JOURNAL OF MATERIALS SCIENCE34(1999) 875—-880

Tribological behavior and wear surface analysis
of metal-matrix composites

Y. SAHIN

Department of Mechanical Education, Faculty of Technical Education, Gazi University,
Ankara, Turkey

E-mail: sahin@tef.gazi.edu

This paper describes the results of dry sliding wear tests and wear surface analysis of
boron-fibre-reinforced aluminium composites. The wear tests were conducted for normal
and parallel orientations, rubbing against a rotating steel disc at different loads at speeds of
0.6 and 1.6 m s~ . In addition, the wear surface analysis of the aluminium-based
composites was investigated by X-ray photoelectron spectroscopy (XPS). The metal-matrix
composites showed excellent wear resistance compared with the unreinforced matrix.
Fibre orientation had a small effect on wear rate: at low speed the normal orientation gave
the lowest wear rate, with the performance of the parallel orientation being slightly worse,
but this trend reversed at high speed. The XPS analysis revealed that there was no
significant variation in the amount of oxide over the surface under the test conditions used.
At low speed in the normal orientation boron oxide and iron boride were formed, while at
high speed the proportions of these components were slightly different and showed
alloyed material with more iron boride and aluminium but less boron in total. © 7999
Kluwer Academic Publishers

1. Introduction higher and the P orientation significantly higher. It was
Metal-matrix composite materials (MMCs) have beenconcluded from these results and a metallographic ex-
studied for two decades and their properties are beamination that the mechanism of wear of MMCs was
coming increasingly well known. The unidirectional essentially oxidative wear of the matrix. The hard fibres
fibre-reinforced MMCs have shown improved mechan-modified this to slightly different degrees depending on
ical properties at room and elevated temperature [1]. Irtheir orientation relative to the wear surface and sliding
previous studies, the dry wear behaviour of the borondirection.
reinforced aluminium alloy composites was compared In this further study, the wear tests were carried out
with those of 2014 aluminium alloy matrix. Worn sur- in the N and P orientations at speeds of 0.6 thand
faces were examined by scanning electron microscop$.6 mst. The X-ray photoelectron spectroscopy (XPS)
(SEM) to determine the predominant wear mechanismtechnique was used to identify the elements present in
It was shown that the adhesion or delamination theothe worn surfaces of the composite pin-samples pro-
ries of wear could explain the behavior of the matrix, induced under similar test conditions after the wear tests.
which fibres were worn down by chipping of protrud-
ing fibre ends when the wear surface was normal to the
fibres axes [2—4]. 2. Experimental procedure

In a more recent paper, the effect of fibre orienta-2.1. Materials
tion on the dry sliding wear of continuous boron-fibre- The MMCs were made by a liquid metal infiltration
reinforced aluminium alloy composites was studied [5].process in which liquid aluminium alloy was injected
The MMCs samples were tested in normal, parallel andnto a heated die containing pre-placed parallel layers
anti-parallel orientations sliding against a steel counteref unidirectional boron fibre tape. These fibres had an
disc at a fixed speed of 1.0 m*sunder different loads. overall diameter of 14@m which included a tungsten
The results showed that for the matrix alloy and thecore 15um in diameter and a surface coating of sil-
MMCs the average wear rate increased linearly withicon carbide 2.5um thick. The plate-shaped sample
load. The wear of the MMCs was insensitive to the fi- produced by infiltration contained 0, 16, 21, 23, 27 and
bre content, but for composites with a fibre content at32% by volume of boron fibres, identified by the names
or above the minimum of 16 vol % used for that work Unreinforced (Al), B16, B21, B23, B27 and B 32,
caused a large reduction in the wear rate, and thereespectively.
after no significant variation occurred. Fibre orientation Portions of these composite plates were removed and
had a minor effect on wear rate: the N orientation gavenachined to form the cylindrical ends of wear pins,
the lowest wear rate with the AP orientation slightly 6.33 mm in diameter and about 4 mm thick. This was
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too short to fit into a standard pin-on-disc machine. To _ s 7
form a pin of the necessary length the cylinders were £ 8 Unreinforced

bonded to a 50 mm long steel extension pin of the sam & * BIGN

diameter, using an epoxy adhesive, with a brass slee\ £ 47 : Sil:

fitted over the joint for extra strength. The pin was thenE
maintained in a brass holder in the wear machine st2 5 -
that it was held firmly perpendicular to the flat surface
of the rotating counter-disc. This was followed by a
polishing procedure using a grinding paper up to 80(x 2
grade. The disc surfaces were flatly ground to give &2
surface finish of approximately 0.15m (CLA). The ‘g
pin and disc were cleaned ultrasonically and weighed ir 2
a microbalance before each test, and then inserted int:S
the machine. Two orientations of samples were chose 0
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so that normal surfaces of the plates identified by the 0 10 20 30 40 50
suffix “N” and parallel surfaces identified by the suffix
“P"werein contactwiththe En 31 steel disc during wear Applied Load (N)
testing. Details of the manufacture and test procedures @
are given elsewhere [1]. s
The tests were carried out at sliding speeds of 0.i=~ 8 Unreinforced
and 1.6 m s for a period 62 h under various loads at =2 |
room temperature. The end of each pin was then cut 0=~ 41 o gup

and the wear surface was examined by the XPS tecl E
nique. After the test, the specimens were cleaned ari
dried, and the wear surfaces were gold-coated befol &
examination.

2.2. X-ray photoelectron spectroscopy
(XPS)
XPS was used to identify the elements present in bot £
normal- and parallel-oriented worn surfaces of the com >
posites after wear tests. In this technique, the sample
were irradiated with monochromatic x-rays which pro-
duce photoelectron emission from atoms very near t
the surface. Measurement of the photoelectron energics
allows the identification of elements in the near-surface (®)
region and this provided information on the chemical
compounds present.

metric Wear R
\\

50

Applied Load (N)

Figure 1 Average volumetric wear rate against applied load for boron
fibre-reinforced aluminium composite materials at a speed of 0.6'm s
tested (a) in the N orientation, (b) in the P orientation.

3. Results and discussion
3.1. Wear P orientation under the same test conditions. Similar
The total mass loss over the whole period of the test waseductions were also obtained for the other load condi-
measured, and for each oriented composite specimeions because of continuous hard fibre reinforcement.
the volumetric wear rate per unit sliding distance wasAs can be seen from Fig. 1, the volumetric wear rate
calculated from the known density measurements. Thecreased as the normal load increased in both cases of
average wear results of the tests carried out on the N aritie composites under similar conditions. But a consid-
P orientation composites and their matrix at differenterable difference was found between the lowest volume
loads are presented in Figs 1a and b and 2a and b fdraction of fibore composite and the unreinforced ma-
sliding speeds of 0.6 and 1.6 m's respectively. Each trix alloy. The increasing non-linear behaviour of the
wear volume result represents the mean of at least fowwomposites and their difference with the matrix was
tests. probably caused by the fibres in the matrix breaking on
According to the results shown in Fig. 1 for the exposure at the rubbing surface due to the change in the
MMCs tested at a speed of 0.6 m'sat all loads the surface characteristics of the specimens [2]. In addition,
composites reinforced with unidirectional boron fibresit was observed that the fibre orientation slightly influ-
showed better wear resistance than the unreinforceences the wear rate of the composite, which is lower
alloy. For example, the average volumetric wear ratevhen the fibres are in the N orientation rather than in
for the unreinforced matrix was calculated to be abouthe P orientation. In a previous study it was shown that
1.415 and 4.525 mirkm~! under 22 and 42 N load re- for these composites the exposed ends of the boron
spectively. For the composites, however, it was approxifibres had been chipped at the edges during the wear
mately 0.64 and 1.183 mhikm~1 for the N orientation, [5]. For the P orientation, the wear rate again increased
while it was about 0.733 and 1.391 ritkkm~1 for the  with increasing normal load under similar conditions.
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4 the matrix and this composite with low volume frac-
Unreinforced tion of fibre. This might be due to an uneven distribu-
BI&-N tion of fibres in the composite sample. However, the
gilz 21% and 32% fibre composites showed similar trends

o of monotonic increases with increasing load up to
32 N, but the 21% fibre composite generated higher
wear than the 32% composite. This is probably because
of the small number of about 5% differently oriented
fibres in this bidirectional material [5].

For the P orientation, it is clear that no fibre volume
fraction effect on the dry wear of the composites could
be observed. The wear resistance of the composites was
about six times higher than that of the base alloy and
the wear rate of the P orientation was found to be lower
than that of the N orientation. This is probably because
) the fibres were loaded as cantilevers under the action
Applied Load (N) of the frictional force in the N sliding direction. The

(@ friction force produced larger deflections and stresses
in the fibres. Increasing sliding speed increased the lat-
eralimpact cycle and thereby resulted in chattering. The
& BIG-P chattering also accelerated debonding and fracturing of
® B3P the boronfibre [1, 5]. For the P orientation, however, the
37 deflections and stresses were not so large in comparison
to the N orientation, as the fibre remain supported by
the matrix. Moreover, fibre breakage took place in the
9 surface and subsurface, producing many short segments
of fibres at this speed. Thus it was difficult to remove
whole fibres from their place resulting inlonger timesto
achieve this, in contrast to the low speed due to pulling-
o out of fibre at that condition. In general, the data show

] that the continuous boron fibre was very effective in re-
0 M

ducing the wear rate of the matrix alloy. The wear rate
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increased with increasing load. The effect of fibre ori-
entation on the dry wear was small for the composites,
but very large for the unreinforced matrix alloy.

Applied Load (N)
(b)
3.2. X-ray photoelectron spectroscopy
on the worn surface
The worn surfaces of the MMCs were analyzed by XPS

to determine the chemical nature of the surface compo-
sitions. Tests were conducted under similar conditions

However, the counter material in this case bore againgy for the N-and P orientation of the 32% fibre com-
long fibres lying in the surface, with the sliding direc- POSite- Typical XPS spectra are shown in Figs 3-5 and

tion aligned axially along the smooth surfaces of thesdN€ chemical composition of the worn surface is listed

fibres. Some of these fibres were removed entirely froni T2ble .

the surface by sliding out of their grooves, especially at

low speed. TABLE | Chemical composition of a worn surface formed during dry
Fig. 2 shows the average volumetric wear rate for theliding wear

MMCs tested in the N and P orientations, respectively;,

at a speed of 1.6 nT$. There was an increase in wear

Figure 2 Average volumetric wear rate for boron fibre-reinforced alu-
minium composite materials at a speed of 1.6 thi®sted (a) in the N
orientation, (b) in the P orientation.

N orientation N orientation P orientation
Level of peak Element at0.6 nts at1.6 ms! at1.6 ms?

rate with load for the matrix alloy below 44 N and a ,;nper identified (%) (%) (%)
decrease thereafter. It appeared that at high pressures

the intermetallic CuAl particles may get smeared over 1 Al 2s 3.44 12.45 14.06
the surface and so produce a change in the trend of weaf SizZs 117 - -
rate with load [1]. For the composites, linear increases Ellzsp 23.;12 _9'38 iz'lz
in wear rates could be seen with load, except for theg C1s 20.06 43.00 38.05
16% fibre-reinforced composite, and a large scatter ins N 1s 0.54 0.74 0.68
volumetric wear rates was observed between the vari-7 O1ls 33.89 32.12 34.09
ous volume fraction of fibres. The 16% fibre composite 8 Fe2p3  9.50 2.20 0.91
showed similar characteristics to the unreinforced ma-g ﬁ]”;j% _ 8'82 8'82

trix, but a large difference was still evident between
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Figure 3 (a) XPS spectrum of a worn surface of a composite pin samplerigure 4 (a) XPS spectrum of a worn surface of a composite pin tested
tested at a speed of 0.6 msand a load of 22 N in the N orientation, gt g speed of 1.6 m™$ and a load of 12 N in the N orientation, (b)

(b) showing the expanded area of (a). showing the expanded area of (a).

Fig. 3a shows the XPS plot recorded for a worn pinbut the carbon peak was relatively high in the case of
tested in the N orientation, at a speed of 0.6Thn-  this orientation. Fig. 5a shows a spectrum of a simi-
der 22 N load. This figure shows that O, C, B, Al, Fe, lar sample but tested in the P orientation at a speed of
Si and N were present. The oxygen peak was more int.6 m s'* under the same load. The specta of all the ele-
tense than the others; carbon, iron and boron gave smatients were generally the same as for the N orientation,
peaks but the others were very small. Of these elementsxcept that the boron and aluminium peaks were more
the oxygen and nitrogen were from the atmospherepronounced and oxygen and carbon was predominant
and the presence of carbon was due to unavoidablie this sample.
atmospheric contamination or to residues of sample The numerical results obtained by XPS were
cleaning. Iron picked up from the counter-face, boronrecorded and showed similar trends to those shown
from the reinforcement and aluminium from the ma-in the above figures. However, a more in-depth look
trix were detected. From this figure, it can be seen thatvas taken of these spectra with respect to the effect
there was no significant variation in the amount of ox-of fibre orientation. The expanded parts of the graphs
ide over the surface under these sliding conditions andre shown in Figs 3b, 4b and 5b respectively. Fig. 3b
orientations. shows a greatly expanded part of the recorded spectrum

Fig. 4a shows similar spectral information from the of Fig. 3a. According to Fig. 3b, basically two boron
N orientation sample but tested at a speed of 1.6m s components containing boron oxide,®) and iron
under 12 N load. This spectrum were chosen from a seboride (FeB) were formed, corresponding to binding
lection of the experiments to illustrate the dependencyenergy peaks of about 36 and 26.2 amplitude (in k units
on such factors as load and sliding speed. Similar elef 2 kc and 13 kc), respectively. Apart from oxygen,
ements were detected on the worn surface of the pirthe main elements present on the worn surface of the
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S A It is worth comparing the results observed here
0L e l ::x Kg;ﬁ:: e with those of similar materials tested, especially wi'th
(34901 05 respect to the effect of fibre orientation on graphite
t Analyser fibre-reinforced metal-matrix composites. For exam-
il 1 gfe;vsne ple, Eliezeret al. [6] studied the dry sliding wear of
{ 0.0 e graphite—aluminium composites, and the lowest wear
15l - | [t T rate was obtained when the fibres were perpendicular to
i " Yo of Chaonels the rotor surface. The built-up film on top of the fibres
0t and on the matrix between the fibres was observed. The
1 ¥o of Scans . .. X .
K. B8 < chemical composition of the film was studied by auger
: T 5= ER- I;; g: Reglan electron spectroscopy (AES). It is suggested that iron
i al | ' T ] | cquires and copper oxides predominate at the sliding surface.
;itaeg*m“’ The auger spectrum taken at a point on the film on
20 04get-33 top of the graphite fibre has the same characteristics
o as on the matrix between the fibres. Pearsgdl. [7]
%0 500 &0 400 30 300 X0 200 130 00 H 0 investigated the wear properties of unidirectionally ori-
Binding Energy / eV ented graphite—aluminium composites. SEM and AES

observations showed that the low steady-state wear rate

@)
are due to formation of a film that impedes adhesion

:"Zﬁ:{a‘ and confers some degree of self-lubrication. But their
T ¥ax Coont fate sliding speed varied between 0.17 and 0.437fns
o 134901 (P under a load of 4.46 N. The chemical composition
Analyser . . .-
BEE] of the composites pin the surfaces above a sliding
v Step Stze speed of 1 ms! against the iron counter-face, and
10 0.30 oY . .
el Tise large amounts of oxygen probably combined with
i 100 xs aluminium in the form of A}Os. But no adhesion of
"o g ’;o‘,'f Gannela iron to the pin was detected during time period. Alpas
P % of Scany et al. [8] studied silicon carbide particulate-reinforced
t e fr fegitn aluminium composites, whose worn surfaces showed
510 1401 s that low wear rates were characterized by the formation
' :?;;P;dmt-@ of iron-rich transfer layers. The presence of iron in the
Plotted deposited layer was demonstrated by energy dixpersive
| D | kel spectroscopy (EDX) performed on the worn surfaces

of the composites.
Comparison of the XPS results from worn surface
samples showed that the amount of aluminium de-
(b) creased in the N orientation at low speed in compar-

_ o ison to that for the N, P orientations at high speed con-
Figure 5 (2) XPS spectrum of a worn surface of a composite pin run at i g This might be due to formation of a tribofilm
aspeed of 1.6 mg and a load of 12 N in the P orientation, (b) showing . .
the expanded area of (a). on the N orientation sample at low speed. As a result

of this, little fibre breakage or pulling-out of fibres oc-
sample were Fe, B, Al and C. As atomic percentagesgured, and matrix removal from the composite pin dur-
the amounts of the elements in this XPS plot were asng sliding was small because of the composites. This
follows: Fe, 9.49%); B, 21.56%; Al, 3.4%; and C, 29%, consisted mainly of continuous silicon carbide coated
as shown in Table I. The expanded area of the N oriboron fibre and aluminium alloy matrix. However, in
ented sample in Fig. 4a is shown in Fig. 4b. Tested at ghe high speed tests the situation was different because
speed of 1.6 ms and under 12 N load, the components the amount of aluminium increased sharply and that of
of boron oxide and iron boride appeared again, but théoron decreased greatly. This showed an opposite effect
amounts of these components were quite different, i.ecompared with the previous sample. It means that more
B»0O3; had about the same amplitude of 2 kc but FeB fibre breakage took place in both N and P orientations
had decreased by a factor of 6. Also, the total amounét this speed and that some of the pieces were removed,
of boron decreased from 21.46% to 9.38% and that ofvhile the rest of it formed a mechanically mixed al-
Fe decreased from 9.5% to 2.2%. However, Al and Qoy due to the large sliding speed. Thus, the amount
increased significantly from 3.4% to 12.45% and fromof aluminium alloy increased considerably because of
29% to 43%, respectively. This was the feature of theemoval of the fibres from their place, and the carbon
high speed and low load test condition. Fig. 5b showsncreased slightly due to atmospheric or surface con-
the expanded area of the P oriented sample in Fig. 5aamination. However, for the P orientation, despite the
tested at a sliding speed of 1.6 msind 12 N load. The  fact that the same test conditions were used, the amount
same two components were also observed here. Boragf iron was found to be lower than in the N orientation
oxide remained at 2 kc peak amplitude as in the othesample, although the alumimum alloy matrix had a sim-
samples, whereas iron boride had increased slightly tédar content in both oriented composites. This could be
a 3.4 kc amplitude. due to differences in surface topography.

04 202 200 198 195 194 192 190 160 166 (B4 {82 180
Binding Energy / &Y
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Comparing these results with the data in Table |, itis (2) The XPS analysis showed that there was no signif-
clear that the amount of oxygen in the surface is morecant variation in the amount of oxide over the surface
or less independent of the wear conditions and orientadnder the test conditions used. At low speed in the N
tions. However, the boron content changed appreciablyorientation, boron oxide and iron boride were formed,
more boron in the N orientation, low speed, high loadwhile the proportions of these components were dif-
samples and also most of this extra boron in the fornferent at high speed. This suggested that high speed
of an intermetallic compound, FeBThe situation in led to mechanically mixed or alloyed material, with
the P orientation sample is less clear; the amounts afore iron boride and aluminium, but less boron in total,
iron, despite the low load, is higher than in the low loadwhile low speed caused a mild form of wear in the N
N orientation sample according to the graph, but muclorientation.
lower according to the analysis of Table I. The reason
for this is not known.
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