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The combination of the design freedom offered by metal additive manufacturing with
multi-metallic capabilities offers the opportunity to fabricate new advanced components for a
number of high value industries. However, a deep understanding of the interface is required to
be confident in their functionality. In this study, a methodical approach is developed to study
the interfacial properties of a combined 316L and CuSnlO structure. A Schaeffler Aerosint
selective powder deposition recoater is used for the co-deposition of 316L and CuSn10 powders.
The use of XRD depth profiling to capture data throughout the interface is related to
microscopy to elucidate the mechanisms associated to the interface formation, giving insights
into how 316L and CuSnl0 bond not previously reported. These observations are coupled to
thermodynamic modelling to explain the nature of the hot cracks which form at the interface.
This methodology provides a detailed insight into the interface of a multi-metallic additive
manufactured part, emphasizing the importance of a stepped approach to phase identification
and its value to support thermodynamic calculations. Consequently, following this methodol-
ogy for other material combinations will provide a deep understanding of the interfacial

properties aiding in the production of functional components.
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I. INTRODUCTION

COMBINING metals with distinct properties has
gathered a great amount of interest in recent years.' >
In particular, the combination of the high conductivity
of copper, and the mechanical strength and corrosion
resistance of stainless steel could find applications as
heat exchangers, and tool moulds. Several methods have
been investigated for combining steel and copper, such
as laser Welding,[6] electron beam welding,m and solid
state joining processes like diffusion bonding!® and
friction stir welding.”) However, these techniques are
limited in the geometry of the overall structure which
can be manufactured and the complexity of the
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interfaces achievable. Additive manufacturing (AM),
which builds the structure in a layer-by-layer manner, is
able to produce parts of highly complex geometry.!'"!
Adding the multi-material capability to AM enables
three dimensional deposition of each metal and as such,
complex interfacial geometries can be produced to
improve the bond strength.'"! The respective properties
of the dissimilar materials can also be spatially dis-
tributed throughout the part as required. Additionally,
it reduces the number of manufacturing steps needed, as
both the production of the individual metals and the
joining are completed simultaneously.

Laser powder bed fusion (LPBF) is a ty?e of AM
which offers considerable design freedom.l'” As such,
several methods have been developed to deposit multiple
materials in LPBF machines."” Methods of multi-ma-
terial LPBF include for example, a nozzle-based
approach!®! or with the use of multiple hoppers.!'¥
One of the few commercially available solutions is the
selective powder deposition (SPDP recoating unit devel-
oped by Schaeffler Aerosint.'” This multi-material
deposition technique uses a vacuum to adhere a thin
layer of powder to a mesh drum. The powder is then
selectively deposited via a matrix of valves within the
drum which locally offsets the vacuum. Using multiple
drums allows for multiple materials to be deposited.
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This enables co-deposition of multiple powders during
the LPBF process, and therefore does not require the
build to be paused and powders swapped for a change in
material. This system has been used to combine steel and
copper alloys to create tool steel bodies with increased
thermal d1ffus1v1ty and multi-material electric
motors,!'”! effectively proving its capability of fabricat-
ing functional multi-material structures of steel and
copper alloys. However, due to the method of depositing
multiple powders, this system may find it challenging to
produce highly complex parts due to the deposition
resolution of 500 um? and any misalignment between
the laser source and the powder pattern deposited.
Additionally, there is significant mixing of the unmelted
powders, limiting the reusability of the deposited pow-
ders. Key to enabling the successful fabrication of
functional multi-material structures beyond prototypes
is a detailed understanding of how the dissimilar metals
are brought in contact, or in other words, the formation
of the interface, specifically at the point of manufacture.

Several studies on the LPBF of combined copper and
steel alloy structures have been conducted by either
switching material at some point throughout the exper-
iment with a standard machine,"'® " or using a dedi-
cated multi-material setup.”' > However, only a
dedicated multi-material setup is capable of producing
parts with different materials deposited within the same
layer, and therefore able to produce complex functional
multi-material parts. Hence, studying the interface
produced by a dedicated multi-material machine is of
greater value.

Many of these studies have observed the formation of
fine equ1axed grains at the bimetallic interface,!'® 2"
which is typically attributed to the segregation of the
alloying elements as the alloys mix, and the higher
thermal conductivity of the copper alloy [22.251 Addi-
tionally, segregation of the austenite-stabilising nickel
content in stainless steel results in the development of
ferrite at the interface.[*-*%7) Crackmg has also been
found to occur at the interface in either deposition
order®?*! driven by the embnttlement effect of liquid
copper on austenitic stainless steel,***72% and the
difference in thermal and physical properties of iron
and copper.®!*? This occurs across other fusion pro—
cesses, such as laser welding,'® electron beam welding,!”!
and d1rected energy deposition.** On the other hand
solid state joining processes, such as diffusion bonding®®!
and friction welding,”*3% reliably produce crack-free
joints between stainless steel and a copper alloy. This
hints that the nature of the cracking at the interface is
likely related to solidification.

As cracking is common among combined iron (Fe)
and copper (Cu) systems using LPBF, several studies
have been conducted to understand the cause of this and
the influence of the Fe:Cu ratio. Mechanical mixing of
elemental Fe and Cu powders to produce alloys can
result in a non-homogenous distribution of the Cu
throughout the Fe matrix, forming Cu clusters which
are unable to form a single solution with the Fe matrix.
Instead, they form a Cu liquid between the Fe grains
and initiate cracking during solidification.”® The crack-
ing can be reduced by reducing the Cu content, thereby

reducing the amount of Cu clusters. However, even at
low wt pct Cu (10 wt pet), these clusters can still form,®!
therefore a different technique is needed to ensure a
uniform distribution of the Cu into the Fe matrix. Using
a prealloyed FelOCu alloy, with careful selection of
process parameters, was shown to prevent cracking.
However, cracks can still form with excessive laser
power.”]

It is important to consider the cracking behavior at
the interface of combined Fe and Cu alloys also. Wen
et al?” apphed a composmonal gradient between 316L
and CuSnl0, increasing the amount of CuSnl0 in
increments of 10 wt pct. The study observed that
samples between 10 and 40 wt pct CuSn10 produced hot
cracks. The exact composition which onsets hot cracks is
not determined, however, the lowest content of CuSn10
(10 wt pct) examined prov1ded the highest crack density.
Similarly, Tucker et al.®¥ studied the effect of 1 to 10
particle percent (pt. pct) of CuCrZr contamination on
the microstructure of 316L, observing hot cracks even at
the 1 t pct of CuCrZr. Similar to the study by Zafari
et al.B® the hot cracks occur in the Cu-rich regions.

Conventional processes have also studied the effect of
copper contamination on steel, with cracking in 1045
steel found to generally occur above 0.21 wt pct Cu, due
to copper enrichment along grain boundaries. 1591 A
composition of mild steel with 0.3 wt pct Cu was shown
to produce hot cracks, with a liquid Cu enriched phase
identified at the grain boundaries near the cracks. The
addition of 0.15 wt pct Ni to the alloy has been found to
prevent these hot cracks by alloying with the Cu content
and preventmg the formation of the detrimental Cu-rich
liquid.*”! These two studies outline the exceptionally
low content of Cu contamination needed to form hot
cracks in steel, and the role of Ni which can prevent
them.

Regardless, several approaches have been taken to
prevent the cracks from forming. A study on the
influence of process parameters on the interfacel®!
found high energy input causes vertical microcracks
and insufficient energy leads to lack of fusion defects
which form horizontal cracks. Whereas a sweet spot in
between produces a defect-free interface. However, the
study lacks an in-depth evaluation of the cause of the
cracking. Using a nickel-based alloy as an interlayer has
been shown to successfull?/ prevent cracking from
occurring at the interface.*'! However, this approach
increases the complexity of multi-material LPBF as it
requires an additional (third) material to be deposited
and can cause greater susceptibility to powder contam-
ination across the alloys. A band of ferrite can be
intentionally induced at the interface to suppress copper
penetration into the austenite grain boundaries and
prevent cracking.”® This technique adds an additional
chemical process into the fabrication in order to induce
the ferrite band, increasing the complexity of multi-ma-
terial LPBF. Chemical grading of the composition
between the two alloys can also be effective,”’! but it
will also increase the complexity of multi-material
deposition. Additionally, cracking has shown to be
alleviated in post-processing through hot isostatic press-
ing (HIPping).*?) However, this requires an additional
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(expensive) process after fabrication and introduces size
limitations.

The recoater developed by Schaeffler Aerosint, a
dedicated multi-material setup, has been used for several
studies. The study on the combination of M300 tool
steel and CuCrZr by Li et al.l"® provides evidence of hot
cracks and porosity at the interface, in both deposition
sequences. Regardless of these defects, the thermal
diffusivity of the multi-material body increases by
around 70 to 100 pct when compared to a pure M300
sample. Optimisation of process parameters to remove
lack of fusion pores at the interface when depositing
M300 on CuCrZr, improved the thermal diffusivity,
whereas performing the same process optimisation in
the reverse deposition has little effect on the thermal
diffusivity. The authors attribute this to the high angle
boundaries of the microstructure at the interface due to
the lattice mismatch between the body centred cubic
(BCC) structure of M300 and the face centred cubic
(FCC) structure of CuCrZr. This study presents key
insights into a multi-material sample with immiscible
alloys, providing evidence that thermal diffusivity can be
increased by the introduction of a conductive alloy.
However, the study uses two alloys of a common
microstructure, and porosity due to lack of fusion does
not occur at the interface. The 316L and CuSnl0
combination of this study is therefore inherently unique
in its direct focus on hot cracking without lack of fusion
or direct lattice mismatch.

Deillon et al*? also used the Schaeffler Aerosint
recoater to create vertical and horizontal interfaces of a
combined 316L and CuCrZr sample. Cracks are shown
to develop in the vertical interface as well as the 316L on
top of CuCrZr and CuCrZr on top of 316L horizontal
interfaces. Porosity is also evident in the vertical
interface. The authors successfully prove that HIPping
of the samples will heal the defects, and also outline the
formation of a Cu-rich phase in the regions where the
cracks likely occurred in the as-built state. The study
uses two alloys of a similar crystal structure (FCC), and
does identify small quantities of a BCC phase to form at
the interface, however there is no in-depth discussion of
how this new phase forms. Additionally, there is limited
discussion of the mixing at the interface and how it is
affected by the deposition sequence.

Several of the studies which gather X-ray diffraction
(XRD) measurements of the interface of 316L and
CuSn10 directly bonded together, conclude there are no
new phases which form regardless of deposition
order.?®# % However, XRD measurements of samples
of a mix of both alloys have been shown to produce
alpha ferrite («-Fe), which does not exist in the
individual alloys.’”*! The discrepancy in the phases
identified in the XRD in the literature requires a review
of the XRD methodology typically conducted for the
interface of these two alloys when they are directly
bonded.

In this study, XRD depth profiling is used to capture
data throughout the interface of bonded 316L and
CuSnl10 samples produced using a Schaeffler Aerosint
selective powder deposition recoater. This multi-mate-
rial technology is prone to cross contamination of
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powder due to gas flow; however, it is proven to be
capable of depositing multiple powders accurately in a
single pass over the substrate. Observations of interfa-
cial cracking are accompanied by thermodynamic mod-
elling to explain the nature of the cracking. This is the
first study of its kind to identify the presence of a-Fe at
the interface of a directly bonded 316L to CuSn10 LPBF
manufactured  structure.  Additionally, electron
backscatter diffraction (EBSD) is used to identify the
morphology of the o-Fe phase that forms at the
interface. This study has identified the existence of a
potentially detrimental phase at the interface of a
directly bonded 316L to CuSnl0 sample. As such,
future multi-material samples which are directly bonded
together should follow the same methodology to identify
all existing phases which may be missed otherwise.
Therefore, giving confidence in the robustness or
fragility of the multi-material components which are
produced.

II. MATERIALS AND METHODS

A. Materials

Spherical 316L powder (provided by Carpenter Addi-
tive, UK) and CuSnl10 powder (supplied by Aerosint
SA, Belgium) were used for this study. The chemical
composition for each powder was measured using
inductively coupled plasma mass spectrometry
(Table I). The particle size distribution (PSD) for each
were measured using a Mastersizer 3000 (Malvern
Panalytical, UK), and the morphology of the powders
were analyzed using a Hitachi TM3030 SEM (Hitachi,
Japan). The powder morphology and PSD for both
alloys are summarized in Figure 1. Both alloy powders
are shown to have a near spherical shape with the
presence of some fine satellites. Additionally, a gaus-
sian-like distribution of both powders is shown to be
present with a PSD of D10 = 19.9 um, D50 = 30.8
um, and D90 = 472 pum, and DIO0 = 9.5 um,
D50 = 21.1 pym, and D90 = 35.7 um for 316L and
CuSn10, respectively.

B. Experimental Setup

Samples were produced using an AconityMI-
DI+LPBF machine (Aconity3D Gmbh, Germany)
which features a 1 kW continuous wave (CW) ytterbium
fibre laser (nLIGHT alta), and two 400 W CW
ytterbium fibre lasers (IPG Photonics Ltd. UK), all
operating at 1070 nm wavelength with a focussed beam
spot diameter of 80 um.

Netfabb Ultimate 2023 (Autodesk Inc.) was used for
part creation and slicing of the build file. The multi-ma-
terial parts were treated as an assembly with each
material created as an individual STL file. Each STL file
was then sliced and hatched as separate CLI files with a
shared origin point to ensure materials aligned correctly
at the interface. The CLI files were then uploaded to
AconitySTUDIO (Aconity3D Gmbh, Germany) for
build preparation.



An Acrosint SPD recoater (Aerosint, Belgium) was
used as the multiple powder delivery system. This
deposition unit allows for both powders to be simulta-
neously deposited within one pass over the substrate.
Therefore, when compared to other proposed systems, it
has a coating rate which is relatively close to conven-
tional single material LPBF.*”) The system comprises
two cylindrical drums with a wire mesh coating (10 um
nominal sieve opening), a negative pressure is held
within these drums to hold a layer of powder (between
200 and 250 um thick) to the mesh of the drum. Within
each drum is a matrix of nozzles facing downwards near
the surface of the mesh. The matrix is made up of 4 rows
of 48 nozzles, slightly offset such that each individual
nozzle has a unique placement in the y axis giving a
powder deposition resolution of 500 um?. As the
recoater passes over the substrate, both drums rotate
whilst the valves release argon through the mesh to
selectively deposit powder from each drum within the
regions outlined in the sliced STL file. 316L powder is
used to fill in the remaining area around the build plate.
A levelling blade and vacuum then follow the drums to
ensure a uniform 40 pum powder layer. Argon flows
parallel to the y-direction. A schematic detailing the
method by which the Aerosint deposits multiple pow-
ders in a single layer is shown in Figure 2. The capability
of the Aerosint SPD recoater is demonstrated through
the example combined 316L and CuSn10 parts shown in
Figure 3, highlighting the ability to spatially distribute
the individual materials both within the same layer and
in subsequent layers.

Prior to fabrication of samples for analysis, alignment
of the laser scanners with the powder pattern was
ensured. An example layer of both powders is deposited,
and the contours of the sliced files are scanned using the
1 kW laser. The offset between the scanned contour and
the contour of the pattern deposited is measured, and
adjustments to the x and yp axis offset values are
corrected.

C. Experimental Procedure

Both alloy powders were dried at 70 °C for 16 hours
before the build. Rectangular samples with an 8 mm?
footprint and a total of 2 mm build height were first
deposited. On top of this, the other alloy was then
deposited in the form of an 8 mm? footprint with a
height of 2 mm. Both orientations were fabricated
directly on to the substrate. The samples were fabricated
using parameters suggested by Aerosint, this consists of
a stripe hatching scan strategy with the parameters for
each alloy outlined in Table II under an Argon
atmosphere with a 90 deg hatch rotation between each
layer. The areca energy density is the calculated energy
density delivered by the laser during a single scan track,
using the power (P), scan speed (v) and spot diameter (d)
calculated by:

Area energy density = ——

vk (7% (‘502)

An oxygen level below 500 ppm was set to begin the
build, as the build progressed the oxygen level dropped
further to below 100 ppm. The samples were then wire
cut off the build plate for analysis.

To understand how the composition changes and the
microstructure evolves in relation to the change in
material, a second set of 316L-CuSnl0 rectangular
samples were created. This time the upper material was
deposited for ten layers, allowing for the point at which
the material deposition was changed to be quantified (to
within a couple of layers) in post-processing. This was
conducted on both deposition sequences.

D. Material Characterization

Prior to metallurgical characterization, the samples
were sectioned parallel to the build direction (BD),
mounted, ground, and polished with a final step of
polish with colloidal silica. A Nikon eclipse LVIOOND
(Nikon Corporation, Japan) optical microscope was
used for capturing optical micrographs. A JEOL 7100
field emission gun scanning electron microscope (FEG-
SEM) (JEOL, Ltd., Japan) equipped with a Nordlys-
Max3 electron backscatter diffraction (EBSD) detector
was used to capture secondary electron and backscatter
electron images, and to collect chemical composition
and crystallographic data of the specimens. The EBSD
data were collected using an accelerating voltage of 15
kV and a step size of 0.35 um. A Hitachi TM3030 SEM
was used to capture secondary electron micrographs of
the individual alloys. These micrographs were used to
measure the area of the pores via Imagel] software
(National Institutes of Health) and calculate the relative
density.

The second set of rectangular samples were used to
quantify the change in composition across the interface
and to identify the presence of new phases which
develop at certain regions within the interface. A JEOL
7100 FEG-SEM is used to quantify the change in
composition across the interface. For this, 12 scan lines,
spaced out equally from each other by 100 um, are
aligned parallel to the build direction. This method is
reflected in the Appendix Figure 12, where each scan line
(represented by the dashed white arrow) begins roughly
around the top of the sample and continues in the
negative build direction, crossing the interface. Every 10
um along each scan line, a localised composition is
recorded. The recording at each ten micron step along
all of the scan lines are then combined to create an
averaged composition value throughout the build direc-
tion. X-ray diffraction (XRD) measurements were taken
at 50 um intervals along the build direction. This was
achieved by measuring the initial height of a rectangular
sample with a set of callipers then, using a combination
of grinding with P2500 paper and polishing, the height
of the rectangular sample was carefully reduced to the
desired build height. For example, to reach the build
height at which the material changed, referred to in this
paper as the transition region, the rectangular sample
would be reduced in height by 400 um (approx. 8§ to 10
layers). The phases present at each section were identi-
fied using a Bruker D8 Advance Da Vinci with a
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Table 1.

Measured Chemical Composition of 316L. and CuSn10 Powder Used in This Study

Element [Wt Pct]

. Cr Cu Fe Mn Mo N Ni O P S Si Sn
Material
316L 0.02 17.80 bal. 0.96 2.30 0.07 12.60 0.03 0.01 0.01 0.66
CuSnl10 bal. 10.32
Particle distribution of CuSn10
) T T 100
90

D10=9.5 ym 80

D50 =21.1 ym 70

D90 = 35.7 ym

Volume density of CuSn10 (%)

B [ ©

Volume density of 316L (%)

N

60
50

40

30

20

Il :
B

70

Cumulative volume density of CuSn10 (%)

20

Particle diameter (1m)

Particle distribution of 316L

D10=19.9 ym
D50 = 30.8 um
D90 = 47.2 ym

Cumulative volume density of 316L (%)

20

30
Particle diameter (1m)

Fig. 1—Characterization of the powder used in this study, (¢) scanning electron microscope (SEM) image showing the morphology of the
CuSnl10 powder, (b) particle size distribution of the CuSn10 powder, (¢) SEM image of the 316L powder, and (d) particle size distribution of the

316L powder.

Lynxeye 1D detector. Data were gathered with a step
size of 0.02 deg and a step time of 3s scanning in a range
of 20 = 20 to 100 deg. Diffraction peaks were then
identified using Diffrac.EVA and the ICDD database
PDF-2 2021. Fluorescence occurs when copper is
combined with iron samples. This results in low pene-
tration depth of the x-rays, with one study calculating
the penetration depth to be about 6 um.*® Based on the
study by Mos er al.*¥ it is assumed that the penetration
depth of the x-rays for the samples in this study
increases from 5 to 20 um between the 260 range of 20
to 100 deg.
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E. Thermodynamic calculations

The CALculated PHAse Diagram (CALPHAD)
method is employed using Thermo-Calc™ version
20226 with the TCFE9 and SSOLS5 thermodynamic
databases to predict the solidification of the melt pool at
the interface. Calculations of the solidification path of
various combinations of 316L and CuSnl0 are per-
formed using the classic Scheil method. Weightings are
applied to the compositions outlined in Table 1.
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Fig. 2—Schematic of the device used to deposit two distinct metal powders in a single recoating layer. The device recoats from the left to the
right, with both drums rotating counterclockwise. Argon flows parallel to the y direction.

Fig. 3—Example bimetallic 316L-CuSnl10 parts produced using the Aerosint SPD recoater. (a) shows three demonstration parts in the as-built
state on the build plate. (b through d) are each demonstration part after being wire cut off the build plate and polished.
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Table II. Parameters Used for Processing 316L. and CuSn10 Powder in This Study

Laser Layer Stripe

Power  Scan Speed Hatch Dis- Spot Diam-  Thickness = Hatch Rotation Width Area Energy
Material (W) (mm/s) tance (um) eter (um) (pm) Angle (Deg) (mm) Density (J/mm?)
316L 150 600 80 80 40 90 10 50
CuSnl0 200 500 120 80 40 90 5 80

Fig. 4—Single material characterization of the parameters outlined in Table II. () and (b) are optical micrographs of sections of 316L and
CuSn10, respectively, (¢) and (d) are the inverse pole figure (IPF) maps of 316L and CuSnl0, respectively, and (e) is a high magnification IPF
map of the region outlined in (d). The inset shows the IPF key with the (001) orientation aligned to the build direction (BD).

III. RESULTS

A. Microstructural Evolution in the Individual Alloys

To understand the suitability of the parameters
suggested by Aerosint (shown in Table II), single
material cubes were printed and assessed for their
density. Example optical micrographs showing the
sectioned surface of a pure 316L and pure CuSnl0
sample are shown in Figures 4(a) and (b). Density
calculations show the parameters produce a relative
density of 99.9 pct and 99.5 pct for 316L and CuSnl0,
respectively. Circular pores are highlighted by black
arrows in Figures 4(a) and (b).

The microstructure of each alloy is presented by the
inverse pole figure (IPF) maps shown in Figure 4 where
the inset IPF color key represents the (001) orientation
aligned with the build direction (BD). Figure 4(c)
represents the microstructure of 316L with columnar
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grains aligned along the build direction. Figure 4(d)
represents the microstructure of CuSn10, which consists
of a mix of columnar grains and fine equiaxed grains, as
displayed in the high magnification IPF map shown in
Figure 4(e). Similar columnar microstructures for each
of the single alloys are observed in a study of 316L and
CuSnl0 by Wen er al?” EDS maps of the copper
content in the region shown in Figure 4(c) is shown in
the appendix Figure 13(a), and of the iron content in the
regions shown in Figure 4(d) and (e) are shown in the
appendix Figures 13(b) and (c), respectively. These
indicate the contamination of opposing materials into
each alloy, with more pronounced contamination of
iron in the CuSn10 sample. This iron contamination is
found in the regions containing the fine equiaxed grains.
It has been illustrated that the addition of iron to a
copper matrix of LPBF produced samples transforms
the columnar grains of pure copper into fine equiaxed



grains of a similar scale to those observed in
Figure 4(e).>"

The inert atmosphere is regulated by an argon gas
flow, and the direction of this gas flow is perpendicular
to the recoating direction. Therefore, with reference to
Figure 2, the argon gas flow is travelling into the page.
As is outlined in the study on developing guidelines for
creating bimetallic structures with the Aerosint recoa-
ter,®!! the gas flow can interrupt the particles as they
drop on the bed and result in contamination of the other
material. It is also possible that the gas flow disturbs the
particles on the drum, lifting it onto the other drum. For
example, the larger 316L particles on the right drum in
Figure 2 could be interrupted by the argon gas flow and
fall onto the drum on the left, resulting in contamination
of the drum with the CuSn10 powder.

B. Deposition of Multi-material Samples
and Characterization of the Interface

Optical microscope images of the resulting interface
when depositing 316L on top of CuSnl0 and depositing
CuSnl10 on top of 316L are shown in Figures 5(a) and
(b), respectively. The build direction is aligned with the z
axis, and the hatching direction of the first layer of the
upper material is parallel to the x axis.

Deposition of 316L on top of CuSnl0 results in
significant cracking aligned with the build direction, as
shown in the y-BD section of Figure 5(a). In compar-
ison, cracking is less prominent when depositing CuSn10
on top of 316L, as shown in Figure 5(b). Bai ez al.** and
Chen et al.®®! observe similar behavior. This paper
concentrates on the y-BD section of both deposition
sequences as cracking is mostly observed in this section
for both orientations.

Secondary electron images of the y-BD interface for
the different deposition sequences are shown in Figure 6.
It is evident that at least two distinct phases are
observed, one with a dark contrast and the other with
a light contrast. Based on the deposition orders of

Hatch direction of
first layer of 316L

Figures 6(a) and (d), the dark and bright contrast phases
are associated with 316L and CuSn10, respectively.

A relatively sharp interface forms when depositing
316L on top of CuSnl0, shown in Figure 6(a), with
cracking occurring only in the 316L region of the
interface and coming to an end at the boundary of the
sharp interface, as shown by Figure 6(b). The cracks in
the 316L region tend to align along the build direction
and appear to be intergranular as the propagation either
comes to a stop or changes direction once it encounters
a grain, this is highlighted by the white dashed arrows in
Figure 6(c).

Figure 6(d) indicates that when the sequence is
reversed (depositing CuSnl0 on top of 316L), the
interface morphology is noticeably different with deep
melt pools appearing evident, outlined by the yellow
curves, and a greater amount of mixing of the two alloys
makes it difficult to identify the point at which the
sample switched materials (or, in other words, to
identify the nominal interface between the dissimilar
materials). Figure 6(e) shows the presence of cracks
within only the 316L region of the interface which
penetrate normal to the melt pool boundaries (indicated
by the solid white arrows) and then continue along the
build direction. The cracks in this deposition sequence
differ from those shown in Figure 6(a) as they are filled
with a brighter phase. The high magnification image
shown in Figure 6(f), displays the existence of the two
distinct phases distributed across the interface. The
white solid line highlights an island of the bright phase
encased by the dark phase, with smaller circular islands
of the dark phase existing within the bright phase island.
These small circular dark phase regions are also shown
to be distributed throughout the bulk of the bright phase
as shown by the dashed white arrow. This is attributed
to the metastable liquid phase separation which is
thought to occur in the Fe-Cu binary system provided
the alloyed melt pool is undercooled below the
metastable miscibility gap.!?>->%>

Hatch direction of
first layer of CuSn10

Fig. 5—Optical microscope images of the interface between 316L and CuSnl0 (a) 316L deposited on top of CuSnl0, (b) CuSnl0 deposited on
top of 316L. The hatching direction is parallel to the x axis in both deposition sequences for the first layer of the upper material, subsequent
layers are then rotated by 90 deg. The build direction is aligned with the z axis.
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Fig. 6—Secondary electron images of the interface of both deposition sequences (a through ¢) are x200, x500, and x2500 magnification of 316L
deposited on top of CuSnl0, respectively, (d through f) are x200, x500, and x2500 magnification of CuSnl0 deposited on top of 316L,

respectively (Color figure online).

To understand the nature of the phases that have
formed at the interface, EDS was conducted on both
deposition sequences. Backscatter electron images of the
interface when 316L is deposited onto CuSn10 is shown
in Figure 7(a), with CuSnl0 deposited onto 316L is
shown in Figure 7(d). An enlarged portion of each is
outlined in Figures 7(b) and (e), respectively.

Figures 7(b) and (e) reflect the difference in mixing
mode based on the deposition order. A banding effect of
the bright contrast phase within the dark contrast phase,
highlighted by the solid yellow arrows in Figure 7(b),
develops over a narrow range of about 60 um in the
build direction when depositing 316L onto CuSnl0.
Whereas deposition of CuSnl0 onto 316L results in
circular structures of the dark contrast phase of a variety
of diameters dispersed throughout the bright contrast
phase, such as those outlined by the solid yellow arrows
in Figure 7(e), and occurring over a wider range of
about 200 um in the build direction (Figure 7(d)). A high
magnification image of the interface and the related
EDS maps (of the main constituent elements of each
alloy) of 316L on top of CuSn10 and of CuSn10 on top
of 316L are shown in Figures 7(c) and (f), respectively.
As occurred in Figure 6(f), brighter phase regions
encased by the darker phase occur in Figure 7(cl) (as
highlighted by the dashed yellow arrows). Circular
regions of the dark phase within the bulk of the bright
phase also occur in both Figures 7(cl) and (f1),
indicated by the solid yellow lines. In both deposition
orders, the isolated dark circular regions exist down to
the submicron scale. The respective positions of these
structures in the EDS maps of the main elements for
both alloys, iron (Figures 7(c2) and (f2)) and copper
(Figures 7(c3) and (f3)), show that the bright phase is
copper-rich and the dark phase is iron-rich.
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The EDS maps of the other main constituent elements
of this system (chromium, tin, and nickel) for 316L on
top of CuSn10 and CuSn10 on top of 316L are shown in
Figures 7(c4-6) and (f4-6), respectively. Both chromium
and tin reflect the same trend as the iron and copper,
respectively, representing the steel and copper alloys.
Conversely, the EDS maps of nickel (Figures 7(c6) and
(f6)), are aligned with the copper and tin and show a
localised depletion of nickel content in the phase of
darker contrast.

The evolution of the composition across the interface
when depositing 316L on top of CuSnl0 and when
depositing CuSnl0 on top of 316L is shown in
Figures 8(a) and (b), respectively. The transition region
is near the middle of each of the micrographs, and as
such, it is evident that the mixing of the alloys is affected
by the deposition sequence. When depositing 316L onto
CuSnl0, mixing occurs primarily above the point at
which materials change (Figure 8(a)), indicating limited
remelting of the base metal (CuSnl0). In contrast,
Figure 8(b) shows that deposition of CuSn10 onto 316L
results in deep penetration into the base metal (316L),
and the mixing of the two alloys occurs largely below the
layer in which the materials change (at least nominally
from design). Additionally, Figure 8(b) displays jagged
curves for the iron and copper content within the mixing
region, indicating that the significant mixing of the two
alloys within the melt pool is widely dispersed through-
out the depth of the melt pool. This stands in stark
contrast to the more linear gradient in composition
shown in Figure 8(a).

The phase map for the regions of the interface
outlined by the white box in Figures 8(a) and (b) are
shown in Figures 9(a) and (c), respectively. Within the
mixing region in both deposition sequences, a BCC
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Fig. 7—Backscatter electron images of the interface, (a through c/) are x200, x1000, and x5000 magnification of 316L deposited on top of
CuSnl0, respectively, (¢2 through ¢6) are the corresponding EDS maps for (cl). (d through f7) are x200, x1000, and x magnification of
CuSn10 deposited on top of 316L, respectively, (f2 through f6) are the corresponding EDS maps for (f1) (Color figure online).
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top of 316L. A schematic at the top right of each micrograph displays their respective build sequence.

phase develops. This BCC phase is distributed over a
greater distance in the build direction when depositing
CuSnl10 on top of 316L (Figure 9(c)), compared to the
opposite deposition order, reflecting the increased mix-
ing region shown in Figure 8(b). Additionally, the BCC
phase forms as bands when depositing of 316L on top of
CuSn10, whereas deposition of CuSnl0 on top of 316L
leads to a wide distribution of circular-shaped islands of
the BCC phase (as highlighted by the yellow arrows in
Figure 9(c)). Figures 9(b) and (d) display the XRD
measurements for both of the individual alloys as well as
the regions labelled in Figures 9(a) and (c), respectively.
The surface which was scanned for the regions labelled
“Transition region”, “Region 17, and “Region 2” in
Figure 9(b) are shown in Supplementary Figure 14, as
an example of how the samples were prepared for the
XRD.

The XRD patterns of 316L confirms the presence of
austenite (y-Fe), as is observed in existing studies.’*>!
The XRD patterns of CuSnl0 displays the presence of
o-Cu and p-Cu(Sn), matching the patterns recorded
in."%>7 The XRD patterns of the regions throughout
the interface of both deposition sequences indicates the
presence of the phases from the individual alloys along
with a new phase identified as o-Fe, a BCC phase.
Similar studies gathering XRD measurements on the
interface between 316L and a copper alloy do not reflect
the presence of o-Fe.®# % On the other hand, Wen
et al®” applied a compositional gradient by adding
CuSnl0 to 316L in steps of 10 pct over a spatial
distance. At each 10 pct increment, an XRD measure-
ment was taken revealing the presence of «-Fe in
combinations with > 40 pct CuSnl0O content. This
indicates the importance of using XRD depth profiling
measurements of a direct interface between dissimilar
metals to capture all of the phases which form.
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IV. DISCUSSION

The selective powder deposition recoater developed
by Schaeffler Aerosint is proven to be capable of
producing bimetallic samples of 3161 and CuSn10 with
3D spatial distribution of the individual alloys, as shown
by the demonstration parts in Figure 3. Cross-contam-
ination of the powders is a likely outcome with the
technology, causing localised changes to the microstruc-
ture of the individual alloys. However, this is as a result
of the circulation of argon flow within the chamber
during deposition. Turning off the circulation during
deposition of the powders would reduce the falling of
powders outside of the deposition pattern and prevent
cross-contamination.

Understanding if a bimetallic structure is robust
requires a thorough understanding of the interface. As
such, it is of paramount importance to determine how
the alloying elements diffuse across the interface as this,
along with the processing thermal history, determines
the evolution of the observed microstructure. Diffusion
of the alloying elements across the interface can occur in
both the liquid and solid state. However, in LPBF, it is
typically dominated by diffusion in the liquid state,®™
with physical mixing of the two alloys induced by the
swirling motion of the Marangoni flow. As the melting
regime transitions from conduction mode to keyhole
mode, the melt pool changes from shallow to deep and
narrow due to an increase in energy from the laser
source.’”! Therefore, in keyhole mode, the melt pools
penetrate deeper into the underlying material and the
material is subjected to more melting-solidification
cycles. The increase in solidification cycles throughout
the build direction results in repetitive mixing inside the
melt pool to occur and creates a wide dispersion of the
two materials across the interface, thus leading to a
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figure online).

wider region for a change in microstructural properties
(such as the depletion of nickel in 316L and the
formation of ferrite). The formation of austenite or
ferrite is known to be affected by composition and
thermal conditions.[*>¢!! Under equilibrium and low
solidification speeds, one could use the concept of the
ratio of chromium equivalent and nickel equivalent

(Creg/Nigq ratio) to predict if austenite or ferrite will

dominate during solidification based on a given com-
position. However, it is well-known that under rapid
solidification conditions, the threshold for the Creq/Nigq
ratio can shift.’®” Considering this, an investigation by
Sabzi et al.'®! determined that a ratio of Creg/Nieq >
1.3 is the threshold for ferrite to dominate during
solidification. Applying the methodology followed by
Sabzi et al. to the two circular-shaped islands of ferrite
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highlighted by the yellow arrows in Figure 9(c), the
islands both have a Crgy/Nigq ratio > 1.3. This is an
indication that the ferrite has formed from the liquid
state. Applying the same methodology to the calculated
composition of the 316L powder used in this study
(Table 1) indicates solidification through AF mode
(primary austenite solidifying prior to interdendritic
ferrite).' In-situ synchrotron XRD measurements of
laser melted 316L powder (of identical chemical com-
position to that used in this study) provides evidence of
solidification through the AF mode, with retained ferrite
predicted to be between 0 to 2 wt pet.[®! This quantity of
retained ferrite is within a range which can go unde-
tected through conventional XRD measurements,
reflected by the XRD measurements of 316L in Figure 9.

As outlined in Table II, a higher area energy density is
used to process CuSn10. When processing the first layer
of CuSnl0 on top of 316L, the increase in area energy
density (compared to the previous layer which used
process parameters for 316L) results in deeper melt
pools as outlined in Figure 6. Keyhole mode is generally
defined when the melt g)ool depth to width ratio (D/W)
is greater than 0.55.° The melt pools outlined in
Figure 6 were measured to have a D/W ratio between
0.82 and 0.98, hence suggesting that keyhole mode has
been reached when depositing CuSn10 on top of 316L.
In contrast, the D/W ratio of the reverse deposition
sequence is between 0.25 and 0.30 (appendix Figure 15),
indicating conduction mode melting. The difference in
melting regime may explain the difference in the
morphology of the ferrite which forms at the interface.
In the case of CuSnl0 deposited on top of 316L, heat
dissipation is slower due to the lower thermal conduc-
tivity of the 316L substrate. Thus, reducing the thermal
gradient and allowing the melt pool to be sustained for a
greater amount of time. The keyhole melting mode at
the interface causes the remelted 316L alloy to be
brought up into the CuSnl10 layers above in a swirling
motion (as can be observed in Figure 7(d)). The alloying
elements are able to diffuse over a greater distance
across the interface, aided by the turbulence of the
Marangoni flow. Subsequently, ferrite forms at many
sites throughout the deep melt pools, leading to a
scattered distribution of circular-shaped islands of
ferrite. The increased melt pool lifetime presumably
allows the denser CuSn10, with a lower melting point, to
travel deeper into the 316L substrate and backfill
intergranular  cracks developed in the 316L
(Figures 6(d) through (f)). This behavior can be
attributed to liquid metal embrittlement (LME),
which has been observed under rapid solidification
conditions in the iron-copper binary system.!?>:33:66:67]
During LME, copper-rich liquid penetrates the grain
boundaries of an FCC crystal structure (in this case
austenite) via capillary action.[® This is also referred to
as “copper contamination cracking” 130656

In the reverse deposition order, the CuSn10 substrate
acts as a heat sink and dissipates energy faster, through
conduction, than a 316L substrate. Therefore, the
deposited 316L cools rapidly limiting the time for
alloying elements (such as Nickel) to diffuse into the
copper, as there is limited time for the molten alloys to
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interact. As such, the amount of 316L which solidifies as
ferrite is reduced. In addition, the stable melt pools (in
conduction mode) at the interface of this deposition
sequence reduces turbulence in the melt pool and
prevents a scattered distribution of the ferrite. Rather
the ferrite forms as planar bands. Additionally, the
reduced energy density used for the first layer of 316L on
top of CuSnl0 as well as the higher reflectivity and
higher heat dissipation of the CuSn10 results in limited
remelting of the underlying CuSnl0 layers. This is
reflected by the limited mixing of both alloys occurring
above the transition layer as shown in Figures 8(a) and
9(a).

Optical micrographs of both deposition sequences are
shown in Figures 10(a) and (e). The IPF map of a
section of the interface of both scenarios is shown in
Figures 10(b) and (f), the IPF key has the (001)
orientation aligned to the build direction. A crack tip
of both deposition orders is shown in Figures 10(c) and
(g), with the corresponding grain boundary misorienta-
tion angle mapped in Figures 10(d) and (h). The cracks
are shown to propagate along grain boundaries with
high misorientation angles in both deposition orders,
which is a common observation in hot cracking.!’®""!
The cracks highlighted by the solid white arrows in
Figure 6(e) show a preferential occurrence at the centre
of the melt 7}80015, this is also a typical characteristic of
hot cracks!™ and is observed in the cross section of
single tracks of CuSnl0 deposited on to 316L.1%

To further understand the microstructural features
(such as the cracks) observed at the interface, it is useful
to revert to (pseudo) phase diagrams and thermody-
namic calculations. This first requires an interpretation
of the phases which form as a result of the mixing of the
two alloys. The phases experimentally identified in
Figure 9 are used along with the measured composition
throughout the interface to calculate the solidification
path of various combinations of mixed 316L and
CuSnl0. A weighting was applied to the composition
of both alloys listed in Table I to calculate the
solidification path using the classic Scheil model in
Thermo-Calc™ ™. The solidification paths for 95 wt pct/S
wt pct, 90 wt pct/10 wt pct, and 80 wt pct/20 wt pct
share of 316L/CuSnl0 are shown in Figures 11(a)
through (c), respectively. The figure key denotes the
phases which develop throughout solidification. Nota-
bly, all solidification paths reflect the immiscible state of
the molten liquid as there is no single liquid solution.
Instead, two distinct liquid phases exist, one rich in iron
(Lge) and the other rich in copper (Lc,). The absence of
a single liquid solution explains the precipitation of the
iron-rich and copper-rich circular islands throughout
the mixing region in Figure 7. Austenite (y), ferrite (),
and a CuSnMnNi (FCC) and CuSnMn (BCC) phase
form throughout solidification. The CuSnMnNi and
CuSnMn phases are not highlighted in the XRD plots of
Figure 9, however their crystal structures are identical to
the phases highlighted in Figure 9 and account for slight
peak shift and widening. This is reflected by the enlarged
view of the first peaks for both build orientations in
Figure 16. Additionally, the formation of the
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CuSnMnNi phase is reflected by the segregation of Ni to portion of solidification in Figure 11(a) (highlighted by

the copper alloy as seen in the EDS maps of Figure 7. the red region), which is indicative of hot crack

The difference in the solidification temperature of susceptibility,l’*! as the remaining liquid metal is insuf-
both alloys results in a large solidification range for the ficient to compensate for the shrinkage which occurs
melt pool at the interface, alloys which contain a large during solidification. This leads to voids forming at the
solidification range like this are susceptible to hot root of the dendrites (due to incomplete liquid filling)
cracking.”” A steep gradient is shown in the final which can initiate a crack.”* As the CuSn10 content in
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the melt pool increases (Figures 11(b) and (c)) the
gradient of the solidification path begins to reduce and
approaches a melt pool composition which is less likely
to be susceptible to hot cracks. The addition of Cu to Fe
is widely reported to induce hot cracking, w1th only a
small quantity (< 1 wt pect) of Cu required.?**”) Once
the material reaches the melting point of Cu, a Cu-rich
region of the melt pool forms between the Fe grains,
leading to hot cracks. The conduction mode melting of
316L on CuSnl0 (appendix Figure 15), results in little
mixing of the alloys. Hence, the melt pool at the
interface is an Fe-rich liquid with small quantities of Cu
liquid intermixed. This is a prime composition for hot
cracking. The CuSnl0 substrate in this deposition
sequence also causes energy to dissipate from the melt
pool faster, increasing the cooling rate, and exacerbating
the hot crack susceptibility.

On the other hand, studies on the addition of Fe to
Cu do not present the same detrimental effect, as is
reflected in the CuSn10 sample with a small amount of
316L contamination, shown in Figure 4(e). A study by
Li et al® on the effect of cooling rate and iron content
on CuFe alloys establishes that a small addition of Fe
(> 3 wt pct) into the Cu matrix transforms the grains
from columnar to equiaxed. The cooling rate also has a
signiﬁcant effect on the microstructure, with the grain
size, whether columnar or equiaxed, reducing as the
cooling rate increases. A similar study by Liu er al.’”
found similar results with 8 wt pct Fe, attributing the
equiaxed transformation to heterogenous nucleation,
increasing the yield strength and ultimate tensile
strength considerably. This is observed throughout the
interface of CuSnl0 on 316L in Figures 6 and 7(e),
where the liquid is Cu-rich with small additions of Fe
scattered widely across the interface due to the turbu-
lence from the keyhole melting mode, and forming a
large area of fine, equiaxed grains (as shown in the
appendix Figure 17). As the grain size decreases, the
area for the liquid metal to fill will i 1ncrease 1nh1b1t1ng
crack formation at the grain boundaries.”® Smaller
grains are also typically better suited to inhibiting crack
propagation than coarse grains.’® These factors may
explain why the deposition sequence of CuSnl0 on
316L, with the thick band of fine, equiaxed grains
(appendix Figure 17(d)), hinders cracks more readily
than the fine strip of equiaxed grains at the interface of
316L on CuSnl0 gFlgure 10(b). However, a study by
Martendal er al*® observed that using a ring beam
rather than a gaussian beam reduced cracking when
depositing a copper alloy on top of 316L. This method
alters the melt pool profile at the interface and signif-
icantly reduces mixing of the alloys, preventing the
columnar to equiaxed grain transformation. It is
unlikely that the mixing will have reduced such that
sufficient contamination for hot cracks occurs, as less
than 1 wt pet of Cu is needed.’”*”! Therefore, it is likely
that the alteration of the cooling rate from the ring beam
profile has a significant effect on the prevention of
cracks.

It is clear that the difference in cracking behavior
between deposition sequences is complex. However, the
difference in heat transfer dynamics and melt pool
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behavior between them are key factors in why one
deposition sequence suffers from more extensive hot
cracking.

Material systems which are susceptible to hot crack-
ing in LPBF conditions can be processed crack-free
through manipulation of the process parameters. Alter-
ing the process parameters to control the solidification
conditions such that solidification speed (R) and tem-
perature gradient (G) are minimised, and therefore
strain rates are reduced during solidification, has been
shown to successfully reduce cracking in allo;/s suscep-
tible to hot cracks in LPBF conditions.[’!"”]
application of a second trailing beam to alter the
cooling rate at the interface of a Fe and Cu alloy
system may show promise in reducing the cooling rate
and allow liquid to backfill cracks which develop.
However, due to the inevitable mixing of alloys at the
interface, and the rapid cooling rate of LPBF, cracking
is highly probable. As such, concentrating on the design
of the interface and taking advantage of the design
flexibility available to AM might be a better solution.
This could include incorporating an interlocking feature
at the interface which will deflect the fracture path under
a tensile load, limiting the impact of hot cracks on the
mechanical properties. Such a solution has been demon-
strated to be effective between a Ni and Cu alloy.””®!

The interfacial observations in this study are consis-
tent with other studies which have used a standard
LPBF machine and swapzped material at some point
during the experiment.!'"® “°! Therefore, indicating that
the interface produced by the Schaeffler Aerosint
recoater is equal to that of standard machines and gives
confidence in its suitability to investigate multi-material
structures with a more advanced interface geometry,
such as those shown in Figure 3.

V. CONCLUSION

Bimetallic 316L-CuSn10 samples were produced using
LPBF technology with a powder deposition recoater
developed by Schaeffler Aerosint, with the goal to
understand the formation of the interface and how it is
affected by the adopted deposition sequence. A com-
prehensive investigation of the interface from opposing
deposition sequences was conducted to characterize the
alloying element distribution, microstructures, phase
formation and cracking behavior for both deposition of
316L on top of CuSnl0 and CuSnl0 on top of 316L.
The novel approach taken to corroborate the micro-
scopy images with the XRD depth profiling, and EBSD
maps gives a detailed story of the formation of the
interface. The main conclusions from this work are
summarized as:

1. This manufacturing setup allows printing of indi-
vidual alloys with near-full density. Both alloys in
this work exhibit columnar grains, however, minor
contamination of 316L powder particles into the
bulk CuSnl0 affects the microstructure with fine
equiaxed grains distributed throughout the CuSn10
sample. To avoid this, the machine can be



programmed to momentarily turn off the argon
circulation during deposition and continue once the
drums have passed the substrate.

2. Deep melt pools, indicative of keyhole melting
mode, are visible at the interface when depositing
CuSnl10 on top of 316L. Subsequently, mixing of
the two alloys occurs mainly below the nominal
interface, and a wide distribution of circular-shaped
ferrite islands. Intergranular cracks are prevalent in
the 316L side of the interface.

3. The conduction melting mode at the interface when
depositing 316L on top of CuSn10 produces limited
remelting of the underlying CuSnl0. A relatively
sharp interface forms with no visible melt pools.
The limited mixing of the two alloys occurs solely
above the nominal interface, with narrow bands of
ferrite forming. Intergranular cracks form but are
not as widespread as in the opposite deposition
sequence. Most of these cracks are backfilled by the
copper alloy.

4. The XRD depth profiling used for identification of
the phases throughout the interface provides evi-
dence of ferrite which would go unidentified using
traditional XRD methodology in the existing liter-
ature. As such, XRD depth profiling is needed to
identify potentially detrimental phases which exist
at the interface of the bonded 316L and CuSnl0
samples in this study.

5. Experimental measurements of the chemistry and
phases at the interface combined with thermody-
namic calculations are used to interpret the phases
observed at the interface. There is good agreement
in the phases present and the segregation of nickel
from austenite to the copper matrix between the
experiments and the calculations, with the depletion
of the austenite-stabilizing nickel content in 316L
allowing for the formation of ferrite.

6. The morphology of the cracking in both deposition
sequences are indicative of hot cracks. Similarly, the
thermodynamic calculations reflect the hot crack
susceptibility (along with the liquid immiscibility
and phase formation) of this material combination.

7. The findings of this study provide results consistent
with those which use a standard LPBF machine
(and swap material during the experiment). Hence,
the Schaeffler Aerosint recoater, despite being
responsible for minor cross-contaminations, is a
suitable tool for investigating the interfacial prop-
erties of multi-material structures with a more
complex interface geometry (which requires the
3D spatial material distribution of a purpose-built
machine).
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