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Probing temperature during laser spot welding from vapor composition
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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 Physic§DOI: 10.1063/1.162211]8

I. INTRODUCTION very high temperatures and significant vaporization of vola-
o . ) _ tile alloying elements often takes place from the weld pool
Laser spot welding is characterized by highly transienty ;iface®12 The loss of alloying elements can result in sig-

nature and very short duration of the process. The welding igificant changes in the microstructure and degradation of
often completed in a few milliseconds and the heating and,,

i ined ; higher than th mechanical properties of weldments. During welding of
cooling rates attamg are many tlmgs gher than those typqinjess steels, the main constituents of the metal vapor are
cal in steady-state linear laser welding proceksiowledge iron, manganese, chromium, and nick&22In high man-
of temperature and velocity fields, solidification rate, and__ ' ’ ' .

thermal cycles are important to determine the geometrygese are the prominent vapor species in the welding environ
composition, structure, and the resulting properties of thg P porsp 9

spot welds:? Understanding the formation of nonequilib- MeNt IN order to minimize the mass loss during high power
rium phases and solidification cracking based on fundamerf@Ser Welding, itis necessary to quantitatively understand the
tal principles requires knowledge of the heating and cooling©!€ ©f various factors that affect the alloying element vapor-
rates. Experimental measurements of temperature and velogation. The most important factors in determining the rate of
ity fields during laser spot welding are difficult because ofvaporization of different elements are the temperature distri-
the insufficient time for measurement and the highly tranbution on the surface and the weld metal chemical composi-
sient nature of the welding process. In addition, the weldfion.
pool is often covered by a metal vapor plume. Because of During laser welding, a strong spatial gradient of tem-
these difficulties, no generally available technique has beeperature exists on the weld pool surface. The resulting gra-
developed to date to measure temperature and velocity fieldent of surface tension is the main driving force for the
in the weld pool during laser spot welding. strong recirculating flow of molten metal in the weld
During high energy laser beam welding of important en-pool24~1€n addition, the buoyancy force resulting from the
gineering alloys, the metal in the weld pool can be heated tepatial variation of density also contributes to the motion of
the weld pool, although to a much lesser extent than the
dAuthor to whom correspondence should be addressed; electronic maif’?urface tension gradient. Because of the strong recirculating
debroy@psu.edu flow, the weld pool can be reasonably assumed to be well
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mixed and compositionally homogeneous. For a weld pool of
known composition, the vaporization rates of various alloy-
ing elements are strongly affected by the surface tempera-
tures. Since the middle region of the weld pool surface is at Deposit
a much higher temperature than the periphery, it is fair to
expect that much of the vaporized species originate from the
middle of the weld pool surface. Since the relative rates of
vaporization of two alloying elements are determined by the
local temperature, the measured vapor composition can pro-
vide a rough idea of the peak temperature at the weld pool
surface. FIG. 1. A schematic diagram of the experimental setup.
In recent decades, numerical models have been devel-
oped_ to understand the heat transfe_r and f!L."d flow du“n.%ented in Fig. 1. During laser spot welding, a cylindrical 6
welding. These models have been widely utilized to quanti- : .
mm inner diameter by 25 mm long, open ended quartz tube

tatively understand thermal cycles and fusion zone . X
geometry"~%5 Results from the heat transfer and fluid flow was placed coaxial to the laser beam and right above the 304

stainless steel samples. The vaporized elements were col-
study have also been used to study weld metal pha ) e
o 9628 ; ; 9-31 . écted as condensation on the interior surface of the tube. A
compositior? inclusion structuré grain

structure®-% and for prevention of porosity in welds. Raytheon SS 525 pulsed Nd:YAG laser was used for laser

However, most of these studies were focused on Iinea?pOt welding with pulse energies of 2.12 and 3.19 J and pulse

. durations of 4.0 and 3.0 ms, respectively. The laser beam was
steady state welds and not on very short duration laser Sp%cused inside the quartz tube with a 100 mm focal length
welds. Although a limited number of investigations of spot

welds have been undertaken in the past, the time scales st Ig_ns. For each combination of energy and duration, the laser
past, Ubeam was defocused to different extents to obtain various

ied were much longer than the typical few milliseconds in- . " )
. ; . spot diameters and power densities. To increase the amount
volved in laser spot welds. A detailed experimental and the- L
. . of vapor condensate collected, 50 individual spot welds were
oretical study of laser spot welding has not been undertaken,
: ) - . made on each of the 3 by 10 by 17 mm samples.. The spot
In this article, recent theoretical and experimental re- . . S : . .
. . elds were made in ambient air since it was impractical to
search to estimate weld pool temperatures are described. o e
: . . . .grovide inert gas shielding inside the quartz tube for each
transient, three-dimensional numerical heat transfer and flui

flow model based on the solution of the equations of conser.?_zg}e\’:/eld' The experimental parameters are indicated in

vation of mass, momentum and energy was used to calculate The quatz tube samples were examined using the JEOL

the tgmpergture and velocity flelds_m thg vyeld pool as %600 Electron Microprobe x-ray analyzer to determine the
function of time. The effects of spatial variation of surface - : )
vpor composition. The evaporation products had the consis-

tension and puoyancy were considgred to detgrming the Wekency of fine dust. The quartz tubes were broken and a suit-
pool convection as a function of time. Very flne. grids andable fragment from each experiment was mounted to expose

Yhe deposit. Due to the geometry of the samples and their

lations. The model was tested by comparing the experimer}-]. .
. . ighly porous nature, the probe was not operated in an auto-
tally determined geometry of the spot welds with those ob-

. . " %nated mode. Instead a series of spot measurements &f the
tained from the computed temperature fields. Composition o .
values (count rate ratios of unknown to standardsere

the metal vapor from the weld pool was determined by con-
. . . made on each sample. TKevalue measurements were con-
densing a portion of the vapor on the inner surface of a both . . )
. . verted to approximate oxide ratios and averaged together for
end open quartz tube which was mounted perpendicular to
. . each sample.
the sample surface and co-axial with the laser beam. The
vapor composition was used to determine an effective teMi MATHEMATICAL EORMULATION
perature of the weld pool for various welding conditions.

This technique is shown to be a useful method to determiné. Assumptions

rough values of peak temperature during laser spot welding. The weld metal was assumed to be incompressible,

No other reliable method for the estimation of peak temperanewtonian fluid. Constant thermophysical properties were
ture during laser spot welding has emerged so far because of

the very short duration and highly transient nature of the _
laser spot welding process. TABLE I. Welding parameters.

Quartz tube

Vapor flux

Molten pool Base metal

Sample Pulse energy Beam radius Power density Pulse duration

No. o) (mm) (W/mn¥) (m9

Il. EXPERIMENTAL PROCEDURE
E 2.12 0.289 2020 4
Several 304 stainless steel laser spot welds were fabri-B/F 212 0.247 2765 4
cated at the Sandia National Laboratories. The alloy compo- © 2.12 0.227 3274 4
sition was: 1 wt% Mn, 18.1 wt % Cr, 8.6 wt% Ni, 0.69 wt % 2 T et :
Si, 0.046 wt% C, 0.012 wt% P, 0.003 wt% S, and balance , 319 0.28 4317 3

Fe. A schematic diagram of the experimental setup is pre
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used for the calculations and the variation of absorption cowhere T and Tg are the liquidus and solidus temperature,
efficient of the laser by the stainless steel at different temsespectively. The thermal energy transport in the weld work-

peratures was ignored for simplicity. piece can be expressed by the following modified energy

equation???
_ _ ah+ d(uih) a [k oh d(AH)
B. Governing equations PtP % = (9—)(| C_p a_x, at
Because of the axisymmetric nature of the spot welding,
; ; ; ; : d(u;AH)
the governing equations can be solved in two dimensions to —p (5)
ax;

calculate the temperature and velocity fields. However, since

the model is also used for welding with @ moving heatyherek is the thermal conductivity. In the liquid region, the
source, a transient, three-dimensional, heat transfer and fluigyj e of the thermal conductivity in E@5) is taken as the

flow model was used for the laser spot welding. The follow-gffective thermal conductivity which is a property of the spe-
ing momentum conservation equation was softfed: cific welding system and not an inherent property of the

(9Uj

auiuy) 9 au; liquid metal. Typical values of effective thermal conductivity
Y —(M ) +S; are much higher than that of the thermal conductivity of the
liquid. The higher value is important, since it allows accurate
modeling of the high rates of transport of heat in systems
with strong fluctuating velocities that are inevitable in small
weld pools with very strong convection curreAt$® The

— — 1
P ot ax ox \ P ax; @
wherep is the densityt is the time,x; is the distance along
thei=1, 2, and 3 directionsy; is the velocity component

along thej direction, u is the effective viscosity, an8, is

the source term for the jth momentum equation and is giveRveld top surface is assumed to be flat. The velocity boundary

as condition is given &
o P, 9 @)_ -t ou  dyaT
! &X] &XJ MﬁXJ fL+B ! ’U“Ezfl-ﬁa’

+p9B(T—Te), (2

) dy JT

ME:fLﬁWa (6)

where p is the pressuref, is the liquid fraction,B is a
constant introduced to avoid division by zerg, (=1.6
X 10% is a constant that takes into account mushy zone mor-
phology, B is the coefficient of volume expansion, afigsis  whereu, v, andw are the velocity components along the
a reference temperature. The third term on the right hang, andz directions, respectively, andly/d T is the tempera-
side (RHS) represents the frictional dissipation in the mushyture coefficient of surface tension. As shown in this equation,
zone according to the Carman—Kozeny equation for flonthe u andv velocities are determined from the Marangoni
through a porous medid:*® The value of the effective vis- effect. The w velocity is equal to zero since there is no flow
cosity in Eq.(1) is a property of the specific welding system of liquid metal perpendicular to the pool top surface. The
and not an inherent property of the liquid metal. Typical heat flux at the top surface is given as
values of effective viscosity are much higher than that of the 2, o
molecular viscosity*?> The higher value is important, since kﬂ - fQ—Zexp( _ w
it allows accurate modeling of the high rates of transport of Jz. g My
momentym in §ystems with strong fI_uctuating velocities that — e (TA—TH—hy(T-Ty), %)
are inevitable in small weld pools with very strong convec-
tion currents. The pressure field was obtained by solving thavheref is the power density distribution factd, is the total
following continuity equation simultaneously with the mo- energy of the heat source,is the absorption coefficient,,
mentum equation: is the heat source radius; is the Stefan—Boltzmann con-

3 pus) stant,h. is the heat transfer coefficient, amg is the ambient

Y —o. (3)  temperature. The first term on the RHS is the heat input from
IXi the heat source. The second and third terms represent the

The total enthalpH is represented by a sum of sensible heat loss by radiation and convection, respectively. For laser
heath and latent heat contetH, i.e., H=h+AH, where Welding, laser power density distribution factbris taken
h=/C,dT, C, is the specific heatT is the temperature, as® 3.0. Laser power and beam radius were e_xperimer?tz_ally
AH=f L, L is the latent heat of fusion, and the liquid frac- measured. The reported values of the absorption coefficient
tion f, is assumed to vary linearly with temperature in thevary significantly!®=** For example, Cremerst al*® indi-

w=0,

mushy zone cated absorption coefficient of Nd:YAG laser in 316 stainless
steel in the range of 0.21-0.62. The absorption coefficient
1 T>T has been related to the substrate resistivity and the wave-
T-Tg length of the laser radiation by the following relatith:
fL= T T, 'sST=TL 12 32
L S a o a
0 T<Ts 7I(T)=0-365<x) —0.066‘<X +O'OOE<K) , (8)
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TABLE Il. Data used for calculations. Hea is given as

Property/Parameter Valtie H cal™ H meltt Cpa>< (Tliquid_ Tsolid) . (13)
Density of liquid metal (kg/r®) 7.2x10°

Absorption coefficient 0.27 IV. RESULTS AND DISCUSSION

Effective viscosity(kg/m 9 0.1

Solidus temperature<) 1697 The local evaporation flux of an alloying element based
Liquidus temperaturék) 1rzr on the Langmuir equation is expresseé®as

Enthalpy of solid at melting pointJ/kg 1.20x10°

Enthalpy of liquid at melting pointJ/kg 1.26x10° AP

Specific heat of solidJ/kg K) 711.8 J :—', (14)
Specific heat of liquidJ/kg K) 837.4 V27TMRT

Thermal conductivity of solidJ/m s K 19.26

Effective thermal conductivity of liquid 209.3 whereJ; is the vaporization flux of the element\ is posi-
(IImsK tive constant with a maximum value of 1 that accounts for
Temperature coefficient of surface tension —043<10°  he inevitable condensation of a portion of the vaporized
E:No/gf:gem of thermal expansion 19g0-s atoms on the surface at pressures higher than perfect

vacuum,P; is the vapor pressure ofover the liquid,M; is
°See Refs. 43-47. molecular weight of the vaporizing elementR is the gas
constant, and is the temperature. At pressures close to at-
mospheric pressure, the value)tannot be estimated from
fundamental principles. The lack of knowledge)oposes a
problem in the application of Langmuir equation for quanti-
tative calculation of the vaporization rates of individual al-

length of Nd:YAG laser is 1.064um. Substituting these loying elements. However, since the relative vaporization
values into Eq(8), the absorption coefficient is obtained as rate;s of anty two allct))ylng elgzrfnents '(Sj.":.d epte%nder:t,gfang-
0.27, which is the value taken in the calculations reported ir{“ut'_r equ? lon fcan o€ usi o prle Ic lntg. € refative vapor-
this article. The data used for calculati8iié” are presented '2at0N rates ot various afloying elements.

where\ is the wavelengtlicm) and « is the electrical resis-
tivity of the materials({ cm). The average electrical resis-
tivity of 304 stainless steel is 80 cm* and the wave-

in Table 1. The boundary conditions are defined as zero flux  J, P, M; 12
across the symmetric surface as 3.° E(W (15
i i\ Vi
‘9_“:0 =0 ‘9_"":0 (9) The equilibrium partial pressurB; over the alloy de-
ay ay pends upon the composition and the temperature of the weld
sh metal. The vapor pressures of the alloying elements over
W:o (10) pure liquids are presented in Fig(aR and those over 304

stainless steel are shown in Figb2 The equilibrium vapor
At all other surfaces, temperatures are set at ambient tenfpressure data used in the calculations are presented in the
perature and the velocities are set to be zero. Appendix. It can be seen from Fig(& that among the four

The governing equations were discretized and solved italloying elements, manganese has the highest vapor pressure
eratively on a line-by-line basis using a tridiagonal matrixover its pure liquid in the entire temperature range studied.
algorithm. The detailed procedure to solve the equations islowever, its vapor pressure over the alloy is lower than
described in the literatur After obtaining the values of the those of iron and chromium, as observed from Fig) ZThis
sensible enthalpyh, on computational domain, temperature is because manganese only accounts for 1.0 wt% in 304

can be expressed as stainless steel while iron and chromium are present at 72.3
, heH and 18.1 wt%, respectively. It can be seen from Figp) 2
Teoligt+ . Tmelt for h<H e that over liquid stainless steel, iron is the dominant vaporiz-
Cps ing species, followed by chromium and manganese. The va-
h—H mert h—H mert por pressure of nickel over the alloy is very low. Vapor pres-
Tsoiat™ —=—=Tsoliat 717 (Tiiquid— T solia) sures of all the alloying elements are strong functions of
T=¢ Cpa Hca— Hmett ,
temperature.
= Tsotiat T X (Tiiquia = Tsoid ~ fOr Hmer<h<Heay The extent of variation of the equilibrium partial pres-
h—H¢y sures resulting from temperature change is different for dif-
\ Tiquid T C—pl forh=Hg, ferent elements. Since the vaporization flux of the individual

(12) elements are proportional to their equilibrium partial pres-

sures, the ratio of the vaporization flux of any two elements
can be a strong function of temperature. Consequently, if the
vapor composition, i.e., the ratio of the vaporization flux of

any two elements is known, the weld pool temperature can
be determined. The experimentally determined concentra-
tions of iron, chromium and manganese in the vapor conden-
Cpa=(CpstCpy)/2. (12 sate as a function of laser power density are shown in Figs.

where T and Tjquig are the solidus and liquidus tempera-
tures of the material, respectively,,; is the total enthalpies
at the liquidus temperatureS,s andC,, are the specific heat
of solid and liquid, respectively, anfd is the liquid fraction.
The specific healC,, in the mushy zone was calculated by
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FIG. 2. Equilibrium vapor pressures of the four alloying eleméatsover T 40+
respective pure liquids an) over the alloy at different temperatures. 8
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=
2 JAY —
. . ® 209——3—‘23
3(a), 3(b), and Ic), respectively. Figure (&) shows that as £
the power density increases, the concentration of Fe in the @
vapor condensate increases. This is because of the slope of 5

the vapor pressure versus temperature plot for iron is steeper ‘3000 3000 4000 5000 6000
than those of the other alloying elements as shown in Fig. Power Density (W/mm2)

2(b). For similar reason, the concentration of chromium in _ _
the vapor condensate increases slightly with power density, /G- 3- Measured weight percent & Fe, (b) Mn, and(c) Cr in vapor

. Composition with laser power density. The triangles represent the original
On the other hand, the concentration of manganese decreasgs, and the circles show best fit.

with power density. Again, the reason for this behavior can
be traced to the manner in which the equilibrium vapor pres-
sure of manganese varies with temperature relative to other What does the effective temperature mean? Let us con-
alloying elements. sider a relatively simple isothermal system where the vapor-
Using the vapor pressures of various alloying elementszation of alloying elements occurs from the surface of a
over liquid stainless steel presented in Figh)2the values of  stainless steel melt. The relative vaporization rates as a func-
Jee/ Iun @ndJc, /Iy, are calculated from Ed15) as a func-  tion of temperature would be given by Fig. 4. Since the
tion of temperature. The computed values are shown in Figrapor composition at the effective vaporization temperature
4. It is observed that both the ratios of the vaporization fluxess the same as that obtained from the welding experiment, the
depend strongly on temperature. So, if the vapor compositioeffective temperature can be defined as a temperature that
is known, an effective temperature of the weld pool can baesults in the same vapor composition as the welding experi-
determined. Using the experimentally determined vapoment. During welding, the vapors originate from the entire
composition data presented in Figga)3 3(b), and 3c) and  weld pool surface where there is a strong variation of tem-
the Jge/ I, and e, /Jyn versus temperature plots in Fig. 4, perature. Since the vaporization rate increases strongly with
effective weld pool temperatures can be determined for varitemperature, most of the vapors originate from the middle of
ous power densities. The results are shown in Fig. 5. It cathe weld pool. Furthermore, the temperature profile changes
be observed that the temperatures calculated flgghdy,,  with time. It will be shown later in this article that for the

are in good agreement with those obtained frég/Jy,,  conditions of the experiments described the surface tempera-
indicating that the estimated effective temperatures are inddgure change is most pronounced in the first millisecond. The
pendent of the choice of element pairs. changes in temperature slows down considerably after that
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FIG. 4. The ratio of calculated vaporization rates®fFe and Mn andb)
Cr and Mn as a function of temperature
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FIG. 6. Experimental and calculated weld pool cross sections. Laser power:
1067 W and pulse duration: 3 m&) beam radius: 0.325 mm arid) beam
radius: 0.466 mm.

ous laser power densities are presented in Fig. 7. The total
power was kept constant at 1967 W while the beam radius
was varied to obtain different power densities. It can be seen
that the calculated weld pool depth and width show good
agreement with the experimental results at low power densi-
ties. However, at high power densities, there is some differ-
ence between the calculated and the experimental values of
the weld pool depth. In order to understand the reason for the
discrepancy, the experimental ratio of weld pool depth to
half-width is presented in Fig. 8. It is observed that the ratio

time. As a result most of the vapor comes from the laterv@ried between 0.4 and 0.7 at power densities below

portion of the thermal cycle when the temperature is fairly
close to the value at the end of the pulse. In short, since

much of the vapor originates from the middle of the weld - 1
) = (a)
pool surface and towards the end of the pulse, the effective Eosf
temperature is expected to be fairly close to the peak tem- = ~*- Calculated value
peratu re. 8- 0.6F A Experimental value
The experimentally determined weld pool cross sections 2 s 8
are compared with the corresponding numerically computed 2 04r
values in Fig. 6. It is observed that the calculated weld pool £ 02b t__r,..—-é—dk——k
geometry and dimensions agree well with the experimental g )
results. The good agreement indicates the validity of the tran- &~ 0 . ‘ ‘ .
sient heat transfer and fluid flow model. The experimental 1000 2000 3000 4000 5000 6000
and calculated values of weld pool depth and width for vari- Power Density (W/mm?2)
2
3400 £
g 156 —*—Calculated value (b)
3200 [ s a Experimental value
) =
£ 3000 E 1} g_*_\*\_‘__%
3 = a
= £ 4
< =
8 2800 | = 05¢
E 600" —o—Calculated from Jro/Jyn §
o 1 1 Il 1
= Calculated from Je/ Ty 1000 2000 3000 4000 5000 6000
24900 3000 4000 5000 6000 Power Density (W/mm2)

Power Density (W/mm2)

FIG. 7. The effects of laser power density @ the weld pool depth(b) the

weld pool width, andc) the weld pool volume; laser power: 1967 W, and
FIG. 5. Temperature values calculated from the ratio of vapor flux. Thepulse duration: 3.0 ms. The power density is defined as the ratio of power
power density is defined as the ratio of power and laser beam area. and laser beam area.
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FIG. 8. The variation oD/W with laser power density; laser power: 1967
W and pulse duration: 3.0 ms.

- -

3500 W/mn? while this value increased to over 1.0 at higher
power densities. Weld pool depths higher than the half-width
are often obtained when the surface of the weld pool is sig-
nificantly depressed from its nearly flat position. Such de-
pressions are common at high power densities, because the
high vapor flux exerts significant recoil force on the weld
pool surface. In extreme cases, when the recoil force exceeds
the surface tension force, fine metal droplets are ejected from
the weld pool. Significant loss of mass due to vaporization
and metal particle ejection can occur at high power
densities™* However, the difference between the experimen-
tal and the computed values of weld pool depth at power
density higher than 3500 W/ntnis consistent with the mass
loss due to vaporization and particle ejection. At lower
power densities, experimentally measured and computed val-
ues of weld pool depth and width agree better with the cor-
responding measured values.

Figures %a)—9(e) show the computed temperature and
velocity fields as a function of time. The liquid metal motion
in the weld pool is driven mainly by the surface tension force
and to a much lower extent by the buoyancy force. Because
of the negative values of the temperature coefficient of sur-
face tension, the surface tension drives the liquid metal from
the center to the periphery at the top surface of the weld
pool. As a result, the weld pool becomes wide and shallow.
During the initial period of laser spot welding, the weld pool
grows rapidly in size and the temperature and velocity of
liquid increase with time. At the end of the pulse, the peak
temperature and velocity of liquid drops and the weld pool
shrinks rapidly. The maximum velocity of liquid in the weld
pool is 0.86 m/s. After 5.0 ms, i.e., 1.0 ms after the laser is
switched off, the maximum velocity is still about 4.1 mm/s,
which is driven mainly by inertia.

A two-phase solid—liquid mushy zone exists in the thin &0-4
region between the soliduy4697 K) and liquidus(1727 K) @
temperatures. The size of this zone is very small during heat- 2
ing [as shown in Figs. @)—9(c)]. After the pulse is switched
off, the mushy zone begins to expafghown in Figs. &)
and 9e)], which could be explained by considering the effect
of the latent heat of fusion. When the temperature is higher
than the liquidus temperature, the heat loss is accompanied
by the decre"f‘se_ in tempera_ture. As the temperature dI’O[')_:?G. 9. Computed temperature and velocity fields at different tirfest
between the liquidus and solidus temperatures, the heat 10SS; ms, (b) t=2ms, (c) t=4 ms, (d) t=4.5 ms, and(e) t=5ms: laser
comes mainly from the release of the latent heat of fusiorpower: 530 W, pulse duration: 4.0 ms, and spot radius: 0.171 mm.
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FIG. 10. Weld thermal cycles at different locations on the top surface ofFIG. 11. The variation of peak temperature on the weld pool surface with
weld pool. Distance from the weld centéf:) 0.0 mm;(2) 0.058 mm;(3) laser power density.
0.125 mm, as shown in the inset. The solid horizontal line indicates solidus
temperature; laser power: 530 W, pulse duration: 4.0 ms, and beam radius:
0.171 mm. the same power energy and same pulse duration, a higher
pulse density results in higher peak temperature. The com-
] ] parison of peak temperature calculated from the numerical
and the temperature decrease is very slow. The existence Rbat transfer and fluid flow model with the effective weld
mushy zone has significant effect on the final solidified Mi-no0l temperature estimated from the vapor composition is
crostructure. _ shown in Table III. It can be seen that the temperatures from
Figure 10 shows changes in the computed temperaturgfie model are in fair agreement with the effective tempera-
at three selected locations as a function of time. These locages determined from the vapor composition. Thus, the va-

tions represent distances of 0, 0.058 and 0.125 mm, respegy composition can provide a useful estimate of the weld
tively, from the location of the heat source, as shown in thepool peak temperature.

small figure. The results indicate that the peak temperatures
and the heating raf[e.s. at different Iocgnons vary S|gn|f|cantlyv_ SUMMARY AND CONCLUSIONS
The weld pool solidifies completely in about 1.66 ms after
the laser pulse is switched off. After the solidification starts, = Weld pool peak temperature during laser spot welding of
the temperature decreases quickly until it is close to the 1i304 stainless steel has been investigated experimentally and
quidus temperature. At this temperature, there is a plateau itmeoretically. Experimental work involved determination of
the thermal cycle curves indicating very low cooling rate duecomposition of the metal vapor by condensing a portion of
to the release of the latent heat of fusion. Depending on théhe vapor on the inner surface of an open ended quartz tube
position, the cooling rates above the liquidus temperaturevhich was mounted perpendicular to the sample surface and
vary significantly. However, as the weld metal cools, the spacoaxial with the laser beam. Iron, chromium and manganese
tial variation of the cooling rates decreases. In the 1073—-87@%ere identified as the main metallic species in the vapor
K range, the variation of the cooling rate with temperature isphase. Relative to the alloy composition, the concentrations
small due to nearly constant outward heat loss from all locaef Fe and Cr in the vapor increased slightly while the con-
tions of the weld. Thus, in steels where the final microstruc-centration of Mn in the vapor decreased somewhat with the
ture is determined by the cooling rate through this temperaincrease in power density. The vapor composition was used
ture range, the spatial variation of the microstructure isto determine an effective temperature of the weld pool. A
expected to be small. three-dimensional, transient, numerical model was used to
The variation of the computed peak temperature withcalculate the temperature and velocity fields in the weld pool
power density is shown in Fig. 11. The peak temperaturas a function of time. The experimentally determined geom-
represents the highest values on the weld pool surface at thegry of the spot welds agreed well with that determined from
end of the pulse. It is also observed from this figure that fothe computed temperature field. The effective temperature

TABLE IIl. Temperatures calculated from vapor compositions and numerical model.

TemperaturgK)
Power
Power Radius density By transient By the value By the value

Sample (W) (mm) (W/mn?) model of Jee/Iyn of Jee/Iun
E 530 0.289 2020 2388 2625 2605
B/F 530 0.247 2765 2559 2800 2775
Cc 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
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