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Composition change of stainless steel during microjoining with short
laser pulse
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Weld metal composition change in 200mm deep, 304 stainless steel microjoints fabricated using
millisecond long Nd-YAG laser pulses was investigated experimentally and theoretically. The
variables studied were pulse duration and power density. After welding, concentrations of iron,
manganese, chromium, and nickel were determined at various locations of the microjoint using the
electron microprobe analysis. The temperature field was simulated as a function of time from a
well-tested three-dimensional transient heat transfer and fluid flow model. Using the computed
temperature fields, vaporization rates of various alloying elements resulting from both concentration
and pressure driven transport of vapors and the resultant composition change of the alloy were
calculated. The calculations showed that the vaporization took place mainly from a small region
near the center of the beam-workpiece interaction zone, where the temperatures were very high.
Furthermore, the alloying element vaporization was most pronounced toward the end of the pulse.
After the laser spot welding, the concentrations of manganese and chromium in the weld pool
decreased, whereas the concentrations of iron and nickel increased. The composition changes
predicted by the model were in fair agreement with the corresponding experimental results for
various conditions of microjoining with short duration pulses. ©2004 American Institute of
Physics. [DOI: 10.1063/1.1785868]
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I. INTRODUCTION

The joining of very small metallic components is of
accomplished with short laser pulses of only a few millis
onds duration. The laser microjoining is characterized b
small length scale, fairly short duration, highly transient
ture, and very high heating and cooling rates.1 Because of th
high power density used, the weld metal is rapidly heate
very high temperatures, and as a consequence, sign
vaporization of volatile alloying elements often takes p
from the weld pool surface.2–11 Previous work on linear las
welds has shown that the composition of many impor
industrial alloys can change significantly owing to selec
vaporization of alloying elements. The composition cha
in turn, can lead to significant changes in the microstruc
and degradation of the mechanical and corrosion prope
of the welds.

The vaporization of the alloying elements during mic
joining is different from that during linear welding in seve
ways. First, the evaporation rate is strongly time depen
i.e., the rate is negligible at the initiation of the pulse
gradually increases owing to the increase in tempera
Second, because of the short duration of the laser puls
experimental determination of temperature and velo
fields is difficult and remains both an important goal an
major challenge in the field. Third, although both the sur
area and the volume of the weld pool are small, they ch
a)Electronic mail: debroy@psu.edu
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significantly with time. As a result of these difficulties, v
little information is available in the literature about meas
ment of important variables, such as the temperature
during microjoining.

In a recent paper in this journal,12 an experimental tec
nique was proposed to determine an approximate valu
the peak temperature in the weld pool from the vapor c
position during irradiation by a pulsed laser beam. Com
sition of the metal vapor from the weld pool was determ
by condensing a portion of the vapor on the inner surfac
a both end open quartz tube, which was mounted pe
dicular to the sample surface and coaxial with the l
beam. The vapor composition was used to determine a
fective temperature of the weld pool for various weld
conditions. This technique is shown to be a useful metho
determine the approximate values of peak temperature
ing laser sport welding. However, peak temperature is
one of the factors in the understanding of alloying elem
vaporization during laser welding. Once the liquid p
forms, a strong spatial gradient of temperature exists o
surface. The resulting gradient of surface tension is the
driving force for the recirculating flow of molten metal in t
weld pool. In addition, the buoyancy force resulting from
spatial variation of density also contributes to the motio
the weld pool although to a much lesser extent than the
face tension gradient.1,13–15Because of the strong recircul
ing flow, the weld pool can be reasonably assumed to be
mixed and compositionally homogeneous. For a weld po

a known composition, the vaporization rates of various al-

© 2004 American Institute of Physics

 license or copyright, see http://jap.aip.org/jap/copyright.jsp

http://dx.doi.org/10.1063/1.1785868


pera
wer

d th
tion

d th
ele-

he
eld-
vely
.
also
inea

t
weld
join
pot
tudie
ved
oret
as-

sults
iste
ga-

s lo
obe
rans
ua-
wa
the

em-
ates
uted
ared
.

with

Na
ble
ade

ase
ere

and
an

ively

ield-
the

ual
ding,
ickel
the
ents

uid
ture

and
vely
the
ring

i-
the

d hy-
and

in re-
tem-
ulate
f the

al-
bulk
ent

nce

4548 J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 He, Fuerschbach, and DebRoy
loying elements are strongly affected by the surface tem
tures. In order to minimize the mass loss during high po
laser welding, it is necessary to quantitatively understan
role of various factors, such as the temperature distribu
on the surface, the weld metal chemical composition, an
weld surface area that affect vaporization of alloying
ments during laser assisted microjoining.

Numerical models have been used to understand the
transfer and fluid flow during both the linear and spot w
ing. These models have been widely utilized to quantitati
understand the thermal cycles and fusion zone geometry16–24

Results from the heat transfer and fluid flow study have
been used to study the weld phase composition in the l
welds,25–27 inclusion structures,28–30 grain structure,31–33 and
for the prevention of porosity in the welds.34 However, mos
of these studies were focused on the linear steady-state
and not on the very short duration laser assisted micro
ing. Although a limited number of investigations of s
welds have been undertaken in the past, time scales s
were much longer than the typical few milliseconds invol
in the laser spot welds. A detailed experimental and the
ical study of the alloy composition change during laser
sisted microjoining has not been undertaken.

In this paper, recent experimental and modeling re
of composition change in stainless steel during laser ass
microjoining are examined. Concentrations of iron, man
nese, chromium, and nickel were determined at variou
cations of the microjoint using the electron micropr
analysis. A transient, three-dimensional numerical heat t
fer and fluid flow model based on the solution of the eq
tions of conservation of mass, momentum, and energy
used to calculate the temperature and velocity fields in
weld pool as a function of time. Using the computed t
perature profiles as a function of time, the vaporization r
and the weld metal compositional changes are comp
Model predictions of compositional changes are comp
with the corresponding experimentally measured values

II. EXPERIMENTAL PROCEDURE

Specimens of 304 stainless steel were irradiated
Nd-YAG (Neodymium-yttrium aluminum garnet) laser
pulses of different power density and duration at Sandia
tional Laboratories. The alloy composition is given in Ta
I. Individual spot welds from a pulsed laser beam were m
on 3310317 mm EDM (Electrical Discharge Machining)
wire cut samples. A Raytheon SS 525 pulsed Nd:YAG l
was used for the experiments. The welding conditions w
varied by changing the input energy, pulse duration,
beam radius. The input energies of 2.1, 3.2, and 5.9 J
pulse durations of 3.0 and 4.0 ms were used, respect

TABLE I. Composition of 304 stainless steel.

Alloying
element Mn Cr Ni Si C P S Fe

wt % 1 18.1 8.6 0.69 0.046 0.012 0.003 bala
For each combination of input energy and pulse duration, the
various laser beam radius were obtained by defocusing th
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laser beam to different extents. Supplementary argon sh
ing was provided to reduce the oxide formation and for
protection of the lens during welding. Up to 15 individ
spot welds were made on each of the samples. After wel
the concentrations of iron, manganese, chromium and n
along the radial direction of the weld pool were traced by
electron microprobe. Because the other alloying elem
constitute less than 1 wt %, they were not recorded.

III. MATHEMATICAL MODELING

A. Transient temperature profiles

A numerical model to simulate heat transfer and fl
flow in the weld pool was used to calculate the tempera
and velocity fields in the weld pool during both heat
cooling. This transient model has been extensi
validated1,12,24,27,29,32,35–37and has been used to calculate
weld pool geometry, temperature, and velocity fields du
welding of pure iron,24,37 steel,1,8,11,12,29,35,36 aluminum
alloy,9 and titanium alloy32 under different welding cond
tions. Calculations were made for both the moving and
stationary heat sources and for the laser beam, arc, an
brid welding. The assumptions, the model framework,
the solution procedure have been described in details
cent papers1,35 and are not repeated here. The computed
perature fields as a function of time are then used to calc
the vaporization rates and the composition change o
alloying elements. The data used for the calculations38–42are
presented in Table II.

B. Vaporization due to concentration gradient

On the weld pool surface, the concentrations of the
loying elements in the vapor are higher than those in the
shielding gas. The diffusive vaporization flux of the elem
i, Jci, can be defined as

Jci = KgiSMi

aipi
0

RTl
− Ci

sD , s1d

TABLE II. Data used for calculations.

Property/Parameter Valuea

Density of liquid metalskg/m3d 7.23103

Absorption coefficient 0.27
Effective viscosityskg/m sd 0.1
Solidus temperaturesKd 1697
Liquidus temperaturesKd 1727
Enthalpy of solid at melting pointsJ/kgd 1.203106

Enthalpy of liquid at melting pointsJ/kgd 1.263106

Specific heat of solidsJ/kg Kd 711.8
Specific heat of liquidsJ/kg Kd 837.4
Thermal conductivity of solidsJ/m s Kd 19.26
Effective thermal conductivity of liquidsJ/m s Kd 209.3
Temperature coefficient of surface tensionsN/m Kd −0.43310−3

Coefficient of thermal expansion 1.96310−5

Diameter of nozzlesmd 0.006

aSee References 38–42.
e
whereMi is the molecular weight of the elementi ai, is the
activity of the elementi in the liquid metal,Pi

0 is the equi-
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librium vapor pressure of the elementi over its pure liquid,R
is the gas constant,Tl is the temperature on the weld po
surface and is obtained from the transient heat transfe
fluid flow model,Ci

s is the concentration of the elementi in
the shielding gas, andKgi is the mass transfer coefficient
the elementi between the weld pool surface and the shi
ing gas. Its value is calculated from the graphical resul
Schlunder and Gniclinski43 for a jet impinging on a fla
surface and can be expressed by

Kgi =
2Sc0.42Re0.5Di

d
S1 +

Re0.55

200
D0.5F0.483 − 0.108

r

d

+ 7.713 10−3S r

d
D2G , s2d

whereSc is the Schmidt number,Re is the Reynolds numb
at the nozzle exit,Di is the average diffusivity of the eleme
i in the shielding gas,d is the diameter of the shielding g
supply nozzle, andr is the radial distance on the weld po
surface.

C. Vaporization due to pressure gradient

During laser welding, the peak temperature reache
the weld pool surface often exceeds the boiling point of
alloy. As a result, the vapor pressure on the weld pool su
can be higher than the ambient pressure, and the exces
sure provides a driving force for the vapor to move a
from the surface. Therefore, the convective flux of the va
ized elements, driven by the excess pressure, is an imp
contributor to the overall vaporization flux.

On the weld pool surface, the molecules cannot trav
the negative direction, and as a consequence, the ve
distribution is half-Maxwellian. Close to the weld pool, th
exits a space of several mean-free-paths length, known
Knudsen layer, at the outer edge of which the velocity
tribution just reaches the equilibrium distribution. A port
of the vaporized material condenses on the liquid sur
The rate of the condensation was taken into account in
model.

The temperatureTv, the densityrv, the pressurePv, and
the mean velocityu of the vapor at the edge of the Knuds
layer can be related to the temperatureTl, density rl, and
pressurePl of the vapor on the liquid surface by treating
Knudsen layer as a gasdynamic discontinuity. Anisimov
Rakhmatulina44 and Knight45 derived expressions for the v
por temperature, density, velocity, and the extent of the
densation across the Knudsen layer by solving the equa
of conservation of mass, momentum, and translationa
netic energy. The derived jump conditions across the K
sen layer are given by

Tv

Tl
= FÎ1 + pSgv − 1

gv + 1

m

2
D2

− Îp
gv − 1

gv + 1

m

2
G2

, s3d

rv

rl
=ÎTl

Tv
FSm2 +

1

2
Dem2

− erfcsmd −
m
Îp

G

+

1

2

Tl

Tv
f1 −Îpmem2

− erfcsmdg, s4d
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b = Fs2m2 + 1d − mÎp
Tl

Tv
Gem2 rl

rv
ÎTl

Tv
, s5d

wherem=u/Î2RvTv, Rv=R/Mv, R is the gas constant,Mv is
the average molecular weight of the vapor,gv is the ratio o
specific heat of the vapor, which is treated as a monat
gas,erfc is the complimentary error function, andb is the
condensation factor. In order to solve these equation
additional equation is obtained by applying the Rank
Hugoniot relation46 to relate the pressure at the edge of
Knudsen layer to the ambient conditions

Pl

Pg

P2

Pl
= 1 +ggMGFgg + 1

4
MG +Î1 +Sgg + 1

4
MGD2G ,

s6d

wherePg andP2 are the pressures in front of and behind
wavefront, respectively,P2=Pv, gg is the ratio of the specifi

heats for the shielding gas,G=ÎgvRvTv /ÎggRgTg, andM is
the Mach number. The Mach numberM and the densityrv,
obtained by solving the previous equations, can be us
calculate the vaporization flux due to the pressure gra
on the weld pool surface corresponding to a local sur
temperatureTl

Jp = rvMS, s7d

whereS is the speed of sound in the vapor at temperaturTv.
Since the rate of the vaporization of an alloying eleme
proportional to its partial pressure over the weld pool,
vaporization flux of the elementi, Jpi, due to pressure grad
ent can be given by

Jpi = ai

Pi
0

Pl

Mi

Mv
Jp. s8d

A more detailed procedure for the calculation of the t
vaporization flux due to the pressure gradient is avai
elsewhere.8

D. Vaporization rate and composition change due to
vaporization

The total vaporization flux for the elementi is the sum o
the diffusion driven flux,Jci, and pressure driven vapor flu
Jpi, and can be given by

Ji = Jci + Jpi. s9d

The vaporization rate is obtained by integrating the
por flux over the entire weld pool surface. The vaporiza
rate of the elementi is given by

Gi =E E
s

Jidxdy, s10d
wheres indicates the weld pool surface; the weight loss of
the elementi can be calculated by

 license or copyright, see http://jap.aip.org/jap/copyright.jsp



the
d by
l

f
of
ool

tion
l is

lloy-
cal

cen
l

f the

h a
of

rbe
ms.

are
ding
the
f th
iling
tha

ides
ce.

eter
is th

nd
id-

d to
e
atur
nter
s a
the
and
ase

eat is

d the
the
rap-

ion.
uring
weld
ms
not

er is
onse-
out
l to
eak

nder
uid
ation

and
ture
ter-
ms

s
yond

on:

4550 J. Appl. Phys., Vol. 96, No. 8, 15 October 2004 He, Fuerschbach, and DebRoy
Dmi = o
t
E E

s

JiDtdxdy, s11d

whereDt is the time step. The initial weight percent of
elementi is chosen to be that of the base metal, indicate
Wbi. The weight percent of the elementi, Wi in the weld poo
can be calculated by

Wi =
VrWbi − Dmi

Vr − oi=1
n Dmi

3 100 % , s12d

whereV is the volume of the weld pool,r is the density o
the liquid metal, and the variablen indicates the number
elements in the vapor. The final composition in the weld p
is calculated by an interactive scheme. After each itera
the composition of the alloying elements in the weld poo
updated. Using the new values of composition of the a
ing elements, all the calculations are repeated until the
culated composition in the weld pool converges. The con
tration change of the elementi is the difference of the fina
weight percent in the weld pool and the weight percent o
elementi in the base metal,

DWi = Wi − Wbi. s13d

IV. RESULTS AND DISCUSSION

When very high power density energy sources, suc
laser and electron beams, are irradiated on the surface
solid alloy target, the substrate is heated by the abso
energy rapidly, the alloy melts, and a liquid weld pool for
At this stage, the concentrations of the metal vapors
higher near the weld pool surface than in the bulk shiel
gas. The vapor flux is driven mainly by the diffusion in
gas phase outside the liquid pool. As the temperature o
liquid pool continues to increase and reaches its bo
point, the pressures on the weld pool surface are higher
the ambient pressure, and the excess pressure prov
driving force for the vapor to move away from the surfa
The temperature distribution at the weld pool surface d
mines whether a concentration or a pressure gradient
main driving force for the vaporization.

A. Computed temperature fields and weld pool
geometry

Figures 1(a)–1(c) show the computed temperature a
velocity fields at 1, 2, and 3 ms, respectively. The liqu
metal motion is driven mainly by the Marangoni force an
a much lower extent by the buoyancy force.1 Because th
surface tension decreases with the increase in temper
the Marangoni force drives the liquid metal from the ce
to the periphery at the top surface of the weld pool. A
result, the weld pool becomes wide and shallow. During
heating by the laser beam, the weld pool grows in size
the temperatures and velocity of the liquid metal incre
with time. The maximum velocity of the liquid along thex

direction in the weld pool is 0.91 m/s. Using this value of
velocity, the Peclet number for the heat transfer, Pe, is found

Downloaded 14 Oct 2004 to 128.118.89.198. Redistribution subject to AIP
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to be 9.50. Because this value is much greater than 1, h
transported mainly by convection within the weld pool.

Figure 2 shows the computed peak temperature an
volume of the weld pool as a function of time. During
initial period of about 1 ms, the temperature increases
idly and then grows slowly until the end of pulse durat
As a consequence, most of the vaporization occurs d
the last 2 ms. Unlike the temperature, the volume of the
pool increases almost linearly with time for the entire 3
period. This result clearly shows that a steady state is
reached for the entire duration of the pulse. After the las
switched off, the temperature decreases rapidly and c
quently, the weld pool shrinks with time. It takes ab
1.2 ms after the power is switched off for the weld poo
solidify completely. The computed results show that the p
temperature can exceed the boiling point of the alloy. U
this condition, the equilibrium vapor pressure on the liq
surface is higher than one atmosphere, and the vaporiz
is mainly driven by the pressure gradient.

The effect of power density on the peak temperature
weld pool volume is shown in Fig. 3. The peak tempera
in this figure is computed at the end of the pulse. It is in
esting to note that the weld pool volume at the end of 3
does not increase significantly above 2000 W/mm2, wherea
the peak temperature increases continuously even be

FIG. 1. Computed temperature and velocity fields at different times:(a) t
=1 ms,(b) t=2 ms, and(c) t=3 ms. Laser power: 1067 W, pulse durati
3 ms, and spot radius: 0.26 mm.
this power density. Clearly, the weld pool volume is limited
by the rate of heat transfer in the solid region above
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2000 W/mm2, whereas the deposition of higher power d
sity locally does increase the peak temperature.

B. Vaporization rate

Because the weld pool surface temperatures reach
high values, pronounced vaporization of the alloying

FIG. 2. (a) Computed peak temperature and(b) volume of the weld pool a
a function of time. Laser power: 1067 W, pulse duration: 3 ms, and b
radius: 0.26 mm.

FIG. 3. Effects of laser power density on(a) the computed peak temperat

pulse and(b) the computed volume of the weld pool. Laser power: 1067 W,
and duration: 3 ms.

Downloaded 14 Oct 2004 to 128.118.89.198. Redistribution subject to AIP
y

ments takes place during laser spot welding. The Lang
equation is often used to calculate the vaporization flux
cause of its simplicity47

Ji =
Pi

Î2pMiRT
, s14d

wherePi is the vapor pressure over the alloy,Mi is the mo-
lecular weight of the speciesi, R is the gas constant, andT is
the temperature. However, the Langmuir equation is acc
only at very low pressures, where significant condensatio
the vapor does not take place. As a result, when weldi
conducted at 1 atm, Eq.(14) predicts a much higher vapo
ization flux than the actual. The equilibrium vapor press
of the various alloying elements over the respective
liquids, necessary to calculate the vaporization flux, are
sented in Table III.48–51 Assuming that the alloy is ideal
high temperatures, the equilibrium vapor pressures o
various species over the alloy can be expressed as

Pi = XiPi
0, s15d

whereXi is the mole fraction of the elementi in the alloy and
Pi

0 is the equilibrium vapor pressure of the elementi over the
pure liquid. The computed vapor pressures of alloying
ments over the pure liquids and over 304 stainless ste
various temperatures are shown in Fig. 4. It can be seen
Fig. 4(a) that in the entire temperature range, the vapor p
sure of manganese over its pure liquid is the highest. H
ever, its vapor pressure over the alloy is lower than thos
iron and chromium, as observed from Fig. 4(b). This behav
ior is consistent with the fact that manganese only acco
for 1.0 wt% in 304 stainless steel whereas iron and c
mium are present at 72.3 and 18.1 wt%, respectively.

Figure 5 shows that computed temperature distribu
and total vapor fluxes on the weld pool surface after 3.0
calculated by the model and the Langmuir equation. Bec
the vapor pressure of all the alloying elements are st
functions of temperature(as shown in Fig. 4), both distribu
tion patterns of the vapor fluxes are similar to the sur
temperature profiles. From Fig. 5(a), the peak temperatu
near the weld center of the beam-workpiece interaction
exceeds the boiling point of the alloy. As a result, the va
ization here is predominantly driven by the pressure grad
Most of the vaporization from the weld pool surface occ
from this active region. The diameter of this region is

TABLE III. Vapor pressure of different elements as a function of temp
ture.

Elements The equilibrium vapor pressuresa over pure liquidsatmd

Fe logsP03760d=11.5549−1.95383104/T−0.62549 log T
−2.7182310−9 T+1.9086310−13 T2

Mn logsP031.0133105d=−5.58310−4 T−1.503310−4/T
+12.609

Cr logsP031.0133105d=−13.5053103/T+33.658 log T
−9.29310−3 T+8.381310−7 T2−87.077

Ni log P0=6.666−20765/T

aSee Reference. 48–51.
proximately 0.2 mm, as can be observed from Fig. 5(b). This
dimension is comparable but somewhat smaller than the
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laser-beam diameter of 0.52 mm. The vaporization flux
side this region is much lower because it is driven mainl
the concentration gradient. Figure 5 also shows that th
por flux calculated by the Langmuir equation in 5(c) is
higher than that computed by the model in 5(b). At higher
temperatures, the vapor flux calculated by the Lang
equation is twice as much as that computed by the mode
lower temperatures, the difference is much more signific
The vapor flux calculated by the Langmuir equation is 7
times as much as that computed by the model.

Figure 6 shows the variation of the vaporization ra
with time as calculated by the model and the Langmuir e
tion. It can be seen that the vaporization rates of the con
ent alloying elements increase with time. At the end of p
cycle, vaporization rates decrease suddenly and the vap
tion of the alloying elements stops. The time-dependen
porization rate is determined by the changes in the tem
ture distribution at the surface of the weld pool as show
Figs. 1 and 2(a). From Fig. 6, it can be also seen that iron
the main vaporizing species, followed by chromium
manganese. Although manganese has the highest vapo
sure over its pure liquid, its low equilibrium vapor press

FIG. 4. Equilibrium vapor pressures of the various alloying element(a)
over respective pure liquids and(b) over 304 stainless steel as a function
temperature.
over the alloy results in a lower vaporization rate than either
iron or chromium.

Downloaded 14 Oct 2004 to 128.118.89.198. Redistribution subject to AIP
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C. Composition change

Figure 7 shows the typical concentration profiles of
Cr, Ni, and Mn after laser spot welding of 304 stainless s
determined by the electron microprobe analysis. It is
served that the concentrations of the constituent eleme
the fusion zone are different from those in the base m
The concentrations of manganese and chromium in the
pool are lower than those in the base metal because o
porization. In contrast, the concentrations of iron and ni
in the fusion zone are higher than those in the base m
and these results need some discussion. Although the
mass of iron and nickel in the weld pool is lower than th
before the welding, the total mass of the weld pool has
creased at a higher proportion because of the loss of m
nese, chromium, iron, and nickel. As a result, the conce
tions of iron and nickel in the fusion zone are higher t
those in the base metal because of the loss of mangane
chromium. Although this behavior may appear counterin
tive, it is consistent with Eq.(12).

The computed changes in the concentrations of the
stituent alloying elements, as a function of time, are sh
in Fig. 8(a). In the first millisecond, the concentration cha
of the alloying elements is small due to the low tempera
After that, the vaporization rate increases due to increa
temperature, and as a result, the concentrations of all
elements significantly increase with time. It can be seen

FIG. 5. Distribution of temperature and the total vapor flux on the weld
surface after 3 ms. Laser power: 1067 W, pulse duration: 3 ms, and
radius: 0.26 mm.
the concentrations of manganese and chromium decrease,
whereas those of iron and nickel increase due to the laser
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FIG. 7. Concentration profiles of the various alloying elements traced by
electron microprobe after the laser spot welding. Laser power: 1067 W,
pulse duration 3 ms, and beam radius: 0.325 mm.

as a
eam
spot welding. This behavior is similar to the experime
results presented in Fig. 7. Figure 8(b) shows that the chang
in the concentration becomes more pronounced with th
crease in the laser power density, resulting from higher
peratures. At the highest laser power density, the abs
values of the concentration changes of iron and chrom
are 0.327 and 0.375 wt%, respectively, which are higher
the composition changes of nickel and manganese. Th
mainly due to the high concentrations of iron and chrom
in the weld metal.

The comparison between the experimental and comp
concentration changes of the various alloying elemen
shown in Fig. 9. The fair agreement between the experim
tal and the computed concentration changes of manga
as a function of power density, can be seen in Fig. 10
experiments, several electron microprobe traces were
for each sample. From Eq.(12), the final concentration
affected by two factors: the volume of the weld pool and
total weight loss. As the laser power density increases,
the volume and the total weight loss increase. As a resul
change of concentration with laser power density is

FIG. 6. Change of vaporization rates of the four alloying elements with
calculated by(a) the model and(b) the Langmuir equation. Laser pow
1067 W, pulse duration: 3 ms, and beam radius: 0.26 mm.

J. Appl. Phys., Vol. 96, No. 8, 15 October 2004
monotonic. Depending on how the rates of total weight loss
and volume change with power density, the value of the con
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-
-
e

s

d

-
e,

e

h
eFIG. 8. (a) Concentration change of the various alloying elements
function of time. Laser power: 1067 W, pulse duration 3 ms, and b
-

radius: 0.225 mm;(b) Concentration change of the various alloying ele-
ments as a function of power density. Laser power: 1067 W and pulse du-
ration: 3 ms.
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centration change either increases or decreases. Becau
concentration change of the alloying elements has effec
the mechanical or corrosion properties of the alloys, the
cessful prediction of the composition change by the mod
helpful to understand how these properties are affecte
laser spot welding.

V. SUMMARY AND CONCLUSIONS

A comprehensive model to calculate the temperature
vaporization rates of the alloying elements, and the w
metal composition change during laser microjoining w
200 mm deep spot welds of 304 stainless steel, taking
account both the vaporization and condensation, was d
oped. During laser spot welding, the peak temperatures
the volume of the weld pool increased with time and la
power density. At high power densities, the computed
peratures on the weld pool surface were found to be h
than the boiling point of 304 stainless steel. As a re
vaporization of the alloying elements resulted from both
pressure and the concentration gradients. The vaporiz
rates and concentration changes of the constituent allo
elements were predicted by the model. The calcula
show that the concentrations of manganese and chro
decreased, whereas the concentrations of iron and nick
creased owing to welding. The composition change pred
by the model was in fair agreement with the correspon
experimental results for spot welds of a few millisecond
ration and a few hundred micrometer depth.

FIG. 9. Comparison between the calculated and the experimentally
mined composition change of 304 stainless steel. Laser power: 10
pulse duration: 3 ms, and beam radius: 0.225 mm.
FIG. 10. Experimental and calculated concentration change of manganese
a function of power density. Pulse duration: 3 ms.
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