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ABSTRACT
Additive manufacturing (AM) enables the processing of heterogeneous materials with cus-
tomised architectures to improve strength-ductility synergy. Herein, layerwise-heterostructured
high-strength steels were processed by AM of two steel powders following the designed archi-
tectures. The fabricated high-strength steels with hierarchical heterogeneous characteristics at the
layer, melt-pool and grain scales, exhibit good strength-ductility combination, reaching a strength
of 1.32GPa together with an elongation of 7.5%. The increased strength attributes to hetero-
deformation induced strengthening. In-situ deformationmonitoring reveals many unique deforma-
tion bands in heterostructure materials, which delays necking and improves ductility. The findings
demonstrate a novel potential approach to circumvent material property trade-offs.

IMPACT STATEMENT
Additively manufactured heterogeneous materials with controllable architectures achieved a good
strength-ductility combination; the underlying strengthening mechanism and unique deformation
behaviour are revealed.
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1. Introduction

The strength-ductility trade-off is a longstanding chal-
lenge existing in engineering metallic materials, con-
sidering that the improvement in strength generally
leads to a reduction in ductility, and vice versa [1].
Recently, metallic materials with engineered gradient
structures [2], heterogeneous microstructure [3], twin-
ning [1] and hierarchical microstructure [4], are demon-
strated as potential methods for achieving both high
strength and high ductility. For instance, the deforma-
tion twins in metallic materials is an essential defor-
mation mechanism (distinct from dislocation slipping
principle), which results in ‘twinning-induced plastic-
ity’ and increases the strength and ductility simul-
taneously [5]. In contrast, heterogeneous structural
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materials are affected by the ‘soft’ and ‘hard’ regions
corresponding to the coarse grains/soft phase and fine
grains/hard phase, respectively. During plastic defor-
mation, the hetero-zones deform inhomogeneously and
form back stresses in the soft zones and forward
stresses in the hard zones, which together result in
hetero-deformation induced (HDI) strengthening while
retaining a good ductility [3]. However, the TWIP
effect exists in limited types of metals. Furthermore,
it is difficult to control the volume fraction and the
periodic distribution of twinning and heterogeneous
structure induced by conventional thermo-mechanical
processes (such as rolling). This could result in signifi-
cant anisotropy and high uncertainty in the mechanical
properties [6].
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Functionally graded material (FGM) is a typical het-
erogeneous material, which is characterised by spatial
variations in compositions/constituents and/or micro
structures along single or multiple directions, providing
an efficient way for improving the stress-ductility combi-
nation as they can inherit different merits (i.e. strength,
ductility, and toughness) from their constitutive mate-
rials [7]. Additive manufacturing (AM) as a disruptive
technology provides more design freedom and flexible
manufacturability, paving the ways for innovative FGMs
design with controllable architectures and tailored per-
formance [8]. Existing mainstream of AM FGMs can be
roughly classified into three categories [9,10]: (i) AM of
material A on materials B directly, (ii) AM of material
A on materials B with a material C as an intermedi-
ate layer, (iii) AM of material A and material B with
gradient variation of the two materials by their weight
percentage. Those FGMs cannot fully leverage on the
advantages of constitutive materials to achieve strength-
ductility combination due to limited interfacial interac-
tions. Furthermore, the AM of heterogeneous materi-
als with customised architectures to combine superior
properties from each constitutive material for enhancing
overall properties are overlooked.

Different from the existing AM-processed FGMs, this
work explores a new approach to improve the strength-
ductility combination of high-strength steels by additive
manufacturing of layerwise-heterostructured FGMs. The
microstructural evaluation, mechanical properties, and
deformation and failure mechanisms were investigated.
The findings highlight the new research domain of AM
processing of heterostructured materials with control-
lable properties and functions.

2. Materials andmethods

The gas-atomized spherical grade 300 maraging steel
(C300 MS) powder (Fe-18.3Ni-9.1Co-4.9Mo-0.75Ti-
0.1Si-0.09Cr-0.04Mn-0.01C, wt.%) and AISI 420 stain-
less steel (420 SS) powder (Fe-13.78Cr-1.04Mn-0.85Si-
0.21C, wt.%) were used as feedstock. The particle size
distributions MS and SS are 15–53 and 45–106 μm,
respectively. The powder-blown laser aided additive
manufacturing (LAAM) system used in this study was
developed by Singapore Institute ofManufacturing Tech-
nology, equipped with a 1 kW IPG Ytterbium contin-
uous wave fibre laser. As illustrated in Figure 1(a,b),
two types of layerwise-heterostructured FGMs were pro-
cessed by LAAM of MS and SS two powders; one con-
sists of alternating materials between every layer (termed
as FGM-1, Figure 1(a)), while the other one alternat-
ing materials for every two deposited layers (termed
as FGM-2, Figure 1(b)). The optimised laser process

parameters, i.e. laser power, scan speed and hatch
space, for MS are 850 W, 20mm/s and 0.8mm, respec-
tively. Likewise, the process parameters for SS are 890
W, 20mm/s and 0.65mm, respectively. Both materials
were deposited using the raster scan strategy with 90
degrees rotation for alternate layers. The as-built sam-
ples were sectioned along the build (Z) direction to
study the microstructural evolution using an OLYMPUS
MX51 optical microscope (OM). Electron back-scattered
diffraction (EBSD) tests were performed using a step size
of 150 nm with an Oxford EBSD detector equipped in
an FEI 600i scanning electron microscope system. The
energy dispersive spectrum (EDS) was captured dur-
ing EBSD scan simultaneously. Interfacial microhard-
ness was measured by aMATSUZAWAMMT-X3micro-
hardness tester with a load and dwelling time of 100 g
and 15s, respectively. The mechanical tensile properties
were evaluated using an Instron 5982 universal mate-
rial testing machine with a loading and unloading speed
of 1mm/min. The unloading started at the strain of 2,
3 and 4%, respectively, until 30MPa; and then revert-
ing to loading automatically. A 2D digital image cor-
relation (DIC) system was used for in-situ monitor-
ing of the localised strain and failure behaviour. High-
resolution (6000× 4000 pixel) images were taken at 5
frames/second (aperture size f/2.8 and exposure time
1/20 s) using a Canon CCD camera. A Zeiss GOM corre-
late software was used to analyse those images to obtain
the strain distribution maps.

3. Results and discussion

The OM morphologies of the FGMs shown in
Figure 1(c,d) exhibit the layerwise architectures. Energy
disperse spectroscopy (EDS) mapping analysis at the
selected regions in Figure 1(c,d) suggests that the brighter
layers are the 420 SS while the darker layers are C300MS,
owing to the better corrosion resistance of SS. The pen-
etration depth of the subsequent layer on the previous
layer is close to the layer thickness (Figure 1(c)), which
implies near-complete mixing of the MS with the previ-
ously deposited SS in the melt-pool. For the FGM-2, the
thickness of the SS or MS layers is almost doubled com-
pared with FGM-1. Thus, the subsequently deposited SS
layer only partially penetrates theMS layer, thereby form-
ing a dilution layer between SS and MS, which is the
greyish region in Figure 1(d). In addition, circular flows
are evident in the MS melt pools, as observed from the
OM images, which is rich in SS material (e.g. Cr and Si).
The circular features are typical convective flows caused
by the Marangoni effect [11].

Figure 2 shows the cross-sectional microstructure
analysis of the FGM-1. The MS and SS regions can
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Figure 1. Schematics showing the processes of LAAM of (a) FGM-1 and (b) FGM-2 two types of layerwise-heterostructured FGMs; OM
morphologies and EDS maps of the (c) FGM-1 and (d) FGM-2 samples along build direction.

be distinguished in Figure 2(a). The observed highly
curved features aremelt-pool solidification fronts formed
by strong convective Marangoni flows, driven by melt-
pool temperature gradient and temperature-dependent
surface tension coefficient [11]. The selected close-up
regions in Figure 2(a) are given in Figure 2(b,c), depicting
the slender columnar structures formed in region I, with
inter-spacing of about 0.5 μm. Epitaxial columnar struc-
tures (without significant nucleation ahead of the grow-
ing cell array) perpendicular to the melt pool boundary
is dominant due to preferential competitive grain growth
along the primary heat flow direction [12]. The epitax-
ial growth of columnar structures (region II) crossing
the SS/MS interface (Figure 2(c)) benefits the interlayer
bonding of these two materials. Large-area EBSD analy-
sis on the selected region in Figure 2(d) was performed
to investigate the grain orientation, phase distribution
and dislocation density; the SS andMS regions are deter-
mined by EDS maps from Figure 1(c). The geometrically
necessary dislocations (GNDs) were calculated based on
the strain gradient model using the equation ρGND = 2θ

ϕb
[13]. Where ϕ is unit length (equals to twice the EBSD
acquisition step size), b is the magnitude of Burgers vec-
tor, and θ is the kernel average misorientation (KAM),
which is retrieved directly from EBSD data with a square

kernel method (filter size 3× 3 and subgrain angle 2°)
as previously elucidated in earlier publication [13]. The
GNDs distribution map in Figure 2(e) demonstrates that
the SS region has a lowerGNDsdensity thanMS, suggest-
ing a low dislocation density in SS regions. In contrast,
GNDs are found to accumulate in the vicinity of inter-
faces (see Figure 2(f,i)). The average GND density at
the interfacial region can reach 1.35× 1015/m2, which is
much higher than the average value of 3.16× 1014/m2 in
FGM-1. The higher GND density in the interface could
be caused by incompatibility and mismatch in mate-
rial physical properties such as coefficient of thermal
expansion (CTE) and mechanical properties. The IPF in
Figure 2(g) suggests an overall random orientation, but
grains with identical orientations across the interface can
also be found. Phase distribution map (Figure 2(h)) indi-
cates that both theMS and SS havemajor BCC phase, but
the SS has a higher fraction of FCC than MS. The higher
fraction of FCC phase in the SS layers could increase the
deformability of the heterostructure materials, due to the
FCC to BCC transformation-induced plasticity (TRIP)
effect under deformation [14].

Further high-magnification EBSD analysis on the
interface is present in Figure 2(c), is provided in
Figure 3. The inter-locking morphology at the interface
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Figure 2. OMand EBSDmicrostructural investigations of the FGM-1 sample along build direction. (a) Low-magnification image showing
the cross-sectional microstructures, (b) and (c) zoom-in images corresponding to selected regions from (a) showing microstructures of
MS and layer boundary, (d) EBSD scan region, (e) and (f ) GNDmap, (g) IPF, (h) phase distribution map, and (i) GND density distributions.

in Figure 3(a) is caused by convection flows. Figure 3(b)
reveals different microstructure morphologies in the MS
and SS regions, in which the MS mainly consists of slen-
der columnar dendrites, while acicular and cellular struc-
tures are found in the SS regions. Additionally, the IPF
in Figure 3(c) suggests that the MS and SS grains are
mainly along the <0117> and <001> orientations,
respectively. The distinct grain orientations across the
interface could also lead to high interfacial energy. The
phase composition in MS and SS regions is also differ-
ent, with more FCC phase in the SS than MS region.
Figure 3(e) depicts elements segregation caused by inho-
mogeneous melt-pool intermixing. Notably, the Cr and
Si from SS are segregated in MS, while the Ni and Mo
from MS are locally riched within the SS regions. Inter-
estingly, both Si and Mo are segregated at the boundaries
of columnar structures.

Overall, multi-scale heterostructures are formed in
these multi-materials: (i) macro-scale (layer scale) refers

to the layerwise heterostructures formedby the alternating
deposition of two materials with centimetre-scale peri-
odic structures (see Figure 1(c,d)). (ii) Meso-scale (melt-
pool scale): inter-mixing of two materials caused by
circular flows in almost all the melt pools, contribut-
ing tomillimetre-scale heterostructures. (iii) Micro-scale
(grain scale): the Mo (from MS) and Si (from SS)
elements (Figure 3(e)) and FCC phase (Figure 3(c))
segregations along the interface of micron-size colum-
nar structures lead to micro-scale heterostructures. The
microstructural evolutions in meso- and micro-scales
are illustrated in Figure 3(f). The Marangoni convection
depends on surface tension gradient and temperature
gradient, as the temperature at the centre of melt pool
is higher than that of the boundary, which leads to the
surface tension gradient in the melt pool from centre to
boundary [11,15]. So the liquid metal is pushed toward
themelt pool boundary,while the gravity leads the liquids
to flow downwards towards the bottom of the melt pool,
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Figure 3. High-magnification EBSD analysis of the interface andmicrostructure evaluationmechanism. (a) EBSD scan region of the layer
interface corresponding to themarked region in Figure 2(c), (b) band contrast image, (c) IPF, (d) phase distributionmap, (e) EDSmaps, (f )
schematics showing microstructural evaluation mechanism and multi-scale heterostructures (F stands for the synthetic force between
surface tension and gravity). The schematics of Marangoni convection are adapted from [15].

therefore, forming circular flows in melt pools and inter-
locking structures at the layer interface. The columnar
boundary segregation could be mainly attributed to the
solute partition of materials, as the elemental diffusion
during LAAM process is limited owing to the transient
laser heating time (inms level) and rapid cooling rate (up
to 105 K/s).

The microhardness indentations across the differ-
ent materials are shown in Figure 4(a), along with the
hardness profile in Figure 4(b), which shows a higher
hardness value in the SS layer than the MS layer. A
gradient hardness transition between the hard and soft
domains is observed in Figure 4(a,b), which is pos-
sibly caused by the dilution and intermixing between
the two materials, alleviating abrupt hardness variation
across the interface. The tensile properties of the FGMs
in comparison with the LAAM-processed single MS are
provided in Figure 4(c). The ultimate tensile strength
(UTS) of FGM-1 and FGM-2 are all higher than 1.3GPa,
which has increased by more than 200MPa, compared
with MS (about 1.1GPa). Besides, the elongation (El)
of the FGMs reaches 7.5%, which is higher than that

of the heat-treated (HTed) MS (average El 5.6%). The
achieved mechanical properties of FGMs in comparison
to the typical properties of laser additively manufac-
tured MS from literature are plotted in Supplementary
Figure S1, which highlights a balanced strength-ductility
achieved in FGMs. The increased UTS could be caused
by stress redistribution away from the soft (plastically-
deforming) to the hard (non-deforming) zones. Specif-
ically, when the heterostructured material deforms, the
softer domains will undergo plastic deformation first
while the harder domains remain elastic. However, the
deformation compatibility requirements will lead to
deformation-induced long-range internal stresses with
forward stresses in the hard zones and back stresses in the
soft zones, which together produce hetero-deformation
induced (HDI) strengthening to materials, making
the softer domain appear stronger and endure higher
stress [16].

To quantify the HDI stress, cyclic loading–unloading
tensile tests were performed, and the obtained typi-
cal true stress–strain curves of samples were shown in
Figure 4(e). TheHDI stress (σHDI) can be calculated from
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Figure 4. Themechanical performance and deformation behaviour of the layerwise-heterostructured FGMs. (a) OM image showing the
micro-hardness indentations crossing several layers, (b) hardness distribution map of the selected region in (a), (c) engineering tensile
stress–strain curve of the C300MS and FGMs, (d) true stress–strain curves of C300MS and FGM samples during loading–unloading tests,
and (e) strain distribution maps in different stage monitored by DIC.

the hysteresis by the equation [17]:

σHDI = σr + σu

2

where σr and σu are the yield stress during reloading and
unloading, respectively; both of them can be measured
from each hysteresis loop, as exemplified in Figure 4(e).
The unloading-reloading hysteresis loops indicate the
existence of inhomogeneous deformation in thematerial.
For the homogeneous C300 MS, the plastic deformation
could be still inhomogeneous at microscale due to the
presence of massive grain boundaries and textures [17].
The σHDI of C300MS and FGM-2, are measured as 621
and 747MPa, respectively. The higherHDI stress in FGM
than C300 MS (about 126MPa) explains the improved
strength of FGM. Besides, the FGM-1 shows a higher
yield strength than FGM-2 since each MS/SS layer inter-
face produces an interface-affected zone with consider-
able GND pileups. Thus, the higher number of MS/SS
interfaces in FGM-1, implies a higher overall density of
GND pileups, increasing HDI stress [18].

The deformation processes monitored during ten-
sile testing was provided in Figure 4(f). The measured
sample surface shows uniform deformation when the
strain is 1% or lower. However, with the average strain
increasing to 2%, non-uniform strain localisation was

observed at some points on the sample. These points
will further expand across layers and form many defor-
mation bands (the red stripes) perpendicular to the
tensile loading direction at the strain of 3% and 3.5%.
This is evidently distinct from conventional homoge-
neous materials, whereby higher strain localisation only
occurs near the necking region prior to sample fracture.
In this elastic-plastic deformation stage, GNDs will be
blocked and pile up against layer boundaries, which pro-
duces long-range internal stress (i.e. back stress) in the
SS regions [16]. The high-strain bands gradually merge
together with further increasing strain, followed by frac-
ture therein when reaching a strain limit. The multiple
deformation bands could delay the necking and improve
the ductility [19].

Microstructure analysis of the fractured sample was
conducted to further consolidate understanding of the
deformation processes. As shown in Figure 5(a), a region
close to the fracture was selected, and the MS and SS
regions in Figure 5(b) were distinguished by EDS map-
ping. The GNDmap in Figure 5(c) shows a higher GND
density in the SS region and MS/SS interface, which is
distinctive from the non-deformed sample as revealed by
Figure 2(e), in which the MS region exhibited a higher
GND density. Hence, the results suggest the SS region
underwent more severe deformation than MS during
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Figure 5. Microstructural and fracture mechanism analysis on the fractured FGM-1 sample after the tensile test. (a) SEM and EDS maps
showing the EBSD measurement region. (b) SEM image showing the SS and MS regions, (c) GND map, (d) a close-up EBSD analysis on
interface as circled in (b), (e) GNDdensity distributions of the FGM-1 before and after tensile tests, and (f ) schematics showing the fracture
processes.

tensile tests. Further close-up EBSD analysis on the inter-
face was carried out (see Figure 5(d)) to compare the
GNDs density in the interface and multi-layer region
(i.e. Figure 5(c)), and their results are summarised in
Figure 5(e). The fractured sample demonstrates a higher
GND in the layer interface and within the entire sample
compared with the as-built condition. The GND pile-
ups in FGMs, especially in the SS region, could increase
back stress and contribute HID strengthening to the
sample [18]. Based on microstructural observations of
the fractured sample, the likely fracture behaviours were
illustrated in Figure 5(f). First, the cracks were likely ini-
tiated in the SS regions, especially at regions close to
the highly curved structures (inter-mixing of MS and
SS), since the yield strength of AM-processed SS (about
700–850MPa [20,21]) is lower than that of MS (typically
900–1150MPa [22]). During this stage, the SS regions
will undergo severe deformation as demonstrated by
localised GNDs in SS regions in Figure 5(c), while the
MS domain will remain elastic until the back stress in
the SS domain reached limitation. Hence the global yield

stress can be increased when both domains are deform-
ing plastically. Second, the cracks propagated across
the SS layer and headed towards the MS layer. In this
stage, the deformation of MS zones may gradually tran-
sit from elastic to plastic with further increase in strain,
which produces elastoplastic transition and induces
strain hardening [23]. Third, the cracks crossed the
layer interface, and further propagate along the columnar
structure boundaries in MS layer. The crack tip propaga-
tion direction changed after crossing the layer boundary
from SS toMS; the change of crack tip propagation direc-
tion could delay the breaking process and increase break
elongation.

These layerwise-heterostructured FGMs could lead
to anisotropic mechanical behaviours along different
loading directions. This is one potential limitation of
our work and perhaps, also for most other lamellar-
structured materials. The above-mentioned good stre-
ngth-ductility combination was measured with tensile
loading parallel to the interface of two materials. Hence,
further evaluation of anisotropic mechanical properties
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and how to minimise the anisotropy effect through tai-
loring of deposition patterns for multi-materials, will be
conducted in our future work.

4. Conclusion

In summary, a promising approach was demonstrated
for processing heterostructured materials with control-
lable architectures by LAAM. The alternating deposition
of two materials in different layers leads to the forma-
tion of macro-scale layerwise architecture, while the melt
pool dilution/ intermixing caused by Marangoni flows
led to meso-scale heterostructure. These phenomena
together with the observed elemental segregations along
the microsized columnar boundaries, constituted the
multi-scale heterostructures in LAAM-processed high-
strength steels. The heterostructured materials achieved
a UTS of 1.32GPa and an elongation of 7.5%, show-
ing a superior strength-ductility combination compared
with the parent MS material. The increase in strength
is attributed to hetero-deformation induced strength-
ening. In-situ deformation monitoring revealed numer-
ous unique deformation bands, which are distinct from
homogeneous materials and could contribute to an
improved elongation. These findings highlight a new
research area and approach to circumvent property
trade-offs in materials by processing multi-materials fol-
lowing a pre-designed spatial pattern using AM.
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