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Laser Beam Welding of High-Manganese 
Stainless Steels—Examination of Alloying 

Element Loss and Microstructural Changes 

Significant changes in the weld metal composition and 
microstructure have been found during laser beam welding 

BY P. A. A. KHAN, T. DEBROY A N D S. A. DAVID 

ABSTRACT. Alloying element loss and 
microstructural modifications of high-
manganese austenitic stainless steels 
resulting from laser beam welding were 
examined. Welds were fabricated using 
both high- and low-power carbon diox
ide lasers. Variables studied were welding 
speed, laser power and shielding gas flow 
rate. 

Pronounced decrease in the concen
tration of manganese was observed 
when specimens were welded at low 
laser powers. The rate of vaporization of 
alloying elements such as iron and man
ganese was found to increase significant
ly with laser power. However, the de
crease in the concentration of manga
nese was less pronounced when the 
welds were made at high laser power. 
The composition change was not signifi
cantly influenced by either the weiding 
speed or the shielding gas flow rate. The 
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effective weld pool temperature for 
vaporization was insensitive to changes in 
the welding variables. A slight reduction 
in the concentrations of dissolved oxygen 
and nitrogen was observed at the surface 
of the welded specimens. At low laser 
power, the welded region had a duplex 
austenitic and ferritic microstructure at 
low welding speeds and fully austenitic 
structure at higher welding speeds. How
ever, at high laser powers, the weld 
microstructure was duplex at all welding 
speeds. 
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Introduction 

Laser beam welding is not an accept
able process for the fabrication of many 
important engineering alloys that contain 
one or more volatile elements. The use of 
a high-power laser beam focused to a 
very small area leads to a high weld pool 
temperature and significant vaporization 
of the relatively more volatile alloying 
elements. Pronounced loss of alloying 
elements and the resulting changes in the 
weld composition during laser beam 
welding have been documented in the 
recent past (Refs. 1-3). The loss of alloy
ing elements can result in drastic changes 
in the microstructure and consequently 
lead to degradation in both mechanical 
and corrosion properties. However, no 
systematic study has been conducted to 
understand the factors that affect the 
alloying element vaporization from laser-
melted pools. For an alloy of known 
composition, the rates of vaporization of 
alloying elements are influenced by the 
surface area of the molten pool, surface 
temperature distribution, and other fac
tors that govern the rates of transport of 
an element from the liquid phase to the 

WELDING RESEARCH SUPPLEMENT 11-s 



Fig. 1 — Experimental 
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Table 1—Nominal Compositions of AISI 201 
and 202 High-Manganese Stainless Steels 

gas/liquid interface and the subsequent 
transport of the species in the gas phase 
away from the interface. Although the 
weld pool temperature is a crucial factor 
in influencing the alloying element loss, its 
determination is not straightforward due 
to the small size of the molten pool and 
the presence of plasma above the molten 
pool. One of the major goals of the 
research reported in this paper was to 
understand the effects of welding condi
tions on weld pool temperature, alloying 
element vaporization rates, and composi
tional changes due to laser beam welding 
of AISI 200 series high-manganese stain
less steels, using both subkilowatt and 
multikilowatt carbon dioxide lasers. 

In 200 series austenitic stainless steels, 
nitrogen is added up to 0.25 wt-% to 
improve strength and to stabilize austen
ite at room temperature (Refs. 4-6). Since 
laser beam welding is carried out in a 
helium or argon atmosphere, mass trans
fer of impurities such as nitrogen, oxygen 
and hydrogen can occur between the 
weld pool and the surrounding environ
ment leading to a change in the concen
tration of these species in the weld metal. 
The reduction of nitrogen concentration 
can contribute to microstructural changes 
and to a reduction of strength of the 
welded region. Furthermore, changes in 
the concentration of hydrogen and other 
impurities can contribute to the changes 
in the properties of the material and, in 
extreme cases, may lead to significant 
reduction of service life of the fabricated 
product. The transport of impurities such 
as oxygen, nitrogen and hydrogen 
between the molten weld pool and the 
surroundings is not well understood. 

A significant problem in the production 
of fully austenitic stainless steel welds is 
their tendency towards hot cracking. To 
minimize this tendency, the compositions 
of the weld filler materials are modified to 
produce small amounts of ferrite in the 

welded microstructure. Although ferrite 
has been found to prevent hot cracking 
effectively (Refs. 7-9), it may also lead to 
corrosion susceptibility and embrittle
ment at elevated temperatures. Hence, it 
would be highly desirable to produce 
fully austenitic microstructures in stainless 
steel welds without hot cracking. Rapid 
solidification conditions encountered dur
ing laser beam welding have been found 
to alter the microstructure of Type 308 
stainless steels (Ref. 10). Thus, laser beam 
welding presents one means by which 
the normal solidification structure can be 
significantly altered. 

The alloying element loss, distribution 
of impurities such as oxygen, nitrogen 
and hydrogen, and microstructural 
changes that take place during laser 
beam welding of high-manganese aus
tenitic stainless steels are addressed in this 
paper. 

Experimental Procedures 

Samples of high-manganese austenitic 
stainless steels, namely AISI 201 and 202 
steels of approximately 3.5 X 10 - 2 m (1.4 
in.) length, 1.5 X 10~2 m (0.6 in.) width 
and 0.7 to 2.5 X 10"3 m (0.03 to 0.10 in.) 
thickness were welded using both subkil
owatt and multikilowatt carbon dioxide 
lasers in continuous wave mode. Samples 
were placed at the focal point of a 
2.54 X 10 - 2 m (1.1-in.) diameter, 0.127-
m focal length Zn-Se lens. The diameter 
of the focused laser beam was about 
0.25 X 10 - 3 m (0.01 in.). The laser power 
was in the range of 250 to 4000 W. The 
welding speeds selected for the experi
ments were between 3 X 10 - 3 and 
40 X 10 - 3 m/s (0.12 to 1.6 in./s). The 
AISI 200 series steels were chosen 
because of their high concentration of 
highly volatile manganese and the relative 
ease in the detection of the decrease in 
the manganese concentration due to 

Element 

C 
Mn 
P 
S 
Si 
Ni 
Cr 
N 
Fe 

Weight-% 
(201) 

0.15 
6.5 
0.06 
0.03 
1.00 
4.25 

17.00 
0.07 

Balance 

Weight-% 
(202) 

0.098 
7.48 
0.032 
0.006 
0.47 
4.72 

17.85 

— 
Balance 

welding. The nominal compositions of 
AISI 201 and 202 stainless steels are given 
in Table 1. The welding variables investi
gated were laser power, welding speed 
and shielding gas flow rate. All experi
ments were conducted in an inert atmo
sphere using helium or argon as the 
shielding gas. The total rate of alloying 
element vaporization was determined 
from the measured values of the loss in 
sample weight resulting from element 
vaporization and laser material interac
tion time. A portion of the vaporized 
material was collected as condensate 
inside a both-ends-open, hollow quartz 
tube mounted coaxial to the laser beam, 
as shown in Fig. 1. The composition of 
the condensate was determined by 
atomic absorption (AA) spectroscopy. 
The relative rates of vaporization of alloy
ing elements from the weld pool, deter
mined from the analysis of the conden
sate, were used to estimate the effective 
weld pool temperature (Ref. 1). Solute 
loss was determined (Ref. 1) by using 
electron probe microanalysis (EPMA) 
technique. A CAMECA IMS-3F ion micro
probe was used for the secondary ion 
mass spectrometry (SIMS) study to deter
mine the concentration profiles of nitro
gen, oxygen and hydrogen as a function 
of depth from the surface of the solidified 
weld metal. Cs133 was used as the prima
ry beam for the sputtering of the sam
ples. Standard metallographic techniques 
were used for microstructural analysis. 
The samples were electrolytically etched 
with a 10% solution of oxalic acid in 
water using a stainless steel cathode. 
Microprobe analysis was performed on 
the samples to generate elemental con
centration profiles along selected lines. 
Spot analyses for manganese, nickel and 
chromium were performed using wave
length dispersive analysis. 

Results and Discussion 

Role of Welding Conditions on Alloying 
Element Loss 

Laser Power. For the welding of thin 
strips of AISI 201 and 202 steels in con
duction mode at relatively low laser pow
ers, the changes in concentrations of 
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Fig. 3—Effects of laser power on: A—change in weld composition; B — 
cross-sectional area; C — rate of vaporization of manganese; D —total vaporiza
tion rate; E — weld pool temperature in keyhole mode of welding. Steel type: AISI 
201; welding speed: 15.24 X 1(T3 m/s; shielding gas flow rate: 5.5 X ICr" rrr^/s 
of Ar; sample thickness: 2.5 X 10~3 m 

manganese and chromium as a function 
of laser power are presented in Fig. 2A. It 
is observed that a pronounced decrease 
in the concentration of manganese 
occurs due to welding. Furthermore, the 
composition change was most pro
nounced at relatively low laser powers. A 
simple mass balance can be performed to 
understand how the composition change 
is related to various variables and also to 
check the mutual consistency of the vari
ous types of measurements made. From 
mass balance, the decrease in the con
centration of manganese, A%Mn, can be 
expressed as follows: 

A%Mn = 100 r/Aup (1) 
where r is the vaporization rate of Mn, A 
is the cross-sectional area of the molten 
pool, u is the welding speed, and p is the 
density of steel. It follows from Equation 
1 that for a given welding speed, the rate 
of vaporization of manganese, r, can be 
estimated from the measured values of 
A%Mn and the area of cross-section of 
the weld, A. Using the data on A%Mn 
and A presented in Figs. 2A and 2B, 
respectively, the calculated rate of vapor
ization of manganese is plotted as a 
function of laser power in Fig. 2C. In the 

same figure, the rate of vaporization of 
manganese, obtained by multiplying the 
experimentally determined vaporization 
rate (Fig. 2D) by the fraction of manga
nese in the vaporized material, is also 
presented. In view of the uncertainties 
involved in these experiments, such as 
possible recondensation of vapors on the 
sample and the inaccuracies in the deter
mination of weld composition, the agree
ment between the calculated and the 
measured vaporization rates of manga
nese is considered reasonable. The con
tribution of temperature in the vaporiza
tion rate is observed from Fig. 2A, where 
the effective weld pool temperatures are 
plotted as a function of laser power. A 
small increase in weld pool temperature 
is observed with the increase in laser 
power due to high input energy. 

When the welds were fabricated in the 
keyhole mode at high laser power using a 
multikilowatt laser, trends in the changes 
in composition, cross-sectional area and 
vaporization rates (Figs. 3A-C) were simi
lar to those obtained in the welding with 
subkilowatt lasers. Again, although the 
rate of vaporization increased with pow
er, the change in the composition was 
less pronounced at high laser power. The 

increased size of the molten pool in the 
keyhole mode of welding resulted in less 
pronounced changes in weld composi
tion. The effective weld pool tempera
ture (Fig. 3E) was not a contributing factor 
in the increase of the vaporization rate 
with power. 

Welding Speed. The changes in the 
concentration of manganese as a func
tion of welding speed are presented in 
Fig. 4A for both low- and high-power 
laser beam welds. As observed earlier, 
the change in the composition is more 
pronounced for the welding at low pow
er. The vaporization rate of manganese 
was calculated from the data on compo
sition change, cross-sectional area of the 
weld (Fig. 4B), and the welding speed, 
using Equation 1. The computed values of 
the vaporization rate of manganese are 
presented in Fig. 4C as a function of the 
welding speed. The vaporization rate of 
manganese obtained from the weight 
loss data (Fig. 4D) and the vapor compo
sition is also presented in the same figure. 
In both cases, it is observed that the 
vaporization rate increases with the 
welding speed. At high welding speed, 
the attenuation of the beam energy by 
the plasma is less significant, and this 
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results in relatively more exposure o f the 
laser beam o n the sample surface. The 
decreased beam at tenuat ion at high 
we ld ing speed is also suppor ted by the 
slight increase in w e l d poo l tempera ture 
observed in Fig. 4E. O n the who le , w e l d 
compos i t ion d id not change significantly 
w i t h the we ld ing speed. The increase in 
the vapor izat ion rate was roughly c o m 
pensated by the increase in the p roduc t 
o f the area of cross-section and the 
we ld ing speed. 

Shielding Cas Flow Rate. The changes 
in the concentrat ions o f manganese and 
ch romium fo r the l ow- and h igh-power 
laser beam welds are p lo t ted as a func
t ion o f shielding gas (He and Ar) f l o w rate 
in Fig. 5A. A slight increase in % M n is 
observed w i t h the increase in shielding 
gas f l o w rate for b o t h high- and l o w -
p o w e r welds. It is observed f r o m Fig. 5B 
that the w e l d cross-sectional area d id not 
change significantly w i t h the increase in 
the gas f l o w rate. The vapor izat ion rate 
of M n and the total vapor izat ion rate 
w e r e f o u n d to increase w i t h the increase 
in the shielding gas f l o w rate —Figs. 5C 
and 5D. At high gas f l o w rates, the 
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plasma covering the laser beam/material 
interaction site is more effectively flushed 
away by the shielding gas. This results in 
enhanced beam absorption and a slight 
increase in the temperature of the molten 
pool — Fig. 5E. The shielding gas flow rate 
does not have a strong influence on the 
composition change. 

Concentration Profiles of Oxygen, Nitrogen 
and Hydrogen 

The concentration of hydrogen, nitro
gen and oxygen was analyzed by SIMS 
since these species can have pronounced 
influence on the properties of the fabri

cated product. To compensate for matrix 
effects, all counts were normalized with 
respect to iron. The relative concentra
tions of hydrogen for the base metal and 
for the samples welded at different laser 
powers are presented in Fig. 6. It is 
observed that near the surface of the 
welded samples, a small drop in the 
concentration of hydrogen occurred due 
to welding. In view of the very low 
activity values of hydrogen in the melt 
and the low equilibrium partial pressure 
of hydrogen at the interface, the driving 
force for the transport of hydrogen from 
the molten pool to the environment is 
indeed very small. The normalized con-
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Fig. 9—Microstructures of laser beam welded 
AISI 200 high-manganese stainless steel 
observed at different welding speeds. Laser 
power: 400 W; Welding speed —A — 
2.2X1CT3 m/s; B-13.2X1CT3 m/s; C -
35 X 10~3 m/s 

centration profiles of oxygen as a func
tion of depth for samples welded at 
different laser powers are presented in 
Fig. 7. It is observed that as the laser 
power increases, the extent of reduction 
in oxygen content becomes less pro
nounced, and at 535 W, the change in 
the oxygen concentration is practically 
insignificant. Among the impurities, the 
concentration of nitrogen is most signifi
cant since nitrogen is added to 200 series 
steels as an austenite stabilizer. A very 
low beam current of the order of 1 nA 
was used to sputter the samples at a low 
rate so that the concentration profiles of 
nitrogen near the surface layer could be 
amplified. It can be seen from Fig. 8 that 
the freshly welded sample has a lower 
nitrogen concentration at the surface lay
er than the base metal. Furthermore, 
when the sample was exposed to air for 
a period of one year, nitrogen was either 
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Fig. 10 — Chromium and nickel profiles 
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Table 2—Composition of Different Phases 
in Weight-% 

Welding 
Condition 

Low Welding 
Speed 
(2.2 X 10"3 

m/s) 
High Welding 

Speed 
(35 X IO" 3 

m/s) 

Phases 

7 
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y 

Cr 

17.0 
18.5 

18.0 

Mn Ni 

3.7 4.6 
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F/g. 72 — Microstructure of laser beam welded AISI 201 high-manganese stainless steel. Welding 
speed: 15 X 10~3 m/s; laser power: 4000 W; argon (shielding gas) flow rate: 5.5 X 10~4 rtf/s 

absorbed from the atmosphere or dif
fused into the weld metal from the base 
metal, and its concentration in the weld 
metal became roughly equal to that in the 
base metal. When the welding was con
ducted under a controlled atmosphere of 
high-purity helium (subkilowatt laser), the 
bulk nitrogen content of the specimens 
was found to decrease due to welding. 
The base metal (AISI 201) was found to 
contain approximately 0.11 wt-% of 
nitrogen, whereas the nitrogen content 
of the weld metal was 0.08 wt-%. 

Microstructural Changes 

At low laser powers (subkilowatt), the 
typical microstructures of the laser beam 
welds are shown in Fig. 9 for various 
welding speeds. The microstructural fea
tures of the welds varied as a function of 
welding speed. At low speeds of 

2.2 X 10~3 m/s (0.09 in./s), the weld con
tained austenite and ferrite duplex (7 + 8) 
microstructure, with 7 to 8% 5-ferrite in an 
austenite matrix, as shown in Fig. 9A. As 
the welding speed increased, the volume-
percent of 5-ferrite decreased (Fig. 9B), 
leading to a fully austenitic microstructure 
at the high welding speed, as observed in 
Fig. 9C for a weld made at 35 X 10"3 m/s 
(1.4 in./s). The presence of 5-ferrite in the 
weldment was confirmed by a magnetic 
etching technique described by Gray (Ref. 
11). Furthermore, the microprobe analysis 
results revealed variation in manganese 
content of the weld as a function of weld
ing speed. For the welds made at low 
welding speeds and at a power of 400 W, 
the microprobe results indicated a manga
nese level of 3.5 wt-%. This compared 
with the nominal manganese content of 
the alloy of 7.5 wt-%, indicating a loss of 
manganese during laser beam welding at 
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low speeds. The loss was much less signifi
cant at high welding speeds. Major ele
mental compositions of the various con
stituents present in the microstructures at 
low and high welding speeds are given in 
Table 2. The 5-ferrite was found to be 
slightly enriched in chromium and de
pleted in nickel, as shown in Table 2 and 
Fig. 10. 

Although the equilibrium structure of 
200 series steel is fully austenitic, the 
indications from the phase diagram, 
shown in Fig. 11, are that some 5-ferrite is 
likely to form from liquid as a primary 
phase during solidification and is retained 
in the microstructure due to nonequili
brium rapid cooling conditions. This may 
be further illustrated using the vertical sec
tion of 8 wt-% Mn in a Fe-Cr-Mn system 
(Refs. 12,13), shown in Fig. 11. Althoughin 
the presence of nickel and nitrogen (aus
tenite stabilizers) the 7 / 7 + 5 phase 
boundary is likely to be located further to 
the right for the Type 202 stainless steel, a 
low volume-percent of delta ferrite is likely 
to form from the liquid during solidification 
and be retained in the microstructure. 
However, at high welding speeds and 
relatively high solidification rates (large 
undercoolings), the weld metal may solid
ify to 100% austenite. Such observations 
have been made in other austenitic stain
less steels (Refs. 7, 14). 

A typical microstructure of the laser 
beam welds at high laser powers (multikil
owatt) is shown in Fig. 12. The micro-
structures were always duplex with 
about 6 to 7% 5-ferrite. This was mainly 
due to a large volume of the weld metal 
produced at high laser powers and sub
sequent slow cooling rates experienced 
by the weld metal. 

Conclusions 

For the welding of high-manganese 
austenitic stainless steels at low laser 
power, the composition of the weld 
region was significantly different from the 
composition of the base metal, primarily 
because of the loss of manganese from 
the weld pool. At a constant welding 
speed, the change in the chemical com
position was determined by the vaporiza
tion rate and the size of the weld pool, 
with the latter being the dominant factor. 
Although the rate of vaporization of 
alloying elements increased with the 
increase in laser power, the composition 
change was most pronounced at low 
laser power because of the small weld 
pool size. The vaporization rate increased 
and the weld pool size decreased with 
the increase in the welding speed. How
ever, the composition change was not 
sensitive to the changes in the welding 
speed. At subkilowatt powers and low 
welding speeds, a duplex (7 + 5) micro-
structure consisting of ferrite and austen
ite was observed, whereas at high weld
ing speeds, the microstructure was fully 
austenitic. However, at multikilowatt 
powers, the microstructure was always 
duplex (y + 5) at high or low welding 
speeds. A slight reduction in the concen
trations of impurities occurred due to 
welding. 
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