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Introduction

Solidification Cracking and
Weldability Diagrams

     Solidification cracking is a well-
known weldability issue with
austenitic stainless steels. Solidifica-
tion cracking is complex with both
metallurgical and mechanical aspects
(Ref. 1). In austenitic stainless steels,
impurities of sulfur and phosphorus
form low melting temperature eutec-
tic-like films that can wet solidifica-
tion grain boundaries, creating a
crack-susceptible microstructure (the
metallurgical aspect) at the terminal
stages of solidification. When a crack-

susceptible microstructure is present,
if the strain from the welding thermal
cycle exceeds the strain tolerance of
the microstructure (the mechanical as-
pect), cracks can propagate through
the last-to-solidify liquid. In austenitic
stainless steel weld metal, the metal-
lurgical aspects of solidification crack-
ing have been shown to be a function
of both alloy composition and impuri-
ty content. 
     It was first observed that welds in
austenitic stainless steels containing
small amounts (greater than 5%) of
ferrite at room temperature had high-
er resistance to solidification cracking
(Refs. 2, 3). Thus, the ability to pre-
dict room temperature microstruc-
ture of stainless steel weld metals has

been studied considerably in the past,
with constitution diagrams developed
by several groups of researchers
(Refs. 4–10). Constitution diagrams
were developed to predict weld metal
ferrite content based on chemical
composition to mitigate solidification
cracking. The constitution diagrams
group elements that stabilize the
austenite phase into a nickel equiva-
lent (Nieq) and those that stabilize the
ferrite phase into a chromium equiva-
lent (Creq). After the establishment of
constitution diagrams, Suutala and
co-workers then related the Creq/Nieq

ratio to solidification mode (Refs. 11,
12) for these types of alloys. The alloy
composition, defined by Creq/Nieq,
was found to determine the primary
solidification mode, either primary
ferrite or primary austenite. At low
Creq/Nieq values, the liquid transforms
to austenite during solidification,
hence primary austenite solidification
mode. As Creq/Nieq increases above
some critical value, primary ferrite
solidification occurs, where the first
solid to form is ferrite that then un-
dergoes solid-state transformation to
austenite. Ferrite remains at room
temperature due to the rapid cooling
rate during welding, preventing com-
plete transformation to austenite.
     Furthering the development that
solidification cracking resistance was
related to the solidification mode, Ku-
janpää and coworkers related solidifi-
cation cracking to both solidification
mode and impurity content (Ref. 13).
The weldability diagram they devel-
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oped for arc welds mapped cracking
behavior on a plot of impurity content
of P plus S vs. Creq/Nieq. In the weld-
ability diagram at low Creq/Nieq, below
approximately 1.5, primary austenite
solidification occurs, and cracking was
present unless the combined impurity
content was below approximately 0.02
wt-%. Above 1.5 Creq/Nieq, where pri-
mary ferrite solidification occurs,
cracking is prevented regardless of im-
purity content. The weldability dia-
gram was developed using arc welded
300 series stainless steels. The de-
crease in solidification cracking sus-
ceptibility when primary ferrite solidi-
fication occurs was later revealed to be
a function of differences in the nature
of the solidification boundary, wetting
propensity of the boundaries, and sol-
ubility of impurities (Refs. 14–16). 
     Laser welding offers advantages of
both reduced heat input compared to
arc welding, and high travel speeds in-
creased production rates for manufac-
turing austenitic stainless steel com-
ponents. As high-energy-density weld-
ing processes such as laser welding and
electron beam welding became more
widely used, it was soon discovered
that the rapid solidification conditions
of high-energy-density welding at high
solidification rates in austenitic stain-
less steels can cause a shift to primary
austenite solidification when primary
ferrite solidification mode would be
expected (Refs. 17–22). The high so-
lidification rates increase undercooling
at the solidification front, increasing
the stability of the austenite relative
to the ferrite (Refs. 23, 24). The shift

in solidification behavior also changes
the composition ranges that would be
crack susceptible (Refs. 23, 25), which
led to the development of weldability
diagrams for pulsed laser welding of
300 series austenitic stainless steels
(Refs. 23, 26, 27). The Lienert diagram
(Ref. 26) showed the critical Creq/Nieq

for primary ferrite solidification shift-
ed from 1.5 for arc welding, to approx-
imately 1.7 for pulsed laser welding.
To avoid cracking with primary
austenite solidification, combined 
P + S impurity content less than ap-
proximately 0.02 wt-% was required,
similar to the arc welding diagram.
     Using alloy composition to shift the
solidification mode to primary ferrite
is the most common strategy to miti-
gate solidification cracking issues.
However, impurity content control can
also be considered. In some applica-
tions primary austenite solidification
may be desired, such as when ferrite is
detrimental to mechanical or magnetic
properties, or primary austenite may
be unavoidable due to material or
process parameter constraints. When
primary austenite solidification can-

not be avoided, the impurity levels of
the starting material must be man-
aged to mitigate hot cracking. Control
of S and P levels occurs during steel
production and is beyond the control
of the end user. However, knowing the
effects of P and S on solidification
cracking can provide guidance in ac-
cepting or selecting materials based on
composition. Several researchers have
shown that P has a larger effect on in-
creasing solidification cracking suscep-
tibility than S in both austenitic stain-
less steels (Refs. 28–31) and high-
manganese steels (Ref. 32). For a con-
stant total S plus P content of 0.032
wt-% with primary austenite solidifi-
cation, Li and Messler (Ref. 31) ob-
served larger crack lengths with vare-
straint testing for high P heats relative
to high S heats. It is thought the P
tends to segregate more strongly, lead-
ing to liquid enriched in P, compared
to S forming sulfides, which remove
the sulfur from the liquid. 

HighNitrogen, High
Manganese Stainless Steels

Fig. 1 — Sigmajig test fixture in the laser welding
enclosure.

Fig. 2 — Schematic Sigmajig sample with weld overfill and bead morphology shown:
A — after welding; B — after sectioning showing the three transverse cross sections
taken for microstructural analysis. All dimensions in mm.

A B

Fig. 3 — Astested Sigmajig sample welded at 21 mm/s travel speed: A — Photograph;
B — Stereoscope image of cracking at the end of weld. The box in 3A indicates the area
for the image of 3B. 

A B
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     High-nitrogen, high-manganese
austenitic stainless steels are a subset
of austenitic stainless steels that were
initially developed out of the concern
for nickel shortages (Ref. 33). Nitro-
gen is a strong austenite stabilizer that
allows reduced nickel content as well
as providing interstitial solid-solution
strengthening. High manganese con-
tents promote nitrogen solubility, re-
ducing nitride precipitation, which en-
hances both mechanical properties
and corrosion performance (Ref. 33).
Type 21Cr-6Ni-9Mn (21-6-9) high-ni-
trogen, high-manganese austenitic
stainless steel (also known as Nitron-
ic® 40) is the focus of this work. Type
21-6-9 steel offers improved mechani-
cal properties relative to 300 series
stainless steels with no loss of corro-
sion resistance (Ref. 8). As with other
austenitic stainless steels, solidifica-
tion cracking can cause weldability is-
sues with 21-6-9. Brooks (Ref. 34)
showed that 21-6-9 stainless steel be-
haves similar to 300 series stainless
steels with regard to solidification
crack susceptibility decreasing with
primary ferrite solidification, regard-
less of impurity content for arc weld-
ing. A previous study on laser welding
a limited range of chemical composi-
tions of 21-6-9 has shown that a shift
in solidification mode under the rapid
solidification conditions of laser weld-
ing does occur (Ref. 35). Thus the abil-
ity to predict solidification mode as a
function of chemical composition for
laser welding would be beneficial. It is
unlikely that the diagrams developed
for 300 series stainless steels are perti-
nent to solidification cracking of 21-6-
9. Given the lower N and Mn content
of 300 series stainless, the relation-
ship between solidification cracking
and chemical composition of 21-6-9 is
likely different than predicted by exist-
ing weldability diagrams. Brooks (Ref.
34) also revealed that the low-melting-
temperature films responsible for the
cracking in 21-6-9 are enriched in P.
The P-enriched films on the crack sur-
face may indicate that P is more detri-
mental to cracking than S in 21-6-9.
     The relationships between alloy
composition, impurity content, solidi-
fication mode, and solidification crack-
ing behavior of 21-6-9 under high-en-
ergy-density welding are not well char-
acterized. The goal of this work was to

characterize the solidification mode
and solidification cracking behavior of
21-6-9 during laser welding for a wide
range of chemical compositions. In
Part I of this investigation, the effects
of S and P on solidification cracking
with primary austenite was studied,
and PSM diagrams relating solidifica-
tion mode to chemical composition
were developed using a large number
of heats of 21-6-9. The PSM diagrams
were developed for a range of solidifi-
cation rates to observe the shift in
critical chemical composition for pri-
mary ferrite solidification as solidifica-
tion rate increases. Part II will present
weldability diagrams that were devel-
oped relating solidification mode and
solidification cracking to chemical
composition and impurity content.

Experimental

Materials

     A variety of alloys and heats of high-
nitrogen, high-manganese stainless
steel materials were collected. The ma-
terials used were of three different cate-
gories: commercial wrought heats of 
21-6-9, commercial wrought heats of
other high-nitrogen, high-manganese
austenitic stainless steels, and experi-
mental heats of 21-6-9 alloys produced

by laboratory melting. The chemical
compositions of all the materials used
are given in Table 1. The focus of this
work was 21-6-9 alloys, but it was desir-
able to compare the applicability of the
diagrams developed for a few other
high-nitrogen, high-manganese alloys.
All chemical compositions were deter-
mined using optical emission spec-
troscopy (OES) for the majority of the
elements, and Leco inert gas fusion
techniques for nitrogen, carbon, and
sulfur. The OES instrument was cali-
brated using a Nitronic 40 standard,
IARM 19B. The results shown are the
average of three analyses on each heat
from the same laboratory.
     Experimental 21-6-9 heats were
melted for two purposes. One was to ex-
amine the individual effects of sulfur
and phosphorus on solidification crack-
ing while isolating solidification mode
to primary austenite (Alloys 40–53),
and the other was to increase the com-
position range of Type 21-6-9 beyond
the commercial heats but still within
the nominal composition range of 21-6-
9 (Alloys 54–59). Alloys 40–53 with
varying levels of sulfur and phosphorus
were melted from one starting alloy
composition. One commercial 21-6-9
heat with low impurity levels that a
large enough quantity was available (Al-
loy 14) was used as the starting master
alloy for the impurity variation heats.
The experimental heats were induction
melted under controlled atmosphere
with a heat size of approximately 130 g.
Additions of elemental sulfur and phos-
phorus were used to modify the impuri-
ty content. Solidification mode was con-
trolled through additions of Ni and
varying the nitrogen pressure on the
melt. The 10-mm-thick ingots were hot

Fig. 4 — Cross section of Sigmajig sam
ples showing the extent of solidification
cracking for A — Alloy 50; B — Alloy 53.
Note the difference in magnification and
the arrow indicating cracking in Alloy 53.

A B
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rolled from 1200°C in three passes to a
final thickness of 5 mm. After two addi-
tional cold rolling passes to a final thick-
ness of 4 mm, a final solutionizing an-
neal at 1100°C for 30 min was followed
by a water quench.

Laser Welding

     Sigmajig weldability testing (Ref.
36) was used to compare the solidifica-
tion crack susceptibility of the various
alloys. The Sigmajig test applies a pre-
loaded tensile stress to a sheet sample
while the sample is welded autoge-
nously transverse to the tensile stress
direction.
     Figure 1 shows the Sigmajig fixture
with sample after welding. The stress

is applied by compressing two stacks
of Bellville washers attached to the
moving jaw. The load is controlled by
monitoring the stress in the instru-
mented bolts that compress the wash-
er stack. Quantifying the solidification
cracking for a given stress allows a rel-
ative comparison of weldability for
variations in chemical composition or
processing parameters. Samples 32 
24  2 mm were used with the stress
applied along the 32 mm length and
welding along the 23 mm length. A
stress of 310 MPa (45 ksi) was used for
all samples. This stress level was cho-
sen based on preliminary testing on a
known crack-susceptible alloy (Type
309 stainless steel with primary
austenite solidification and 0.037

wt-% P + S) as the minimum stress
level to consistently cause cracking un-
der the chosen processing parameters. 
     The welding power source was a 
1-kW multimode IPG fiber laser with
100-m process fiber, 120-mm colli-
mator, and 200-mm focal length lens,
giving a theoretical spot size of 167
m. All welding was done with optical
focus (determined by Kapton film
burns) on the material surface and Ar
shielding gas flowing at 12 L/min
through a nozzle parallel to the weld-
ing direction  with the nozzle leading
the weld pool. The laser optics were
tilted 7 deg relative to the travel direc-
tion with the laser leading to reduce
the chance of back reflections. Three
travel speeds of 21, 42, and 85 mm/s

Table 1 — Alloy Compositions (wt%, balance Fe)

Alloy           Type                                                                                                            Element
    
                                        Cr           Ni          Mn         N            C           Si           P           S           Mo          Ti           Nb         Cu          V            Al            Co

   1             2169        19.90      6.49       8.94      0.23     0.031     0.54     0.017   0.001     0.047     0.001     0.019    0.010   0.039    0.025      0.193

   2             2169        19.89      6.55       8.96      0.31     0.030     0.49     0.016   0.001     0.100     0.001     0.019    0.016   0.039    0.032      0.205

   3             2169        19.80      7.11       9.43      0.27     0.030     0.39     0.019   0.001     0.179     0.001     0.026    0.000   0.099    0.023      0.055

   4             2169        19.93      6.51       8.93      0.30     0.032     0.50     0.017   0.001     0.103     0.001     0.019    0.020   0.040    0.034      0.195

   5             2169        19.88      6.14       8.91      0.28     0.029     0.49     0.018   0.001     0.102     0.001     0.022    0.052   0.136    0.029      0.158

   6             2169        19.46      7.26       9.32      0.27     0.021     0.54     0.019   0.001     0.111     0.001     0.022    0.182   0.053    0.021      0.149

   7             2169        19.40      7.20       9.04      0.26     0.034     0.45     0.020   0.001     0.092     0.001     0.032    0.137   0.137    0.022      0.096

   8             2169        19.74      6.62       9.47      0.27     0.021     0.43     0.027   0.005     0.382     0.008     0.056    0.343   0.132    0.014      0.317

   9             2169        19.73      6.44       8.72      0.31     0.021     0.31     0.022   0.001     0.080     0.001     0.023    0.159   0.050    0.010      0.040

  10           2169        20.44      7.06       8.94      0.36     0.028     0.70     0.023   0.001     0.248     0.001     0.041    0.350   0.063    0.025      0.081

  11           2169        19.43      6.20       9.36      0.33     0.034     0.38     0.023   0.002     0.227     0.001     0.034    0.243   0.112    0.009      0.066

  12           2169        18.74      6.89       9.31      0.23     0.011     0.30     0.019   0.002     0.044     0.001     0.019    0.000   0.027    0.024      0.040

  13           2169        19.49      6.89       9.31      0.30     0.028     0.36     0.023   0.001     0.419     0.001     0.038    0.197   0.096    0.020      0.161

  14           2169        19.99      6.35       8.88      0.27     0.032     0.44     0.021   0.002     0.126     0.006     0.055    0.121   0.130    0.007      0.136

  30          18212       18.64      1.23     11.50     0.35     0.101     0.71     0.021   0.001     0.088     0.001     0.031    0.105   0.094    0.009      0.049

  31          SCF260       18.73      2.73     17.40     0.60     0.035     0.54     0.024   0.001     2.258     0.001     0.028    0.040   0.149    0.027      0.063

  32     1515HS Max  18.89      1.02     16.97     0.57     0.033     0.43     0.027   0.001     0.816     0.001     0.033    0.085   0.161    0.023      0.070

  33       Nitronic 50    21.42     15.18     4.97      0.35     0.048     0.35     0.020   0.007     2.466     0.056     0.127    0.093   0.199    0.011      0.135

  34       Nitronic 50    21.23     11.92     5.00      0.25     0.031     0.27     0.024   0.004     2.090     0.005     0.140    0.500   0.140    0.005      0.050

  35       Nitronic 60    16.99      7.95       7.78      0.16     0.061     3.74     0.032   0.001     0.341     0.010     0.005    0.273   0.065    0.020      0.097

  36       Nitronic 30    16.58      3.28       8.51      0.17     0.029     0.33     0.024   0.005     0.110     0.005     0.013    0.523   0.059    0.008      0.071
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(50, 100, and 200 in./min) were used.
The laser power was adjusted at each
travel speed to maintain a complete-
joint-penetration weld on the 2-mm
sample thickness. The laser power,
measured with an Ophir Comet 1K,
was 555, 755, and 1166 W at 21, 42,
and 85 mm/s travel speed, respective-
ly. Samples were ultrasonically cleaned
in methanol prior to welding to re-
move surface contaminants.

Microstructural Analysis

     The surfaces of the Sigmajig sam-

ples were inspected for cracking at up
to 100 magnification after welding.
After examining the surface, three
transverse cross sections were re-
moved from the Sigmajig samples at
approximately 3 and 6 mm from the
end of the weld as shown in Fig. 2. The
transverse cross sections were all tak-
en at the end of the weld because that
is the location where cracks were ob-
served in the surface inspection when
present. Thermomechanical modeling
results of Sigmajig testing from litera-
ture supports the choice of location
for cross sections, showing that the
transverse tensile stresses are all de-

veloped toward the end of the weld
(Ref. 37). 
     All three cross sections were exam-
ined to characterize solidification
mode and solidification cracking
through microstructural observation.
Standard metallographic preparation
procedures of grinding with SiC and
polishing with diamond compounds
were used, and electrolytic etching was
done with 10% oxalic acid. The solidi-
fication mode was characterized with
light optical microscopy at a variety of
magnifications. Examination for solid-
ification cracks was also conducted
with light optical microscopy with a

Table 1 — Continued

Alloy     Type(a)                                                                                                                    Element

                              Cr            Ni          Mn         N             C             Si            P              S           Mo           Ti            Nb          Cu            V            Al           Co

  40          14      19.67       7.06       8.86      0.39      0.030      0.46      0.022      0.003     0.127     0.006      0.055     0.136      0.138     0.011     0.138

  41          14      19.65       7.14       8.95      0.33      0.030      0.46      0.023      0.012     0.127     0.006      0.055     0.138      0.137     0.011     0.142

  42          14      19.67       6.98       8.80      0.34      0.031      0.47      0.021      0.024     0.125     0.006      0.055     0.140      0.141     0.011     0.140

  43          14      19.46       6.97       9.06      0.33      0.031      0.48      0.023      0.035     0.127     0.006      0.055     0.149      0.144     0.011     0.137

  44          14      19.60       7.02       8.74      0.38      0.030      0.45      0.025      0.003     0.125     0.006      0.055     0.131      0.133     0.011     0.132

  45          14      19.69       7.11       8.74      0.37      0.031      0.46      0.030      0.003     0.127     0.006      0.055     0.136      0.139     0.011     0.134

  46          14      19.58       7.09       8.91      0.38      0.030      0.47      0.035      0.003     0.129     0.006      0.055     0.139      0.140     0.011     0.134

  47          14      19.53       7.13       9.00      0.38      0.031      0.46      0.031      0.012     0.128     0.006      0.055     0.137      0.137     0.011     0.130

  48          14      19.54       7.08       8.81      0.37      0.030      0.44      0.024      0.009     0.125     0.006      0.055     0.128      0.131     0.011     0.134

  49          14      19.39       7.06       9.04      0.33      0.031      0.47      0.026      0.019     0.128     0.006      0.055     0.142      0.140     0.011     0.135

  50          14      19.52       7.05       8.87      0.37      0.030      0.48      0.031      0.019     0.128     0.006      0.055     0.145      0.143     0.011     0.137

  51          14      19.33       6.90       8.98      0.35      0.030      0.48      0.024      0.041     0.125     0.006      0.055     0.153      0.144     0.011     0.140

  52          14      19.41       7.02       8.93      0.31      0.031      0.45      0.022      0.048     0.128     0.006      0.055     0.135      0.136     0.011     0.135

  53          14      19.35       6.98       8.97      0.32      0.029      0.47      0.023      0.058     0.128     0.006      0.055     0.142      0.140     0.011     0.138

  54          11      18.93       7.33       9.64      0.36      0.034      0.42      0.034      0.012     0.215     0.004      0.031     0.258      0.114     0.014     0.069

  55          11      18.97       7.35       9.40      0.36      0.034      0.42      0.034      0.017     0.214     0.003      0.030     0.249      0.113     0.012     0.067

  56          14      19.88       6.16       9.19      0.34      0.030      0.46      0.029      0.014     0.125     0.002      0.018     0.140      0.131     0.016     0.136

  57          14      19.84       6.24       9.14      0.34      0.031      0.48      0.035      0.019     0.127     0.002      0.019     0.147      0.135     0.016     0.138

  58          14      20.01       6.16       9.21      0.31      0.031      0.48      0.031      0.012     0.125     0.002      0.019     0.147      0.135     0.017     0.135

  59          14      20.12       6.18       8.93      0.27      0.031      0.45      0.033      0.019     0.124     0.001      0.017     0.136      0.130     0.014     0.132

(a) Type for Alloys 40–59 indicate the starting material used for melting.
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maximum of 1000 magnification. For
chemical composition analysis, EDS
with a JEOL JSM-7000F SEM was
used. Correlation of the solidification
mode, solidification cracking response,
and the chemical composition was
used to develop the weldability dia-
grams for the three travel speeds used.
Quantifying the length of cracks
(when present) was used to assess the
severity of solidification cracking for
each cross section. 

Results and Discussion

Effect of Sulfur and Phosphorus
on Solidification Cracking

     The target impurity levels of S and P
for Alloys 40–53 are given in Table 2.
Sulfur and phosphorus were independ-
ently increased to levels that caused
cracking (the first row and first column
of Table 2), as well as combinations of S
and P, to create a three by three full fac-
torial matrix. The full factorial samples
were used to analyze the possibility of
interactions between S and P. The crack-
ing behavior, impurity content, and so-
lidification mode of all alloys and all
travel speeds are given in Table 3. Only
Alloys 40–53 welded at 21 mm/s travel

speed were used to analyze the effects
of P and S on solidification cracking. Re-
sults are given for Alloys 40, 49, and 53
at higher travel speeds because they are
included in higher travel speed weldabil-
ity diagrams. For Alloys 40–53, there is
some unintentional variation in Creq/
Nieq due to differences in Ni and N addi-
tions, but the solidification mode was
isolated to primary austenite as desired. 
     Figure 3 shows an as-tested Sigma-
jig sample from 21 mm/s travel speed.
Surface cracking, if present, was only
observed at the end of the weld. Sub-
surface cracking was often present
with no indication of cracking on the
weld surface. Alloys 46, 47, 49, 50, 52,
and 53 all exhibited cracking. Cracking
in the alloys with no S added occurred
at a level of 0.035 wt-% P, as in Alloy
46. When only S was added, 0.048 
wt-% S was required to promote crack-
ing, and with a much higher residual P
content compared to the residual S
level in the alloys with P added. A
much higher P plus S level was re-
quired to initiate solidification crack-
ing for a high-S, low-P alloy as com-
pared to low-S, high-P alloy. Among
the alloys with cracking observed, a
large variation in crack length is pres-
ent. Alloys 46 and 50, with the highest
P contents, exhibited the largest crack

lengths, with large through-thickness
centerline cracks. Figure 4 shows the
difference in crack length for high-P
compared to high-S, from Alloys 50
and 53 with a large centerline crack
present in Alloy 50 and a small non-
centerline crack on the right side of
the weld for Alloy 53. 
     Both the impurity level at crack ini-
tiation and the extent of the crack
lengths indicated that P has a larger
influence on solidification crack sus-
ceptibility than S. Regression analysis
was used to quantify the different ef-
fects of P and S on cracking. Responses
of the total number of cracks for an al-
loy, and number of sections with
cracks for factors of P, S, and P times S
were used to run general factorial re-
gression on the three by three matrix
(Alloys 40–42, 44, 45, and 47–50). The
p-values for the various factors and re-
sponses are given in Table 4. The p-
values for phosphorus are both below
0.05, indicating P has a statistically
significant effect for both responses.
Sulfur showed slightly higher p-values
than phosphorus overall, and for the
response of the number of cracks
where the p-value is greater than 0.05,
the level of S is likely not significant
for that response. The p-values for the
P times S interaction term showed the
highest values, and both are greater
than 0.05, indicating there was no ef-
fect of interaction between P and S on
solidification cracking. 
     Knowing there were no P-S interac-
tion effects, a general linear regression
model was generated using Alloys
40–53 for responses of the number of
cracks per alloy and number of cross-
sections showing cracking. Despite the
high p-value for S in the model based on
the number of cracks, it was expected to
be significant without the interaction
term. With the interaction term re-
moved, both P and S were significant
for both responses analyzed. The result-
ing model for the number of cracks was 

Number of Cracks = –3.90 + 151.7 P 
(wt-%) + 31.9 S (wt-%).

     Similarly, for the number of cross
sections showing cracks, the model
was

Number of Sections with Cracks = 
–5.38 + 216.3 P (wt-%) + 32.2 S (wt-%). 

     The residual plots for both models

Fig. 5 — Chemical composition of the liquid as a function of fraction of solid for A — Sul
fur and B — Phosphorus using ThermoCalc Scheil simulation for 0.02 wt% P and 0.06
wt% S nominal composition under primary austenite solidification mode.

Table 2 — Levels of Sulfur and Phosphorus in Experimental Heats (wt%)

   Phosphorus                                                                       Sulfur
                                    0.003          0.012           0.024         0.035         0.041      0.048       0.058

       0.022                      40               41                42               43              51            52             53
       0.025                      44               48                49               —              —             —             —
       0.030                      45               47                50               —              —             —             —   
       0.035                      46                —                —                —              —            —             —   

A B
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indicated the models were valid. Nor-
malizing the coefficients for P and S in
each model to a coefficient of one for P,
gives a coefficient for S of 0.21 based
on the number of cracks, and 0.15
based on the number of sections with
cracks. Both models indicate a reduced
effect of S relative to P, similar to re-
sults from literature for effects of S and
P on cracking in other austenitic stain-
less steels (Refs. 28–31). Based on the
regression analysis, a coefficient of 0.2
for S was chosen for the weldability dia-

grams presented in Part II.
     To better understand the partition-
ing behavior of P and S, and phases
likely to form during solidification,
Scheil solidification simulations for
the primary austenite solidification
mode were done using Thermo-Calc
with the TCFE7 database. The results
are presented for three compositions:
a low-S, low-P alloy, a low-S, high-P al-
loy, and a high-S, low-P alloy. Sulfur
and phosphorus levels were chosen to
simulate Alloys 40, 46, and 53. All

three calculations had constant levels
of all other elements used, with com-
position adjusted to give primary
austenite solidification. Evaluating the
composition of the liquid at a high
fraction of solid should give an idea of
the enrichment of P and S in the final
to solidify liquid to which solidifica-
tion cracking is attributed. The start-
ing composition of P and S in the sim-
ulated alloys and the composition of
the liquid at 0.97 fraction of solid are
given in Table 5. 

Table 3 — Solidification Mode of Sigmajig Samples

                                       Espy Equivalents                                                                                                                  Solidification Mode

    Alloy                                                                                                    P + 0.2 S
                          Creq               Nieq             Creq/ Nieq                                                                              21 mm/s                  42 mm/s                 85 mm/s

        1                21.03           12.33                1.71                                     0.018                                          F                                  F                            F
        2                21.02           13.53                1.55                                     0.016                                          F                                 D                            A
        3                21.14           13.44                1.57                                     0.019                                          F                                  F                            A
        4                21.10           13.51                1.56                                     0.017                                          F                                  F                            A
        5                21.49           12.55                1.71                                     0.018                                          F                                  F                            F
        6                20.72           13.36                1.55                                     0.020                                          F                                  A                            A
        7                20.93           13.42                1.56                                     0.020                                          F                                  A                            A
        8                21.50           12.68                1.69                                     0.028                                          F                                  F                            F
        9                20.57           13.32                1.54                                     0.022                                          F                                  F                            D
       10               22.14           15.20                1.46                                     0.023                                          F                                  A                            A
       11               20.83           13.90                1.50                                     0.023                                          F                                  A                            A
       12               19.45           12.06                1.61                                     0.019                                          F                                  A                            A
       13               21.01           13.82                1.52                                     0.023                                          F                                  A                            A
       14               21.47           12.76                1.68                                     0.021                                          F                                  F                            F

       30               20.31           11.29                1.80                                     0.021                                          F                                  F                            A
       31               22.65           15.81                1.43                                     0.024                                          F                                 D                           D
       32               21.23           13.39                1.59                                     0.027                                          F                                 D                            A
       33               25.51           23.53                1.08                                     0.021                                          A                                 A                            A
       34               24.51           18.28                1.34                                     0.025                                          A                                 A                            A
       35               23.33           14.20                1.64                                     0.032                                          D                                 A                            A
       36               17.18            8.95                 1.92                                     0.025                                          F                                  F                            F

       40               21.23           15.71                1.35                                     0.023                                          A                                 A                            A
       41               21.21           14.68                1.44                                     0.025                                          A                                 —                          —
       42               21.27           14.72                1.44                                     0.026                                          A                                 —                          —
       43               21.09           14.62                1.44                                     0.030                                          A                                 —                          —
       44               21.12           15.45                1.37                                     0.025                                          A                                 —                          —
       45               21.27           15.41                1.38                                     0.031                                          A                                 —                          —
       46               21.17           15.71                1.35                                     0.035                                          A                                 —                          —
       47               21.10           15.65                1.35                                     0.033                                          A                                 —                          —
       48               21.04           15.39                1.37                                     0.025                                          A                                 —                          —
       49               20.98           14.57                1.44                                     0.030                                          A                                 A                            A
       50               21.14           15.33                1.38                                     0.035                                          A                                 —                          —
       51               20.96           14.73                1.42                                     0.032                                          A                                 —                          —
       52               20.96           14.16                1.48                                     0.032                                          A                                 —                          —
       53               20.94           14.32                1.46                                     0.035                                          A                                 A                            A
       54               20.40           15.57                1.31                                     0.037                                          A                                 A                            A
       55               20.42           15.58                1.31                                     0.038                                          A                                 A                            A
       56               21.40           13.86                1.54                                     0.032                                          F                                 D                            A
       57               21.42           13.96                1.53                                     0.039                                          F                                 D                            A
       58               21.59           13.37                1.61                                     0.033                                          F                                 D                            A
       59               21.62           12.60                1.72                                     0.037                                          F                                 D                           D

Solidification modes: A austenite, D dual (austenite and ferrite), F ferrite.
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     At minimum P and S levels, the liq-
uid is enriched in P to approximately 1
wt-% while the S level reaches approxi-
mately 0.03 wt-%. When the starting P
level is doubled to 0.04 wt-%, the P in
the liquid almost doubles as well. The
much larger increase in S content from
0.002 to 0.06 wt-% showed almost no
change in the composition of S in the
liquid. The low amount of S in the last
liquid to solidify, even at high initial
compositions, is attributed to the for-
mation of MnS during solidification.
The compositions of P and S in the liq-
uid phase are plotted as a function of
fraction of solid in Fig. 5 for the high-
S, low-P case. Phosphorus in the liquid
continues to increase as fraction of sol-
id increases, as would be expected for a

solute with a parti-
tioning coefficient
less than one. The
sulfur content of the
liquid increases from
the nominal compo-
sition initially, and
then at approximate-
ly 0.4 fraction of sol-
id begins to decrease.
The shift to decreas-
ing S is due to the
formation of man-
ganese-sulfide
(MnS), which is
shown by the change
in line color from red
to green. As MnS
continues to form
from the melt, the S
content of the liquid

is actually reduced below the nominal
composition. Similar behavior is ob-
served for the low-S level, with the liq-
uid being enriched with S until MnS
forms at approximately 0.9 fraction of
solid.

Based on the Scheil calculations of P
and S compositions in the final liquid,
it would be expected that the crack
surfaces would exhibit P-rich films,
and the S would be dispersed as MnS
inclusions within the weld microstruc-
ture. A crack in a cross section of Alloy
47 is shown in Fig. 6, along with the
EDS spectrum for a spot scan of the
crack surface. The crack showed a film-
like second phase along the crack. The
EDS spectra showed no indications of
S or P, and a small Si peak that is typi-
cal of the matrix. Other EDS attempts

on similar crack features on multiple
samples were unsuccessful in identify-
ing the constituents along the cracks.
The large interaction volume of the
beam compared to the size of the fea-
ture being characterized likely make
the signal from the matrix overpower
the characteristic x-rays from the crack
film. Exposing the crack surface to in-
crease the volume of film material was
also unsuccessful in identifying the el-
ements present at the crack surface. 

An example of the exposed crack
surface is shown in Fig. 7. The crack
surface showed the egg crate morphol-
ogy typical of solidification cracking.
The film-like nature of the second
phase present can be seen between 
the dendrite tips. Further characteri-
zation of the composition of the crack
surfaces with electron-microprobe
analysis (EMPA) or Auger electron
spectroscopy would likely provide suit-
able results, but was not conducted in
this work. It is important to note that
Brooks (Ref. 34) identified P- and Mn-
rich films along the solidification grain
boundaries in GTA welded 21-6-9
using EMPA. Similar chemical compo-
sitions are expected for the second
phases present along the cracks ob-
served here.

Chemical Composition and 
Solidification Cracking

     The larger increase in solidification
crack susceptibility for P relative to S for
primary austenite solidification ob-
served here is similar to that observed
by Arata et al. (Refs. 28, 29), Katayama
et al. (Ref. 30), and Li and Messler (Ref.

Fig. 6 — Unetched crack in the cross section of Alloy 47 welded at 21 mm/s: A — Note film of secondary phase along crack; B — EDS spec
trum of spot scan indicated in A by red dot.

Fig. 7 — The dendritic fracture surface of Alloy 55 welded at 85
mm/s with the second phase lining areas of the crack surface.

A B
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31). The literature results for 300 series
stainless steels with austenitic solidifi-
cation all indicate P being far more
detrimental to solidification cracking.
Katayama (Ref. 30) showed phosphides
tend to form film-like features along so-
lidification grain boundaries, while sul-
fides form with a globular morphology.
Brooks (Ref. 34) showed that a Mn- and
P-rich film is found on the partially
melted grain boundaries for GTA weld-
ing of 21-6-9 while S is tied up in dis-
crete MnS particles. Similar results for
the morphology of phosphides and sul-
fides would be expected for the experi-
mental 21-6-9 alloys used here. The
electron microscopy work shown in lit-
erature was able to identify the P and S
compositions likely due to the much
larger size of the phosphides and sul-
fides in arc welding. 
     Based on the literature and Scheil
solidification calculations performed,

the sulfides are expected to be MnS
type. With MnS forming during solidi-
fication even at very low (0.003 wt-%)
S levels, it is expected that any S ex-
ceeding the solubility of the liquid is
precipitated out during solidification.
The melting temperature of MnS of
approximately 1300°C (Ref. 30) is
higher than the terminal solidification
temperature of 1230°C predicted from
the Thermo-Calc calculations for the
experimental 21-6-9 Alloys, indicating
the sulfides form prior to final solidifi-
cation and prevent S from forming low

melting temperature phases that could
promote solidification cracking. Given
that film-like low melting temperature
features are considered detrimental to
solidification cracking, the globular
morphology of MnS would also reduce
the influence of S on solidification
cracking susceptibility.
     A coefficient of 0.2 for S, as deter-
mined in the analysis of the experimen-
tal 21-6-9 heats, may be related to the
high Mn content of 21-6-9. Honey-
combe and Gooch (Ref. 44) showed Mn
levels of approximately 2–9 wt-% were

Table 4 — pValues for Responses in Regression Model

          Term                             Number of Cracks                  Number of Sections with Cracks

             P                                            0.012                                                    0.009
             S                                            0.193                                                    0.021
          P x S                                         0.262                                                    0.057

Fig. 8 — Micrographs showing observed solidification modes: A — Primary austenite solidification (A) in Alloy 13 welded at 85 mm/s; B —
primary austenite solidification with interdendritic ferrite (AF) and cracking in Alloy 35 welded at 21 mm/s; C — primary ferrite solidifica
tion (F) in Alloy 3 welded at 21 mm/s; D — dual solidification modes (D) with dark etching primary austenite solidifying epitaxially from
the weld interface transitioning to lighter etching primary ferrite toward the centerline in Alloy 9 welded at 85 mm/s.

A B

C D
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effective in reducing solidification
cracking in a fully austenitic Type 310
weld metal with 0.01 wt-% S and 0.02
wt-% P, but no mechanism for the re-
duction in crack susceptibility was giv-
en. For alloys with lower Mn content
than Type 21-6-9, such as 300 series
stainless steels, it is possible that lower

S levels would initiate so-
lidification cracking, giv-
ing a higher S coefficient
for those alloys than 0.2
as determined for Type
21-6-9. One final consid-
eration is that given the
low levels of S in com-
mercial alloys used here
(typically less than 0.005
wt-%), a small variation
in the coefficient for S
makes little difference in
overall calculated impu-
rity content for commer-
cial alloys. 

Primary
Solidification Mode
(PSM) Diagrams

The PSM diagrams were produced by
plotting Nieq as a function of Creq. To
plot the Cr and Ni equivalencies of the
alloys studied here, the equivalents de-
veloped by Espy (Ref. 8) were used,
which are given by the following equa-
tions: 

Creq =%Cr + %Mo + 1.5 × %Si + 0.5 
× %Nb + 5 × %V + 3 × %Al
Nieq = %Ni + 30  %C + 0.87 for Mn
+ 0.33  %Cu + (%N – 0.045)  NCoef.

     where NCoef. = 30 when nitrogen is
0.0–0.20 wt-% or NCoef. = 22 when ni-
trogen is 0.21–0.25 wt-% or NCoef.= 20 
when nitrogen is 0.26–0.35 wt-%. The
coefficients developed by Espy are
known to be the most applicable Cr
and Ni equivalents for arc welding of
high-N, high-Mn austenitic stainless
steels. Ritter and coworkers (Refs. 38,
39) determined that Espy equivalents
are the most applicable for arc welding
of Nitronic 50 alloys for both ferrite
content and solidification mode pre-
diction. Ritter and Savage (Ref. 39)
also plotted arc welding solidification
mode results for a large number of
high-N, high-Mn stainless steels from
Suutala (Ref. 40) showing the Espy
equivalents provided a good fit. Robi-
no et al. (Ref. 41) showed that the
Espy equivalents were preferred for arc
welding of Nitronic 60 and another
similar alloy.
     Other equivalents were also ex-
plored in developing the diagrams;
specifically, Hull (Ref. 6) and Hammar
and Svensson (Ref. 7) were considered.
Among the three equivalents consid-
ered, the Espy equivalents provided
the clearest trends of solidification
mode as a function of Creq/Nieq. The
Espy coefficients were chosen based
on better discrimination of the solidi-
fication modes observed in this work,
and their known applicability to arc
welding of Nitronic alloys. For the

Fig. 9 — PSM diagram for 21 mm/s (50 in./min) with Nieq as
a function of Creq. A is the primary austenite solidification,
and F is the primary ferrite solidification. Other indicates
non2169 type.

Fig. 11 — PSM diagram for 85 mm/s (200 in./min) with Nieq
as a function of Creq. A is the primary austenite solidifica
tion, F is the primary ferrite solidification, D is the dual with
mixed primary austenite and primary ferrite solidification.
Other indicates non2169 type.

Fig. 10 — PSM diagram for 42 mm/s (100 in./min) with Nieq as a
function of Creq. A is the primary austenite solidification, F is the pri
mary ferrite solidification, D is the dual solidification mode. Other
indicates non2169 type.

Table 5 — ThermoCalc Scheil Simulation Liquid Compositions

          Starting Composition                           Composition of Liquid at 0.97
                       (wt%)                                                Fraction Solid (wt%)

                P                       S                                              P                           S
             0.02                0.002                                       0.98                    0.028
             0.04                0.002                                       1.74                    0.024
             0.02                 0.06                                         0.92                    0.030
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PSM diagrams, the nitrogen loss that
occurs during high-energy-density
welding (Refs. 34, 35) was considered
when calculating the Nieq. Based on
previously reported results (Ref. 42),
nitrogen loss of 10% from the initial
base metal composition was used to
calculate the Nieq.
     Previously developed PSM and
weldability diagrams do not account
for variations in solidification condi-
tions within a given welding process,
whether developed for laser or arc
welding. It is known that process pa-
rameters different from those used to
develop a weldability diagram can
cause the diagram to be not applicable
(Ref. 43). It was desired to incorporate
the shift in solidification mode that
occurs due to changes in solidification
rate into this work. PSM diagrams
were developed at three distinct travel
speeds that span a range common for
continuous-wave laser welding. The
result is three separate PSM diagrams
that capture the shift in solidification
mode with solidification rate. 
     The Creq, Nieq, impurity content, and
solidification mode of the Sigmajig sam-
ples used to generate the diagrams were
given above in Table 3. The primary so-
lidification modes were identified by
their distinctive microstructures. Typi-
cal solidification microstructures ob-
served are shown in Fig. 8. Primary
austenite microstructures with and
without ferrite were observed. The cel-
lular primary austenite solidification
with no ferrite shown in Fig. 8A was the
majority of the primary austenite solidi-
fication observed. Less common was the
dendritic primary austenite containing
small amounts of ferrite shown in Fig.
8B. A typical primary ferrite solidifica-
tion microstructure is shown in Fig. 8C.
No cracks were observed with primary
ferrite solidification for all travel
speeds. Dual-mode solidification mi-
crostructures with both primary
austenite and primary ferrite were ob-
served, shown in Fig. 8D. Dual solidifi-
cation mode was observed to exhibit
both ferrite and austenite growing to-
gether from the weld interface, or one
mode transitioning to another as loca-
tion changed within the weld. In dual
solidification mode alloys that exhibited
cracking, the cracking always occurred
in the primary austenite regions. Pri-
mary ferrite solidification followed by
what has been referred to in literature

as massive decomposition of the ferrite
to austenite (Refs. 15, 20, 23) that can
occur under rapid cooling was observed
in some alloys at 85 mm/s travel speed,
shown in Fig. 8D.
     The PSM diagram developed for 21
mm/s (50 in./min) travel speed in-
cludes a larger number of alloys due to
the large number of compositions
used for the impurity content varia-
tion work. Only Alloys 40, 49, and 53
were repeated at 42 and 85 mm/s trav-
el speed. The PSM diagram for welds
at 21 mm/s (50 in./min) is shown in
Fig. 9 with Nieq as a function of Creq. As
Nieq increases for a given Creq, the so-
lidification mode shifts from primary
ferrite to primary austenite solidifica-
tion. For the 21-6-9 alloys tested,
there appears to be a clear shift in so-
lidification mode, indicated by the
dashed line. 
     The PSM diagram developed for 42
mm/s (100 in./m) travel speed is
shown in Fig. 10. As expected, a larger
number of alloys showed primary
austenite solidification at the in-
creased travel speed. 
     A number of alloys also showed the
dual solidification mode, which was
not observed at 21 mm/s. The demar-
cation between solidification modes
was less prominent. Note that all al-
loys are shown on the plot, but the so-
lidification mode boundary was drawn
based only on the 21-6-9 alloys
(shown in black), because that was the
focus of this work.
     Figure 11 shows the PSM diagram
developed for 85 mm/s. Again, the so-
lidification mode boundary shifted
downward as the travel speed increased
with a larger number of alloys showing
primary austenite solidification. Similar
to the 42 mm/s diagram, some of the
other alloys show primary austenite so-
lidification below the line indicating the
change to primary ferrite solidification
for the 21-6-9 alloys. 

Solidification Mode 
Considerations

     The PSM diagrams can be compared
to the diagrams generated by Ritter and
Savage (Ref. 39) with Espy coefficients
for arc welding of similar alloys. The
transition Creq/Nieq between solidifica-
tion modes has shifted downward in the
laser welding diagrams presented here
compared to the arc welding diagram.

The downward shift in the solidification
mode boundary indicates the Creq/Nieq

required for primary ferrite solidifica-
tion increased for the laser welding, as
expected. Within the laser welding PSM
diagrams, the solidification mode
boundary shifted downward, thus the
minimum Creq/Nieq for primary ferrite
solidification increased as travel speed
increases. The mix of solidification
modes that was found to occur close to
the boundary between solidification
modes at higher travel speeds in this
work is similar to the weldability dia-
gram for pulsed laser welding of 300 se-
ries alloys (Ref. 26), where both primary
ferrite and dual solidification modes
were observed for Creq/Nieq values be-
tween 1.6 and 1.7. 
     There is no reason to assume that
the boundary between solidification
modes should be a line. For example,
the liquidus lines of the Fe-Cr-Ni and
Fe-Cr-Mn systems show a curved
boundary between primary solidifica-
tion modes over a large range of chemi-
cal compositions. Based on the fit of the
observed solidification modes to the im-
posed boundaries in this work and
knowing that linear boundaries be-
tween the solidification modes are an
assumption, better equivalencies may
need to be developed. The linear Cr and
Ni equivalencies also do not account for
the interaction terms that are present
when considering the thermodynamics
of the systems. Work to develop new Cr
and Ni equivalencies should consider
both of these aspects.
     Quantifying the change in the solidi-
fication mode boundary line as travel
speed increased was attempted, but it
was considered inappropriate given the
lack of clear fit of the lines to the ob-
served solidification modes at 42 and
85 mm/s travel speeds. Developing bet-
ter equivalencies may allow quantifying
the downward shift in solidification
mode boundary that occurs as travel
speed increases. 
     The transition from primary ferrite
to primary austenite solidification for a
given Creq/Nieq with increasing travel
speed has been ascribed to increased
undercooling at high solidification rates.
Estimating the solidification rate (veloc-
ity of the solid/liquid interface during
solidification) of the welds for each trav-
el speed was done using 

   R = Vcos()
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where V is the welding travel speed and
 is the angle between the dendrite
growth and weld travel direction (Ref.
45). Average solidification rates of 6
mm/s at 21 mm/s travel speed, 13
mm/s at 42 mm/s travel speed, and 25
mm/s at 85 mm/s travel speed were ob-
served at 50% penetration depth,
where the solidification rate is expected
to be the highest (Ref. 46). The solidifi-
cation rate appears to be approximately
30% of the travel speed for all the con-
ditions, which agrees with average so-
lidification rates reported for continu-
ous-wave laser welding of super-
austenitic stainless steel (Ref. 47).
Pulsed laser weld solidification rates are
reported to range from 42 to 142 mm/s
(Ref. 48), thus the highest travel speeds
used in this work had solidification
rates that approach those in pulsed
laser welding. Again, the solidification
rates given are averages; both solidifica-
tion rate and temperature gradient vary
spatially within the weld pool. The vari-
ation of solidification rate and tempera-
ture gradient throughout the weld like-
ly causes the dual solidification mode
where primary austenite transitions to
primary ferrite or vice versa. 

Conclusions

     For 21-6-9 alloys with primary
austenite solidification mode, P has a
larger effect on increasing solidification
crack susceptibility relative to S. Interac-
tion between P and S was found to have
an insignificant effect on cracking. A co-
efficient of 0.2 was determined for S,
with total impurity content calculated
as P + 0.2S. The S is thought to not con-
tribute significantly to solidification
cracking because of the formation of
globular sulfides during solidification.
     A range of 21-6-9 alloys were used to
develop PSM diagrams to predict solidi-
fication mode for laser welding of 21-6-
9. The PSM diagrams were developed at
21, 42, and 85 mm/s travel speed. As
travel speed increased the minimum
Creq/Nieq for primary ferrite solidifica-
tion increased, which was attributed to
the increase in solidification rate as
travel speed increased. 
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