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Abstract

The mechanical response of four different types of hot pressed yttrium stahilipecbmposite SiAION ceramics was investigated by
scratch testing in order to interpret their severe wear behavior. A progressive loading scratch tester with both rough and smooth spherical
diamond styluses was used to analyze the variation in mechanical response with roughness of stylus. The extent of subsurface damage produce
by the different styluses on a 5086content composite was also investigated using a visualization technique with plasma etching, which has
been previously developed by one of the authors. When scratched by the rough stylus, quasi-plastic deformation recognized in the form of
grain release after plasma etching was present predominantly in the surface, and the use of this stylus was regarded to be more appropriate
for comparing the results of scratch tests with those of severe wear due to similarity of crack formation between grain dislodgement in severe
wear and subsurface damage in the scratch tests. The work required to produce damage and groove #oggatioen(scratched by the
rough stylus was evaluated for all test materials and it was found that the worn volume under severe wear follows the reversggrder of
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Scratch testing is an appropriate technique that provides
more fundamental information on wear mechanisms and is
Non-oxide ceramics are widely used in various tribologi- used to simulate the fracture in sliding wear. In particular,
cal applications due to their excellent mechanical properties, scratches by progressive loaditRthatis, increasing the load
such as high strength, high hardness and chemical stabilitywith scratch distance can be useful to investigate changing
at high temperatures. Elaborate studies have been performedamage patterns in a single scratch. During scratch testing,
in order to understand their wear properttes} Wear in ce- subsurface damage is generated beneath the sliding contact. A
ramics is a complicated process due to the contribution of testcommonly used sectioning technique to detect the subsurface
conditions, such as normal lo&dJiding velocity! as well as damage is the bonded interface technique, where sections
humidity®>~1%and temperatufé—13of the testing atmosphere.  cut perpendicular to the scratch direction previously bonded
In general, wear can be broadly classified into two categories;by adhesive are viewed by scanning electron microscope
mild and severe wear, which occurs mainly due to low and (SEM)16However, this technique does not lend itself to visu-
high contact stresses, respectively. Severe wear is dominatealization of shallow subsurface damage occurring under low
by brittle fracture and is associated with high wear rafes, normal loads. The technique of taper-sectioning of scratched
whereas mild wear is dominated by tribochemical reactions specimens followed by plasma etchtiis used in this work,
and lower wear rates. where the presence of shallow damage simulating the actual
wear can be readily identified. The advantage of plasma etch-
- ing is that it enhances the view of cracks and the subsurface
* Corresponding author. Tel.: +81 52 736 7220; fax: +81 52 736 7224. . . . . .
E-mail address: wkanematsu@aist.go.jp (W. Kanematsu). mtergran_ular m|crqcrack|ng zone kn_own as the q_uaS|-pIast|C
1 present address: National Institute for Materials Science, Tsukuba, deformation zone in the form of grain release. It is assumed
Japan. that the grain release is due to preferential etching, by plasma
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Table 1

Mechanical properties of test materials

Material m n Calculated3-content (%) Vickers hardness (%) Fracture toughness (M8am  4pt-Bending strength (MPa)
A 0.5 0.25 49 1946 497 885

B 0.7 0.35 25 1964 443 720

C 10 05 3 2064 346 415

D 11 11 0 2112 264 380

getting diffused in the microcracking zone and macroscopic 2. Experimental procedure
cracks. For example, the subsurface damage and cracks cre-

ated by Knoop indentations on hot pressesNaispecimens  2.1. Materials

were viewed unambiguously after plasma etcHifg.

The purpose of this study is to investigate the mechanical  Yttria stabilized SIAIONs of3-content varying from
response of ceramics by scratch testing in order to interpret0 to 50vol.% were produced by hot pressed sintering.
their severe wear behavior. Hot pressed yttria stabilized  The chemical compositions of these materials are repre-
SIAION and o/B composite SiAIONs of varioug-content sented by Y3Sii2— (n+n)Al n+rn)OnN16—n, With m=0.5
were chosen as test materials in this study. Two types of sty-and n=0.25m=0.7 andn=0.35,m=1.0 andrn=0.5, and
lus having different surface roughness were used for scratch-m=1.1 andrn=1.1, which were identified as 49%, 25%,
ing in order to assess the variation in mechanical response 0f3% and 0% calculatefi-content SiAIONs by XRD analy-
the material with surface integrity of stylus. Most reported ses. For simplicity, these test materials are hereafter, referred
works on scratch testing of ceramics have not discussed theas materials A, B, C and D, respectively in this study. The
dependence of results on the stylus surface roughiégs?3 processing, microstructure and mechanical and wear prop-
The extent of subsurface damage produced by the rough anderties have been described in detail previod$lyhe me-
smooth styluses beneath the sliding contact was visualizedchanical properties and microstructures are reproduced here
by plasma etching of taper-sections. The work required to in Table 1andFig. 1, respectively. It should be noted that

produce the groove at a particular normal lo&d)(was in- with increasing3-content in the materials there is a change
vestigated for various SIAIONs and results were correlated in microstructure from one of equiaxedSiAION grain mor-
with their severe wear behavior. phology to one where elongat@dgrains uniformly are dis-

Fig. 1. Fracture surfaces af3-SiAION composites (A) 5098-content, (B) 25%@-content, (C) 3¥@-content and (D) 098-content (purex-SiAION phase).
Reproduced from ReR4.
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line profile on A-A

line profile on B-B

Fig. 2. Observations of (a) smooth stylus and (b) rough stylus taken by confocal laser microscopy, and surface profile of the rough stylus.
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seminated in a fine-SIAION matrix. This leads toincreased and taper-sections underwent plasma etching in the following
fracture strength as well as fracture toughness, whereas thananner.
hardness values decrease due to the lower hardness ®f the

phase. 2.3. Plasma etching

2.2. Scratch tests Plasma etching was carried out using a commercially
available apparatus (EXAM EIl 106-E23, SHINKO SEIKI
Scratch tests were conducted using a CSEM Revetest auCo. Ltd., Japan), which is capable of generating power of
tomatic scratch tester (CSEM, Switzerland) at room temper- 250 W maximum and operating with a radio frequency (RF)
ature and a relative humidity level range of 38%%. The  of13.6 MHz. Reactive gas mixtures, containing:@Rd 10%
specimens were cut from sintered disks and mirror polished O, were used in plasma etching. A power of 60 W was applied
using 0.5um diamond slurry for final finishing, resulting in  during etching, previously optimized for uniform etching in
a surface roughness of Rz less thanyhl Scratches were  preliminary studies. The etched specimens were rinsed ultra-
then performed on the polished surface with a spherical di- sonically in distilled water, where the water-soluble products
amond stylus having radius of 2Q@n and an apex angle of  formed, if any, can be removed. Etched surfaces were ob-
120 at the spherical tip. served using an optical microscope in Nomarski illumination

Two different types of stylus (NANOTEC, Japan) were and/or SEM (FE-6330F, JEOL, Japan).
employed, one is a smooth stylus with a mirror polished

tip of low root mean square roughnes, € 0.47um) and ) )
the other is a rougher stylus with tip surface roughness of Scratch direction
high Rq=0.72um) specially designed for adhesion tests of
hard coatings on met&k—2” Fig. 2 shows observations and
line profiles of the two types of stylus taken by confocal
laser microscope (OLS-1100, Olympus, Japan) prior to use.
In the progressive loading scratch test with the smooth sty-
lus, the nominal normal load was increased from O to a
final maximum load of either 60N or 70N with a load-
ing ramp of 300 N/min and a constant scratching speed of
30 mm/min. In the case of the rough stylus, the nominal nor-
mal load was increased from 0 to 17N maximum with a
loading ramp of 150 N/min and the same scratching speed.
The normal load and its corresponding tangential force were
recorded simultaneously during scratch tests. All test ma-
terials were scratched successively to identify the trend of
tangential force with increased number of scratches at a con-
stant maximum normal load. Scratch tracks were observed ; ;
using an optical microscope in Nomarski illumination. Some Scratch direction

of the scratched specimens were taper-sectioned across the >
scratch tracks with a taper angle of 3t6 view the presence ' fLi "
of damage beneath the sliding contact. Both scratch tracks

Tangential force Fi [N]
‘L

0 20 40 60 80 / .--, . ! ";'IHIEEEI !':1;11“ / i 10pm WD 1Smm
Normal load F, [N]

Fig. 4. Scratch groove on material A with the smooth stylus. (a) Optical
Fig. 3. Variation in tangential forcg; with normal loadry, for the first five microscopy image under Nomarski illumination before etching and (b) SEM
scratches on material A with the smooth stylus. image at the end of the scratch groove after etching.
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3. Results and discussion To examine the presence of internal damage, a scratched
specimen was taper-sectioned perpendicular to the scratch
3.1. Scratches on material A by smooth stylus direction and the plasma etching carried out, as shown in
Fig. 5. The damage can be easily observed under Nomarski
The variation of tangential forc&() with normal load £) illumination due to its sensitivity to slight height difference,
for the first five scratches on material A by the smooth stylus whereas with SEM, delineation of the border between speci-
to a maximum normal load of 60N is shown kig. 3. Fp, men surface and the taper-section is quite difficult due to the
increased from 7 N to a maximum of 60 N afAdincreased small taper angle. A darker area surrounded by triangles is
monotonically withF,. From the figure, it is seen that, evident in the interior of the section as showrFig. 5, im-

increased in an almost linear fashion at low normal loads, plying the presence of quasi-plastic deformation. The depth

less than 20 N, and the slopefgfincreased with the increase  from the surface was calculated from the angle of the ta-

in Fy at higher loads. It should be noted that there was very per and the distance between the taper edge and the point

good reproducibility in results df; with increase in number  to be measured on the taper-section. A scale showing the

of scratches. depth from the scratched surface is given in the figure, and
The scratch grooves were observed using an optical mi- it can be seen that the subsurface damage could be observed

croscope in Nomarskiillumination before plasma etching and at a minimum depth of approximatelyu®. This supports

also using SEM after plasma etching and one ofthemis shownthe result that the damage was invisible from the surface

in Fig. 4a and b. The nominal normal loads corresponding to observations.

the center of the micrograph iRig. 4a and scratch end in

Fig. 4b are 60N and 70 N, respectively. Before the etching, 3.2. Scratches on material A by rough stylus

the presence of partial ring cracks is barely noticeable as in-

dicated by triangles ifig. 4a. Meanwhile, a series of partial Material A was also scratched by the rough stylus to a

ring cracks was distinctly visualized by etching as shown in maximum normal load of 17 N. They of this stylus is al-

Fig. 4b. These cracks are similar to partial cone cracks pro- most 1.5 times that of the smooth one. The variatiodof

duced by spherical indenters on glass surfaées. with F,, for the first five scratches is plotted Kig. 6. The

Viewing
for subsurface damage

")'—3.5" (Taper angle)

| Taper Section

| )—
Series of partial ring cracks

Sl T

| | | | | L,
0 10 20
Depth from the scratched surface [pm]

Fig. 5. Etched taper-section of the scratched specimen for subsurface damage observation. A series of partial ring cracks and damage inrélasofitieenal a
taper-section were clearly visualized after etching.
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scratches started from a normal load of approximately 1 N the scratch test with rough stylus is thought to be more ap-
to a maximum of 17 N with a steady increaseffwith Fp,. propriate than that of the smooth stylus for assessing and
Unlike the smooth stylus, there was variation in theersus correlating the wear behavior of ceramics under severe wear
Fn curves with increasing number of scratches. The cause ofconditions.

this variation will be discussed later. However, caution is required in correlating results of these
Fig. 7shows the observations of the scratched material by two tests and to assure consistent results. The line profile of
optical microscope under Nomarski illuminatioRig. 7a), the rough stylus shown ifrig. 2, taken along the line B-

and SEM following etchingKig. 7b). The normal load ap- B, which is perpendicular to the scratching direction, and the
plied at the center of each micrograph is 15 N and the scratchNomarski illumination image of the scratched surfde€ig(7)
direction is from left to right in the figures. It is clear from shows that non-uniform contact is obtained leading to a com-
Fig. 7a that the contact of the rough stylus is less uniform, plicated stress state. For example, the contact stress at the
thus producing an irregular profile to the scratch groove. This asperity tips should be higher compared with the surround-
irregularity in the groove profile is due to asperities present ing regions, in turn increasing the wear rate of the asperity.
on the rough stylus as shownkhig. 2b. Fig. 7b demonstrates  Hence, there is a possibility of a change in the profile of a
that the quasi-plastic deformation is predominant on the sur- stylus tip due to wear of asperities resulting in poor repro-
face of specimen, which can be recognized as a region ofducibility in results. Further study is necessary to clarify the
grain releasé®

The taper-section was examined for damage using opti-
cal microscopy in Nomarski illumination after plasma etch- Scratch direction
ing as shown irFig. 8 The vertical dashed line in the fig-
ure shows the border between the specimen surface and the
taper-section. From this figure, it can be seen that the quasi-
plastic deformation is present in the subsurface, which is rec-
ognized as a dark region. The short arrows in the figure in-
dicate the boundary of the quasi-plastic deformation on the
taper-section. A series of arc cracks, highlighted by the tri-
angles in the figure, were seen in the interior area of the
taper-section, whereas the quasi-plastic deformation on the
surface covered up the presence of arc cracks. The depth scale
is attached in the figure and the depth of subsurface damage
is approximately 1.g.m.

Jones et a? studied the wear response of these materi-
als under dry sliding conditions and reported that worn sur-
faces of bothu-SIAIONs anda/B-SIAION composites (ma-
terial D and A in our study) were very rough at high normal
loads and material removal in the form of grain dislodge- . .
ment from the surface occurred in this severe wear regime. Scratch direction
This grain-dislodging phenomenon was reported to be due , >
to intergranular cracks along the grain boundary in the sub-
surface region, which can lead to micro-fracté?€onsider-
ing the similarity of crack formation between grain dislodge-
ment in wear and the subsurface damage during scratching,

5 T T T T
z
~4f / ]
w
®
© 3 .
o
= —#1
o ¢ dufR P #2| 7
& —#3
811 T Y~ o [ — #4 3
8 —#5
0 1 1 1
0 5 10 15 20 25
Normal load Fn [N] Fig. 7. Scratch groove on material A with the rough stylus. (a) Optical mi-
croscopy image under Nomarski illumination (b) SEM image after etching.
Fig. 6. Variation in tangential forcg; with normal loadr}, for the first five Quasi-plastic deformation on the scratched surface was predominant after

scratches on material A with the rough stylus. etching observed by SEM.
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Fig. 8. Etched taper-section of the scratched specimen under Nomarski illumination. A series of partial ring cracks were noticed in the inbétioe area
taper-section.

cause of variation in th&; versusF, curves with number of  other in the initial regions, and their magnitudes are smaller
scratches, but one could argue thais very sensitive to the  than that of the composites.

stylus and thar} is dependent on the ‘history’ of the stylus For all the test materials, the coefficient of frictiqn) (vas
in terms of factors, such as applied normal load and scratchestimated by comparing th to F, ratio with scratch length
length. for the averaged data of the first five scratches, as shown in

Fig. 10for the case of material A. In this figure, the ratio is

almost constant up to a scratch length of around 0.7 mm. Itis
3.3. Scratches on various test materials by rough stylus assumed that the mean value of ratio up to a scratch length of

0.7 mm (normal load of 4.6 N) indicates the sliding friction

Repeated scratch tests were conducted for all the materialsoefficient £0.11) prior to the onset of material removal by

using the rough stylus. As was shownFiy. 6 for material scratching. With further increase in sliding length, scratching
A, successive scratching resulted in a lowgfor a givenFp,
although the difference was low for the first five scratches.
With a further increase in the number of scratches the dif-
ference in the curves becomes more obvious, but the curves
return to their original levels when a new stylus is used. The
same trend was observed for all materials and indicates that
the “history” sensitivity mentioned above can be overcome
by using a new stylus. In the following analysis, data from
the first five scratches, using a new stylus is employed and the
F; againstFy, curves are plotted ifig. 9. For all materials,
similar to material A, a trend of relatively smooth increase in
Fi was observed with increasefiy. As shown inFig. 9, the 0
dependence af; on Fj, curves increases with increasifg Fn [N]
content in the materials (material A). TheversusF, curves
for the twoa-SiAION materials were superposed upon each Fig. 9. Fy with Fyy curves for all materials scratched with the rough stylus.

material A

Ft [N]

15
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Fig. 12. Work required for damage and groove formatidiryd) during
Fig. 10. Variation in the ratio of tangential forég to normal loadr,, with scratching up to a constant normal load of 14N for various SiAIONSs,
scratch length for the mean data of the first five scratches on material A with scratched with the rough stylus. The columns indicate the niggrval-
the rough stylus. ues of the first five scratches.

load of 14 N, corresponding to a scratch length of approxi-
mately 2.6 mm, is plotted iRig. 12 As was shown irfrig. 9,

the curves of materials C and D were superposed upon each
other in the initial region but there is a slight difference in
Wqg due to difference in the curves at higher loads. In this
figure the error bars show the spreadif for the first five
scratches with the maximum value corresponding to the first
scratch and the minimum value corresponding to the fifth
scratch. Anincrease iWqyg was observed with th@-content

in o/B-SIAION composites and material A had the highest

by the absolute value of difference between the empirical fit "Vdg: AS it is assumed that the sliding friction coefficient in
andF,22i.e. |AF|=F; — uFy. This value is also shown in the absence of material removal by scratching is constant

Fig. 11as the bold solid line. The onset of deviatiorFpivas and tha.t iriction is I,OW’ it i,s thought that most Blag is. con-
at a scratch length of 0.7 mm and correspondingly| the| sumed in the quasi-plastic deformation anq cracking durmg
had a steady increase with a further increase in the scratche scrach tests..ConsequentIy, the followmg hypothes!s 'S
length. The variation gfA F| with the scratch length was also suggestgd; Materials of h'gMdQ, h'ave high resistance tp mi-
determined for all test materials. crocracking, and thereby, exhibit good performance in wear

The work required for damage and groove formatiiag) r?s;it?]nce. Accolrdlng to the wear tests drg_sults of Jr?_nﬁs et
can be calculated by measuring the productsF| and al. = the worn volume at severe wear conditions was highest

scratch length. In calculatin®/yg, the friction coefficient fora-SlAIQNs (matenall?,m ourstu_dy) and least for 5@
used for determiningA F| was that determined as the slid- content S'AIQN composites (material A). The worn volume
ing friction coefficient in the absence of material removal by of test mat_erlals under severe wear follows the reverse_order
scratching as described above, and assuming that there is n8 Wdg: Which lends support to the suggested hypothesis.
effect of change in stylus profile up to five scratches. The
value of Wygq for the test materials calculated up to a normal

begins and thé} to Fy ratio increased monotonically with
scratch length. The initial fluctuations in the plot can be ex-
plained in terms of an unstabilized speed of the specimen
table. The coefficient of friction was evaluated for other test
materials in the same fashioRig. 11 shows the variation

of F;, whose scale is indicated on the left-hand scale, with
scratch length for material A, where the datapfvas aver-
aged for the first five scratches. A linear relationship can be
fitted to the initial portion of the curve. Meanwhile, the devia-
tion of F, from the linear fitted line,AF |, can be determined

4. Conclusion

were formed on the specimen surface, but there was no quasi-
plastic deformation present on the surface. However, when
Fig. 11. Variation of tangential forc& and the deviation in tangential force ScraFChed by a roth Stylus’ the d_eformatlon was found pre-
|AF| with scratch length for the mean data of the first five scratches on dominantly on the surfac_e, COVe”r.]g.Up_ arc cracks formed
material A with the rough stylus. on the surface. Considering the similarity of crack forma-

2 Scratch tests were conducted for yttria stabilize@-

Z = SIAION composites, where thg-content ranges from 0%
u 8 to 50% in order to interpret the wear behavior of these mate-
§ % rials under a severe wear regime. Two types of stylus having
b 1173 different surface roughness were used to assess the variation
£ o in mechanical response of material with surface integrity of
°g’> g stylus. Damage was observed by taper-sectioning the speci-
e I mens across the scratches followed by plasma etching. When

0g 1 5 30 ‘é scratched by a smooth stylus, a series of partial ring cracks

'(_%

Scratch length x[mm]
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tion between grain dislodgement during wear and subsurfacel1. Dong, X., Jahanmir, S. and Hsu, S. M., Tribological characteristics

damage in scratching, the scratch test with the rough stylus is

more appropriate for comparing the two behaviors. The work
required for damage and groove formati@ag, by the rough

stylus was calculated for all test materials, and it was shown
that this parameter follows the opposite trend to the worn

12.

13.

volumes of these materials during severe wear. This supports

the suggested hypothesis that materials with Mg have
high resistance to microcracking and good performance in
wear resistance.
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