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Composition change of stainless steel during microjoining with short
laser pulse
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Weld metal composition change in 2@0n 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

I. INTRODUCTION significantly with time. As a result of these difficulties, very
little information is available in the literature about measure-
The joining of very small metallic components is often ment of important variables, such as the temperature field,
accomplished with short laser pulses of only a few millisec-during microjoining.
onds duration. The laser microjoining is characterized by its  |n a recent paper in this joum}jﬁ,an experimental tech-
small length scale, fairly short duration, highly transient na-nique was proposed to determine an approximate value of
ture, and very high heating and cooling rat@&ecause of the  the peak temperature in the weld pool from the vapor com-
high power density used, the weld metal is rapidly heated tgosition during irradiation by a pulsed laser beam. Compo-
very high temperatures, and as a consequence, significagition of the metal vapor from the weld pool was determined
vaporization of volatile alloying elements often takes placeby condensing a portion of the vapor on the inner surface of
from the weld pool surfac&." Previous work on linear laser a hoth end open quartz tube, which was mounted perpen-
welds has shown that the composition of many importantiicular to the sample surface and coaxial with the laser
industrial alloys can change significantly owing to selectivebeam. The vapor composition was used to determine an ef-
vaporization of alloying elements. The composition changefective temperature of the weld pool for various welding
in turn, can lead to significant changes in the microstructurgonditions. This technique is shown to be a useful method to
and degradation of the mechanical and corrosion propertiegetermine the approximate values of peak temperature dur-
of the welds. ing laser sport welding. However, peak temperature is only
The vaporization of the alloying elements during micro- one of the factors in the understanding of alloying element
joining is different from that during linear welding in several vaporization during laser welding. Once the liquid pool
ways. First, the evaporation rate is strongly time dependerforms, a strong spatial gradient of temperature exists on its
i.e., the rate is negligible at the initiation of the pulse andsuyrface. The resulting gradient of surface tension is the main
gradually increases owing to the increase in temperatureyriving force for the recirculating flow of molten metal in the
Second, because of the short duration of the laser pulse, thgeld pool. In addition, the buoyancy force resulting from the
experimental determination of temperature and velocityspatial variation of density also contributes to the motion of
fields is difficult and remains both an important goal and athe weld pool although to a much lesser extent than the sur-
majOI’ Cha"enge in the field. Th|rd, although both the SurfaCQace tension gradieﬁﬂ':g_lSBecause Of the Strong recirculat-
area and the volume of the weld pool are small, they changgg flow, the weld pool can be reasonably assumed to be well
mixed and compositionally homogeneous. For a weld pool of
¥Electronic mail: debroy@psu.edu a known composition, the vaporization rates of various al-
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TABLE I. Composition of 304 stainless steel. TABLE II. Data used for calculations.
Alloying Property/Parameter Valtie
element Mn Cr Ni Si C P S Fe
Density of liquid metal(kg/m?) 7.2x1C°
wt % 1 181 86 0.69 0.046 0.012 0.003 balance Absorption coefficient 0.27
Effective viscosity(kg/m 9 0.1
Solidus temperaturék) 1697
loying elements are strongly affected by the surface tempera-Liquidus temperaturék) 1727
tures. In order to minimize the mass loss during high power Enthalpy of solid at melting pointd/kg 1.20x 10°
laser welding, it is necessary to quantitatively understand the Enthalpy of liquid at melting pointJ/kg 1.26X 10°

Specific heat of solidJ/kg K) 711.8
Specific heat of liquidJ/kg K) 837.4
Thermal conductivity of solidJ/m s K 19.26

role of various factors, such as the temperature distribution
on the surface, the weld metal chemical composition, and the
weld surface area that affect vaporization of alloying ele-

. . L Effective thermal conductivity of liquidJ/m s K 209.3
ments durmg laser assisted microjoining. Temperature coefficient of surface tensidt/m K) -0.43x 1073
Numerical models have been used to understand the heagegiicient of thermal expansion 1.96.0°5
transfer and fluid flow during both the linear and spot weld- pjameter of nozzlgm) 0.006

ing. These models have been widely utilized to quantitativel\,'aS oo 3642
understand the thermal cycles and fusion zone georfigfy. =€ oo onees S5

Results from the heat transfer and fluid flow study have also

been used to study the weld phase composition in the lined@Ser beam to different extents. Supplementary argon shield-

welds?>?inclusion structure€ grain structuré’and ing was provided to reduce the oxide formation and for the

for the prevention of porosity in the weld$However, most protection of the lens during welding. Up to 15 individugl
of these studies were focused on the linear steady-state wel§BOt Welds were made on each of the samples. After welding,
and not on the very short duration laser assisted microjoint€ concentrations of iron, manganese, chromium and nickel
ing. Although a limited number of investigations of spot along the rgdlal direction of the weld pool were t.raced by the
welds have been undertaken in the past, time scales studi€{ctron microprobe. Because the other alloying elements
were much longer than the typical few milliseconds involvedconstitute less than 1 wt %, they were not recorded.
in the laser spot welds. A detailed experimental and theoret-
ical study of the alloy composition change during laser as!!l. MATHEMATICAL MODELING
sisted microjoining has not been undertaken. A. Transient temperature profiles

In this paper, recent experimental and modeling results ) . ]
of composition change in stainless steel during laser assisted A numerical model to simulate heat transfer and fluid
microjoining are examined. Concentrations of iron, mangaflow in the weld pool was used to calculate the temperature
nese, chromium, and nickel were determined at various lo@"d velocity fields in the weld pool during both heat and
cations of the microjoint using the electron microprobec00ling. szg'fﬂ fransient model has been extensively
analysis. A transient, three-dimensional numerical heat trandalidated 42725255 4nd has been used to calculate the
fer and fluid flow model based on the solution of the equa\Veld pool geometry, teTg’fraturel'85112‘?2‘993'3%%? fields during
tions of conservation of mass, momentum, and energy Wa‘é"’Z‘ld'g‘g of pure irorf,””" steel,™ === aluminum
used to calculate the temperature and velocity fields in th&/loy,” and titanium allof” under different welding condi-
weld pool as a function of time. Using the computed tem_tlonfs. Calculations were made for both the moving and the
perature profiles as a function of time, the vaporization rate§tationary heat sources and for the laser beam, arc, and hy-
and the weld metal compositional changes are compute@.“d welding. The assumptions, the model framework, and

Model predictions of compositional changes are compareéhe solutioﬂr;asprocedure have been described in details in re-
with the corresponding experimentally measured values. C€nt papers™and are not repeated here. The computed tem-
perature fields as a function of time are then used to calculate

Il. EXPERIMENTAL PROCEDURE the vaporization rates and the composition change of the

alloying elements. The data used for the calculafitiiéare
Specimens of 304 stainless steel were irradiated withhresented in Table II.

Nd-YAG (Neodymium-yttrium aluminum garnetlaser
pulses of differe_nt power density and quation at Sqndia Nag vaporization due to concentration gradient
tional Laboratories. The alloy composition is given in Table )
I. Individual spot welds from a pulsed laser beam were made ~©On the weld pool surface, the concentrations of the al-
on 3% 10X 17 mm EDM (Electrical Discharge Machining loying elements in the vapor are higher than those in the bulk
wire cut samples. A Raytheon SS 525 pulsed Nd: YAG laseghielding gas. The diffusive vaporization flux of the element
was used for the experiments. The welding conditions weré Ji» €an be defined as
varied by changing the input energy, pulse duration, and ( aipio S)
C’l,

beam radius. The input energies of 2.1, 3.2, and 5.9 J and J¢i = Kgi\| Mi—— - (1)
; : RT,

pulse durations of 3.0 and 4.0 ms were used, respectively.

For each combination of input energy and pulse duration, thevhereM; is the molecular weight of the elemeing;, is the

various laser beam radius were obtained by defocusing thectivity of the element in the liquid metal,P? is the equi-
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librium vapor pressure of the elemérdver its pure liquidR T | 2; [T
is the gas constant is the temperature on the weld pool ~ B=| (2P +1)-m & N1 (5)
surface and is obtained from the transient heat transfer and v Po v
: o : >

fluid flgw rnodeI,Ci is thg concentration of the elemgnm wherem=u/\2R.T,, R,=R/M,, R is the gas constankl, is

the shielding gas, anld; is the mass transfer Coeff|C|ent_ of the average molecular weight of the vapgy,is the ratio of

the element between the weld pool surface and the shield-gecific heat of the vapor, which is treated as a monatomic
ing gas. lts value is calculated from the graphical results ofag erfc is the complimentary error function, anglis the
Schiunder and Gniclinski” for a jet impinging on a flat  congensation factor. In order to solve these equations, an

surface and can be expressed by additional equation is obtained by applying the Rankine-
2SO RED; R-55\05 r Hugoniot relatiof® to relate the pressure at the edge of the
gi~ 1+ 0.483-0.108 Knudsen layer to the ambient conditions
d 200 d
r\? 2
+7.71% 1or3<—) , ) LR Y W—lmrﬂ/u(%*—lw) ,
d Py P g 4 4
whereScis the Schmidt numbeReis the Reynolds number (6)

at the nozzle exitD; is the average diffusivity of the element _ .
i in the shielding gasd is the diameter of the shielding gas WherePg andP; are the pressures in front of and behind the
supply nozzle, and is the radial distance on the weld pool Wavefront, respectively,=P,, y, is the ratio of the specific

surface. heats for the shielding gab=\y,R,T,/\y,RsTg andM is
the Mach number. The Mach numbkgr and the density,),
C. Vaporization due to pressure gradient obtained by solving the previous equations, can be used to

calculate the vaporization flux due to the pressure gradient

During laser welding, the peak tempergt_ure regched %Bn the weld pool surface corresponding to a local surface
the weld pool surface often exceeds the boiling point of thetemperature‘l’
|

alloy. As a result, the vapor pressure on the weld pool surface
can be higher than the ambient pressure, and the excess pres- j _ p,MS 7)
sure provides a driving force for the vapor to move away P

from the surface. Therefore, the convective flux of the vaporyhereSis the speed of sound in the vapor at temperafijre
ized elements, driven by the excess pressure, is an importagince the rate of the vaporization of an alloying element is
contributor to the overall vaporization flux. proportional to its partial pressure over the weld pool, the

On the weld pool surface, the molecules cannot travel inaporization flux of the elemeiit J,,, due to pressure gradi-
the negative direction, and as a consequence, the veloCight can be given by

distribution is half-Maxwellian. Close to the weld pool, there
exits a space of several mean-free-paths length, known as the pio M,
Knudsen layer, at the outer edge of which the velocity dis-  Jpi :aiFM_Jp- (8)
tribution just reaches the equilibrium distribution. A portion e
of the vaporized material condenses on the liquid surface. A more detailed procedure for the calculation of the total
The rate of the condensation was taken into account in thgaporization flux due to the pressure gradient is available
model. elsewheré.

The temperaturd,, the densityp,, the pressur®,, and
the mean velocity of the vapor at the edge of the Knudsen
layer can be related to the te'_“P,efatffﬁe density p;, gnd D. Vaporization rate and composition change due to
pressureP, of the vapor on the liquid surface by treating the yaporization
Knudsen layer as a gasdynamic discontinuity. Anisimov and o N
Rakhmatulin&* and Knight® derived expressions for the va-  The total vaporization flux for the elemeiris the sum of
por temperature, density, velocity, and the extent of the conthe diffusion driven flux,J;, and pressure driven vapor flux,
densation across the Knudsen layer by solving the equationi» @nd can be given by
of conservation of mass, momentum, and translational ki-

netic energy. The derived jump conditions across the Knud- = Jei + Jpi- ©)
sen layer are given by The vaporization rate is obtained by integrating the va-
T yo-1m\2  —y—-1m 2 por flux over the entire weld pool surface. The vaporization
Tv = \/1 <U—+15> -t 12" (3)  rate of the elemenitis given by
| Yo Yo

e \/isz*})emz‘erfo(m)—ﬂr] © =f f ey (10
T 2 N s

P v

1T — indi . i
+ __I[l _ \e'qrmé“z— erfe(m)], (@) wheres indicates the weld pool surface; the weight loss of
T the element can be calculated by

v
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Am=> f f JAtdxdy, (12)
t

where At is the time step. The initial weight percent of the
element is chosen to be that of the base metal, indicated by
W,;. The weight percent of the eleméantV, in the weld pool
can be calculated by

_ Vpri - Ami

= —o s 100%, (12)
Vp - Ei:lAmi

whereV is the volume of the weld poop is the density of
the liquid metal, and the variable indicates the number of
elements in the vapor. The final composition in the weld pool
is calculated by an interactive scheme. After each iteration,
the composition of the alloying elements in the weld pool is
updated. Using the new values of composition of the alloy-
ing elements, all the calculations are repeated until the cal-
culated composition in the weld pool converges. The concen-
tration change of the elemenis the difference of the final
weight percent in the weld pool and the weight percent of the
element in the base metal,

AW, =W, = Wh;. (13

IV. RESULTS AND DISCUSSION

When very high power density energy sources, such as
laser and electron beams, are irradiated on the surface OfFéG. 1. Computed temperature and velocity fields at different tir(@st_
solid aIon_target, the substrate is h_eat_ed by the absorbe?ilmzséf:c)] ;ﬁtn:;c’]iﬂf{gztg ?nms Laser power: 1067 W, pulse duration:
energy rapidly, the alloy melts, and a liquid weld pool forms.
At this stage, the concentrations of the metal vapors are
higher near the weld pool surface than in the bulk shieldingo be 9.50. Because this value is much greater than 1, heat is
gas. The vapor flux is driven mainly by the diffusion in the transported mainly by convection within the weld pool.
gas phase outside the liquid pool. As the temperature of the Figure 2 shows the computed peak temperature and the
liquid pool continues to increase and reaches its boilingzolume of the weld pool as a function of time. During the
point, the pressures on the weld pool surface are higher thanitial period of about 1 ms, the temperature increases rap-
the ambient pressure, and the excess pressure providesidly and then grows slowly until the end of pulse duration.
driving force for the vapor to move away from the surface.As a consequence, most of the vaporization occurs during
The temperature distribution at the weld pool surface deterthe last 2 ms. Unlike the temperature, the volume of the weld
mines whether a concentration or a pressure gradient is thgool increases almost linearly with time for the entire 3 ms
main driving force for the vaporization. period. This result clearly shows that a steady state is not
reached for the entire duration of the pulse. After the laser is
. switched off, the temperature decreases rapidly and conse-
A. Computed temperature fields and weld pool quently, the weld pool shrinks with time. It takes about
geometry 1.2 ms after the power is switched off for the weld pool to
Figures 1a)-1(c) show the computed temperature andsolidify completely. The computed results show that the peak
velocity fields at 1, 2, and 3 ms, respectively. The liquid-temperature can exceed the boiling point of the alloy. Under
metal motion is driven mainly by the Marangoni force and tothis condition, the equilibrium vapor pressure on the liquid
a much lower extent by the buoyancy forc®8ecause the surface is higher than one atmosphere, and the vaporization
surface tension decreases with the increase in temperatutie,mainly driven by the pressure gradient.
the Marangoni force drives the liquid metal from the center ~ The effect of power density on the peak temperature and
to the periphery at the top surface of the weld pool. As aweld pool volume is shown in Fig. 3. The peak temperature
result, the weld pool becomes wide and shallow. During then this figure is computed at the end of the pulse. It is inter-
heating by the laser beam, the weld pool grows in size anésting to note that the weld pool volume at the end of 3 ms
the temperatures and velocity of the liquid metal increaseloes not increase significantly above 2000 W /Aywhereas
with time. The maximum velocity of the liquid along the the peak temperature increases continuously even beyond
direction in the weld pool is 0.91 m/s. Using this value of this power density. Clearly, the weld pool volume is limited
velocity, the Peclet number for the heat transfer, Pe, is fountly the rate of heat transfer in the solid region above
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3500 TABLE Ill. Vapor pressure of different elements as a function of tempera-
g F (@) ture.
> 3000
E [ Elements The equilibrium vapor pressireser pure liquid(atm)
s _
g 2500 - Fe log P°x 760 =11.5549-1.953& 10*/T-0.62549 log T
g -2.7182<10°° T+1.9086x 10713 T2
€ 2000 Mn log(P°x 1.013x 10°)=-5.58x 10 T-1.503x 10°4/T
g Liquidus temperature +12.609
~ cr log(P°x 1.013% 10°)=-13.505< 10*/ T+33.658 log T
L Y S — -9.29x 103 T+8.381x 107 T?-87.077
Times (ms) Ni log P°=6.666-20765/T
o 004 “See Reference. 48-51.
E r (b)
= 003 ments takes place during laser spot welding. The Langmuir
[ r . . . .
£ - equation is often used to calculate the vaporization flux be-
2 o02f cause of its simplicit§/
i i y=— (14)
@ 0.01 | =,
g ; V2mMRT
=
I [ . .
> oL L L L L L . whereP; is the vapor pressure over the alldy; is the mo-

lecular weight of the specigsR is the gas constant, aridis
the temperature. However, the Langmuir equation is accurate
FIG. 2. (a) Computed peak temperature afii volume of the weld pool as  only at very low pressures, where significant condensation of
a fqnction of time. Laser power: 1067 W, pulse duration: 3 ms, and beanipa vapor does not take place. As a result, when welding is
radius: 0.26 mm. conducted at 1 atm, E@l4) predicts a much higher vapor-
ization flux than the actual. The equilibrium vapor pressures
2000 W/mn#, whereas the deposition of higher power den-of the various alloying elements over the respective pure
sity locally does increase the peak temperature. liguids, necessary to calculate the vaporization flux, are pre-
sented in Table 185! Assuming that the alloy is ideal at
high temperatures, the equilibrium vapor pressures of the
B. Vaporization rate various species over the alloy can be expressed as

Times (ms)

Because the weld pool surface temperatures reach fairly Pi=XP/, (15

high values, pronounced vaporization of the alloying el herex. is the mole fraction of the elementn the alloy and

P is the equilibrium vapor pressure of the elemeater the
3600 pure liquid. The computed vapor pressures of alloying ele-
@ ments over the pure liquids and over 304 stainless steel at
various temperatures are shown in Fig. 4. It can be seen from
Fig. 4(a) that in the entire temperature range, the vapor pres-
sure of manganese over its pure liquid is the highest. How-
ever, its vapor pressure over the alloy is lower than those of
iron and chromium, as observed from Figby This behav-
ior is consistent with the fact that manganese only accounts

2700

Peak Temperature (K)
g
o
T T

PR RN EN T U BT N S S RS N A A0 AT A I A S

240%00 2000 3000 4000 5000 6000 7000 for 1.0 wt% in 304 stainless steel whereas iron and chro-
Power Density (W/mm®) mium are present at 72.3 and 18.1 wt%, respectively.
A Figure 5 shows that computed temperature distribution
g 003¢ ® and total vapor fluxes on the weld pool surface after 3.0 ms
§ 0.028F calculated by the model and the Langmuir equation. Because
3 : the vapor pressure of all the alloying elements are strong
-9 u . A . ..
g 0.026¢ functions of temperaturés shown in Fig. % both distribu-
§ 0.02aF tion patterns of the vapor fluxes are similar to the surface
s : temperature profiles. From Fig(&, the peak temperature
°§' 0.022f near the weld center of the beam-workpiece interaction zone
E 002 exceeds the boiling point of the alloy. As a result, the vapor-
1000 2000 3000 4000 5000 6000 7000 ization here is predominantly driven by the pressure gradient.

Power Density (W/mm’) Most of the vaporization from the weld pool surface occurs

FIG. 3. Effects of laser power density ¢& the computed peak temperature from this active region. The diameter of this region is ap-

pulse andb) the computed volume of the weld pool. Laser power: 1067 W, p.roximalltely.O.Z mm, as can be observed from Fig) 5This
and duration: 3 ms. dimension is comparable but somewhat smaller than the
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> 4 M FIG. 5. Distribution of temperature and the total vapor flux on the weld pool
0 T T e TeTI TR TR R weve e v AT . ion:
D500 Hane a0 0400 2700 3000 3300 surface after 3 ms. Laser power: 1067 W, pulse duration: 3 ms, and beam

radius: 0.26 mm.
Temperature (K)

FIG. 4. Equilibrium vapor pressures of the various alloying elemémts C. Composition change
over respective pure liquids ark) over 304 stainless steel as a function of . . . )
temperature. Figure 7 shows the typical concentration profiles of Fe,

Cr, Ni, and Mn after laser spot welding of 304 stainless steel

determined by the electron microprobe analysis. It is ob-
laser-beam diameter of 0.52 mm. The vaporization flux outseryed that the concentrations of the constituent elements in
side this region is much lower because it is driven mainly bythe fusion zone are different from those in the base metal.
the concentration gradient. Figure 5 also shows that the varhe concentrations of manganese and chromium in the weld
por flux calculated by the Langmuir equation ifcbis  pool are lower than those in the base metal because of va-
higher than that computed by the model ib At higher  porization. In contrast, the concentrations of iron and nickel
temperatures, the vapor flux calculated by the Langmuiin the fusion zone are higher than those in the base metal,
equation is twice as much as that computed by the model. Adnd these results need some discussion. Although the total
lower temperatures, the difference is much more significantmass of iron and nickel in the weld pool is lower than those
The vapor flux calculated by the Langmuir equation is 7-7%efore the welding, the total mass of the weld pool has de-
times as much as that computed by the model. creased at a higher proportion because of the loss of manga-

Figure 6 shows the variation of the vaporization ratesnese, chromium, iron, and nickel. As a result, the concentra-

with time as calculated by the model and the Langmuir equations of iron and nickel in the fusion zone are higher than
tion. It can be seen that the vaporization rates of the constituthose in the base metal because of the loss of manganese and
ent alloying elements increase with time. At the end of pulsechromium. Although this behavior may appear counterintui-
cycle, vaporization rates decrease suddenly and the vaporizgive, it is consistent with Eq(12).
tion of the alloying elements stops. The time-dependent va- The computed changes in the concentrations of the con-
porization rate is determined by the changes in the temperatituent alloying elements, as a function of time, are shown
ture distribution at the surface of the weld pool as shown inin Fig. §a). In the first millisecond, the concentration change
Figs. 1 and 2a). From Fig. 6, it can be also seen that iron is of the alloying elements is small due to the low temperature.
the main vaporizing species, followed by chromium andAfter that, the vaporization rate increases due to increase in
manganese. Although manganese has the highest vapor présmperature, and as a result, the concentrations of alloying
sure over its pure liquid, its low equilibrium vapor pressureelements significantly increase with time. It can be seen that
over the alloy results in a lower vaporization rate than eithethe concentrations of manganese and chromium decrease,
iron or chromium. whereas those of iron and nickel increase due to the laser
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15 [ total

Fe

Vaporization Rate (mg/s)
)

Vaporization Rate (mg/s)

Time (ms)

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

spot welding. This behavior is similar to the experimental
results presented in Fig. 7. Figuré8shows that the change

in the concentration becomes more pronounced with the in-
crease in the laser power density, resulting from higher tem-
peratures. At the highest laser power density, the absolute
values of the concentration changes of iron and chromium
are 0.327 and 0.375 wt%, respectively, which are higher than
the composition changes of nickel and manganese. This is
mainly due to the high concentrations of iron and chromium
in the weld metal.

The comparison between the experimental and computed
concentration changes of the various alloying elements is
shown in Fig. 9. The fair agreement between the experimen-
tal and the computed concentration changes of manganese,
as a function of power density, can be seen in Fig. 10. In
experiments, several electron microprobe traces were made
for each sample. From E@12), the final concentration is
affected by two factors: the volume of the weld pool and the
total weight loss. As the laser power density increases, both

Concentration Change (wt %)

Concentration Change (wt %)

Concentration (wt %)

He, Fuerschbach, and DebRoy 4553

Base metal| Weld pool | Base metal |

Cr

W Ni

8 04 0 04 08
Distance (mm)

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.

_0.4.....|....|....|....|....|....
0 0.5 1 1.5 2 25 3

Time (ms)
0.5
(b)

—6—Fe
03} —h— Mn

—*—Cr
01| Ni
01|
0.3
_0'5 1 1 1 1 1

1000 2000 3000 4000 5000 6000 7000
Power Density (W/mm2)

the volume and the total weight loss increase. As a result, thBIG. 8. (a) Concentration change of the various alloying elements as a
change of concentration with laser power density is nc){unction of time. Laser power: 1067 W, pulse duration 3 ms, and beam

monotonic. Depending on how the rates of total weight los

radius: 0.225 mmib) Concentration change of the various alloying ele-

2 i Snents as a function of power density. Laser power: 1067 W and pulse du-
and volume change with power density, the value of the conration: 3 ms.
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