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Abstract

The surface microstructures of 6061 Al-Mg—Si alloy coated with laser surface alloyed (LSA) Ni—-Cr—B-Si powder and their sliding wear
performance have been investigated. Experimental results show that there are three regions, as grayish region (G.R.), dark region (D.R.) and bright
region (B.R.), in the pool. The Al3Ni and Al3Ni, compounds appear in the G.R. and D.R., respectively. The AI-Ni—Cr amorphous structure can be
observed in the B.R. The hardness of the LSA specimens is much higher than the Al-matrix. Compared with the Al-matrix, the LSA specimens
have excellent sliding wear performance. They have lower friction coefficient and wear rate. The critical temperature of sliding wear resistance of
LSA specimen is higher than that of Al-matrix by about 50 °C. The stress relief during thermal treatment will slightly reduce the hardness and the
wear resistance of LSA specimens, especially at testing temperature >200 °C.
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1. Introduction

Aluminum alloys have been used extensively in many
industries because of their excellent properties, such as high
thermal conductivity, excellent workability and high specific
strength. But some drawbacks, like low hardness, poor
tribological properties and crevice corrosion resistance, still
need to be improved. In the past decades, a considerable
number of studies have been made on how to improve the
surface properties of aluminum alloys, involving the electro-
plating, chemical plating, anodizing and thermal spraying [1—
3]. Recently, laser surface alloying (LSA) has been success-
fully developed to improve the surface properties of various
metals and alloys, such as the surface mechanical/chemical
properties of wear [4-7], corrosion [8-9] and cavitation
erosion resistance [9—11]. Zhang et al. [12] investigated the
wear resistance of Al alloys with and without reinforcement of
AlL,O5 particulates. They found that the Al alloys with
reinforcement of Al,Oj3 particles by the LSA technique had a
higher critical temperature of seizure than those without
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reinforcement. The “‘critical temperature” was defined as the
temperature in which a mild wear changed to a severe wear.
Song et al. [13] studied the wear properties of 6061 Al alloy with
3 and 20 um SiC reinforced particulates. Their investigation
found that the reinforcement of SiC particulates could effectively
improve the wear resistance of 6061 Al alloy. Martinez et al. [14]
worked on the sliding wear of Al-Si alloys and Al-Si/SiC
composites at elevated temperatures, and demonstrated that the
presence of hard SiC particulates increased the critical
temperature by about 40 °C.

The Ni—-Cr-B-Si powder is commercially available and is
often used on the surface treatment of metals and alloys
because of its low melting temperature and high hardness. This
powder has been successfully laser-clad or laser surface
alloyed onto steels [15], titanium alloys [16] and aluminum
alloys [17]. One may notice that the Ni element in this powder
has the same crystal lattice with Al, and hence the intermetallic
compounds of Al3Ni, Al3Ni,, AINi and Nis;Al are easily
formed during the processes of laser cladding or laser surface
alloying [18]. However, there is no systematic investigation of
the LSA Ni—Cr-B-Si on the Al-Mg-Si alloys and their high
temperature wear behavior. More experiments are necessary to
be carried out to clarify the LSA characteristics on these
aluminum alloys. Therefore, this paper aims to investigate the
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surface microstructures of 6061 AI-Mg-Si alloys coated with
LSA Ni—Cr-B-Si. Their sliding wear performance is also
discussed in this study.

2. Experimental procedure

The substrate material was an Al-Mg-Si alloy (ASTM
6061) with compositions of 1.0%Mg, 0.6%Si, 0.7%Fe,
0.27%Cu, 0.15%Zn, 0.15%Ti and the balance Al (in wt.%).
The wear samples (P35 x 20 mm?>) were machined from the
as-extruded billets. Before LSA, the samples were sand blasted
to increase the surface roughness and reduce the reflectivity of
the laser beam. The chemical compositions of the Ni-Cr—B-Si
powder are shown in Table 1. The Ni—-Cr—B-Si powders are
spherical particles with diameters of 70-200 pm. LSA was
conducted with a 5 kW continuous transverse flow CO, laser.
The diameter of laser beam was 2.5 mm with power density of
7.13 x 10* W/ecm?, and the laser scanning velocity was 10 mm/
s. The sample surface was protected by argon gas during LSA.
The powders were delivered to the pool with a flowing rate of
about 2 g/min by a powder feeding system. In order to analyze
the surface properties, the cross-sections of LSA samples were
carefully cut perpendicular to the direction of laser scanning.
Some LSA samples were subjected to a T6 treatment, namely,
being solution-treated at 530 °C for 2 h, quenched in cold
water, and then aged at 170 °C for 7 h, to compare their
properties with the original LSA samples.

The surface microstructures were observed by using an
Olympus BH2-UMA optical microscope (OM), a Hitachi S-
4200 scanning electron microscope (SEM) and a Hitachi HF-
2000 field emission transmission electron microscope (TEM).
The compositions of surface layers were analyzed by using
EDS attached to the SEM and TEM. A combined mechanical
grinding and ion-beam thinning techniques was employed to
prepare the TEM specimens. The hardness was measured by a
Vickers Hardness Tester with a load of 50 g for 15 s. For each
specimen, the average hardness value was calculated from at
least five test readings.

The sliding wear behavior was examined by a ring-on-flat
wear tester, as illustrated in Fig. 1. The testing temperature
was precisely controlled between 25 and 250 °C. The flat was
made of LSA sample and the counter-body disc was made of
SKD61 with the following composition (wt.%): 0.39%C,
1.0%Si, 0.4%Mn, 5.2%Cr, 1.4%Mo, 0.8%V and the balance is
Fe, which has a hardness of HV630. Before wear testing, the
LSA sample was mechanized off about 0.3 mm from the
surface and then polished to a roughness of Ra 0.13 pm in
center-line-average. The operating parameters of sliding wear
test were 19.6 N loading force, 0.7 m/s sliding speed and
1000 m sliding distance.

Table 1

The chemical compositions of the Ni-Cr—B-Si powder (in wt.%)

Element Ni Cr B Si Fe C
Ni—Cr-B-Si (wt.%) Bal. 14.64 3.21 4.32 3.65 0.73

rotary direction

g— counter-body disc

LSA specimen

friction

\
recordeu?

Fig. 1. A schematic representation of ring-on-flat type of wear equipment.
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load

3. Results and discussion
3.1. Microstructure

Fig. 2 shows the photograph of the cross-section of the pool
of LSA specimen. No cracks and porosity are observed in the
melted pool. In Fig. 2, three distinct regions indicated as the
grayish region (G.R.), dark region (D.R.) and bright region
(B.R.) are clearly observed. The SEM observations of G.R. and
D.R. are shown in Fig. 3(a and b), respectively. There shows a
fine eutectic microstructure in the G.R. (Fig. 3(a)) and aneedle-
like microstructure in the D.R. (Fig. 3(b)). These fine eutectic
and needle-like structures are identified to be Al;Ni and Al5Ni,
compounds, respectively. Fig. 4(a and b) show the TEM
micrograph and the diffraction analysis of the B.R. A typical
halo pattern in Fig. 4(b) indicates that the B.R. has an
amorphous structure. The chemical compositions of this
amorphous structure are measured by EDS to be in the range of
44-47%Al, 42-43%Ni and 9-13%Cr (wt.%).

Fig. 5 shows the concentration profile of Al, Ni and Cr
elements versus the depth from the surface to the bottom along
the marked line in Fig. 2. In Fig. 5, one can see that Ni is
dispersed all over the G.R.,, D.R. and B.R., but Cr only
concentrates in the B.R., namely in the lower region of the
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Fig. 2. Photograph of the transverse cross-section of the LSA specimen.
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Fig. 3. SEM micrographs of the LSA specimen in the regions of (a) G.R. and
(b) D.R.

melted pool. This phenomenon can be ascribed to the lower
diffusion coefficient and higher specific gravity of Cr than
other elements. In Fig. 5, one can also find that the content of
Ni increases obviously with increasing depth from the G.R. to
D.R. This feature is ascribed to that the Ni element has a
higher specific gravity than Al-matrix. The variation of Ni
content is consistent with the formation of Al3Ni in the G.R.
and ALNi, in the D.R. In the B.R., Ni content decreases
slightly and Cr content increases as compared with that in
other regions. It is well known that Cr can form solid solution
with Ni in a large composition range [19], because that the
atomic radius of Cr is very similar to Ni. As mentioned above,
the Cr element mainly concentrates in the B.R. It is
reasonable to postulate that the Cr atoms can replace some
Ni atoms in AI-Ni compound to form Al-Ni—Cr compound.
According to the ternary diagram of Al-Ni—-Cr [20], the
melting point of the B.R. is higher than 1300 °C. Besides, the
average cooling rate is about 10* K/s [17,21] in the B.R.
Hence, it is reasonable to form an amorphous structure in the
B.R., as shown in Fig. 4.

Fig. 4. TEM observation in the B.R. of the LSA specimen. (a) Bright field
image; (b) diffraction pattern.

3.2. Effects of heat treatment

To understand the effects of heat treatment, the LSA
specimens were subjected to a T6 treatment, namely, being
solution-treated at 530 °C for 2 h, quenched in cold water, and
then aged at 170 °C for 7 h. After T6 treatment, the original
Al;3Ni particles in the G.R. grew up and a lot of tiny Al3Ni
precipitates formed around the original Al;Ni particles, as
shown in Fig. 6(a). The similar phenomenon occurred for the
needle-like Al;Ni, particles. In Fig. 6(b), the original primary
dendrites became blunt, and the dendrite arms almost
disappeared after T6 treatment. It can also be observed that
lots of tiny Al3Ni precipitates were introduced within the
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Fig. 5. The distribution of chemical compositions from surface to bottom of the

pool.
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Fig. 6. SEM micrographs of the LSA specimen with T6 treatment. (a) G.R; (b)
D.R.

Fig. 7. TEM observation in the B.R. of the LSA specimen with T6 treatment.
(a) Bright field image; (b) diffraction pattern.

matrix. Fig. 7(a and b) show the TEM micrograph and
diffraction pattern of the B.R. for the LSA specimen with T6
treatment. According to the analysis of diffraction pattern in
Fig. 7(b), the precipitates appear in Fig. 7(a) are identified to be
Al3Ni compounds. Therefore, it can simply conclude that the
Al;3Ni compound can precipitate in G.R., D.R. and B.R. after T6
treatment. This result can be explained as follows. Because of
the rapid solidification during the LSA process, there exists a
large quantity of supersaturated Ni atoms. Hence, these excess
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Fig. 8. The profiles of microhardness from the surface to Al-matrix of the LSA
specimens.

Ni atoms will react with the Al atoms to form the AI;Ni
precipitates in the following T6 treatment.

3.3. Microhardness

Fig. 8 shows the profile of hardness versus depth from the
surface to the Al-matrix along the marked line in Fig. 2 for the
LSA specimen. It can be well realized that the G.R. and D.R.
of the LSA specimen have higher hardness than the Al-
matrix, due to the existence of Al3Ni and Al;Ni, compounds.
In these regions of LSA specimen, the hardness can reach HV
125-400, which is approximately two to seven times of the
Al-matrix (HV 60). The highest hardness for the LSA
specimen is about HV 1100 and occurs in the B.R. The
irregular arrangement of atoms of the amorphous structure in
this region will introduce large internal stress and increase the
hardness. Meanwhile, the large quantity of Cr atoms in this
region will also raise its hardness. In Fig. 8, one can find that
the hardness in the B.R. decreases a lot after T6 treatment.
This feature is ascribed to the stress relief of the amorphous
structure in this region.

3.4. Wear test

Wear tests were carried out at 25, 100, 150, 200 and 250 °C
for both Al-matrix and LSA specimens. Figs. 9 and 10 show the
wear rate and friction coefficient versus testing temperature of
the wearing test, respectively. As shown in Fig. 9, the LSA
specimens have very low wear rate, which is approximately
four to eight times less than the Al-matrix at 25-250 °C. The
wear rate of these specimens follows a relation: LSA
specimen < LSA specimen (T6) < Al-matrix (T6) < Al-
matrix. Since the LSA specimens have the Al;Ni and Al;Ni,
reinforced particulates in the G.R. and D.R. and Al-Ni-Cr
amorphous structure in the B.R., their hardness can increase to
2-18 times higher than that of Al-matrix, and thereby increase
the wear resistance. It can also be observed in Fig. 9 that the
slopes of wear rate versus testing temperature exhibit a
significant increase between 100 and 150 °C for Al-matrix and
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Fig. 9. The curves of wear rate vs. temperature for the specimens of Al-matrix,
LSA specimens and T6 treated specimens.

between 150 and 200 °C for LSA specimens. The similar
phenomenon is observed in Fig. 10 for the experimental data of
friction coefficient versus testing temperature. These features
indicate that the critical temperature of sliding wear resistance
of LSA specimen is higher than that of Al-matrix by about
50 °C. This result is consistent with the viewpoint reported by
Martinez et al. [14]. Fig. 11(a—c) show the SEM micrographs of
the worn surface of LSA specimen which has been subjected to
wear sliding at 100, 150 and 200 °C, respectively. As can be
seen in Fig. 11(a), the worn surface is smooth and the ploughing
strips are very shallow. This feature is ascribed to the fact that
the AI;Ni reinforced particles can improve the wear resistance
in the mild sliding wear regime. Upon elevating the temperature
to 150 °C, the surrounding Al-matrix begins to soften because
its critical temperature of sliding wear resistance occurs
between 100 and 150 °C (as seen in Fig. 9). This feature will
reduce the reinforcement of Al3Ni particles during the wear
sliding. As seen in Fig. 11(b), the reinforced particles are
removed from the edge of the strips and the worn surface
exhibits a lot of wear debris. When the testing temperature
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Fig. 10. The curves of friction coefficient vs. temperature for the specimens of
Al-matrix, LSA specimens and T6 treated specimens.
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Fig. 11. SEM micrographs of the worn surfaces of LSA specimens with sliding
wear at (a) 100 °C; (b) 150 °C; (c) 200 °C.

increases to 200 °C, the failure of Al;Ni reinforced particles
will result in the removal of the worn surface. However, the
larger dimension and higher hardness of Al;Ni, particles in the
next region and Al-Ni—Cr amorphous structure in the B.R. will
provide a more effective wear resistance even the temperature

rises up to 200 °C, as shown in Fig. 11(c). This phenomenon
can explain why the wear rate does not apparently increase
from 200 to 250 °C in Fig. 9.

In Fig. 9, one can find that the T6 treatment has a little
influence on the wear resistance of Al-matrix and LSA
specimen. The wear rate of Al-matrix was slightly decreased by
T6 treatment. It is because a large number of Mg,Si has been
precipitated in the Al-matrix by the peak-aged condition [13].
Therefore, the precipitates increased the hardness of the Al-
matrix and thereby reduced the wear rate. On the other hand, the
wear rate of LSA specimen was increased by T6 treatment,
especially at testing temperature >200 °C. Apparently, the
stress relief during the T6 treatment will slightly reduce the
hardness and the wear resistance of LSA specimen.

4. Conclusions

The surface microstructures of 6061 Al-Mg-Si alloy coated
with  LSA Ni-Cr-B-Si powder and their sliding wear
performance have been investigated. The important conclu-
sions are as follows.

1. There are three distinct regions indicated as the grayish
region, dark region and bright region in the melted zone of
LSA specimen. The Al;Ni and Al3Ni, compounds appear in
the grayish and dark regions, respectively. The Al-Ni—Cr
amorphous structure can be observed in the bright region.

2. The LSA specimens have a much higher hardness than the
Al-matrix. The hardness of AI-Ni—Cr amorphous structure
in the bright region can even reach HV 1100, which is
approximately 18 times of the Al-matrix.

3. The LSA specimens have a very low wear rate, which is
approximately four to eight times less than that of the Al-
matrix at 25-250 °C. Besides, the critical temperature of
sliding wear resistance of LSA specimen is higher than that
of Al-matrix by about 50 °C.

4. The stress relief in the laser-melted zone during T6 treatment
will slightly reduce the hardness and the wear resistance of
LSA specimens, especially at testing temperature >200 °C.
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