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Effects of interface conditions on heat
and mass transfer during modeling of
laser dissimilar welding
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Abstract

An improved 3D heat and mass transfer model was developed to study the effects of interface conditions during

modelling of laser dissimilar welding. In detail, the interface conditions consist of the physical processes at gas/liquid

surface (e.g. free surface deformation and optical absorptance), substrate interface (e.g. mixture properties in liquid

phase and thermal contact condition) and solid/liquid interface (e.g. fusion line). Their effects on heat and mass transfer

are numerically and experimentally analyzed, which are all non-negligible in the welding modelling. In conclusion, free

surface deformation influences convection flow and should be considered in the situation of micro-welding and high

energy-input welding. Besides, the energy transfer between laser and substrate is more reasonably described by the

optical absorptance expressed in polynomial function. The mass transfer induced variation of mixture properties is well

described by the method based on time-dependent mixture fraction. Thermal resistance between clamp and substrate

should be considered in the modelling of temperature field on macroscale. The joint conductance at substrate interface

could be neglected when modelling heat and mass transfer inside the melt pool, while it should be calculated in the

simulation of temperature distribution based on the mechanism of heat conduction. The obtained results in this paper

provide a vital insight into the interface conditions in laser dissimilar welding process.
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Introduction

Laser welding is a promising welding technology
characterized with high joint quality and high
manufacturing efficiency,1–5 which has been widely
studied during the past decades. Dissimilar welding
provides great flexibility for engineers and largely
decreases the costs, which is also widely used in
manufacturing. Consequently, the dissimilar joint
achieved by laser welding is widely performed to com-
bine the advantages of laser welding and dissimilar
joint. Despite of the strengths mentioned above,
there are also many challenges in dissimilar welding
such as the formation of unknown intermetallic com-
pounds, liquid cracking and ununiformly mixed ele-
ments in melt pool (MP).6–10 The challenges and
problems described above are all mainly affected by
the interface conditions during welding process.11–13

In detail, the interface conditions consist of gas/liquid
surface, substrate interface and solid/liquid interface.
The illustration of interface conditions and coupled
relations are illustrated in Figure 1, and the positions

of different interfaces at the melt pool are shown in
Figure 2. Many complex phenomena, such as the
interaction between laser beam and material (i.e.
energy transfer), dominant driving force for fluid
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flow (e.g. thermal-capillary force) and metal evapora-

tion (e.g. plasma), are observed at gas/liquid surface.

For the substrate interface, mass, momentum and

energy are transferred through this interface and the

thermal physical properties for different materials

experience a sharp change here, and cracking is

prone to occurring in this area. Besides, it imposes

great challenges for modelling accuracy and conver-

gency and proper treatment for the properties of the

mixture is non-negligible. The thermal contact condi-

tion at substrate interface should also be paid enough

attention because thermal behavior has basic influ-

ence on heat and mass transfer. For the solid/liquid

interface, the most challenging problem is unmixed

zone (UMZ) and still unsolved. UMZ is a small

area near solid/liquid boundary where the liquid

metal flow is largely restricted and species are nonun-

iformly diluted, and many defects such as cracking

are originated in UMZ. The direct in-situ observation

of the interface conditions for the melt pool with high

temperature and complex dynamic characteristics

imposes great challenges for the experimental obser-

vation methods and tools, and thus the numerical

method has been developed, which can provide

more details in a relatively easier way.14–15 Here, the

laser absorptance which characterizes the energy

transfer, gas/liquid surface deformation related to

driving force and boundary conditions for fluid

flow, properties smooth used to describe the variation

of mixture properties at substrate interface, and ther-

mal contact condition for different materials consid-

ering the interface thermal transfer are analyzed to

study their effects on heat and mass transfer. For

the solid/liquid interface, the variation of solid/

liquid boundary is analyzed, but the UMZ is only

qualitatively discussed and not studied in detail

because its mechanism is still not revealed and will

be further investigated in future. Additionally, it

should be noted that all the interface conditions men-

tioned above are fully coupled during the whole

Figure 1. Illustration of interface conditions in laser dissimilar welding and their coupled relations.

Figure 2. The schematic diagram of melt pool and interface conditions in dissimilar laser welding.
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welding process, and some decoupled analyses are
carried out here only for the better illustration of its
effect. The coupled relations are shown in Figure 1,
and the full line arrows and dotted line arrows repre-
sent the strong coupling and weak coupling,
respectively.

The gas/liquid interface of melt pool can be consid-
ered as free surface 13,16,17 or flat surface.18–19

Generally, the melt pool configuration can be pre-
dicted more accurately considering the free surface
deformation.20 It is not difficult to understand that
the boundary conditions for momentum equation are
largely affected by surface curvature and surface ten-
sion at gas/liquid interface is proved the main driver
for convection flow.9 As a result, both the heat transfer
and fluid flow will be affected. Besides, concentration
dilution is mainly driven by convection,15 thus it is also
expected to be affected by the free surface deforma-
tion. In several reported works, Esfahani et al.17 stud-
ied the alloy composition and fluid flow during
dissimilar welding of carbon steel and stainless steel,
and Volume of Fluid method (VOF) was used to cap-
ture the surface topography on the gas/liquid surface.
The dilution and homogeneity were predicted in their
study. Li et al.13 developed a three-dimensional model
to investigate the heat transfer and fluid flow in laser
dissimilar welding of 304SS and pure nickel consider-
ing the free surface deformation. They used the solid-
ification parameters (e.g., temperature gradient and
solidification rate) to predict the morphology in the
solidified zone. In this work, the mechanism of the
formation of free surface deformation is fundamentally
discussed using dimensional analysis method, and its
effect on melt pool configuration is numerically and
experimentally analyzed.

The laser energy absorptance at gas/liquid surface
that characterizes the energy transfer between laser
and material is a key parameter and varies with mate-
rial composition and temperature. A reasonable
description of the absorptance is closely related to
the transient thermal behavior because the energy
for phase change and melt pool development is actu-
ally from the energy absorbed from laser.3,7,8,12 Here,
we compare the two relations that can estimate the
near-infrared laser energy transfer at gas/liquid inter-
face. One is Hagen-Rubens relation (HR-R),21 Zhao
et al.22 used it to describe the energy absorptance
during laser cladding of T15 powder and T15/CeO2
mixed powder on 42CrMo substrate, and the simulat-
ed melt pool configuration and species dilution results
match well with the experimental observations.
Besides, the high order polynomial relation (HP-
R)23 was used by He et al.8 in laser spot welding of
304SS to estimate the laser energy absorptance. The
numerical model was well validated by the experimen-
tal observations, indicating the efficiency of this rela-
tion. However, the reasonable explanation for the
mechanism of energy transfer between laser and
material is still unknown. In this study, these two

relations are compared and discussed in dissimilar
welding of 304SS and pure nickel under different
welding speeds, and then a parametric study of the
effect of laser absorptance on temperature field is
performed to find a more reasonable relation to
describe the energy transfer.

For substrate interfaces, only thermal behavior is
considered in solid phase (thermal contact condition),
but the mass, momentum and energy are all trans-
ferred through this interface in liquid phase when
melt pool is formed. The melt pool for dissimilar weld-
ing is actually a mixture of liquid metals from different
substrates, and its thermal physical properties are actu-
ally time-dependent and space-dependent, which
imposes great challenges for the development of
numerical model and makes it susceptible to many
defects.6,7,13,19 Numerical result is largely affected by
the used properties, and it is thus of great importance
to reasonably deal with the mixture properties inside
the melt pool. There are three commonly used strate-
gies, but no evidence shows which one is more reason-
able. Hejripour at al.20 used the Heaviside function
method (HFM) and the volume fraction method
(VFM) in the study of mass transfer and solidification
in arc welding of dissimilar metals. The simulated MP
configuration and concentration fraction were reason-
ably in agreement with the observed results. Bahrami
et al.18 developed a 3D FEM model to study the dilu-
tion phenomenon during arc spot welding of 1018 steel
and nickel, and the dilution rate method (DRM) was
used in their model, which had been proved a reason-
able method to describe the properties for liquid mix-
ture. To find the most reasonable characterization of
the transfer phenomenon at substrate interface corre-
sponding to the real physical process, the simulation
studies based on different methods together with
experimental validations are all carried out and com-
pared in this investigation.

For dissimilar butt joining, thermal transfer at sub-
strate interface is affected by thermal contact condi-
tion. However, it is usually simplified in above models
without physical explanation, which has been proved
non-negligible in some situations. In the analysis of
thermal and mechanical behavior of bolted joint,
Fukuoka et al.24 studied the effect of thermal contact
resistance at the interface, and they concluded that it
is non-negligible on the calculation of thermal stress.
Li et al.25 developed a FEM model and numerically
investigated the effect of thermal contact in thermal
resistance welding and results showed that the forma-
tion of weld nugget was largely affected by the surface
roughness of the electrodes when its value exceeded a
threshold. To analyze the effect of thermal contact
condition at different interfaces and their effects on
thermal behavior, the thermal contact condition at
substrate interface and clamp interface (interface
clamp and substrate) are separately investigated
using both the theoretical analysis and simulation
method.

Li et al. 3
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To understand the effects of interface conditions

on heat and mass transfer, an improved 3D heat

and mass transfer model was developed considering

the free surface deformation and optical absorptance

at gas/liquid surface, the property smooth and ther-

mal contact condition at substrate interface, and the

melt pool boundary at solid/liquid interface. As

shown in Figure 1, the coupled relations and the

roles of different interface conditions are illustrated.

The contents studied in this work is expressed in white

and the content not considered is plotted in gray.

Arbitrary Lagrangian Eulerian method (ALE) was

introduced to capture gas/liquid surface, and dimen-

sional analysis was also carried out to study the sur-

face deformation. The energy transfer at gas/liquid

surface described by laser absorptance were numeri-

cally and experimentally analyzed to get the reason-

able and accurate characterization. The variation of

thermal physical properties for mixed melt pool

induced by mass transfer at substrate interface were

also studied by using different smooth functions, and

the physical mechanism of mixing process through

the interface was fundamentally discussed. Finally,

thermal contact condition at substrate interface was

investigated using both the dimensional analysis and

simulation methods. The solid/liquid boundary and

its effect on MP solidification are analyzed in the dis-

cussion of gas/liquid surface and substrate interface,

and not listed in single part. The most challenging and

still unsolved problem for interface conditions in laser

welding is the UMZ at solid/liquid interface and it

will be studied in future based on present work. The

effects of interface conditions on heat and mass trans-

fer were summarized in the end to comprehend the

physical mechanism of the interaction between laser

and materials and get more reasonable simulation

results. Fundamental results in this study were

worth promoting not only in dissimilar welding but

also in other areas, such as additive manufacturing of

functionally gradient materials (FGM).

Numerical model

In this work, an improved Thermal-Fluid-Dilution

model considering heat transfer, phase change, fluid

flow, mass transfer and free surface deformation is

developed to study the effects of interface conditions

including the free surface deformation and optical

absorptance at gas/liquid surface, the smooth

method and thermal contact condition at substrate

interface, and the melt pool boundary at solid/liquid

interface. The simulation domain consists of 304SS

substrate and nickel substrate, and the positions

of different interfaces are also shown in Figure 2.

The chemical composition of 304SS is listed in

Table 1. A non-symmetric melt pool is generated

under the direct irradiation of high energy density

laser beam (108W/m2).

Fluid flow inside the melt pool is assumed as
incompressible laminar flow. The evaporation of the
melted material is ignored. The mass density of the
material is temperature independent, and the buoy-
ance force is not considered. The governing equations
are mass, momentum conservation, energy conserva-
tion and dilution, and could be given as follows:

r � quð Þ ¼ 0 (1)

q
@u

@t
þ q u �rð Þu ¼ r � lruð Þ � rp

þ qg�Amushu 1� flð Þ2= f3l þM
� �

(2)

qCp
@T

@t
þ qCpu � rT ¼ r � KrTð Þ þ q

@ DHð Þ
@t

� qu � r DHð Þ
(3)

@Ci

@t
þ u � rCi ¼ r � DirCið Þ þ S (4)

In relations, q is the material density, u and g denote
the velocity vector and gravitational acceleration
vector, respectively. In addition, l is the dynamic vis-
cosity, p is the pressure, K is the thermal conductivity
and T is the transient temperature inside the melt pool.

Table 1. Concentration of major elements in 304 stainless
steel (weight fraction (%).

Fe Cr Ni C Si

Bal. 18–20 8–10:5 � 0:08 � 1:8

Table 2. Thermal physical properties used in simulation.6, 9

Property 304SS Nickel

Liquidus temperature (K) 1727 1735

Solidus temperature (K) 1672 1730

Heat of fusion (kJ/kg) 272 290

Specific heat of solid (J/kg�K) 711:3 515

Specific heat of liquid (J/kg�K) 836:8 595

Thermal conductivity of solid

(W/m�K)
19:2 60:7

Thermal conductivity of liquid

(W/m�K)
50 150

Density of solid metal (kg/m3) 7450 8900

Density of liquid metal

(kg/m3)

6910 8880

Dynamic viscosity (kg/m�s) 6:70� 10�3 3:68� 10�3

Surface tension (N/m) 1:872 1:778

Temperature coefficient of

surface tension (N/m�K)
�4:30� 10�4 �3:40� 10�4

Liquid volume thermal

expansion (K-1)

1:96� 10�5 4:50� 10�5

Liquid volume concentration

expansion

0:078 0:078

Effective mass diffusivity

(m2/s)

7� 10�7 7� 10�7

4 Proc IMechE Part C: J Mechanical Engineering Science 0(0)



1620 Proc IMechE Part C: J Mechanical Engineering Science 236(3)

fl is the fraction of liquid phase. The liquid phase frac-

tion is 0 below solidus (TsÞ and 1 above liquidus (TlÞ,
and described by fl ¼ T�Ts

Tl�Ts
when the temperature is

between solidus and liquidus based on the Carmen-

Kozeny relation.26–27 Amush is a number related to

mushy zone morphology and set as 107kg=m3 � s. M
is a small positive number used to avoid the division
by zero and set as 10�4

. The dynamic viscosity is 105

times larger than the normal value and set as the func-

tion of fl between the solidus/liquidus temperature. In
equation (3), Cp is the specific heat and DH is the latent

heat change caused by phase transition, which is

described by DH ¼ Lfl. L is the latent heat of fusion.

In equation (4), Ci is the weight fraction of one certain
species, and S is the source of the concentration.

The surface tension is described as a traction bound-

ary condition on the free surface. Marangoni effect is
considered by the temperature-dependent thermocapil-

lary force. Thermally, the boundary conditions are heat

conduction, heat convection and radiation. The initial

temperature is 300K, which is atmosphere temperature.
The thermal physical properties used in simulations are

shown in Table 2. The thermal physical properties used

in simulations are shown in the following table. In this

study, laser powder is a constant of 800W and laser
spot radius is 0.57mm for all the cases.

The PARDISO solver is used to solve all the gov-

erning equations based on FEM method, and the
domain is discretized by an unstructured mesh. The

Arbitrary-Lagrangian-Eulerian (ALE) method28 is

used to describe the free surface deformation. Based

on ALE method, the velocity for the mesh at the sur-
face VL=G is described by:

VL=G ¼ uL=G � n� (5)

Where uL=G is the velocity of the liquid metal at the

gas/liquid interface, and n� is the unit nominal vector
at the surface.

In a typical simulation case in this study, the whole

domain is discretized by unstructured tetrahedral

mesh, and the maximum mesh size is 80 lm and
400 lm for the fluid domain and solid domain, respec-

tively. The mesh grid consists of 16,039 domain units.

The welding time is 100ms for each study, and the
adaptive time step with a maximum size of 0.1ms is

employed. The computation is carried out on the Dell

workstation (12� 2.5GHz-24GB). Besides, it should

be noted that a mesh-sensitivity test has been per-
formed by varying the mesh sizes before the studies

to exclude the effect of mesh discretization.

Results and discussion

Surface deformation at gas/liquid interface

During the dissimilar welding process, shielding gas

(15L/min pure Argon in this study) and surface

tension directly act on the gas/liquid surface, and the
buoyance force induced by the temperature gradient
and concentration gradient acts in the whole MP. In
addition, MP dynamics known as Marangoni convec-
tion is another non-negligible factor that contributes to
the deformation of free surface. Firstly, dimensional
analysis method is introduced to investigate the effect
of factors mentioned above on the deformation of gas/
liquid surface, which provides an important insight to
deeply understand its physical mechanism.

Gas/liquid surface is actually the interface for the
two-phase flow between shielding gas and liquid
metal. To study the relative importance of the effect
of shielding gas flow and surface tension on the top
surface, Weber number of shielding gas is introduced,
and its mathematical expression could be given as
follow:

WeAr ¼ qArVAr
2d=c (6)

In which qAr is the density of pure Argon, VAr is
the velocity of shielding gas and d is the diameter of
the torch cap. c is the surface tension coefficient of the
MP and assumed as the average value of the surface
tension coefficient for 304SS and Ni for simplifica-
tion. In this study, qAr is 1.784 kg=m3, VAr is 2.95
m=s, d is 0:003 m and c is set as 1.825 N=m. As a
result, WeAr is calculated as 0.00865, indicating that
the effect of shielding gas flow (pure Argon) could be
neglected.

To study the relative importance of the effect of
surface tension and melt pool dynamics, Weber
number of the melt pool is introduced, and it could
be expressed as follow:

Weweld ¼ qlu
2
maxL=c (7)

Where ql is the density of mixed liquid metal, umax
is the maximum velocity inside the melt pool and L is
the characteristic length of the melt pool, which is
taken as half of the melt width. In this study, ql is
7895 kg=m3, umax is 1.23 m=s and L is 0:00073 m.
Therefore, Weweld is computed to be 3.88, which
means that effect of MP dynamics is important, but
the effect of surface tension is also comparable.

Besides, based on former study,9 the fluid flow in
the melt pool is mainly driven by surface tension and
the effect of buoyance force is negligible. In conclu-
sion, the free surface deformation is mainly caused by
surface tension and melt pool dynamics.

Next, the role of gas/liquid surface on melt pool
behavior is analyzed, which is expected to be of great
significance for melt pool convection. Considering the
gas/liquid surface deformation, momentum boundary
for convection flow could be expressed as:

FL=G ¼ rn�j�rsT
dc
dT

(8)

Li et al. 5
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In relations, the right two terms of equation (8)
denote the capillary force and the thermocapillary
force, respectively. n* is the unit vector along the
normal of free surface, and j is the curvature of
free surface. When flat assumption is applied, j is
thought to be zero. As a result, only the second
term at right hand of equation (8) is included when
free surface is assumed flat. This is the major differ-
ence of momentum boundary, resulting in the differ-
ences in thermal behavior, fluid flow and solute
dilution. Additionally, capillary force contributes to
surface deformation and thermocapillary force dom-
inates Marangoni convection.10 The fluid flow under
the coupled capillary force and thermocapillary force
is obviously different from the flow under the single
thermocapillary force.

The difference in thermal behavior inside MP
could be directly presented by MP morphology. To
validate the effect of deformation at gas/liquid surface
on MP morphology, MP configurations obtained
from experiment and numerical models are compared
together under the laser power of 800W, laser beam
radius of 0.57mm and welding speed of 20mm/s. As
shown in Figure 3, gas/liquid deformation is observed
by optical microscope (OM), and free surface cap-
tured by ALE method shows great correspondence
with the experimental result. It should be noted that
the deformation will be more obvious under larger
heat input. Though the relatively reasonable result
is also simulated by the model based on flat assump-
tion, the difference of the top surface simulated by
these two models is obvious. In the simulation of
laser micro-welding in which surface quality for
weld bead should be considered and laser welding
with larger heat input where deformation is more
obvious, the accurate capture of free surface is of
great significance. What is more, the boundary con-
dition for momentum will also vary with the gas/
liquid surface deformation, which has a great effect
on heat transfer process inside MP. As shown in
Figure 3(b) and (c), the deformation at gas/liquid

surface has also affected the MP boundary at solid/

liquid interface. To illustrate the effect of MP convec-

tion on the curvature of boundary at solid/liquid

interface, the Prandtl number, representing the rela-

tive thickness of momentum and thermal boundary

layers, is introduced and given as follow:

Pr ¼ lðTÞCp Tð Þ=K Tð Þ (9)

If Pr is small, inflexions of the slope of the solid/

liquid boundary could be observed due to the com-

peting effects between thermal conduction and con-

vection, while, if Pr is larger, representing that the

thickness of momentum layer is much larger, the

boundary curvature will be dominated by MP

convection.6

According to equation (9), the Pr number is also

the function of temperature and greatly influenced by

the convection flow inside MP. As a result, compared

with the experimentally obtained fusion zone in

Figure 3(a), the MP boundary (solid/liquid boundary)

at solid/liquid interface obtained from ALE model is

more reasonable than that obtained from the model

based on flat assumption because of the consideration

of the deformation at gas/liquid surface. Accurate

description of solid/liquid boundary is so important

because the direction of max heat flow at any point

on solidification interface is normal to this bound-

ary.5 Competitive growth is observed between easy-

growth direction and max heat flow direction for the

solidified microstructure, thus, the features of solid/

liquid boundary affect the morphology of subsequent

grains in fusion zone. Additionally, local solidifica-

tion velocity is the function of the angle between the

laser scanning direction and the normal direction of

solid/liquid interface5 and largely affected by the

boundary features. In conclusion, MP boundary at

solid/liquid interface is of great importance for MP

solidification and also affected by gas/liquid surface

morphology.

Figure 3. Experimentally and numerically obtained MP configurations. (a) experimental result;13 (b) simulation result from ALE
model; (c) simulation result from the model based on flat surface assumption.

6 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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It should be noted that the deformation induced

difference of MP morphology is only one aspect of

the effect of gas/liquid surface on heat and mass

transfer, and further studies on this scope are

worth being carried out for reasonable and accurate

modelling.

Energy transfer at gas/liquid surface

The energy transfer between laser and material is

characterized by laser absorptance, which is

temperature-dependent and property-dependent.

Energies used for the physical phenomena inside

melt pool including phase change and convection

flow are all absorbed from laser heat source with

high energy density and determined by the transfer

condition at gas/liquid surface. Consequently, accu-

rate description of energy transfer contributes to

obtaining the reliable simulation results. Based on

experimental study and theoretical analysis, there

are two functions used to describe the energy transfer

at gas/liquid surface considering the change of tem-

perature and material composition. Next, the mecha-

nism and reasonable description of laser energy

transfer will be discussed. For simplification, gas/

liquid surface is assumed flat in this part.

Hagen-Rubes relation. An estimation of the laser energy

transfer between laser and substrates is given by

Hagen-Rubes relationship (HR-R),21 and it could be

described as follow:

g1ðTÞ ¼ 8e0xRe Tð Þð Þ1=2 (10)

Where gðTÞ represents the temperature-dependent

laser absorptance, e0 is the permittivity of free sur-

face and x is the laser radiation. Re Tð Þ denotes the

temperature-varying electrical resistivity and is

assumed to be same for 304SS and Ni for simplifica-

tion. In this study, its expression is given as:

Re Tð Þ ¼ 1:125þ 1:438� 10�4T (11)

High order polynomial relation. gðTÞ is related to the laser
wavelength and material properties in this situation
and described as high order polynomial relation (HP-
R).23 Based on known parameters, the function of
gðTÞ is expressed as:

g2 Tð Þ ¼ 0:365
Re Tð Þ

k

� �1=2

� 0:0667
Re Tð Þ

k

� �

þ 0:06
Re Tð Þ

k

� �3=2

(12)

In which k is the wavelength of the laser beam, and
the expression of Re Tð Þ is same as that in HR-R. In
this study, the Nd: YAG laser is used as heat source
and its wavelength is 1.064mm.

To get the reasonable characterization of energy
transfer at gas/liquid surface, a parametric study on
melt width and melt depth is carried out by varying
the welding speed from 10mm/s to 20mm/s and
30mm/s. It should be noted that melt pool is asym-
metric in dissimilar joining due to the differences of
thermal physical properties, and the melt depth
changes from 304SS substrate to pure nickel sub-
strate, as illustrated in Figure 3. Particularly, melt
pool depth is experimentally and numerically demon-
strated larger at nickel substrate,13 thus the melt pool
depth at nickel side is taken as the melt depth for the
whole melt pool in this study. As shown in Figure 4,
the laser absorptance described in HP-R and HR-R
are compared at three different welding speeds.
Comparison of the simulated and observed melt
pool is commonly used in the calibration of numerical
model and of great significance in the modelling of
heat and mass transfer inside melt pool.14,15,18–20

Both the simulated results obtained from HP-R and
HR-R show good correspondence with the experi-
mental results with a small relative error, however,
the calculated dimension from HP-R is obviously
more reasonable than that from HR-R because the
error for HP-R is smaller according to the results.
Taking the 20mm/s situation for example, the

Figure 4. Simulated and experimentally observed MP dimensions at different welding speed. (a) Melt depth; (b) Melt width.

Li et al. 7
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experimentally observed melt width and melt depth
are 1097 lm and 245 lm, respectively. The simulated
melt width and melt depth are 1063 lm and 260 lm
for HR-R, and 1073 lm and 240 lm for HP-R,
respectively. Consequently, it could be fundamentally
concluded that both HR-R and HP-R are reasonable
to characterize the energy transfer between laser beam
and substrate material during laser dissimilar welding,
however, the error from HP-R is relatively smaller.
The interaction between laser and material is a tran-
sient and dynamic process, and it is temperature-
dependent and property-dependent. When the
photon from laser strikes the atom from substrates,
phenomena including photoelectric effect and
Compton effect are all included. The interaction
between photon and atom is a strongly non-linear
process and mainly results in the increase of heat
energy. Numerical simulation is actually the model-
ling of energy transfer and the energy transfer
induced phase change, convection flow and so on.
Therefore, the HP-R with high order polynomial
terms describing the strongly non-linear photon-
atom interaction is able to provide more reasonable
characterization of energy transfer and results in
more accurate melt pool dimension.

In addition, for further understanding, the temper-
ature history obtained from HR-R and HP-R at
20mm/s is plotted together to provide more details.
As shown in the sub-figure of Figure 5, the represen-
tative point is located at 304SS side and its position is
(1.2, -0.3,1) in millimeter at Cartesian coordinates. As
illustrated in Figure 5, the peak temperature is around
2650K for HR-R and 2370K for HP-R. Obviously, it
is much higher in the situation for HR-R. Besides,
compared with HP-R, the recorded temperature for
HR-R is higher through the whole heating-cooling
stage, indicating that more laser energies are absorbed
by the substrate in HR-R and then used for the solid-
liquid phase change and MP development. As a
result, more energies result in larger fusion zone for
HR-R, which has been confirmed by the results in

Figure 4. With variable parameters, the melt width
from HR-P is similar to HP-R, but the melt depth
from HR-R is obviously larger. Consequently,
based on above discussions, HP-R is a more reason-
able description of energy transfer at gas/liquid sur-
face. Besides, it should be noted that the accurate
result of thermal behavior is so important and
should be paid enough attention because it is closely
related to the studies of heat and mass transfer,29

residual stress30 and direct simulation of microstruc-
ture growth.31

Property smooth at substrate interface

Resulted from the mass transfer through substrate
interface in dissimilar welding, the thermal physical
properties are time-dependent and change a lot in dif-
ferent positions, which imposes great challenges for
the model convergency and simulation accura-
cy.9,13,18–20 In liquid phase, mass, momentum and
energy are all transferred through substrate interface,
thus, an accurate description of thermal physical
properties for the mixture is of great importance. In
this part, gas/liquid surface is assumed flat and laser
absorptance is characterized by high order polynomi-
al relation. Three methods used to describe the mass
transfer induced property variation are analyzed to
comprehend the transfer mechanism at substrate
interface. In detail, they can be expressed as follows:

Volume fraction method. The properties of the mixture
inside the MP are calculated based on the volume
fraction (dilution) of each substrate, which can be
expressed as follow:

�M ¼ A304SS

AMP
M304SS þ ANickel

AMP
Mnickel; (13)

�M represents the mixture properties, which could
be represented by density, specific heat, dynamic vis-
cosity and so on, while M304SS and MNickel are the
properties of 304SS and Ni at liquid phase, respec-
tively. Volume fraction of each alloy is assumed equal
to the area fraction and calculated based on the area
measurement of solidified weld bead. AMP is the total
area of the melt pool, and A304SS and Anickel; denote
the melted area of the base metals of 304SS and pure
nickel, respectively.

Heaviside function method. As illustrated in Figure 6,
the properties are temperature-independent and
smoothed by Heaviside function with a relatively
small scale. Both the solid properties and liquid
properties could be characterized in this way. The
property used for calculation is also shown in the
sub-figure of Figure 6 in a 3D view.

Dilution rate method. The properties for the MP mix-
ture are set as the function of dilution rate and time

Figure 5. The temperature history for (1.2, -0.3,1) at HR-R
and HP-R.

8 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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step. As a mixture of melted 304SS and nickel, the
properties of the melt pool are assumed to linearly
depend on the dilution rate a.

�M ¼ aMnickel þ ð1� aÞM304SS (14)

The left hand of Eq. (14) is the physical properties
for the mixture, which could be represented by den-
sity, surface tension coefficient and so on. M304SS and
Mnickel denote the physical properties of 304SS and
pure nickel in liquid phase, respectively. In DRM,
the trend of the property variations resulted from
the mixing of liquid metals and its effect on mixture
properties are described by the mixture fraction a.18

According to equation (14), it could be concluded
that this trend is same for all the used properties in
simulation, such as specific heat and thermal conduc-
tivity. The expression of mixture fraction a for the
whole melt pool could be obtained from ai, which
could be given by:

ai ¼ Ci � C304SS
i

Cnickel
i � C304SS

i

(15)

Where ai is the mixture fraction of ith element, Ci is
the concentration of certain element at certain posi-
tion in one time step inside melt pool. Ni element
mainly from nickel substrate is taken as the represen-
tative element. Besides, C304SS

i is the concentration of
Ni at 304 SS substrate and Cnickel

i is the concentration
of Ni at nickel substrate. C304SS

i and Cnickel
i are both

constants and equal to the initial values of Ni element
at 304SS substrates and pure nickel substrate, respec-
tively. At the right side of equation (15), Ci is the only
variable. Averaged by a volume average method, the
mixture fraction for the whole melt pool is obtained
from ai, which is denoted by a. Thus, it is only the
function of time, not the function of space. For sim-
plification, a is assumed equal for all the elements.

To comprehend the physical process of property
variation and its effect on heat and mass transfer,
MP configurations obtained from experiments and
numerical models based on different methods are
compared together under the laser power of 800W,
laser beam radius of 0.57mm and welding speed of
30mm/s. As plotted in Figure 7, the result of VFM
shows a relatively larger error with the experimental
result, indicating that the VFM is not so accurate and
will not considered in next section. An averaged
volume fraction is used in VFM to get mixture prop-
erties, while this averaged fraction is only suitable to
the melt pool where dilution is homogenous. Mixing
here in high-speed laser welding is nonuniform, thus
VFM results in much larger differences in the com-
parison with experimental observation. Both the
result from HFM and DRM show good correspon-
dence with the observed result in the comparison of
melt width and melt depth, while the latter result is
obviously more accurate, especially in the comparison
of MP boundary at solid/liquid interface. The solid/
liquid boundary is of great importance for MP solid-
ification and needs reasonable description, which has
been detailedly analyzed in Part 3.1. Resulting from
the fierce competition of heat transfer boundary layer
and fluid flow boundary, the liquid/solid boundary at
304SS side changes a lot and it can be well predicted
by the model based on DRM. Heat transfer and fluid
flow inside the MP are largely affected by the thermal
physical properties of the mixture, and the suitable
smooth method should be paid enough attention.30

The mixture properties seriously depend on the dilu-
tion phenomenon, and thus the DRM considering the
time-dependent and space-dependent dilution rate
shows the most accurate result because it reasonably
describes the mass transfer induced property varia-
tion. Additionally, temperature and velocity distribu-
tion are similar between the results from HFM and
DRM, which change a lot in the discussion of laser
absorptance related to energy input. Thus, it could be

Figure 6. Properties variation described by HFM.
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concluded that the simulated temperature and veloc-

ity field are prone to being affected by laser absorp-

tance, compared with the property smooth

descriptions.
To study the effect of mixture properties on mass

transfer, Fe element distribution at cross-section from

HFM and DRM are presented in Figure 8(a) and (b),

respectively. As illustrated, Fe distribution is not

homogenous due to the fast moving of laser heat

source and rapid solidification of melt pool, and the

calculated result from DRM is obviously more uni-

form than that from HFM because the spatial varia-

tion and time-dependent effect are both taken into

account by DRM, which is more consistent with the

real physical process occurring in the multi-physics

multi-field high-temperature fluid flow.
For further investigation and validation for the

mass transfer model, the distribution of Fe element

and Ni element is calculated and then compared with

EDS result. The positions of three representative

points are labeled in Figure 7(a). As illustrated in

Table 3, both the results based on HFM and DRM

show good correspondence with the EDS result and

the relative errors are reasonable, but obviously the

DRM result agrees better.

The reason why the result based on mixture frac-
tion is more reasonable could be qualitatively
explained by the mixing phenomenon inside the
MP. Resulting from the movement of laser heat
source and quick solidification for laser linear weld-
ing, there is continuous melting/solidification process
for the MP and concentration dilution is nonhomog-
enous, as shown in Figure 8 and Table 3. Thus the
properties for MP, such as heat conductivity, are also

Figure 7. Experimentally and numerically obtained MP configurations. (a) OM observed result; (b) Simulated result from VFM;
(c) Simulated result from HFM; (d) Simulated result from DRM.

Figure 8. Concentration distribution of Fe element at cross-section of weld bead with different smooth methods. (a) HFM; (b) DRM.

Table 3. Mass fraction (%) of Fe and Ni at three representa-
tive points under different smooth methods.

Point Method Fe Ni

a HFM 37.1 57.8

DRM 38.3 56.1

EDS 40.5 51.2

b HFM 35.0 52.6

DRM 35.7 49.9

EDS 43.6 46.5

c HFM 47.2 37.5

DRM 49.9 36.0

EDS 57.8 31.2

10 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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the function of time and spatial position because it is
a mixture of different liquid metals, and this process is
reasonably characterized by the mixture fraction
inside the MP.

In summary, Volume fraction method (VFM)
gives an easier approach to get the mixture properties
but presents the largest error because an average
volume fraction is used for the whole melt pool in
VFM and VFM only works well when dilution
inside melt pool is homogenous, which is actually
nonuniform for the reasons such as rapid solidifica-
tion in high-speed laser welding (see Figure 8). For
Heaviside function method (HFM), material mixing
induced property variations are not considered.
Though the property variations at two substrates
resulted from phase change could be presented by
HFM, the ignoration of material mixing finally
leads to the weakness in the predication of solid/
liquid boundary (see Figure 7). But, in Dilution
rate method (DRM), both the effects of phase
change and material mixing on property variations
are included, and the time-dependent and space-
dependent mixture properties are reasonably charac-
terized. As a result, compared with VFM and HFM,
DRM presents the most accurate descriptions of
melt pool dimensions and the slopes of solid/liquid
boundary.

Thermal contact condition at substrate interface

Resulting from the physical contact, there is thermal
contact condition described by thermal contact con-
ductance between different materials. Figure 9 sche-
matically shows the welding system and the position
for different interfaces. During the simulation of
welding and additive manufacturing in which laser
induced melt pool is formed, the thermal transfer at
substrate interface is usually ignored in the study of
MP behavior and calculation of residual stress with-
out physical explanation. Actually, the validity for
this simplification should be physically proved in
different situations for reasonable modelling, which
is not considered before. In this part, the thermal
contact condition at substrate interface and clamp

interface, i.e., the surface between clamp and sub-

strate, are considered and studied. Here, gas/liquid

interface is flat, laser absorptance is HP-R and prop-

erty smooth is HFM. Dimensional analysis and

numerical simulation both all used for deep under-

standing of the thermal contact condition and its

effect on heat transfer, fluid flow and species

dilution.

Thermal contact condition at the interface of clamp and

substrate (clamp interface). In this situation, the posi-

tion where the clamp acts is far away from the weld

bead, and there is no melting/solidification occurs, as

depicted in Figure 9. Thus, the calculation of effective

conductance in this area is simplified based on the

experimentally obtained function.24 Heat transfer

away from the MP is dominated by the Fourier

heat conduction equation, which could be expressed

as follow:

qCp
@T

@t
¼ r � KrTð Þ þQ (16)

In equation (16), Q is the heat source term

and asssumed zero. To estimate the characteristic

time for the heat conduction, if the charcteristic

length is l, the characteristic time for heat conduction

should be:

th ¼ f
qCp

K
; l

� �
(17)

Taking
qCp

K and l as a unit system generates:

th� qCpl
2

K
(18)

In this study, the charcteristic length l is taken as

40mm, which is the length of the welding specimens.

Therefore, the characteristic time for heat conduction

from the M to the clamps at the end of the specimen

could be given by:

th;Ni� qCpl
2

K
¼ 8900� 515� 0:042

60:7
¼ 121s (19)

th;SS� qCpl
2

K
¼ 7450� 711:3� 0:042

19:2
¼ 442s (20)

The melting/slidificatoin time for the MP is

so small and within several milliseconds. Thus the

charateristic time for the MP is at least 4 orders

smaller than that for heat conduction at the

substrates. In conclusion, the thermal contact

condition between the work-piece and clamp has no

significant effect on the heat transfer inside the

melt pool.

Figure 9. Schematic diagram of the welding system including
the illustration of the substrate interface and the clamp
interface.

Li et al. 11
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Particularly, in this situation, the thermal contact
conductance hc obtained from experiment is
given by:24

hc ¼ 105 c1K
1

Rm
a

p

Hv

� �2=3

þ c2
Rn

a

" #
(21)

Where K and H� are thermal conductivity and
Vickers hardness32 of the contacting solids, respec-
tively, p is the apparent contact pressure and set as
105 Pa. Ra is the arithmetic mean of surface roughness
of the contact surface and taken as 1.8 lm. Constants
of c1, c2, m and n are given by 0.006, 0.009, 0.8, and
0.7, respectively.

Based on above boundaries and coefficients, the
conductance is taken on the order of 106 W=m2 � K,
which is non-negligible in the calculation of tempera-
ture field of the substrates. For example, for the sim-
ulation of residual stress and distortion in laser
welding, which is caused by the thermal stress and
resistance of macro-movement. Without the consider-
ation of the thermal contact conductance at clamp
interface in simulation, heat conduction at substrates
is easier. As a result, according to the theory of
thermo-elastoplastic mechanics,12 the modelling
results of residual stress and welding deformation
are expected to be smaller than the real situation.
In addition, clamp interface is so significant to limit
the gap between different substrates to a small level.
Otherwise, the laser beam with small spot could irra-
diate through the gap and results in serious defects
such as discontinuous welding bead and porosity.12

Thermal transfer at substrate interface. With the develop-
ment of MP, a large proportion of energy is trans-
ferred through the substrate interface. As shown in
Figure 9, substrate interface is just located at weld
bead and the mean temperature here is expected
much higher than that at the clamp interface. The
joint conductance of the substrate interface between
304SS and nickel, h, has three contributors:33 the con-
striction conductance, hc, forming the contact spots,
the gap conductance, hg, due to the fluid at the inter-
stitial space, and the radiative conductance, hr:

h ¼ hc þ hg þ hr (22)

The Cooper-Mikic-Yovanovich (CMY)34 correla-
tion is used to calculate the constriction conductance,
and it could be expressed as:

hc ¼ 1:25Kcontact
masp

rasp

p

Hc

� �0:95

(23)

In equation (23), Kcontact is harmonic mean of the
contacting surface conductivities, rasp and masp are
the RMS value of the average slope and average

height, respectively. p is the contact pressure, and

Hc is the microhardness of the softer material.
Kcontact is calculated to be 29.2 W=m � K, masp and

rasp are 0.4 and 10�6m,35 respectively. p is set as

107 Pa and Hc is the microhardness for pure nickel

and it is 160Hv.7 Consequently, hc is about

1:3� 104W=m2 � K.
Based on the parallel-plate gas correlation,33 the

gap conductance, hg, could be defined as:

hg ¼ Kgap

YþMg
(24)

In relations, Kgap is the thermal conductivity of air,

Y denotes the mean separation thickness, and Mg is

the gas parameter, which could be described as:

Mg ¼ abK (25)

K ¼ kTgffiffiffi
2

p
pD2pg

(26)

Here, a is the thermal accommodation parameter

of contact, b is the gas property parameter for air, K
is the mean free path of gas, k is Boltzmann constant,

D is the average particle diameter, pg is the gas pres-

sure and set as the atmosphere pressure, and Tg is the

gap temperature and calculated by:

Tg ¼ TSS þ TNi

2
(27)

The mean separation thickness, Y, is set as zero

because the contact pressure p (107Pa) is negligible

compared with Hc.
33

The thermal conductivity of air is taken as

0:09 W=m � K. a and b are both set as 1.7, and D is

0.37 nm.35 k and pg are 1:38064852� 10�23J=K and

1 atm, respectively. For simplification, Tg is set to be

1000K. As a result, hg is calculated to be

1:37� 105W=m2 � K.
For the situation of high temperature (above

600 �C), such as the simulation of thermal behavior

inside the melt pool, the radiative conductance should

be considered, and it could be described by the Gray-

diffuse plate model:33

hr ¼ �SS�Ni

�SSþ �SS��SS�Ni
r T3

SSþT2
SSTNiþTSST

2
NiþT3

Ni

� �

(28)

�SS and �Ni are the emissivity of the 304SS and nickel

substrate, respectively. TSS is the temperature for

304SS, and TNi denotes the temperature for nickel.

r is the Stefan-Boltzmann constant.
For simplification, �SS and �Ni are both set to be

0.2, and TSS and TNi are considered as 1000K. Thus,

12 Proc IMechE Part C: J Mechanical Engineering Science 0(0)
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hr is calculated to be 25.2 W=m2 � K, and it is obvi-

ously negligible.
In conclusion, compared with hc and hg, hr is so

small and could be neglected in the analysis of ther-
mal contact condition at substrate interface. For

more reasonable illustration, the temperature and
flow field, concentration distribution at top surface
of the melt pool are all plotted in Figure 10 when

the thermal contact condition is considered and
when the effect is ignored. In Figure 10, positive

x-axis is the welding direction, i.e., the moving direc-
tion of laser heat source. For the temperature field,
taking the maximum temperature at top surface for

example, the difference is only 10K and the relative
error is only 0.34%. As for the velocity field, the rel-

ative error is only 1.7%. For concentration dilution,
taking the Cr element for example, the distribution

for Cr is so similar between two situations. Besides,
as shown from Figure 10(a) to (d), the MP dimension
decreases a little when the thermal contact condition

is considered. Thus, it could be concluded that heat
and mass transfer in MP are only lightly affected by

substrate interface. Though its effect on heat and
mass transfer is negligible, substrate interface should

be considered in the modelling of temperature field

based on the mechanism of heat conduction consid-
ering that the joint conductance is on the order of

105W=m2 � K. Besides, effects of substrate interface
on the modelling of microstructure, thermal stress,
and properties such as fatigue should be paid

enough attention because modelling on melt pool
scale provides basic information to the simulations
focused on other scales, and could be analyzed in
future studies. Additionally, the gap should be limited

to be small enough and the specific value depends on
the specific processing parameters. If the gap is so
large, part of the laser beam could irradiate through
and results in serious defects including discontinuous

weld bead, porosity, and cracking. In this situation,
shielding gas cannot absolutely protect the high-
temperature melt pool because oxygen and hydrogen
from air may enter the gap and react with the liquid

metal, which may result in brittle compounds and
hydrogen cracking. Besides, it should be noted that
the above consideration about the thermal contact

condition at substrate interface is only from the
aspect of heat transfer process. Actually, complex
physical phenomenon such as dynamic flow, species
discontinuity at the gap and non-uniform welding dis-

tortion due to dissimilar welding will also account for

Figure 10. Plot of temperature and velocity field (a) when thermal contact condition is ignored, (b) when thermal contact condition
is considered; and distribution of Cr element (c) when thermal contact condition is ignored, (d) when thermal contact condition is
considered.
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the thermal behavior in the gap. In the future,
detailed analysis of the gap and its effect on heat
and mass transfer considering above factors will be
performed in laser dissimilar welding.

Finally, it should be paid attention that above dis-
cussion and conclusions at the analysis of gas/liquid
surface, substrate interfaces and solid/liquid interface
depend on the developed numerical methods, used
processing parameters and adopted material proper-
ties to some degree. The results may change a little
when different models, methods and materials are
used. Anyway, this work provides an important
insight into the effects of interface conditions in
laser dissimilar joining. Actually, interface conditions
including the mass, momentum and energy transfer
and sometimes chemical interactions determine the
melt pool development, defects formation and then
affects the processing quality for many laser
manufacturing technologies, such as laser welding,
laser drilling and additive manufacturing. More stud-
ies on interface conditions should be carried out to
reveal the physical mechanism, the relation of
process-structure-property, and then achieve parame-
ters optimization, microstructure refinement and
quality improvement.

Conclusion

Based on the improved 3D numerical model, the
effects of interface conditions on heat and mass trans-
fer, including studies of the free surface deformation
and optical absorptance at gas/liquid surface, the
property smooth and thermal contact condition at
substrate interface, and the MP boundary at solid/
liquid interface are numerically and experimentally
analyzed. Some fundamental conclusions could be
summarized as follows.

(1) The effect of shielding gas flow on deformation
at gas/liquid surface is negligible, and deformation is
mainly caused by dynamic flow and surface tension.
Both the gas/liquid surface and solid/liquid boundary
are largely affected by the deformation of free surface.
The major difference in the modelling of heat and
mass transfer between flat surface simulation and
deformed surface simulation is the momentum
boundary, in which coupled capillary force and ther-
mocapillary force, and the single thermocapillary
force are considered, respectively. In laser micro-
welding and welding under high power density, the
free surface should be taken into account.

(2) The energy transfer between laser and material
at gas/liquid surface is temperature dependent and
strong non-linearity. Therefore, the HP-R with high
order polynomial terms describing the non-linear
relation is able to provide more reasonable character-
ization of energy transfer and results in more accurate
melt pool dimension.

(3) VFM uses an average volume fraction (con-
stant) for the whole melt pool and thus only suitable

to describe the mixture properties inside the melt pool
when dilution is homogenous. In HFM, only the
phase change induced property variations are consid-
ered, resulting in the weakness in the predication of
solid/liquid boundary. For DRM, both the effects of
phase change and material mixing on property varia-
tions are included. Based on the reasonable character-
izations of time-dependent and space-dependent
mixture properties, melt pool dimensions and solid/
liquid boundary from HFM are more accurate com-
pared with the results from VFM and HFM.

(4) The thermal contact condition at the clamp sur-
face reaches the order of 106 W=m2 � K and it is negli-
gible in the thermal modelling in melt pool but should
be considered in the modelling of residual stress and
welding deformation, which would be smaller than the
real situation without the consideration of conduc-
tance. The joint conductance at substrate interface is
on the order of 105W=m � K and should be considered
in the modelling of temperature field based on the
mechanism of heat conduction. Besides, the gap
between different substrates should be limited to be
small enough to avoid the defects such as discontinuous
weld bead, porosity, and cracking.

Highlights

• Mechanism of gas/liquid surface deformation and
its effect on MP behavior

• Comparative study of optical absorptance at gas/
liquid surface

• Analysis of mass transfer induced temporal and
spatial property variation

• Effect of thermal conductance at substrate inter-
face on heat and mass transfer
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