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A B S T R A C T   

The interplay between the martensite and austenite phases in steel has critical effects on the mechanical prop
erties. To tune the phase constitutions of martensite and austenite phases, this work in-situ alloyed martensitic 
C300 maraging steel (MS) with austenitic 316 L stainless steel (SS) laser-directedected energy deposition (LDED). 
The microstructures, mechanical properties and deformation behaviour of the novel MS-12 wt. % SS (MS12) and 
MS-24 wt. % SS (MS24) dual-phase steels were investigated. The as-built samples achieve a relative density 
above 99.9 % and martensite-austenite dual-phase heterostructures. Micro-segregation of molybdenum is 
considered the dominant reason for the face-centred cubic (FCC) phase formation. The fractions of the FCC phase 
were 5.8 % and 16.8 % in the MS12 and MS24 alloys, respectively. Moreover, the unique thermal history of 
LDED induces the heterostructured microstructure with FCC-rich and FCC-lean regions, which contributes to the 
high work hardenability of the steel. Compared with MS12, MS24 shows a much higher elongation (14.3 %) and 
a superior work-hardening capability. The in-situ digital image correlation (DIC) observations reveal the strain 
partitioning within the two alloys during the initial deformation stage. The findings highlight a new approach to 
developing new materials by in-situ alloying commercially available materials using LDED.   

1. Introduction 

Additive manufacturing has gained growing interest in recent years 
because the innovative technology possesses many unique advantages, 
including freedom in composition design, high efficiency in material 
usage and reduced manufacturing life-cycle [1–3]. Performing 
laser-directed energy deposition (LDED) with in-situ alloying is widely 
adopted as a cost-efficient processing method to achieve desirable alloy 
composition through mixing different types of elemental powders 
and/or pre-alloyed powders [4]. Benefiting from the Marangoni con
vection incited by localised high laser energy intensity, the multiple 
materials are well mixed in the melt pool, forming homogeneous ma
terials without evident elemental segregation [5]. 

Dual-phase (DP) steels with soft and hard phases are promising 
structural materials due to the good combination of strength, ductility 
and superior work-hardening capability [6,7]. The superior 
work-hardening capability of DP steels stems from the superior strain 
hardening behaviour of the softer phase through the introduction of 

deformation twining, strain partitioning or strain-induced phase trans
formation [7–9]. However, constrained by the high cost of pre-alloyed 
powders, the research on the additive manufacturing of 
martensite-austenite DP steels is seldom reported. As such, LDED com
bined with in-situ alloying seems to be a feasible method to achieve DP 
steels with martensite-austenite microstructure. 

Currently, the research on additive manufacturing of DP steels is 
mainly focused on the ferrite-austenite duplex stainless steels [10]. For 
instance, Hengsbach et al. [11] investigated the microstructure and 
mechanical properties of the laser powder bed fusion (LPBF) processed 
UNS S31803 duplex stainless steel, and the as-built alloy is mainly 
ferritic with a minor austenite phase, where a post-heat treatment pro
cedure is necessary to achieve the desirable dual-phase microstructure. 
Li et al. [12] reported that the ferrite-austenite duplex microstructures 
could be achieved through LPBF combined with in-situ alloying 22Cr 
duplex stainless steel (SAF2205) powders with Ni powders. Ni is an 
austenite stabiliser and thereby promoting the formation of austenite in 
those melt pools rich in Ni. The research regarding the fabrication of 
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martensite-austenite DP steels by additive manufacturing is still lacking 
[13]. As a result, the aim of the present work is focused on the additive 
manufacturing of DP steels through LDED combined with in-situ 
alloying. 

Recently, Ben-Artzy et al. [14] investigated the joint between C300 
maraging steel with 316 L stainless steel processed by LDED, and re
ported that dual-phase microstructure can be obtained at the transition 
region without the formation of intermetallic phases. Hence, the C300 
maraging steel and 316 L stainless steel were selected as the feedstock 
materials in the present work. The C300 maraging steel (MS) is typical 
martensite steel, while the 316 L stainless steel (SS) is typical austenitic 
steel. Two types of alloy compositions were processed, and their 
microstructure characteristics were analysed by optical microscopy 
(OM), electron backscattered diffraction (EBSD) and energy-dispersive 
X-ray spectroscopy (EDS). Moreover, tensile tests, along with a digital 

image correlation (DIC) system, were adopted to investigate the me
chanical properties and deformation behaviour of the DP steels. 

2. Experimental procedure 

Commercial martensitic grade 300 maraging steel powder and 
austenitic 316 L stainless steel powder produced by vacuum gas atom
isation were selected as the feedstock material, and the chemical com
positions are listed in Table 1. The alloy composition design of MS-SS 
alloys is based on the Schaeffler-Delong diagram prediction, as exhibi
ted in Fig. 1. According to the prediction, the typical martensite- 
austenite dual-phase microstructure could be achieved under two 
alloying compositions of MS12 and MS24. 

The schematic diagram of the in-situ alloying LDED process is pre
sented in Fig. 2a, and the powder morphologies of MS and SS powders 
are presented in Fig. 2b. The average particle sizes of MS and SS are 
about 40 and 42 µm, respectively. The MS12 and MS24 alloys were 
deposited using the powder-blown LDED system (developed by the 
Singapore Institute of Manufacturing Technology) under the optimised 
processing parameters, i.e., laser scan speed 1200 mm/min, laser power 
850 W and hatch space 0.65 mm. The gross powder feeding rate is about 
2.8 g/min [16]. Moreover, pure Ar gas (>99.999 %) was adopted to 
deliver the mixed powders from the hoppers to the coaxial nozzle and 
shield the melt pool, as exhibited in Fig. 2a. The gas flow rate of 
shielding gas and carrier gas was 15 L/min and 5 L/min, respectively. 
Two hoppers with MS and SS powders feedstock material were utilised. 
During the fabricating process, mixed powders are carried by the pure Ar 
gas and blended in the tube and splitter. The deposited blocks of MS12 
and MS24 alloys are about 75 mm × 50 mm× 6 mm (Fig. 2c). 

Samples for microstructure observations were sectioned along the 
build direction. The porosity was determined from optical microscopy 
(OM) images captured at × 25 using the ImageJ software. The samples 
for microstructure observations were etched in a 3 % Nital etchant for 
20 s. The grain orientation and phase distribution of alloy samples were 
analysed by EBSD using a step size of 0.3 µm operated at the accelerating 
voltage of 20 kV. AZtecCrystal software was used to analyse the ac
quired EBSD data. The mechanical properties were measured using an 
Instron 5982 universal material testing machine with a loading speed of 

Table 1 
Chemical composition of the feedstock materials.  

Element (wt. %) Ni Co Mo Ti Mn Cr Si C Fe 

C300 MS  18.3 9.1  4.9 0.75  0.04  0.09  0.1  0.01 Bal. 
316L SS  12.6 –  2.5 –  1.6  17.1  0.8  0.013 Bal.  

Fig. 1. Schaeffler-Delong diagram predicts phase compositions of MS-SS alloys 
based on their Ni and Cr equivalent values [15]. 

Fig. 2. Experimental details. (a) Schematic diagram of LDED in-situ alloying of MS and SS with two hoppers, (b) SEM morphologies of the MS and SS powders, and 
(c) LDED-built MS12 and MS24 blocks. 
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1 mm/min. During tensile tests, a 2D digital image correlation (DIC) 
system along with the ZEISS GOM correlate software was used for in-situ 
monitoring of the localised strain and failure behaviour. A FLIR Grass
hopper3 CCD camera was used to capture the images of sample defor
mation at 2 frames/second during tensile tests. The gauge size of the 
tensile coupon is 20 × 6 × 2.5 mm3. 

3. Results 

The OM images of the polished MS12 and MS24 samples were pre
sented in Fig. 3. Only a few pores can be found within the two as-built 
alloys without other observable defects, demonstrating the good pro
cessing parameters and high density in the as-built samples. The 
maximum pore diameter was 39 and 42 µm, respectively, for MS12 and 
MS24 alloys. Moreover, the porosity of MS12 and MS24 alloys were 
estimated to be ~0.03 % and 0.05 %, suggesting a high relative density 
of 99.97 % and 99.95 %, respectively. 

The microstructures of MS12 and MS24 samples observed at X-Z 
cross-sections were presented in Fig. 4. Melt pools profile features are 
evident in two samples, as shown in Fig. 4a and c. Moreover, cellular and 
dendritic microstructure coexisted in two samples, which is similar to 
typical additively manufactured martensite steel [17,18]. The mixed 
microstructures (cellular and dendritic) were caused by the different 
thermal histories experienced in different localised regions. These mi
crostructures were determined by the combined effects of thermal 
gradient (G) and solidification rate (R). Generally, the higher G/R ratio 
promotes the formation of cellular structure, while the lower G/R ratio 
promotes dendritic structure formation [19]. In addition, the size of the 
cellular and dendritic structure of the MS24 alloy is larger than that of 
the MS12 alloy, which could be related to the different transformation 
behaviour within the two alloys. It can be inferred that the higher 
content of SS brings more austenite stabilising elements (e.g., Cr and 
Mn), which retard the austenite (γ)→martensite (α’) transformations 
during deposition, and thereby coarsening the cellular and dendritic 
structure. 

Fig. 5 shows the EBSD and corresponding EDS results of the vertical 
cross-sections of MS12 alloy. As shown in Fig. 5a, the inverse pole figure 
(IPF) map reveals the random orientation of the grains. According to the 
phase map in Fig. 5b, typical martensite/austenite dual-phase micro
structure was achieved in MS12 alloy, and the fraction of FCC phase is 

Fig. 3. OM images of the polished (a) MS12 and (b) MS24 samples taken from 
the X-Z cross-sections show a high relative density (Z parallel to 
build direction). 

Fig. 4. Microstructures of the MS-SS alloy samples observed at X-Z cross-sections: (a) and (b) MS12, and (c) and (d) MS24.  
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about 5.8 %. Moreover, the spatial heterostructures with alternating 
FCC-rich and FCC-lean regions are observed within the alloy. Note that 
the cooling rate at the bottom of the melt pool is relatively higher during 
deposition. The FCC-lean regions between the deposited layers could be 
attributed to the higher cooling rate in those regions, promoting the 
γ→α’ transformation and thereby retard the formation of the FCC phase. 
In addition, it can be found in Fig. 5b that the FCC phase was mainly 
distributed in the inter-dendritic region rather than the inter-cellular 
region. This can be well understood as the lower solidification rate at 
the inter-dendritic regions promotes the formation of the FCC phase 
[13]. To investigate the crystallographic texture of the two phases, the 
pole figures of the body-centered cubic (BCC) and FCC phase were 
presented in Fig. 5c and d, respectively. Compared to the FCC phase, the 
maximum multiple of uniform density (MUD) of BCC is much higher, 
which can be attributed to the considerably fewer data points in this 
phase [20]. Moreover, the Kurdjumov-Sachs (K-S) orientation relation
ship ({111}γ//{011}α’) between the BCC and FCC phase can be observed 
in the pole figures in Fig. 5c and d [21]. A similar phenomenon has also 
been observed between lath martensite and retained austenite grains in 
conventionally heat-treated maraging steels [22]. The EDS results in 
Fig. 5e indicated that the alloying elements were in uniform distribu
tion, and only the Mo element showed obvious micro-segregation, 
demonstrating the good homogeneity of the in-situ alloying processing 
method. 

Fig. 6 shows the EBSD and corresponding EDS results of the vertical 
cross-sections of MS24 alloy. The EDS results of as-built MS-SS alloy 
blocks are listed in Table 2. As shown in Fig. 6b, the FCC phase fraction 
in MS24 alloy reaches 16.8 %, suggesting that the higher content of SS 
promotes the formation of the FCC phase. Moreover, a more apparent 
heterostructured microstructure with FCC-rich and FCC-lean regions in 
the alloy was achieved. The FCC phase was also distributed in the inter- 

cellular/dendritic regions. Different from MS12 alloy, the columnar γ 
grains were obtained within MS24 alloy, as shown in Fig. 6a. Mean
while, the pole figures in Fig. 6c show that the MUD of martensite (i.e., 
9.2) in MS24 alloy was higher than that of MS12 alloy (i.e., 4.7). The 
particular phenomenon is related to the different phase transformation 
behaviour in two types of steels, which will be discussed in the following 
section. In addition, micro-segregation of Mo was also observed in the 
inter-cellular/dendritic regions (i.e. FCC regions) according to the EDS 
analysis in Fig. 6e, which indicates that the formation of the FCC phase 
could be related to the micro-segregation of Mo element. 

The engineering tensile stress-strain curves and corresponding ten
sile data of the MS-SS alloys are presented in Fig. 7a. Compared with 
MS12 alloy, MS24 alloy shows a lower yield strength (YS) but higher 
elongation. Meanwhile, the ultimate tensile strength (UTS) of the two 
alloys does not differ significantly. The tensile strength and elongation 
of MS24 alloy are 873.2 ± 32.8 MPa, and 14.3 ± 1.3 %, respectively. 
Moreover, the true stress-strain curves of the two alloys are given in 
Fig. 7b (the necking stage has been removed). Combining both the work- 
hardening rate curves in Fig. 7b, a higher work-hardening rate and a 
more stable work-hardening stage are achieved in MS24 alloy, sug
gesting a superior work-hardening ability and ductility of the alloy. 

DIC measurements were utilised to investigate the plastic deforma
tion behaviour of the MS-SS alloys. As shown in Fig. 8a and d, strain 
partitioning was observed within the two alloys at the initial stage of 
deformation (strain=2 %) [23]. The FCC-rich region with lower yield 
stress could be deformed first during tensile tests, and the strain parti
tioning could contribute to the work-hardening capability of the MS-SS 
alloys. Regarding the fracture behaviour, different fracture features 
were observed in the two alloys. The maximum strain site in MS12 alloy 
originated from the centre of the sample (Fig. 8b), and the typical 45◦

shear fracture morphology was formed, which is the maximum resolved 

Fig. 5. EBSD and EDS investigations of MS12 alloy along build direction. (a) IPF map, (b) phase distribution map, pole figures of (c) BCC and (d) FCC phase, (e) 
EDS results. 
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shear stress to the tensile force. However, for MS24 alloy, the crack 
gradually propagated along the transverse direction (as shown in the 
inset of Fig. 8f). After the fracture, the tensile sample exhibited a 
concave-convex morphology, indicating that the high fraction of FCC 
phase in the MS24 sample could retard the crack propagation and 
thereby delay the fracture process. 

For further investigation of the fracture behaviour, the 

microstructures of the side views of the fractured tensile samples of the 
MS-SS alloys are presented in Fig. 9. For both samples, several cracks 
and holes across the molten pool tracks can be found. During tensile 
loading, these cracks and holes accommodated the plastic deformation. 
For MS12 alloy, only a few elliptical holes can be found on the side 
surface of the fractured samples. Moreover, the enlarged view in Fig. 9b 
exhibits a relatively flat fracture surface. For MS24 alloy, it is evident 
that the cracks and holes were relatively narrower and more prolonged, 
suggesting a higher resistance to crack propagation during tensile tests. 
More importantly, the enlarged view in Fig. 9d revealed that a wavy 
crack propagation path and a large number of dimples were obtained in 
MS24 alloy. The propagation path extends across a large number of cells, 
indicating that the high fraction of the FCC phase distributed in the 
inter-cellular/dendritic regions can retard the crack propagation, 

Fig. 6. EBSD and EDS investigations of MS24 alloy along build direction. (a) IPF map, (b) phase distribution map, pole figures of (c) BCC and (d) FCC phase, (e) 
EDS results. 

Table 2 
EDS results of as-built MS-SS alloy blocks.  

Element (wt. %) Ni Co Mo Ti Mn Cr Si Fe 

MS12  16.38  8.08  4.23  0.91  0.17  2.36  0.15 Bal. 
MS24  15.57  7.02  3.69  0.79  0.26  4.2  0.2 Bal.  

Fig. 7. Tensile properties and deformation behaviour of the MS-SS samples. (a) Engineering stress-strain curves and corresponding tensile data, (b) True stress-strain 
curves and work-hardening rate curves of the MS-SS samples. 
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postponing the fracture process. 

4. Discussion 

The martensite-austenite DP steels with the heterostructured distri
bution of the FCC phase were achieved through in-situ alloying MS with 
SS, and the FCC phase fraction is found to increase proportionally with 
an increasing amount of SS addition. The formation of BCC/FCC dual- 
phase microstructure is strongly related to the γ→α’ martensite trans
formation [24]. According to the empirical formula proposed by Liu 
et al. [25]: 

Ms (℃) = 525 − 350(C − 0.005) − 45Mn − 30Cr − 20Ni − 16Mo − 5Si+ 6Co
(1) 

The start temperature of martensite transformation (Ms) of MS12 
and MS24 alloy were estimated to be 97.3 and 56.2℃, respectively. The 
difference in Ms of the two types of steels was mainly attributed to the 
introduction of austenite stabilising elements (e.g., Cr and Mn). 
Compared with typical martensite steel, the Ms of two novel MS-SS steels 
was relatively low, which promoted the formation of martensite- 
austenite dual-phase microstructure. Moreover, the columnar γ grains 
formed in MS24 alloy (Fig. 6a) can also be attributed to its low Ms 
(56.2℃). Due to the low Ms, the occurrence of martensite trans
formation is not sufficient to eradicate the columnar grains formed 
during the solidification of the melt pools [13]. In addition, according to 
the phase distribution map and corresponding EDS results, the FCC 
phase formation seems to correlate well with the micro-segregation of 
Mo. A similar phenomenon has also been reported in an LPBF-processed 
18-Ni300 maraging steel, in which the retained austenite usually exists 
in the Ti/Mo/Ni enriched inter-cellular/dendritic regions [26]. Ac
cording to Eq. (1), it can be inferred the micro-segregation of Mo in the 

inter-cellular/dendritic region could decrease the localised Ms and 
retard the martensite transformation, thereby stabilising the FCC phase. 

The geometrically necessary dislocations (GND) maps and GND 
density distributions of two types of steels were presented in Fig. 10a-d. 
For the two types of steels, the GND density of the FCC phase was almost 
the same. However, the GND density of the BCC phase in the MS12 alloy 
(8.05 ×1014 m− 2) was obviously higher than that in the MS24 alloy 
(7.77 ×1014 m− 2). The particular phenomenon can be attributed to the 
following factors. During martensite transformation, numerous dislo
cations were generated within the martensite phase to accommodate the 
transformation strain, and the cooling rate at Ms is the dominant factor 
affecting the dislocation density in the martensite phase [27,28]. Due to 
the Ms of MS24 alloy being only 56.2℃, it can be inferred the cooling 
rate at Ms of MS24 alloy is relatively lower than that of MS12 alloy due 
to the thermal accumulation during LDED deposition and slow heat 
dispersion at low temperature, which lowers the dislocation density. 
More importantly, the lower Ms of MS24 alloy will retard the γ→α’ 
martensite transformation, thereby leading to the columnar γ grains and 
higher texture intensity of the BCC phase, as shown in Fig. 6. The 
martensite grain boundaries maps in Fig. 10e and f indicate that the 
fraction of low angle grain boundaries (LAGB, 2–15◦) of MS12 alloy is 
higher than that of MS24 alloy, which further demonstrates that the 
dislocation density of martensite in MS24 alloy is lower [29]. Consid
ering the BCC/FCC phase fraction, the gross GND densities of MS12 and 
MS-24 alloy were estimated to be 7.87 × 1014 m− 2 and 7.28 × 1014 

m− 2, respectively. 
In terms of the mechanical performance, the higher concentration of 

SS (24 wt. %) leads to lower yield tensile strength but brings higher 
work-hardening capability and ductility to the alloy. Compared with 
MS12 alloy, the lower yield strength of MS24 alloy can be attributed to 
their lower dislocation density, larger cellular size and a higher fraction 

Fig. 8. DIC strain maps and deformation behaviour of (a-c) MS12 and (d-f) MS24 samples during tensile tests.  
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of FCC phase. However, the ultimate tensile strength of the two alloys 
does not show an enormous difference, which indicates that a higher 
work-hardening capability was achieved in the MS24 alloy. As discussed 
above, the higher work-hardening capability of MS24 alloy originated 
from the following factors. On one hand, the more evident spatial het
erostructured microstructure with alternatively FCC-rich and FCC-lean 
regions of MS24 alloy leads to the strain partitioning phenomenon 
(Fig. 8d). The initial plastic strain was mainly located in the softer FCC- 
rich region, which is favourable for the stable work-hardening stage 
[30]. On the other hand, the higher content of the FCC phase with low 
dislocation density enables the accommodation of more dislocations 
during tensile loading (Fig. 10), thereby contributing to the stable 
work-hardening behaviour. 

5. Conclusions 

In conclusion, novel MS-xSS (x = 12, 24 wt. %) DP steels with het
erostructured martensite-austenite dual-phases were fabricated by 
LDED. The microstructures, mechanical properties and deformation 
behaviour of the novel DP steels were investigated. The main conclu
sions are:  

(1) The FCC phase fraction increases with the increase of SS content. 
The fractions of the FCC phase were 5.8 % and 16.8 % in the 
MS12 and MS24 alloys, respectively. Due to the different thermal 
histories at the layer/melt pool boundaries and inner melt pools 

during deposition, spatial heterostructured microstructure with 
alternative FCC-rich and FCC-lean regions were formed.  

(2) The Ms of MS12 and MS24 alloy were estimated to be 97.3 and 
56.2℃, respectively. According to the texture analysis and GND 
density evaluations, the resistance of γ→α’ transformation be
comes more prominent with the incorporation of higher content 
of SS due to the different Ms. Moreover, the micro-segregation of 
Mo in the inter-cellular/dendritic region could decrease the 
localised Ms, retard the martensite transformation, and stabilise 
the FCC phase.  

(3) Compared with MS12 alloy, MS24 alloy showed a much higher 
elongation (14.3 %) and a superior work-hardening capability. 
The in-situ DIC observation revealed the strain partitioning 
within the two alloys during the initial deformation stage. 
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