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PROBING THE THERMAL STABILITY AND MICROSTRUCTURAL-MECHANICAL BEHAVIOUR
OF LASER-WELDED 17-4 PH STAINLESS STEEL

Dissimilar-weld-fabrications are created to capture privilege of certain attributes of each component to enhance the potential
of overall structure. Induced residual stress owing to non-uniform thermal cycle, strain developed by virtue of metallurgical-
transformation, and dramatic difference in thermo-physical and thermo-mechanical property, proved to be a major drawback and
limits application certainly. Present study includes amalgamation of material-characterization and numerical-modelling to overcome
aforementioned issue. The 17-4 precipitation-hardened steel was joined with SS316 steel by CO, laser-welding technique using
different-heat-input. It is noticed that the distribution and amount of 3-ferrite controls the on-site behavior relating to thermal sta-
bility, microstructural characteristics and residual stress generation. This work is attempted to understand thermal behavior as well
as its correlation with §-ferrite formation and residual stress distribution. Sequential-coupled-thermo-mechanical model proposed
to developed for dissimilar weld joints at different process conditions. Finally, the interrelation between microstructure and the

typical pattern of residual stress believed to be investigated systematically.
Keywords: Dissmilar welding; finite element model; thermo-microstructure-mechanical characterization; thermal behaviour

estimation

1. Introduction

Laser Beam Welding (LBW) is a high-density power, rapid,
and non-contact type joining process. The high-power density
of LBW process allows for achieving good depth of penetration,
whereas narrow welds allow to reduce the size of heat affected
zone (HAZ) in the welded products. The LBW find applications
in various power plant, petrochemical, and nuclear industries due
to high productivity, good repeatability, and high efficiency [1].
Hence, LBW technique is currently used for welding various steel
grades in similar and dissimilar configurations [2,3]. Although,
LBW is a relatively old joining technique, and the application
of stainless steel (SS) is well established in various industries.
However, the literature lacks a comprehensive investigation
of the dissimilar welding of 17-4 PH SS to austenitic stainless
steel (ASS) 304.

The 17-4 PH is a martensitic SS and exhibits high strength
and good toughness along with good corrosion resistance and is
widely used in the aerospace industry, missile fittings, jet engine
parts, and nuclear reactor components [4]. The ASS 304 is used in

nuclear power plants, chemical reactors, pulp and paper industry
due to its low cost, good mechanical properties, and corrosion
resistance [5]. The mechanical strength of any welded product
depends on its microstructural evolution, and therefore, several
studies have already been performed to investigate the dissimilar
welding of SS in the esteemed literature [6]. The microstructural
investigation of the pulsed Nd: YAG laser welding of 17-4 PH
steel reveals the formation of the lathy J-Ferrite and interden-
dritic 0-Ferrite in the welded material [7]. The welding of the
17-4 PH SS can lead to the formation of solidification cracking.
Preheating the material with a hybrid power source before actual
welding significantly reduces solidification cracking [8]. The
laser welding of the ASS 304 primarily leads to the formation
of the small J-Ferrite dendritic structures [9]. The presence and
distribution of J-Ferrite within the weld zone are of significant
importance as it controls the joint strength and stability [10].
The formation and distribution of J-Ferrite depends on vari-
ous factors such as the material composition, cooling rate and
solidification mode [11]. The dendritic size and spacing can
be controlled by controlling the process parameters, which in
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turn eventually controls the heat input [12]. Tushar et al., [13]
investigated butt weld joints of super duplex stainless steel (UNS
S32750) fabricated using different electrodes, i.e., ER2594
and ER2595 through arc welding (shielded metal arc welding,
SMAW) process and observed austenite-ferrite solidification
behaviour at fusion zone (FZ) and heat affected zone (HAZ).
The microstructure was mainly composed of Widmanstatten
austenite, inter- and intra-granular austenite. In another study,
Tushar et al., [14] found varied heat affected zone width in the
welded joints due to slight change in applied heat input from
0.75 — 0.81 J/mm. Additionally, Cr, Mo and Fe based precipitate
was also obtained at molten zone, might be due to entrapment
of different gases from the outer environment.

The numerical modelling of any manufacturing process
provides a significant advantage in the in-process investigation
of various thermo-mechanical responses and phase transforma-
tions. Initially, thermal and thermo-mechanical models were
developed to predict the residual stresses and distortion in the
plates [13]. Deng and Murakawa developed a numerical model
to predict the residual welding stress by considering the phase
transformation effects [14]. Further, the effect of phase trans-
formation in the distortion and residual stresses for Ti-based
alloy is also investigated [15,16]. Although various thermo-
mechanical-metallurgical models are already disclosed for LBW
in the literature, the numerical modelling of the dissimilar 17-4
PH SS and AISI 304 is not currently investigated.

Current investigation undertakes the assessment of Laser
welded dissimilar AISI 304 to 17-4 PH SS. The thermo-micro-
structural anaylsis is performed for laser-welded dissimilar joints
of 17-4 PH SS and AISI 304 and, its role in generation of residual
stress is critically investigated via amalgamation of experiments
and FE based numerical modeling approach. The key findings
of our study revealed valuable insights into microstructural
evolution of laser-welded 17-4 PH stainless steel during thermal
exposure, shedding light on the mechanisms underlying phase
transformations behavior. Additionally, we elucidated the impact
of these microstructural changes on the mechanical properties,
i.e., residual stress field of the dissimilar welded material. Our
results provide important information for designing and optimiz-
ing laser-welding processes in the manufacturing of 17-4 PH
stainless steel components, particularly in industries where
thermal stability and mechanical integrity are critical factors.

2. Materials and experimental methods

Hot rolled sheets of 17-4 PH steel and SS 304 having
a thickness of 0.7 mm were cut out into coupons of 70x60 mm?
for producing efficient weld beads. The coupon surfaces were
cleaned perfectly to remove the unwanted foreign impurities
using acetone. The different material coupons are held firmly
in butt configuration using a copper fixture in order to avoid the
misalignment of the base materials and to achieve a superior
weld solidification rate. The autogenous beads were prepared
normal to the rolling direction of the sheets using CO, Laser

source (2.5 kW continuous wave) over an extensive range of
process parameters. The laser scanning rate, diameter of noz-
zle, and stand-off distance (SOD) are maintained constant at
700 mm/min, 0.25 mm and 15 mm, respectively, and laser beam
offset of 1 mm distance towards SS-steel side was also taken
into account for proper fusion of dissimilar plates, throughout
the experimentation, whereas defocusing distance is varied
between 0 and 1 mm. The Laser beam power has varied sig-
nificantly between the ranges of 1200 W to 1800 W in order to
achieve full penetration beads with minimum deformation. The
optimised Laser power was found to be between 1500-1600 W
through trial and error method where the produced beads were
free from defects like partial penetration and excessive melting.
The corresponding heat input per unit length is estimated to be
between 128.5 J/mm to 160 J/mm for obtaining the successful
welds using CO, Laser source. The successful beads are then
processed for microstructural analysis through polishing and
etching (in an acid solution of CH;COOH: HCI: HNO;) to reveal
the microstructure of fusion zone and heat affected zone. The
microstructural characterization was performed by using optical
microscopy to analyse the formation and distribution of d-ferrite
in the weld zone.

3. Finite element modelling methodology
3.1. Heat transfer analysis

A 3-dimensional FE based thermal model is developed
using commercial ABAQUS package for estimation of the time-
temperature history of the weld pool. The following assumptions
are considered in the numerical model for simplification. The
weld top surface is considered as flat, by neglecting the effect
of laser beam pressure on the flow of molten metal in the weld
pool. The initial temperature (i.e., at 7)) of the parent materials
is considered as 303K. The latent heat of fusion and solidifica-
tion is considered in the numerical model and the molten metal
evaporation is neglected in the fusion zone. The solution domain
along with the boundary interaction for convective and radia-
tive heat loss is shown in Fig. 1 for the considered dissimilar
material combination. Optimal meshing arrangement is done
in the solution domain to reduce the computational time. The
DC3D8 type eight nodded brick elements are employed in the
thermal model to incorporate diffusive heat transfer. Total of
191,921 number of nodes and 154,000 elements are generated
for the solution domain for producing accurate and converged
result. The Fourier’s heat conduction based govering equations
and associated thermal boundary condtions adopted for thermal
analysis are extensively presented elsewhere [16].

3.2. Static stress analysis

The evaluated nodal time-temperature history from thermal
analysis is applied as an input load for the estimation of thermo-
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Fig. 1. Illustration of thermal boundary conditions incorporated during thermal modelling using ABAQUS commercial software

mechanical response of dissimilar welded joints of 17-4 PH
steel and austenitic stainless steel. For this purpose, sequential
coupled thermo-mechanical model is developed. Similar mesh
specification as applied for thermal modelling, is considered
for the structural analysis, however element changed to C3D8R
for this analysis. Structural analysis is performed to assess the
macroscopic residual stress behaviour of welded structures. The
governing eauqations and corresponding mechanical boundary
conditions are explained somewhere else [2].

The strain components which contribute to the genearation
of residual stress is presented in the form of empirical relation
in Eq. 1:
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Sequential coupled modelling

ated with elastic, plastic and thermal component respectively.
Fig. 2. represents the flow chart for the thermo-microstructural-
mechanical study of dissimilar welded joints with the amalgama-
tion of experimental and numerical approach. It also clarifies the
steps and input which have been followed and taken, respectively
for performing thermal as well as structural modelling.

4. Results and discussions

Fig. 3 demonstrates the interrelation between calculated
heat input and corresponding welding performance for each
process condition. Dissimilar metal joinining was obseved to
be challenging compared to similar material welding. In dis-
similar welding as the process progressed laser beam deflected
from the fusion line towards base metal due to arch blow ten-

—

Thermal modelling - Experimental layout - Structural modelling

3D geometry and thermal .
properties

\ 4 M

Thermal boundary condition
K- —

1
Thermal load (heat flux) <4  Welding on pre-processed

Weldments
120 x 65 x 1 mm3

Experimental parameters
Varied heat input

Same geometry & mechanical
properties

\4

Translational boundary condition

Same meshing & 3D stress

DFLUX /I\ samples element
ST 7
Meshing & heat transfer 1 . Predefined field
lement Weld bead generation Time-temperature history

\ 4

Thermal solver

Transient temperature data = = = = -+' -

Microstructural evolution

Thermo-microstructural-
mechanical study

Mechanical solver

Residual stress distr.

Fig. 2. Flow chart explaining the steps followed for thermal-microstructural-mechanical investigation
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Specimens

Magnified bead

Process condition Heat input Remarks

Power: 1200 Watt
Welding speed: 700
mm/min
Defocusing: 0 mm
Offset: 1 mm

Insufficient
fusion

102.8 J/mm

Power: 1500 Watt
Welding speed: 700
mm/min
Defocusing: 0 mm
Offset: 1 mm

128.5 J/mm Satisfactory
depth of

penetration

Power: 1600 Watt
Welding speed: 600
mm/min
Defocusing: 0 mm
Offset: 1 mm

160 J/mm Full depth of

penetration

Power: 1800 Watt
Welding speed: 500
mm/min
Defocusing: 1 mm
Offset: 1 mm

216 J/mm Excessive melting

Fig. 3 Bead evaluation of dissimilar 17-4 PH steel and austenitic stainless steel fabricated using varied heat input: (a) 102.8 J/mm; (b) 128.5 J/mm;

() 160 J/mm; (d) 216 J/mm

dency. Hence, it is noted that the offset of laser beam by 1mm
is taken into account for all the condition in order to get better
sound quality weld for the dissimilar welding as suggested by
several earlier published research. It is obvious that the depth
of penetration is increased upon increasing heat input from
102 J/mm — 128 J/mm — 160 J/mm — 216 J/mm. At intial
heat input of ~102 J/mm, insufficient fusion is observed owing

Heat flux distribution increases

to the inadequate energy density. Further, at the highest heat
input of ~216 J/mm, broadended fusion zone, heat affected zone
(HAZ) is observed due to excessive melting of metal. However,
the weld joint fabricated at heat input of 160 J/mm is found to
optimized one and exhibited sound quality weld.

Fig. 4 shows the heat flux distribution over the 3-Dimen-
sional solution domain for dissimilar welded joints under vari-

Fig. 4. Heat flux distribution onto the surface of three-dimensional solution domain corresponds to dissimilar weldments



ous process conditions. Rabbit-ear shaped flux distribution is
obtained for all the fabricated structures. Since dissimilar plate
welding are taken into account, therefore, two distinguished
flux distribution is visibile in the given figure for each welding
condition. Heat flux distribution is the deterministic factor that
decides the overall temperature evolution in the molten pool and
nearby region. Estimated heat flux is found to be of 107 W/ mm?
for welded joints. It is observed that the heat flux distribution
widens upon increasing heat input. Grey color contour represents
the maxmum amount of heat flux which is in direct contact of
laser beam that is highly localised or confined owing to fully
converged laser beam.

Fig. 5 illustrates the three-dimensional contour of tempera-
ture evolved at weld zone and near by location during welding
of dissimilar joint at various process conditions. The associated
legend shows the maximum temperature of 1774 K, 2040 K,
2186 K and 2240 K exhibited by molten pool of weldments at
heat input 102 J/mm, 128 J/mm, 160 J/mm and 216 J/mm, respec-
tively. It should be noted that there is no significant difference in
temperature distribution between PH-steel and austenitic steel
has been observed, might be due to comparable thermo-physical
properties for both the steel alloys. As the heat input progressed,
the broadening of melt pool occured due to decrease in cooling
rate. Due to high heat input, weld pool last for longer period of
time which leads to the expansion of the molten pool. The tem-
perature contour shows that each weld condition accomplished
temperature sufficiently higher than that of melting temperature
onto the surface, however temperature diffusion throughout

Melt pool broadened
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the thickness is relatively less for lower heat input condition as
confirmed by the Fig. 1.

Fig. 6 shows the nodal time-temperature history and cor-
responding location of measurement estimated through finite ele-
ment based thermal modelling approach for dissimilar weld joint
fabricated under optimized heat input condition i.e., 160 J/mm.
Thermal characteristics is composed of heating and cooling
cycle. Heating cycle is relatively steeper however, cooling cycle
is gradual in nature, because heating rate is always greater than
that of cooling rate. The unusual change of slope of temperature
with time in cooling cycle is strong evidence of phase transfor-
mation behavior in the range of solidus and liquidus tempera-
ture. Time-temperature profile across the dissimilar weld joint
at a distance of 0.5 mm, 1 mm, 1.5 mm and 2 mm is captured
presented in figure (top side) at SS316 side and PH-steel side.
Thermal cycle revealed that the temperature obtained at SS316
side is relatively higher than PH-steel side at each location. This
is based on the fact that the melting temperature of SS316 is 10
degree less than PH-steel therefore more melting of material
occurred from austenitic steel side which led to the enhance-
ment of the temperature evolution. The investigated temperature
decreased upon increasing the distance across the weld zone due
to experiencing relatively less amount of heat input. Similar
observation is also clarified in other study [16]. In the weld bead
macrograph present at the bottom side, it is clearly depicted that
the molten pool which possesses temperature beyond melting
point, is shifted towards the SS-side by virtue of consideration
of offset distance towards SS-side.
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Fig. 5. Three-dimensional temperature distribution at the meltpool and far away location for different weld joints
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Fig. 6. Nodal time temperature history obtained across the weld line
on SS316 side and PH-steel side, and representation of corresponding
location of measurements over the cross-sectional temperature contour

(e)

Ferritic-austenitic matrix

Fig. 7 also clarifies that the temperature contour is some-
what bulged or shifted towards the stainless steel side due to
offset distance that has been considered during the modelling.
Crossectional profile of temperature distribution is not observed
to be fully symmetric on SS316 and PH-steel side by virtue of
difference in non-uniform temperature diffusion throughout the
thickness.

Fig. 7 demonstrates the microstructural evolution during the
welding of dissimilar joints. Full depth of penetration is clearly
seen for the weld fabricated using heat input of 160 J/mm in
the optical macroscopic image presented in Fig. 7a. Further, the
partially melted region or transition zone is bounded by fusion
zone and base metal area as shown in Fig. 7b. Unexpectedly,
heat affected zone was not observed in welded sample on either
side, i.e., SS316 side or 17-4 PH steel side. High cooling rate
assisted laser based process and corresponding concentrated
localised beam could be the reason due to which it has happened.
Mixed mode of microstructure, i.e., ferrite-austenite structure
is obtained in the fusion zone of welded joints fabricated using
heat input of 128 J/mm and 160 J//mm as presented in Fig. 7c
and d, respectively. Ferrite-austenite microstructure is exhibited
due to incomplete transformation from ¢-ferrite to y-austenite.
By comparing the Fig. 7¢ and d it is observed that the amount

“Fransition zone

DS2

Mzrtensitic precipitation

Fig. 7 (a) Macrostructural evolution at fusion zone, partially melted region and base metal; (b) magnified optical macrograph of partially melted
region or transition zone; microstructural characteristics for weld metal: (c) DS3, (d) DS2; martensite precipitation at fusion zone of DS2 sample



of lathy o-ferrite is relatively higher for DS2 (128 J/mm) rather
than DS3 (160 J/mm). High heat input provides a platform for
significant transformation from J-ferrite to y-austenite. Hence,
DS2 sample fabricated using lower amount of heat input exhib-
ited higher amount of J-ferrite phase fraction. Further, Fig. 7e
holds a austenitic-ferritic microstructure with matensitic pre-
cipitates distributed in the austenitic matrix. High cooling rate
associated with lower heat input favours diffusionless martensitic
transformation, which can exhibits better weldability, improved
strength and excellent corrsion resistance [15].

Fig. 8 represents the longitudinal residual stress distribu-
tion for dissimilar welded joints fabricated using 102 J/mm and
160 J/mm. Relatively high residual stress of ~330 MPa is expe-
rienced on the austenitic stainless steel side, whereas 295 MPa
is obtained on 17-4 PH steel side. Martensite precipitation on
PH steel side put the fusion zone in compression state owing
to volumetric expansion which minimised the overall tensile
residual stress of the structure on PH steel side. The figure also
clarifies that the observed residual stress is found to be less for
low heat input condtion, i.e., 102 J/mm sample. Less heat input
can reduce the chances of experiencing high temperature gradi-
ent which is the most prominent cause of residual stress, hence
it is found to be lower for low heat input condition. In order to
maintain structural equilibrium tensile stress is compensated with
consequtive compressive stress on either side of the structure.
The thermal expansion coefficient of Ni (austentic stabilizer) is
~1.5 times higher than the Cr (ferritic stabilizer) due to which
austenitic region exhibits micro-tensile stress whereas, Cr-region
accomplishes compressive stress. Sample welded using high
input acquired higher austentic fraction than ferrite, therefore the
chances of experiencing tensile stress is more for high heat input
condition, this might be the another explanation for achieving
more tensile stress for 160 J/mm rather than 102 J/mm. similar
conclusion hase been drawn by Kumar et al., in their study [2].

5. Conclusions

Dissimilar joints of 17-4 PH steel and austenitic stainless
steel (SS316) is performed using different heat input conditions.
Thermo-microstructural-mechanical behaviour of welded joints
are extensively studied using experimentations and finite element
based numerical modelling approach. The following conclusions
have been drawn thorugh the above study:

*  Heatinput of 160 J/mm is observed to be optimized process
condition (as sound weld with full depth of penetration is
obtained) for the fabrication of dissimilar joint of 17-4 PH
steel and SS316 steel.

*  Broadening of molten pool is obtain upon increasing heat
input owing to higher temperature evolution and associated
lower cooling rate characteritics.

*  The maximum temperature attained at SS316 side is some-
what higher than 17-4 PH steel by virtue of differenrce in
thermo-physical properties.
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Fig. 8. Longitudinal residual stress distribution over the dissimilar
welded joints for the heat input of 160 and 102 J/mm

*  Precipitation of martensite is clearly seen in the austenitic-
ferritic matrix at fusion zone for lower heat input condition
due to material mixing of precipitate hardened steel with
austentic stainless steel in the course of welding.

*  Higher fraction of ferrite and precipitation of martensite put
the weld zone in compressive stress state that minimized
the overall tensile stress behaviour of welded structure for
relatively low heat input condition, i.e., 102 J/mm.
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