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Dry sliding wear behavior of spray deposited
AICuMn alloy and AICuMn/SiC, composite
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The dry sliding wear behavior of spray-deposited Al-Cu-Mn alloy and its composite
reinforced with 13 vol.% SiC particles have been studied in the applied load of 5-400 N
(corresponding normal stress is 0.1-8 MPa). It showed that SiC particle-reinforced AICuMn
composite produced by spray deposition process exhibited an improved wear resistance at
the entire applied load range in comparison to the monolithic alloy. However, this
improvement was not significant in the overall load range. With increasing the applied
load, the wear rate of the composite and the monolithic alloy exhibited four different
regions, therefore the wear was dominated by different wear mechanism. The former three
regions all belonged to mild wear. The transition from mild to severe wear occurred at the
similar critical load for both the composite and the monolithic alloy. For both the composite
and the monolithic alloy, with increasing applied load, the dominant wear mechanism
exhibited successively: oxidative mechanism, delamination mechanism,
subsurface-cracking-assisted adhesive mechanism and adhesive mechanism. © 2000
Kluwer Academic Publishers

1. Introduction for the composites of 6061 alloy reinforced with,®4
Particle-reinforced aluminum matrix composites showparticles and 2124 alloy reinforced with SiC particles.
a superior combination of mechanical and physicalAtlow loads, the particles support the applied load, and
properties, such as high modulus and strength, highthe wear resistance of the composites is at least an order
temperature stability, excellent wear resistance and heaf magnitude better than that of monolithic aluminum
conductivity, low coefficient of thermal expansion and alloys. When the particles are fractured due to the in-
density in comparison to monolithic aluminum alloys crease in the applied load, the wear rate of the compos-
[1-3]. The composites have been considered as poteites are comparable to those of the monolithic alloys.
tial application in the tribological field, and are becom- The reinforcements delay the transition from mild to
ing a favorite material as piston, rotor brake, bearingsevere wear. Zhanet al. [16] reported that two wear
sleeve, cylinder liner and compressor scroll [4-6]. Theregions existed with increasing applied load for SiC
tribological behavior of particle-reinforced aluminum and ALO3 particle-reinforced aluminum composites.
matrix composites has been extensively studied during he transition between two regions is the critical load
the last 20 years [7—15]. Various particle reinforcementdrom mild to severe wear. In general, aluminum matrix
including SiC, AbOs, SisNg4, TiB,, B4C and graphite composites reinforced with SiC or AD; particles have
have been involved in these studies. The tribologicabeen found to improve the wear resistance under dry
behaviors, i.e. wear rate and wear mechanism of thgl2, 17, 18] and lubricated sliding wear [19]. However,
composites in dry sliding wear are influenced by twoSaka and Karalekas [20] observed a decrease in the slid-
kinds of factor; (1) experimental conditions including ing wear resistance with increasing®k particle vol-
load, sliding speed, atmosphere, temperature and counime fraction. Alpas and Embury [21] showed that SiC
terpart material, (2) reinforcement characteristics in+einforcement does not contribute to the wear resistance
cluding volume fraction and size of particle reinforce- of aluminum alloys under the conditions where SiC par-
ment, distribution of the reinforcement in aluminum ticles promote subsurface cracking and removal by de-
matrix and bonding of the reinforcement/matrix in- lamination. The improved wear resistance of particle-
terface. Up till now, detailed reports on the effect of reinforced aluminum matrix composites is related to
load in a wide range on the dry sliding wear behaviormechanical mixed layer (MML) formed in worn subsur-
of particle-reinforced aluminum matrix composites areface [22]. Venkatarmaat al. [15] have done a detailed
limited. Alpas and Zhang [7] experimentally reported investigation on the worn subsurface, and shown a cor-
that three wear regimes existed with increasing loadelation between the thickness of MML and wear rate.
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Spray deposition process is one of mainroutestopro 220
duce patrticle-reinforced aluminum matrix composites.
The process has the advantage that the contact tim _ 1
between melt and reinforcement is short, so reactior
between the two is limited, and the grain size of the re-
sulting composite is relatively uniform and fine. In ad- >~ 190 |
dition, the presence of the particles during solidification &
of spraying droplet also refines the matrix microstruc--5 180 I
ture. The composites produced by spray deposition prog 170 |
cess possess potential superior mechanical propertie
However, the report about the wear resistance behavic.2 160 |
of the composites produced by this process has hardlj2 I
been found. 150 ¢

The aims of present work are, inawide rangeofap-  jqo¢e o000 0000
plied load, to study the dry sliding wear behavior of a
spray-deposited Al-Cu-Mn alloy and its composite re- 0 2 4 6 8 1012 14 16 18 20

inforced with 13 vol.% SIC particles, and to achieve Ageing time (h)
a full understanding on the wear mechanism of the
materials. Figure 1 Age hardness behavior of the AICuMn alloy and its $iC

reinforced composite at 19C.

2. Experimental procedures .
AICuMn alloy and its composite reinforced with Worn surface and subsurface were characterized by

13 vol.% SiC particles were produced by spray depo_using JEOL 8600 type scann.ing ele_:ctron microscope
sition process. The compositions of the AICuMn alloy (SEM) attached with energy dispersive X-ray analyses
are listed in Table I. The average size of the SiC parti{EDX), optical microscope and micro-hardness tester.
cles is about 1@ m. Wear testing was carried out in the 1h€ worn specimens were sectioned parallel to the
TE92 type unidirectional pin-on-disc machine (Plint sliding ql|rect|on and per_pendlcular to the sliding sur-
and Partners Ltd.). Wear test specimens in the fornfac€ using low speed diamond wheel to observe the
of ®8 x 15 mm cylindrical block were machined from subsurface of the worn specimens. The cut specimens
forged rods with a deformation ratio of 13 : 1. The coun-Were cold mounted and polished, and then done optical
terpart material was cold work hardened AISI D2 tool Microscopic observation. Rigaku X-ray diffractometer
steel disc. The hardness of the discs wasZ30 VHN.  (XRD) was used to analyze the phase constituent of the
Two pins were used during each test. The applied loadfSted materials and wear debris using Gurédiation
was varied from 5-400 N (corresponding normal stres&inder condition of 40 kv and 30 mA.

is 0.1-8 MPa). Sliding speed and distance were kept

constant at 0.8 m/s and 1.5 km, respectively. However, Results

in the case of severe wear, i.e. at 375 and 400 N, due t9 1. Microstructure

strong noise and vibration, the wear test was ended at@jg. 2 shows the typical microstructure of the AICuMn
sliding distance of 500 m. To perform thetestunderTGanOy and AICUMN/SIG composite at T6 condition.
condition, the age curves of two materials were estaby_ray diffraction analysis (Fig. 3) indicated that main
lished. The Vickers microhardness was measured und@gcond phases, #Cu and MnAl are contained in the

aload of 200 g and averaged from eight readings using A| matrix. In Fig. 2a, a very uniform distribution of

a Matsuzawa MXT70 microhardness tester. The resultgmy | AlL,Cu and MnAj particles with about 2cm in

are shown in Fig. 1. Two materials were solutionized atyean size can be seen in the Al matrix. In the case of
530°C for 30 minin a salt bath, quenched in cold waterthe composite, a good bonding between Sa@d alu-
and artificially aged at 190C for different time in an  minum matrix was achieved (Fig. 2b). The SiC particles
oil bath. The aging peaks of the monolithic alloy and exhibit a random distribution in the Al matrix. The mi-
the composite exhibited & h and 4 h, respectively.  crohardness of the AICuMn alloy and AICUMN/SiC

The test specimens were ground on 800 grit emeryomposite in the test condition is 180 and 210 VHN,
paper to have uniform initial surface. The weight lossegpectively.

during wear test was measured using an electronic bal-

ance with the resolution at£0.01 mg. The specimens

were thoroughly cleaned with acetone in ultrasonic3-2- Wear )

cleaner before and after the wear test. Wear rate wad-2- 1. Effect of applied load on the

calculated by dividing weight loss by sliding distance. wear rates _
Fig. 4 shows the effect of applied load on the wear

rates of the monolithic alloy and the composite in the

TABLE | Compositions of the AICuMn alloy load range O_f 5__400 N.Inthe entir_e app”e_d load range,

: the composite improves wear resistance in comparison
Element Cu  Mn Mg T a v Al to the monolithic alloy. However, the improvement is
With 635 182 042 046 028 o022 pa NOtthesame magnitude as that observed in other com-

posites [23, 24]. In general, the wear rates decrease by
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Figure 4 Effect of applied load on wear rates in the load range of
5-400 N.

located below 200 N and 150 N, respectively, for the
composite and the monolithic alloy. Near linear func-
tions of wear rate to the applied load are demonstrated.
The wear rate increases with increasing load at a ratio
of about 0.09-0.11 mg/ki for two materials. The re-
gion Il is located in the load range of 150-250 N for
Figure 2 Typical microstructure of the AICuMn alloy and AicuMn/ the monolithic alloy, and 200-275 N for the compos-
SiCp composite at T6 condition, (a) AIMnCu alloy and (b) AICUMN/giC  ite. In this region, a considerably slow change (almost
composite. a plateau) of the wear rate with increasing load is dis-
played. When the applied load surpasses 250 N for the
monolithic alloy and 275 N for the composite, the wear

=
0

DAL, rates of two materials increase rapidly with increasing

<.>SA*1CC load (region Ill). A transition in the wear rate between
u . . oy .

AMuAL region Il and IV is present, and the transition load is

the same for both the composite and the monolithic al-
loy. Evidently, the transition stands for the one from
mild to severe wear, as has been reported in other liter-
atures [7, 16]. The wear rate increases about one order
of magnitude at the transition load for two materials.
The four regions exhibit distinct wear characteristics,
i.e. different wear mechanisms. It will be discussed in
the later content.

>

Composite<>
[
AlCuMn ailoy
[ ]
3.2.2. Worn surface

————— The worn surfaces of the composite pins at different
%0 40 50 60 70 80 applied loads are shown in Fig. 5. At low load of 25 N,
29 the worn surface appears smooth and consisted with
Figure 3 X-ray diffraction patterns for the AICuMn alloy and small grooves .(Flg' 5a). In addition, feW.sma” dimples
AICUMN/SIC, composite. (about 10Qum in length) are also seen in the surface.
The worn surface is grey visually. However, with in-
creasing load, it gradually becomes bright, and a full
10-50%, whereas only at low loads of less than 10 Nmetallic gloss appears after the applied load is beyond
more than 100% decrease in the wear rate is obtained25 N. Generally, from region | to Ill, the width of
The tendency of the wear rate variation with the ap-groove and the size of dimple on the worn surface in-
plied load is consistent for two materials. In Fig. 4, thecrease with increasing load. Fig. 5b and ¢ correspond
wear rate curves reveal that there exists four differento the load of 200 N. The worn surface is also smooth,
regions, which are marked as region I, Il, Il and IV and the width of groove is larger than that at the load
from low to high load. In region I, the applied load is of 25 N. In addition, larger dimples are easily found
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Figure 5 Worn surfaces of the composite pins at different applied load; (a) 25 N, (b) 200 N, (c) 200 N, showing the dimples, (d) 350 N and (e) 400 N.

(Fig. 5¢). Fig. 5d, which corresponds to the load of 350 The worn surfaces of the monolithic alloy at different
N, shows large and smooth grooves at the worn surapplied loads are shown in Fig. 6. In the entire applied
face. In fact, the entire worn surface consists of smoottoad range, the characteristics of worn surface of pin
groove area and large rough patch region. Fig. 5e repreare similar to those exhibited in the composite. How-
sents the worn surface at the load of 400 N, and showsver, the width of groove in the worn surface increases
a series of stripes like river wave. In this case, a greainore rapidly with increasing load. Fig. 6d, which cor-
amount of material transfer from the pin to the disc oc-responds to the load of 350 N, shows large patches and
curred, and the wearing track in the disc was coveredrregular plastic flow lines indicating the occurrence of
by the material of pin. The rubbing surface of the pinan extensive plastic deformation during wear. However,
no longer directly contacted with the disc. material transfer hardly occurred from the tested pin to
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Figure 6 Worn surfaces of the monolithic alloy pins at different applied load; (a) 25 N, (b) 200 N, (c) 200 N, showing the dimples, (d) 350 N and
(e) 400 N.

the surface of disc, and wearing track in the disc re400 N, respectively (Arrows mark indicate the sliding
mained clean. In general, an extensive plastic deformadirection). The microstructure clearly reveals a MML
tion at the worn surface is often observed in region lll.and bending of flow lines along the sliding direction
for two materials. Systematic observation showed that
the MML exhibits discontinuity in worn specimens be-
3.2.3. Subsurface sides the case of no MML. The thickness of the MML
Figs 7 and 8 show the optical microstructures of theincreases with increasing of applied load, and reaches
worn subsurface of the composite and the monolithica maximum in the end of region I, and then decreases
alloy at the applied loads of 25 N, 200 N, 350 N andand eliminates finally. In region Ill, the MML can be
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Figure 8 Optical microstructures of the worn subsurface of the monolithic alloy pins at different applied loads; (a) 25 N, (b) 200 N, (c) 350 N and
(d) 400 N.

4754



wika, 33

Figure 9 SEM micrograph and the corresponding Al, O, Fe, Si, and Cu dot-map images showing MML at the subsurface of worn pins of the composite.

found only in the small part of the worn subsurface forTABLE Il EDX quantitative analyses at the MML at the load of 200 N
the composite at the load of 350 N, and no MML can
be observed in the monolithic alloy at the loads of 300
and 350 N. In addition, some large dimples and crack$/aterials o Al Si Cr Mn Fe Cu
inthe subs_urfape can be also seen. _In the case of 400 I\ P— aloy 1379 6210 - 35 103 1587 457
as shown in Figs 7d and 8d, a distinct sgbsgrche APz ymposite 5497 4202 754 260 095 1929 280
pears, and some prows are observed, which indicates.a

typical adhesive wear [25]. The size of the prow in the

monolithic alloy is much larger than that in the com- TABLE |1l Microhardness (VHN) of MML of pin generated at dif-
posite, and the shape is more regular. The reason [&en!°ads

mainly that the monolithic alloy has a better ductility, Load (N)

and hence allows a larger plastic deformation, which

Level (wt. %)

results in larger wear debris. Figs 9 and 10 show SEMfaterials % 125 200 250
micrographs and the corresponding Al, O, Fe, Si andygneiithic alloy 455 442 448 463
Cu dot-map images on the worn subsurface at the loadomposite 748 772 760 754

of 200 N for the composite and the monolithic alloy, re-
spectively. The average compositions from five points

atthe MMLs by EDX quantitative analyses for the com- hardly changes with increasing load. In addition, the

posite and the monolithic alloy are listed in Table Il. It hardness of MML in the composite is higher than that

is found that the MML is a featureless mixture of iron in the monolithic alloy.

and oxygen-rich phase for both the composite and the

monolithic alloy. On the other hand, the composition

of the MML displays some difference at different spots 3.2.4. Wear debris

in the same specimen. The microhardness of the MMLThe observation and analysis of the wear debris are a
at some applied loads was measured using 25 g loa#ey factor to understand the wear mechanism. In the
The hardness values of the MML are listed in Table IIl. present work, the wear debris generated at different
It is found that the hardness of MML is substantially load was collected. SEM observation and XRD analy-

higher than the bulk hardness, and the hardness valugs indicated that the morphology of wear debris and its
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Figure 10 SEM micrograph and the corresponding Al, O, Fe and Cu dot-map images showing MML at the subsurface of the worn pins of the
monolithic alloy.

constituent change with the applied load. XRD patterns ] ]
of the wear debris of the composite and the monolithic o 880
alloy at different loads are shown in Figs 11 and 12, ere

respectively. Inthe case of 400 N, the constituent of the

[m]
o

DAL ©Sic, MFe 0,
@410, OAlCy, ®Fe

273

o

4

30 40 50 60 70 80
20

Figure 12 XRD diffraction patterns of the wear debris of the monolithic
alloy at different loads.

30 40 50 60 70 80 wear debris shows the same composition as that of bulk
28 pin material for both the composite and the monolithic
Figure 11 XRD diffraction patterns of the wear debris of the composite aHOY: When t_he applied load is below 35_0 N, the wear
at different loads. debris contains AlO; and FeOs. Especially, at low
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TABLE IV Results of EDX quantitative analysis of debris generated gmount of Fe and O exist in the debris at the load of

at different load 350 N. In addition, the Fe levels in the composite de-
Level (wt. %) bris are higher than those in the monolithic alloy debris,
. Load ‘ indicating that the SiC particles have stronger abrasive

Material N A Fe O Si Cu wear to the steel disc.

Monolithicalloy 25  58.60 2083 1085 - 543 SEM was usedto observe the morphology ofwea_r de-
200 7594 958 721 - 455 bris. Figs 13 and 14 show the scanning electron micro-
350 8258 354 548 - 6.28 graphs of wear debris of the composite and the mono-
400  89.95 - - - 6.44  lithic alloy at different loads, respectively. In region

Composite 25 4466 3254 573 6.74 463 |, especially under 100 N, the wear debris is mainly

ggg g‘z‘-gg iggg ‘3"2; 12-‘;2 i-gg powder-like and dark in color visually. At the load of
100 7646 - -7 1380 645 25N, the size of wear debris is less than.i®. After
' ' ~ the load of 100 N, shiny metallic pieces debris appear
in the wear debris and its amount increases with in-

loads such as 25 and 50 N, strong peaks efAland creasing load for two materials. In region Il, the wear
Fe, O3 can be seen. In the patterns, three main peaks éfebris is composed of fine powders and irregular shaped
Fe overlap those of Al. However, according to the experplatelets or flakes. The small and dark powders in the
imental result obtained by other investigators [7, 13],wear debris remain up to the load of 350 N. At the load
pure Fe should be present in the debris of wear syster@f 400 N, the wear debris is in form of irregular shaped
composed of composite (or aluminum alloy) and steelplatelets.

Table IV shows the results of EDX quantitative analysis

about the level of main elements in the debris generated. Discussion

at different load. It is found that the debris generated4.1. Wear rate

at 400 N shows the same composition as that of bulk The present wear tests indicated that the AICuMn/
material, and high levels of Fe and O are contained irSiC, composite produced by spray deposition pro-
the debris at the load of 25 and 200 N. Relative smalkess exhibits an improved wear resistance at the entire

-
”‘ £ [

Figure 13 Scanning electron micrographs of wear debris of the composite at different loads; (a) 25 N, (b) 200 N, (c) 350 N and (d) 400 N.
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Figure 14 Scanning electron micrographs of wear debris of the monolithic alloy at different loads; (a) 25 N, (b) 200 N, (c) 350 N and (d) 400 N.

applied load range of 5-400 N (corresponding normaln the present work, the composite and the monolithic
stress is 0.1-8 MPa) in comparison to the monolithicalloy have the same order of magnitude in the wear
alloy. However, this improvement is not significant in rate although the SiC reinforcement improved the wear
the overall applied load range. For example, at 25, 225;esistance to a certain extent. The main reason is that
300, 350 and 400 N, the wear rates of the compositéhe monolithic alloy has a fineAl grain and uniform
record4.0,18.2,25.8,42.8 and 478 mg/km respectivelydistribution of fine second phase particles due to rapid
and at the same loads, the wear rates of the monolithisolidification, and the second phase particlesCAl
alloy record 5.6, 19.5, 38.5, 43.8 and 553 mg/km. Theand MnAk which have a higher hardness, can be also
decrease in the wear rate is not more than 50% at thesmnsidered as a kind of reinforcement. Therefore, the
loads. For cast Al-Si alloy or wrought aluminum alloy monolithic alloy itself exhibits a good wear resistance.
such as 6061 and 2024 Al, the differences in the wean addition, it has been found that the wear rate of SiC
rate between these alloys and their gi€inforced particle-reinforced aluminum composites is consider-
composites have been reported in a lot of literatures [7ably influenced by volume fraction of the reinforce-
9, 13, 23, 24]. In general, a great improvement in weament, and higher volume fraction of SiC particles led to
resistance has been revealed by SiC particle reinforcegreater improvement in wear resistance [9, 12, 23, 24].
ment although there were also contrary results. Manisiso the limited amount of SiCreinforcement in the
Roy et al. [9] observed a decrease by a factor of 3-4composite is another possible reason for that.

in the wear rate by 10-20 vol.% SiQn addition, the

influence of SiG reinforcement on the wear rate also

depends on experimental factors, mainly including slid-4.2. Wear regime and mechanical

ing velocity and applied load. Wargg al. [13] reported mixed layer

that wear rates of 7091 Al and 7091/20§i&mposite  For the relation of wear rate and applied load, i.e. wear
are of the same order of magnitude when the slidingegime, Alpas and Zhang [7] reported that three wear
velocity is less than 1.2 m/s, and a significant decreaseegimes existed with increasing load for SiC particle-
occurs when the sliding velocity is greater than 1.2 m/sreinforced composites. At low loads of below 10 N
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(regime 1), the particles support the applied load, andnainly iron. The debris from the steel counterface, to-
the wear resistance of the composites is at least an ogether with the debris from pin, compacted to form the
der of magnitude better than that of monolithic alu-MML on the worn surface. The Fe in the MML was in
minum alloys. In the intermediate load range (regimetwo forms of purex-Fe and FgO3. The hardness of the
I), the wear rate of the composite is comparable toMML is substantially higher than that of the bulk mate-
that of monolithic alloys and increases gradually withrial due to the presence of Fe and Al oxides. The higher
increasing load. A second transition occurs at the entiardness in the MML of the composite than that in the
of regime 11, and then severe wear becomes dominannhonolithic alloy is attributed to the existence of SiC
(regime 111). However, Pramila Bat al. [12] indicated  and oxides. Clearly, in the present materials, the MML
experimentally that there was no transition of wear ratas a protective layer, and improves the wear resistance
at range of the 2—-26 MPa pressure in A3564580d  of the materials. The improved wear resistance in the
steel wear system. Zhargg al. [16] showed that two composite can be explained based on the fact that there
regions of wear existed with increasing applied load forexist higher hardness values in MML and bulk material
SiC and AbOs particle-reinforced aluminum compos- by comparison to the monolithic alloy.

ites. The transition between two regions is the critical

load from mild to severe wear. As a common rule, for

Al-Si alloys or their particle-reinforced composites, a 4-3- Wear mechanism L _
severe wear regime would be encountered when the aﬂ—he wear tests showed that the wear rate exhibited dif-

plied load reaches a critical value and the wear rate iferentcharacteristics in the differentregions. Therefore,
severe regime is about one order of magnitude greatdp® wear should be controlled by different wear mecha-
than that in the former region [16, 26]. In the presentNiSm. In region |, for both the composite and the mono-
work, the four regions exist apparently with the varia- lithic alloy, XRD analysis (Figs 11 and 12) showed that
tions of the wear rate and the applied load. It should bdhe wear debris produced in this region contain a great
noted that no discontinuity appears between the regior@mount of oxides of Al and Fe. Furthermore, the wear
in the former three regions. The variation of wear ratedebris is very fine powder and dark in color, indicating
from region | to Ill is not significant. Meanwhile, the thatoxidative wear is the main wear mechanism. In ad-
wear features, such as worn surface and wear debrftion, delamination of MML also plays an assisted ef-
display gradual change from one region to another Oné_‘_ect, especiallyin late pe_rlod ofthls_reg|on. The dlmp_les
Therefore, these three regions all belong to mild wearin the worn surface provide the evidence for delamina-
One transition occurs at a load of between region [1tion. EDX analyses also indicate that the dimple zone
and IV. As has been reported earlier [16, 26], the weaf'@s the identical composition with the MML. Fig. 15
rate increases more than one order of magnitude at tri€ @n EDX pattern of a dimple zone of the monoalithic
transition load in the present two materials. Clearly, the2lloy at 25 N showing a high Fe and O levels, which
transition is the one from mild to severe wear, thus seProves that the dimple was formed from the removal of
vere wear is presented in region IV. In addition, Sic MML. Oxide formation, in particular F£s can act as

reinforcement displays no influence on the transitionS0lid lubricants [28, 29]. Thus, in this region, the wear
load. rate increases slowly with increasing load.

Mechanical mixed layer (MML) plays an impor- In region II_, the size of_the dimple aIr_eady becomes
tant role in the wear of SiC particle-reinforced alu- larger (The size at 200 N is about three times larger than
minum composites [15, 26] and cast Al-Si alloy [27].
Venkataramaret al. performed hardness measurement
of MML. It showed that the MML formed on the worn |
surfaces of Sigreinforced aluminum composite is
substantially harder than the bulk material (the hardnes:
of MML is 6—8 times higher than that of corresponding -
matrix material) because it contains a fine mixture of Fe,

Al and SiC phases. They also pointed out that the width
of the MML increased with increasing load. However, L
Alpas and Zhang [7, 26] reported that the MML exists ] ¢
only under the low load condition of less than 10 N ]
(about 0.2 MPa). The absence of MML at worn subsur-
face of matrix alloy was considered as the reason tha
the wear resistance of aluminum matrix alloy is worse 10+ Fe
than that of composite [15, 26]. In the present work, at
5-275 N for the monolithic alloy and 5-350 N for the L
composite, MML can be always observed. While, at 1 [}/
higher loads (in region IIl), MML displays very unsta-

ble. The MML is found to contain Fe and O. The source ¢l :
of Feinthe MML is obviously originated from the steel 2 4 6 8
disc counterpart. Itis very likely that the hard particles

(including SiC and AICu) at the worn surface plough Figure 15 EDX spectrum of a dimple zone of the monolithic alloy at
into the counterface and thus create debris containings N showing a high Fe and O levels.

Al

b ptarisinn ]

10
Energy (keV)
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that at 25 N). The wear debris contains a lot of shinytransitionload fromregion|llito lll. Atthe load of 350 N,
metallic flakes together with some small and dark pow-some worn surface exhibits severe plastic deformation
der. The delamination takes place not only at MML butalthough MML can be seen at some subsurface. The
also at other subsurface zone. This can be proved bgrack is easily seen in the subsurface of composite pin
the larger flaky wear debris and subsurface observan region Il (Fig. 16b). Therefore, its wear mechanism
tion. Some dimples are formed from the removal of theis consistent with that of the monolithic alloy. It should
deformation layer of pin material beneath the worn surbe noted that, in the former three regions, wear char-
face by the way of crack initiation at SiC/Al interface acteristics change smoothly between regions. Thus, the
and propagation. It is well known that delamination is dominant wear mechanism can not be determined ex-
a process of the initiation and propagation of subsuractly in the transition zones between these regions.
face crack. In the present wear test, few cracks can be In region IV, the shape of prow is formed in the sub-
observed on the worn surface, indicating that the crackurface, and XRD analysis (Figs 11 and 12) indicates
initiation and growth which are required in delamina- that the wear debris has the same constituent as that of
tion wear take place mainly in the subsurface. The weabulk pin material for both the composite and the mono-
rate in this region increases very slowly with the appliedlithic alloy. A clean shear fracture (Figs 5e and 6e) can
load, almost displays a plateau. This phenomenon walse seen on the worn surface. In addition, the steel disc
also observed in the SiC particle-reinforced A356 com-was covered by the pin materials. These evidences show
posite [26]. The reason is that the propagation of subthe occurrence of adhesive wear. The removal of mate-
surface crack needs to meet a certain stress conditionial on the worn surface of pin occurs by shear fracture,
and the crack can keep relative stability in a certain loadnd the process of the shear fracture is relatively quick,
range, resulting in a relative stable wear rate. Thus, imesulting in a high wear rate. Evidently, adhesive wear
this region, delamination is the major wear mechanismis the dominant wear mechanism in this region.

and oxidative wear is the assisted wear mechanism.

In region Ill, in the case of the monolithic alloy, an 4.4. Transition from mild to severe wear
extensive plastic deformation of the pin material can beThe transition from mild to severe wear can occur by
seen on the worn surface, and a certain amount of largdifferent ways, such as the increase in applied load, slid-
irregular platelets can be observed in the wear debrisng velocity as well as sliding distance. Kragelskii [30]
The shear fracture trace (river flow stripes) is clearlyproposed that the transition from mild to severe wear
displayed in the surface of the large platelet, indicatingn ferrous material would occur when the temperature
the occurrence of adhesive wear during the wear proat the contact surface exceeded a critical temperature.
cess. In this region, the depth of the deformed layer8owden and Tabor [31] suggested that a strong adhe-
below the worn surface becomes larger than that in resion between two contact surfaces occurs at tempera-
gion Il, thus the crack is formed in the subsurface moreure of 0.4-0.5 melting point of the alloy. Zhang and
easily, which in turn makes it difficult for any stable Alpas [32] reported that the critical transition tempera-
MML to form in the subsurface. In addition, becauseture in 6061 Al-SAE 52100 steel system corresponds to
of thermal softening, the initiation of crack may also 0.42 of the melting temperature of the 6061 Al. At this
take place from the worn surface, as shown in Fig. 16atemperature, thermally activated deformation processes
The formation of large debris in this region is a pro- are expected to become active and lead to the softening
cess of crack initiation and propagation, which resultsof the material adjacentto the contact surface. However,
in limited large wear rate. Therefore, the wear processn the present work, when the applied load is beyond
is controlled mainly by subsurface-cracking assistedhe critical value, severe wear occurred just at the be-
adhesive mechanism. For the composite, SiC particlginning of wear test. In this condition, the temperature
can reduce the propensity of the plastic deformation ofncrease in the contact surface should be limited, there-
material at the rubbing surface, therefore increases thire it is impossible to induce the significant softening

Figure 16 Cracks in the subsurface of the monolithic alloy and the composite at the load of 350 N (arrows show the cracks); (a) monolithic alloy and
(b) composite.
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350 ture, which depends on the strength of pin material, is

A/MML —0—200Nalloy the main mechanism in the severe wear region. How-
—e— 400N alloy . . . .
—0— 200N, composite ever, in the present composite, the SiC reinforcement

300 T —=— 400N, composite only gives a small increase in tensile strength, therefore

negligible influence on the transition load.
250

5. Conclusions

In a wide range of applied load of 5-400 N, the dry
sliding wear behaviors of spray-deposited Al-Cu-Mn
150 } alloy and its composite reinforced with 13 vol.% SiC
particles have been studied. The following major con-
clusions can be drawn from the present investigation:

200 |

Hardness (VHN)

100

0 50 100 150 200 250 1. SiC particle-reinforced AICuMn composite pro-
Distance (4 m) duced by spray deposition process exhibits an improved
wear resistance at the entire applied load range of
Figure 17 Microhardness-depth profiles pepeath the worn surface; a5_400 N (Corresponding normal stress is 0.1-8 MPa)
the loads of 200 and 400 N for the monolithic alloy and the composite. compared to the monolithic aIon. This improvement is
not significant in the overall applied load range. The

on the worn surface. Fig. 17 shows the microhardnesswear rate of the composite and the monolithic alloy
depth profiles beneath the worn surfaces at the loads #¥ith increasing load can be divided into four regions.
200 and 400 N (the hardness was measured using a lodde former three regions all belong to mild wear. A
of 10 g). It is seen that the hardness curves beneath tHgansition from mild to severe wear occurs at the same
worn surface at the load of 400 N are similar to thosecritical load for both the composite and the monolithic
beneath the MML at the load of 200 N. Only little soft- alloy.

ening at the worn surface is found for the monolithic 2. In region |, the wear debris is very fine powder
alloy. It shows that no significant thermal softening of and dark in color and contains oxides. The wear is con-
the material adjacent to the contact surface occurretfolled by oxidative mechanism, and delamination of
for the two materials at the load of 400 N. Therefore, MML also plays an assisted effect, especially in late
as for the load-induced transition in the present maperiod of the region.

terials, the temperature at the contact surface is not a 3. Inregion Il, delamination is the major wear mech-
main factor to determine the transition to severe wearanism, and oxidative wear is an assistant wear mech-
Based on the mechanism in the severe wear mentionghism. The propagation of subsurface crack needs to
above subsection, the shear fracture is attributed to th@eet a certain stress condition, and the crack can keep
removal of material from the worn surface of pin. As relative stability in a certain load ranges, resulting in a
the strain-induced shear stress created by applied lod@lative stable wear rate.

is larger than the shear strength of the material itself, 4. In region llI, the wear is controlled mainly by
the severe wear will occur. Therefore, the occurrencéubsurface-cracking-assisted adhesive mechanism. SiC

of severe wear depends on the strength of the materigiarticle can reduce the propensity of the plastic defor-

of pin and the strain-induced shear stress. mation of material at the rubbing surface, therefore in-
In some investigations [7, 9], it has been found thatcrease the transition load from region Il to Il

SiC or ALbOs; reinforcement increases the transition 5. In region IV, adhesive wear is the dominant wear

load, which can be explained that the reinforcementnechanism. Wear debris is formed by the shear fracture

can improve the thermal stability of aluminum alloy. occurred in the subsurface. The severe wear depends

However, in this work, the SiC reinforcement doesn’ton the strength of the material of pin and the strain-

show an influence on the transition load. Table V listsinduced shear stress. SiC particles have no influence on

the typical mechanical properties of the monolithic al-the transition load.

loy and the composite. Itis clear that the SiC reinforce-

ment mainly leads to an increase in the elastic modulus,

and the monolithic alloy still maintains the excellent References
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