression can occur for
the IF-WS, hollow cage nanoparticles while the 2H-
WS, particles may be also distorted and bended due
to their platelet shape. The behavior of the solid lubri-
cant particles at the low-pressure range is determined
mainly by the slippery nature of the particles. The IF-
‘WS, initial flow stress is found to be lesser than those
of 2H-WS,; and the copper powder. This effect usually
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Figure 14 1IF-WS; nanoparticles in the valleys of rubbed surfaces.
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Figure 15 The damage and exfoliation of external sheets of IF nanoparticles after the friction (noted by arrows).

provide easy slipping of IF nanoparticles in the ensem-
ble when low pressure is applied. Thus it may be con-
cluded that the IF-WS, nanoparticle media shows the
best slippery nature in comparison to 2H and copper
powder at the range of low pressure compression. This
behavior may be attributed to the close, ovoid shape of
the IF allowing easy intergranular friction under low
hydrostatic pressure. No effective sliding is obtained
under compression in the area of high density compact.
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Two mechanisms of particles compression character-
ize this range-rearrangement of the particles and their
deformation and/or distortion. These mechanisms can
not be easily distinguished and the transition from one
mechanism to the other can not be easily recognized.
It was found that the strength of the IF-WS, nanopar-
ticles is much larger than that of the 2H-WS, at the
high pressure range. The exfoliation of only the exter-
nal layers of the IF nanoparticles, preservation of their



shape and their lattice parameter as confirmed by SEM,
TEM and X-Ray allude to the very high stiffness of
fullerene-like nanoparticles. At the same time a second
range of the compression under high pressure is char-
acterized by local delamination of the external sheets of
the IF nanoparticles. The damage of IF-WS; nanopar-
ticles is believed to occur by the gradual peeling off of
these external thin sheets (see Fig. 9). Contrarily, the
platelet particles exhibit heavy damage under high pres-
sure loading. They are being bended and distorted due
to the local interparticle stresses acting in the powder
media at high pressure. For this reason the compress-
ibility of the 2H-WS, platelet particles is higher than
that of IF-WS, nanoparticles at high hydrostatic pres-
sures. The principal scheme of the particle compres-
sion based on the analysis of their behavior, is shown
in Fig. 13.

5.2. The behavior of solid lubricant particles
under friction

The results obtained in this work allow to under-
stand better the friction and wear behavior of IF-WS,
nanoparticles in the interface between rubbed surfaces
[1, 20]. It is interesting to note that the first change
of the shape of the IF-WS; nanoparticles under fric-
tion was observed in the range close to 300 MPa [21]
in the transition from low to high pressure compres-
sion. The high stiffness of the IF nanoparticles which
is revealed in the present work allows apparently to ex-
plain the increase of the number of ploughing tracks
on the surface of soft sample lubricated with oil + IF
nanoparticles in comparison to friction with a pure oil
[22]. It was shown that the IF nanoparticles are stored
in the valleys of the contact surfaces (see Fig. 14). It
may be seen that the damage development under fric-
tion occurs in a similar manner to that observed in the
compression experiments: exfoliation of external sheets
of nanoparticles when internal layers of solid lubricant
particles are preserved (see Fig. 15). It is clear that the
hydrostatic compression model does not reflect all the
phenomena occurring in the friction contact. Some pe-
culiarities in the behavior of solid lubricant particles
under compression helped us to understand better var-
ious effects observed under friction and wear of the IF
nanoparticles.

6. Conclusions

1. A phenomenological model describing the con-
stitutive behavior of nanoparticle media during a gen-
eral isotropic compression has been developed. Hydro-
static powder compression experiments were carried
out. Separate low and high density ranges are observed
under compression of the solid Iubricant media.

2. The compressibility of the IF-WS; nanoparticles
is much larger than that of both 2H-WS, and copper
powders under low pressure range. The comparison of
the initial yield point Ys of WS, fullerene-like nanopar-
ticles with that of platelet WS, and Copper particles
show that Y5 of WS, is minimal while the hardening
coefficient is maximal.

3. A compressibility of IF nanoparticle medium at
the high pressure range is lower than that of other pow-
ders.

4. Compression with the maximal pressure (500
MPa) showed that the shape of the IF nanoparticles
is preserved. The dominant mechanism of damage was
found to be the delamination or peeling-off of the exter-
nal sheets of hollow nanoparticles. Strong destruction
of 2H-WS, platelets was observed under compression.

5. It was shown that these nanoparticles are capable
of withstanding a high hydrostatic pressure, caused by
compression without suffering heavy damage.

6. The results obtained in this work allow to under-
stand better the friction and wear behavior of IF-WS,
nanoparticles in the interface between rubbed surfaces.
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