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Abstract
The present work is directed towards understanding the role of filler addition in laser-MIG hybrid welding (LHW) process as
compared with that in autogenous laser welding (ALW) process during welding of 10-mm-thick maraging steel plates. Addition
of filler wire is beneficial in improving the edge bridging between the parts to be welded and also in improving the fusion zone
microstructure. Single-pass LHWof the 10-mm-thick maraging steel plates was performed using a combination of 3.5-kW CO2

laser and synergic pulse MIG welding power source at a welding speed of 1 m/min. MIG filler wire with reduced solutes such as
Mo and Ti contents was used for the LHW process. Simultaneously, double-sided single-pass ALW of similar plates was
performed. The role of filler wire addition on the microstructure and mechanical properties of the LHW fusion zone (FZ) was
studied and compared with that of ALW FZ. The usage of filler wire resulted in less solutes in the LHW FZ after welding, and
hence, the volume fraction of “reverted austenite (RA)” formed during aging was minimized when compared with ALW FZ.
During transverse weld tensile testing, the ALWwelds yielded higher tensile properties when compared with the LHWweld due
to their fine grain structure and high number density of precipitates. Whereas the KIc fracture toughness of the ALW FZ was low
with the KIc value of 49.5MPa√m due to the presence of the high amount of RA as compared with LHWwhich exhibited the KIc

value of 77.5MPa√m. The study vividly brings out the advantages of LHWprocess in improving the microstructure of the fusion
zone due to the addition of filler wire.
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1 Introduction

Maraging steels are very low-carbon, Fe-Ni alloy systems
with varying percentage of Co, Mo, and Ti designed for ap-
plications requiring a combination of high strength with good
fracture toughness. These superior properties are obtained due
to the combination of two solid-state reactions “MAR +
AGING,” meaning martensite formation and aging [1]. The
microstructure of these steels in thermally aged condition has
fine intermetallic precipitates, viz., Ni3Ti, Ni3Mo, and Fe2Mo,

distributed uniformly throughout a soft and tough Fe-Ni lath
martensite matrix [2]. The M250 grade maraging steels that
are used in applications such as rocket motor casings require
thick sections in welded condition. These steels are welded in
solution annealed condition followed by a simple post-weld
aging treatment at ~ 480 °C [3].

Welding of M250 grade maraging steel thick sections is
commonly done by multiple passes of gas tungsten arc
welding (GTAW) process employing a wide V-groove joint
preparation. In most cases, joint efficiencies up to 90–95%
could be achieved with respect to tensile strength [4–6]. The
main concern in maraging steel welds is deterioration of fu-
sion zone toughness due to the formation of white pools of
“reverted austenite” (RA) phase. RA appears in the micro-
structure of the weld fusion zone at interdendritic regions after
post-weld aging treatment. These are regions where solute
elements Ni, Mo, and Ti had segregated during weld metal
solidification, which reduce austenite start temperature (As)
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below normal aging temperature and form soft RA pools de-
void of intermetallic precipitates. During testing, precipitate-
free soft RA pools cracked preferentially because slip takes
place in it at stresses which are too low to produce slip in the
hard martensite matrix [6].

Filler material composition noticeably influences the me-
chanical properties of maraging steel welds [7]. During
GTAWand gas metal arc welding (GMAW), only when both
the Ti and Mo contents were reduced in the filler metal, RA
formation was prevented and toughness of the weld fusion
zone improved [6, 8]. Post-weld heat treatments such as ho-
mogenization treatment and solutionizing treatment before
aging reduced the reverted austenite at the interdendritic
boundaries and resulted in improved mechanical properties
[5, 7]. The high energy density fusion processes, viz. laser
beam welding [9–12] and electron beam welding [13], were
potential alternate methods for fabrication of aerospace com-
ponents like airframe sections, rocket motor casings with su-
perior weld quality, and negligible distortion [14, 15].
Electron beam and laser welding were used satisfactorily to
weld thin sheets to moderately thick plates of maraging steel,
but as the thickness of the plate increases, it becomes difficult
to achieve a very low edge gap and a precise joint fit-up.
However, autogenous laser butt welds ofM250maraging steel
exhibited reduced mechanical properties which were attribut-
ed to the combination of misalignment of joint with the beam,
weld geometry, and RA in the weld metal [12]. Recent study
on single-pass keyhole plasma arc welding (PAW) of 8-mm-
thick M250 plates concluded that the PAW welds exhibited
improved mechanical and metallurgical properties in compar-
ison with multi-pass GTAW. PAW welds showed about 3 to

4% improvement in strength values and KIc values compared
with GTAW welds [16]. By single-pass welding, the heat in-
put experienced by the material is reduced which may possi-
bly result in reduced amount of deleterious phases formed in
the welds. Welding of thick plates in a single pass is advanta-
geous from both the process and metallurgical points of view.
In this context, laser hybrid welding which is the combination
of arc and laser beam welding produces a single high intensity
energy source enabling full penetration welds of thicker sec-
tions in a single pass at a comparatively low heat input, elim-
inating the need for additional passes [17]. For example, a
laser hybrid welding system combining a 3.5-kW CO2 laser
and synergic pulse MIG welding power source was success-
fully used to weld 12-mm-thick steel plates in a single pass
[18]. LHW is being used in shipbuilding, pipeline, automotive
industries, and the laser hybrid weldability of various alloy
systems including stainless steels, advanced high strength
steels, and Al, Mg, and Ti alloys has been investigated
[19–23]. Single-pass laser-MIG hybrid welding of 10-mm-
thick plates of M250 maraging steels reported advantages in
terms of process parameters such as high welding speed, re-
duced filler wire consumption, and reduced heat input togeth-
er with minimization of the size and amount of reverted aus-
tenite in the fusion zone [24].

In the present study, single-pass laser-MIG hybrid welding
(LHW) of 10-mm-thick maraging steel plates was performed
using a combination of 3.5-kW CO2 laser and synergic pulse
MIG welding power source. MIG filler wire with reduced
solutes such as Mo and Ti contents was used for the LHW
process. Simultaneously, double-sided single-pass autogenous
laser welding (ALW) of similar plates was performed. The
role of filler wire addition on the microstructure and mechan-
ical properties of the LHW fusion zone was studied and

Fig. 1 Microstructure of the as-received base metal

Table 1 Base metal and filler wire composition (wt%)

Elements C Ni Co Mo Ti Al Fe

M250 steel base metal 0.01 18 7.75 4.9 0.40 0.10 Bal

W2 filler wire 0.0075 18 11.75 2.4 0.14 0.15 Bal

Fig. 2 Arrangement of CO2 laser-MIG welding process setup
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compared with that of the ALW fusion zone. The major ob-
jectives of the study are to understand the role of filler wire
addition in the LHW process in comparison with that in the
ALW process vis-à-vis fusion zone chemistry, amount of
reverted austenite, tensile, and fracture toughness of the welds.

2 Materials and methods

M250 grade maraging steel plates of 10 mm thickness re-
ceived in solution annealed condition were used for the study.
The as-received base metal microstructure is shown in Fig. 1.
It consisted of a single-phase structure of lath martensite.
Filler wire M250 W2 type having a diameter of 1.2 mm was
used for laser-MIG hybrid welding. It had high cobalt and low
molybdenum and titanium content as compared with the base
material. The filler composition was designed to minimize
segregation of solute elements during weld metal solidifica-
tion. The chemical compositions of base material and filler
wire are given in Table 1.

The laser hybrid welding system comprised the Rofin
DC035 slab CO2 laser integrated with KEMPPI PROMIG
530 (Synergic) welding system, as shown in Fig. 2. The laser
beam of a wavelength of 10.6 μm in Gaussian beam mode
(K > 0.9) was used. A 300-mm focal lengthmirror was used to
get a laser beam spot size of 180 μm. The MIG welding
system was integrated with laser in such a way that the arc

and laser can operate together. The distance between sources
was maintained between 2 and 3 mm, with laser leading the
MIG torch. The plates were prepared with a Y-groove edge
configuration, 16° included angle, and a root face height of
2.5 mm as shown in Fig. 3 a. A root gap of 0.2 mm was
maintained between the plates during welding. The shielding
gas mixture of 80% He + 20% Ar was passed through the
MIG welding torch. Laser-MIG hybrid welding was per-
formed with a laser power of 3.5 kW and MIG wire feed rate
of 12 m/min at a welding speed of 1 m/min. Autogenous laser
welding was performed on plates with straight I joint prepa-
ration as shown in Fig. 3 b. Laser power of 3.5 kWat 1 m/min
welding speed resulted in 6.5-mm weld penetration. Hence,
double-sided single-pass laser welding was done. One hun-
dred percent He shielding was used for the experiments. The
optimized process parameters involved in both the welding
processes are tabulated and compared in Table 2. After
welding, dye penetrant testing was conducted to identify sur-
face defects, followed by radiography inspection. After this,
the weld pads were subjected to post-weld aging treatment of
480 °C for 3 ½ h.

Macro- and micrography studies were conducted in the as-
welded and post-weld aged conditions in the LHWand ALW
welds. Transverse weld cross sections were mounted and
polished following standard metallographic procedures.
Macroetchingwas done according toASTME340 by immers-
ing the specimen in a solution of 50 mL HCl, 25 mL HNO3,

Fig. 3 Schematic of the joint designs for a LHWand b ALW

Table 2 LHWand ALW welding
process parameters Process LHW ALW

Nature of joint Single pass Double-sided single pass

Laser power (kW) 3.5 3.5

Focal plane position from surface (mm) 7.5 On surface

Wire feed rate (m/min) 12 -

Current (A) 302 -

Voltage (V) 39.4 -

Welding speed (m/min) 1 1

Shielding gas 80% He–20% Ar 100% He

Total heat input (J/mm) 817 210 per pass
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and 25 mL H2O for 10 min. Macrostructure of the weld cross
section was taken using an Olympus stereo microscope. The
microstructure of the welds etched with modified Fry’s re-
agent (50 mL HCl, 25 mL HNO3, 1 g CuCl2, and 150 mL
water) was studied using an opto-digital microscope. The
chemistry of the fusion zone in as-welded condition was stud-
ied using inductively coupled plasma-optical emission spec-
troscopy (ICP-OES). The percentage of reverted austenite in
the fusion zone microstructures after post-weld aging treat-
ment was measured using image analysis software.

The microhardness measurements were carried out by a
Vickers microhardness tester using a 200-g applied load on as-
welded and post-weld aged specimens to characterize the differ-
ent regions. The hardness tester was programmed in terms of
number of indentations in the form of a fine grid across the
transverse cross section of the sample. A grid of 22 mm (across
the fusion zone at 0.2-mm intervals) × 10 mm (in plate thickness
direction at an interval of 2mm)was programmed.A total of 500
indentations per weld were made. The microhardness values
were measured and plotted as a contour. Transverse weld tensile
tests were carried out on specimens of rectangular cross section
as per ASTM E8 in both as-welded and post-weld aged condi-
tions. All the tests were conducted using the Instron 5985 uni-
versal testing machine of 250 kN capacity at a cross head speed
of 2 mm/min at room temperature. In order to evaluate KIc

fracture toughness of thewelds, compact tension (CT) specimens
with straight notch were made as per ASTM E399, with the
notch located at the center of the transverse section of the fusion
zone. The fatigue pre-cracking and the crack open displacement
(COD) test was conducted as per standards using the Dartec
universal testing machine of 10 tonnes capacity. For pre-crack-
ing, the input loading conditions were 0.3 to 3 kN till crack
initiation. After crack initiation, the load was reduced by
0.05 kN and varied from 0.25 to 2.5 kN. The COD test was done
at 0.5 kN/s.

3 Results and discussion

3.1 Macrostructure and microhardness

The cross-sectional macrographs of LHW and ALW joints are
shown in Fig. 4. Macroetching of the transverse cross section
revealed three distinct regions: (a) fusion zone, (b) light-etched
HAZ/HAZ1, and (c) dark-etched HAZ (eyebrow zone)/HAZ2.
The hybrid welds showed typical “wine-cup” shape, including
the wider upper arc zone and the narrow lower laser zone. The
ALW welds revealed narrow fusion zone and HAZ. The bead
geometry measurements such as bead width, penetration depth,
and the width of the HAZ are given in Table 3. LHW weld
exhibited the wider arc fusion zone (AFZ) and narrow laser
fusion zone (LFZ) as seen in Fig. 4. The width of HAZ varied
along the fusion line from 2.5 to 4.4 mm, accompanied by var-
iation in HAZ2 width from 0.8 to 1.8 mm. ALWweld exhibited
a narrow fusion zone andminimumHAZ2width of 0.3–0.4mm.
It can be inferred from the available literature that narrow HAZ2
eliminates issues with respect to the weld integrity and may not
be of practical significance [6].

Microhardness contour plots of the transverse cross section
in as-welded and post-weld aged conditions corresponding to
LHW and ALW joints are shown in Fig. 5. The variation in
hardness throughout the welds confirmed the presence of dif-
ferent zones which has formed due to variation in peak

Fig. 4 Macrostructures of the joints a LHWand b ALW

Table 3 Bead geometry measurements of the joints

Bead geometry measurements LHW ALW

Fusion area (mm2) 34.5 14.6

Bead width (mm) Arc zone 8.9 2.6
Laser zone 0.9

Penetration depth (mm) Arc zone 8.2 6.5 mm per pass
Laser zone 1.8

*Total HAZ width (mm) 2.5–4.1–4.4 1.6–1.6–1.1

*HAZ2 width (mm) 0.8–1.3–1.8 0.4–0.3

*Values were reported at 1, 5, and 9 mm in transverse cross section of the
weld from top surface
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temperature experienced at different regions during welding.
The as-received base metal showed hardness of 350 HV. The
hardness of arc and laser fusion zone of LHWand fusion zone
of ALWweld was found to be similar to that of the base metal
hardness and was in the range 300–350 HV. The grain size or
the microsegregation in the dendritic boundaries was not
found to affect the hardness values in the as-welded condition.
During welding, the HAZ1 experiences temperature in the
austenite region of the Fe-Ni phase diagram and transforms
back to soft lath martensitic structure similar to that of the base
metal. The hardness of HAZ1 was in the range 325–350 HV.
The HAZ2 experiences temperature in the aging temperature
regime because of which it develops precipitates during
welding, even at a high welding speed of 1 m/min. The max-
imum hardness was exhibited by HAZ2 (375–400 HV).

After post-weld aging treatment, the base metal hard-
ness increased to 575 HV due to the formation of harden-
ing precipitates. The fusion zone of LHW weld exhibited a
lower hardness of 500–550 HV. On the other hand, the
hardness of the ALW fusion zone was the highest in the
range 575–600 HV with the fusion zone of pass 2, even

exceeding 600 HV (600–620 HV). It is expected that the
high hardness is due to the finer grain size of ALW fusion
zone which is characteristic of a laser weld [12]. In addi-
tion to this, the ALW fusion zone would be rich in precip-
itate forming elements since it involves melting and solid-
ification of base metal. This might have resulted in a high
number density of precipitates within the zone, when com-
pared with LHW weld, which was welded using filler wire
with reduced solute contents. This understanding is ex-
plained further in the discussion on fusion zone micro-
structure. The HAZ1 of LHW weld exhibited hardness
similar to the base metal with hardness value 550–
575 HV, and hardness of HAZ2 was in the range 525–
550 HV. The HAZ1 and HAZ2 of ALW welds exhibited
similar hardness as that of the base metal and were in the
range 550–575 HV. Welding thick plates in a single pass at
a comparatively low heat input using LHW and ALW pro-
cesses has helped in maintaining the hardness of the HAZ2
unlike arc welding processes where the multiple passes of
welding deteriorate the properties of the HAZ2 due to
coarsening of precipitates [4, 25].

Fig. 5 Hardness contour plots of a transverse cross section of weld in a LHWas-welded, b ALWas-welded, c LHW post-weld aged, and d ALW post-
weld aged
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3.2 Microstructure of the fusion zone

The optical micrographs of the arc and the laser fusion zones
(AFZ and LFZ) of the hybrid weld in as-welded condition are
shown in Fig. 6 a and b respectively. The optical micrographs

of the fusion zone corresponding to passes 1 and 2 of ALW
weld in the as-welded condition are shown in Fig. 6 c and d
respectively.

The microstructure of the FZ is governed by composition
and cooling rate [26]. The arc fusion zone of the LHW weld

Fig. 6 Fusion zone optical
micrographs in as-welded
condition showing solidification
characteristics of a AFZ and b
LFZ of LHW weld and c pass 1
and d pass 2 of ALW weld at ×
1000 magnification

Fig. 7 Fusion zone optical
micrographs in post-weld aged
condition showing white pools of
RA at intercellular or
interdendritic regions in a AFZ
and b LFZ of LHW weld and c
pass 1 and d pass 2 of ALW weld
at × 2220 magnification
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exhibited solidification structure mainly of columnar dendrites
similar to that of a typical arc weld. This behavior is because
of the low power density of the MIG arc that had resulted in
low-temperature gradient and growth rate. On the other hand,
the laser fusion zone exhibited solidification characteristics
similar to that of a typical laser weld since this region experi-
ences the effect of the high power density of the laser keyhole.
Due to the high cooling rates in LFZ, it showed a much finer
structure than the AFZ. A high cooling rate typically is expe-
rienced by the melt pool immediately after autogenous laser
welding. Solidification takes place usually in few tens of mil-
liseconds because of which the ALW fusion zones exhibited
finer columnar/columnar dendritic structures similar to that of
LFZ in LHW welds [27, 28].

The optical micrographs of the arc and the laser fusion
zones (AFZ and LFZ) of the hybrid weld in aged condi-
tion are shown in Fig. 7 a and b respectively. The optical
micrographs of the fusion zone corresponding to passes 1
and 2 of ALW weld in the aged condition are shown in
Fig. 7 c and d respectively. Aging in maraging steels
involves two important reactions such as the formation
of intermetallic precipitates, which contribute to the
strength of the steel [2] and austenite reversion in the
solute-rich regions which deteriorate the mechanical per-
formance of the steel [5, 6]. The fusion zones of the welds
show clear interdendritic phases (white pools) which are
the reverted austenite. The size and distribution of the RA

were found to be dependent on the solidification structure.
In the case of LHW weld, LFZ showed finer RA com-
pared with AFZ.

3.3 Fusion zone: chemistry in as-welded condition
and % RA after post-weld aging

The chemistry of fusion zone in as-welded condition deter-
mines the number density of precipitates as well as the volume
fraction of reverted austenite in aged condition. In a laser
hybrid weld, the resulting fusion zone composition can be
equivalent to filler wire composition in the arc zone and equiv-
alent to base metal composition in the laser zone. For the
experiment conditions considered such as Y-groove edge
preparation and 0.2-mm gap between plates and filler wire
positioned at the root face, the base metal dilution may not
be homogeneous throughout the thickness of the weld [24].
The wt% of the solutes Ni, Mo, and Ti are important in deter-
mining the austenite and precipitate content within the fusion
zone. Hence, the analysis of the fusion zone chemistry in as-
welded condition individually in the arc and laser fusion zones
of LHW weld and the two passes of ALW welds was done
using ICP-OES with respect to these three elements. The re-
sults of the analysis are compared with the as-received base
metal composition as given in Table 4. A clear variation in the
wt% of solutes was observed between the fusion zones of
LHW and ALW welds. The LHW fusion zone had less
amount of Ni, Mo, and Ti both in the arc and in the laser fusion
zones when compared with the ALW fusion zone. Hence, the
extent of microsegregation of the solutes is expected to be
minimum in LHWweld, and very less or negligible RA could
be expected in the fusion zone after aging. The fusion zone
chemistry of ALW weld, which was made without filler wire,
was near to the base metal composition. Considering the very
low heat input of the ALW process, less microsegregation of
solutes occurs during weld solidification which could possibly
lead to lower volume fraction of RA after aging.

EDS elemental mapping of the fusion zone did not reveal
clear segregation of the solute elements at the dendritic bound-
aries due to the reduced extent of solute segregation during
LHW and ALW processes as compared with the three-pass
MIG welding of 10-mm-thick maraging steel plates [25].
Hence, EDS point scans were performed at the interdendritic
boundaries (DB) and compared with the matrix (M) to under-
stand the extent of microsegregation. Point scans revealed
segregation of solute elements at the dendritic boundaries.
Analysis of the segregation pattern of elements in the areas
shown in Table 5 reveals that there was no pronounced segre-
gation of Ni and Co in some cases, but Mo and Ti was found
to strongly segregate at the dendritic boundaries. The tenden-
cy of these four elements to segregate is found to be in agree-
ment with their partition coefficient calculated from their bi-
nary phase diagram with Fe [8].

Table 4 Ni, Mo, and Ti contents in the as-welded fusion zone and base
metal (wt%) by ICP-OES

Process Location Ni Mo Ti

Base metal 20.43 5.3 0.44

LHW AFZ 16.88 4.07 0.23

LFZ 17.15 4.18 0.21

ALW Pass 1 19.42 4.94 0.43

Pass 2 19.24 4.86 0.48

Table 5 EDS elemental analysis of the fusion zones corresponding to
LHW and ALW welds given in wt%. Representations used are DB
(dendritic boundary) and M (matrix)

Process Zone Region Ni Co Mo Ti Al Fe

LHW AFZ DB 17.34 8.23 5.145 0.66 0.14 68.48

M 17.18 8.37 3.56 0.42 0.11 70.36

LFZ DB 18.28 8.79 5.525 0.895 0.16 66.24

M 17.35 8.39 3.47 0.25 0.11 70.33

ALW Pass 1 DB 17.72 7.3 6.97 0.82 0.095 67.07

M 17.82 7.65 5.2 0.13 0.12 68.98

Pass 2 DB 18.34 6.47 5.78 0.21 0.19 69

M 17.98 6.29 5.09 0.16 0.05 70.42
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The quantification of RA pools present in each zone after
aging was done using image analysis software. For the image
analysis, at least 15 images were taken from different regions
within the fusion zone of the welds. The LHW fusion zone
showed a minimum amount of RA with an average of 2.5%
and 2.6% in AFZ and LFZ respectively. The ALW weld fu-
sion zone exhibited a comparatively high amount of RAwith
an average of 5.6% and 5.9% in passes 1 and 2 respectively.
Considering a similar instance in a GMAW weld where the
weld metal composition was similar to the base metal, 14.5%
RAwas reported [6]. The high RA content in GMAW weld,
when compared with that in the ALW weld, is due to the high
heat input of the GMAW process, which might have resulted
in a high degree of solute segregation. On the other hand, the
addition of filler wire with reduced solute content for LHW
process has helped in minimizing the amount of RA in the
fusion zone, even less when compared with the fusion zone
created by high power density autogenous laser welding pro-
cess. This clearly explains the metallurgical advantages of
using filler wire by laser hybrid welding process when com-
pared with autogenous laser welding for welding thick sec-
tions of maraging steels.

Transmission electron microscopic studies were done on
the aged samples extracted from the base metal. The fully
dislocated martensite favors homogeneous distribution of the
precipitates throughout the matrix. The existence of high

density of mobile dislocations results in good ductility.
Ni3Mo and Ni3Ti are the first phases to be formed during
the early stages of aging. Being a metastable phase, Ni3Mo
dissolves in the matrix as the aging progresses, causing two
subsequent effects: (1) formation of stable Fe-Mo precipitates
and (2) enrichment of Ni, encouraging austenite formation.
The Ni3Ti precipitates are responsible for the initial hardening
and are stable throughout the precipitation process. The
Fe2Mo precipitates are responsible for the peak strength and
maintenance of high strength for longer duration. Figure 8 a
shows the BF image of the thermally aged base metal speci-
men. It consists of martensite matrix with high dislocation
density. A uniform distribution of very fine intermetallic pre-
cipitates could also be seen, which appears to have nucleated
on the martensite lath boundaries and the dislocations. The
SAD pattern in Fig. 8 b obtained from matrix using the
[110] zone axis showed superlattice reflections corresponding
to these precipitates. These SAD patterns have been indexed
and the precipitates identified as Ni3Ti and Fe2Mo by
Vasudevan et al. [2] and Viswanathan et al. [29]. Figure 8 c
shows the dark-field image taken from the Ni3Ti spot labeled
1 in Fig. 8 b. It revealed thin, needle-like precipitates of 5 nm
wide and 20–40 nm long. These fine needles were found to be
evenly distributed and in different orientations with respect to
the matrix. There are twelve possible variants of Ni3Ti relative
to martensite [30]. Figure 8 d shows the dark-field image

Fig. 8 Maraging steel aged base
metal: aBFmicrograph; b [110]M
SAD pattern; c DF micrograph
taken from the Ni3Ti spot labeled
1 in b; and d DF micrograph
taken from Fe2Mo spot labeled 2
in b
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taken from the Fe2Mo spot labeled 2 in Fig. 8 b. Numerous
spherical particles with an average size of 5 nm could be seen
uniformly distributed in the matrix.

The micro-XRD studies were done in the aged base metal
and the fusion zones. Micro-XRD pattern from aged base
metal revealed peaks corresponding to Fe-Ni martensite and
additional peaks corresponding to precipitates. The precipi-
tates were identified to be Ni3Ti, Fe2Mo, and Ni3Mo. The
intensities of the precipitate peaks were less due to the low
volume fraction, and there was an overlap of the peaks due to
the close similarities in structure and d-spacing [2]. Micro-
XRD patterns of the AFZs and LFZs corresponding to the
hybrid welds and pass 1 and pass 2 of the ALW welds re-
vealed peaks corresponding to austenite in addition to the
peaks corresponding to martensite and the precipitates.
Quantification of precipitate fraction in maraging steels is also
quite difficult because of the small precipitate size and its low
volume fraction. By comparing the intensities of the precipi-
tate peaks of the fusion zones corresponding to both the

processes from Fig. 9, it could be concluded qualitatively that
the volume fraction of precipitates in ALW fusion zone is high
when compared with that in LHW fusion zone. This is be-
cause of the fact that the ALW fusion zone was formed by
melting and solidification of the base metal, which is rich in
solutes.

3.4 Tensile properties and fracture toughness
evaluation

The tensile properties such as 0.2% yield strength (YS), ulti-
mate tensile strength (UTS), and percentage of elongation
were evaluated for the basemetal and transverse cross sections
of the joints in aged conditions. The sample dimensions for
tensile and KIc fracture toughness measurements and its loca-
tion on the welded plate are shown in Fig. 10.

The results of the tests are given in Table 6. The stress-strain
curves obtained from the tensile testing of base metal and LHW
and ALW welds are shown in Fig. 11. The aged base metal

Fig. 9 Micro-XRD patterns obtained from a base metal, b LHW weld fusion zone, and c ALW weld fusion zone
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yielded YS and UTS of 1655 MPa and 1778 MPa respectively
with 10% elongation. During transverse weld tensile testing of
the LHW and ALW welded samples in aged condition, failure
occurred in the fusion zone with a considerable reduction in
ductility. The fracture surfaces of the tensile tested base metal,
AFZ, and LFZ of laser hybrid weld and ALWweld are shown in
Fig. 12 a, b, c, and d respectively. It can be seen that the fracture
surfaces were composed of equiaxed dimples of different sizes.
The size of the dimples in base metal was larger, indicating good
plasticity. The LHW welds in aged condition exhibited YS and
UTS of 1659 MPa and 1783 MPa respectively with 3% elonga-
tion. The ALW welds in aged condition exhibited YS and UTS

of 1727 MPa and 1817 MPa respectively with 3.8% elongation.
The fractured surface of the AFZ of LHW weld showed finer
dimples compared with that of the base metal. The LFZ of LHW
weld and the ALW fractured surface exhibited very fine dimples
than theAFZ. Thus, the sizes of the dimpleswere associatedwith
the grain size. The ALW joints exhibited the maximum strength
due to the fine grain structure of laser welds. In addition to this,
the ALW fusion zone would have high number density of pre-
cipitates as it was formed by melting and solidification of the
base metal which has high solutes content. This observation goes
in hand with the high value of microhardness exhibited by the
ALW fusion zone. It has to be noted that even though the ALW

Fig. 10 a Location of test specimens, b transverse tensile test specimen as per ASTM E8, and c KIc straight notch specimen as per ASTM E399 (all
dimensions in mm)

Table 6 Mechanical properties of M250 maraging steel plate and welded specimens

Sample Transverse weld tensile properties Fusion zone

0.2% YS (MPa) UTS (MPa) % El Fracture location Hardness (HV0.2) KIc (MPa√m) Absorbed energy (J/m3)

Base metal aged 1655 1778 10 - 575 110 89

LHWaged 1659 1783 3 Fusion zone 500–550 77.5 59

ALW aged 1727 1817 3.8 Fusion zone 575–620 49.5 56
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weld showed greater than 5% RA in the fusion zone, it was not
found to affect the transverse weld tensile strength and has
yielded high strength values compared with the LHW weld. It
is known that the area underneath the stress-strain curve would
be equal to the toughness of the material which represents the
ability to absorb mechanical energy of material in its unit volume
up to failure [31–33]. It can be seen from Table 6 that the max-
imum energy absorbed (i.e.) toughness of 89 J/m3 was obtained
in base metal while the laser hybrid weld and autogenous laser
weld showed toughness of 59 J/m3 and 56 J/m3 respectively.

The KIc fracture toughness of weld fusion zones in aged con-
dition was evaluated using compact tension (CT) specimen with
a straight notch, with notch and fatigue cracked at the center of
the fusion zone and longitudinal to the weld as shown in Fig. 10
a. The KIc value of the base metal in the aged condition was
110 MPa√m. The KIc values of the fusion zones of the LHW
and ALW welds in aged condition were 77.5 and 49.5 MPa√m
respectively. Even though the presence of reverted austenite did
not affect the strength of the welds, it was found to greatly affect
the fracture toughness of the welds. Similar behavior has been

Fig. 11 Stress-strain curves
obtained from tensile testing of
base and weld metals

Fig. 12 SEM micrographs of the
fractured surfaces of tensile tested
samples in the aged condition: a
base metal; b, c AFZ and LFZ of
LHW weld; d ALW weld
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reported during maraging steel welding using all the fusion pro-
cesses [4–6]. Only in case of solid-state welding processes such
as friction stir welding of 5.5-mm-thick M250 maraging steel
using W-Mo tool resulted in a weld nugget in which RA was
absent, resulting in superior impact properties [34].

The fracture surface after COD testing of base metal
revealed different sizes of equiaxed dimples formed due
to microvoid coalescence. The fracture surface of the weld
exhibited finer equiaxed dimples. One distinct feature was
the presence of highly reflective features (marked with
arrows in Fig. 13 b) at regular intervals, which correspond
to the fracture path associated with dendritic boundaries
where soft RA pools are distributed. EDS analysis of the
two regions shown in Fig. 13 e revealed significant vari-
ation in the amount of Ni, Mo, and Ti which supports the
above discussion.

The ALW welds yielded higher strength values than LHW
and base metal due to the fine grain size. On the other hand,

the ALW weld fusion zone exhibited a very low fracture
toughness value, which is due to the presence of a high vol-
ume fraction of RA. The size of the RA pools was less in the
ALW fusion zone and LFZ of LHW welds when compared
with that in the AFZ. It is known that the RA pools are formed
in the interdendritic/intercellular boundaries and the welds
containing austenite fail by linking a series of voids which
form only in the austenite pool. Because of the finer structure
in the ALW fusion zone, the intercellular spacing or the mean
free path of the cells is less [6]. Hence, the distance between
the adjacent RA pools is less in the ALW fusion zone than in
the LHW fusion zone, which is the primary reason for lower
toughness of fusion zone of ALW than that in the case of
LHW. The results established that laser hybrid welding result-
ed in welds with less amount of austenite compared with au-
togenous laser welding and other conventional fusion welding
processes [4–6] resulting in improved fracture toughness of
the welds.

Fig. 13 SEM micrographs of
fracture toughness tested samples
in aged condition showing COD
fractured surface of a base metal,
b fatigue pre-crack and COD
fracture surface in AFZ and c LFZ
of LHW weld and d ALW weld,
and e EDS elemental composition
analysis on COD fractured
surface of ALW weld
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4 Conclusions

1. The chemistry of the LHW joint showed less Ni, Mo, and
Ti when compared with the base metal due to the usage of
filler wire with reduced solute content. The composition
of the ALW fusion zone matched with that of the base
metal since it involved melting and solidification of only
the base metal.

2. The volume fraction of RA formed after aging was de-
pendent on the as-welded fusion zone chemistry. The
LHW joint had 2.5% and 2.6% RA in AFZ and LFZ
respectively, whereas the fusion zone of ALW joint
showed greater than 5% RA after aging.

3. While the joint efficiencies were as good as the base met-
al, KIc fracture toughness values reduced considerably.
The ALW fusion zone showed a very low KIc fracture
toughness value of 49.44 MPa√m. The LHW fusion zone
exhibited comparatively better KIc fracture toughness of
77.4 MPa√m.

4. The fine structure and high volume fraction of precipitates
contributed to high strength in ALW welds. On the other
hand, fine structure means less intercellular spacing (the
spacing between RA pools). Hence, the fusion zone of
ALWweld failed easily by linking a series of voids which
formed in the soft austenite pool.

5. LHW resulted in welds with comparatively lesser volume
fraction of austenite as compared with ALW. By optimi-
zation of process parameters, it was possible to produce
welds with substantially low volume fraction of reverted
austenite and hence improved fracture toughness.
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