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Probing temperature during laser spot welding from vapor composition
and modeling
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Measurement of weld pool temperature during laser spot welding is a difficult task because of the
short pulse duration, often lasting only a few milliseconds, highly transient nature of the process,
and the presence of a metal vapor plume near the weld pool. This article describes recent research
to estimate weld pool temperatures experimentally and theoretically. Composition of the metal
vapor from the weld pool was determined by condensing a portion of the vapor on the inner surface
of an open ended quartz tube which was mounted perpendicular to the sample surface and coaxial
with the laser beam. It was found that iron, chromium, and manganese were the main metallic
species in the vapor phase. The concentrations of Fe and Cr in the vapor increased slightly while the
concentration of Mn in the vapor decreased somewhat with the increase in power density. The vapor
composition was used to determine an effective temperature of the weld pool. A transient,
three-dimensional numerical heat transfer and fluid flow model based on the solution of the
equations of conservation of mass, momentum and energy was used to calculate the temperature and
velocity fields in the weld pool as a function of time. The experimentally determined geometry of
the spot welds agreed well with that determined from the computed temperature field. The effective
temperature determined from the vapor composition was found to be close to the numerically
computed peak temperature at the weld pool surface. Because of the short process duration and
other serious problems in the direct measurement of temperature during laser spot welding,
estimating approximate values of peak temperature from metal vapor composition is particularly
valuable. © 2003 American Institute of Physics.@DOI: 10.1063/1.1622118#
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I. INTRODUCTION

Laser spot welding is characterized by highly transi
nature and very short duration of the process. The weldin
often completed in a few milliseconds and the heating a
cooling rates attained are many times higher than those t
cal in steady-state linear laser welding process.1 Knowledge
of temperature and velocity fields, solidification rate, a
thermal cycles are important to determine the geome
composition, structure, and the resulting properties of
spot welds.1,2 Understanding the formation of nonequilib
rium phases and solidification cracking based on fundam
tal principles requires knowledge of the heating and cool
rates. Experimental measurements of temperature and v
ity fields during laser spot welding are difficult because
the insufficient time for measurement and the highly tra
sient nature of the welding process. In addition, the w
pool is often covered by a metal vapor plume. Because
these difficulties, no generally available technique has b
developed to date to measure temperature and velocity fi
in the weld pool during laser spot welding.

During high energy laser beam welding of important e
gineering alloys, the metal in the weld pool can be heate
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very high temperatures and significant vaporization of vo
tile alloying elements often takes place from the weld po
surface.3–12 The loss of alloying elements can result in si
nificant changes in the microstructure and degradation
mechanical properties of weldments. During welding
stainless steels, the main constituents of the metal vapor
iron, manganese, chromium, and nickel.9,11–13 In high man-
ganese stainless steels, such as AISI 201, iron and ma
nese are the prominent vapor species in the welding envi
ment. In order to minimize the mass loss during high pow
laser welding, it is necessary to quantitatively understand
role of various factors that affect the alloying element vap
ization. The most important factors in determining the rate
vaporization of different elements are the temperature dis
bution on the surface and the weld metal chemical comp
tion.

During laser welding, a strong spatial gradient of te
perature exists on the weld pool surface. The resulting g
dient of surface tension is the main driving force for t
strong recirculating flow of molten metal in the we
pool.14–16 In addition, the buoyancy force resulting from th
spatial variation of density also contributes to the motion
the weld pool, although to a much lesser extent than
surface tension gradient. Because of the strong recircula
flow, the weld pool can be reasonably assumed to be w
il:
9 © 2003 American Institute of Physics
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mixed and compositionally homogeneous. For a weld poo
known composition, the vaporization rates of various allo
ing elements are strongly affected by the surface temp
tures. Since the middle region of the weld pool surface is
a much higher temperature than the periphery, it is fair
expect that much of the vaporized species originate from
middle of the weld pool surface. Since the relative rates
vaporization of two alloying elements are determined by
local temperature, the measured vapor composition can
vide a rough idea of the peak temperature at the weld p
surface.

In recent decades, numerical models have been de
oped to understand the heat transfer and fluid flow dur
welding. These models have been widely utilized to qua
tatively understand thermal cycles and fusion zo
geometry.17–25 Results from the heat transfer and fluid flo
study have also been used to study weld metal ph
composition,26–28 inclusion structure,29–31 grain
structure,32–34 and for prevention of porosity in welds.35

However, most of these studies were focused on lin
steady state welds and not on very short duration laser
welds. Although a limited number of investigations of sp
welds have been undertaken in the past, the time scales
ied were much longer than the typical few milliseconds
volved in laser spot welds. A detailed experimental and t
oretical study of laser spot welding has not been underta

In this article, recent theoretical and experimental
search to estimate weld pool temperatures are describe
transient, three-dimensional numerical heat transfer and fl
flow model based on the solution of the equations of con
vation of mass, momentum and energy was used to calcu
the temperature and velocity fields in the weld pool as
function of time. The effects of spatial variation of surfa
tension and buoyancy were considered to determine the w
pool convection as a function of time. Very fine grids a
small time steps were used to achieve accuracy in the ca
lations. The model was tested by comparing the experim
tally determined geometry of the spot welds with those
tained from the computed temperature fields. Compositio
the metal vapor from the weld pool was determined by c
densing a portion of the vapor on the inner surface of a b
end open quartz tube which was mounted perpendicula
the sample surface and co-axial with the laser beam.
vapor composition was used to determine an effective t
perature of the weld pool for various welding condition
This technique is shown to be a useful method to determ
rough values of peak temperature during laser spot weld
No other reliable method for the estimation of peak tempe
ture during laser spot welding has emerged so far becaus
the very short duration and highly transient nature of
laser spot welding process.

II. EXPERIMENTAL PROCEDURE

Several 304 stainless steel laser spot welds were fa
cated at the Sandia National Laboratories. The alloy com
sition was: 1 wt % Mn, 18.1 wt % Cr, 8.6 wt % Ni, 0.69 wt %
Si, 0.046 wt % C, 0.012 wt % P, 0.003 wt % S, and balan
Fe. A schematic diagram of the experimental setup is p
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sented in Fig. 1. During laser spot welding, a cylindrical
mm inner diameter by 25 mm long, open ended quartz t
was placed coaxial to the laser beam and right above the
stainless steel samples. The vaporized elements were
lected as condensation on the interior surface of the tub
Raytheon SS 525 pulsed Nd:YAG laser was used for la
spot welding with pulse energies of 2.12 and 3.19 J and p
durations of 4.0 and 3.0 ms, respectively. The laser beam
focused inside the quartz tube with a 100 mm focal len
lens. For each combination of energy and duration, the la
beam was defocused to different extents to obtain vari
spot diameters and power densities. To increase the am
of vapor condensate collected, 50 individual spot welds w
made on each of the 3 by 10 by 17 mm samples.. The s
welds were made in ambient air since it was impractical
provide inert gas shielding inside the quartz tube for ea
spot weld. The experimental parameters are indicated
Table I.

The quatz tube samples were examined using the JE
8600 Electron Microprobe x-ray analyzer to determine
vapor composition. The evaporation products had the con
tency of fine dust. The quartz tubes were broken and a s
able fragment from each experiment was mounted to exp
the deposit. Due to the geometry of the samples and t
highly porous nature, the probe was not operated in an a
mated mode. Instead a series of spot measurements of tK
values ~count rate ratios of unknown to standards! were
made on each sample. TheK value measurements were co
verted to approximate oxide ratios and averaged togethe
each sample.

III. MATHEMATICAL FORMULATION

A. Assumptions

The weld metal was assumed to be incompressi
Newtonian fluid. Constant thermophysical properties w

FIG. 1. A schematic diagram of the experimental setup.

TABLE I. Welding parameters.

Sample
No.

Pulse energy
~J!

Beam radius
~mm!

Power density
(W/mm2)

Pulse duration
~ms!

E 2.12 0.289 2020 4
B/F 2.12 0.247 2765 4
C 2.12 0.227 3274 4
D 2.12 0.171 5769 4
G 3.19 0.326 3185 3
A 3.19 0.28 4317 3
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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used for the calculations and the variation of absorption
efficient of the laser by the stainless steel at different te
peratures was ignored for simplicity.

B. Governing equations

Because of the axisymmetric nature of the spot weldi
the governing equations can be solved in two dimension
calculate the temperature and velocity fields. However, si
the model is also used for welding with a moving he
source, a transient, three-dimensional, heat transfer and
flow model was used for the laser spot welding. The follo
ing momentum conservation equation was solved:36

r
]uj

]t
1r

]~uiuj !

]xi
5

]

]xi
S m

]uj

]xi
D1Sj , ~1!

wherer is the density,t is the time,xi is the distance along
the i 51, 2, and 3 directions,uj is the velocity componen
along thej direction,m is the effective viscosity, andSj is
the source term for the jth momentum equation and is gi
as

Sj52
]p

]xj
1

]

]xj
S m

]uj

]xj
D2CS ~12 f L!2

f L
31B Duj

1rgb~T2Tref!, ~2!

where p is the pressure,f L is the liquid fraction,B is a
constant introduced to avoid division by zero,C (51.6
3104) is a constant that takes into account mushy zone m
phology,b is the coefficient of volume expansion, andTref is
a reference temperature. The third term on the right h
side~RHS! represents the frictional dissipation in the mus
zone according to the Carman–Kozeny equation for fl
through a porous media.37,38 The value of the effective vis
cosity in Eq.~1! is a property of the specific welding syste
and not an inherent property of the liquid metal. Typic
values of effective viscosity are much higher than that of
molecular viscosity.24,25The higher value is important, sinc
it allows accurate modeling of the high rates of transport
momentum in systems with strong fluctuating velocities t
are inevitable in small weld pools with very strong conve
tion currents. The pressure field was obtained by solving
following continuity equation simultaneously with the m
mentum equation:

]~rui !

]xi
50. ~3!

The total enthalpyH is represented by a sum of sensib
heath and latent heat contentDH, i.e., H5h1DH, where
h5*CpdT, Cp is the specific heat,T is the temperature
DH5 f LL, L is the latent heat of fusion, and the liquid fra
tion f L is assumed to vary linearly with temperature in t
mushy zone

f L5H 1 T.TL

T2TS

TL2TS
TS<T<TL

0 T,TS

, ~4!
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whereTL and TS are the liquidus and solidus temperatur
respectively. The thermal energy transport in the weld wo
piece can be expressed by the following modified ene
equation:2,23

r
]h

]t
1r

]~uih!

]xi
5

]

]xi
S k

Cp

]h

]xi
D2r

]~DH !

]t

2r
]~uiDH !

]xi
, ~5!

wherek is the thermal conductivity. In the liquid region, th
value of the thermal conductivity in Eq.~5! is taken as the
effective thermal conductivity which is a property of the sp
cific welding system and not an inherent property of t
liquid metal. Typical values of effective thermal conductivi
are much higher than that of the thermal conductivity of t
liquid. The higher value is important, since it allows accura
modeling of the high rates of transport of heat in syste
with strong fluctuating velocities that are inevitable in sm
weld pools with very strong convection currents.24,25 The
weld top surface is assumed to be flat. The velocity bound
condition is given as2

m
]u

]z
5 f L

dg

dT

]T

]x
,

m
]v
]z

5 f L

dg

dT

]T

]y
, ~6!

w50,

whereu, v, andw are the velocity components along thex,
y, andz directions, respectively, anddg/dT is the tempera-
ture coefficient of surface tension. As shown in this equati
the u and v velocities are determined from the Marango
effect. The w velocity is equal to zero since there is no flo
of liquid metal perpendicular to the pool top surface. T
heat flux at the top surface is given as

k
]T

]z
5

f Qh

pr b
2 expS 2

f ~x21y2!

r b
2 D

2s«~T42Ta
4!2hc~T2Ta!, ~7!

wheref is the power density distribution factor,Q is the total
energy of the heat source,h is the absorption coefficient,r b

is the heat source radius,s is the Stefan–Boltzmann con
stant,hc is the heat transfer coefficient, andTa is the ambient
temperature. The first term on the RHS is the heat input fr
the heat source. The second and third terms represen
heat loss by radiation and convection, respectively. For la
welding, laser power density distribution factorf is taken
as39 3.0. Laser power and beam radius were experiment
measured. The reported values of the absorption coeffic
vary significantly.40–42 For example, Cremerset al.40 indi-
cated absorption coefficient of Nd:YAG laser in 316 stainle
steel in the range of 0.21–0.62. The absorption coeffici
has been related to the substrate resistivity and the w
length of the laser radiation by the following relation:42

h~T!50.365S a

l D 1/2

20.0667S a

l D10.006S a

l D 3/2

, ~8!
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wherel is the wavelength~cm! anda is the electrical resis-
tivity of the materials~V cm!. The average electrical resis
tivity of 304 stainless steel is 80mV cm,43 and the wave-
length of Nd:YAG laser is 1.064mm. Substituting these
values into Eq.~8!, the absorption coefficient is obtained
0.27, which is the value taken in the calculations reported
this article. The data used for calculations43–47are presented
in Table II. The boundary conditions are defined as zero fl
across the symmetric surface as

]u

]y
50, v50,

]w

]y
50, ~9!

]h

]y
50. ~10!

At all other surfaces, temperatures are set at ambient t
perature and the velocities are set to be zero.

The governing equations were discretized and solved
eratively on a line-by-line basis using a tridiagonal mat
algorithm. The detailed procedure to solve the equation
described in the literature.36 After obtaining the values of the
sensible enthalpy,h, on computational domain, temperatu
can be expressed as

T55
Tsolid1

h2Hmelt

Cps
for h<Hmelt

Tsolid1
h2Hmelt

Cpa
5Tsolid1

h2Hmelt

Hcal2Hmelt
~Tliquid2Tsolid!

5Tsolid1 f l3~Tliquid2Tsolid! for Hmelt,h,Hcal

Tliquid1
h2Hcal

Cpl
for h>Hcal

,

~11!

whereTsolid andTliquid are the solidus and liquidus temper
tures of the material, respectively.Hmelt is the total enthalpies
at the liquidus temperatures,Cps andCpl are the specific hea
of solid and liquid, respectively, andf l is the liquid fraction.
The specific heat,Cpa, in the mushy zone was calculated b

Cpa5~Cps1Cpl!/2. ~12!

TABLE II. Data used for calculations.

Property/Parameter Valuea

Density of liquid metal (kg/m3) 7.23103

Absorption coefficient 0.27
Effective viscosity~kg/m s! 0.1
Solidus temperature~K! 1697
Liquidus temperature~K! 1727
Enthalpy of solid at melting point~J/kg! 1.203106

Enthalpy of liquid at melting point~J/kg! 1.263106

Specific heat of solid~J/kg K! 711.8
Specific heat of liquid~J/kg K! 837.4
Thermal conductivity of solid~J/m s K! 19.26
Effective thermal conductivity of liquid
~J/m s K!

209.3

Temperature coefficient of surface tension
~N/m K!

20.4331023

Coefficient of thermal expansion 1.9631025

aSee Refs. 43–47.
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Hcal is given as

Hcal5Hmelt1Cpa3~Tliquid2Tsolid!. ~13!

IV. RESULTS AND DISCUSSION

The local evaporation flux of an alloying element bas
on the Langmuir equation is expressed as48

Ji5
lPi

A2pMiRT
, ~14!

whereJi is the vaporization flux of the elementi , l is posi-
tive constant with a maximum value of 1 that accounts
the inevitable condensation of a portion of the vaporiz
atoms on the surface at pressures higher than pe
vacuum,Pi is the vapor pressure ofi over the liquid,Mi is
molecular weight of the vaporizing elementi , R is the gas
constant, andT is the temperature. At pressures close to
mospheric pressure, the value ofl cannot be estimated from
fundamental principles. The lack of knowledge ofl poses a
problem in the application of Langmuir equation for quan
tative calculation of the vaporization rates of individual a
loying elements. However, since the relative vaporizat
rates of any two alloying elements is independent ofl, Lang-
muir equation can be used for predicting the relative vap
ization rates of various alloying elements:

Ji

Jj
5

Pi

Pj
S M j

Mi
D 1/2

. ~15!

The equilibrium partial pressurePi over the alloy de-
pends upon the composition and the temperature of the w
metal. The vapor pressures of the alloying elements o
pure liquids are presented in Fig. 2~a! and those over 304
stainless steel are shown in Fig. 2~b!. The equilibrium vapor
pressure data used in the calculations are presented in
Appendix. It can be seen from Fig. 2~a! that among the four
alloying elements, manganese has the highest vapor pres
over its pure liquid in the entire temperature range studi
However, its vapor pressure over the alloy is lower th
those of iron and chromium, as observed from Fig. 2~b!. This
is because manganese only accounts for 1.0 wt % in
stainless steel while iron and chromium are present at 7
and 18.1 wt %, respectively. It can be seen from Fig. 2~b!
that over liquid stainless steel, iron is the dominant vapo
ing species, followed by chromium and manganese. The
por pressure of nickel over the alloy is very low. Vapor pre
sures of all the alloying elements are strong functions
temperature.

The extent of variation of the equilibrium partial pre
sures resulting from temperature change is different for
ferent elements. Since the vaporization flux of the individu
elements are proportional to their equilibrium partial pre
sures, the ratio of the vaporization flux of any two eleme
can be a strong function of temperature. Consequently, if
vapor composition, i.e., the ratio of the vaporization flux
any two elements is known, the weld pool temperature
be determined. The experimentally determined concen
tions of iron, chromium and manganese in the vapor cond
sate as a function of laser power density are shown in F
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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3~a!, 3~b!, and 3~c!, respectively. Figure 3~a! shows that as
the power density increases, the concentration of Fe in
vapor condensate increases. This is because of the slo
the vapor pressure versus temperature plot for iron is ste
than those of the other alloying elements as shown in F
2~b!. For similar reason, the concentration of chromium
the vapor condensate increases slightly with power den
On the other hand, the concentration of manganese decre
with power density. Again, the reason for this behavior c
be traced to the manner in which the equilibrium vapor pr
sure of manganese varies with temperature relative to o
alloying elements.

Using the vapor pressures of various alloying eleme
over liquid stainless steel presented in Fig. 2~b!, the values of
JFe/JMn andJCr /JMn are calculated from Eq.~15! as a func-
tion of temperature. The computed values are shown in
4. It is observed that both the ratios of the vaporization flu
depend strongly on temperature. So, if the vapor composi
is known, an effective temperature of the weld pool can
determined. Using the experimentally determined va
composition data presented in Figs. 3~a!, 3~b!, and 3~c! and
the JFe/JMn andJCr /JMn versus temperature plots in Fig.
effective weld pool temperatures can be determined for v
ous power densities. The results are shown in Fig. 5. It
be observed that the temperatures calculated fromJFe/JMn

are in good agreement with those obtained fromJCr /JMn ,
indicating that the estimated effective temperatures are in
pendent of the choice of element pairs.

FIG. 2. Equilibrium vapor pressures of the four alloying elements~a! over
respective pure liquids and~b! over the alloy at different temperatures.
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What does the effective temperature mean? Let us c
sider a relatively simple isothermal system where the vap
ization of alloying elements occurs from the surface of
stainless steel melt. The relative vaporization rates as a fu
tion of temperature would be given by Fig. 4. Since t
vapor composition at the effective vaporization temperat
is the same as that obtained from the welding experiment,
effective temperature can be defined as a temperature
results in the same vapor composition as the welding exp
ment. During welding, the vapors originate from the ent
weld pool surface where there is a strong variation of te
perature. Since the vaporization rate increases strongly
temperature, most of the vapors originate from the middle
the weld pool. Furthermore, the temperature profile chan
with time. It will be shown later in this article that for th
conditions of the experiments described the surface temp
ture change is most pronounced in the first millisecond. T
changes in temperature slows down considerably after

FIG. 3. Measured weight percent of~a! Fe, ~b! Mn, and ~c! Cr in vapor
composition with laser power density. The triangles represent the orig
data and the circles show best fit.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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time. As a result most of the vapor comes from the la
portion of the thermal cycle when the temperature is fa
close to the value at the end of the pulse. In short, si
much of the vapor originates from the middle of the we
pool surface and towards the end of the pulse, the effec
temperature is expected to be fairly close to the peak t
perature.

The experimentally determined weld pool cross secti
are compared with the corresponding numerically compu
values in Fig. 6. It is observed that the calculated weld p
geometry and dimensions agree well with the experime
results. The good agreement indicates the validity of the tr
sient heat transfer and fluid flow model. The experimen
and calculated values of weld pool depth and width for va

FIG. 4. The ratio of calculated vaporization rates of~a! Fe and Mn and~b!
Cr and Mn as a function of temperature

FIG. 5. Temperature values calculated from the ratio of vapor flux. T
power density is defined as the ratio of power and laser beam area.
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ous laser power densities are presented in Fig. 7. The
power was kept constant at 1967 W while the beam rad
was varied to obtain different power densities. It can be s
that the calculated weld pool depth and width show go
agreement with the experimental results at low power de
ties. However, at high power densities, there is some dif
ence between the calculated and the experimental value
the weld pool depth. In order to understand the reason for
discrepancy, the experimental ratio of weld pool depth
half-width is presented in Fig. 8. It is observed that the ra
varied between 0.4 and 0.7 at power densities be

e

FIG. 6. Experimental and calculated weld pool cross sections. Laser po
1067 W and pulse duration: 3 ms;~a! beam radius: 0.325 mm and~b! beam
radius: 0.466 mm.

FIG. 7. The effects of laser power density on~a! the weld pool depth,~b! the
weld pool width, and~c! the weld pool volume; laser power: 1967 W, an
pulse duration: 3.0 ms. The power density is defined as the ratio of po
and laser beam area.
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3500 W/mm2 while this value increased to over 1.0 at high
power densities. Weld pool depths higher than the half-wi
are often obtained when the surface of the weld pool is
nificantly depressed from its nearly flat position. Such d
pressions are common at high power densities, becaus
high vapor flux exerts significant recoil force on the we
pool surface. In extreme cases, when the recoil force exc
the surface tension force, fine metal droplets are ejected f
the weld pool. Significant loss of mass due to vaporizat
and metal particle ejection can occur at high pow
densities.13 However, the difference between the experime
tal and the computed values of weld pool depth at pow
density higher than 3500 W/mm2 is consistent with the mas
loss due to vaporization and particle ejection. At low
power densities, experimentally measured and computed
ues of weld pool depth and width agree better with the c
responding measured values.

Figures 9~a!–9~e! show the computed temperature a
velocity fields as a function of time. The liquid metal motio
in the weld pool is driven mainly by the surface tension for
and to a much lower extent by the buoyancy force. Beca
of the negative values of the temperature coefficient of s
face tension, the surface tension drives the liquid metal fr
the center to the periphery at the top surface of the w
pool. As a result, the weld pool becomes wide and shall
During the initial period of laser spot welding, the weld po
grows rapidly in size and the temperature and velocity
liquid increase with time. At the end of the pulse, the pe
temperature and velocity of liquid drops and the weld p
shrinks rapidly. The maximum velocity of liquid in the wel
pool is 0.86 m/s. After 5.0 ms, i.e., 1.0 ms after the lase
switched off, the maximum velocity is still about 4.1 mm/
which is driven mainly by inertia.

A two-phase solid–liquid mushy zone exists in the th
region between the solidus~1697 K! and liquidus~1727 K!
temperatures. The size of this zone is very small during h
ing @as shown in Figs. 9~a!–9~c!#. After the pulse is switched
off, the mushy zone begins to expand@shown in Figs. 9~d!
and 9~e!#, which could be explained by considering the effe
of the latent heat of fusion. When the temperature is hig
than the liquidus temperature, the heat loss is accompa
by the decrease in temperature. As the temperature d
between the liquidus and solidus temperatures, the heat
comes mainly from the release of the latent heat of fus

FIG. 8. The variation ofD/W with laser power density; laser power: 196
W and pulse duration: 3.0 ms.
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FIG. 9. Computed temperature and velocity fields at different times:~a! t
51 ms, ~b! t52 ms, ~c! t54 ms, ~d! t54.5 ms, and~e! t55 ms; laser
power: 530 W, pulse duration: 4.0 ms, and spot radius: 0.171 mm.
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and the temperature decrease is very slow. The existenc
mushy zone has significant effect on the final solidified m
crostructure.

Figure 10 shows changes in the computed temperat
at three selected locations as a function of time. These lo
tions represent distances of 0, 0.058 and 0.125 mm, res
tively, from the location of the heat source, as shown in
small figure. The results indicate that the peak temperat
and the heating rates at different locations vary significan
The weld pool solidifies completely in about 1.66 ms af
the laser pulse is switched off. After the solidification star
the temperature decreases quickly until it is close to the
quidus temperature. At this temperature, there is a platea
the thermal cycle curves indicating very low cooling rate d
to the release of the latent heat of fusion. Depending on
position, the cooling rates above the liquidus temperat
vary significantly. However, as the weld metal cools, the s
tial variation of the cooling rates decreases. In the 1073–
K range, the variation of the cooling rate with temperature
small due to nearly constant outward heat loss from all lo
tions of the weld. Thus, in steels where the final microstr
ture is determined by the cooling rate through this tempe
ture range, the spatial variation of the microstructure
expected to be small.

The variation of the computed peak temperature w
power density is shown in Fig. 11. The peak temperat
represents the highest values on the weld pool surface a
end of the pulse. It is also observed from this figure that

FIG. 10. Weld thermal cycles at different locations on the top surface
weld pool. Distance from the weld center:~1! 0.0 mm; ~2! 0.058 mm;~3!
0.125 mm, as shown in the inset. The solid horizontal line indicates sol
temperature; laser power: 530 W, pulse duration: 4.0 ms, and beam ra
0.171 mm.
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the same power energy and same pulse duration, a hi
pulse density results in higher peak temperature. The c
parison of peak temperature calculated from the numer
heat transfer and fluid flow model with the effective we
pool temperature estimated from the vapor composition
shown in Table III. It can be seen that the temperatures fr
the model are in fair agreement with the effective tempe
tures determined from the vapor composition. Thus, the
por composition can provide a useful estimate of the w
pool peak temperature.

V. SUMMARY AND CONCLUSIONS

Weld pool peak temperature during laser spot welding
304 stainless steel has been investigated experimentally
theoretically. Experimental work involved determination
composition of the metal vapor by condensing a portion
the vapor on the inner surface of an open ended quartz
which was mounted perpendicular to the sample surface
coaxial with the laser beam. Iron, chromium and mangan
were identified as the main metallic species in the va
phase. Relative to the alloy composition, the concentrati
of Fe and Cr in the vapor increased slightly while the co
centration of Mn in the vapor decreased somewhat with
increase in power density. The vapor composition was u
to determine an effective temperature of the weld pool
three-dimensional, transient, numerical model was used
calculate the temperature and velocity fields in the weld p
as a function of time. The experimentally determined geo
etry of the spot welds agreed well with that determined fro
the computed temperature field. The effective tempera

FIG. 11. The variation of peak temperature on the weld pool surface w
laser power density.
f

s
us:
TABLE III. Temperatures calculated from vapor compositions and numerical model.

Sample
Power
~W!

Radius
~mm!

Power
density

(W/mm2)

Temperature~K!

By transient
model

By the value
of JFe/JMn

By the value
of JCr /JMn

E 530 0.289 2020 2388 2625 2605
B/F 530 0.247 2765 2559 2800 2775
C 530 0.227 3274 2661 2900 2870
D 530 0.171 5769 3058 3265 3190
G 1063.3 0.326 3185 2888 2885 2855
A 1063.3 0.28 4317 3145 3075 3030
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



b
th
o

rin
d

e
ivi
2

rr
re
a

p
n
a

E-
.

re

riz
fo
r

e
v

g

ence
cto-

,

nd

.

6957J. Appl. Phys., Vol. 94, No. 10, 15 November 2003 He, DebRoy, and Fuerschbach
determined from the vapor composition was found to
close to the numerically computed peak temperature at
weld pool surface. Estimation of the approximate values
peak temperature during laser spot welding by measu
vapor composition overcomes the problems encountere
direct measurement of peak temperatures.
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APPENDIX: EQUILIBRIUM VAPOR PRESSURE DATA
USED FOR THE CALCULATIONS

The equilibrium vapor pressures of the various vapo
ing species over pure liquid were calculated using the
lowing equations.49–52 In these equations, the vapor pressu
is expressed in atm and the temperature is in K

log~PFe
0 3760!511.554921.95383104

1

T

20.62549 logT22.718231029T

11.9086310213T2,

log~PMn
0 31.0133105!525.5831024T21.503

31024
1

T
112.609,

log~PCr
0 31.0133105!5213.5053103

1

T
133.658 logT

29.2931023T18.381

31027T2287.077,

log PNi
0 56.666220765

1

T
.

Assuming that the solution is ideal at high temperatur
the equilibrium vapor pressures of the various species o
the alloy can be expressed as

Pi5Xi Pi
0,

whereXi is the mole fraction of elementi in the alloy andPi
0

is the equilibrium vapor pressure of elementi over the pure
liquid.
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