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Friction and wear properties of monolithic

silicon-based ceramics

D. C. CRANMER™

Bendix Advanced Technology Center, Columbia, MD 27045, USA

Friction and wear properties of two forms of silicon nitride (reaction bonded and hot
pressed) and two of silicon carbide (reaction sintered and sintered) are reported. The
materials were sfid against themselves under unlubricated conditions. Tests were run using

a simulated inertial sample dynamometer. Sliding speeds ranged from 0.5 to 5.5 m sec
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with applied loads of 225 or 450 N. Friction coefficients were found to be in the range of
0.15 to 0.8 for both types of material. Friction response was qualitatively correlated with
changes in surface chemistry at the sliding interface. Wear rates were of the order of
10714 to 107 m3 (N m) ™}, in order-of-magnitude agreement with previous pin-on-disc
results reported in the literature. Wear surfaces exhibit plastlc deformation, ploughing,

and oxide film formation and removal.

1. Introduction

Silicon nitride and silicon carbide are being incor-
porated in a variety of high-temperature appli-
cations (e.g. gas turbine engines). Both have
excellent thermal and mechanical properties, but
will encounter conditions in which sliding or rub-
bing contact occur. In order to fully exploit the
potential of these materials, an understanding of
their tribological responses in relation to their
surface characteristics and deformation modes
must be developed.

Several previous studies [1—5] have examined
the friction and wear behaviour of these materials
running against themselves using pin-on-disc tech-
niques. Other studies [6—9] have examined their
responses when running against a dissimilar
material, e.g. iron. Friction coefficients were
generally found to be in the range 0.2 to 0.7 over a
temperature range from room temperature to
1000° C for both types of material. Wear rates are
generally low, but cannot be directly compared in
most cases because of differences in wear measure-
ment techniques (thickness change instead of
weight loss), and the inherent differences between
tests run on different machines (even if all are of
the same type). The most direct comparison can
be made between a rotating pin-on-disc apparatus

[2] and a reciprocating pin-on-disc machine [3] for
a variety of silicon-based ceramics. Using the same
materials and material combinations, wear rates
vary generally by about an order of magnitude
with extreme differences of two orders of magni-
tude. These discrepancies are the result of dif-
ferences in test-machine dynamics, as well as
compositional differences (e.g. MgO rather than
Y,0; additives in SizN,) and microstructural dif-
ferences. They cannot be satisfactorily explained
in detail at the present time.

The wear process is generally described in terms
of one or more mechanisms [8, 10, 11} for
example adhesive and abrasive processes, plastic
deformation, delamination and fatigue. Any one
of these mechanisms can predominante, or several
of them combine to determine the features of the
wear surface and subsurface. Suh [11] has
developed the delamination theory of wear to
account for a variety of wear processes such as
adhesion, fretting and fatigue as part of the
motion and interactions of dislocations in the sur-
face and near-surface regions of the material. A
number of theories have been developed recently
which attempt to account for wear in brittle
solids. Evans [12] developed a theory based on
link-up of lateral and surface cracks under the

*Present address: The Aerospace Corporation, PO Box 92957, Los Angeles, CA 90 009, USA.
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TABLE I Comparison of wear rates of silicon-based ceramics

Fabrication Reciprocating [16] Rotating [15]

Material* methodT (10“m*N-'m™) (10 m*N-'m"")
Si,N, AED RS 26 3.3

SN220 S 22 0.2

NC132 HP 16 0.8

SN201 RS — 3.0

SN501 RS - 4.8

EC111S RS — 7.0

EC128 RS — 0.2

EC131 HP - 1.5
SiC  NC203 HP 1.6 0.1

NC435 RS 14 0.3

EC412 RS 1.4 0.1

EC422 S 3.1 0.01

Alpha S - 1.6

KT RS — 0.2

SC401 RS - 0.2

SC201 S - 0.1
Sialon HP 6.1 0.1

*Material producers: NC = Norton, SN and SC = Kyocera, EC = NTK, Alpha and KT = Carborundum, Sialon = AVCO,

AED = Nitrasil.
THP = hot-pressed, RS = reaction-sintered, S = sintered.

area of contact to generate a wear particle. No one
theory can as yet account for all the wear pro-
cesses which have been observed, but the theories
are constantly being modified [13].

The mechanisms of friction and wear are the
subject of much study and debate. A recent review
[14] summarizes the theories of friction. As
regards brittle solids such as ceramics, this review
suggests that subsurface deformation should be
small unless temperatures where plastic deforma-
tion can occur are reached, and that the energy
expended in the friction process will be small
unless plastic deformation can occur. In addi-
tion, the review points out the nature of the
stress fields surrounding the area of contact,
and indicates the probable formation of micro-
cracks at the interface as sliding takes place. As
noted above, these cracks are potential sources
of wear particles.

The purpose of the present investigation was to
measure the friction and wear properties of two
silicon-based ceramics. Measurements were made
under conditions that were different from pre-
viously reported pin-on-disc studies. The results
were interpreted in terms of surface chemistry and
morphology as well as friction and thermal
response.

*Norton Co., Worcester, Massachusetts, USA.
TCarborundum Co., Niagara Falls, New York, USA.

i Link Engineering, Detroit, Michigan, USA, Model D1205-E.
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2. Experimental procedure

Two different silicon nitrides were initially
selected for examination: NC 132,* a hot-pressed
material, and NC 350, a reaction-bonded
material, Two different silicon carbides were also
chosen, in part because of their apparent uniform-
ity of wear rates in prior testing (see Table I). The
materials chosen were NC430,* a reaction-
sintered material which is similar to the NC 435
shown in the table, and sintered Alpha,Jr a con-
ventionally sintered material. Typical compo-
sitions for all four materials are detailed in Table
I [15-17].

A ring geometry compatible with the testing
apparatus was chosen to provide the sliding inter-
face for analysis. A schematic diagram of the
apparatus is shown in Fig. 1. The samples follow
a circular path about the centre-line shown, main-
taining an approximately constant area of con-
tact. The ring dimensions were 4.5cm outside
diameter (OD), 2.5cm inside diameter (ID) and
0.6 cm thick, except for the sintered Alpha which
was 6.1cm OD, 4.2c¢cm ID and 0.6 cm thick. All
rings were parallel-ground with 600 grit diamond
to control the initial surface profiles. The rings
were mounted in a simulated inertial sample
dynamometer? and run against themselves for



TABLE II Typical chemical analysis and properties of materials used

NC 430 a-SiC NC 132 NC 430
SiC 88.5wt% SiC 98wt % Si,N, ~ 94 wt% SiyN, > 98wt %
Si 10.6 B 0.6 Mg 04 1t00.6
Fe 0.4 C 1.0 Al 0.2t003 Al 0.2
Al 0.1 Al 0.06 to 0.09 Fe 0.2t0 04 Fe 04
B < 50 ppm Fe 0.2t00.3 Ca 0.006 to 0.03 Ca 0.05
Mn 0.05 -
B < 0.003 -
W 15t02.0 -
(0] 3.0 0 0.5
Some Si,ON, and Mg
silicates are present in
small amounts.
p~30gem? p~315gcm™3 p~32gem™? p~24gem?

Grain size is
~ 7 um.

Grain size distribution
is bimodal; small Si and
SiC are less than 10 um,
large Siis ~ 150 um,

Grain size is about
2 to 2.5 um.

times ranging from 5 to 45min in drag mode
(continuous contact and constant force) with
applied loads of 225 or 450N. Relative sliding
speeds ranged from 0.5 to 5.5msec™ . Applied
force, torque, speed, radial-centre midthickness
temperature, and radial-centre back face tempera-
ture were measured at 1 Hz during contact. Mid-
thickness and back face temperatures were also
measured at 0.5Hz during a 20min cool-down
after the end of each test.

The tested samples were examined in a scanning
electron microscope¥ (SEM). Both the bulk and
wear surfaces were examined, and elemental
chemistry determined by Energy Dispersive X-ray
Spectroscopy ! (EDXS). The chemical analysis
unit was operated in the ultrathin window mode
(UTW) to allow determination of oxygen,
nitrogen, carbon, and boron contents. The window
is a 7.5 um thick beryllium plate and the unit is
operated at a vacuum of ~ 107°atm (10~*Pa).
Intensity corrections were made for the signals
using the Kevex-supplied software, and compared
with manufacturer’s data on unworn specimens.
The agreement was excellent (within 0.5 wt%) on
all the materials. The same correction was applied
to the worn samples. The worn-sample values
should not bé taken as absolute, since the tortuous
nature of the surface may influence the intensity
of the Xrays which reach the detector. The
corrected results were used to correlate the surface

¥1S1, Inc., Santa Clara, California, USA, Model DS 130.
Kevex Corp., Foster City, California, USA, Model 3500.

chemistry and morphology with the friction and
wear response,

Wear was determined by measuring the change
in thickness of the samples. The change in thick-
ness was converted to a normalized wear rate
according to [2] and [3] as follows:

w* = V/LD )

where W™ is the wear rate in m® (Nm)™", V is the
volume lost, L is the applied load, and D is the
total distance slid. The volume of material lost is
the change in thickness times the area of contact,
assuming uniform wear across the entire surface,

3. Results and discussion

3.1. Friction coefficient

Friction coefficients were calculated from the
applied force and torque values sampled at 1 sec
intervals, and the average and standard deviation
of these values calculated. Typical response curves
for identical nominal conditions are shown in
Figs. 2a -d for the sintered SiC, reaction-sintered
SiC, hot-pressed SisN4 and reaction-bonded
SisNy, respectively. The important point to note
from the figure is that there is no one value of
friction coefficient which describes the behaviour
of these materials, Any theory which is developed
to describe the friction response must take this
variability into account. Table III summarizes the
friction coefficients obtained for all four materials
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Figure 1 Schematic diagram of wear test rig. 1. Sample; 2.
Sample holder; 3. Adapter plate.

at all the speeds used at the 225N loading. No
significant change in response was noted at the
higher load. It is evident from Table III that the
SiC materials have a more consistent value of fric-
tion coefficient (lower standard deviation) than
the Si;N, materials over the entire speed range,
but in general both materials exhibit lower friction

! i 1 L 1
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{c)

Figure 2 Typical friction responses: (a) sintered SiC, (b) reaction-sintered SiC, (c) hot-pressed

bonded Si,N,. u = friction coefficient, 7 = time.
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TABLE III Friction response of SiC and Si,N,

Friction
Material Speed (msec™?) coefficient
a SiC 0.5 0.44 = 0.08
0.9 0.41 +0.08
14 0.41 + 0.05
NC 430 0.5 0.49 + 0.07
0.9 0.49 = 0.07
14 0.43 = 0.05
1.8 0.29 + 0.06
2.3 0.21 £ 0.09
2.8 0.20 + 0.10
NC 132 0.5 0.25 £ 0.09
0.9 0.40 = 0.10
14 0.26 + 0.15
1.8 0.24 £ 0.14
2.3 0.21 £ 0.12
2.8 0.19 £ 0.15
3.2 0.17 + 0.23
NC 350 0.5 0.24 +0.09
0.9 0.28 =+ 0.06
1.4 0.29 = 0.14

coefficients at higher speeds. This apparent effect
of speed on the friction response is an effect of
increased temperature at the interface, and will be
discussed in a later section. It is not clear at pre-
sent why the hot-pressed SizN, exhibits a high

friction coefficient at a speed of 0.9 msec™.
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TABLE IV Experimental wear rates of SiC and Si;N,

Wear rate
Material 10¥*m*N"'m™!
a SiC 12.3
NC 430 8.6
NC 132 8.9
NC 350 13.6

The changes in friction response can be corre-
lated with changes in the surface chemistry of the
materials as contact occurs. Initially, the reaction-
sintered SiC contains < 0.1 wt% oxygen. After
sliding contact, the surfaces contain between 0.6
and 10.6wt% oxygen, with the more severe
(higher-speed) conditions generating the higher
oxygen content. Based on phase equilibrium
considerations, it is expected that the oxygen has
been incorporated as Si0Q,. A similar phenomenon
occurs in hot-pressed SizN,. In this case, the
material initially contains about 3wt% oxygen.
After sliding contact, the interface shows oxygen
contents ranging from 2.8 to 15.9 wt %, again with
the more severe sliding conditions giving the higher
oxygen content, In this instance, however, the
oxygen may be incorporated in a variety of forms,
i.e. Si0,, complex silicate (due to Mg), or an oxy-

nitride. From the limited data available it is not
possible to determine which form is present. How-
ever, if it is assumed that both the SiC and Si3Ny4
materials are running on SiO, interfacial surfaces,
it would be expected that they would have the
same friction response. From Table III, this is
clearly not the case at lower speeds; thus it must
be assumed that they are running on different sur-
faces, i.e. SiO, in the case of SiC and a different
phase in the case of SizN4. At higher speeds, the
friction coefficients are very similar and it is highly
likely that both surfaces are SiO,.

3.2, Wear behaviour
The calculated wear rates are given in Table 1V.
Comparison of the results of Table IV with those
given in Table I show that the dynamometer
results and the pin-on-disc results are within an
order of magnitude of one another. Given the dif-
ferences in the test methods and machine
dynamics the agreement must be regarded as good,
but it indicates the need for further analytical
work in this area.

Figs. 3 (sintered SiC), 4 (reaction-sintered SiC),
5 (hot-pressed Si3N,), and 6 (reaction-bonded
SizN4) show typical wear surfaces for the four

Figure 3 Wear surface of sintered SiC (sintered «): (a) surface plastic deformation, (b) and (c) ploughing and cracking,

(d) wear debris, ploughing, and cracking.
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Figure 4 Wear surface of reaction-sintered SiC (NC 430): (a) surface plastic deformation, (b) cracked and ploughed
silicon grain, (c) cracking and wear debris (area A is a silicon-rich area), (d) wear debris.

materials tested during the investigation. The con-
ditions of testing are as follows: sintered SiC —
225N normal load, three ten-minute contact tests
at 0.5, 0.9 and 1.4 msec™; reaction-sintered SiC —
nine tests at 225N and 0.9 msec™!, times of con-
tact from 5 to 30min for a total contact time of
210 min; hot-pressed SizN, — seven tests at 225N
and 0.9 msec™, times of contact from 5 to 20 min
for a total contact time of 60min; reaction-
bonded SizN,; — three ten-minute tests at 225N
and speeds of 0.5, 0.9 and 1.4 msec™ . The condi-
tions for reaction-sintered SiC and hot-pressed
SizN, are similar, while those for sintered SiC
and reaction-bonded SizN, are identical. Sintered
SiC (Fig. 3a), reaction-sintered SiC (Fig. 4a) and
reaction-bonded SisN, (Fig. 6a) all show extensive
plastic deformation, while hot-pressed SizN, (Fig.
5a) shows extensive film removal on the same
scale. Cracking and ploughing occur in differing
degrees in all of the samples as a result of contact.
More extensive cracking is evident in the hot-
pressed material (Fig. 5b) compared to sintered,
reaction-sintered and reaction-bonded materials
(Figs. 3b, 4b and 6b). The reaction-sintered SiC
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contains large silicon grains, one of which is shown
in Fig. 4b. These areas exhibit both cracking and
ploughing on a larger scale than the surrounding
areas. Area A in Fig. 4c is a silicon-rich region as
confirmed by EDXS. Each of the materials
develops wear debris of the order of 1 to 2 um or
less (Figs. 3d, 4d, 5d, 6d). In all cases the size of
the wear debris is less than, or about the same as,
the material grain-size. These observations are
similar to those seen in a previous study [1] using
a conical rider on a flat substrate of the same
material,

The types of features shown in Figs. 3 and 4
for silicon carbide occurred in all four of the
materials to a greater or lesser extent, depending
on the precise conditions of sliding. The film
formation and removal shown in the silicon nitride
materials (Figs. 5, 6) occurred only in silicon
nitride, and only at the more severe sliding condi-
tions. Again, the extent of the film and its removal
depend on the sliding conditions.

3.3. Thermal response
A careful examination of Fig. 1 reveals that it is



Figure 5 Wear surface of hot-pressed Si,N, (NC 132): (a) cracked surface film, (b) delamination of film, (c) cracking
and ploughing of surface, (d) wear debris and plastic deformation.

virtually impossible to directly measure the inter-
face temperature during sliding without affecting
that temperature. One method of determining the
temperature of the interface is to measure the
temperature at several places in the bulk of the
sample, and couple these measurements with a
finite-difference model to predict an average
interface temmerature. The two temperatures
chosen for measurement occurred at the radial-
centre midthickness (in the centre of the Sample
1 in Fig. 1) and the radial-centre midback face
(centred on the sample between the Sample 1 and
Sample holder 2). Temperature values were gene-
rated using the finite-difference model coupled
with the thermal properties of the sample, sample
holder and adapter plate. Because the sample,
sample holder and adaptor plate do not conduct
heat perfectly, the model was refined until the
model values agreed with the measured values at
both locations. The refined model was then used
to predict the average interface temperature. Fig.
7 shows both the experimentally determined mid-
thickness temperature and the model predictions

(based on constant torque) for the first 400 sec of
a hotpressed SisN, test (450N, 09msec,
10min). The agreement of the experimental and
model back face temperatures (not shown for
simplicity) is approximately the same as that
shown for the midthickness, but occurs about 50
to 75°C lower. From the plot of temperature
against time, it can readily be seen that the average
interface temperature does not exceed 450°C in
this period. The predicted midthickness tempera-
ture does not exceed 350°C, and based on the
experimental data this represents the maximum
midthickness temperature for this test. In prin-
cipal, the model can be expanded [18] to predict
the flash temperatures occurring at the interface.
As noted earlier, there appears to be an effect
of speed upon the friction response based on the
data in Table III. However, the increase in speed
also results in an increase in temperature, as shown
in Fig. 8 for a series of tests on the reaction-
sintered SiC. Although not shown in the figure,
the thermal response for a 1.4 msec™ velocity
falls about midway between those for 0.9 and
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Figure 6 Wear surface of reaction-bonded Si,N, (NC 350): (a) surface plastic deformation, (b) and (c) cracking and

surface film, (d) film removal and wear debris.

1.8 msec™!, The increase in temperature is due to

the increased energy which is dissipated as the
speed increases, and results in easier plastic defor-
mation or viscous flow of the phases present at
the interface; this leads to the observed decrease
in the friction coefficient. The temperature rise
will be a complex function of the thermal proper-
ties of the materials, the kinetics of film forma-
tion, and the surface topology. There is no model

available at present to describe this behaviour in
terms of these parameters.

4. Conclusions

Friction coefficients of the silicon-based ceramics
tested range from 0.15 to 0.8. Wear rates vary
from 107* to 107¥m3®(Nm)~?, in order-of-
magnitude agreement with previous results. Fric-
tion response can be qualitatively correlated with
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