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[ Abstract] Dry sliding wear behaviors of the AF 10Ti alloy prepared by mechanical alloying (M A) were investigated and

compared with those of the alloy obtained by the rapid solidification (RS) process. The results show that, under low slid-

ing velocity of 0. 66 m/s and low applied load, the predominant wear mechanism of AF10T1i alloy against carbon steel is

adhesion. The fine dispersing reinforcement in the alloy promotes the nucleation and propagation of cracks on the subsur

face, leading to a higher wear rate of MA AF10T1 alloy, compared with that of RS AF10Ti alloy. With increasing normal

load, the formation and spallation of transfer layers on the worn surface become the predominant wear mechanism. There

fore, the wear resistance of the alloy obtained by MA surpasses that achieved by RS due to the higher strength at both am-

bient and elevated temperature. The wear transfer layer of the MA AF10T1 alloy is determined to be consisted mainly of

Fe, 03 and metal Fe.
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1 INTRODUCTION

Owing to the high specific elastic modulus, high
specific strength and excellent mechanical properties
both at ambient and elevated temperatures, AFTi al-
loys have found their potential application in the area
of aerospace, aircraft and more recently engine parts
in automobiles where the antrwear properties are also
required. Up till now, AFTi alloys with ideal mi
crostructure of fine AT particles dispersing within
the Al matrix have been prepared successfully with
rapid solidification ( RS)
(MA). These alloys possess excellent mechanical

and mechanical alloying

properties and oxidative resistance properties surpass-
ing those of general aluminum alloys, such as AF8Fe
4Ce and 2014-T6' '~ 7.

As revealed by many research works, wear resis-
tance of metal matrix composites reinforced with par
ticles (MM C) or short fibers is better than that of

matrix alloys'® .

Dry sliding wear behaviors of such
composites have been investigated but much is to be
done, partly because of the complexity induced by the
reinforcements. In our preceding papers, dry sliding
wear behaviors of RS AFTi alloys and effects of the
particle size, particle volume fraction and cold work
prior to the wear tests, were reported ® '

AFTi alloys obtained by MA possess even finer
crystalline size and substructure. The MA AFTi ma
trix reinforced with reinforcers of size 100~ 500 nm,
compared with that of RS AFTi alloys reinforced with
reinforcers of size 1~ 3 Bm, disperse homogeneously
within the Al matrix with high bonding strength be-

[1~ 6

tween the reinforcer and the matrix I Therefore,
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an improved wear resistance of the alloy can be anticr-
pated. In this paper, dry sliding wear behaviors of
the MA AF10Ti alloy were investigated, and com-
pared with that of the alloy obtained by RS process.

2 EXPERIMENTAL

The preparation procedure of MA and RS Al
10T i alloy can be found in Refs. [ 9, 12, 13] respec
tively. In brief, the RS AF10Ti alloy was obtained
by hot extruding the argon gas atomized alloy pow der
at 400 C and followed by annealing at 600 ‘C for 100
h. The MA AF10Ti alloy was achieved by double
cold pressing and sintering of the powder which was
subjected up to 285 h of ball milling. Typical mr
crostructure of the alloy obtained by RS and MA
(designated as RS and MA respectively) is shown in
Fig. 1. Table 1 lists the particle size and particle vol-
ume fraction, as well as the hardness of the two al-
loys. The process control agent (stearic acid) added
to prevent powder agglomeration during ball milling
of the AF10T i powder mixture has reacted with Al to
form Al,O3 and Al4C3 particles, as evidenced by many
researchers >~ ® . Therefore, the particle volume frac-
tion of MA is larger than that of RS.

Specimens with dimension of 8 mm X 9mm x 10

Table 1 Particle size, particle volume fraction and
hardness of test materials

Preparation  Particle volume Particle size HV
method fraction/ % / Hm / MPa

RS 14.0 2.4~ 2.8 657
MA 20.0 0.1~ 0.5 1176
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Fig. 1 Typical microstructures of AF10T1 alloy
obtained by MA (a) and RS (b)

mm were subjected to wear tests. The worn surface is
8 mm X 10 mm. Details of the wear tests, conditions
of scanning electron microscopy (SEM) and X-ray
photoelectron spectra ( XPS) analyses were given in
Refs. [ 9, 12]. Here, the sliding velocity was kept
constant at a relative low value of about 0. 66 m/s.

3 RESULTS

Similar to RS AFTi alloys!®'™, two wear
stages, i.e., running-in and steady-state wear stages
have been found in the wear volume loss vs sliding
distance curves obtained for the MA AF10Ti alloy.
The wear rates of RS and MA calculated by taking
the slope of the steady-state wear portion from the
curves are found to increase with increasing applied
load, as illustrated in Fig. 2. It is also clear that the
wear rate of MA is higher than that of RS when the
applied load is less than about 12N, and the reverse is
true when the load exceeds 12N.

Figs. 3, 4 illustrate the worn surfaces of MA at
the normal load of 6N and 15N, respectively. Simi
lar changes on the worn surface with increased sliding
distance can be found under both of the applied load.
At the running-in stage, “tongues” like asperities and
micro cracks vertical to the sliding direction can be
seen. The size of “tongues” like asperities increased
with increasing normal load (comparing Fig. 3(a) to
Fig.4(a)). This suggests that, in the initial wear
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Fig. 2 Relationship between wear rate and
applied load

process, lots of shear fracture occurred and the frac
tured materials between the two counterparts were
extruded and curved repeatedly to form plate like de-
bris, as illustrated in Fig. 5(b). In addition, grooves
characteristics of abrasive wear were also evidence on
the worn surface. When the sliding distance in-
creased, the “tongues” like morphologies disappeared
and a much smoother worn surface was obtained
(Figs. 3(b), 4(b)). The larger deformation zone, as
well as the deeper grooves on the worn surface of the
alloy tested at 15N when compared with that tested
at 6N suggested much severer plastic deformation and
abrasive wear with increasing normal load. It should
be noted that, despite of the similar morphology of
the worn surface, the wear debris generated under
the two normal loads were quite different. Dry sliding
wear of MA under 15 N of normal load produced
mainly fine particles, which is characteristic of the
oxidative wear mechanism ( Fig. 5(¢)). However, a
large fraction of plate particles, which is similar to
that produced at the running-in wear stage ( Fig. 5
(b)) consisted the wear debris of MA when tested at
6 N of normal load (Fig.5(a)).

mechanism of the running-in wear stage of AFTi al-

The main wear

loys has been determined to be the adhesive
wear' I This suggests that the wear mechanism of
MA worn at low normal load is different from that
worn at relatively high normal load. As will be point-
ed out later, it is the adhesive wear that predominates
the sliding wear process when tested at low normal
load and low sliding velocity.

Fig. 6 reveals the XPS spectra of the worn sur-
face of RS and MA under the applied load of 15 N.
Table 2 lists the composition of the very worn surface
with thickness of about 5 nm of MA and RS deter
mined with XPS. The spectra of Fe 2P3, electron for
MA are provided in Fig. 7 as an example of the XPS
analysis. It is clear that the wear transfer layer of
MA, which developed during dry sliding process, was
consisted mainly of Fe and Fe,03, while ALO3, mi
nor Fe;O3 and Ti0,, made up that of the RS. The
iron element dispersed homogeneously on the worn
surface of the MA alloy, as revealed by the Fe ele
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Fig. 3 Worn surfaces of specimen MA under 6 N of applied load
(a) —Running in stage (sliding distance= 200m); (b) —Steady state stage ( sliding distance= 3200 m)

Fig. 4 Worn surfaces of specimen MA under 15N of applied load
(a) —Running in stage (sliding distance= 200m); (b) —Steady-state stage (sliding distance= 3200 m) ;
(¢) —Fe element dispersion on surface of (b) obtained by EDS

Fig. 5 Wear debris of specimen M A at different normal loads and wear stages
(a) —ON, steady-state stage; (b) —15N, running in stage; (c¢) —15N, steady-state stage
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Fig. 6 Spectra of Fe 2P3, (a) and
O 1s (b) electron for specimen M A

0 200 400 600 800
E/eV

Fig.7 XPS spectra of worn surface

for specimen M A
(load= 15N; sliding distance= 3200 m)

ment surface dispersion image, which was obtained
by the energy dispersion spectroscopy ( EDS) e
quipped in SEM (Fig. 4(c)). Therefore, it is clear
that materials transformation between the specimens
and the counterpart steel has occurred. More iron
were transferred to the worn surface of MA than RS.
Furthermore, it is noted that elemental oxygen exist-
ed on the worn surface, which may be the contamina-
tion.

4 DISCUSSION

As shown in Table 1, MA possesses finer parti-
cle size and higher particle volume fraction, which re-
sults in higher hardness. According to the Achard’s
equation, the dry sliding wear rate () of materials can

be expressed as''*!

Q0= BW/H

where W is the applied load, H is the hardness of

Table 2 Composition (mole fraction, %) of
worn surface of MA and RS
(load= 15N, sliding distance= 3200 m)

Specimen Al Ti Fe o0
MA - - 33.3 67.7
RS 42.7 0.8 0.4 56.1

materials, B is a constant dependent on local stress,
local temperature and chemical reactions on the worn
surface etc. However, as can be seen in Fig. 2, al
though the wear rate of AF10T1 alloys increases near
linearly with increasing applied load, the slope of the
fitting line, i.e., B/H does not decrease in accor
dance to the increase of the hardness. Furthermore,
the wear rate of MA is even higher than that of RS
when tested at low applied load, despite of its much
higher hardness. Therefore, the wear rate of the AF
Ti alloy cannot be attributed to the hardness simply.
Effects of the Al3T1i particle should be highlighted de-
pending on different wear mechanisms.

At low applied load region (6~ 12N), tempera
ture rising on the worn surface is not high enough to
cause obvious oxidation provided that the sliding ve-
locity of 0. 66 m/ s in the test is also low. Therefore,
adhesion and spallation of materials are the main cause
of wear!>®!. This is supported by the fact that a large
fraction of the debris produced is plate-like (Fig. 5
(a)). Although the probability of spot welding be
tween the aluminum alloy and the counter steel is re-
duced by the improved hardness of MA, it should be
noted that, once the welding occurs, materials would
spall off readily. The reason is that the fine reinforce-
ments promote the nucleation and propagation of
cracks. In addition, higher particle volume fraction
and finer particle size result in much higher strain lev-

7,11 e
(711 G hich in turn decreas-

[11, 14]

el around the reinforcers
es wear resistance in the adhesive wear Fur-
thermore, it is clear that abrasive wear also con-
tributes to the loss of materials. Our previous single-
point microscopic scratch tests revealed that materials
extruded to both sides of the groove by the abrasion
do not always spall off the alloy when the alloy pos-

[191  This means that the softer

sesses good ductility
alloy may not be abraded so readily as generally be-
lieved. Meanwhile, the higher volume fraction rein-
forcer may serve as abrasion, which in turn causes
greater mass loss of MA. Therefore, at the low ap-
plied load region, the wear rates of MA, which pos-
sesses higher hardness, are higher than that of RS.
The adhesive wear does not necessarily cause severe
wear. In the mild wear stage of the aluminum alloys,
the adhesive wear has been reported to be the pre-
dominant wear mechanism' !,

Once the applied load exceeds a certain value (12
N in the test), a wear transfer layer, which consists
mainly of oxide, will develop on the worn surface.
The mass loss of the alloy is affected by the competi
tion between two opposite dynamic processes, 1. e.,
the formation and spallation of the transfer lay-
el 214 " AF10Ti alloy prepared by MA possesses
higher strength at elevated temperature!>*, which
supports the transfer layer strongly before spalling.

Therefore, an increase in the high temperature
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strength retards the spalling of the transfer layer,
which results in lower wear rates of MA at higher ap-
plied load region. The abrasive wear also becomes se-
vere with increasing normal load ( Figs. 3, 4) and in-
creasing particle volume fraction. However, the
detrimental effect of the reinforcement is surpassed by
the beneficial effect as mentioned above.

Different composition of the transfer layers also
explains why MA exhibits improved wear resistance
at the high normal load region. Under the applied
load of 15N, the wear transfer layer of M A is consist-
ed mainly of Fe and FexOsz; while Al,O3, minor
Fe;03 and TiO2, make up the transfer layer of the
RS. This can be attributed to the higher hardness and
higher particle volume fraction of reinforcements for
the MA. Once adhesion between two asperities oc-
curs, during sliding of the counter steel, the two
welded asperities will fracture on the side of either the
counter steel or the alloy. Since the hardness ( and
thus fracture strength) of MA is higher than that of
RS, the possibility for the welded asperities to frac
ture on the counter steel improves. Meanwhile, the
higher volume fraction of particles will serve as abra-
sion to cut more iron off the counter steel. As a re-
sult, for MA, more iron is removed from the counter
steel and part of it transfers to the worn surface. Due

U161 part of the iron

to the high flash temperature
transferred to the worn surface reacts with oxygen to
form Fe;O03. Therefore, it is the iron from the
counter steel, rather than Al in the alloy, to be con-
sumed to form the transfer layer during the sliding
process. This oxide layer prevents the direct contact
of the alloy with the counter steel and serves as inrsitu

lubrications and thus lowers the wear rate of MA.

S CONCLUSIONS

1) Under low sliding velocity of 0. 66 m/s and
low applied load, the predominant wear mechanism of
AF10Ti alloy against carbon steel is adhesion. The
fine dispersing reinforcers in the alloy promotes the
nucleation and propagation of cracks on the subsur
face, resulting in a higher wear rate of MA AF10T1i
alloy, compared with that of RS AF10T 1 alloy.

2) Under low sliding velocity and high applied
load, the formation and spallation of transfer layers
on the worn surface becomes the predominant wear
mechanism. Therefore, the wear resistance of MA
AF10Ti alloy surpass that of RS AF10T1 alloy due to
the higher strength at both ambient and elevated tem-
perature of the alloy.

3) The wear transfer layer of the MA AF10Ti
alloy is mainly consisted of Fe and Fe>Osz; while
AlLO3, minor FexO3 and Ti02, make up that of the
RS AF10Ti alloy.
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