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Abstract: Functionally graded material (FGM) can tailor properties of components such as wear resistance, corrosion
resistance, and functionality to enhance the overall performance. The selective laser melting (SLM) additive
manufacturing highlights the capability in manufacturing FGMs with a high geometrical complexity and manufacture
flexibility. In this work, the 316L/CuSn10/18Ni300/CoCr four-type materials FGMs were fabricated using SLM. The
microstructure and properties of the FGMs were investigated to reveal the effects of SLM processing parameters on the
defects. A large number of microcracks were found at the 316L/CuSnl0 interface, which initiated from the fusion
boundary of 316L region and extended along the building direction. The elastic modulus and nano-hardness in the
18Ni300/CoCr fusion zone decreased significantly, less than those in the 18Ni300 region or the CoCr region. The iron
and copper elements were well diffused in the 316L/CuSn10 fusion zone, while elements in the CuSn10/18Ni300 and the
18Ni300/CoCr fusion zones showed significantly gradient transitions. Compared with other regions, the width of the
CuSn10/18Ni300 interface and the CuSn10 region expand significantly. The mechanisms of materials fusion and crack
generation at the 316L/CuSn10 interface were discussed. In addition, FGM structures without macro-crack were built by
only altering the deposition subsequence of 316L and CuSn10, which provides a guide for the additive manufacturing of
FGM structures.
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through additive manufacturing techniques [1—5].

1 Introduction Selective laser melting (SLM) is a typical metal
additive manufacturing technology that fabricates

With the increasing demand for functionally =~ components with complex structures by laser
graded materials (FGMs) in the fields such as melting and consolidating powder particles layer-by-
aerospace, defense and biomedicine, many scholars layer. Compared with other metal additive
have committed to manufacturing FGM structures manufacturing technologies, SLM has the
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advantages of high dimensional accuracy and low
roughness [6—9]. Additionally, compared with
traditional manufacturing technologies, such as
casting and welding, SLM can not only fabricate
components with complicated shapes and flexible
material constitutions, but also reduce lead time, and
material costs.

FGM structure can apply appropriate materials
in different areas of a component to configure the
required properties in localized positions of a
component [10]. At present, a number of scholars
have succeeded in fabricating some complex-shaped
FGM structures through SLM [11-14]. However,
there are still some problems with the SLM process
for fabricating FGM structures, such as the tendency
of cracks occurrence at the heterogeneous material
interface. MEI et al [15] found a great many cracks
at the interface of 316L/In718 bimetallic structure
and the formation of these cracks may be related to
the thermal properties of materials [16]. CHEN et al
[17] proposed a multi-layer finite element model to
study the intricate thermodynamic behavior of the
interface of Ti6Al4V/TiB; bimetallic structure under
different process parameters. The results indicated
that the maximum temperature gradient is at the
interface between the Ti6Al4V and TiB; layers,
causing great thermal stress which will further lead
to the formation of thermal cracks and deformations
at the interface when the stress is released [18].
Obviously, the thermal properties of materials have
an important influence on the interface performance
of FGM structures. In addition, it is likely to form a
brittle phase at the interface, thus weakening the
interface performance of FGM structures [19, 20].

The weak interface performance limits the
practical application of FGM structures, which has
forced some scholars to conduct studies to explore
methods of improving the interface performance.
Some studies [13, 21] demonstrated that the energy
input is closely linked to the building quality of the
heterogeneous material interface. Proper energy
input can reduce the formation of pores, cracks and
other defects at the interface, thereby enhancing the
interface performance. In addition to controlling the
energy input, the same purpose can be achieved by
adopting the appropriate methods to build the
heterogeneous material interface. Up to now, there
are three methods of combining different materials
to build the heterogeneous material interface,
including the direct combination method [22], the

composition transition method [13] and the
interlayer bonding method [23]. Moreover, the use of
remelting strategy and some special designs for
heterogeneous material interface structure can also
help to improve the interface performance.
KOOPMANN et al [24] utilized the remelting effect
of a high-power laser to create a jagged surface
between the steel layer and ceramic layer, which
significantly improved the bonding between steel
and ceramic. WEI et al [25] designed a jagged
interface structure to acquire good metallurgical
bonding at the interface. TAN et al [26] enhanced
bonding strength of the FGM through an in-situ
formed interlayer. Although many studies on
enhancing interface performance have been
conducted, there is a lack of in-depth research to
reveal the mechanism of material fusion and defect
generation at the interface. Only when the
mechanism of material fusion and defect formation
at the interface is clearly understood, can the
interface performance be effectively improved to
enable the application of FGM structures in real
industrial contexts.

This study was carried out on a self-developed
multi-material SLM equipment, by which the
316L/CuSn10/18Ni300/CoCr FGM structure was
fabricated. The studies by ZHANG et al [27] and
CHEN et al [28] offered a reference for the study.
This study focused on the SLM fabrication of FGM
using four different materials, followed by
characterizations of interfacial microstructure and
mechanical properties. In addition, the mechanisms
of material fusion and defect formation at the
interface were discussed.

2 Experimental

2.1 Materials

The materials used in the experiment were
CoCr (Material Technology Innovations Co., Ltd.,
China), 18Ni300 (AVIMETAL PM, China), CuSn10
(Dongguan Jingyan Technology Development Co.,
Ltd., China) and 316L powder (Changsha Hualiu
Metallurgy Powder Co., Ltd.,, China). The
composition of these powders is shown in Table 1.
These materials were chosen for the study because
their SLM process is relatively mature, and each of
them has critical applications in different fields. For
example, 316L is widely used in industrial
production and daily life. CuSn10 has good wear and
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Table 1 Composition of CoCr, 18Ni300, CuSn10 and 316L powder
Powder Composition/wt.%
Co Cr Mo Si Ni Fe Mn C (0]
CoCr
28.62 65.07 5.49 <1.5 <1.0 <0.75 <1.0 <0.15 <0.10
Ni Co Mo Mn Si S Cr Cu O Fe
18Ni300
17.49 8.48 4.77 0.044 0.062 0.002 0.1 0.013 0.013 Bal.
Cu Sn P Ni Pb Fe Zn Al Cr Si
CuSnl10
88.52 10.61 0.79 0.0077 0.0059 0.0048 0.0036 <0.001 <0.001 <0.001
3160 Cr Ni Mo Si Mn C S P (6] Fe
17.85 13.04 2.62 1.17 0.17 0.008 0.002 0.003 0.065 Bal.
corrosion resistance and is used in wear-resistant (a) ——
parts, such as oiled bearings and diamond tools. Powder ] i
. . . . tank /<7 Scanner Fiber laser
18Ni300 has important applications in the molds Powder 5 &= ;
. . N = 3=
because of its ultra-high strength and good toughness. flow [ | — L
CoCr has important applications in the field of m\g "Computer
. . . o Building ;J:i ﬂ_‘ﬂ .
dentistry due to its good biocompatibility. FGM chamber [N\ |N\_Laser beam
. . . 1|
made from these materials will make full use of their Bottle | Component
advantages and be used more widely in the fields \A] |
such as automotive, marine and construction = Ooler
machinery. = POWder Bmldmg Ef

2.2  Multi-material SLM and
processing

The experiment was carried out on Dimetal-100
SLM equipment (South China University of
Technology, China) with the schematic diagram of
the equipment shown in Figure 1. The equipment is
mainly composed of a 5S00W fiber laser (YLR-500-
WC, IPQG), optical transmission regulation system,
gas circulation system, building chamber, powder
feeding device, cooling system, and the main control
software. The laser is guided by a high-precision
optical path transmission system, and it is basically
the same throughout the working plane. The
maximum fabricating dimensions of the equipment
are 100 mm % 100 mm x 100 mm, the scanning speed
is 10—7000 mm/s, the focused spot diameter is 70
um, and the precision can reach +0.1 mm. However,
unlike other conventional SLM devices, the
equipment includes four sets of powder feeding
devices, adopting a method of feeding powders from
top to bottom. The powder feeding devices are
installed outside the building chamber, which
enables the powder to be added during the SLM
forming process. Moreover, the powder feeding
speed of each powder tank is monitored and
controlled by a powder flow regulator. There are four

powder hoppers on the laying car, each of which has

equipment

’_ recycling p]atfo

(b)

I P

Figure 1 Dimetal-100 SLM equipment: (a) Schematic
diagram; (b, ¢) Three-dimensional model
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a switch that controls the distribution of four kinds
of powder at diverse positions.

Steel-copper bimetallic parts are being widely
used in the power generation industry, nuclear
industry and automobile industry. Therefore, the
combination of steel and copper is the focus of this
study, and the combination of 316L/CuSnl0 and
CuSn10/18Ni300 are set up. For a new attempt, the
18Ni300/CoCr combination was chosen. In addition,
steel and copper differ significantly in thermal
expansion. Hence, it is worth investigating whether
their deposition sequences affect the formation of
interface defects. Therefore, the four materials are
deposited in the order of CoCr, 18Ni300, CuSn10
and 316L. The FGM samples were fabricated by the
following method. First, the CoCr powder was
melted and then deposited on the substrate to build a
CoCr region. After building the CoCr region, the
tank of CoCr powder stopped feeding powder while
tank of 18Ni300 powder began feeding powder, but
it should be noted that the building platform must be
kept in place during the process. However, before
starting the normal building process, in order to form
a metallurgical bonding between the CoCr region
and the 18Ni300 region, the equipment performed
laser scanning without spreading powder three times
using laser parameters of melting the CoCr powder,
and then it performed laser scanning with spreading
powder twice using laser parameters of melting the
18Ni300 powder. During the above laser scanning,
the building platform was still kept in place. Then the
18Ni300 region was normally built. The tank of
18Ni300 powder stopped working, and the tank of
another powder started feeding powder. Repeat the
above process until FGM samples were fabricated.
The process parameters of FGM samples are shown
in Figure 2. Each single-alloy region was built
according to different SLM process parameters, and
an island scanning strategy (single rectangular
square area of 5 mmx5 mm) was adopted during the
process. Island scanning strategy can reduce the
temperature gradient during the SLM process,
thereby reducing the residual stress and ensuring the
smooth building of the FGM samples [29].

2.3 Characterization of microstructure and
performance
After the metallographic samples were prepared
on the basis of standard procedure, their interfacial
microstructure was observed by a metallographic

Laser Scanning Hatch
power/ speed/ space/
W (mm-s) mm

160 1000 0.080

10mm
w
L
(@)
!

316L/CuSn10
interface

CuSnl0 145 1000  0.085

CuSnT0/TSNT300] .~ v/
interface EX Y

mm
)

mm

18Ni300/CoCr | i ¢ |mmmmmns 18Ni300 200 700 (:50
interface | 4 |
£ .
& CoCr 140 900 0.080

‘ Substrate

Figure 2 Schematic diagram of FGM sample

microscope (Leica, DM4M) and a scanning electron
microscope (ZEISS, Sigma 500). Energy spectrum
analyses of each interface were conducted by an
energy spectrum analyzer (Oxford instrument, X-
Max Extreme). Vickers microhardness was
measured on polished samples by a Vickers hardness
tester (Buehler, 402MVD) under the load of 1.96 N.
The microhardness of each interface was measured
three times, and then characterized by the average of
three measured values. The nanoindentation
experiment was carried out on a nano-indenter
(Agilent, Nano Indenter G200) to obtain the elastic
modulus and the nano-hardness in the diverse place
of samples. As shown in Figure 3, the test sample of
nanoindentation experiment was a solid rectangular
block with a thickness of about 4.1 mm and a length
of about 28.6 mm. The measuring areas were three
interface areas of the sample, including the first
interface (the 316L/CuSnl0 interface), the second
interface (the CuSn10/18Ni300 interface) and the
third interface (the 18Ni300/CoCr interface).

316L CuSn10 18Ni300 CoCr
region region B region region

\
First Third
interface interface interface
/

Figure 3 Sample for nanoindentation testing
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Twenty-five points were measured along the
interface, and the distance between two points was
50 um. The loading force was set as 500 mN, and
duration time was 5 s.

3 Results and discussions

3.1 Microstructure
Figure 4 shows the macro-morphologies of the
SLM-processed FGM samples, which demonstrates

18Ni300

Figure 5 OM images of different interface of S

| 1 mm

LM-processed FGM: (a) 316L/CuSn10 i

the good built quality of samples. Figure 5 shows that
there are no obvious defects except for cracks at a
specific interface. Cracks were generated at the
316L/CuSnl10  interface  while  both  the
CuSn10/18Ni300 interface and the 18Ni300/CoCr
interface had a good metallurgical bonding without
visible cracks. Figure 5(a) illustrates that cracks with
lengths of 2509 um and 843 pm formed at both ends
of the 316L/CuSn10 interface, but the middle part
was well bonded without cracks. During the SLM

e
‘ :ﬁ%‘z

i
nterface; (b) CuSn10/18Ni300

interface; (c) 316L/CuSn10/18Ni300 interface; (d) 18Ni300/CoCr interface
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process, the built parts will gradually accumulate
heat as new layers continue to be deposited. However,
the high thermal conductivity of copper enables the
316L part near the 316L/CuSnl0 interface to cool
down fast. Shrinkage stresses caused by rapid
cooling caused the warpage effect at the
316L/CuSn10 interface [30]. Hence, the cracks are
more severe at the edge. In addition, the boundary
of 18Ni300/CoCr interface in Figure 5(d) is not
distinct.

Figure 6 shows the interface microstructure of
FGM samples. At the 316L/CuSnl0 interface,
microcracks were found in the 316L region near the
fusion zone, and a large number of pores occurred in
the CuSnl0 region. At the CuSnl0/18Ni300
interface, there were many pores in the CuSnl0
region but a few pores in the 18Ni300 region near the
fusion zone. At the 18Ni300/CoCr interface, no
crack or pore but continuous and well adherent
interface was found. The pores were not
concentrated in the fusion zone but were distributed
evenly through the CuSn10 region. Therefore, these
pores might be caused by the inappropriate laser
parameters for the CuSn10 region. During the SLM
fabrication of 316L/CuSnl0 bimetallic structure,
CHEN et al [28] built the CuSn10 part without pores
using the laser parameter with a power of 300 W, a

{ XV
CuSnl0

18Ni300

scanning speed of 700 mm/s, a hatch space of
0.085 mm and a layer thickness of 0.03 mm (laser
volume energy density 168 J/mm?®). In contrast, the
laser parameter (laser power 145 W, scanning speed
1000 mm/s, hatch space 0.085 mm, layer thickness
0.03 mm, laser volume energy density 57 J/mm?®) for
the CuSnl0 region in this research caused
insufficient laser energy input, resulting in irregular-
shaped pores due to the poor interlayer bonding.
Moreover, insufficient laser energy input made the
solidification process too transitory to release the gas
dissolved in the molten pool. The gas did not escape
from the molten pool before solidification. Thus,
small pores with an approximately spherical shape
formed. The formation of the pores that occurred in
the 18Ni300 region near the interface was similar.
When CuSn10 was deposited on 18Ni300, the laser
remelted the upper layer of the 18Ni300 region. Due
to low laser energy input, the solidification process
was so transitory that dissolved gas could not escape
from the molten pool and then caused the formation
of spherical pores. A large number of microcracks
that were present in the 316L region near the
interface might be caused by the mismatch of the
thermal properties between 316L and CuSnl0. The
detailed formation process of these cracks will be
discussed in the following discussion.

CuSnl10

18Ni300

Figure 6 Metallographic fusion of heterogeneous material interfaces: (a, b) 316L/CuSn10 interface; (c) CuSn10/18Ni300

interface; (d) 18Ni300/CoCr interface
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3.2 Microhardness

The Vickers microhardness at the three
interfaces of the FGM structure is shown in Table 2.
The hardness of the second interface (the
CuSn10/18Ni300 interface) is between the hardness
of the two materials that constitute the heterogeneous
material interface. The hardness of the first interface
(the 316L/CuSnl10 interface) exceeds that of 316L
and CuSn10, while the hardness of the third interface
(the 18Ni300/CoCr interface) is lower than that of
CoCr and 18Ni300. Therefore, new intermetallic
phases may be formed at the first interface and the
third interface, which can affect the hardness. In
addition, Figure 7 shows the change of Vickers
microhardness along the building direction. Since
different materials have diverse hardness, the
Vickers microhardness curve rises and falls. Among
the four materials used in this study, 18Ni300 has the
highest Vickers microhardness while CuSn10 has the
lowest Vickers microhardness.

33 Nanoindentation and
characterization

At the first interface, from the 316L region to
the CuSnl0 region, the general trend of the elastic
modulus is to increase slowly, then sharply decrease
and tend to be stable after the 19th measuring point,
as shown in Figure 8(c). At the 13th measuring point,
which is on the interface between the two materials,
the elastic modulus reaches its maximum value. The
elastic modulus values at the 10th, 11th and 12th
measuring points, which suddenly decrease because
these points are close to cracks, cannot characterize
the mechanical properties of the material. As shown

performance

Table 2 Vickers microhardness at interface of FGM samples
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Figure 7 Vickers microhardness curve of FGM along the
building direction

in Figure 8(d), the general trend of the nano-hardness
is similar to that of the elastic modulus. It first rises
slowly, then drops sharply, and gradually stabilizes.
The nano-hardness reaches its maximum value at the
14th measuring point and minimum value at the 10th
measuring point. However, the 10th measuring point
is near cracks so that its
significantly lower than the normal value and cannot
characterize the mechanical properties. It can be seen
that cracks will affect the elastic modulus and nano-
hardness of their adjacent areas to far below the
normal value, thus weakening the macro mechanical
properties of the sample. In addition, the nano-
hardness of the fusion zone obviously exceeds those
of the 316L and the CuSnl0 region, so it can be
inferred that a new intermetallic phase may form
between 316L and CuSn10. The EDS analysis of the
first interface is shown in Figure 9. It can be seen that

nano-hardness is

Interface Measurement position Data 1 Data2  Data3  Average Standard
P (HV) (HV) (HV) (HV) deviation (HV)

316L(About 500 um away from the first interface) 207.1 210.1 219.3 212.2 6.4

 Frst 316L/CuSn10 interface 274.1  248.5 2323 2516 21.1
interface

CuSn10(About 500 um away from the first interface) 163.7 168. 6 158.3 163.5 5.2

CuSnl10(About 500um away from the second interface) 152. 4 158. 1 160. 2 156.9 4.0

Second CuSn10/18Ni300 interface 216.5  231.3  231.2 2263 8.5
interface

18Ni300(About 500 um away from the second interface) 319.3 336.0 330. 6 328.6 8.5

18Ni300(About 500 pm away from the third interface) 375.4 365.5 356.2 365.7 9.6

. Third 18Ni300/CoCr interface 311.2 259.0 261.2 277.1 30.0
interface

CoCr(About 500 pm away from the third interface) 358.8 311. 1 359.0 343.0 27.6
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Figure 8 Microscopic characteristics and performance characterisation of first interface: (a) Backscatter image;

(b) Secondary electron image; (c) Elastic modulus curve; (d) Nano-hardness curve

135 um

(3
Figure 9 EDS mapping analysis at 316L/CuSn10 interface

the width of the fusion zone is approximately 135 um.
In the fusion zone, both iron element and copper
element have sufficient diffusion which enables the
316L/CuSn10 interface to have good joint strength.
Enhancing the diffusion of elements at the interface
contributes to obtaining better interfacial bonding
[25].

CuLal, 2

Sn Lal

Fe Kal

The measuring point marked by a red circle in
Figures 10(a) and (b) is used to help determining the
interface, and its elastic modulus and nano-hardness
are not adopted. At the second interface, from the
CuSn10 region to the 18Ni300 region, the general
trend of the elastic modulus is to increase slowly and
then sharply increase, as shown in Figure 10(c). The
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Figure 10 Microscopic characteristics and performance characterisation of the second interface: (a) Backscatter image;

(b) Secondary electron image; (c) Elastic modulus curve; (d) Nano-hardness curve
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s 8 e
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Figure 11 EDS mapping analysis on CuSn10/18Ni300 interface

growth rate of the elastic modulus curve starts to
increase dramatically at the 15th measuring point,
and the curve reaches the maximum value at the 24th
measuring point. The nano-hardness curve has the
same trend as the elastic modulus curve, reaching the
maximum value at the 21th measuring point, as
shown in Figure 10(d). The nano-hardness of the

19th measuring point decreases obviously because
the point is close to cracks. Moreover, the nano-
hardness in the adjacent area of the CuSn10/18Ni300
interface shows a gradient transition, which is
beneficial to reduce the residual stress and improve
the interfacial bonding strength [31]. The EDS
analysis of the second interface in Figure 11 shows a
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Figure 12 Microscopic characteristics and performance characterization of the third interface: (a) Backscatter image;

(b) Secondary electron image; (c) Elastic modulus curve; (d) Nano-hardness curve

Figure 13 EDS mapping analysis on 18Ni300/CoCr interface

broad fusion zone with a width of 345 pum. In the
fusion zone, the content of each metal element
gradually transforms. It was reported that the
gradient transition of composition is helpful to

R

230 pm

Fusion zone

enhance the interfacial bonding strength [32].

Fe Kal

Mo Lal

Co Kal

Cr Kal

Si Kal

The point circled in red in Figures 12(a) and (b)

is the 25th measuring point, but it is used to identify
the interface and its data are not adopted. At the third
interface, from the 18Ni300 region to the CoCr
region, the elastic modulus curve in Figure 12(c)
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does not have an obvious trend. In the 18Ni300
region, the elastic modulus rises and falls
significantly. When transforming from the 18Ni300
region to the fusion zone, the elastic modulus curve
abruptly falls and reaches the minimum value at the
12th measuring point. The elastic modulus curve in

the fusion zone rises generally and reaches the
maximum value at the 17th measuring point, while
that in the CoCr region is in slow decline and tends
to be stable. The nano-hardness curve has the same
trend as the elastic modulus curve but it remains
stable in the 18Ni300 region. It is interesting that the
elastic modulus and the nano-hardness in the fusion
zone both are significantly are inferior to those in of
the 18Ni300 region and the CoCr region. There are
no distinct defects in the fusion zone but its
mechanical properties are significantly weakened.
Therefore, the mechanical properties of this area
need further study in future research. The EDS
analysis of the third interface is shown in Figure 13,
and it can be seen that the width of the fusion zone is
approximately 230 um and the content of each metal
element in the fusion zone shows a gradient change.

3.4 Thermal expansion effect

The actual size of the sample after complete
cooling was measured, and the expansion increment
in the x and y-axis directions was obtained by
subtracting the model size from the actual size without
regard to the building error of the SLM equipment.
Figure 14(a) shows the schematic diagram of the
direction, and the result of the expansion increment
is shown in Figure 14(b). It can be seen from the
expansion increment curve that each region of the FGM
sample has a consistent expansion increment in the x-
and y-axis directions. Particularly, the expansion
increment of the CuSn10 region is much higher than
those of other regions. Moreover, the expansion
increment of the CuSnl0/18Ni300 interface is
similar to that of the CuSnl0 region, while the
expansion increment of the 316L/CuSn10 interface
is much smaller than that of the CuSn10 region. This
phenomenon indicates that the building order of
different materials will affect the thermal expansion
effect of the heterogeneous material interface. The
heterogeneous material interface formed by
depositing CuSn10 material on other materials has
the same expansion increment as the CuSn10 region,
but the heterogeneous material interface formed by
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Figure 14 Expansion effect in different directions:
(a) Direction diagram; (b) Expansion curves in different
regions

depositing other materials on CuSn10 material does
not. The latter building order may not be able to
release residual stress through expansion, thereby
accumulating large residual stress during the SLM
process and leading to the formation of cracks.
Therefore, if the material with high thermal
expansion coefficient is set as the last material to
deposit, FGM samples may avoid the formation of
cracks because it may not accumulate an excess of
residual stress during the fabricating process.

3.5 Material fusion and defect formation

As shown in Figure 15(a), 316L infiltrates into
the CuSnl0 region when depositing 316L on the
CuSnl10 region, and then the fusion zone forms
which composes of CuSnl0 and 316L. The 316L
region near the fusion zone is also infiltrated by a
small amount of CuSn10. Moreover, the boundary
(red dotted line in Figure 15(a)) between the fusion
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zone and the 316L region is quite irregular. Such
fusion results can be explained by the Marangoni
convection effect. The circular flow in the molten
pool caused by Marangoni convection effect can be
observed in the red box of Figure 15(b). Marangoni
convection is driven by surface tension induced by a
temperature gradient so that a larger temperature
gradient will aggravate the Marangoni convection
[33]. The high thermal conductivity of copper leads
to an increase in the temperature gradient, which
enhances the Marangoni convection in the fusion
zone. The temperature in the center of the molten
pool is higher than the boundary temperature,
thereby inducing a temperature gradient. This
temperature difference causes surface tension
towards the boundary of the molten pool. The
surface tension pulls the liquid metal toward the
boundary of the molten pool while the gravity forces
the liquid metal to flow down to the bottom of the
molten pool, which induces the circular flow in the
molten pool [34]. During the SLM process, high
energy laser melted 316L powder and the upper layer
of the CuSn10 region to form the molten pool. Under
the action of the Marangoni convection, the molten
CuSn10 was pulled toward the 316L region and the
molten 316L penetrated into the CuSn10 region.

B \
uilding direction:

Figure 15 Material fusion and cracks at the 316L/CuSn10
interface

Therefore, the fusion zone in Figure 15 finally
formed. Marangoni convection promotes mass
transfer between the 316L region and the CuSnl0
region to acquire better metallurgical binding.
Noted in Figure 15(a), a large number of
microcracks exist in the 316L region, which has
adverse effects on the interfacial bonding strength.
These microcracks extend from the fusion zone
boundary to the 316L region along the build
direction. The cracks initiated in the interface due to
mismatch of coefficient of thermal expansion (CTE)
and mechanical properties between these two
materials. With the continuation of 316L deposition,
the residual stress in the interface increased, which
promoted the cracks expansion towards the 316L
region. Moreover, copper diffusion into the austenite
grain boundaries made them brittle and promoted the
microcracks to form along the stainless steel grain
boundary [35]. On the other hand, since the melting
point of stainless steel (~1400 °C) is higher than that
of copper alloy (~1080 °C) [36], 316L precedes
CuSn10 to solidify in the fusion zone. Furthermore,
the thermal expansion coefficient of copper is higher
than that of steel [37], which easily induces large
stress during the deposition of 316L on CuSn10. The
post-solidified CuSn10 was constrained by the upper
316L layer and the lower CuSn10 layer and the stress
accumulated. However, the stress could not be
released by the lower CuSnl10 layer that had been
completely solidified, but had to be released by the
upper 316L layer that was incompletely solidified.
The upper 316L layer could not release the stress
through shrinkage plastic deformation, so it was torn.
In addition, the thermal conductivity of solids is
generally higher than that of powders and copper has
high thermal conductivity. Therefore, the heat is
mainly dispersed through the bottom CuSn10 region
when depositing 316L on the CuSn10 substrate. This
tends to cause a large temperature gradient between
the 316 and the CuSnl0 regions, resulting in the
formation of large stresses. Finally, the FGM
samples without obvious macro-cracks were
fabricated by only exchanging the building order of
316L and CuSn10. In this research, the laser energy
input of the CuSn10 region was much smaller than
those of the 316L region and the 18Ni300 region.
Therefore, during the deposition of 316L (or
18Ni300) on CuSnl0, the heat accumulated in the
fusion zone decreased and induced the smaller
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temperature difference, thereby avoiding the large
residual stress. Furthermore, CuSn10 with a higher
thermal expansion coefficient was subject to fewer
constraints during solidification in the fusion zone. It
was mainly bound by the lower 316L layer (or the
lower 18Ni300 layer), which was beneficial to
release the residual stress. Consequently, depositing
CuSnl0 on 316L or 18Ni300 did not cause the
formation of significant cracks, but depositing 316L.
on CuSn10 did.

4 Conclusions

The 316L/CuSn10/18Ni300/CoCr FGM was
fabricated by SLM using optimized process
parameters and scanning strategy. The interfacial
defects, microstructure, hardness profile, and elastic
of FGM were
conclusions include:

modulus investigated. Main

1) Macro-cracks were only found at the
316L/CuSn10 interface. There were also some
microcracks that initiated in the 316L/CuSnl0
interface and extended into 316L along the build
direction. = Some pores formed at the
CuSn10/18Ni300 interface, while a good
metallurgical bonding formed at the 18Ni300/CoCr
interface were observed.

2) The Vickers hardness of the CuSnl0/
18Ni300 interface was between those of the CuSn10
region and the 18Ni300 region. The Vickers hardness
of the 316L/CuSn10 interface exceeded those of the
316L region and the CuSnlO region, while the
Vickers hardness of the 18Ni300/CoCr interface was
inferior to those of the 18Ni300 region and the CoCr
region. Therefore, new phases may have formed at
the 316L/CuSn10 interface and the 18Ni300/CoCr
interface.

3) At the 316L/CuSnl0 interface, the elastic
modulus gradually changed from the 316L region to
the CuSn10 region. The nano-hardness of the fusion
zone was much higher than the 316L region and the
CuSn10 region. At the CuSn10/18Ni300 interface,
the elastic modulus and the nano-hardness both had
the gradient transition. At the 18Ni300/CoCr
interface, the elastic modulus and the nano-hardness
of the fusion zone significantly decreased and were
lower than those of the 18Ni300 region and the CoCr
region.

4) The iron and copper elements were well
diffused in the fusion zone at the 316L/CuSnl0
interface, while each metal element exhibited a
significant gradient transition in the fusion zone of
the CuSnl10/18Ni300 interface and the 18Ni300/
CoCr interface. The gradient transition of elements
could benefit metallurgical bonding.

5) The CuSnl0/18Ni300 interface and the
CuSn10 region had a distinct expansion effect due to
the high thermal expansion coefficient of copper, but
the 316L/CuSnl0 interface showed no obvious
expansion. This result indicates that the expansion
effect of the heterogeneous material interface is
related to the building order of different materials. If
the material with the high thermal expansion
coefficient was set as the last material to deposit, it
may reduce the residual stress accumulation during
the SLM process, which could avoid the formation
of cracks.
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