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Abstract: The microstructure and wear properties of Ni-based composite coatings on aluminum alloy prepared by laser cladding

were investigated by SEM, EDS, microhardness tester and friction tester. The results show that there are relatively few holes and

cracks in the layer when the scanning speed is 5 mm/s. Many massive and continuous network Ni-Al intermetallic compounds form

on the top of the cladding layer, and (Ni, Cr, Fe),C, intermetallic compounds form at the middle of the cladding layer. The

microstructure of the bottom cladding layer consists of the columnar a-Al dendrite with obvious growth direction. The middle and

top of the cladding layer maintain a high microhardness value. The maximum microhardness of the middle of layer is 8200 MPa,

which is more than 5 times larger than that of the bottom cladding layer. The microhardness decreases sharply at the end of the

middle of layer. The friction coefficients of the layer have a fluctuation under different loads, and decrease with increasing the load.

The formation and distribution of Ni-Al and (Ni, Cr, Fe),C, intermetallic on the top and middle of the cladding layer are the primary

reason for the improvement of the microhardness and wear of the layer.
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Aluminum alloy is in aerospace and

automobile manufacturing because of its low density and high

widely used

specific strength!”. However, aluminum alloy is limited in
industrial applications because of its poor toughness, low
hardness, and poor corrosion resistance. Laser cladding on the
surface of aluminum alloy is one of the most effective
methods to solve these problems”™). Laser cladding is clean,
efficient and has a high bonding strength compared with

(71 Variety of non-equilibrium solids can be formed in

others
the layers under the conditions of temperature gradient and
supercooling. The cladding layer exhibits high microhardness,
wear resistance and corrosion resistance™”. Therefore, the
technology of laser cladding has a very broad application
prospects in the surface treatment of metal materials.

For laser cladding technology, the design of the cladding
alloy powder and the choice of reinforcement material are
vital'""'?. Cladding powders are required to be the same as the

matrix or self-fluxing powders due to the selection principles
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of thermal expansion and the melting point of the cladding
materials. Self-fluxing powders, such as Ni-based, Co-based,
and Fe-based mixing powder, are more common in the market.
Xu et al™ successfully fabricated Ti-Al-Fe-B coatings via
laser cladding on the surface of 7075 aluminum alloy. It is
found that when the content of TiBCN is 15%, the micro-
hardness of the cladding layer is 7500 MPa, which is 5 times
higher than that of the substrate. Additionally, the corrosion
current is also lower than that of the substrate. The wear tests
show that the mass loss of the cladding layer is only 2.4 mg in
20 min, which is much lower than that of the matrix. Wang et
alt" prepared the Ni+La,0;, Y,0;, and CeO, layer on the
surface of 6063Al. The resulting cladding layer is composed
of f-NiAl (Cr), Al;Ni, AINi;, and Al phases. Additionally, the
microhardness successively decreases from the top to the
bottom of the cladding layer.

Ni alloys are often used as matrix materials for cladding
powders because of their good corrosion resistance, low
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thermal expansion and easy metallurgical bonding with the
matrix!"”. The elements B and Si are often added to Ni-based
powder because they can effectively reduce cracks, holes, and
other defects in the cladding layer!".

70% of the automotive aluminum alloy parts are casted,
however, the hardness, wear resistance, and other mechanical
properties of Al-Si alloys are far lower than those of steel !'”.
Under the harsh working conditions of automotive engines,
such as high temperature, high pressure, and difficulty of
lubrication, aluminum alloy parts are prone to wear, corrosion,
and other failures!"®. The AISi7Mg alloy has excellent
mechanical properties at room and high temperatures, and it is
often used to manufacture pistons for automotive engines.

In this research, Ni-based composite powder was used as
cladding material to modify the surface of an AlSi7Mg alloy
via the synchronous-powder-feeding method and to improve
the surface properties of the alloy.

1 Experiment

1.1 Experimental equipment

Nd:YAG solid-state laser (JHL-1GX-2000 laser processing
machine) was used in experiment with a wavelength of 1064
nm, which is produced by the Chutian Company in Wuhan.
The laser cladding material was prepared by synchronous
feeding. The diagrammatic sketch of laser and the specific
processing parameters are shown in Fig.1 and Table 1, respec-
tively. The microstructures of the samples were examined via
optical microscopy (OM, Nikon, MA-200) and scanning
electron microscopy (SEM, QUANTA-200). The polished
sample was tested for microhardness by Vivtorinox (HXS-
1000A). The cross-section of the layer was detected from the
surface to the bottom at 100 pm intervals under 0.1 kg
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Fig.1 Scheme of laser cladding station

Table 1 Laser processing parameters

. Shielding gas
Laser output Scanning Laser beam
Sample . 1 . flow rate/
power/W  velocity/mm-s size/mm .
L-min
1 1200 3 1.2 2.5
2 1200 5 1.2 2.5
3 1200 8 1.2 2.5

preloading and 15 s preloading time conditions.

In the wear experiment, corundum with Mons’ scale of
hardness 9 was selected as friction coupling. Its size was @40
mmx10 mm. The diagrammatic sketch of wear device and the
processing parameters are show in Fig.2 and Table 2,
respectively. The wear samples were processed into
cylindrical samples with a diameter of 4.5 mm and a height of
10 mm by wire-electrode cutting. The samples polished with
1000# and 2000# sandpaper and friction coupling were soaked
in absolute ethanol, and then cleaned by ultrasonic waves.

1.2 Experimental materials

The composition of the AlSi7Mg alloy in the laser cladding
process is shown in Table 3. The samples were directly cut
from ingot and processed into 100 mmx=50 mmX 12 mm plates.
After being sanded by 400# sandpaper, the surface oxide layer
was cleaned with ethanol and dried.

The melting point of the Ni based self-fluxing composite
powder shown in Fig.3 is 960~1040 °C " The ingredients of
150~325 mesh powders after drying at 100 °C for 2 h were
used in the experiment, as shown in Table 4.

2 Results

2.1 Macromorphology of layer at different scanning speed

The macromorphologies of cross section of the AlSi7Mg
cladding layer obtained at different scanning speeds are shown
in Fig.4. The layer can be divided into zones A, B, C and D
according to the difference of temperature gradient, which are
marked in Fig.4a. Zone A is the top area of the cladding layer,
which is characterized by high supercooling. Zone A is called
the fine-grained region due to homogeneous composition and

Pin Cgrundum

L

Fig.2 Diagrammatic sketch of wear device

Table 2 Processing parameter of wear experiment

Sample Rotating speed/rmin’’ Load/N Time/s
1 100 20 900
2 100 40 900
3 100 60 900
4 100 80 900

Table 3 Chemical composition of aluminum alloy
substrate (Wt%)
Si Fe Cu Mg Ti+tRE Mn Zn Al
7.5 0.5 0.2 0.25 025 <035 <03 Bal.
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Fig.3 SEM image of Ni-base mixed powder

Table 4 Chemical composition of Ni-base alloy powder (wt%)
Cr Fe Si B C Ni
18 8.0 4.0 32 0.6 Bal.

large temperature gradient. The characteristic of zone B is
constitutional supercooling in the center of the melt, which is
called the equiaxed dendritic region. Zone C includes
transition zone and heat affected zone in the bottom of the
melt. The dendrite growth has an obvious orientation in
transition zone. Zone D is the substrate.

Referenced in Fig.4b~4d, the thicknesses of the melting
zones of the layer are about 780, 850, and 790 pm,
respectively. It is evident that there are cracks on the surface

500 pm

of the cladding layers at different scanning speeds, as shown
in point 1 in Fig.4b. Cracks exist in alloy at 3 mm/s speed.
However, when the speed increases to 5 mm/s (Fig.4c), fewer
cracks appear in the layer. At the 8 mm/s speed (Fig.4d), the
cracks are accompanied by many holes with 50 pm in size.
The cracks mainly appear at the top of the layer because
there is a large temperature gradient on the surface of the
cladding layer. It indicates that the thermal stress is the main
cause of crack formation. The layer prepared at low scanning
speed has longer local heating time and higher heat absorption
than that prepared at high scanning speed. Therefore, cracks
are more likely to be generated on the surface of layer at low
speed. Fig.4b and 4c indicate that many cracks appear at the
top of the cladding layer and fewer cracks appear in the
middle of the layer. The reason for this discrepancy is that
with the increase of the scanning speed, the heating time of
the layer is reduced, so the heat absorption of the layer is
decreased. Therefore, the thermal stress in the middle of the
layer is weakened. As can be seen from Fig.4d, the pores and
cracks in the layer with scanning speed of 8 mm/s are
obviously larger than those in the layer with scanning speed of
5 mm/s. Additionally the thickness of the layer with scanning
speed of 8 mm/s is less than that of the layer with scanning
speed of 5 mm/s. The reasons for this difference are that with
the increase of scanning speed, the crystallization of velocity
accelerates, the solidification time of molten pool becomes
faster, and the composite powders are less heated. Ultimately,

0N

500 pm

Fig.4 Macroscopic images of cladding layer at different speeds: (a) schematic diagram, (b) 3 mm/s, (c) 5 mm/s, and (d) 8 mm/s
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the parts of particles cannot be fully melted or more likely to
form holes. Additionally, some of the particles are blown away
by the process of synchronous powder feeding. Therefore, the
size of the layer at a high speed becomes thinner and the
number of holes increases. In addition, the crystallization
speed of the molten pool may also be improved with the
increase of scanning speed. In the solidification and phase
transition process, the increase of crystallization speed leads to
the decrease of gas solubility. The residual protective gas N,
and some H, and H,O gases produced during metallurgical
reaction cannot be released timely, causing the formation of
the holes in the alloy during solidification. Therefore, the
holes in the cladding layer are eventually formed. In
conclusion, the thickness of the layer increases first and then
decreases with the increase of scanning speed and the porosity
in the layer increases. The main cause of crack formation on
the surface of the cladding layer is thermal stress.

2.2 Microstructure and composition of layer

Fig.5a is SEM image of the top of the layer, which is a
boundary between zone A and B. The microstructure of the
zone A which is composed of fine equiaxed grains is very
homogeneous. A large number of dendrites can be seen in the
zone B. Fig.5b is a SEM image of the bottom of the layer,
which is a boundary between zones C and D. The bottom area
of the melt consists of the transition zone and the heat affected
zone. There are many columnar dendrites in the transition
zone of layer. The growth direction of these columnar
dendrites is from the matrix to the melt center.

Fig.6 is the SEM images and EDS results of the zones A, B
and C which are shown in Fig.4. Fig.6a indicates that many
equiaxed grains form at point 1 and continuous reticulate
branches at point 2 around point 1. No obvious precipitates are
found in the equiaxed grains and reticulate dendrites.
According to the result of EDS, the main components of point
1 and point 2 are Ni, Al, Fe, and Si, but the contents of Ni and
Si atoms differ greatly.

Fig.6b illustrates the SEM and EDS results of zone B,
which has obvious branch structure besides equiaxed and

Zone A

. >1700 le '

reticulated dendrites. The results of EDS of the branches
illustrate that the peaks of Ni, Al, Cr, Fe and C appear at point
3. Fig.6¢c illustrates the columnar morphology in zone C,
which is mainly composed of Al.

According to the reaction between Ni and Al, the following
chemical reactions may occur for the melt %>

3Ni+Al—~Ni;Al (1)
Ni+Al—NiAl ©)
2Ni+NiAl—Ni;Al 3)

According to the thermodynamic conditions and the Gibbs
free energy criterion ***%):

AG=Y.GyYGr @)

In the above formula, G, is the free energy of the product,
and Gy is the free energy of the reactant. The Gibbs free
energy values of the above three reactions (Eq.(1~3)) at 1200
°C are —127.36, =96.51 and —30.85 kJ/mol, respectively™".
The negative Gibbs free energy values indicate that all the
reactions can be carried out thermodynamically.

Fig.6a illustrates that the atomic ratios of Ni and Al at point
1 and point 2 are 58:50 and 61:50, respectively. According to
the chemical reactions between Ni and Al, it is inferred that
the S-NiAl is precipitated directly from the liquid phase, and
the Ni-rich and aluminum-poor liquid environment is then
formed around the precipitated phase. The existence of Ni-rich
areas creates condition for the formation of Ni;AL Yu et al®”
in-situ  synthesized NizAl intermetallic compound phase
coating by laser cladding using preplaced Ni and Al mixed
powders. It is found that the laser power density and energy
density have a crucial influence on the microstructure and
tribological properties of the Ni;Al coating. In addition, they
investigated the single phase NiAl coating by laser cladding at
elevated temperature of 800 °C. It is found that Ni;Al phase
with a fine equiaxial microstructure precipitates along NiAl
grain boundaries via the solid-state diffusion of Ni atoms
during heating process **!. Therefore, according to the SEM
and EDS results, it can be inferred that the massive and
networked intermetallic compound in Fig.6a is NiAl and
Niz;Al phases.

100 pm

Fig.5 SEM images of the layer of the alloy at scanning speed of 5 mm/s: (a) zone A and B; (b) zone C
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Fig.6 SEM images and EDS results of zone A (a), zone B (b), and zone C (¢) in Fig.4

Fig.6b illustrates the microstructure of the middle of the
layer, which is the frontier of columnar crystallization.
According to the solidification theory of metals, melt has
component supercooling in the middle of the layer. Meanwhile,
there is melt convection in the molten pool in the middle of
the layer. These factors have a comprehensive effect on the
microstructure of zone B. When the melt temperature reaches
above 1500 °C, the primary carbide M,C; is first crystallized
in the liquid phase. The specific equation for this is L—
M,C®. With the further decrease in temperature, the
following three kinds of eutectic transformations occur 2*:

L= M;Cs+ My3Cs Q)
L—y(FeCr)+ M;C; (6)
L+ M23C6—>y(FeCr)+ M7C3 (7)

Zhang"™*! coated the Ni-Cr;C, and Ni-WC with overlapping
clad tracks (OCT) on martensitic stainless steel. The coating is
composed of y-M,C; eutectic and granular solidified structure.
Tan®*! fabricated the Al,O3-M:C; particle reinforced iron matrix
composite coatings on a steel substrate by laser cladding using
Fe-based alloy powder and Al/Fe,O; thermite reactants.
Chiang"”! deposited the stellite12 cobalt base alloys on SK3-
carbon tool steel by laser cladding. The result show that the
Co, My;Cs, MC and M,;C; (M =W, Cr, Co) exist in the layer.

Under the experimental conditions, the solidification mode
of the melt is the same as above, and the morphology of the
formed phase is also the same. Therefore, according to the

SEM and EDS results, it can be inferred that the intermetallic
compound of point 3 in Fig.6b is (Ni, Cr, Fe);C; phase which
is defined as M,C;.

Ni-Al is an exothermic reaction with high latent heat of
melt crystallization, which creates conditions for (Ni, Cr,
Fe),C; dendrite growth. The growth of the secondary dendrite
is hindered under the convection of the melt. Secondary
dendrites are interrupted by melt convection to form new
nucleation, so they are small dendrites in zone B.

Fig.6¢ is a columnar grain in the zone C of the layer, which
is non-spontaneous nucleation. Zone C is a transition zone and
also a liquid-solid boundary zone. Owing to the low melting
point of Al a part of Al matrix is usually burned in laser
cladding. However, the aluminum in the matrix is well-
preserved. The main reason is that the protective gas is used in
the cladding process. In addition, the addition of Cr and Fe
into Ni-based cladding material reduces the melting point of
cladding material. These two factors make the burning loss of
Al less in the experiment.

Fig.7 is the composition distribution of the zones A~C of
the layer. The distribution of the Ni content in the zone B
decreases first and then increases, and it drops sharply in zone
C. There is a high percentage of Al in the zone A, and it begins
to decrease when entering zone B, and then increases rapidly
in zone C. The atomic percentage of C, Cr, and Fe begins to
increase in the zone B. The primary reasons are the large
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Fig.7 Component distribution of the cross section of layer at

scanning speed of 5 mm/s

supercooling, fast crystallization speed and high temperature
gradient in zone A, which refine the grain and make the
composition uniform. Therefore, the content of elements in
zone A fluctuates little.

Due to the small supercooling and temperature gradient in
zone B, the content of C and Cr increases obviously. Therefore,
the grains in the zone B grow upward. The content of other
elements decreases rapidly except for the rapid increase of Al
content in the zone C near the matrix.

3 Microhardness and Wear Properties Analyses

Fig.8a is the microhardness curves of the cladding layer
along the cross section at different scanning speeds. Fig.8b is
schematic of microhardness testing. The micro- hardness of
zone D is about 1300 MPa and the microhardness of zone C
ranges from 1800 MPa to 3000 MPa, which is 1.5 times larger
than that of the matrix. The microhardness of zone B is in the
range of 6200~8200 MPa, and that of zone A is about 7300
MPa. It is found that the coating is thin and the microhardness
of the coating decreases at 510 pm depth when the scanning
speed is 3 mm/s. The maximum microhardness of all samples
appears in the zone B of the layer, which is more than 5 times
larger than that of the bottom of the cladding layer. The main
reason is that the reinforcing phases of NiAl and M;C; are
formed in the zone B, and their microhardness is 7000 and 9000
MPa, respectively”'!. Additionally, the NiAl content decreases
at the junction of zones B and C, resulting in a decrease in
microhardness. The microhardness of zone A is about 7000
MPa. The microhardness near the coating surface is higher than
at the bottom of the coating because fine equiaxial crystals form
on the surface of the coating and coarse columnar crystals form
at the bottom of the coating. In addition, the formation of NiAl
and Ni;Al phases on the top of the coating leads to obvious
improvement in microhardness of the zone A.

As shown in Fig.9a, with scanning speed of 5 mm/s for 15
min under loads of 20, 40, 60, and 80 N, the average friction
coefficient of cladding layer is obtained by mean value of
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Fig.8 Microhardness of the cladding layer along the cross section at
different scanning speeds (a) and diagrammatic sketch of

direction of microhardness testing (b)

instantaneous friction coefficient. It illustrates that the average
friction coefficients of the layers range from 0.37 to 0.43, and
decrease with increasing the loads. Fig.9b~9e illustrate the
instantaneous friction coefficient under loads of 20, 40, 60, and
80 N for 15 min. As shown in Fig.9b, with increasing the time,
the fluctuation of instantaneous friction coefficient shows a
great change when the loading is 20 N. This is because the
materials move relative to the friction coupling, and the contact
surfaces consist of very small contacts rather than face-contact.
The fluctuation of friction coefficients has little change under
the loading of 40 and 60 N. The instantaneous friction
coefficient of the coating increases when the friction time is 250
s, and then decreases continuously under the loading of 80 N.
This is because the gradient of the microhardness of the layer
leads to the gradient change of the friction coefficient.

Fig.10 is SEM images of the friction surface of layer under
different applied loads. As shown in Fig.10, the friction
surfaces of the specimen have a plough-shaped appearance.
When the load is less than 60 N, the width of the wear
scratches increases with the increase of loading. When the
load is 80 N, the wear scratches are no longer widened and the
plastic deformation zone appears on the frictional surface. The
friction surface of layer exhibits a slight scratch under the
loading of 20 N. Under the 40 N loading, there are smooth
scratches on the friction surface of layer, which are wider than
that under 20 N loading. The friction surface shows wider
scratches and some areas exhibit plastic deformation under the
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Fig.9 Average friction coefficient of cladding layer with scanning speed of 5 mm/s for 15 min under different loads (a); instantaneous friction

coefficient of cladding layer under 20 N (b), 40 N (¢), 60 N (d), and 80 N (e)

Fig.10 SEM images of friction surface of layer under different loads for 15 min: (a) 20 N, (b) 40 N, (c) 60 N, and (d) 80 N
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Fig.11 Relationship between grain growth, scanning speed and

crystallization surface (a) and molten pool model (b)

60 N loading. Some particulates are distributed on the friction
surface and lip appears on the two sides of plough under the 80
N loading. It means that the friction surface plastic deformation
occurs. This is because increase of loading causes the plastic
deformation and debris causes the scratches on the sample.

4 Discussion

During crystallization, the direction of grain growth in the
molten pool is closely related to the linear growth speed of
primary dendrite and the laser scanning speed *°.

Fig.11 illustrates the relationship between grain growth and
scanning speed and the molten pool. The growth direction of the
core of any grain at any point in A is the tangent direction of this
point on 4 (S-S’ line), as shown in Fig.11a. The angle between
this direction and X axis is 6. If the crystallization isothermal
surface moves along the X-axis in d¢ time, the crystallization
surface moves from A4 to B, and the grain growth direction is
from A to C. AABC can be regarded as a right triangle when the
value of dx is very small, and then the ds=dxcosf can be
obtained. By dividing d¢ from both sides of the equation, the
relationship between the average of the linear velocity of grain
growth and the laser scanning speed can be obtained as
follows®");

V=VcosO ()

In the above equation, V, is the average linear velocity of
grain growth, ¥ is the laser scanning speed, and & is the angle
between the V, and V direction.

In the A zone, the grain growth rate of the melt surface is
the highest, the linear velocity of the grain growth is equal to
the scanning speed (6=0, V.=V), and zone A has a large heat
exchange coefficient since it directly in contact with air.
Therefore, the melt of zone A has a large supercooling and
temperature gradient (Fig.11b). The above factors provide the
conditions for grain nucleation and grain refinement. There-
fore, the microstructure of zone A is fine equiaxed grain. In
the molten pool with small temperature gradient and con-
stitutional supercooling, the growth of dendrites has favor-
able conditions in zone B. Convection in melt is the main
factor affecting grain growth. However, due to the convection

in the melt center, it is easy to break the dendrites and form a
new crystal nucleus in the convection process, which leads to
the underdevelopment of many secondary dendrites. Many
dendrites are distributed evenly in the zone B.

In the zone C, the linear velocity of grain growth is zero for
6=90° and V.=0. In laser cladding, the grain of the matrix
surface is heated, and the non-spontaneous nucleation of the
melt is attached to the solid-liquid interface. Additionally, the
zone C has small convective intensity and a large temperature
gradient, which provide favorable conditions for columnar
crystal growth. The primary dendrites of columnar dendrites
are developed and have an obvious directivity. Therefore,
Fig.5b shows a large number of directional columnar crystals.

5 Conclusions

The Ni-based self-fluxing coating is successfully prepared
by laser cladding technology on the surface of AlSi7Mg. The
microstructure and the wear properties of the cladding layer
are analyzed and discussed.

1) A Ni-based self-fluxing coating cladding layer without
pores and with a few cracks is prepared on the surface of
AlSi7Mg alloy at a scanning speed of 5 mm/s.

2) The top of layer is composed of fine NiAl equiaxed
crystals and continuous network structure of Ni;Al. The
middle part of the layer consists of the compounds of Al, Ni,
C, Fe, and Cr. The bottom of the layer is a mixed zone
consisting of transition zone and heat-affected zone, in which
a quantity of columnar crystals form. The growth direction of
columnar crystals is perpendicular to the melt interface and
points to the melt center. The mechanism of directional
columnar crystals is revealed according to the relationship
between laser scanning speed and grain growth.

3) The middle and the top of the cladding layer maintain a
high microhardness value. The microhardness of the middle
cladding layer has a maximum value of 8200 MPa, which is
more than 5 times larger than that of the bottom of the
cladding layer. The microhardness decreases sharply in the
end of the middle of the layer.

4) The friction coefficient of the layer decreases with
increasing the load, and the average friction coefficients of the
layer range from 0.37 to 4.3. The instantaneous friction
coefficient of the layer increases when the friction time is 250
s, and then decreases continuously under a loading of 80 N.
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