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Synthesis of multi-metal hybrid structures with narrow heat affected zones, limited residual
stresses and secondary phase occurrence represents a serious scientific and technological challenge.
In this work, liquid dispersed metal powder bed fusion was used to additively manufacture a mul-
tilayered structure based on alternating Inconel 625 alloy (IN625) and 316L stainless steel (316L)
layers on a 316L base plate. Analytical scanning and transmission electron microscopies, high-energy
synchrotron X-ray diffraction and nanoindentation analysis reveal sharp compositional, structural
and microstructural boundaries between alternating 60µm thick alloys’ sub-regions and unique
microstructures at macro-, micro- and nano-scales. The periodic occurrence of IN625 and 316L sub-
regions is correlated with a cross-sectional hardness increase and decrease and compressive stress
decrease and increase, respectively. The laser scanning strategy induced a growth of elongated
grains separated by zig-zag low-angle grain boundaries, which correlate with the occurrence of zig-
zag cracks propagating in the growth direction. A sharp 〈110〉 fiber texture within the 316L regions
turns gradually into a 〈100〉 fiber texture in the IN625 regions. The occurrence of the C-like stress
gradient with a pronounced surface tensile stress of about 500 MPa is interpreted by the temper-
ature gradient mechanism model. Chemical analysis indicates a formation of reinforcing spherical
chromium-metal-oxide nano-dispersoids and demonstrates a possibility for reactive additive manu-
facturing and microstructural design at the nanoscale, as a remarkable attribute of the deposition
process. Finally, the study shows that the novel approach represents an effective tool to combine
dissimilar metallic alloys into unique bionic hierarchical microstructures with possible synergetic
properties.

Keywords: Powder Bed Fusion; Microstructure and Stress; Multi-Metal Material; Stainless Steel; Inconel

I. INTRODUCTION

Multi-material hybrid structures in nature and tech-
nology combine properties of their individual con-
stituents throughout complex microstructures to achieve
synergistic effects, like improved mechanical properties
and oxidation resistance, which go beyond the proper-
ties of their monophasic counterparts [1–3]. Typically,
multilayered, composite and hierarchical microstructures
are used to achieve improved functionality by combining
materials with different physical properties [2, 4–7]. Sim-
ilarly, functionally graded materials (FGMs) are designed
to comply with spatially variable functional requirements
like strength, oxidation resistance or toughness by adopt-
ing gradients of dissimilar phases, microstructure and/or
residual stresses [8–10]. However, joining of metals into
multi-metal hybrid structures with diffuse or abrupt in-
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terfaces between the individual phases or alloys and nar-
row heat affected zones resulting in limited the first-or-
der residual stress, macroscopic distortion and secondary
phase formation represents still a serious technological
challenge [11].

By their principle of a sequential layer-by-layer deposi-
tion, additive manufacturing technologies (AM) are ide-
ally suited to manufacture parts with complex external
and internal geometries [3, 12–14]. Additionally, pow-
der and wire feed material supplies have been known to
allow for an adjustment of volume fraction of metallic
components [15–17]. In particular, the directed energy
deposition (DED) approach, in which powder is fed into
the melt-zone and molten at every layer by a laser, can
be used to fabricate components with a variable layer-
by-layer composition and unique microstructures [18].
Within this contribution, however, a novel laser powder
bed fusion-related technology, based on liquid dispersed
metal powder, is used to produce a multi-metal hybrid
structure.
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The fabrication of FGMs using AM technologies allows
for generating property-specific part areas by matching
the process parameters to the localized functionality [19].
It is however common that combining dissimilar metals
using AM technology may result in the formation of com-
positional and microstructural inhomogeneities as well as
in secondary phases and stress concentrations, which may
decisively deteriorate part’s functional properties [20–22].

A significant effort has been devoted to the devel-
opment of multi-material additive manufacturing (MM-
AM) of hybrid structures, reviewed recently in Ref. [3].
Exemplary AM systems equipped with several powder
feeders were used to prepare graded Ti-V [23, 24], Ti-
Mo [24], V-Ti6Al4V alloy [25], stainless steel-Ti6Al4V
alloy [26] and Ti-6Al-4V/Ti-6.5Al-3.5Mo-1.5Zr-0.3Si [27]
materials with novel refined microstructural features,
aiming at aircraft and aero-engine applications. Simi-
larly, bimetallic structures like Inconel 718-copper alloy
GRCop-84 [28] and stainless steel 304L-Invar 36 [25] as
well as gradient structures like Ti-TiO2 [29] and yttria-
stabilized zirconia-steel [30] were fabricated.

In the field of nuclear and steam power plants,
aerospace and/or repair applications, especially high
strength, corrosion and oxidation resistance and/or creep
and fatigue resistance are required [31, 32]. For this rea-
son, MM-AM of stainless steel (SS) and Inconel have
been extensively explored [33, 34]. Carroll et al. [35] re-
ported on fabrication of Inconel-steel FGM with diffuse
compositional, structural and microstructural bound-
aries by applying gradually varying mixtures of Inconel
625 and grade 304L SS powders. The observed forma-
tion of cracks with a length of several hundred microns
in a region with 79 wt% SS 304L and 21 wt% IN625
was attributed to the presence of secondary phases of
transition metal carbides in the form of (Mo,Nb)C. Sim-
ilarly, aiming at nuclear fission reactor applications, Hi-
nojos et al. [36] studied the joinability of Inconel 718
and 316L SS and vice versa utilizing electron beam melt-
ing (EBM) and reported abrupt compositional, structural
and microstructural boundaries as well as low concentra-
tion of typical welding features. Cracking observed at
the 316L/IN718 interface was attributed to the deforma-
tion constrains imposed by IN718. Additionally, using
finite-element numerical analysis, Hofmann et al. [9]
showed that a gradient transition from SS 304L to IN625
across an automobile valve stem are expected to exhibit
ten times lower stress at the transitioning zone at 1000 K
compared to a friction stir-welded joint of the same ma-
terials.

In general, all previous studies on FGMs combining
nickel-based alloys and steel indicated complex process-
microstructure-stress-properties relationships [35, 36].
Additionally, FGMs produced with diffuse and abrupt
interfaces comprise usually unique microstructures with
secondary phases and precipitates like (Mo,Nb)C,
M23C6, NbC [35, 36] etc. and there were cracks with
lengths up to several 100µm observed systematically
in the transition regions [35]. These findings indicate

that there is a significant potential to further opti-
mize the functional properties of the particular nickel-
based alloys-steel FGMs by knowledge-based microstruc-
tural design, including a development of novel deposition
routes and recipes.

For this work, the non-precipitation hardening alloy
Inconel 625 (IN625) and stainless stee grade 316L (316L)
are selected to fabricate a multi-metal hybrid structure.
A relatively novel deposition technique based on liquid
dispersed metal powder bed fusion is used to form a com-
plex microstructure with multilayered morphology, zig-
zag grain boundaries, multiscale interfaces and ceramic
nanoparticle reinforcement. The three-fold work objec-
tives encompass (i) exploring the possibilities and ad-
vantages of the liquid powder bed fusion technology, (ii)
analyzing gradients of phases, microstructure, composi-
tion and mechanical properties at multiple length-scales
using correlative cross-sectional micro-analytics and (iii)
additive manufacturing of multi-metal hybrid materials.
Additionally, reactive additive manufacturing as an inte-
gral part of the liquid dispersed metal powder bed fusion
process is introduced in order to indicate the possibility
to tailor mechanical properties of the grown structures
by integrating homogeneously dispersed nanoparticles.

II. MATERIALS AND METHODS

For the synthesis of a multi-layered IN625-316L struc-
ture on a 3 mm thick 316L stainless steel base plate,
a prototype system LASERFLEX Conflux based on liq-
uid dispersed metal powder bed fusion (Fig. 1) was
used. As input material, AISI 316L (specified with
∼ [65, 12, 18, 2] % of Fe, Ni, Cr and Mo, respectively, as
well as other balancing elements with less than ∼1 % con-
centration) and IN625 (specified with ∼ [58, 20, 8, 4] % of
Ni, Cr, Mo, Fe and Nb, respectively, as well as other
balancing elements with less than ∼ 1 % concentration)
metal particles with d50-diameters of ∼4.2 and ∼3.4µm,
respectively, were applied. In order to produce two pow-
der suspensions, the particles were dispersed in an aque-
ous solution enriched with an ethanol-based micropoly-
mer glue. Individual IN625 and 316L layers were pro-
duced by (i) lowering the building platform by ∼30µm,
(ii) depositing the particular suspension, (iii) wiping the
metal suspension across the building platform, (iv) wait-
ing for a few seconds in order to dry and densify the
liquid powder bed in the inert nitrogen atmosphere and
(v) melting the dried metal powder in the nitrogen at-
mosphere, using a laser source (cf. Fig. 1). The laser
system and its optics provides radiation with a wave-
length of 1064 nm and a spot size of ∼ 12µm. A laser
power of 137 W, a scan speed of 500 mm/s, a hatch dis-
tance of 90µm and a hatch rotation angle of 66 degrees
between the layers were used. These process parameters
were identical for both alloys. The temperature of the
base plate was kept at ∼ 25℃. After the laser melting
the described procedure from (i) to (v) was repeated to
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produce the next layer. For further microscopy analysis,
the structure’s cross-section was mechanically polished
using a standard colloidal silica polishing suspension by
Struers with a particle size of 0.04µm (O-PS polishing
suspension).

FIG. 1. A schematic description of the liquid dispersed metal
powder bed fusion process. Within the first step, a suspension
layer with a thickness of ∼30µm containing metallic 316L or
IN625 particles is applied on the 316L base plate or on already
existing build-up. Then, the suspension dries in a nitrogen
flow and densifies to a thickness of ∼ 25µm. Finally, a laser
source is used to fuse the particles together and to produce a
new metallic layer of ∼20µm in thickness, which is reinforced
with dispersed nanoceramic particles (cf. Sec. III F).

The approach from Fig. 1 was used to grow two multi-
layered IN625-316L plate structures, identical in their
morphology, with overall dimensions of ∼(15×2×7) mm
each, on a 316L SS base plate with dimensions of ∼
(40× 40× 3) mm (Fig. 2a). Both structures possessed a
complex irregular cross-sectional morphology introduced
in Fig. 2b. The aim behind selecting this specific mor-
phology was primarily to evaluate the accuracy of the
deposition approach to fabricate relatively thin mono-
alloy layers, to obtain information on the intermixing of
IN625 and 316L alloys, to analyze microstructural evo-
lution at and near inter-alloy interfaces and to evalu-
ate cross-sectional residual strain across the structure.
Further on, experimental results obtained only from one
structure will be presented.

Optical microscopy (OM) characterization was per-
formed using an Olympus BX51 system. Scanning elec-
tron microscopy (SEM), electron backscatter diffraction
(EBSD) and energy dispersive X-ray analysis (EDX)
were performed using a Gemini SEM 450 and an
AURIGA CrossBeam systems from Carl Zeiss. A
cross-sectional transmission electron microscopy (TEM)
lamella with a thickness of ∼ 50 nm was fabricated us-
ing focused ion beam (FIB) machining within the Zeiss
Auriga system by applying an acceleration voltage of
30 kV and currents in the range from 20 nA to 50 pA.
The lamella was extracted from a sample region contain-
ing an interface between the two alloys. Microstructural
and chemical characterization of the lamella was per-
formed using scanning TEM (STEM) mode in a probe-
corrected FEI Titan Themis platform operated at 200 kV
and equipped with a Gatan Enfinium ER spectrometer
as well as FEI Super-X EDX four quadrant detectors.
The collected EDX signal was treated using Bruker Es-
prit software applying built-in standards.

Nanoindentation experiments were conducted using a
platform Nanoindenter G200 with a Berkovich diamond
tip in strain-rate controlled mode. A sinusoidal load sig-
nal was superimposed during the continuous sample load-
ing in order to record the contact stiffness. Tip shape and
frame stiffness calibrations were performed on a regular
base according the Oliver and Pharr method [37]. Ar-
rays of indents with an indentation depth of ∼1µm and
a minimum distance of ∼20µm between the indents were
positioned over the R1–R4 regions. Hardness and inden-
tation moduli were evaluated for the four regions as well
as for bulk IN625 and 316L.

Synchrotron characterization of the multi-layered sam-
ple was performed at the high energy materials sci-
ence (HEMS) beamline P07B of PETRA III at DESY
in Hamburg, which is operated by Helmholtz Zen-
trum Geesthacht. The experimental setup is presented
schematically in supplementary data. The sample char-
acterization was performed using a monochromatic beam
of 87.1 keV photon energy and a cross-section of ∼
20 × 500µm, which was directed approximately parallel
to the interfaces between IN625 and 316L. To perform
a scanning cross-sectional X-ray micro-diffraction exper-
iment (CSmicroXRD), the sample was moved along the
growth direction with an increment of 20µm. Almost 400
diffraction patterns, each with multiple Debye-Scherrer
(DS) rings, were recorded from the sample’s cross-section
in transmission geometry using a Perkin Elmer two-
dimensional (2D) flat panel detector of 2048× 2048 pix-
els with a pixel pitch of 200µm. The sample-detector
distance was set to ∼ 1.3 m. A dark current correc-
tion was applied to each exposure. The exact geometry
and distance of the detector with respect to the sam-
ple’s position was determined using a LaB6 calibration
standard powder. Diffraction data were treated using
the pyFAI software package developed at the European
Synchrotron Radiation Facility [38] and evaluated using
custom scripts written in Python.
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FIG. 2. Synthesis and geometry of the IN625-316L structure. (a) Various stages of the fabrication process to produce two
identical multilayered plates. (b) On a 316L base plate, ∼1 mm thick layer of 316L was grown followed by four regions R1–R4
including IN625, which are always separated by ∼1 mm of 316L. The deposition was finalized by ∼1 mm of IN625 on top. As
indicated in (b) left, the R1–R4 regions consist of 3 (R1) and 5 (R2) layers of IN625, alternating IN625 and 316L layers in R3
and alternating groups of three IN625 and three 316L layers (R4). The thickness of every individual layer was set to ∼20µm
(cf. Fig. 1).

III. RESULTS

A. Cross-sectional morphology

The morphology of the polished IN625-316L structure
cross-section was analysed using OM and SEM. The OM
micrograph in Fig. 3 shows the base plate, the five ∼
1 mm thick regions of 316L, the regions R1–R4 and a

∼ 1 mm thick IN625 region on top (cf. also Fig. 2b).
The interfaces between the layers appear to propagate
parallel to the base plate surface and indicate that the
microstructure is laterally homogeneous. The interface
between the multi-layered structure and the base plate
does not show any features of intermixing or dilution.

A variety of cracks were found at the structure’s cross-
section with a very typical zig-zag morphology. A rep-
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resentative example of one zig-zag crack is shown in the
inset of Fig. 3 (cf. also OM and SEM micrographs in sup-
plementary data). Comparable zig-zag cracks were found
in the regions R1–R4 as well as in the top-most ∼1 mm
thick IN625 region. Their occurrence can be correlated
with the presence of IN625. The cracks propagated across
the layers of both alloys within regions R1–R4 and ap-
proximately in the structure’s growth direction, their ori-
gins will be discussed in Secs. III B and III C.

FIG. 3. OM micrograph showing the multi-layered IN625-
316L structure cross-section with ∼ 3 mm base plate, five
∼ 1 mm thick 316L regions separated by the regions R1–
R4 with IN625 layers and layer-groups, respectively, and an
IN625 region on top. The base plate’s surface exhibits a con-
cave bending. The inset at the right shows the cross-sectional
morphology of a typical crack (cf. supplementary data).

The OM micrograph in Fig. 3 shows that the upper
surface of the base plate shows a slight concave bending,
which indicates the presence of compressive and tensile
residual stress states within the top and bottom regions
of the plate, respectively [39]. Consequently, it can be
expected that the near-base plate region of the struc-
ture possesses tensile stresses which change gradually into
compressive at the structure’s surface. The stress forma-
tion is a result of the structure fabrication and its origins
will be discussed in the next section. Fig. 3 as well as all
SEM and TEM micrographs presented along the text are
shown in full resolution in supplementary material.

B. CSmicroXRD analysis

In order to obtain grain-averaged information on the
cross-sectional distribution of crystalline phases, tex-
ture and strain across the multi-layered structure, CSmi-
croXRD was carried out and volume-averaged data from
the 2 mm thick sample (Fig. 2a) (along the X-ray beam
direction) were collected. XRD data obtained by an az-
imuthal integration of the complete Debye-Scherrer rings
in Figs. 4a and b show a cross-sectional evolution of
IN625 and 316L reflections. Since both alloys possess
face-centered cubic (fcc) lattice and lattice parameters of
stress-relieved IN625 matrix and 316L steel differ only
a few percent (depending on the actual alloy composi-
tion), fcc reflection positions (modified by the residual

stress gradient) in Fig. 4a vary only marginally. More-
over, no other reflections from secondary intermetallic
phases like γ′, γ′′ and δ in IN625 [40] or ferrite and car-
bide phases in 316L [41] can be identified in this phase
plot. It should be however noted that quantitative XRD
analysis is not sensitive to secondary phases with volume
fractions smaller than 3–10 %, depending on the crystal-
lite size. The evolution of IN625 and 316L 311-reflections
in Fig. 4b reveals also the presence of the individual R1–
R4 layers, the top IN625 region as well as the base plate.
The data in Fig. 4b allowed resolving also the presence
of five groups of layers within region R4, which correlate
with the multiple alternation of three IN625 and three
316L layers.

The layer-by-layer laser melting process, which is ac-
companied by the generation of localized high thermal
loads during the metal powder bed fusion (Fig. 1), results
in the formation of complex multiaxial residual stress dis-
tributions [42] whose tensile stress concentrations may
significantly influence the mechanical stability of the fab-
ricated parts. In the case of multi-metal hybrid struc-
tures like in Fig. 3, (i) thermal stresses are expected to
be formed as a result of the mismatch of respective coef-
ficients of thermal expansion (CTEs) of ∼15× 10−6 K−1

[43] and ∼ 18 × 10−6 K−1 [44] at 100 ℃ between IN625
and 316L regions. Additionally, (ii) growth stresses are
formed as a result of complex cross-sectional microstruc-
ture and stress evolution during the fabrication pro-
cess accompanied by cyclic elasto-plastic deformation.
As the presence of residual stress was indicated by the
base plate’s bending (Fig. 3), scanning CSmicroXRD was
used to assess cross-sectional strain-stress distributions
in the structure. The motivation was to obtain quali-
tative data and assess the role of particular microstruc-
tural features in the formation of stress. IN625 and 316L
311-Debye-Scherrer rings collected from the individual
cross-sectional structure positions were evaluated with
regard to their ellipticity. The obtained data were used
to estimate depth gradients of X-ray elastic strains and
residual stresses. For the evaluation, it was supposed
that the shear X-ray elastic strains ε311ij and shear resid-
ual stresses σij can be neglected for simplicity. In this
case, the measured ellipticity is proportional to the dif-
ference of in-plane and out-of-plane residual stresses of
σ11 − σ33 and X-ray elastic strains ε31111 − ε31133 , which
were evaluated using the Hill grain interaction model ap-
plying appropriate X-ray elastic constants [45, 46]. Since
the out-of-plane stresses σ33 can be supposed to be rela-
tively small, due to the free sample surface, the evaluated
σ11−σ33 values from Fig. 4c can be therefore used to de-
scribe an evolution of the in-plane stresses σ11 across the
structure’s cross-section.

The surface region of the base plate is in compression
[39] and the stress profile across the multi-layered struc-
ture exhibits a complex oscillatory stresses behaviour,
which is superimposed on a dominant C-shaped stress
depth dependence (Fig. 4c). According to the tempera-
ture gradient mechanism (TGM) model [39, 42, 47], the
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FIG. 4. Results from CSmicroXRD on the multi-layered structure. (a) The phase plot reveals only the presence of fcc reflections
of IN625 and 316L alloys with very similar lattice parameters. (b) The evolution of IN625 and 316L 311 reflections shows the
positions of R1–R4 regions, the top IN625 layer and the base plate. (c) The strain/stress plot indicates a dominant C-shaped
stress depth dependence with compressive stress relaxations at the positions of R1–R4 regions. (d–g) The texture plots show
the distributions of diffraction intensities along Debye-Scherrer rings for IN625 and 316L 220, 111, 200 and 311 reflections.

C-shaped stress profile across the multi-layered structure
can be interpreted by the effect of the cyclic heating of the
mechanically restrained preceding metallic layers, which
results in the formation of compressive stresses and ma-
terial plastification. During cooling down, tensile stresses
are formed in the plastified surface zone (like in the top-
most ∼ 1 mm thick IN625 region in Fig. 4c), which are
balanced by compressive stresses in the build-up zone be-
neath and in the base plate. Additionally, the oscillatory
stress behaviour in Fig. 4c indicates that the growth of
316L layers results systematically in an increase of com-
pressive stresses at all five cross-sectional positions in the
structure. Conversely, the deposition of IN625 results in
a systematic relaxation of compressive stresses. The re-

sulting compressive stress oscillations can be interpreted
by a higher degree of plastic strain generation in 316L
compared to IN625, which is due to a lower yield strength
of 316L, as well as by a stress relaxation in IN625 man-
ifested by the formation of zig-zag cracks, as visible in
Fig. 3. It is clear, however, that this qualitative explana-
tion of the stress gradient formation is very simplified and
the formation depends on a variety of process and ma-
terial parameters like heat source path and heat transfer
to the underlying layers, temperature distributions, lo-
cal thermal conductivity, local yield strength and local
CTEs. Moreover, due to their unique microstructures,
materials’ parameters are temperature- and, thus, laser
power-dependent [17].



7

The plots in Figs. 4d–g show azimuthal distributions of
diffraction intensities along IN625 and 316L 220, 200, 111
and 311 Debye-Scherer rings and document thus a qual-
itative evolution of crystallographic texture across the
structure. Since the angle 0 and 90 degrees in Figs. 4d–g
correspond to the out-of-plane and in-plane orientations
of the diffraction vectors, respectively, the results indi-
cate the presence of 〈110〉 fibre texture, which evolves
gradually in the first 316L layer and saturates within
∼ 0.4 mm above the base plate. Thereafter, it is pre-
served in all subsequent 316L layers (Fig. 3d). This is
documented for instance by the strong azimuthal max-
ima of 220, 200 and 111 reflections at ∼ 0°, ∼ 45° and
∼35°, respectively. These maxima correspond to the an-
gles of ∼ 45° and ∼ 35° between (110) and (100) as well
as (110) and (111) crystallographic planes, respectively.
The occurrence of azimuthal maxima broadening at the
positions of R2, R3 and R4 regions indicates that the
addition of IN625 weakens the 〈110〉 fibre texture, which
practically disappears or even turns into a 〈100〉 fibre
texture within the top IN625 sublayer. The results also
reveal that the base plate is not free from texture, but
there is a certain type of a weak biaxial texture. This is
represented in Figs. 4d, e by the occurrence of weak max-
ima at ∼0 and ∼90 degrees for 220 and 111 reflections,
respectively.

C. Local texture analysis

In Fig. 5, EBSD micrographs show the cross-sectional
evolution of crystallite orientations and microtexture
along the in-plane and out-of-plane sample axes [100] and
[001], respectively, at the interface between the base plate
and the first 316L layer (Fig. 5e, f) and across the regions
R1 (Fig. 5c, d) as well as R4 (Fig. 5a, b). The data in
Fig. 5e document that the apparently homogenous mi-
crostructure of the base plate with globular grains with
an average size of ∼12µm in diameter rapidly turns into
a textured microstructure with elongated grains and an
average grain length of ∼ 108µm within the first 316L
layers. In case of all five ∼ 1 mm thick 316L layers,
the EBSD data indicate the presence of a relatively pro-
nounced 〈110〉 fibre texture with random in-plane crystal-
lite orientations (e.g. along [100] and sample direction),
in agreement with the data from Figs. 4d–g.

The region R1 (Figs. 5c, d) shows a very localized
grain refinement and a small change in the crystallite
orientation, which however seemingly does not influ-
ence the cross-sectional microstructure significantly. In
other words, the insertion of the three IN625 layers (cf.
Figs. 2b, 3) did not influence the epitaxial overgrowth of
the individual layers resulting in the preservation of the
columnar grain microstructure as well as texture. This
is in agreement with the XRD results from Figs. 4d–g,
where also no significant texture disruption was observed
within the region R1. The behaviour of the preserved
crystallite microtexture can be interpreted by very simi-

lar lattice parameters of both alloys, differing only a few
percent, which clearly promoted a heteroepitaxial over-
growth.

The EBSD data from the region R4, however, indicate
changes in the crystallite orientation (Figs. 5a, b) caused
by the addition of IN625 sublayers, namely the 〈110〉 fi-
bre texture was gradually disrupted as can be seen espe-
cially in Fig. 5b. This observation is in agreement with
the XRD data from Figs. 3d–g, which also showed that
the deposition of multiple IN625 layers induces a gradual
texture randomization.

Moreover, the EBSD results from Fig. 5 document a
zig-zag cross-sectional morphology of elongated grains
(and low-angle grain boundaries with a misorientation
angle less than about 15 degrees), which is obtained as a
result of the applied scanning strategy. Grain-boundary
maps are also presented in the supplementary material.
This zig-zag morphology can be correlated to the zig-zag
cracks patterns observed using SEM and OM especially
at the cross-sectional positions of the regions R1–R4 (cf.
inset in Fig. 3). The zig-zag cracks are expected to orig-
inate from the particular shape of the grain boundaries
and/or in-plane residual stresses induced by CTEs mis-
match between the sublayers.

D. Chemical analysis

SEM and EDX analyses were performed in order to
characterize microstructure and chemistry of both alloys
within the individual layers. The results indicate a ho-
mogenous distribution of elements in both phases and,
additionally, no microscopic precipitation resulting in a
localized elemental enrichment or depletion, in agreement
with the CSmicroXRD data (Fig. 4). Moreover, no for-
mation of microscopic dendritic regions was observed at
the microscale. This is in contrast to the results from sim-
ilar studies on the IN718-304L systems, where the forma-
tion of microscopic enrichments in Nb and Mo, with a few
shared areas containing C, was observed inter- and intra-
granularly in IN718 and IN625 [35, 36]. This discrepancy
can be interpreted by the different thermal treatments
applied in Refs. [35, 36] and in the present process.

EDX concentration mapping of the region R4 was per-
formed to examine the intermixing of the elements be-
tween IN625 and 316L sub-regions during the multilayer
structure fabrication. In Fig. 6, distributions of major el-
ements indicate the presence of ten sub-regions, each con-
sisting of three layers of IN625 or 316L. Both deposited
alloys contain Fe, Ni, Cr and Mo elements, whereas Nb
is initially present only in IN625. In the Nb concentra-
tion map in Fig. 6, it is possible to resolve five Nb-rich
sub-regions representing IN625 and four 316L sub-regions
with a smaller amount of Nb. Moreover, there is evidence
of a higher concentration of Nb in the ∼1 mm thick 316L
region above region R4, compared to the Nb (EDX back-
ground) concentration level in the ∼ 1 mm thick 316L
region, below region R4. These observations indicate
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FIG. 5. EBSD data show the orientation of the crystallites with respect to the in-plane and out-of-plane sample axes [100] and
[001], respectively, at the interface between the base plate and the first 316L layer (e, f) and across the regions R1 (c, d) as
well as R4 (a, b). These microtexture data indicate the presence of a columnar grain morphology and a 〈110〉 fibre texture in
both alloys (cf. also supplementary data). The zig-zag patterns in the microstructure are indicated by black, dotted lines and
white arrows (a, c, d). The dark arrow in (a) indicates the growth direction.

that after the deposition of IN625 layers, the elements
of this alloy were distributed along the growth direction
upwards as a result of out-diffusion into the melt-pool.
Probably, the concentration of the IN625 alloying ele-
ments decreases exponentially with distance from IN625
layers.

The Ni and Fe concentration maps in Fig. 6 indicate
very clearly the presence of five IN625 and five 316L
layer-groups in region R4. In both types of sub-regions
a simultaneous occurrence of Fe and Ni was evaluated.
This effect can be attributed to an intermixing of the
two elements between the deposited sub-regions and to
the (intrinsic) simultaneous occurrence of the elements
in both alloys. The following effects are remarkable how-
ever: The top-most sub-region of three layers of 316L
in region R4 (cf. Fig. 2b) shows lower and higher con-

centrations of Fe and Ni, respectively, compared to the
neighboring top-most ∼1 mm thick 316L region (Fig. 6).
Similarly, also the bottom-most sub-region of three 316L
layers in region R4 (following the first IN625 layer, cf.
Fig. 2b) shows lower and higher concentrations of Fe
and Ni, respectively, compared to the underlying ∼1 mm
thick 316L region, which appears to be almost free of Ni
(Fig. 6). These observations also indicate that growth
of the IN625 and 316L sub-regions was accompanied be
cyclic remelting of the alloys and an intermixing of the el-
ements between the layer being deposited and preceding
layers.

Since IN625 contains an amount of Mo that is approx-
imately two times higher than that in 316L steel, Mo
enrichments in the concentration map in Fig. 6 can be
correlated with the occurrence of IN625 layers in region
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FIG. 6. EDX concentrations maps show the distribution of elements in the area of region R4. The arrow in the SEM micrograph
indicates the building direction.

R4. The homogenous distribution of Cr across the region
R4 (Fig. 6) correlates well with ∼ 20 % amount of Cr in
both alloys (cf. also Sec. III E).

An attempt was made to relate the occurrence of the
cross-sectional cracks (Fig. 3) with the chemical gradients
across the multilayered sample [35], but no such correla-
tion was observed. In other words, a local fluctuation of
the elemental concentrations was not found to be respon-
sible for the zig-zag crack growth behavior, in contrast to
the results of Carroll et al. [35], where microscopic Nb-
and Mo- enrichment was observed within the cracked re-
gions in IN625-304L system.

E. Mechanical characterization

Nanoindentation measurements were performed across
the R4 region in order to evaluate the spatial distribu-
tion of hardness and reduced elastic modulus (the latter

is presented in supplementary material). In Fig. 7, the
cross-sectional distribution of hardness in the range of
∼ (3–4) GPa is superimposed on an occurrence of Ni de-
termined using EDX analysis (from Fig. 6). The data
indicates that the multiple hardness increase can be cor-
related with the occurrence of Ni within the five groups
of IN625 layers. In four sub-regions, each consisting of
three 316L layers, as well as on the borders of region
R4, the hardness decreases systematically. The regions
R1–R3 showed the same behavior, where the insertion of
IN625 interlayers caused an increase in hardness.

Hardness measurements were performed also on the
sample (bulk) regions which consist exclusively of IN625
and 316L, where hardness values of 3.95 ± 0.08 and
2.81 ± 0.08 GPa were found, respectively, in relatively
good agreement with the literature values of ∼ 4.3 GPa
[48] and ∼3.5 GPa [49]. This means that the bulk IN625
and 316L regions possess lower and higher hardness than
the IN625 and 316L sub-regions in region R4, respec-
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FIG. 7. Cross-sectional distribution of hardness across the
region R4 superimposed on the elemental distribution of Ni
from Fig. 6. The hardness increase correlates with the posi-
tions of five IN625 sub-regions.

tively. This finding can be interpreted by the elemental
intermixing (cf. Fig. 6) and/or by different chemical com-
positions of CrMOx dispersoids formed within region R4
(cf. Sec. III F).

F. TEM characterization

TEM characterization was performed in order to ana-
lyze the local microstructure and chemical composition
across an exemplary interface, between the upper part
of the ∼1 mm thick 316L region and the topmost IN625
region (Figs. 2b, 3). Bright field and high-angle annu-
lar dark-field (HAADF) micrographs revealed the pres-
ence of morphologically sharp interface between both al-
loys with a large amount of spherical nanodispersoids
distributed throughout the interface region and an oc-
currence of heavy elements primarily at the IN625 grain
boundaries, as documented by the HAADF micrograph
in Fig. 8.

However, EDX analysis of the interface indicated grad-
ual changes in the concentrations of Fe and Ni at a
length scale of several ∼ 100 nm across the interface
(Fig. 8). At the IN625 side, grain boundaries were re-
vealed to contain enrichments of Nb, Mo and C as result
of nano-segregation, which is usually observed after ther-
mal treatments of Inconel alloys [39]. At the 316L side,
the segregation of Nb, Mo and C at the grain boundaries
was observed to a much smaller extent and Nb as well as
Si enrichments within the dispersoids were detected (cf.
Fig. 8).

Also a detailed EDX analysis of the spherical disper-
soids with a diameter of ∼ 20–100 nm was performed
(Fig. 9) at both sides of the interface. As documented
by EDX maps in Fig. 9, the dispersoids were identified
to be chromium-metal-oxide nanoparticles CrMOx en-
riched with Si and exhibiting Nb-rich shells. Generally,
the dispersoids were found in both alloys across the whole

structure at high concentrations and their actual compo-
sition depends on the chemistry of the particular alloy’s
matrix. This indicates that the dispersoid’s formation is
a characteristic attribute of the particular fusion process
and resembles the formation of protective oxide scale rich
in Cr in stainless steels with a relatively large fraction
of Cr [50]. In other words, the liquid dispersed metal
powder bed fusion induces an oxidation of Cr present
in both alloys, resulting in the formation of dispersoids
with some traces of Si and Nb (Fig. 9). This phenomenon
will be denoted as reactive additive manufacturing. The
ceramic dispersoids represent nanoscopic alloy reinforce-
ments, which are expected to be favorable for the me-
chanical properties of the structure. Therefore reactive
additive manufacturing as a part of the liquid dispersed
metal powder bed fusion can be used as an effective tool
to homogeneously incorporate nanoscopic particles across
deposited structures in order to tailor mechanical prop-
erties.

IV. DISCUSSION

This study demonstrates the feasibility of fabricating
multi-layered IN625-316L structures (Figs. 2b, 3) with
sharp structural and microstructural boundaries between
the two alloys, deposited using liquid dispersed metal
powder bed fusion (Fig. 1), where the alloys alternation
was achieved at meso- and micro-scales (Figs. 3, 6). The
implementation of regions with periodically varying me-
chanical properties is expected to hinder crack propaga-
tion and may results in the synthesis of damage-resistant
materials [51, 52]. Due to the out-diffusion of alloying
elements in the growth direction, however, an elemen-
tal intermixing was observed at length scales of several
100 nm (Fig. 8). The results from the multilayered re-
gion R4 (Figs. 3–6) document that the approach allows
for the deposition of spatially alternating alloys with the
resolution of ∼60µm in the growth direction, which con-
sequently exhibits an oscillating hardness depth profile
with a period of ∼100µm (Fig. 7).

The 316L layers possess a 〈110〉 fiber texture, which
saturates already in the first ∼ 1 mm thick 316L region
at a distance of ∼ 0.4 mm (Fig. 4e) above the base
plate. However, the deposition of IN625 alloy induces
a gradual disruption of the 〈110〉 texture and the for-
mation of a much weaker 〈100〉 fiber texture like in Ref.
[36], which is present especially in the top-most IN625
sublayer (Figs. 4d–g). The deposition of IN625 induces
moreover a refinement of the microstructure, which is
visible already in region R1 (Figs. 5c, d).

The occurrence of a C-shaped stress gradient with a
negligible near-base plate stress, the oscillating compres-
sive stresses at a level of ∼−150 MPa and the pronounced
surface tensile stress of ∼ 500 MPa (Fig. 3c) are inter-
preted by means of the TGM model [39, 42, 47], suppos-
ing cyclic material plastification and densification dur-
ing the additive deposition. The C-shaped stress profile
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FIG. 8. EDX concentration maps show distributions of elements at the interface between 316L and IN625 alloys, which is
indicated by arrows in the HAADF micrograph. Besides gradual changes in Fe and Ni concentrations and in the composition
of CrMOx dispersions, Nb-rich precipitates change their shape as a function of the Nb-content in the base material.

is a result of the mechanical equilibrium achieved after
cooling down from the process temperature of compres-
sively and tensilely stressed and mutually restrained sur-
face and underlying bulk structure regions, respectively,
whose stress signs are expected to almost reverse at room
temperature. The deposition of IN625 layers results in
the relaxation of compressive residual stresses (Fig. 3c),
as a result of the supposed lower degree of plastic strain
generation in IN625 and zig-zag cracking, which pene-
trates layers of both alloys (cf. inset in Fig. 3 and sup-
plementary data) along zig-zag low-angle-grain bound-
aries. This effect is denoted as “ductility dip crackin”and
appears as a result of IN625’s ductility decrease during
cooling down from the process temperature at straight
or non-tortuous boundaries [36, 53].

EDX analysis in SEM (Fig. 6) indicated the absence
of microscopic dendrites or precipitates with metallic en-
richments/depletions zones in both alloys, in agreement
with the CSmicroXRD data (Fig. 4a). Also no cracks
were observed, which could be correlated with local-
ized elemental enrichment or depletion. This is differ-
ent from the results of Hinjos et al. [36] and Carroll et
al. [35], where microscopic precipitates and features were

reported in the same and/or similar alloys and which
were correlated also with the occurrence of microscopic
cracks. At the nanoscale, however, the EDX analysis per-
formed in TEM indicated the presence of Nb, Mo and C
enrichments caused by nano-segregation at IN625 grain
boundaries (Fig. 8). These observations indicate that
the liquid dispersed metal powder bed fusion process is
favorable for the deposition of complex alloys because it
is possible to suppress the formation of secondary phases
at the microscale. Probably, due to the shorter diffusion
lengths predefined by the particular laser design, the seg-
regation of elements was limited and occurred only to a
very small extent at the grain boundaries of IN625, as
shown in Fig. 8.

IN625 regions and the top layer showed the presence of
undesirable zig-zag cracks (Fig. 3), which may obviously
negatively influence mechanical stability of the IN625-
SS316L build-up. Therefore a further optimization of
the process is needed. The possibilities are to include
additives into the powder suspension that will help to
reduce solidification cracking. Another approach would
be to increase the lasers pulse frequency, inspired by the
results of Patterson et al. [54].
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FIG. 9. EDX concentration maps show distributions of elements within representative dispersoids in IN625 (a) and 316L (b)
alloys near the interface shown in Fig. 8. The spherical CrMOx nanodispersoids possess Nb-rich shells and Si concentration
appears to depend on the matrix alloy (cf. also Fig. 8).

A large concentration of spherical dispersoids with a
diameter of ∼20–100 nm, existing across the whole struc-
ture, was identified as a remarkable attribute of the liquid
dispersed metal powder bed fusion process, which there-
fore includes also reactive additive manufacturing of ce-
ramic nanodispersoids. The dispersoids could be found in
both alloys and were identified mainly as CrMOx precip-
itates, enriched with Si and Nb, depending on the local
alloy matrix chemistry. Their complex internal morphol-
ogy is presented in Fig. 9. The dispersoid’s formation is
interpreted by the oxidation of Cr and other elements and
resembles the formation of protective Cr2O3 oxide layers
in Cr-rich stainless steels [50]. The dispersoids represent
another hierarchical level within the alloy’s microstruc-
ture and actually provide structural reinforcement. Their
formation indicates another interesting feature of AM
technologies, namely the possibility to perform reactive

additive manufacturing and microstructural design at the
nanoscale. In other words, the deliberate formation of ox-
ide nanoparticles during the liquid dispersed metal pow-
der bed fusion can be used as an effective tool to tune
mechanical properties of AM-prepared alloys.

The multilayered structure (Fig. 3) exhibits a variety of
bio-inspired attributes. The hatch strategy was selected
to deposit microstructure with elongated grains and zig-
zag low-angle grain boundaries (Fig. 5). Zig-zagging in-
terfaces between crystallites and microstructural features
are very common in natural materials and serve to en-
hance fracture toughness while preserving strength, for
instance in Saxidomus purpurata shells with zig-zag ori-
ented aragonite platelets. The deposition of the alter-
nating alloys at meso- (Fig. 3) and micro-scales (Fig. 6a)
with different mechanical properties and oscillating stress
gradients [51] at the cross-section (Fig. 3) resembles a
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nacre-like microstructure [55] and has been known to
improve the mechanical properties of hybrid-materials.
Even though the mismatch in mechanical properties of
IN625 and 316L is not sufficiently high, this work shows
the possibility to tailor multilayer materials using the
liquid dispersed metal powder bed fusion approach. Ad-
ditionally, the incorporation of ceramic nano-dispersoids
(Figs. 8, 9) based on Cr oxides can be used as an effec-
tive tool to tune the mechanical properties of the AM
structure by nanoscale design.

In summary, the liquid dispersed metal powder bed
fusion approach offers the possibility to produce hierar-
chical microstructures based on meso- and micro-scale
multilayers, grain boundaries of zig-zag shape, gradually
changing textures, oscillatory stress concentrations and
nanoscopic reinforcements, which together comprise a va-
riety of multi-scale interfaces and can be used to tailor
mechanical properties of AM structures.

A. Conclusion

This study demonstrates the feasibility of synthesiz-
ing a multi-metal hybrid structure based on IN625 and
316L, featuring unique multilayered microstructures at
meso- and micro-scales, zig-zag shaped elongated grains
and grain boundaries, regularly distributed nanoscopic
dispersoids, complex texture evolution with gradual tran-
sitions, oscillating cross-sectional residual stresses and
abrupt variation of mechanical properties across the mul-
tilayer. The zig-zag cracking correlated with the occur-
rence of IN625 (Fig. 2) as well as the pronounced C-
shaped residual stress gradient (Fig. 3c), however, indi-
cate the importance of process optimization in the fab-
rication of multi-metal hybrid materials with crack-free
microstructures.

Although the synthesis of the multilayered structure
(Fig. 3) was inspired by the architectural principles ob-
served in biological materials [56] and the structure pos-
sesses a variety of interesting bionic microstructural fea-

tures, the hardness values of IN625 and 316L do not differ
significantly. Thus, effects like crack deflection toughen-
ing (observed in nacre) at the interfaces between IN625
and 316L layers and regions could not be achieved here.
The fabrication of hybrid systems consisting of materials
with significantly different intrinsic mechanical proper-
ties like metal-ceramic composites has future potential to
design multi-material structures with superior mechani-
cal properties like high strength and toughness.

Finally, the presence of unique microstructures at
meso-, micro- and nano-scales observed within the IN625-
316L multilayer (Fig. 2) indicates the necessity of us-
ing cutting edge analytical techniques operating at mul-
tiple length scale in order to reveal the very partic-
ular process-microstructure-stress-property relationships
in AM structures.
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Forschungsförderungsgesellschaft mbH (FFG), Project
No. 861496, “CrossSurfaceMech”. Financial support by
the Austrian Federal Government (in particular from
Bundesministerium für Verkehr, Innovation und Tech-
nologie and Bundesministerium für Wissenschaft, For-
schung und Wirtschaft) represented by Österreichische
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