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Tribooxidational Effects on Friction and Wear Behavior of
Silicon Nitride/Tool Steel and Silicon Nitride/Gray Cast Iron Contacts
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Unlubricated pin-on-disk wear tests of Si;N, against tool
steel and gray cast iron were performed at 5 N of normal
load, 0.5 nv/s of sliding speed, and environmental tempera-
ture in the range 22°-600°C. The friction coefficient of
Si,N, sliding against tool steel and gray cast iron had maxi-
mum values of 0.88-0.98 for tests at 100°C., The friction
coefficient of Si;N, sliding against gray cast iron coupies
had minimum values of 0.48-0.57 at 400°C. Because of the
increased third-body protection, the wear coefficient of the
Si;N, pins of the Si,N,/gray cast iron couples decreased by
1 order of magnitude from 1.6 x 10~ mm?/(N-m) at room
temperature to 1.3 x 10~ mm3/(N-m) at 600°C. Fe,O, and
Fe,0, resulting from tribooxidation of the metallic disks
were the main constituents of the wear debris and adherent
tribolayers. Activation energy values (6.3-13.7 kJ/mol)
were comparable to those of oxidation wear of steel (7.3-
11.8 kJ/mol) but were much iower than the activation en-
ergy for oxidation of iron ailloys in static conditions. Cal-
culations of the activation energy of the oxidation wear
corroborate the morphological observations of a sacrifi-
cial action of the metallic surface protecting the ceramic
material.

I. Infroduction

ADVANCED CERAMICS are successfully used in a wide variety
of engineering applications as triboelements involving
contacts with metallic surfaces, such as drawing dies, roller
bearings, automotive or aerospace engine parts, and power gen-
eration system components.'— Si;N,-based ceramics are high-
performance materials for such applications. Si;N, materials
have lower density and thermal expansion than metals, and
their mechanical stability and corrosion resistance over a wide
range of temperatures are superior to those of several other
high-strength ceramic materials.>>-®

Detailed information about the friction and wear behavior of
any system is needed before its effective application as a suc-
cessful tribosystem. Iron alloys, such as steel and cast iron, are
the most common metallic materials for tribological applica-
tions. Although there are several studies on the tribology of
SizN, sliding against these alloys at room temperature,’-2.7-12
few studies have been performed on the effect of tempera-
ture.!*'* Previous studies on tribological performance of §i,N,
against steel and cast iron at room temperature have shown that
tribochemical reactions, plastic deformation, and microfracture
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control the interface dynamics. Intrinsic factors, such as poros-
ity and intergranular phase volume, and extrinsic parameters,
such as humidity, sliding speed, and contact load, determine
the dominating wear mechanism.?7'2 The ceramic surface
tends to be protected by a tribofilm of composite nature made
of metal-oxidized debris and very fine ceramic wear par-
ticles.”®1! The rheology and adhesion of this tribolayer be-
come even more important for the ceramic wear resistance than
the properties of the bulk material themselves.

The experimental study of ceramic/metal contacts sliding
above room emperature bears directly on the performance of
these contacts in specific high-temperature applications, such
as the inlet and exhaust valves in internal combustion engines,
Valves operate in a temperature range of 300° to 700°C, in
agegressive environment conditions. Recent results show that
the replacement of conventional metallic valves by Si;N,
valves resulls in significant improvements in valve wear life.
A lubricious action is afforded by the oxide films with a com-
posite ceramic/metal nature that are formed at the sliding in-
terface.!> High-speed metal cutting, where temperature in-
creases to 1200°C by frictional heating and chip deformation,
also is an extreme contact condition.’® Ceramic tools, similar
to those made of Si3N,, either in bulk or in composite form,
are unique materials to withstand such exmeme thermome-
chanical loading.''¢ High-temperature applications of ceram-
ics necessarily exclude the use of conventional lubricants. Un-
lubricated sliding experiments have been increasingly required
because of environmental concerns and legislation.!” The ex-
periments also are imperative in developing vacuum precision
equipment.*

The high-temperature tribological behavior of Si;N, materi-
als was characterized using self-mated pairs; the general trend
was increased ceramic wear with temperature.5'#-22 Dong and
Jahanmir® proposed wear with temperature diagrams showing
that, at low temperatures in air, at very slow sliding speeds
(0.0014 m/s), the effect of a hydroxylated silicon oxide film
resulted in preservation of the ceramic surface and low friction
coefficients (f = 0.3). Above 400°C and up to 900°C, the
tribological behavior was dominated by the tribooxidation of
the cerarpic; the friction and the wear coefficients significantly
increased with temperature. A transition to a severe wear re-
gime controlled by microfracture of the ceramic occurred for
contact loads between 10 and 20 N.

Significant differences in the tribological characteristics
have been observed above room temperature when nitride ce-
ramics slide on a different material, namely steels.'>'* The
cerainic wear coefficient (K) in Si;N,/steel contacts decreases
almost 1 order of magnitude above 400°C, whereas it increases
2 orders of magnitude, up to catastrophic values of X = 107
mm¥{N-m), when Si;N, is tested against itself.'* The depen-
denze of f on temperature also reveals distinct trends; i.e., it
decreases from f = 0.7 at room temperature 10 f = 0.4 at 600°C
for Si;N/steel contacts, whereas it remains almost constant
{(f = 0.7} for self-mated pairs.’* Protective layers transferred
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at the disk surface.

A data acquisition system was used to record at regular
periods of time the frictional force () that was accessed by a
bend-type loading cell. f was calculated from the average val-
ues of Fas f = F/F,. Tests were regularly stopped at the end
of each 3 km run to measure the pin weight loss. Total sliding
distances ranged from 9 to 15 km. Disk wear volume was
evaluated by profilometry. After an initial running-in period,
the wear coefficient (K) was calculated as K = V/(F x), where
V is the wear volumne and x the sliding distance. Average values
and standard deviation values of f and K were calculated from
the set of measurements obtained from the single runs.

Ceramic pins were machined from disks that had been hot-
pressed at 30 MPa of applied pressure for 60-min of dwell time
at isothermal temperatures given in Table I. The pins had a
conical geometry with a flat end of 1 mm initial diameter.
Three Si;N, batches with distinct values of chemical compo-
sttion of sintering aids and intergranular phase volume were
tested. The chemical composition, glass-phase volume fraction,
hardness, and toughness of batches SNI-SN3 are given in
Table 1. Volume fractions of the intergranular glassy phase
(V) are representative of low (SN1), medium (§N2), and high
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9 Table I. Composition, Hot-Pressing Temperature, Intergranular Phase Volume, and
Mechanical Properties of the Si,N,-Based Pin Materials'
lt-_Jl Composition (mol%) 7 v, H X,
E Sample Si,N, Si0, Ce.0, AIN {°Cy (%) {GPa) {MPa-m'?)
d SN1 76.2 7.3 0.9 15.6 1500 0.1 19.7 4.1
t SN2 73.2 7.5 1.8 17.5 1450 12.6 18.2 4.1
i SN3 69.0 8.0 35 19.5 1450 16.9 17.9 3.5
*Raw materials: Si;N,, LCI12, H. C. Starck, Inc., New York; CeO,. grade puriss, Fluka Chemical Corp., Ronhonkoma, NY;
AIN, grade C, H. C. Starck.
1 Table II. Composition and Hardness of the Metallic Disks
! 4 Material Code Composition H (GPa}
; Annealed tool steel (TS) DIN 1.2080 2.0% C; 12% Cr 2.5
: ; Gray cast iron (GCI) Grade 200 39% C; 2.9% St; 0.9% Mn; 1.9
! 0.04% (max) S; 0.1% (max) P
1
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from the oxidized steel counterface inhibit the wear of the 20 p
ceramic at high temperature. 1314 18 :(a)
In the present work, unlubricated pin-on-disk experiments of —4—SNI/TS
Si;N,/iron alloy couples are performed in the range 22°- 16 F -~ SN2/TS
600°C. Tool steel and gray cast iron have been chosen as disk sk - SN3/TS
materials because of their distinct mechanical resistance at high g
temperature. The third-body protection of the ceramic surface g
by the increased extent of oxidized metal transfers with tem- £ ok
perature is investigated. The tribooxidation process of both the g
metallic surface and wear debms is quantitatively discussed by = 8¢f
calculating the activation energies of the wear coefficients. iy
Recalculated data on the activation energy of wear of Si;N,/ 6 F
steel comtacts from the literature!* and published resuits for 4 F
oxidation wear of steel>>=27 are compared. )
IL Experiments and Materials L
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Ceramic pins of the system AIN-CeO,-Si;N, were tested Te0)
against tool steel (TS) and gray cast iron (GCI} disks in a
pin-on-disk tribometer. Tests were performed without lubrica-
tion at a sliding speed of 0.5 /s with a constant normal force
(F, of 5 N, For room-temperature experiments, an acrylic 20
chamber isolated the rotating head and pin holder from the 18 fo (b)
external environment. A relative humidity of 50% was kept £ --0-- SN1/GCI
constant inside the acrylic chamber. Experiments above room 16 géf'; --0-- SN2/GCI
temperature and up to 400°C were accomplished using an elec- o E= - -~ SN3/GCI
tric air blower. A propane bumer replaced the air heater for g Eo
temperatures in the range SM°-600°C. An infrared pyrometer JE 1P Y
and a digital controller regulated the electric power, the gas g 10 Eo
flow of the air heater and the burner, and the test temperature s 3
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Fig. 1. Effect of ambient temperature on the wear coefficient (Kp) o
three grades (SN) of Si;N, pins tested against: (a) tool steel (TS} and
(b) gray cast iron (GCI). F, = 5 N; v = 0.5 m/s.

(SN3) additive content batches. V;_ values were calculated from
the amount and composition of the sintering aids, using the
density of glasses of similar composition.?® Hardness (H) was
measured using a Vickers indenter with a load of 9.8 N and
taking the average from 20 indentations for each sample. Frac-
ture toughness (X;_) was determined from crack lengths at in-
dentation corners, according to Niihara's equation.??
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Fig. 2. SEM/SE images of $i;N, pin wom surfaces tested against tool steel at different temperatures: (a) room temperature; (b} 100°C; {c) 600°C;
and {d) 600°C, high magnification. Sliding direction of the opposite surface is from left to right.

Tool'steel and gray cast iron were the counterface disk ma-
terials. Composition and properties of the two alloys are given
in Table IL The surfaces of the disks were polished with 800
grit silicon carbide paper followed by finishing with I pm
diamond paste, ultrasonically cleaned, and degreased with
ethanol. The final surface roughness, as measured by pro-
filometry, was 0.05 and 0.3 pm R, for the tool steel disk and
the cast iron disk, respectively.

Chemical and morphological characterization of the womn
surfaces of the pins, the track surfaces of the disks, and the
wear debris were performed using scanning electron micros-
copy (SEM)} with chemical analysis (EDS) at the end of the
tests. The amorphous or the crystalline nature of the wear
Jdebris was characterized by X-ray diffractometry (XRD)
analysis.

III. Results

(1) Si;N/Tool Steel Tribopairs

Figure 1 gives the pin-wear coefficients (Kp) at v = 0.5 m/s
in the temperature range 22°-600°C for the SN/TS and SN/
GCT sliding pairs. When tool steel is used as the sliding disk,
the pin-wear coefficients decrease from room temperature to
600°C (Fig. 1(a)). The decrease is steep in the 22°-200°C
range, with similar behavior for the three ceramic grades. The
final surface morphology of the ceramic pins is illustrated in
Fig. 2. All micrographs in this study are aligned in such way
that the sliding direction of the opposite surface is from left to
right. The morphology of the wom surfaces of the SN1 grade
can be described as follows: (i) at room temperature, the SN
surfaces have a polished appearance (Fig. 2(a)) and are almost
free of adherent debris; (ii) at intermediate temperatures, 100°
and 200°C, an incoherent (not aggregated) layer of wear debris
is observed on the ceramic surfaces (Fig. 2(b)); (iii} from 400°
to 600°C, a tribofilm spreads along the worn surfaces in the
sliding direction (Fig. 2(c)), with a coherent appearance, as
shown under high-magnification (Fig. 2(d}). EDS analysis of

the debris-free region inside the wear track of the pin of the
SNI1/TS tests at 600°C reveals the ceramic elements silicon,
aluminum, and cerium and small traces of iron from the metal
(Fig. 3(a)). If the same analysis is made on the tribolayer (Fig.
3(b)), the intensity of the oxygen, iron, and chromium peaks
reveals that it is rich in metallic oxides from the disk.

Disk wear coefficients (Kp) at v = 0.5 m/s in the tempera-
ture range 22°~600°C for the SN/TS and SN/GCI shiding pairs
are given in Fig. 4. Kp, values are higher than K, values for all
temperature conditions except at room temperature (Figs. 1 and
4), The values of Ky, for tool steel have a steep increase when
the test temperature increases to 100°C (Fig. 4(a)). Above
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Fig. 3. SEM/EDS spectra of SN/TS worn surfaces and wear debris:
{a) debris-free region on the wom surface of the Si;N, pin after sliding
against tool steel at 600°C; {b) adhering tribolayer on the worn surface
of the same pin as (a); (c) adhering tribolayer inside the wear track of
the tool steel disk at 400°C; (d) the bottom of a delaminated region
taken from inside of the same wear track as (c); (e) loose wear debris
from pairs tested at room temperature; and (f} loose wear debris from
pairs tested at 600°C.
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Fig. 4. Effect of environmental temperature on the wear coefficient
of the metallic disks (X,} tested against Si;N,, pins (SN): (a) tool steel
(TS) disks and (b) gray cast iron (GCI) disks.

100°C, K, becomes almost independent of temperature. Rep-
resentative cases of disk track morphology are shown in Fig. 5.
Figure 5(a) shows many wear grooves on the metal surfaces at
room temperature. When the temperature increases, the disk
surfaces oxidize, and a covering layer with a metal/ceramic
composite nature is formed (Fig. 3(b)), as ilustrated by the
presence of iron, silicon, and oxygen in the EDS spectra (Fig.
3(¢)). Film delamination (Fig. 5(b)) exposes a silicon-free and
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oxidized' subsurface: Tayer. (Fig:73(d)); revealing that silicon
contamination from the ceramic counterface abruptly decreases
in depth. In general, EDS spectra of disk tracks show an outer
contamination of silicon (Fig. 5(a)), but the iron oxide nature of
the layer is essentially denoted by spectra taken from delami-
nated cavities (Fig. 5(b)).

Figure 6 presents the f values for individual tests conducted
from 22° to 600°C. For SN/TS experiments, an increase of f
from room temperature to 100°C is observed, followed by a
slow decrease from an average value of f = 0.94 at 100°C to
f = 0.76 at 600°C. fis almost constant during the tests at room
temperature in the absence of adherent material. The increasing
spread of the wear debris with temperature, already discussed,
is revealed by the characteristic stick-and-siip effect in the time
profile of F;, mainly at 400°-600°C. F; profiles have increas-
ingly oscillating values at high test temperatures. Fluctuations
of fresult from the intermittent destruction and renewal of the
adherent wear-debris layer.3%3! Peaks are observed when the
agglomeration of the wear particles reaches a maximum vol-
ume, thus requiring higher frictional forces. The collapse of
this layer due to the lack of cohesion results in the subsequent
decrease of f°2

(2) Si;N_/Gray Cast Iron Tribopairs

The decrease of Kp for SN/GCI contacts above room tem-
perature is even mote abrupt than for Si,N, against tool steel.
K decreases by 1 order of magnitude at 100°C (Fig. 1(b)). The
ceramic worn surfaces of the SN/GCI contacts reveal morpho-
logical fzatures similar to the ones described for the SN/TS
tribopairs: (1) the ceramic surfaces at room temperature are
polished, with a smooth appearance (Fig. 7(a)); (ii) above room
temperature, the Si;N, surfaces are covered by thick protective
iron-rich transfers from the disk surface (Figs. 7(b)~(d)). The
tribolayers are less aggregated at the intermediate temperatures
(100°~-200°C) (Fig. 7(b)) than at the higher temperatures
(400°-600°C) (Figs. 7(c} and (d}).

The wear rate of the gray cast iron is strongly dependent on
temperature, from 22° to 400°C (Fig. 4(b)). Tool steel and gray
cast iron show a similar wear behavior when tests are per-
formed in the range 22°-100°C, but a very pronounced differ-
ence is noted above 200°C (Fig. 4). The gray cast iron disks are
severely worn, by 1 order of magnitude more than the tool steel
disks. The wear tracks of gray cast iron show a flat appearance
after room-temperature tests; the surfaces appear as if they had
been lapped (Fig. 8(a)). As temperature increases, the graphite
flake cavities tend to close by material displacement in the
sliding direction (Fig. 8(b)). At 600°C, the delamination of the
oxidized gray cast iron surfaces is very pronounced (Fig. 8(c}),
and EDS analysis gives spectra with trends similar to those
presented in Figs. 3(c) and {d). A steep increase of fin SN/GCI
couples is observed from room temperature to 100°C (Fig. 6).
A marked decrease of f occurs when the temperature further
increases from 100° to 400°C.

The tribological behavior of Si,N,/iron alloy sliding couples

Fig. 5. SEM/SE images of tool stee] disk tracks after sliding at (a) room temperature and (b) 4006°C. Sliding direction of opposite surface is from

left to right.
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Fig. 6. Effect of temperature on f of SN/TS and SN/GCI sliding
experiments.

at room temperature has been discussed in a previous paper.’
As a result of graphite pulling out of the gray cast iron wear
surfaces, the Si;N, wear coefficient of the SN/GCI couples is
higher than that of the. SN/TS couples, because the gray cast
iron wear surface is rougher than that of the tool steel. On the
contrary, in the presence of a tribolayer that develops for tem-
peratures above 100°C, K, of the SN/GCI couples levels off
with the values of Kp of the SN/TS (Figs. 1{a) and (b)). Also,
high sliding speeds at room temperature develop the tribolayer
and bring to coincidence the:values of Ky of both systems.”
The effect of the amount of V;_ on the wear behavior at room
temperature also has been investigated in the quoted work.” Kp
decreases with increasing Vy for test conditions of low sliding
speed, where the ceramic surfaces are almost free of adhering
debris. Adhesion of the tribolayer to the Si,N, surface is im-
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proved by the reacivity of the wear debris toward the glassy
phase. The fractional area of the glassy phase on the Si;N,
surface is proportional to V. Whenever the ceramic surface
tends to become partially coated as temperature or sliding
speed increases, or in dry atmospheres, the effect of V|, on the
contrary, vanishes. That explains why the results above room
temperature are very similar to the samples of all three Si;N,
grades.

(3) Analysis of Wear Debris -

Representative morphologtes of the loose wear debris for
22° and 600°C tests are shown in Fig. 9. The given examples,
taken from SN3/TS contacts, are characteristic of the wear
debris resulting from the nitride contacts against both iron al-
loys: (i) at room temperature, the loose wear debris consists of
a combination of large plates (15 wm) and fine particles (Fig.
9(a}); (i1) as the temnperature increases, the proportion of small
particles with a rounded appearance prevails (Fig. 9(b)).

EDS spectra of the wear debris of tests at 22°C reveal the
presence of elements from the ceramic pin (silicon, aluminum,
and cerium) with a smaller proportion of iron from the metallic
disk (Fig. 3{e)). In contrast, in the EDS spectra corresponding
to the tests performed at 600°C, iron and chromium dominate
over the silicon and aluminum from the ceramic pin (Fig. 3(f)}).
Oxygen peaks are very intensive in both spectra. These obser-
vations are corroborated by XRD analysis according to powder
diffraction files:** (i) at room temperature, the wear debris is
composed of amorphous silica and ferrite (Card No. 6-696)
with traces of «-SizN, (Card No. 41-360); (ii) at 600°C, the
wear debris is of crystailine nature, composed of rhombohedral
oxide a-Fe,0; (Card No. 24-72) and of spinel oxide Fe 0,
(Card No. 11-614),

IV. Discussion

The wear behavior of the Si,N, ceramic pins in sliding
against gray cast iron and tuol steel is controlled by the pro-
tection afforded by the oxidized iron-rich tribofilm. As tem-
perature increases above 400°C, the tribofilm becomes a co-
herent and extensive layer that grows on the ceramic pin

Fig. 7. SEM/SE images of the worn s?urfages of S_i3.N4 pins tested against gray cast iron at different temperatures: (a) room temperature: (b) 100°C;
(c) 600°C; and (d) 600°C, high magnification, Sliding direction of opposite surface is from left to right.




Fig. 8. SEM/SE images of gray cast iron disk tracks after sliding at
{a) room temperature, (b} 200°C, and (c) 600°C. Sliding direction of
opposite surface is from left to right

surface. The oxidized-metal nature of this adherent tribolayer is
confirmed by the EDS spectra of pin-and-disk worn surfaces
and by XRD analysis of the loose wear debris. Direct oxidation
of the asperities of the disk surface at flash temperatures can
produce the oxidized particles, or they can result from postoxi-
dation of metallic wear debris on the siiding interface.

The main effect of adherent layers of oxidized material on
the ceramic pin sutfaces is the decrease of the ceramic wear
(Fig. 1) by the so-cailed third-body protection,® The thicken-
ing of a continugus and relatively homogeneous adherent layer
redistributes surface loads and reduces local stresses on the
ceramic surfaces.? Oxidaton wear has been extensively dis-
cussed as a main wear mechanism of steel-steel con-
tacts.23-2735 However, work in Si,N,-iron alloy contacts is
comparatively scarce, particularly for sliding above room tem-
perature, where tribooxidation assumes an increasing signifi-
cance. The works of Kapsa and Viot'? and Childs and Mima-
roglu'® have investigated the tribolugical behavior of Si;N,
pins against steel disks, in the same temperature range of the
present study, 22°-600°C. Gray cast iron has not been the
subject of a comparative study. Both papers report that a con-
stant load of 10 N was applied. In the work of Kapsa and

Viot,13 a low—chromiUm—'allé'}:-'bé_a'ring:_steel {DIN-
was tested at a very low sliding speed*(v.=_0.5"%10-% m/s),

whereas, in the work of Childs and Mimaroglu, !4 tests were -

performed at v = 0.1 m/s against a tungsten-alloy high-speed
steel (DIN N. 1. 3355); these conditions are similar to. the
present work. Published and present results show an increasing
effectiveness of the iron oxide transfers with temperature to
protect the nitride surface. Severe disk wear occurs above room
temperature, namely, of gray cast iron disks in the present
work, as shown in the evolution of K, with temperature (Fig.
4(b)). This sacrificial action of the metallic counterface de-
creases the values of K with temperature. Oppositely, in the
absence of the protective layer, increasing wear with tempera-
ture has been reported in $i;N, self-mated pairs.51%-21

The dependence of K on temperature can be examined from
a thermodynamic point of view by considering the Armrhenius
plots of Kg' (Fig. 10). Differences of wear rates among SN1,
SN2, and SN3 at 100°C and above are not significant within
experimental error (Fig. 1). Values of pin wear rate of the three
nitride grades were averaged prior to studying the activation
energy ((2). The same is true for the disk wear rates of the
SN/GCI couples (Fig. 4(b)). The value of the correlation co-
efficient for the pin wear rates of SN/TS contacts is high; the
calculated value of ¢ is 6.3 kl/mol. A comparative value of O
for Kg! in SN/GCI contacts (7.1 kJ/mol) is calculated from the
slope of the Arrhenius plot in Fig. 10 for the 100°-600°C
temperature range. The way the third body, which is iron ox-
ide-rich, works in protecting the Si;N, surfaces from severe
abrasion at temperatures above 100°C is virtually the same for
the SN/TS and SN/GCI couples. The values of Q of Kp! that
are calculated for both systems are very similar. The more-
abundant and thicker iron oxide layer of the SN/GCI couples
{Figs. 7(b)—(d)) enhances the effect. of the oxide in improving
the wear resistance of the ceramic surface by a factor of 1.5 in
comparison to the SN/TS steel; the tool steel is more resistant
to oxidation than gray cast iron above 100°C (Fig. 4) because
of the chromium.??3¢ The shift of the K values to high wear
rates observed at room temperature for SN/GCI couples is at-
tributed to the roughness of gray cast iron alloys, as already
discussed. - L

Data of pin wear resisiance (Kp') in drv sliding of Si,N,
(NBD100, Norton, Northboro, MA) against high-speed steel
(DIM N. 1. 3355), from the work of Childs and Mimarogln,!*
has been recalculated, and a single value of ¢ = 21.5 kJ/mol
has been obtained in the temperature range 200°-600°C. The
temperatare dependence of the tribochemical removal rate of
SiyN, when polished in chromic acid exhibits an Arrhenius
behavior with Q@ = 20 kJ/mol.*” The value of @ of the iiho-
logical oxidation of self-mated SizN, couples in high-
temperature and high-pressure water is 21 kJ/mol.*® This sec-
ond set of data exhibits an Arrhenius behavior when calculated
values of flash temperatures are used for the /T axis of the
Arrhenius plot.3® In the present study, the Si;N, pins sliding
against gray cast iron or tool steel alloys wear less at high
temperatures than at room temperature (Fig. 1). The pin wear
process has a thermal activation energy that is related to the
oxidation wear rate of the metallic counterface. Whereas the
tool steel disk wears at a nearly constant rate at and above
100°C (Fig. 4(a)), the continuous increase of the disk wear of
gray cast iron (Fig. 4(b)) is a thermally activated process. Me-
tallic disk wear coefficients of SN/GCI couples of the present
study and of Si,N,/high-speed steel (HSS) couples in the work
of Childs and Mimaroglu!* are plotted in Fig. 11. Net differ-
ences in chemical composition and structure of the two ion
alloys have not changed the tribooridation mechanism of the
disks. The value of Q of the wear mechanism of the gray cast
iron disks (13.7 kJ/mol) for T = 400°C closcly matches the
corresponding value of the HSS disk (11.7 kJ/mol} for T =
500°C. Within the experimental error, gray cast iron disks wea
1.5 times faster than the harder steel disks.

Quinn?3-2527 has extensively discussed the oxidation wea
of alloyed steels due to frictional heating or heat of externa
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Fig. 9. Morphology of loose wear debris from SN/TS sliding pairs at {a) room temperature and {b) 600°C.
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Fig. 10. Arrhenius plots of K3! from Si;N, pins sliding against tool
steel (TS) and gray cast iron (GCI) disks.

sources. Tribooxidation activation energies differ from room-
temperature testing, where ¢ = 11.8 kJ/mol for mild-oxidation
wear and QO = 7.3 kl/mol for severe-oxidation wear,?? to test-
ing at 400°C, where @ is 44.5-51.5 kJ/mol for mild-oxidation
wear, with a net contribution from oxidation of the areas of
contact that are momentarily “out-of-contact.”** The change of
hardness with temperature accounts for some of the increase of
the wear rate at high temperature.3**® The discussion of the
significance of tribooxidation activation energies remains
open, but values are always much lower than those for oxida-
tion In static conditions, where Q = 208 kJ/mol for FeQ, g =
96 kJ/mol or 0 = 138 kI/mol for Fe;O,, and 0 = 210 kJ/mol
for Fe,0,.2>3° The intensification of the steel oxidation rate
under friction can be attributed to the coupling of the following
effects: (i) increased ease of diffusion under conditions of
stress, in the plastic deformed layer, found in similar stress-
}nduced phenomenon-like cyclic stress-induced corrosion,*! or
indentation creep,*® which reduces Q values comparative to the
Q value of the unstrained material; (ii) contact temperatures
that develop between asperity tips, which, for high sliding
speeds can be much higher than the ambient temperature, thus
promoting oxidation, beyond the increase of environmental
temperature;3-24.27.35.36.38 ang (jji) temperature gradient
across the metallic oxide scales.?’*® The ) value for static
oxidation of metallic alloys is determined from experiments at
isothermal temperatures. In tribotesting, a temperature gradient
is created across the oxide scales with the sliding surface of the
oxide tips of the asperities at flash temperatures and the general
surface at the bulk or average temperature.?”25-*% The metal—
oxide interface of the oxidation reaction decreases along the
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Fig. 11. Arrhenius plots of disk wear coefficients of metailic disks
(Kp) sliding against Si;N, pins, from the present experiments with
gray cast iron (GCI) and from the literature with high speed steel
(HSS).M

temperature gradient toward the cool side. As the thickness of
the oxide scale grows, the velocity of the metal-oxide interface
slows down more than for the diffusion-controlled reaction, in
purely isothermal conditions. The way the temperature and
diffusion fields link together to give the time to reach the
critical thickness for scale delamination or spallation has not
been worked out in the literature.3® At the sliding speed of 0.5
m/s, the increase of flash temperatures above environmental
temperatures for SiyN, couples is ~350°C.'® When flash tem-
peratures are set 350°C above environmental temperatures, the
values of () become 3 times higher than the experimental val-
ues of O calculated from the slopes of the plots in Figs. 10 and
11. @ = 45 ki/mol is obtained from disk wear data of SN/GCI
couples with estimated flash temperatures that are 350°C above
environmental temperatures.

The protective tribolayer also determines the frictional be-
havior of the tribological system.!3-1422.3640 Other authors
have found that, for a low-alloyed steel,'? the increase of f for
both iron alloys from room temperature to 100°C (Fig. 6) is due
to a roughness effect that results from the presence of adherent
material on the ceramic swrface at 100°C (Fig. 2(b)). The de-
crease of fof the SN/TS contacts from 100° to 600°C is analo-
gous to that reported in the literature for SizN,/steel couples
(f= 094 at22°Ctof = 0.76 at 600°C;'3 f = 0.75 at 22°C to
f = 0.45 at 600°C"'%). Such behavior is attributed to the influ-
ence of surface temperature on the rheological properties of the
tribolayer.!* The friction decrease that has been observed for
SN/GCI contacts for temperatures up to 400°C (Fig. 6) should
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be favored by the easy tribooxidation and low hot strength of
this iron alloy compared to that of hot working tool steel.
However, as temperature further increases to 600°C, the severe
destruction of the metallic disk (Fig. 8(c)) and the reaction
between SiQ, and iron oxides yield a third body that is increas-
ingly vitreous,S leading to the opposite trend of friction.

V. Conclusions

Unlubricated sliding experiments of Si;N, against iron al-
loys in the range 22°-600°C have shown that ceramic surfaces
are progressively protected by a wibolayer of oxidized wear
debris. The spinel oxide Fe,O, and the rhombahedral oxide
Fe,0, are the main constituents of this adherent layer that
results from compacting of products of direct oxidation of the
metallic disk wear track or from the postoxidation of loose
metallic particles.

The dominant wear mechanisms for the Si;N, and the me-
tallic surfaces are abrasive polishing and tribooxidation fol-
lowed by delamination. The latter is more pronounced for the
gray cast iron disks, which are the least resistant metallic alloy
at high temperature. The sacrificial action of the metallic coun-
terface results in the decrease of the ceramic wear coefficient
by almost 1 order of magnitude from rocm temperature to
600°C. Unlike the reported decreasing wear resistance of self-
mated Si;N, pairs at high temperatures, Si;N, ceramics sliding
against metallic surfaces show increased performance with in-
creasing temperatures.

The evolution of friction coefficient above room temperature
reveals characteristic fluctuations, notably in the range 400°-
600°C, which is related to the dynamic process of formation,
destruction, and renewal of the adherent tribolayer. At room
termnperature, where the iron oxidation process is much less
pronouinced and this layer is absent, the friction coefficient
remains nearly constant.

Thermal activation energy of the ceramic wear mechanism is
inversely related to the oxidational wear of the metallic coun-
terfaces as far as the calculations of the activation energies of
the ceramic wear resistance lead to values (Q of 6.3-7.1 kJ/
mol} comparable to those of oxidation wear of gray cast iron ((
of 13.7 kl/mol} and of steel (@ of 7.3-11.8 kl/mol). These
activation energy values are 1 order of magnitude lower than
those of oxidation of iron alloys obtained under static condi-
tions as an effect of the enhancement of the potential energy of
the reactions under stress.
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