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Mechano-chemical wear of ceramics
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An experimental study has been carried out to ascertain the role of mechano-chemical
effects in accelerated material removal from hard and brittle surfaces such as engineering
ceramics. It was established that chemical effects are far more effective in material removal
than the mechanical action of abrasive particles alone. Mechanical action is governed by
the applied load, amount of relative slip within the contact zone, and the size of abrasive
particles. Chemical effects depend mainly on the nature of additives and their ability to
react with ceramic surface under contact conditions. Maximum wear rate is achieved when
both mechanical action and chemical reactions take place simultaneously. © 1999 Kluwer
Academic Publishers

1. Introduction sintering results in shrinkage, affecting the roundness
Current demands on load bearing contacts in all kindf balls, which has to be corrected by grinding during
of machinery are leading to developments aimed athe first stage of the finishing process. The surface skin
running them at high speeds, hostile environments, inef 100—200xm thickness is compositionally and mi-
creased unitloads and restricted lubrication. The desigarostructurally different from the core of the ball due
and manufacture of such contacts is at the limit of esto reactions with the environment during sintering. The
tablished technology. At present, the most promisingskin has to be removed during the second stage of finish-
designs able to cope with such extreme demands aieg. Finally, the surface finish required for a particular
believed to be in the area of ceramic/ceramic or ceapplication of the ball is attained in the third finish-
ramic/metal combinations. ing stage. Typically, balls of diameter in the range of
Engineering ceramics have found use in many ap6-15 mm are required to have surface roughness of
plications, such as engine parts, ball bearings, artifi0.005-0.01xm [13]. All three stages of finishing are
cial bone and hip replacements, gyroscopes, mainlgarried out by diamond abrasive lapping, each stage dis-
because of their chemical inertness, hardness, high tertinguished only by the coarseness of the abrasive parti-
perature stability and very good wear resistance. Thesees. A typical, conventional finishing process uses two
advantages of ceramics, however, are somewhat congircular castiron plates placed face to face with concen-
promised by their inherent brittleness and difficulties intric matching grooves cut in them. Balls are fed into the
their processing as they are highly susceptible to damgrooves and are forced to roll by rotation of the plates.
age during machining and surface finishing operationsThe contact geometry ensures that the rolling is accom-
In order to avoid damage during machining, grindingpanied by a spinning motion and micro-slip which is
of ceramics must be carried out at a very slow rate thusonsidered as responsible for the material removal; the
making it rather an expensive operation. Typically, sur-steady motion of the balls could resultin tracks develop-
face finishing of ceramic components for high contacting on them. Hence, in order to secure uniform material
stress applications constitutes about 50% of the totalemoval the motion of a ball is interrupted by returning
cost of manufacturing. it to a hopper. When the ball enters the process again its
With a continuous increase in the demand for ad-orientation is randomized with respect to its previous
vanced engineering ceramics, interest in surface finishpass. A typical batch of balls in the 6-15 mm diame-
ing processes has been steadily growing. Many modter size range may be in the high hundreds, with 10%
ern surface finishing processes have been developedf them between the laps at any time. Total processing
such as magnetic force assisted grinding [1], creep-feetime may be several weeks, although any one ball may
grinding [2], and ultrasonic and energy beam assistetbe actively processed for only 30-50 h. Typically, ma-
grinding [3]. However, it seems that the dominant cur-terial removal rate is in the range of 0.1-G«&n/min
rent industrial practice is to use diamond slurries forunder aload of tens of Newtons per ball, and the relative
surface finishing of ceramics. A typical example of thatspeeds of rotation of 400 mm diameter lapping plates
is the finishing process of ceramic balls used in rollingof 50 rpm. It is obvious that the current practice in sur-
contact bearings. Ceramic ball blanks are made by hdace finish of ceramics is painfully slow and, therefore,
isostatic pressing and sintering of ceramic powders. Thexpensive.
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The main objective of the study reported here is to ex- a 3
plore a number of potentially useful mechano-chemical "\/'t‘/
processes facilitating rapid wear of ceramic materials. [

Equally important is to determine what damage, if any, ~ ‘ 2
is inflicted on the subsurface region of a ceramic ele- ™~
ment during rapid material removal. The emphasis is on
achieving an understanding of the mechanisms respon-
sible for accelerated wear of hard and brittle materials

in order to develop more effective surface finish pro-
cesses of engineering ceramic.

e

2. Experimental 6 .
2.1. The apparatus and procedure

2.1.1. Rolling point contact 7
To assess the effectiveness of mechano-chemical phe-
nomena in wear process of ceramics, experiments We,légure 2 Schematic of contact configuration_ with additional cup rota-
carried out using an apparatus shown schematically iff”' 1, cone and collet; 2, tested balls; 3, spindie; 4, cup; 5, housing; 6,
. . . _thrust rolling contact bearing; 7, loading piston.
Fig. 1. The apparatus consists of an assembly which
reasonably well simulates the currently used surface
finish arrangement for ceramic balls described earlier.
In this apparatus, the top specimen, usually in the formin more detail elsewhere [7]. The model contact con-
of a cone, is located in a collet carried by a verticallyfiguration used is shown schematically in Fig. 2.
mounted spindle and is rotated in a loaded contact with In the study reported here, the cone and the cup were
ceramic balls placed in a specially shaped cup. The agnade of 304 grade stainless steel. Normally, nine ce-
paratus and its various testing utilizations is describedamic balls were housed in the cup filled with specially
prepared liquid to submerge the balls. The motion of the
cone, driven via the spindle by an electronically con-
8 trolled electric motor, produces rotation of the balls and
/ stirs up the liquid. The motion of the balls is complex
> as they not only roll around the cup but also spin about
l their axes of symmetry. In the experiments presented
5 here, an additional motion of the cup was introduced in
; [ L order to increase the slip between the balls and the cup
, (with which they are in contact at two points) and be-
3 ; tween the balls and the cone (one point contact). This
\ : extra relative slip is considered to be a vital element
L ‘ for the increase of material removal rate [4]. A simple
kinematic analysis indicates that rotation of the cup in
the opposite direction to that of the spindle results in
higher spin and lower orbiting velocity of the balls. The
u speed of the cup rotation was varied from a few revolu-
) tions per minute to up to 160 rpm. It was also possible,
L | due to a special attachment, to circulate a gas through
\ - the cup.
L /2 A typical experiment consisted of placing balls in
the cup and submerging them in about 4 ml of a special
7 liquid containing diamond abrasive particles. Next, the
| required spindle speed was attained and the load care-
| ; l / fully applied to the set of nine balls. Nominal duration
‘ of the test was 60 min. Before and after the test the
~ T I balls, cup and cone were ultrasonically cleaned. The
T - ‘ [ materlal removal rate was assessed th.rough changes in
4 the diameter of the balls measured with the accuracy
of £0.1 um. Every experiment was repeated a mini-
_D mum of three times; a satisfactory reproducibility of
FAN the results was found.

LIL
rir

Figure 1 Schematic of the rolling contact apparatus. 1, cone and collet;z' 1.2. Shd’ng line contact .
2, tested balls; 3, spindle; 4, loading lever; 5, driving motor; 6, heated | N€ Second apparatus used to study wear of ceramics

plate; 7, loading piston; 8, belt drive. in a line contact is shown schematically in Fig. 3. An
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6 2.2. Materials and test conditions
2.2.1. Rolling point contact
¢ 3> % Balls were prepared by hot isostatic pressing (HiP)
I phase silicon nitride powder. An average nominal di-
[ 5 ameter of the ball at the start of testing was 6.5 mm.

. Blank balls had a surface roughness 100—200 R,

l

| and contained many surface imperfections; to remove
3 ' them each ball was subjected to a running-in process

! before testing.

i The experiments were carried out at a rotational ve-
locity of the cone ranging from 1500 to 7500 rpm. The
r normal loads on the set of nine balls ranged from 200 to
’ 4000 N. A number of specially prepared liquids mixed
E with diamond abrasive particles were used. These were
1

LIL
rr

either an unformulated mineral oil to which one of a nu-
mber of additives (with the potential to modify the cera-
mic surface) was added or special chemical compounds
with the ability to enter into chemical reaction with
, the ceramic under contact conditions. Inorganic ad-
w | ditives, namely phosphoric acid and potassium hy-
2 4 1L droxide, were also added to an unformulated mineral
Bﬂa | — oil.
i p— Atypical test liquid was prepared by suspending 2%
7\€ | by weight 15um diamond particles either in the base
] mineral oil containing one of the additives listed in
1 Table | or in one of the special chemical compounds
/ specified in Table Il. The concentration of abrasive
x&, : particles was similar to that in commercially available
grinding liquids. Reference experiments were carried
Figure 3 Schematic of the line contact apparatus. 1, ceramic rod (tesQUL using a commercial oil-based slurry (O-type) and
sample); 2, V-shaped block (counterface); 3, spindle; 4, grinding liquida water-based slurry (W-type); both of these contained
container; 5, driving motor; 6, belt drive; 7, stirer. either 1 or 15.m diamond abrasive particles.

essential part of the apparatus consists of a ceramic sam-

ple and counterface elements. The sample is attached2.2. Sliding line contact

to the spindle driven by an electric motor. The sampleSpecimens for sliding line contact, in the form of a rod
was in line contact with two V-shaped blocks and thewith diameter 6.5 mm and length 10 mm, were made
load on the contact was applied through the blocks. Thef commercially available sialon and alumina. Three
length of the contact was 5 mm. Both the sample and thdifferent materials were used for the V-shaped coun-
blocks were submerged in the grinding liquid housedterfaces, namely a mild steel, brass and aluminium al-
in a container. Sedimentation of abrasive particles conloy. They were tested in “as received” conditions and
tained in the liquid was prevented by attaching a smallid not undergo any heat treatment. Oil-based slurries

stirrer to the specimen. (O-type) with four sizes of diamond abrasive parti-
All experiments were carried out at 300 rpm and thecles, 1, 6, 15 and 2m, were used throughout the
amount of the liquid used was 20 ml. experiments.

TABLE | Properties of the organic additives

Additive Water Density Flash point Viscosity at Viscosity at
symbol Composition solubility (ka/® (°C) 40°C (cSt) 100°C (cSt)
995 Ca sulfonate Insoluble 1220 160 1200 60

996 Na sulfonate Partially soluble — 160 — 200

997 Olefin sulfide Insoluble 1045 >100 45 6

998 Olefin ester sulfide Insoluble 960 190 300 35
HT312 Sulfide Insoluble 1160 95 — 9.5
DBDS Dibenzyldisulfide — — — — —

NSE Natural — — — — —

sulfurized ester
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TABLE Il Properties of chemical compounds used as base liquids

Compound Pour point Viscosity at Flash point
symbol Composition Colour °C) 40°C (cST) €C)

853 Highly refined mineral oil Amber <18 19 190

854 Highly refined mineral oil Amber <9 30 200

855 Ester basestocks Amber <20 27-31 180

856 Poly-alphaolefin — — 5 135

857 Poly-alphaolefin — <68 31 200

858 Polyoxyalkylene glycol ether Yellow <25 180 180

884 Ester basestoks Amber <20 85 180

In a typical experiment, the required speed was set Wear debris were extracted from liquids used during
first, then the load on the contact, ranging from 135wear tests using a rotary particle depositor. A particle
to 900 N, was applied. The duration of a test wasquantitator was used to rank the size of wear particles.
60 min. Before each test, the specimen, V-blocks and’he wear debris were also examined under SEM.
the container for the grinding liquid were ultrasoni-
cally cleaned. Both the specimen and V-blocks were
weighed before and after the test to obtain an estimat§  Results
of the material removal rate expressed as a volume 10sg 1. Rolling point contact

of material per unit time. 3.1.1. Material removal rate in the presence
of inorganic additives

The effect of two organic additives, phosphoric acid
2.3. Surface and wear debris analyses (additive A) and potassium hydroxide (additive B),
Reflection optical microscopy was used to examine the@n the material removal rate was examined. They
surface of the balls on which various tests had beemvere added into a specially prepared liquid (called
carried out. Also, the metallurgical structure of the O-W slurry) consisting of 50% O-type slurry and
V-blocks after testing was examined under an opticab0% W-type slurry. Fig. 4 shows the results of testing
microscope. Scanning electron microscopy (SEM) wasilicon nitride balls in various grinding liquids contain-
used to study the surface topography resulting frorming 1 um diamond abrasive particles. The concentra-
wear experiments. tion of additive A in O-W slurry was 5 mol/l and the

0.5

0.0 J ' I_
A B C D

Figure 4 Effect of inorganic additives in various O-W slurries containingrh diamond abrasive particles on the material removal rate of silicon
nitride balls; 400 N load and 3000 rpm speed. A, oil-based slurry; B, oil-water (O-W) based slurry; C, 5 mol/l of additive B in O-W slurry; D, 5 mol/l
of additive A in O-W slurry.
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Figure 5 Variation of the material removal rate of silicon nitride balls with concentration of inorganic additivegim @-W slurry during tests at
400 N load and 3000 rpm speed.

same concentration was used for additive B in O-W3.1.2. Material removal rate in the presence
slurry. of chemical compounds

The lowest material removal rate, regarded as areferfhe effectiveness in material removal of chemical com-
ence rate, was recorded for the commercially availablgounds listed in Table | and containing A& abrasive
oil-based slurry. A slight increase in the material re-particles in concentration 2 wt % was also studied. In
moval rate was noted for O-W type slurry. However, this series of experiments an oil-based slurry with the
a substantial increase in the material removal rate resame size of abrasive particles (&) was used for
sulted from adding additive B to O-W slurry and the reference purpose. Fig. 7 shows the material removal
highest removal rate was obtained for O-W slurry con-rates using the various chemical compounds and the
taining additive A. The effect of different concentra- reference slurry.
tions of additives in O-W slurry with Jum abrasive The highest material removal rate was recorded for
particles on the material removal rate is shown in Fig. 5884 compound and the lowest for 856 compound. A rel-
An increase in concentration of either additive resultsatively high material removal rate was also produced by
in an increase in material removal rate after an initials58 compound however, post-test examination of the
rapid increase in the material removal stabilizes andballs revealed that they were not completely spherical
further increases in concentration beyond 5 mol/l doand the deviation from sphericity was up to/df. The
not improve efficiency of the material removal pro- same was found in the case of the 856 and 857 com-
cess. Also, additive A is more effective than addi-pounds but the deviation from sphericity was slightly
tive B throughout the whole range of concentrationsless, namely 6 and Bm, respectively.
used.

The influence of abrasive particle size on the material
removal rate in the presence of additive A or B is shown3. 1.3. Material removal rate in the presence

in Fig. 6. The rate of material removal is presented as of organic additives
a function of additive concentration for two sizes of Seven different organic additives, listed in Table II,
abrasive particles, 1 and 1&6n. were used in the oil-based slurry containingrh abra-

Increasing both additive concentration in O-W slurry sive particles. The additive concentration was 1 wt %.
and the size of abrasive particle leads to higher materialhe results are shown in Fig. 8.
removal rates. The O-W slurry containing A% par- The highest material removal rate was obtained us-
ticles and either additive A or B is considerably moreing olefin ester sulfide (998) while the lowest one was
efficient in material removal than the slurry containing recorded for olefin sulfide (997) as the aditive. The ma-
1 um particles. This is true for all additive concentra- terial removal rate as a function of organic additive con-
tions used. centration in Jum oil-based slurry was also examined.
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Figure 6 Variation of the material removal rate of silicon nitride balls with the concentration of inorganic additives A and B in 1 and Q5N
slurries during experiment at 400 N load and 3000 rpm speed.
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Figure 7 Material removal rate of silicon nitride balls during experiments at 400 N load and 3000 rpm speed in various chemical compounds and the
reference slurry (oil-based containing L& abrasive particles).

The results indicate that the material removal rate de3.1.4. Effect of additional cup rotation

creases with an increase in the concentration of organiln order to examine the effect of an increased amount of
additive (Fig. 9) with two exceptions, that is additive relative slip within the contact area on the material re-

996 (Na sulfonate) and 997 (olefin sulfide). moval rate, experiments were carried out using rotation
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Figure 8 Effect of organic additives in an oil-based slurry containingr abrasive particles on material removal rate of silicon nitride balls during
experiments at 400 N load and 3000 rpm speed.
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Figure 9 Variation of the material removal rate of silicon nitride balls with concentration of organic additiveg.m bil-based slurry during
experiments at 400 N load and 3000 rpm speed.

of the cup (which is normally stationary). Standard oil- 3.1.5. Effect of the flow of gas through the

based slurry containing 1am abrasive particles was contact region

used. It was found that cup rotation with the velocity of It has been reported by Hisakado [5] that same gaseous
40 rpm resulted in a measurable increase in the materi@nvironments promote the wear of ceramic materials.
removal rate as shown in Fig. 10. This aspect has beeNitrogen and oxygen were circulated inturn through the
discussed earlier by Jishergal. [8]. cup filled with the oil-based slurry containing 16n
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Figure 11 Variation of material removal rate with load and the presence of different gases during experimenisninallSbased slurry. Spindle
speed: 3000 rpm; test duration: 60 min.

abrasive particles. Fig. 11 shows the effect of gas cir3.2. Sliding line contact

culation on the material removal rate for differentloads3.2. 1. Alumina experiments

on the contact. The results are not conclusive and indiTest results on alumina in contact with mild steel V-

cate that the presence of either nitrogen or oxygen imlocks are shown in Fig. 12 where the material removal
the contact region does not increase, in any significantate is plotted against the load on contact for different

way, the material removal rate.
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Figure 12 Material removal rate of alumina in oil-based slurry as a function of the applied load for different sizes of abrasive particles. Rotational
velocity of the ceramic sample: 300 rpm; duration of the test: 60 min.

The first observation is that the material removal rateminium alloy) and a number of sizes of abrasive parti-
increases with applied load for all sizes of abrasive pareles added to an oil-based slurry. All experiments were
ticles. For abrasive particle sizes of 1, 15 andi28  carried out at 900 N. The results are shown in Fig. 14.
the change in material removal rate with load is linear. It is interesting to note that the highest removal rate
In the case of Gum particles, a clear transition in the using the mild steel counterface was achieved fan®
material removal rate occurring at 450 N can be seemabrasive particles. In the case of aluminium alloy coun-
The rate of material removal also increases with the sizéerface, the highestremoval rate was obtained forrh5
of abrasive particles. This is true for 1, 6 and A&  abrasive particles. However, both removal rates are
particles. A maximum rate of material removal occurscomparable in magnitude. The relationship between re-
for 15 um patrticles. moval rate and load applied is shown in Fig. 15.

It is commonly assumed that counterface material The experiments were carried out in the oil-based
must play an important role in wear processes. To exslurry containing 15.m abrasive particles using both
amine the effect of counterface material on the wear rataluminium alloy and mild steel V-blocks. The relation-
of alumina, V-blocks were made of a mild steel, alu- ship between the load and the material removal rate is
minium alloy and brass and tested in an oil-based slurrnalmost linear for both counterface materials, i.e. wear
containing 6um abrasive particles. Fig. 13 shows the rate increases with increase in contact loading. The alu-
results obtained. minium alloy counterface proved to be more effective in

The highest material removal rate was recorded fomaterial removal than the mild steel counterface under
the V-block made of aluminium alloy over the whole nominally the same test conditions.
range of applied loads. The lowest rate was produced
by the brass V-block. Removal rate somewhere between
thege two was obtaiped for the mild stee.l V-block. This4_ Discussion
f|nd|_ng points to the |mportance_of retention of abrasivey 1 gy rface characteristics resulting from
particles within the contact region. It appears that the mechanical effects
V-block made of alumlrjlum allowed the abrasive parti- 4 1 1 Aprasive particle size
cles notonly to embed into it but also to stay embedded is well known that, in general, the rate of material

On the other hand, while the brass V-block also facili-yomoyal depends on the size of abrasive particles used
tated the embedment of abrasive particles the strengthy, 4 usually increases with the increase in their size
of their anchoring in the substrate was, presumably, n0f > 14]. However this trend in not exactly observed in
sufficient to retain them in the contact region. case of alumina and sialon studied in the line sliding

contact experiments. As can be seen from Fig. 12, the

rate of material removal is clearly lower for 25n par-
3.2.2. Sialon experiments ticles than for 15um particles at which the maximum
The removal rates using sialon were investigated usrate was observed. This trend is in agreement with find-
ing two different V-block materials (mild steel and alu- ings reported by Stolarskit al. [10] for rolling point
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Figure 13 Variation in the alumina removal rate with applied load for different counterface materials during experiments in oil-based slurry containing
6 um abrasive particles. Rotational velocity of the ceramic sample: 300 rpm; duration of the test: 60 min.
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Figure 14 Sialon removal rate in oil-based slurry as a function of abrasive particles size for two counterface materials. Rotational velocity of the
ceramic sample: 300 rpm; duration of the test: 60 min.

contact. The silicon nitride removal rate increases ashere is an optimum in the size of abrasive particles
the particle size is increased from 1 to AB. Further  giving the maximum removal rate.

increase in the particle size from 25 to 4fn results The explanation for the observed trends in material
in reversal of the trend. Thus, it can be concluded thatemoval could be based on the analysis of the number
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of abrasive particles per unit volume of the slurryMf

and so there are approximately 90,000 as mayyrilL

denotes mass of particles per unit volume of slunry, abrasive particles per unit volume of a slurry as there
represents the number of particles per unit volume andre 45um patrticles in the same volume of a slurry. In

m is the mass of a single particle, then
M=nm

wherem is given by,

m 4 rs
=—_7
3 1Y

a similar way it can be shown that, on average, there
are approximately 16,000 more abrasive particles in
a unit volume of 1um slurry than in the same unit
volume of 25um slurry. It follows then that Jum
slurry should give higher material removal rates due
to the larger number of abrasive particle-ceramic sur-
face contacts per unit time than in the 25 slurry.

In the above expressiqnis the density of the abrasive This conjecture depends upon the operative material
particle andr its radius (assuming that the particles removal mechanism. If it is two-body abrasion mecha-

have a spherical shape). Thus,

4
M=n=nr3
3P

or
_13Mm
" r34mp

nism for the medium size patrticles, then the number of
embedded particles per unit area of cup or the V-block
surface will accumulate with time which will compen-
sate for their much lower numbers per unit volume
of slurry. In addition, one unit abrasive action from
a medium size particle clearly removes more material
than a small particle. The question why the removal
rates of 25um particles are lower than those of 15 and

For fixedM and constanp, and for two particle sizes 6 um can only be answered in conjunction with pos-
r; andr,, the ratio of the number of particles per unit sible hydrodynamic effects within the contact area. As

volume is,
nor3
no _I'f

and forr; =1 um andr, =45 um,

there is no direct evidence in support of this explana-
tion it must be regarded as tentative and hypothetical.
An alternative explanation is that the load, speed, and
contact configurations used probably created such con-
ditions under which 15m particles were able to enter
the contact and be embedded there because the fluid
film created by the hydrodynamic action had an ap-
propriate thickness. According to the test results (see
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Fig. 12), these conditions apparently existed fouh®  other hand, the hardness of the steel counterface does
particles inthe whole range of test parameters. This alsnot change at all (see Fig. 17).
applies, to a lesser extent, tquén particles. It follows It could therefore be argued that abrasive particles
then that 25:m particles had a restricted access to thepenetrate aluminium counterface much more easily and
contact region possibly because of the film thicknes$iave a better chance to be retained by the counterface
whilst 1 um particles were passing through the contactdue to a significant work-hardening. The steel counter-
zone without removing much of the material. face is not only harder than the aluminium counterface
For a high rate of material removal to be achieved itisthus hindering the ingress of abrasive particles into the
essential that abrasive particles gain easy access to teabstrate but it also does not undergo any appreciable
contact zone and stay there. The retention of particles/ork-hardening which results in a poor retention of
in the contact region is only possible if they can embedabrasive particles. The third counterface material used
themselves into the counterface. Fig. 16 shows an SEM/as brass characterized by a lower hardness than the
micrograph of the mild steel V-block after wear experi- other two. It also gave the lowest removal rates (see
ments on sialon in 6 and 2bm slurries. It appears that Fig. 12). SEM image of the cross-section through the
6 um particles entered the contact zone in far greatebrass counterface is shown in Fig. 18. A characteris-
number than 25%m particles producing substantially tic feature of the cross-section image is the presence
higher material removal rate. of a well formed top layer of material. Micro-hardness
measurements showed that this layer is softer than the
bulk material. In the context of material removal rate
4.1.2. Counterface material it means that this relatively soft layer could have been

Figs 13 and 14 indicate that the counterface material ha€sponsible for an inadequate retention of abrasive par-
a considerable effect on the removal rate. Fig. 17 show8cles in the contact zone.

the changes in the hardness of steel and aluminium

counterfaces after wear experiments. As shown, the

surface of the aluminium counterface is considerably4. 1.3. Increased relative slip due to cup

harder than its interior. The decrease in hardness takes rotation

place over the depth of almost 2Q0n, after which ~ The rationale behind the experiments with additional
the hardness remains constant. This finding points t6up rotation was an attempt to improve the material re-
an appreciable work-hardening of the aluminium oc-moval rate through the increase of relative slip within
curring during wear and is supported by the results othe contact zone. The results in Fig. 10 show that the
abrasive wear tests reported by Gahr-Zum [11]. On th@dditional cup rotation did not produce an appreciable
increase in the material removal rate. However, surface
roughness measurements showed that it resulted in an
improved surface finish [8]. This finding can be seen
as an indication that abrasive wear (either two-body or
three-body) is not a predominant process responsible
for material removal from hard and brittle surfaces in
rolling contacts but micro-fracture taking place at dis-
crete points of contact between ceramic surface and
abrasive particles.

4.2. Surface characteristics resulting from
chemical effects

4.2.1. Inorganic additives
Introduction of additive A or B to O-W slurry caused
a remarkable increase in the material removal rate (see
Figs 4 and 5). Typical microscope examination results
of surfaces after testing in the O-W slurry containing
1 um abrasive particles and 5 mol/l of A or B are shown
in Fig. 19. Although relatively small abrasive particles
were used the surface was quite rough and the material
removal rate quite high. The surface looks as if it was
composed of black regions on a white background. At
high magnification, the black regions appeared to be
very smooth whereas the white background was rough
with an open surface texture (see Fig. 19). The open
structure could be a form of pitting resulting from sur-
face chemical reactions.

With decreasing concentration of the additive A in

Figure 16 SEM micrographs of the mild steel counterface after experi- the O-W slurry, the extent of the pitted regions de-

ment at 900 N load and 300 rpm speed: (a)r6 abrasive particles; (0) Creased. At the lowest concentration of A inudn
25 um abrasive particles. O-W slurry, equal to 0.05 mol/l, the pitted white
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Figure 17 Hardness profile of mild steel and aluminium alloy counterfaces after experiment at 900 N load and 300 rpm speed in oil-based slurry with
6 um diamond abrasive particles.

Figure 18 Optical micrograph of the cross-section through the brass
counterfaces after experiment at 900 N load and 300 rpm speed in oil-
based slurry with @um diamond abrasive particles.

background was transformed into isolated islands on

a black background. B
Under the test conditions used a possible chemical e*

reactions between the additives and the silicon nitride =

could be as follows:

Additive A:

3NH; + HgPOy — (NH4)sPO

Since additive A was in the slurry containing water,
therefore,

Figure 19 SEM micrographs of silicon nitride ball after experiment in

Si0; +2H,0— Si(OH)4 1 mm O-W slurry with 5 mol/l of additive A: (a) smooth black area; (b)
and open and rough white area.
3Si(OH)Y 4 4H3POy — Si3(PO) + 12H,0 and
Similarly, since additive B was in the slurry containing H,SiO; + 2KOH — K3SiO; + 2H,0
water, so, As a result, a relatively soft layer could be formed on
SiO; + H,O — H,Si0s the surface of silicon nitride which, during wear testing,
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could be easily worn off thus increasing the material Phosphoric acid and potassium hydroxide have been
removal rate. identified as very effective additives to a grinding liquid.
The same is true of fluoride compounds but only when
they are added to a grinding liquid containing traces of

4.2.2. Organic additives phosphoric acid. Surface finish of spherical surfaces can
Experiments with organic additives were carried out inbe controlled, to a certain degree, by the introduction
the sulfur containing and ester containing slurries. Theof an additional amount of slip into the contact zone.
slurries based on highly refined mineral oils 853 andThe highest wear rates are achieved when the slip is
854, the poly-alpha-olefines 856 and 857, and poly-combined with appropriate chemical additives to the
oxyalkylene glycol ether 858 and called “blank slur- grinding liquid.
ries” were also used. With the exception of the 858 The rate of wear of ceramics such as alumina and
slurry, all blank slurries gave similar material removal sialon depends on the size of diamond abrasive parti-
rates (see Fig. 7). However, wear experiments in theles and the type of counterface material. The highest
856, 857 and 858 slurries produced ovality of the ballsmaterial removal rates were achieved for an aluminium
This probably resulted from a relatively high viscosity counterface, followed by the mild steel and the brass.
of the base liquid interfering with the motion of balls ~ An optimum size of diamond abrasive particles giv-
in the test cup. ing the highest material removal rates was found; the

The sulfur containing slurries included the HT312, 15 um abrasive particles were, in general, the most ef-
the 997 and the DBDS. Results obtained indicate thafective.
the wear rate of silicon nitride in sulfur containing High material removal rate achieved solely by me-
slurry decreases. However, post-test microscope exanchanical means is usually accompanied by the creation
inations revealed an excellent surface finish as shownf a rough surface.
previously [9]. According to Gatest al. [3] the smooth
surface is produced as a result of formation of a surface
film during sliding in the sulfur containing liquids. Acknowledgements
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