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Fusion Zone Microstructure and Geometry in
Complete-Joint-Penetration Laser-Arc Hybrid
Welding of Low-Alloy Steel

A process map indicates a martensite-free microstructure can be
maintained over a wide range of welding parameters

BY H. L. WEI, J. J. BLECHER, T. A. PALMER, AND T. DEBROY

ABSTRACT

The fusion zone geometry and microstructure in complete-joint-penetration hybrid
laser gas metal arc welds of a low-alloy steel are examined experimentally and theoreti-
cally. Weld geometry and spatially variable cooling rates are investigated using a three-
dimensional heat transfer and fluid flow model. Experimentally measured microstruc-
tures are compared with those estimated from a microstructure model based on kinet-
ics and thermodynamics of phase transformations, for a range of laser arc separation
distances and heat inputs. Considerable variations in both cooling rates and microstruc-
ture were observed for the range of process parameters utilized. In fact, the experimen-
tal results and calculations show that for the same heat input, a predominantly ferritic
and predominantly martensitic microstructure can be obtained, depending on the laser
arc separation distance and resulting cooling rate. A process map is constructed show-
ing the effect of welding speed, laser power, and laser arc separation distance on cool-
ing rates and microconstituent volume fractions. The map indicates a martensite-free
microstructure can be maintained over a wide range of welding parameters.
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Introduction

Hybrid laser-arc welding is a process
that combines laser beam welding and
conventional arc welding in order to in-
corporate the benefits of both processes
(Refs. 1-4). Hybrid laser-gas metal arc
(GMA) welding produces wider weld
pools than autogenous laser welding,
and deeper weld penetration than GMA
welding with the same parameters
(Refs. 5-8). The combination of laser
and arc energy sources allows for com-
plete-joint-
penetration welds to be achieved at sig-
nificantly higher welding velocities in a
single pass, while at the same time al-
lowing large root openings in weld
joints to be bridged (Refs. 9, 10). As a
result, welding productivity can be

greatly enhanced over that achieved by
either laser or GMA welding alone
(Refs. 11-13). In addition, hybrid laser-
GMA welding has significant advan-
tages in acquiring the desired weld met-
al microstructures, since lower cooling
rates can be more easily obtained than
in autogenous laser welding. However,
martensite, which has very low ductility
and toughness (Ref. 14), can still form
in hybrid welding (Ref. 15).

Previous work on the hybrid laser-
GMA welding of steels has largely fo-
cused on the experimental postcharac-
terization of weld geometries, mi-
crostructures, and mechanical proper-
ties (Refs. 15-21). However, these
postmortem evaluations provide little
detail on the evolution of weld pool
geometries and the cooling rates with-

in the fusion zone. In order to under-
stand and predict weld metal mi-
crostructural evolution, the thermal
cycles experienced during these weld-
ing processes must be known. The in-
teractions between the heat sources
and materials during complete-joint-
penetration hybrid laser-GMA welding
lead to rapid thermal cycles in the
weld pool, which in turn impacts mi-
crostructure evolution. Phase transfor-
mations during cooling in the weld fu-
sion zone have been extensively inves-
tigated both experimentally and theo-
retically. Bhadeshia et al. developed a
phase transformation model (Refs.
22-24) based on thermodynamics and
phase transformation kinetics. This
model can quantitatively predict the
microstructures and properties of
weld deposits for different alloy com-
positions, cooling rates, and prior
austenite grain sizes.

Direct measurement of temperature
profiles in the interior of the weld pool
still remains a major challenge. On the
other hand, a well-tested three-dimen-
sional mathematical model can provide
accurate temperature fields and cooling
rates at discrete locations throughout
the fusion zone (Refs. 25, 26). Several
studies focused on the numerical mod-
eling of the fluid flow and heat transfer
conditions within the molten weld pool
of hybrid laser-arc welding (Refs. 6, 27).
Ribic et al. (Ref. 27) numerically studied
the effect of laser arc separation dis-
tance and laser power on heat transfer
and fluid flow in partial-penetration hy-
brid laser-gas tungsten arc (GTA) weld-
ing by using a three-dimensional nu-
merical model. They found that the dis-
tance between the laser and arc signifi-
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Fig. 1 — Top surface and symmetry plane
of weld pool with temperature contours
and velocity fields for the following:

A — Welding speed of 20.0 mm/s, laser
arc separation distance of 1 mm; B —
welding speed of 30.0 mm/s, laser arc
separation distance of 1 mm.
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Fig. 3 — Top surface and symmetry
plane of weld pool with temperature
contours and velocity vectors for the fol-
lowing: A — Welding speed of 40.0
mm/s, laser arc separation distance of 1
mm; B — welding speed of 40.0 mm/s,
laser arc separation distance of 5 mm.

cantly affected the cooling rates and
that the weld penetration was maxi-
mized at an optimal laser arc separation
distance (Ref. 27). Cho et al. (Ref. 6)
simulated the molten weld pool geome-
try in laser-arc hybrid welding by solv-
ing the equations of continuity, mo-
mentum, and energy using a commer-
cial package. They reported that the
width of the weld was determined
mainly by the GMA heat source and the
penetration depth was strongly influ-
enced by the laser (Ref. 6). However,
there are very few systematic studies fo-
cused on the numerical simulation of

Fig. 2 — Comparison of experimental and
simulated weld cross sections for the hy-
brid laser-GMA complete-joint-penetra-
tion welding of DH 36 steel for the
following: A — Welding speed of 20.0
mm/s, laser arc separation distance of 1
mm; B — welding speed of 30.0 mm/s,
laser arc separation distance of 1 mm.

weld profile evolution, cooling rates
within the fusion zone, and the corre-
sponding influence on the weld metal
microstructures in complete-joint-pene-
tration hybrid laser-GMA welding. The
previous numerical studies (Refs. 6, 27)
have discussed partial-penetration hy-
brid welding, where the fluid flow and
heat transfer at the bottom of the
molten weld pool are significantly dif-
ferent than those in complete-joint-
penetration welding.

In this work, the evolution of macro-
and microstructures of complete-joint-
penetration laser-GMA hybrid welds in
DH 36 steel is analyzed using funda-
mental transport phenomena and
phase transformation theory. A three-
dimensional heat transfer and fluid
flow model has been developed to study
the effect of welding velocity and laser
arc separation distance on weld geome-
tries and cooling rates. Using the calcu-
lated cooling rates from the heat trans-
fer and fluid flow model, a phase trans-
formation model (Refs. 22-24) based
on thermodynamics and phase transfor-
mation kinetics is used to provide a

quantitative description of the final mi-
crostructures of the weld metal. The
computed volume fractions of the weld
metal allotriomorphic ferrite, Wid-
manstitten ferrite, acicular ferrite, and
martensite are validated with corre-
sponding experimental results for vari-
ous welding conditions. The combined
models are used to construct process
maps capable of predicting the effect of
welding parameters on resulting cooling
rates and microstructures.

Experimental Procedure

Bead-on-plate complete-joint-
penetration hybrid laser-GMA welds
were made on 4.8-mm-thick DH 36
steel. An IPG Photonics® YLR-12000-L
ytterbium fiber laser with a Precitec®
YW50 welding head and a Lincoln Elec-
tric® Power Wave 455 M/STT welding
power source with a Binzel® WH 455D
water-cooled welding gun were used for
hybrid welding. The maximum power of
the fiber laser is 12 kW, with a wave-
length of 1070-1080 nm. The optics
system utilizes collimating and focusing
lenses with 200- and 500-mm focal
lengths, respectively. The laser is trans-
ported to the welding head through a
200-um-diameter process fiber. The fo-
cal spot of the laser beam in the absence
of plasma was approximately 0.56 mm
in diameter. The laser was focused 8
mm above the surface of the plate. The
laser power used in the welding experi-
ments was fixed at 5.0 kW for all the
cases. The electrode was 0.045-in.- (1.1-
mm-) diameter ER70S-6 wire. The
chemical compositions of DH 36 steel
and ER70S-6 welding wire are given in
Table 1. The metal transfer mode for
the welding wire was in spray mode.
The shielding gas was a mixture of 95%
argon and 5% CO, with a flow rate of 95
ft3/h (44.8 L/min). The welding veloci-
ties and laser arc separation distances
were varied to study their effects on the
weld profiles and weld metal mi-
crostructures. The key welding parame-
ters are listed in Table 2. The top and
bottom surfaces of the plate were

Table 1 — Chemical Composition of Base Metal DH 36 Steel (Ref. 10) and Welding Wire ER 70S-6 (wt-%)

C Mn Si Ni Mo Cr \ P S Al Nb Ti Cu
Base 0.06 1.39 0.19 0.14 0.03 0.11 0.06 0.011 0.004 0.025 0.01 0.01 0.25
Metal
Welding 0.09 1.63 0.90 0.05 0.05 0.05 0.05 0.007 0.007 0.000 0.00 0.00 0.20

Wire
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Fig. 4 — Comparison of experimental and
simulated weld cross sections for the hybrid
laser-GMA complete-joint-penetration
welding of DH 36 steel for the following: A
— Welding speed of 40.0 mm/s, laser arc
separation distance of 1 mm; B — welding
speed of 40.0 mm/s, laser arc separation
distance of 5 mm.

ground to remove scale prior to welding
in order to avoid weld root defects dur-
ing complete-joint-penetration welding.
The sides of the plate were supported,
so the welds were made without con-
tacting the table below. Selected welds
were sectioned, polished, etched, and
photographed to reveal the weld fusion
zone profile and microstructures. The
volume fractions of selected microcon-
stituents in the weld metal are deter-
mined by using the point counting
method following the International In-
stitute of Welding (IIW) guidelines (Ref.
28).

Mathematical Model

A three-dimensional heat transfer
and fluid flow model for complete-joint-
penetration hybrid laser-GMA welding
was developed by modifying previous
numerical simulation work (Refs. 27,
29, 31). Zhao et al. (Ref. 31) developed a
transport phenomena-based numerical
model to predict the keyhole geometry
and temperature profiles in the weld-
ment during keyhole laser welding. Rai
et al. (Ref. 29) developed a convective
heat transfer model for both partial and
complete-joint-penetration keyhole
mode laser welding of a structural steel
based on the work of Zhao et al. (Ref.

¥
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Fig. 5 — Calculated cooling curves at dif-
ferent y locations on the top surface of the
fusion zone of weld 1 with welding speed
of 20.0 mm/s, laser arc separation dis-
tance of 1 mm. The symbol y represents
the distance from the weld centerline.

31). Ribic et al. (Ref. 27) proposed a
three-dimensional heat transfer and
fluid flow model for partial-penetration
hybrid laser-GTA welding. In this work,
complete-joint-penetration hybrid
laser-GMA welding is studied.
Marangoni force-driven velocity
boundary conditions at the bottom
surface are assumed, which is different
from that of partial-penetration hybrid
welding. In addition, the heat transfer
from the metal droplets during GMAW
is integrated into the numerical model
for hybrid laser-GMA welding. The ma-
terial properties used in order to com-
plete the welding calculations are given
in Table 3. Details of the numerical sim-
ulation model are presented below.

Calculation of Keyhole Profile

The keyhole geometry is calculated
using a model that considers material
properties, welding process parameters,
and specimen geometries. The detailed
information about the model is avail-
able elsewhere (Refs. 30, 31) and only
the salient features are presented here.
The keyhole profile is calculated based
on a point by point energy balance at
the keyhole walls and is determined it-
eratively. Multiple reflections of the
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Fig. 6 — Comparison of the calculated
cooling rates of the top center fusion
zone for weld 1 with welding speed of
20.0 mm/s, laser arc separation distance
of 1 mm, and weld 2 with welding speed
of 30.0 mm/s, laser arc separation dis-
tance of 1 mm.

laser beam within the keyhole are as-
sumed and the number of reflections is
dependent on the keyhole geometry.
The keyhole wall local temperature is
taken as the boiling point of the alloy
(Refs. 30, 31). Planar heat conduction
from the keyhole wall into the work-
piece is assumed due to the significantly
higher temperature gradient in all direc-
tions in the horizontal plane compared
to the vertical directions. Once the pro-
file calculation is completed, the tem-
perature distribution from the keyhole
model is stored in a data file with all
temperatures inside the keyhole as-
signed the boiling point temperature.
This file is read into the heat transfer
and fluid flow model, and at each hori-
zontal x-y plane, the keyhole boundary
is identified by a minimum and a maxi-
mum x value for any y value.

Heat Transfer in Weld Pool and
Boundary Conditions

After the calculation of the keyhole
profile, equations of conservation of
mass, momentum, and energy are
solved in three dimensions in the heat
transfer and fluid flow model. Details
about this model are available in the lit-
erature (Refs. 22, 23, 29) and only the

Table 2 — Welding Process Parameters for Complete-Joint-Penetration Hybrid Laser GMA Welding of

DH 36 Steel
Weld Laser Power Arc Current Arc Voltage Welding Laser Arc
Number (kW) (A) (V) Speed (mm/s) Separation (mm)
1 5.0 248 31 20.0 1.0
2 5.0 235 31 30.0 1.0
3 5.0 232 31 40.0 1.0
4 5.0 232 31 40.0 5.0

APRIL 2015 / WELDING JOURNAL 137-s
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Fig. 7 — Comparison of the calculated
cooling rates of the fusion zone located 1
mm above the bottom surface for weld 3
with welding speed of 40.0 mm/s, laser arc
separation distance of 1 mm, and weld 4
with welding speed of 40.0 mm/s, laser arc
separation distance of 5 mm.

salient features are presented here. The
molten metal is assumed to be an in-
compressible, laminar, and Newtonian
fluid. The liquid metal flow in the weld
pool can be represented by the following
momentum conservation equation
(Refs. 30, 31):

au : a(uiu ] )

]
_+ _ -
o P,

a au}
=2 u=—L |+s, 1
axi( axi)-i_S] ( )

where p is the density, t is the time, x, is
the distance along the ith (i=1, 2, and
3) orthogonal direction, u is the velocity
component along the j direction, [ is
the effective viscosity, and S is the
source term for the j* momentum equa-
tion and is given as

op o 9y
§.—_C9P ., 9,7

2
-
fL3+B J
T-T Uauj )
+pr( - ref)_p xs

J

where p represents pressure, U is the
welding speed, and [ is the coefficient
of volume expansion. The third term
represents the frictional dissipation in
the mushy zone according to the Car-
man-Kozeny equation for flow through
a porous media (Refs. 32, 33) where f, is
the liquid fraction, B is a very small
computational constant to avoid divi-
sion by zero, and C is a constant ac-
counting for the mushy zone morpholo-

Fig. 8 — Comparison of the optical mi-
crostructures of the top center of the fu-
sion zone by different welding speeds.
Magnification 500x. A — Welding speed
of 20.0 mm/s, laser arc separation dis-
tance of 1 mm; B — welding speed of 30.0
mmy/s, laser arc separation distance of 1
mm. The symbols o, o, and o, represent
allotriomorphic, Widmanstdtten, and acic-
ular ferrite, respectively.

gy [a value of 1.6 x 10* was used in the
present study (Ref. 34)]. The fourth
term is the buoyancy source term (Refs.
23, 34, 35). The last term accounts for
the relative motion of the workpiece rel-
ative to the laser and arc heat sources
(Ref. 23).

The following continuity equation is
solved in conjunction with the momen-
tum equation to obtain the pressure
field.

Fig. 9 — Comparison of the optical mi-
crostructures of the fusion zone located 1
mm above the bottom surface by different
laser arc separation distances. Magnifica-
tion 500x. A — Welding speed of 40.0
mmy/s, laser arc separation distance of 1
mm; B — welding speed of 40.0 mm/s,
laser arc separation distance of 5 mm. The
symbols o, o, o, and M represent allotri-
omorphic, Widmanstdtten, acicular ferrite,
and martensite, respectively.

d(pu;) _
ox; =0 ®

In order to trace the weld pool lig-
uid/solid interface, i.e., the phase
change, the total enthalpy H is repre-
sented by a sum of sensible heat  and
latent heat content AH, i.e., H=h + AH

Table 3 — Material Properties Used for the Calculation of Temperature and Velocity Fields (Ref. 29)

Physical Property DH 36 Steel
Boiling point (K) 3133
Solidus temperature (K) 1745
Liquidus temperature (K) 1785
Density (kg/m?3) 7200
Thermal conductivity (W/m-K) 21
Inverse Bremsstrahlung absorption coefficient (1/m) 100
Absorption coefficient (flat surface) 0.16
Molecular viscosity (Pa-s) 0.0067
Coefficient of thermal expansion (I/K) 1.96 x 10°
Temperature coefficient of surface tension (N/m K) -0.5x 103
Enthalpy of solid at melting point (J/kg) 1.20 x 10°
Enthalpy of liquid at melting point (J/kg) 1.26 x 10°
Specific heat of solid (J/kg K) 710.6
Specific heat of liquid (J/kg K) 836.0

138-s WELDING JOURNAL / APRIL 2015, VOL. 94



(Ref. 36). The sensible heat h is ex-
pressed as h = JCPdT, where Cis the spe-
cific heat and T'is the temperature. The
latent heat content AH is given as AH =
f,L, where L is the latent heat of fusion.
The liquid fraction £, is assumed to vary
linearly with temperature for simplicity

(Ref. 23) and is given as

1 T>TL
T-Tg
=1—= T¢<T<T, 4
fislgon BETSL @
0 T<Ts

where T, and T are the liquidus and
solidus temperature, respectively. Thus,
the thermal energy transportation in
the weld workpiece can be expressed by
the following modified energy equation:

oh  (u,h) o[ k ohn
Pp_ 2 B s, 5
Par P o, ax,.[cp axi]+ h ©

where k is the thermal conductivity. The
source term S, is due to the latent heat
content and is given as

S —_ d(AH)  d(wAH)
oh J0AH
—pU—-pU 6
P axi P axi ( )

The heat transfer and fluid flow
equations were solved for the complete
workpiece. For the region inside the
keyhole, the coefficients and source
terms in the equations were adjusted to
obtain boiling point temperature and
zero fluid velocities.

A 3D Cartesian coordinate system is
used in the calculation. Only half of the
workpiece is considered since the weld
is symmetrical about the weld center-
line. At the bottom of the weld pool,
Marangoni force-driven fluid velocity
boundary conditions are assumed for
complete-joint-penetration welding. A
187 x 77 x 26 grid system is used in the
calculation and the corresponding calcu-
lation domain dimensions are 522 mm
in length, 36 mm in half-width, and 4.8
mm in depth. The interactions between
laser and arc as well as the heat transfer
and fluid flow within the weld pool are
affected by the separation distance be-
tween laser and arc. In the numerical
model, the effect of arc energy on the
formation of the keyhole and the ener-
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Fig. 10 — Calculated CCT diagrams with
the cooling curves superimposed. Cooling
rates are taken at the top center of welds
with 1 mm laser arc separation distance
and 20 and 30 mm/s welding speed
(welds 1 and 2, respectively). Cooling
rates are taken at 1 mm from the bottom
surface of welds with 40 mm/s welding
speed and 1 and 5 mm laser arc separa-
tion (welds 3 and 4, respectively). The
symbols o, o, and o, represent allotri-
omorphic, Widmanstdtten, and acicular
ferrite, respectively. Ms is the starting
temperature for martensite formation.

gy transportation from the keyhole wall
to the liquid weld pool are calculated.
However, the laser-arc interaction,
which has been characterized experi-
mentally with optical emission spec-
troscopy (Ref. 37), is not rigorously sim-
ulated here.

During laser-GMA hybrid welding,
the rates of heat, mass, and momentum
transport are often enhanced because of
the presence of fluctuating velocities in
the weld pool. The contribution of the
fluctuating velocities is considered by
the incorporation of a turbulence model
that provides a systematic framework
for calculating effective viscosity and
thermal conductivity (Refs. 32, 33). The
values of these properties vary with the
location in the weld pool and depend on
the local fluid flow characteristics. In
this work, a turbulence model based on
Prandtl’s mixing length hypothesis (Ref.
32) is used to estimate the turbulent
viscosity.

Calculation of Heat Transfer from
GMA Metal Droplets

The hot molten metal droplets pro-
duced by the GMAW process impinge
into the weld pool at high velocities and
carry a significant amount of heat into
the liquid weld pool (Refs. 34-36, 38,
39). The heat transfer from the metal

Fig. 11 — Variation of the volume frac-
tions of allotriomorphic ferrite, Wid-

manstdtten ferrite, acicular ferrite, and
martensite with different cooling rates.

droplets was simulated by considering a
cylindrical heat source with a time-aver-
aged uniform power density (S ). The
use of a cylindrical volumetric heat
source assumes the spray transfer mode
of the droplets, which is consistent with
the welding conditions in the present
study.

In order to calculate S , the radius
of the heat source, its effective height,
and the total sensible heat input by
the droplets are required. The radius
of the volumetric heat source is as-
sumed to be twice that of the droplet
radius, and the effective height, d, is
calculated from the following equation
(Refs. 34, 38, 39):

d=h -x +D, )

where h is the estimated height of the
cavity caused by the impact of metal
droplets, x, is the distance traveled by
the center of the two successive im-
pinging droplets, and D, is the droplet
diameter. The total sensible heat input
from the metal droplets, Q , is given as
(Ref. 34)

Q,= TEpWrWZWpr(T = T) 8)

where p_is the density of the electrode
wire, r_is the radius of the wire, w. is
the wire feeding rate, T, is the droplet
temperature, and T, is the liquid tem-
perature.

The values of h and x, in Equation 7
are calculated based on an energy bal-
ance as (Ref. 39):
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Fig. 12 — Comparison of the experimental and calculated microstructure volume frac-
tions of the weld metal for weld 1 with welding speed of 20.0 mm/s, laser arc separa-
tion distance of 1 mm; weld 2 with welding speed of 30.0 mm/s, laser arc separation
distance of 1 mm; weld 3 with welding speed of 40.0 mm/s, laser arc separation dis-
tance of 1 mm; and weld 4 with welding speed of 40.0 mm/s, laser arc separation dis-
tance of 5 mm. The symbols o, o, and o, represent allotriomorphic, Widmanstdtten,

and acicular ferrite, respectively.

(10)

where 7 is the surface tension of the
molten metal, p is the density, g is accel-
eration due to gravity, v, is the droplet
impingement velocity, and At is the
time interval between two successive
drops, which is the inverse of the
droplet transfer frequency. As shown in
Equations 9 and 10, calculation of the
dimensions of the volumetric heat
source requires the knowledge of the
droplet transfer frequency, radius, and
impingement velocity, which can be de-
termined from literature (Refs. 34, 38,
39). From the calculated values of Q ,
D, and d, the time-averaged power den-
sity of the volumetric heat source, S , is
calculated as follows (Ref .34)

Q
S, =—4
nDdd

1

Equation 11 is only valid for grid points
within the cylindrical heat source, and
the power density is zero outside the
cylinder. Free surface calculation of the
weld top and bottom surface is not con-
sidered in the current model, and the
simplification of flat pool surfaces is not
expected to affect the calculated weld
shape and microstructure significantly
(Ref. 40).

Phase Transformation
Calculation

In the weld fusion zone of low-alloy
steels, allotriomorphic ferrite is the
first phase to form and it nucleates
heterogeneously at the boundaries of
the columnar austenite grains during
cooling. It is a reconstructive transfor-
mation involving diffusion (Ref. 26).
As temperature decreases, diffusion
becomes sluggish and gives way to a
displacive transformation. At relative-
ly low undercoolings, plates of Wid-
manstitten ferrite form by a dis-
placive mechanism. At further under-
coolings, bainite nucleates and grows
in the form of sheaves of small
platelets. Acicular ferrite nucleates in-
tragranularly around inclusions inside
the austenite (Ref. 26). The diffusion-
less martensite transformation may
take place if the cooling rate is high
enough.

The isothermal time-temperature-
transformation (TTT) and continu-
ous-cooling-transformation (CCT) dia-
grams together with various transfor-
mation starting temperatures are cal-
culated using the phase transforma-
tion model based on thermodynamics
and phase transformation kinetics
with weld deposit compositions as in-
put variables (Refs. 22-24). The incu-
bation times for both reconstructive
and displacive transformations are cal-
culated by Russell’s expression:

T=T*X(AGpgy )’ Xexp(%)xd (12)
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Fig. 13 — Computed volume fractions of
allotriomorphic, Widmanstdtten, and acic-
ular ferrite, and martensite with corre-
sponding cooling rates from 1073 to 773 K
of the fusion zone lower center as a func-
tion of laser arc separation distance and
welding speed by different laser powers. A
— Laser power = 4.0 kW, arc current = 232
A, arc voltage = 31 V; B — laser power =
5.0 kW, arc current = 232 A, arc voltage =
31 V; C— laser power = 6.0 kW, arc cur-
rent =232 A, arc voltage = 31 V. The sym-
bols o, o, o, and M represent
allotriomorphic, Widmanstdtten, and acic-
ular ferrite, and martensite, respectively.

where T is the incubation time for a
transformation, T is the temperature,
AG,  is the maximum driving force
for nucleation, and a, b, ¢, and d are
constants. The details of calculation of
AG, and determination of g, b, ¢, and
d are given in the literature (Ref. 22).
The CCT diagrams are calculated
from the corresponding TTT diagrams




based on the Scheil additive rule (Ref.
41):

N : cétT) -1 (13)
a
where t_is the incubation time required
to reach a specified state on a TTT dia-
gram for isothermal reactions, t is the
time to that stage for the nonisother-
mal reactions, and dt is the time inter-
val at temperature T. In this procedure,
the total time to reach a specified state
of transformation for nonisothermal re-
actions is obtained by adding the frac-
tions of time to reach this stage isother-
mally until the sum reaches unity.

The inclusion of the weld deposit
compositions also leads to the calcula-
tion of the appropriate part of the
phase diagram needed to obtain para-
equilibrium compositions for kinetic
analysis. These data are combined with
austenite grain parameters and the
computed cooling curves from the heat
transfer and fluid flow model to calcu-
late the volume fractions of allotriomor-
phic, Widmanstitten ferrite, acicular
ferrite, and martensite (Ref. 23). The
modeling results are used to better un-
derstand the experimentally observed
microstructures of the weld metal in
complete-joint-penetration hybrid
laser-GMA welding,.

Results and Discussion

Calculated Temperature and
Velocity Fields

The effects of welding speed and
laser arc separation distance on weld
profiles and temperature and velocity
fields are studied separately for com-
plete-joint-penetration hybrid laser-
GMA welding. Both these parameters
have been shown to significantly affect
the weld quality and welding productivi-
ty. Figure 1 shows the calculated tem-
perature and fluid flow fields in three
dimensions when the welding speed in-
creases from 20 to 30 mm/s with a con-
stant laser arc separation distance of 1
mm. The temperature is indicated by
contour lines and the velocity field is
represented by arrows. There is an in-
tense temperature gradient on the top
and bottom surfaces of the weld pool
because the temperature of the liquid
metal at the keyhole wall equals the
boiling point, while the liquid metal at

the weld pool boundary remains at the
solidus temperature. The molten metal
moves radially outward for both the top
and bottom surfaces because of the
Marangoni convection produced by the
spatial gradient of surface tension re-
sulting from the temperature gradient.
The maximum outward flow velocities
of the top surface are 155.6 and 194.2
mm/s for welding speeds of 20 and 30
mm/s, respectively. The momentum is
then transferred by viscous dissipation
to the inner layers of the weld pool adja-
cent to the surface.

The comparison between these cal-
culated and experimental weld pool
geometries is shown in Fig. 2. The top
surface width decreases from 9.6 to 7.0
mm, and the bottom surface width de-
creases from 3.6 to 2.0 mm when the
welding speed increases from 20 to 30
mm/s. The boiling point contours indi-
cate the cross-sectional geometry of the
keyhole, while the solidus temperature
contours indicate the fusion zone
boundary. It is observed that the widths
of the top and bottom surfaces, as well
as the shape of the fusion zone predict-
ed by the heat transfer and fluid flow
model, agreed well with the correspon-
ding experimental results. The weld
pool dimensions decrease significantly
with the increasing welding speed as the
top surface widens due to Marangoni
convection. Furthermore, the bottom
width is also larger than the minimum
weld profile width at the middle of the
plate thickness, indicating the signifi-
cant effect of convective heat transfer.

Figure 3 shows the calculated tem-
perature and fluid flow fields when the
laser arc separation distance increases
from 1 to 5 mm with a welding speed of
40 mm/s. When the laser arc separation
distance is changed, the nominal total
heat input of the welding process is con-
stant, while the heat input decreases
from 0.63 to 0.41 kJ/mm with a weld-
ing velocity increase from 20 to 30
mm/s, as shown in Fig. 2. The comput-
ed length of the weld pool increases
from 18 to 23 mm with the increasing
laser arc separation distance. The heat
from the laser and arc as well as the
droplet is more concentrated near the
laser beam incident point at shorter
laser arc separation distance. The heat
distribution over the top surface of the
weld pool significantly changes when
the arc axis is further separated from
the laser beam. The top part of the lig-

uid weld pool is stretched and the dis-
tance along the welding direction from
the maximum weld width to the laser
beam incidental point is significantly
increased.

Figure 4 shows the comparison be-
tween these calculated and experimen-
tal weld pool geometries. The top sur-
face width increases from 5.1 to 6.8
mm, and the bottom surface width in-
creases from 1.2 to 1.6 mm when the
laser arc separation distance increases
from 1 to 5 mm. It can be observed
from Figs. 1 and 3 that the effects of
welding speed and laser arc separation
distance on the weld profiles are differ-
ent. When the welding speed increases
from 20 to 30 mm/s, the weld pool
shrinks significantly in all locations
along the weld depth. However, only the
top part of the weld pool significantly
increases when the laser arc separation
distance increases from 1 to 5 mm. The
bottom part has a slight change and the
middle part of the weld pool is almost
unaffected by the laser arc separation
distance. Changes in these processing
conditions impact the resulting weld
pool geometries in different ways. For
example, the increase of the welding
speed reduces the net energy absorbed
by the workpiece. On the other hand,
the increase of the laser arc separation
distance mainly influences the energy
distribution of the heat sources.

Cooling Rates

The cooling rates over the austenite
decomposition range from 1073 to
773 K within the weld fusion zone are
calculated using this same heat trans-
fer and fluid flow model. The calculat-
ed cooling rates are then used in the
modeling of the weld metal mi-
crostructures of low-alloy steels. Fig-
ure 5 shows the calculated cooling
curves between 773 and 1073 K at dif-
ferent locations on the top surface of
the weld with a welding speed of 20
mm/s. It can be seen that the cooling
rates are almost independent of posi-
tion. The cooling rates within the fu-
sion zone and the cooling rate in the
heat-affected zone (HAZ) are both at a
level of approximately 20 K/s. These
similarities in cooling rates allow a sin-
gle cooling condition to be assumed
for each horizontal plane across the
weld depth.

The comparison of the calculated
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cooling curves at the top surface of the
fusion zone for welding velocities of
20 and 30 mm/s and a 1-mm separa-
tion distance are shown in Fig. 6. The
calculated cooling rate between 1073
and 773 Kincreases from 21.3 to 48.4
K/s with the increasing weld speed.
The corresponding cooling times are
14.1 and 6.2 s, respectively. As expect-
ed, the cooling rate increases with in-
creasing welding speed and resulting
decrease in heat input.

The calculated cooling curves be-
tween 1073 and 773 K along the center-
line 1.0 mm above the bottom surface
of the weld for laser arc separation dis-
tances of 1 and 5 mm at a welding speed
of 40 mm/s are shown in Fig. 7. This po-
sition is chosen because the width of
the weld pool is the smallest at this
depth, which indicates that the weld
metal at this region is more prone to
contain martensite. The calculated cool-
ing rates from 1073 to 773 K are 83.3
and 66.7 K/s when the laser arc separa-
tion distance increases from 1 to 5 mm.
The corresponding cooling times are 3.6
and 4.5 s, respectively. Ribic et al. (Ref.
27) reported that for hybrid laser-GTA
welding with heat input of 0.10 kJ/mm,
the cooling time from 1073 to 773 Kin-
creased from 0.45 to 0.75 s with the in-
crease of laser arc separation distance
from 3.5 to 9.2 mm. As can be seen
from Fig. 3A, B, the weld pool length in-
creases with the increasing laser arc sep-
aration distance. The isothermals also
expand for regions beyond the liquid
weld pool so that the spatial gradient of
temperature decreases for the tempera-
ture range from 1073 to 773 K. There-
fore, the cooling rate decreases with in-
creasing laser arc separation distance,
which is consistent with the result re-
ported by Ribic et al. (Ref. 27).

In order to validate the calculation of
the cooling rates between 1073 and 773
K, the calculated cooling rates for differ-
ent welding conditions are compared
with the results available in the litera-
ture that examine the effects of changes
in heat input and plate thickness on the
cooling rate during arc welding (Ref.
42). The literature results show the
cooling time from 1073 to 773 K for
the welding speeds of 20, 30, and 40
mm/s are approximately 13.1, 6.0, and
3.9 s, compared with the values of 14.1,
6.2, and 3.6 s calculated by the heat
transfer and fluid flow model. There-
fore, the cooling rates between 1073

and 773 K obtained from the literature
and the 3D heat transfer and fluid flow
model show good agreement.

Microstructures

The comparison of the fusion zone
microstructures located at the top sur-
face of the weld for welding speeds of
20 and 30 mm/s at laser arc separation
distance of 1 mm is shown in Fig. 8.
For a welding speed of 20 mm/s, the
microstructure contains 35% allotri-
omorphic ferrite, 11% Widmanstitten
ferrite, and 54% acicular ferrite. When
the welding speed increases to 30
mm/s, the amount of allotriomorphic
ferrite decreases to 29%, Widmanstat-
ten ferrite increases to 12%, and acicu-
lar ferrite increases to 59%. The aver-
age length of the acicular ferrite de-
creases from 13.1 to 7.1 m and the
width decreases from 3.1 to 1.2 um
when the welding speed increases
from 20 to 30 mm/s. The hardness
testing results show the microhard-
ness value increases from 223 to 248
HV. The average microhardness of the
base metal is 174 + 11 HV. The differ-
ences in microstructure contribute to
the higher microhardness of the weld
metal with a higher welding speed.

The comparison of the fusion zone
microstructures located 1.0 mm above
the bottom surface of the weld for a
laser arc separation distance of 1 and 5
mm at a welding speed of 40 mm/s is
shown in Fig. 9. The volume fraction of
martensite is about 64% for the laser
arc separation distance of 1 mm, com-
pared with a separation distance of 5
mm when no martensite is present. The
amounts of allotriomorphic ferrite and
Widmanstitten ferrite are about 23 and
13%, respectively, for 1-mm separation
distance. The volume fraction of acicu-
lar ferrite is about 63%, and the
amounts of allotriomorphic ferrite and
Widmanstitten ferrite are about 24 and
13%, respectively, for a laser arc separa-
tion distance of 5 mm. The microhard-
ness decreases from 283 to 238 HV
when the laser arc separation distance
increases from 1 to 5 mm. The higher
microhardness indicates martensite is
present and signifies a lower toughness
of the weld (Refs. 21, 43, 44), which is
detrimental to the mechanical proper-
ties of the joint.

Figure 10 shows the CCT diagrams
computed from the TTT diagram based
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on the Scheil additive rule, superim-
posed with the cooling curves at select-
ed locations in the four welds. The cool-
ing curves of the welds with welding
speeds of 20 and 30 mm/s at a laser arc
separation distance of 1 mm both inter-
cept with the diffusive and displacive
transformation curves, so allotriomor-
phic ferrite, Widmanstitten ferrite, bai-
nite, and acicular ferrite are expected.
The cooling curve of the weld with a
laser arc separation distance of 1 mm at
the welding speed of 40 mm/s inter-
cepts with the upper C curve and the
martensite transformation line while
the cooling curve for the weld with a
laser arc separation distance of 5 mm at
the welding speed of 40 mm/s inter-
cepts with both the upper and lower C
curves but not the martensite transfor-
mation line. As a result, martensite is
expected with the laser arc separation
distance of 1 mm but not for the laser
arc separation distance of 5 mm, al-
though the net heat input of the weld-
ing process is identical.

The variation of the calculated vol-
ume fractions of allotriomorphic and
Widmanstatten ferrite, acicular ferrite,
and martensite with cooling rates is
shown in Fig. 11. For the composition
of DH 36 steel and austenite grain sizes
observed in the experimental welds, aci-
cular ferrite is the predominant phase,
comprising nearly 60% of the mi-
crostructure up to the critical cooling
rate for martensite. Widmanstatten fer-
rite increases with cooling rate at the ex-
pense of allotriomorphic ferrite. These
two phases combine to make up 40% of
the microstructure. The calculated re-
sults are consistent with the data re-
ported in previous work (Ref. 24).

Both the experimentally measured
and calculated quantitative volume
fractions of different phases of the
four welds are shown in Fig. 12. Good
agreement between the two sets of
data is observed. Figure 12A shows
the volume fractions of allotriomor-
phic ferrite and acicular ferrite slightly
decrease while Widmanstatten ferrite
increases with the increasing welding
speed. Figure 12B shows the marten-
site volume fraction is about 52%
when the laser arc separation distance
is 1 mm, but no martensite is ob-
served when the laser arc separation
distance increases to 5 mm. A very
small amount of acicular ferrite is ob-
served experimentally for a laser arc



separation distance of 1 mm, com-
pared to 5-mm separation distance
when acicular ferrite is the predomi-
nant phase.

It should be noted the welding condi-
tions including the heat input are all
identical when the laser arc separation
distance changes from 1 to 5 mm. The
reason for the large difference of the
weld metal microstructures with the
changing laser arc separation distance
lies in the fact that the cooling condi-
tion, especially the cooling rate between
1073 and 773 K, significantly decreases
when the laser arc separation distance
increases from 1 to 5 mm. The cooling
rate exceeds the critical cooling rate for
martensite transformation with laser
arc separation distance of 1 mm while it
decreases to a value lower than the criti-
cal cooling rate for martensite transfor-
mation when the laser arc separation
distance increases to 5 mm.

Process Map

In order to further understand the
influence of welding parameters on the
cooling rates and corresponding volume
fractions of the microstructures of the
weld fusion zone, a comprehensive
process map is presented in Fig. 13. The
map considers various combinations of
welding speed, laser arc separation dis-
tance, and laser power. The arc current
and arc voltage are 232 A and 31V, re-
spectively, for all the welding condi-
tions. The laser powers for Fig. 13A-C
are 4, 5, and 6 kW, respectively. The
maps show the combinations of separa-
tion distance and welding speed that
produce a given cooling rate and corre-
sponding microstructure in terms of
volume fractions of different phases
and microconstituents. The critical
cooling rate for martensite transforma-
tion is about 71 K/s, which is calculated
by the model for microstructure evolu-
tion (Refs. 22-24). Cooling rates below
71 K/s are shown in dashed lines as a
zone without martensite, while cooling
rates greater than 71 K/s are shown in
dotted lines as another zone with
martensite in Fig. 13. The upper bound
on the process maps is the partial pene-
tration line, above which complete pen-
etration is not possible.

In general, welding speed has a
greater effect on cooling rate than sep-
aration distance, and at low welding
speeds of 20 mm/s, the cooling rate is

almost independent of separation dis-
tance. The effect of power can also be
observed in Fig. 13. As power increas-
es, the cooling rates shift to higher
welding speeds for a given separation
distance. For example, at 1 mm sepa-
ration distance, the required welding
speeds to obtain a 70 K/s cooling rate
are 32 and 39 mm/s for 4 kW and 6
kW laser powers, respectively. It is im-
portant to know how cooling rates af-
fect the microstructure. As the cooling
rate increases from 20 to 150 K/s, the
volume fraction of Widmanstitten fer-
rite increases from 0.10 to 0.22 at the
expense of the allotriomorphic ferrite,
which decreases from 0.31 to 0.23.
The amount of acicular ferrite decreas-
es from 0.59 to 0.57 from low cooling
rates up to the critical cooling rate
when acicular ferrite disappears and
martensite forms instead.

These maps provide a means for un-
derstanding microstructure evolution
during hybrid laser-arc welding and can
be used to select welding parameters
that optimize the weld microstructure
or minimize welding time yet limit the
formation of martensite. For example,
as stated previously, if the power is in-
creased from 4 to 6 kW for a constant
separation distance of 1 mm, then the
welding speed can be increased by 22%
from 32 to 39 mm/s without the forma-
tion of martensite. Increasing the sepa-
ration distance from 1 to 7 mm further
increases the possible welding speed to
42 mm/s. Compared to the initial condi-
tions in this example, the total increase
in welding speed is 31% due to a 33%
increase in laser power and a 6-mm in-
crease in separation distance. The weld-
ing speed and the resulting time to
make a weld are important. When com-
paring the costs of hybrid laser-GMA
welding with conventional arc welding
for pipe joining applications, Reutzel et
al. (Ref. 45) found that weld time com-
prised between 24 and 41% of the total
fabrication time, depending on pipe di-
ameter, with other tasks, such as fitup,
preparation of the weld, and movement
of the part, making up the rest of the
time. Additionally, since the welding is
occurring with the same cooling rate,
there would be no change in the mi-
crostructure. The utility of the process
map indicates significant promise for
understanding the evolution of mi-
crostructures in the fusion zone of hy-
brid laser-GMA complete-joint-penetra-

tion welding by a combination of phase
transformation model and the thermal
cycles calculated from the heat transfer
and fluid flow model.

Summary and Conclusions

The effect of laser arc separation dis-
tance and welding speed on fusion zone
geometry and microstructure during
complete-joint-penetration hybrid
laser-gas metal arc welding of low-alloy
steel was investigated experimentally
and theoretically. A heat transfer and
fluid flow model was used to calculate
the weld pool geometry and cooling
rates, which were applied to a mi-
crostructure model to compute the
phase fractions of selected microcon-
stituents. Experimental weld geome-
tries and microstructures were com-
pared to the calculated values, and the
two sets of data agreed well. The follow-
ing conclusions can be drawn from this
work:

1. The effect of welding speed and
laser arc separation distance on weld
pool geometry was investigated in com-
plete-joint-penetration hybrid laser-arc
welding. The weld length and width
both at the top and bottom of the pool
increased with increasing laser arc sepa-
ration distance for the same heat input.
The weld pool dimensions decreased
with increasing welding speed as ex-
pected.

2. Cooling rate was also affected by
the hybrid welding parameters. When
the welding speed increased, which
changed the net heat input, the cooling
rate increased. When the laser arc sepa-
ration distance decreased, which altered
the heat distribution of the combined
power sources but not the heat input,
the cooling rate increased. At high weld-
ing speeds, the decrease in separation
distance can have a significant enough
effect on the cooling rate to form
martensite in the microstructure.

3. The experimental weld mi-
crostructures consisted of acicular fer-
rite, allotriomorphic ferrite, Wid-
manstitten ferrite, and martensite.
Martensite existed only in the weld with
the laser arc separation distance of 1
mm and a welding speed of 40 mm/s.
Acicular ferrite formed at the expense
of martensite when the separation dis-
tance increased to 5 mm. Increasing the
welding speed from 20 to 30 mm/s re-
sulted in a decrease of allotriomorphic
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ferrite and an increase in Widmanstit-
ten and acicular ferrite.

4. Utilizing the combined models, a
process map has been constructed that
illustrates the effects of welding speed,
separation distance, and laser power on
cooling rate and microconstituent vol-
ume fractions. Identical cooling rates
and microconstituent volume fractions
can be obtained with various combina-
tions of process parameters. In general,
welding speed and laser power have a
more significant effect on cooling rates
than separation distance; however, at
high welding speeds, the separation dis-
tance can be the deciding factor for
martensite formation.
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