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ABSTRACT
The formation ofmicrocracks at the interface of steel–copper heterostructures is prone to premature
failure, which severely limits the application of heterostructure components. Herein, a newapproach
was proposedbydopingnano-TiC in interface formingby laser powder bed fusion (L-PBF) to prevent
the hot crack nucleation and block the solid-state crack propagation in steel–copper heterostruc-
tures . Benefitting from the TiC doping, the tensile strength of laminated steel–copper structures
increased from 372 to 526MPa. The findings of this research present a new approach to inhibit
cracking in the fabrication of heterostructure component manufacturing using L-PBF.

IMPACT STATEMENT
By doping nano-TiC particles into the steel–copper bimetallic interface, Hot crack nucleation and
solid-state crack propagationwere inhibited, and the crack-free steel–copper heterostructures were
successfully prepared using LPBF.
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Introduction

Steel–copper components with excellent mechanical
strength and high thermal and electrical conduction
play an essential role in bearings, oil/gas pipelines and
electronic communication applications [1,2]. However,
cracks were often reported at the interfacial zone due to
high solidification cracking susceptibility [3] and limited
solid solubility [4] between steel and copper. Previous
studies showed that microcracks cannot be eliminated
in the steel–copper samples prepared by conventional
methods, such as powder metallurgy [5], joining pro-
cess [6] and continuous casting [7]. In these technologies,
solidification cracking was the primary cracking mech-
anism, where low-melting point phases are polarized
along the grain boundaries and form liquid films [8,9].
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Cracking occurs when the localized stress causes the liq-
uid film to tear from the matrix [10,11]. In addition,
nearly all these approaches have great difficulties in form-
ing spatially complex heterostructure components which
were not applicable to the steel–copper parts for practical
applications.

The laser powder bed fusion (LPBF) technology
allows the preparation of complex heterostructure parts
by alternating deposition of multiple powdered materials
[12]. However, due to the internal strain accumulation
caused by thermal cycling and columnar grain mor-
phology along the building direction (BD), hot cracks
tended to generate and propagate along the long and
straight columnar grain boundaries [13–15]. Han et al.
[16] fabricated Hastelloy X by LPBF and found that
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hot microcracks usually occurred along high-angle grain
boundaries and the liquid film pressure was critical for
the formation of hot cracking. Theoretically, hot cracks
can be completely avoided by decreasing the volume of
liquid film and alleviating the stress concentration of sus-
ceptible areas (neighbouring dendritic spaces) at the end
of solidification [17]. For example, the addition of Ti, Sc
and Zr solutes to aluminium alloys could reduce the con-
tent of the inter-dendritic low-melting liquid film and
obtain fine microstructures to accommodate the stress,
thereby inhibiting cracking [18–20]. Similarly, TiC parti-
cles with good wettability with molten copper and steel
were expected for steel–copper interface crack suppres-
sion [21,22]. However, inoculation treatment for dissim-
ilar material interfaces manufactured by LPBF has rarely
been studied.

In this work, the nano-TiC particles were added into
a bimetallic interface formed by LPBF. The laminated
steel–copper structures were manufactured to demon-
strate the effect of nano-TiC particles on crack inhibition.
Detailed microscopic characterization and macroscopic
mechanical tests revealed the mechanism of TiC inhibi-
tion of steel–copper interfacial cracking.

Materials andmethods

The 316L and CuSn10 powders were prepared by gas
atomization (Shenzhen Minatech Additive Manufactur-
ing Co., Ltd, China) in this experiment. The raw pow-
der size (Malvern, UK) varied from 20.5 to 53.2 μm
and from 18.2 to 49.9 μm, respectively (Figure S1(a,b)
in SI). TiC had an average particle size of 800 nm
(Figure S1(c)). A high-speed mixer (QM-3SP4, Nanjing
NanDa Instrument Plant, China) was employed to pre-
pare 316L-2 wt.% TiC composite feedstock. The weight
ratio of ball and powder and the rotational speed were
3:1 and 400 rpm, respectively. After 10 h of ball milling,
the TiC particles were evenly dispersed in the 316L
matrix without apparent aggregation (Figure S1(d–i)).
The steel–copper heterostructure was formed using HK
M125 equipment (Wuhan Huake 3D Technology Co.,
Ltd., China). As illustrated in Figure 1(a), the process
of steel–copper heterostructures was (1) the six layers
of 316L+TiC powders were spread on the 316L sub-
strate, and then the bulk parts were fabricated, (2) the
six layers of CuSn10 parts were prepared and (3) the
steps (1) and (2) were repeated alternately until the for-
mation of the steel–copper heterostructure was com-
pleted. The parameters of 316L+TiC and CuSn10 parts
were applied: laser powers of 340 and 400W; scanning
speeds of 630 and 500mm/s; layer thickness of 50 μm;
hatch spacings of 120μm; 67° rotation scanning strat-
egy (Figure S2). Sample sizes for mechanical testing

and microscopic characterization were 70mm ×10mm
×10mm and 10mm ×10mm ×10mm, respectively.
The heterostructures without TiC doping were named
GroupA, and the structureswithTiCdopingwere named
Group B.

For the microstructure analyses, the middle region
of samples was selected for the microscopic charac-
terization, but the conclusions can be applied to any
steel–copper interface of the samples. Themicrostructure
of the sample was characterized by optical microscopy
(OM, Olympus BX60, Germany) and scanning elec-
tron microscopy (SEM, Quanta 650 FEG, USA). Elec-
tron back-scattered diffraction (EBSD, Li3 Aztec Nordlys
Max3) under a 20 kV acceleration voltage was performed
for grain orientation mapping. The distribution of TiC
particles and interfacial structure were observed by a
transmission electron microscope (TEM, Tecnai G2 F30
S-TWIN) at an acceleration voltage of 300 kV. Samples
for TEM analysis were prepared with focused ion beam
(FIB) machining in FEI Helios Nanolab600i FIB-SEM.
The mechanical property of the dog-bone-shaped sam-
ple (Figure S2) was evaluated by tensile test using a
Zwick/Roell Z020 universal testing machine at a strain
rate of 10−3 s−1.

Results and discussion

The microstructures of two sets of samples are shown in
Figure 1. Long and straightmacroscopic cracks parallel to
the BD were observed in Group A samples (Figure 1(b)).
These cracks originated from the interfacial mixed zone,
where the hot cracks were prone to occur due to the low
miscibility between the steel and copper [3,23], and prop-
agated along the straight columnar dendrite boundaries
(Figure 1(c,d)). Figure 1(e) shows the KAM map, where
the strain in the vicinity of cracks was obviously higher
than that inside the columnar grains, indicating severe
stresses in the intergranular region at the end of solidifi-
cation. Severe localized stresses promoted the formation
and expansion of hot cracks [14].

While the TiC was added at the 316L side, cracks were
significantly suppressed (Figure 1(f)). In the 316L region
of Group B samples, grains elongated along the centre
of the molten pool (Figure 1(g)) were observed, which
were quite different from the grains shown in Figure 1(d),
where the textured coarse grain structure dominated
the vertical plane. In the SEM images, large columnar
structures and epitaxial growth were visible in the 316L
region of Group A samples, while the 316L region of
Group B samples exhibited the cell structures through-
out the melt pool (Figure S3). The nano-TiC particles
acted as heterogeneous nucleation sites during solidifica-
tion, which significantly increased the crystal nucleation
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Figure 1. (a) Schematics showing the processes of steel–copper heterostructures by LPBF; (b) OM image; (c) high magnification SEM
image; (d) EBSD-IPFmap and (e) KAMmap of the Group A samples; (f ) OM image of Group B samples; (g–i) EBSD-IPFmaps corresponding
to areas in Figure 1(f ).

rate of the 316L matrix and thereby grain refinement
[24–26]. The refined microstructure in Figure 1(g) con-
tained more tortuous grain boundaries, which were not
conducive to crack propagation, and cracks tended to be
effectively suppressed [27]. Notably, ultrafine equiaxed
grains were observed in the diffusion zone (Figure 1(h)),
which effectively inhibited the crack propagation into
the CuSn10 region. In the CuSn10 region away from the
interface, columnar grains along the BD were observed
(Figure 1(i)). This epitaxial growth of grains across mul-
tiple molten pools due to a smaller crystal growth barrier
was common in samples fabricated by LPBF [28].

Samples for TEM analysis were obtained by FIB
cutting at selected areas of the steel–copper interface.
Figure 2(a) shows the bright-field TEM (BF-TEM) view,
where the steel–copper interface was clearly visible. The
corresponding selected area electron diffraction pattern
(SADP) demonstrated the crystallographic relationship
between the γ -Fe and ε-Cu, where the crystal axes were
parallel to each other: [101̄] Cu || [11̄0] Fe. Figure 2(b)
shows a HAADF-STEM image and corresponding EDS
maps on the 316L side of the sample. Black spherical
TiC particles and white irregular Cu-rich phases could

be observed in the 316L matrix, as confirmed by the EDS
maps. Most of these nanosized TiC particles tended to
diffuse into the Cu-rich phases during solidification, as
shown by the yellow circle in Figure 2(b). The EDS map-
ping in Figure S4 showed that elements Ti and C had
the characteristic distribution along the cell boundaries,
while elements, such as Fe, Ni and Cr, were uniformly
distributed in the field of view. Therefore, in the final
stage of solidification, these particles easily migrated to
the cell and grain boundaries under convection and con-
tributed to a decrease in the volume of the liquid film,
thus reducing the hot cracking [17].

Figure 2(c,f) shows the high-resolution TEM
(HRTEM) images of the interface of TiC/Cu and TiC/Fe,
where the incident electron beam was along the [101̄]
zone axis of Cu and [11̄0] zone axis of Fe, respectively.
The superlattice reflections of TiC particles could be
observed from the FFT pattern (Figure 2(d,g)). The IFFT
patterns of (111) filtered Cu and (200) filtered TiC in
Figure 2(e) indicated a semi-coherent interface between
the Cu and TiC, where a few dislocations could be
observed at the interface. Figure 2(h) exhibits the IFFT
patterns of (111) filtered of Fe and (200) filtered TiC. The
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Figure 2. (a) BF-TEM images and SADP patterns of the steel–copper interface; (b) HAADF-STEM image showing the TiC particles distri-
bution at the steel–copper interface and the corresponding EDSmaps of Ti, Cu, Fe and Ni; (c) HRTEM image taken at the TiC/Cu interface
along the [101̄] zone axis of Cu; (d) the corresponding FFT pattern of Figure 2(c); (e) IFFT pattern corresponds to the white rectangle in
Figure 2(d); (f ) HRTEM image taken at the TiC/Fe interface along the [11̄0] zone axis of Fe; (g) the corresponding FFT pattern of Figure 2(f );
(h) IFFT pattern corresponds to the white rectangle in Figure 2(g).

Fe–TiC interfacial contained more dislocations and was
accompanied by a greater grain misfit angle compared
to Cu–TiC, which suggested a lower interface energy at
Cu–TiC. As a result, in the steel–copper transition zone,
TiC tended to aggregate with the Cu-rich phase, which
was beneficial for relieving the thermal residual strain
between neighbouring grains [29].

To investigate the influence of interfacial TiC dop-
ing on the mechanical performance of steel–copper het-
erostructures, the laminated steel–copper samples were
prepared and tested in tension (Figure 3). The Group
B samples with TiC doping showed an improved ten-
sile strength (UTS of 526MPa) and total elongation (EI
of 9.8%) than the Group A samples (UTS of 372MPa
and EI of 5.7%, Figure 3(a)). The post-fracture sam-
ple analysis revealed that no slip or twinning defor-
mation was found in Group A samples (Figure 3(d)),
which indicated that the samples had been fractured
before plastic deformation occurred. The KAM map

shown in Figure 3(e) exhibited larger values in the fine-
grain region and cracked edges of CuSn10. This indi-
cated that the strain concentration occurred near the
pre-existing microcracks in the 316L region and subse-
quently extended into the CuSn10 region. The fracture
morphology of Group A samples (Figure 3(h,i)) exhib-
ited the typical cleavage pattern and equiaxial dimples in
316L and CuSn10 regions, respectively. The former was
closely related to the propagation of microcracks, while
the latter indicated the plastic deformation in the CuSn10
region.

It was worth mentioning that in Group B fracture
samples with TiC doping, macroscopic cracks were also
found in the 316L region (Figure 3(f,g)). However, we
believe that the cracks shown in Figure 3(f) were gen-
erated during the tensile process because the previ-
ous microstructural characterization of the samples did
not reveal the presence of similar cracks (Figure 1).
Considering the segregation of impurities [30,31] and
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Figure 3. (a) Stress-strain plots of samples; macroscopic fracture surface of Group A and Group B samples (b) and (c), respectively; (d)
EBSD-IPF combined with band contrast map and (e) KAM map of the Group A samples; (f ) EBSD-IPF combined with band contrast map
and (g) KAMmap of the Group B samples; (h) and (i) SEMof fracture surface of 316L and CuSn10 regions in Group A samples, respectively;
(j) and (k) SEM of the fracture surface of 316L and CuSn10 regions in Group A samples, respectively.

the anisotropy of columnar grains [32], cracks first
nucleated at the columnar grain boundaries and then
expanded rapidly along the grain boundaries. The frac-
ture morphology in the 316L region of Group B samples
(Figure 3(j)) showed the obvious intergranular mode.
The fracture surface was smooth and showed no cleav-
age features, whichmeans that cracks were generated and
developed rapidly along the columnar grain boundaries
[33]. The dimples demonstrated that ductile fracture
dominated the CuSn10 region, as shown in Figure 3(k).

The crack formation and inhibition mechanism were
schematically illustrated in Figure 4. In the steel–copper
interface, the strong circular flow in the melt pool led to
dissimilar elements mixing well during the LPBF process
(Figure 4(a)). As the solidification process proceeded, the
Fe-rich phase in the mixing zone nucleated preferentially
and developed into fine dendrites, which contributed to
the grain refinement of the liquid Cu (Figure 4(b)). At
the end of the solidification, the remaining liquid Cu
film existed between the solidified dendrites. Meanwhile,
a large tensile stress developed by the shrinkage during
solidification was concentrated near the liquid film [10].
Solidification cracking occurs when the localized ten-
sile stresses exceed the material resistance to cracking
[13]. Usually, solidification cracking resulted in a signif-
icant gap between two surfaces, which had an irregular
shape (Figure S5(a)). The separation only occurred when
the liquid was insufficient to accommodate the shrink-
age strain (Figure S5(b)).When the temperature dropped

to a relatively low- temperature range, solid-state crack-
ing nucleated based on pre-existing solidification cracks
because of the obvious stress concentration at the tip of
the cracks and propagated rapidly along the large colum-
nar grain boundaries [33] (red arrows in Figure 4(c)).
These cracks were typically characterized by a straight
and neat morphology, and often accompanied by sharp
kinks (Figure S5(d–f)). As a result, massive cracks par-
allel to the BD were observed in laminated steel–copper
components at room temperature (Figure 4(d)).

In the steel–copper interface with TiC doping, liquid
Cu, re-melted liquid Fe and in-suit formed nanosized
TiC particles coexisted in the mixed zone (Figure 4(e)).
When the temperature decreased, a few TiC particles
were encapsulated in the Fe-rich fine dendrites, while
most of them remained in the liquid Cu (Figure 4(f)).
There was a high probability that these particles would
travel with liquid Cu into the adjacent dendrite spaces.
These nanosized TiC particles contributed to reducing
the volume of the intergranular liquid Cu film (i.e. less
liquid supply required into the intergranular region) and
the stress concentration near the Cu liquid film, con-
sequently eliminating hot cracking [10,34,35]. On the
other hand, cracksweremore likely to propagate at coarse
columnar grains because their lower coalescence tem-
perature favoured the accumulation of liquid, which led
to the stress concentration and crack extension [36].
TiC doping led to significant grain refinement and a
more random grain morphology in the steel zone, which
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Figure 4. Schematic diagram of the crack formation and inhibition in the 316L–CuSn10 interface. (a–d) crack formation and extension
at the 316L–CuSn10 interface; (e–h) cracks inhibit at the 316L–CuSn10 interface with TiC doping.

prevented the extension of low-temperature solid-state
cracking [37], as indicated by the red arrow in Figure 4(g).
In as-built laminated steel–copper components, cracks
were almost completely suppressed (Figure 4(h)).

Conclusion

The crack-free steel–copper heterostructures were pre-
pared successfully via LPBF by doping TiC into the
steel and copper interface. In the mixing zone at the
steel–copper interface, TiC tended to aggregate with the
Cu-rich phase due to the lower interfacial energy. There-
fore, in the final stages of solidification, the TiC particles
aggregated at grain boundaries could reduce the volume
of the intergranular liquid Cu film and stress concen-
tration, which reduced the nucleation and progression
of hot cracks in the steel–copper mixed zone. Besides,
the solid-state crack extension was blocked by tortuous
grain boundaries in the steel zone due to the grain refine-
ment of TiC. Benefitting from the TiC doping, the tensile
strength of laminated steel–copper structures increased
from 372 to 526MPa. The findings of this research can
serve as a reference for the suppression of cracking at
dissimilar-material interfaces using LPBF.
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