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Abstract
In view the fact that the excessive element burning, the powder de�agration and the loose structure of the
ZM6 alloy gearbox through laser cladding process, the process and method of homogeneous alloy
coating prepared by laser cladding under ultra-low oxygen content was proposed, the good microstructure
and mechanical properties of the remanufactured part were veri�ed. The experiment results show that,
there are no internal defects such as loose or gas hole in the laser remanufactured zone, the
microstructure �neness density of the remanufactured part is close to the original substrate, the element
difference is relatively small. The contents of Mg, Zr, Nd, Zn and other major elements remain basically
constant. The coating and substrate are mainly composed of equiaxed crystalline grains. The crystalline
grains of the coating are obviously �ner than those of the substrate, further the precipitation of granular
or microspherical intragranular and intergranular strengthening phases is more dispersed and uniform,
which is mainly composed of α-Mg and β-Mg12Nd phase composition. There is no obvious coarsening in
the heat affected zone. The microhardness from the top layer to the interface is between 56.4~63.2 HV0.1,
The microhardness of the heat affected zone is between 54.2~56.4 HV0.1, which are higher than that of
other parts of the substrate. The maximum bending load borne of the coating is between 152~167 N, the
bending strength is distributed between 205~220 MPa, and the friction coe�cient of the coating is
distributed between 0.26~0.42. The relevant mechanical properties are meet the remanufacturing
standards.

1. Introduction
ZM6 alloy is Mg-Nd-Zn-Zr magnesium alloy. Because of its low density characteristics and good speci�c
strength, shock absorption and impact resistance, it is widely used in the rear gearbox of aircraft engine,
aircraft hydraulic constant speed device support, wing rib and other structures[1–3]. This kind of
structural parts are mainly manufactured by sand casting, but the casting is prone to produce defects
such as porosity, shrinkage cavity, slag inclusion, sand inclusion and etc[4–5]. In order to reduce the
remelting rate of this kind of structural parts, defect repair welding has become the main process method
to solve this problem.

In view of the di�culties above, scholars at home and abroad have been carried out relevant researches.
Miroslav Sahul and other scholars [6] carried out research on the effects of macro and micro structures,
mechanical properties and oxide layer on the properties of welded joints after laser welding AZ31 alloy.
Wahba and other scholars [7] used laser equipment to realize the welding of AZ91D alloy and non-
metallic materials. Gao and other researchers [8] prepared aluminum-copper coating on AZ91HP alloy by
wide beam laser cladding, which effectively strengthened the hardness, wear resistance and corrosion
resistance of the alloy. Zheng Yi [9] provided the basis for the service requirements of ZM6 magnesium
alloy after repair welding through studying the microstructure and properties of ZM6 alloy after repair
welding. Wang Xin [10] realized the repair of ZM6 alloy castings by studying and optimizing the TIG wire
�lling repair welding process parameters, and analyzed the causes of repair joint cracks. Through
studying the cladding materials and process parameters on the in�uence of the defects, Li Xiaoxi and his
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team members [11] effectively reduced the defects of laser cladding layer. However, there are still some
relative limitations in the researcher above.

(1) There are few studies on the process and properties of laser additive remanufacturing of
homogeneous magnesium alloy. The additive remanufacturing of non-homogeneous alloy is di�cult to
ensure the coating and interface properties, and there are differences in microstructure and properties
between the original part and the remanufactured part.

(2) The ignition point of ZM6 alloy is low, the cladding alloy power burns violently during the cladding
process, which is di�cult to realize the remanufacture process of three-dimensional forming. Further,
there are few related studies of processes and methods about this.

(3) The defects of pores and cracks in ZM6 alloy metal remanufacturing cladding are di�cult to control,
the phenomenon of coarse grain is obvious, which is di�cult to ensure the structural excellence of the
regenerated coating.

Above all, the laser cladding of homogeneous magnesium alloy was adopt to remanufacture ZM6
gearbox in this research. The formation of good microstructure and mechanical properties of coating
under ultra-low oxygen content was realized. The relevant research and process methods provided
process and method references for the laser remanufacture of magnesium alloy parts.

2 The Laser Cladding Process

2.1 Technical di�culties and Strategies
In the experiment, the ZM6 alloy gearbox with casting porosity inside was used as the substrate, the
homogeneous magnesium alloy with the same element type and content is used as the cladding power.
The application of the same composition alloy cladding material is to ensure the formation of good
performance of cladding interface. The material compositions are shown by Tab.1. There are the
following process di�culties of the laser remanufacture.

(1) The existence of oxygen content in laser remanufacturing process environment could aggravate the
burning loss of active elements in the alloy, even cause severe combustion of the alloy powder.

(2) Due to the low melting point and ignition point of ZM6 alloy, the relatively low laser power should be
selected in the remanufacturing process. While the relatively low laser power is di�cult to form the
metallurgical bonding between the cladding layer and the substrate. So the laser cladding process
window for ZM6 alloy remanufacture is narrow.

(3) There are some refractory metal elements in ZM6 alloy, such as zirconium. Under the relatively low
laser power process, some zirconium elements could disperse above the forming area, which form the
metal dust or roll into the molten pool to form cladding slag inclusion.
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(4) In the process of laser cladding forming, the ZM6 alloy power is easy to form liquefaction cracks or
ductile cracks, resulting in forming failure or coating quality degradation.

In view of the forming di�culties above, the following process strategies are formulated.

(1) The laser cladding process is carried out in the inert gas protection chamber. The oxygen and other
gases contained in the chamber are discharged through the injection of argon, in order that the oxygen
content in the chamber is at an ultra-low state to avoid the severe combustion of alloy powder.

(2) In the relatively low laser powerp rocess range, the metallurgical bonding between coating and
substrate is realized by optimizing the process, and the initiation of liquefaction or ductile crack is
controlled.

(3) During the cladding process, the dust in the gas environment above the molten pool is continuously
extracted and removed from the inert bin to reduce the dust content and prevent the dust from being
wrapped into the coating.

Table.1 Test material composition(mass fraction/%)

Material composition Zn Nd Zr Ni Cu Mg

Substrate 0.10~0.70 2.00~2.80 0.40~0.52 0.01~0.03 0.10~0.15 Bal

Cladding layer 0.12~0.58 2.06~2.87 0.42~0.58     Bal

2.2 Realization of remanufacturing process
Before the experiment, the loose part of the magnesium alloy was removed by wire cutting. The
magnesium alloy gearbox structure after loose part removal was shown by Fig. 1. The ZM6 alloy
substrate was polished with sandpaper to remove the rust and oxide �lm on the surface, and dry it after
cleaning with acetone and alcohol. The ZM6 cladding alloy powder was placed in the DSZF-2 vacuum
drying oven and dried at 100 ℃ for 2 hours [12–13]. The 10×10×5mm homogeneous ZM6 alloy gasket
was preset on the back surface of the defect wire cutting groove to facilitate the cladding forming of the
defect groove. The IPG-4000 �ber laser remanufacturing system was used in the experiment, and the
coaxial powder feeding method was used in the inert gas chamber. Before the process, the argon was
continuously �lled into the chamber to reduce the oxygen content in the chamber. The laser cladding
process experiment was carried out when the oxygen content in the chamber was lower than 100 ppm.
The laser optimization process was adopted in the cladding process, the pulse laser power was 1.2 kW,
the spot diameter was 3 mm, the scanning speed was 5mm/s, the powder feeding rate was 21.4 g/min,
and the carrier gas �ow is 3 L/min.

During the forming process, the average forming height of a single layer was about 1 mm, a total of 5
layers were formed, the total forming height was about 5 mm, the cladding was stopped between layers



Page 5/16

for 2 min to carry out automatic smoking and dust removal in the chamber. The overall shape of the
gearbox after laser remanufacturing is shown in Fig. 2.

3 Microstructure And Properties

3.1 Defect X-ray control
The remanufactured formed part was cut by wire cutting to make a 30×30×3mm size test block for
industrial X-ray �aw detection. The �aw detection test results were shown by Fig. 3. It could be seen from
the �gure that there were no internal macro defects such as porosity or pores in the remanufactured part.
There was little light dark difference between the remanufactured area and the original substrate,
indicating that the ray transmission degree of this area was close to the original substrate. It was veri�ed
that the density and element difference between the remanufactured part and the original substrate were
close.

3.2 Element content matching
In order to further verify the element distribution changes between the coating, interface and substrate,
the element line scanning was carried out at the joint of interface and substrate. The test results of main
element content and distribution were shown by Fig. 4. It was seen from Fig. 4 (a) that the content of Zr,
Nd, Zn and other elements in the cladding alloy material was relatively constant. Although there were
some content �uctuations for Mg element in the above areas, still the overall content remains stable.
From the interface to the substrate, the mass content of Mg was �uctuated between 96.06%~96.78%, the
Zr mass content was between 0.39%~0.40%, the Nd mass content was between 2.45%~3.09% and the Zn
mass content was between 0.38%~0.44%. The test results show that, the content of the above main
elements were not �uctuated signi�cantly, and remained basically constant, which the consistency and
uniformity of the content of main elements between the coating, interface and substrate were veri�ed.

3.3 Cladding microstructure
The laser cladding layer and substrate microstructure of ZM6 alloy were shown by Fig. 5. As was seen
from Fig. 5(a), there was an obvious interface fusion line between the cladding layer and the substrate,
the grain structure was obviously �ner than that of the substrate. This was mainly because the laser
molten pool experienced rapid condensation from high temperature, which promoted the nucleation of
�ne grain structure. At the same time, the formation of �ne grain structure was conducive to the
improvement of hardness. The ZM6 alloy substrate was mainly composed of equiaxed grains with
similar grain size. There was no obvious coarsening in the heat affected zone (HAZ), which was mainly
because the ZM6 alloy was affected by laser cladding heat input. The phase transformation was not
occurred. So the grain size was changed little. The segregation at the grain boundary of the base metal
was obvious. In the semi melting zone (PMZ) between the heat affected zone and the cladding, there
existed a trend of grain growth, that was mainly because there existed solid-state phase transformation
process affected by heat-input. It can be seen by comparing Fig. 5 (b)~(d) that the cladding structure was
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mainly composed of equiaxed grains, and relatively �ne granular or microsphere strengthening phases
were dispersed and precipitated in the grains. There was a certain difference in grain size from the top to
the bottom of the layer. The top of the cladding was in direct contact with the air, with good heat
dissipation conditions and large temperature gradient, forming a large undercooling degree, so that the
conditions for re�nement were prepared for grain structures. The heat dissipation conditions in the
middle of the coating were relatively poor, hence the temperature gradient is relatively small, so that the
grains have some certain conditions for growth and inoculation. The bottom of the coating was in direct
contact with the substrate, and the temperature gradient was also relatively large, which also inhibited the
trend of grain growth to a certain extent.

3.4 Grain re�nement and strengthening phase precipitation
The XRD phase analysis test results of the layer were shown in Figure 6. As the Figure 6 showed, the layer
were mainly composed of hexagonal magnesium, zirconium and cubic magnesium oxide, but there was
no Mg12Nd shown in the existing literature. It was mainly because the content of Mg12Nd was too small
to be detected. However, the Zr was saturated precipitated in and between the crystals, the Zr element did
not participate or hinder the analysis of solid solution, but its solid solution precipitation in α-Mg, which
could re�ne grains and improve the strength of the cladding layer, and further improve the corrosion
resistance of cladding.

4 Mechanical Properties Of Coating

4.1 Coating microhardness
In order to further verify the matching degree between the surface hardness of the coating and the
substrate of ZM6 gearbox, especially whether there was excessive softening caused by forming heat
input at the interface and heat affected zone, �ve test points at the top, middle, bottom, interface and
cross-section of the substrate of single-layer forming coating were selected for measurement, and the
average value was calculated after measurement. The experiment results were shown by Fig. 7. It could
be seen from the �gure that the microhardness near the top surface of the coating was the highest,
reached the numerical value of 63.2HV0.1. The microhardness value from the top of the coating to the
interface showed a downward trend, the microhardness of the substrate was 52.3HV0.1. The
microhardness distribution from the top of the coating to the interface was between 63.2~56.4HV0.1. The
microhardness of the heat affected zone was about 56.4~54.2HV0.1. The microhardness changes were
relatively stable. This was mainly because the top forming layer was in direct contact with air. The layer
has good heat dissipation conditions and large undercooling, which was conducive to the re�nement of
grain structure and the improvement of microhardness. Except for the top forming layer, the heat
accumulation effect of other coatings was more signi�cant, the grain morphology was relatively coarse,
and the microhardness decreased. Although the hardness at the interface and heat affected zone
decreased further, it was still higher than that of the substrate.
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4.2 Friction and wear properties of coatings
The ball-disk contact reciprocating friction and wear test was carried out with NANOVEA friction and wear
tester. The experiment was carried out under the condition of normal temperature and no lubrication. The
Ø 6mm GCr15 steel ball was adopted as the friction pair, the loading force was 5N, the loading frequency
was 2Hz and the loading time was 15min. After the experiment, the weight of the sample was reduced by
6.1mg, and the test results were shown by Fig. 8. It could be seen from the �gure that, during the whole
experiment process, the friction coe�cient curve showed an overall trend of slow increase in the early
stage, stable in the middle stage and slight increased in the later stage. At the initial stage of wear, the
hardness of the friction pair was higher than that of the ZM6 magnesium alloy sample. The micro
protrusions on the surface of the friction pair weared the magnesium alloy surface and produce furrows,
fractures or fragments. The furrow shape would be stable in a relatively short period of time. In this stage,
the friction coe�cient increased, and the friction coe�cient was mainly distributed between 0.26 and
0.34. Then the experiment entered the relatively stable friction equilibrium stage between the friction pair
and the magnesium alloy surface. At this stage, the friction coe�cient was little changed, and the friction
coe�cient was stablely between 0.32 and 0.38. As the friction continued, the surface wear of ZM6
magnesium alloy further intensi�ed, resulting in the further increase of the friction coe�cient, which
reached between 0.36 and 0.42. This was mainly because a thin layer of magnesium alloy was adhered
to the surface of the friction couple formed by the magnesium alloy coating and GCr15 steel ball, which
adhered to the magnesium alloy sample and increases the friction coe�cient.

4.3 Three point bending properties
In order to verify the three-point bending performance of ZM6 alloy laser cladding layer, the ZM6
magnesium alloy layer with su�cient size were prepared by cladding. The three-point bending specimens
were cut according to the international standard Yb/T 5349-2014 test standard for impact properties of
welded specimens. The transverse spacing of sampling positions of each sample was 50 mm. The upper
surface of the cut sample was 0.3mm away from the upper surface of the coating, and the lower surface
of the sample was 0.2mm away from the substrate surface. Five three-point bending test samples of the
coating were cut, and the number of coating samples was 1~ 5. At the same time, 5 three-point bending
test samples of the substrate were cut as the comparison group, with the substrate number of 6 ~ 10.
The overall macro morphology of the samples after cutting were shown by Fig. 9.

When bending, ensure that the sample was placed straight, and the bending indenter was faced towards
the middle of the sample. The three-point bending test of ZM6 magnesium alloy coating at room
temperature was carried out by WDW-3100 universal mechanical testing machine. The experimental
indenter was pressed at a rate of 0.5 mm/min at room temperature of 26 ℃. The test results were shown
in Tab.2.

Tab.2 The veri�cation datas of three point bending test for ZM6 magnesium alloy
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Sample
number

Maximum load
F/N

Bending
strength

σf/MPa

Sample
number

Maximum load
F/N

Bending
strength

σf/MPa

1 158 214 6 176 230

2 167 220 7 182 237

3 152 205 8 172 226

4 169 223 9 180 236

5 170 224 10 178 234

According to the data in Table 2, the maximum bending load borne by ZM6 laser cladding layer was
152~167N, and the bending strength was distributed in 205~220 MPa. The maximum load of ZM6
substrate was 172~182N, and the bending strength was distributed at 226~237MPa. Although the
bending strength of the coating was slightly lower than that of the substrate due to the in�uence of laser
cladding heat input, the bending strength was still about 90.7~92.8% of the substrate, which still meeted
the remanufacturing requirements, and the mechanical properties were not lower than 80% of the original.

5 Conclusions
(1) The optimum preparation process of laser cladding layer of ZM6 magnesium alloy under ultra-low
oxygen content was studied. The oxygen content is controlled below 100 ppm, the pulse laser power is
1.2kW, the spot diameter is 3mm, the scanning speed is 5mm/s, the powder feeding rate is 21.4g/min,
and the carrier gas �ow is 3L/min.

(2) It is veri�ed by X-Ray �aw detection and interface element line scanning that the contents of Zr, Nd, Zn
and other elements in the coating and substrate are relatively constant. From the interface to the
substrate, the mass content of Mg �uctuates between 96.06%~96.78%, Zr is between 0.39%~0.40%, Nd is
between 3.09%~2.45% and Zn is between 0.44% ~ 0.38%.

(3) The grain structure of the coating is obviously �ner than that of the substrate, which is mainly
composed of equiaxed grains. Relatively �ne granular or microsphere strengthening phases are dispersed
in the grains, which are mainly composed of α-Mg phase and Zr element composition. The
microhardness of the top surface of the coating is the highest, reaching 63.2HV0.1. The microhardness
from the top of the coating to the interface shows a downward trend, and the microhardness of the
matrix is 52.3HV0.1. The microhardness distribution from the top of the cladding to the interface is
63.2~56.4HV0.1. The microhardness of the heat affected zone is about 56.4~54.2HV0.1, and the
microhardness changes in a relatively stable distribution state. The maximum bending load of the
coating is 152~167N, and the bending strength is distributed in 205~220 MPa.
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Figure 1

Dimension structure and defect location of ZM6 alloy gearbox

Figure 2

The ZM6 magnesium alloy gearbox after laser remanufacture
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Figure 3

The X-ray inspection test image of the laser remanufacture area

Figure 4

The main element content and distribution
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Figure 5

The laser cladding layer and matrix metallographic structure of ZM6 magnesium alloy

(a) The metallographic structure of the interface (b) The metallographic structure of the top cladding
layer
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Figure 6

The composition of the precipitated strengthening phases of the cladding layer
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Figure 7

The microhardness distribution of the layer and the layer of ZM6 magnesium alloy

Figure 8

Friction coe�cient curves and surface morphologies of coating for friction and wear

Figure 9

The three-point bending specimens of laser cladding for ZM6 magnesium alloy
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