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Abstract: Cold working performed before an aging treatment has a significant effect on size and amount of precipitate
produced. This could be caused by the increase in defect density, such as vacancies and dislocations. In this research,
the Al-Cu-Si alloy was solution-treated, wear-tested and then artificially aged for a period of 1-5 h. Changes in the
amount of precipitate, in the lattice parameter of the matrix, and in the precipitates are measured by X-ray diffraction
and then calculated. It was observed that performing a wear test before the aging treatment was done significantly
increased the amount of precipitate, while wear rate decreased.
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1. INTRODUCTION

The addition of Cu considerably increases the
strength of Al-Si alloys due to the precipitation of
a much dispersed Al,Cu phase during aging,
which leads to a higher hardness [1, 2]. The
degree of strengthening that is obtained depends
on the volume fraction, shape and structure of the
precipitates [1, 3, 4,5] and nature of the interface
between the metastable phases and the Al matrix
[4,6]. It is generally accepted that deformation is
associated with the formation of a large amount
of microstructural defects in solids, e.g.,
vacancies and dislocations [7]. Since these
regions have a high free energy per atom, they
will be the first to become unstable during
transformation [8]. They act as short circuit paths
for solute atoms [7,9]. Nucleation takes place
preferably at these places, which are suitable for
heterogeneous nucleation [2, 8, 10 and 11]. For
Al alloys, it is also reported that intermediate
plastic deformation increases the aging rate and
improves the strength that is reached by
conventional aging [12]. It is believed that very
high strains lead to metastable phase extension
and enhanced solid solubility [13].

Dutikiew and his co-workers [14] investigated
the effect of plastic deformation on the properties
of AA6000 alloys; they found that the
precipitates mainly formed at the dislocations and
that their density increased with increasing
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deformation. However, the presence of
dislocations generally results in an acceleration
of the precipitation kinetics and coarsening of the
precipitates [15,16]. Sliding contact between the
surfaces of ductile materials is often
accomplished with severe plastic deformation
adjacent to the contact surface [17]. A large shear
strain is induced in the subsurface region during
the sliding wear process [18]. The ridges on both
sides of an isolated wear track are plastically
deformed regions that contain a high density of
dislocations, which present a high internal energy
[17]. Because of the small size of precipitates and
high dislocations density which are generated as
a consequence of severe plastic deformations and
strain fields’ related to precipitates, identifying
them with TEM is very difficult[19]. In many
cases, this leads to uncertainty. The crystal
structure could be determined from the intensities
and the angular position of the Bragg peaks in the
diffraction pattern [4]; therefore, through
investigation of changes in diffraction peaks, it is
possible to obtain a great deal of information
about the effects of precipitates in the structure.

In  many tribological applications of
aluminium alloys, the temperature of interface is
high. This increases the solubility of the elements
in the matrix during wear. The aim of this
research is to investigate the changes which occur
in the type, quantity and size of the precipitates in
the region of wear.
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2. EXPERIMENTAL PROCEDURE
2. 1. Samples Preparation

The Al-Si alloy had the following composition
(wt%): Cu 6.52, Si 5, Mg 0.31 and Fe 0.27. The
aluminium alloy was prepared by melting Al
(99.7%purity) and Cu (99.5%purity) with Al-
75%Si and Al-50%Mg master alloys; the master
alloys were prepared by mechanical alloying. In
this process, pure Al alloy was initially placed
inside a graphite crucible and heated to 800°C in
a resistance-heated furnace; then, the master
alloy was added to the melt and stirred gently for
3 min. Copper, in the form of chips, was also
added to the melt at a temperature of 800°C. The
melts were held for 20 min for homogenisation
and poured into a permanent metallic mould
(180mm x 100mm x 10mm) at a temperature of
725°C. The mould was made of 10-mm-thick
steel.

2. 2. Heat Treatment and Wear Investigation

To investigate the effect of wear on the
precipitates, different heat treatments were
designed to control both the precipitation
behaviour and the aging, as shown in Fig. 1. The
first procedure was a solution treatment at
490+£5°C for 4 hr followed by cold water

Solution treatment
(490°C-4hr)

P,: room
temperature(2hr)

quenching (<40 °C). Some specimens were held
at room temperature for 2 h and were then aged
at 180 °C for 1 hr (P,). Other specimens were
wear tested at room temperature and aged at
180°C for 1 h (P,). All of the heat treatments were
performed in an air-circulating furnace. The heat
treatment process is outlined in Fig. 1.

The wear test was carried out with a pin-on
disc instrument. The size of the test specimen was
70x70x6 mm3. Before the test, the surface of the
samples was polished with a lath and cleaned in
an ultrasonic bath that contained ethanol. Steel
pins with a hardness of 59 RC were used as a
counterface. The pin in the wear test has a 5-mm
diameter and a 50-mm length. The wear tests
were conducted at room temperature with a
relative humidity of about 40 to 50%. A sliding
speed of 0.21 m/s and a normal load of 220 N
were applied. The total sliding distance was 1000
m. The aging treatment was carried out at a
temperature of 180°C for a period of 1 to 5 hrs in
the first and second path.

To investigate the effect of wear on the
removal of material after the solution treatment,
the worn samples were studied with a scanning
electron microscope (SEM) (CAM SCAN
2300mv). The microhardness of the wear
subsurface was measured by using a Vickers
pyramidal indenter.

Water quench

Aging (180°C-1-5hr)

P,: wear(2hr)

Fig. 1. Schematic diagram of heat treatment
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2. 3. X-ray Diffraction Analysis

The X-ray diffraction (XRD) profile for each
sample was recorded from the surface of the
specimens before and after the wear test with a
PHILIPS 1710 X-ray diffractometer that used Cu
K g radiation. All of the diffraction profiles were
obtained by varying the 20 from 35 to 142° with
a step scan of 0.02.The amount of precipitates
was determined by using a semi-quantitative
analysis[20].

3. RESULTS AND DISCUSSION
3. 1. Effect of Wear on As-Cast Alloy

Figure 2 shows X-ray diffraction patterns of
as-cast and worn samples of the Al-Cu-Si alloy
that was wear-tested under an applied load of 126
N. After the wear test, a peak shift towards higher
angles was observed (Fig. 2a). This indicates that
the lattice parameter decreased, which was
probably due to partial dissolution of the
precipitates or compressive stresses generated
owing to the wear [21]. The mass fraction of
phases was calculated on the basis of a semi-

Table 1. Results of mass fraction of phases calculated on
the basis of semi- quantitative analysis to X-ray
diffractionbefore any heat treatment

Specimen Mass fraction (%)
Al AlLCu Si
Bulk sample 94.09 3.12 2.48
After wear(126N) 95.79 1.90 23

quantitative analysis, as shown in Table 1. After
the wear test, the mass fraction of AL,Cu was
reduced, but there was no significant change in
the amount of Si (because dissolution of Si in an
Al matrix is limited); therefore,with the second
factor, copper dissolution was more effective in
reducing the lattice parameter.

After wear, aluminium oxides and intermetallic
compounds were not observed in the diffraction
peaks. This result is in agreement with the findings
of Chen et al. [22]. A comparison of the X-ray
patterns from the as-cast and worn samples
revealed that the peaks of the worn samples
broadened (Fig. 2b). Peak broadening is due to
grain refinement and lattice distortions in the

Table 2. Peak intensities measured on different planes before and after sliding

Specimens

Intensity

(I11) | (200) | (220)

GID) | (222) | (400) | (331) | (420) | (422)

Bulk sample | 918.14 | 394.55 | 321 | 474.65 | 61.72 68.40 | 160.71 | 176 | 72.15
After wear(126N) | 563.35 | 172.36 | 122.06 | 180.36 | 99.96 929 73 70 74
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Fig. 2.The X-ray spectrum that were obtained from the a) bulk sample and b) after wear at a load of 126 N.
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Fig. 3. A comparison between the X-ray diffraction patterns before and after the heat treatment (path 1) in the (a) as-cast
sample, (b) 1 hr of aging, (c) 3 hrs of aging and (d) 5 hrs of aging

subsurface region [23].

Quantitative data on the intensities of the (111),
(200), (220), (311), (222), (400), (331), (420), and
(422) peaks are listed in Table 2. Peak intensities of
the worn samples decreased compared with the
intensity of the original sample. This is due to
atomic rearrangement and enhancement of
vacancies after cold working [24].

3. 2. Investigation of Heat Treatment
3. 2. 1 Study of Path 1 (P1)

A comparison of X-ray diffraction patterns of
the as-cast samples and the samples with
different aging times, which underwent path 1
heat treatment, are shown in Figure. 3. As shown
the percentage of precipitate increased with aging
time (see Table 3 and Fig. 3).

Table 3. Results of mass fraction of phases calculated on
the basis of semi- quantitative analysis toX-ray diffraction
for path 1(P1)

Aging time (hrs) Mass fraction(%)
Al AlCu Si
As-cast sample 94 3.12 2.48
1 97.87 | 0.67 1.51
3 95.61 1.62 2.67
5 95.81 2.19 1.98

The lattice parameters that were calculated for the
Al phase as a function of Miller indices and for
different aging periods are listed in Table 4. After
aging, the lattice parameter changed significantly.
Gue and Sha suggested that the change in the lattice
parameter of the Al-Si-Cu alloy’s matrix due to
aging, which is measured from the X-ray diffraction

Table 4. Lattice parameters calculated for Al phase as a function of the miller indices of Bragg1(P1)

Lattice parameter ( A°)
Path 1 Path 2
Planes No heat treatment Aging time (hrs) Aging time (hrs)
bulk After wear 1 5 1 3 5
(111) | 4.04686 | 4.02463 4.04393 | 4.04403 | 4.04716 4.04251 | 4.04372 | 4.04716
(200) | 4.04587 | 4.02930 4.04270 | 4.04433 | 4.0469 4.04013 | 4.04296 | 4.04201
(220) | 4.04188 | 4.03407 4.04227 | 4.04188 | 4.04503 4.03797 | 4.04227 | 4.04409
(311) | 4.04271 4.03425 4.04254 | 4.04271 | 4.04245 4.04098 | 4.04349 | 4.04154
(222) | 4.04224 | 4.03323 4.04188 | 4.04224 | 4.04196 4.04059 | 4.04357 | 4.04124
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Fig. 4. A comparison between the X-ray diffraction patterns for path 1 and path 2: (a) path 1, 1 hr of aging; (b) path 2, 1 hr
of aging, (c) path 2, 3 hrs of aging and (d) path 2, 5 hrs of aging

profile, is correlated to the fraction of the Al,Cu
phase that forms during aging [1].

Because of the solution treatment, a large
amount of precipitate and particles are dissolved
in the matrix, and after approximately 1 h of
aging, the lattice parameter of aluminium is less
than it was before heat treatment (Table 4). This
is attributed to shrinkage of the lattice, which is
due to the solution’s alloying elements (Si or Cu)
having smaller atomic radii than Al. Because
solutes leave the matrix as aging time is
increased, the magnitude of aluminium’s lattice
parameter is seen to progressively increase.

3. 3. Study of Path 2 (P2)

It is obvious from the data in Table 5 and from
the diffraction peaks (Fig.4) that the amount of
precipitate that formed in the second heat
treatment process wasgreater than that formed in
the first. During the wear test, severe plastic
deformation took place; therefore, the dislocation
density at the sliding contact area increased [25,
26]. These dislocations are favourable nucleation
sites for precipitates and short-circuit diffusion
paths for solutes [27]. As previously mentioned,
the amount of Al,Cu increased with aging time
(Table 5). Furthermore, when the wear test was
performed after the solution treatment, the
supersaturated elements in the matrix increased;

46

therefore, a higher driving force for precipitate
formation was generated.

Diffraction peak broadening decreased as
aging time increased (Fig. 4). One effective
factor in this case is the annihilation of
dislocations, which is due to recovery and also
nucleation of precipitates on dislocations [28].

A comparison of the Al matrix’s lattice
parameter for the samples that were aged for 1 h
(Table 4) shows that there is a significant
reduction in path 2 compared to path 1. There are
two possible reasons for this:

1. Cold work deformation,which produces
compressive stresses;

2. Enhancement of super saturation of the
matrix (dissolving extra solute atoms),
which provides a higher driving force for
the formation of precipitates.

Table 5. Results of mass fraction of phases calculated on
the basis of semi- quantitative analysis for path 2(P2)to X-
ray diffraction

Aging time (hrs) Mass fraction (%)
Al AlLCu Si
1 92.35 3.88 2.62
3 91.61 4.47 2.50
5 75.34 6.86 0.40
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Fig. 5. Vickers microhardness as a function of the distance from the worn surface.

Figure 5 show a plot of hardness of the heat-
treated samples as a function of depth below the
wear surface after testing. Hardness of the
regions decreased as depth increased below the
wear surface. The region closest to the wear
surface experienced the maximum deformation,
evident in the formation of the finest
microstructural features and rise in precipitate
density in that region.

Decrease in hardness was observed only up to
a specific depth; hardness remained practically
unchanged beyond this critical depth. Decrease in
hardness of the subsurface area after artificial
aging for 5h is due to coarsening of the
precipitates.

It is obvious that copper reduced the amount of
adhesion during the wear tests on the Al-Si alloys
in such a way that the particles scattered after
detaching from the surface (Fig. 6) [29].
Therefore, the amount of plastic flow was
significantly reduced. An investigation of the
worn surface revealedthat white layers were not
present on it (Fig. 6); thus, it can be concluded
that temperature did not increaseconsiderably
during the wear test.

Figure 7 shows the wear rate for the samples
treated through path 2. As shown, specific wear
rate decreased with sliding distance. It can be
assumed that the formation of precipitates during
sliding plays a more effective role in reducing
wear rate than work hardening through cold
work.

Variation in the lattice parameter of the Al,Cu

500 um

Fig. 6. Variations in the wear rate as a function of the
sliding distance after the solution treatment.

as a function of the heat treatment and artificial
agingis presented in Table 6. Due to interfacial
strains, which are caused by the interaction of
precipitate with the surrounding Al lattice, the
shape and volume of the precipitate’s unit cell
may be different than that without the influence
of the Al lattice [30]. It was found that lattice
parameter size in ALCu precipitate(a andc)
increased after aging; however, in samples that
were wear-tested, the magnitude of the lattice
parameters decreased.

Most of the changes were generated in the c-
axis of the precipitate, which resulted in better
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Fig. 7. Variations in the wear rate as a function of the sliding distance after the solution treatment

Table 6. Lattice parameters calculated for Al,Cu phase

Specimens Lattice parameter ( A°)
a c c/a
Base sample 0.6064 0.4880 0.8047
Path 1- 1hrs 0.6068 0.4888 0.8055
Path 1- 3hrs 0.6074 0.4885 0.8042
Path 1- 5hrs 0.6076 0.4896 0.8058
Path 2- 1hrs 0.5992 0.4807 0.8022
Path 2- 3hrs 0.5976 0.4791 0.8017
Path 2- Shrs 0.5977 0.4812 0.8052

coherency with the Al matrix. The Al matrix is
aligned with the precipitates in certain directions.
Therefore, the distance of all planes does not
change similarly and some of the planes ((200),
(111), and (220)) show more incrimination (Table
4). Strain fields that were generated around the
precipitate  prevented the movement of
dislocations; therefore, after an aging period of 3
h, the hardness value increased [9] (Fig.5).
Gradual increase aging time to 5 h led to the
precipitate interface being replaced with misfit
dislocations, which caused relaxation of the
matrix and the precipitate. Therefore, the value of
the precipitate parameter began to increase,
which in turn caused a decrease in hardness [31]
(Fig. 5). It was found that the c/a ratio decreased
considerably in the worn samples (Table 6); this
was due to further alignment of the Al matrix
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with the precipitate in certain directions as a
consequence of larger precipitate density.
Therefore, sphericity of the precipitates
decreased, and the precipitate particles showed a
preferred orientation. This was more evident in
samples that were aged for 3 h, whereas, in
samples that were aged for longer periods, the
preferred orientation between precipitate and
matrix was less apparent,due to the decrease in
the fit between them.

4. CONCLUSIONS

1. There is a significant decrease in the
magnitude of the cast alloy’s lattice
parameter due to wear. This is a result of
two factors: (1) compressive stresses due to
wear and (2) dissolution of precipitate in
the matrix. Because dissolution of Al,Cu is
greater than that of Si,the extent to which
ALCu causes a decrease the Al lattice
parameter is greater than that does Si.

2. Performing the wear test after the solution
treatment increases the supersaturated
elements in the matrix; therefore, a higher
driving force for precipitate formation was
generated.

3. Because of the solution treatment, alloying
elements dissolve in the matrix, which
leads to a reduction in the lattice parameter.
Because these elements (Cu and Si) have
smaller atomic radii than Al, through aging
and precipitate formation, lattice parameter
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increases.

Wear increases the percentage of
precipitates in solution-treated Al alloys.
The formation of these precipitates
increases the wear resistance.
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