
Introduction
     Solidification cracking is a 
well-known weldability issue with
austenitic stainless steels, with solidi-
fication mode and impurity content
being important factors. Part 1 of this
study (Ref. 1) presented the effects of
S and P on solidification cracking un-
der primary austenite solidification,
and the relationship between solidifi-
cation mode chemical composition
represented as Creq as a function of
Nieq for Type 21Cr-6Ni-9Mn (21-6-9),
an alloy also known as Nitronic® 40. 

     Previous research on welding of
austenitic stainless steels related solidi-
fication cracking to both solidification
mode and impurity content by develop-
ing weldability diagrams (Refs. 2–6).
The weldability diagrams mapped crack-
ing behavior on a plot of impurity con-
tent of P plus S vs. Creq/Nieq. In the
weldability diagram at low Creq/Nieq,
primary austenite solidification occurs
and cracking was present unless the
combined impurity content was below
approximately 0.02 wt-%. As Creq/Nieq
increases above some critical value
where primary ferrite solidification oc-

curs, cracking is prevented regardless of
impurity content. The weldability dia-
grams were originally developed for arc
welding. Later it was discovered that the
rapid solidification conditions of high-
energy-density welding at high travel
speeds in austenitic stainless steels can
cause a shift to primary austenite solidi-
fication when primary ferrite solidifica-
tion mode would be expected (Refs. 7–
12). One theory to explain the shift
holds that increasing solidification rates
increase the undercooling at the solidifi-
cation front, thereby increasing the sta-
bility of the austenite relative to the fer-
rite (Refs. 4, 13). The shift in solidifica-
tion behavior also changes the composi-
tion ranges that are crack susceptible
(Refs. 4, 14), which led to the develop-
ment of weldability diagrams for pulsed
laser welding of 300 series austenitic
stainless steels (Refs. 4–6). 
     The weldability diagrams discussed
above relate solidification cracking to
alloy composition and impurity levels
for 300 series stainless steels for both
laser and arc welding. It is unlikely that
the diagrams developed for 300 series
stainless steels are pertinent to solidifi-
cation cracking of 21-6-9. Given the
higher N and Mn content of 21-6-9, the
relationship between solidification
cracking and chemical composition for
21-6-9 is likely different than predicted
by existing weldability diagrams. 
     In the weldability diagrams devel-
oped thus far (Refs. 2–6), the effects
of S and P have been equally weighted
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regarding influence on crack 
susceptibility. Several researchers
have shown that P has a larger effect
on increasing solidification cracking
susceptibility than S in both
austenitic stainless steels (Refs. 15–
18) and high-manganese steels (Ref.
19). The differing effects of P and S
on solidification cracking were also
observed for 21-6-9 (Ref. 1) and were
taken into consideration for the weld-
ability diagrams developed. 
     The goal of Part 2 of this work was
to characterize the solidification crack-
ing behavior of 21-6-9 during laser
welding. Weldability diagrams for laser
welded 21-6-9 were developed, relat-
ing solidification mode and solidifica-
tion cracking to chemical composition
and impurity content. The weldability
diagrams were created using a large
number of heats of 21-6-9 for a range
of solidification rates to observe the
shift in critical Creq/Nieq for primary
ferrite solidification as solidification
rate increases. 

Experimental 
     A brief recapitulation of the experi-
mental work is given here. For further
details, see Part 1 of this investigation
(Ref. 1). A wide range of chemical 
compositions of high-nitrogen, high-
manganese stainless steel materials,
found in Table 1, were tested to exam-
ine their solidification mode and solid-
ification cracking behavior. All chemi-
cal compositions were determined us-

ing optical emission spec-
troscopy (OES) for the ma-
jority of the elements, and
Leco inert gas fusion tech-
niques for nitrogen, carbon,
and sulfur. The chemical
composition presented is

the average of three measurements for
each alloy.
     Sigmajig weldability testing (Ref.
20) was used to compare the solidifica-
tion crack susceptibility of the various
alloys. Figure 1 shows the Sigmajig fix-
ture with sample after welding. Sam-
ples 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. The welding
power source was a 1-kW multimode
IPG fiber laser, and three travel speeds
of 21, 42, and 85 mm/s (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 used was
555, 755, and 1166 W at 21, 42, and
85 mm/s travel speed, respectively. 
     The Sigmajig samples were inspected
for cracking by examining the surface
and three transverse cross sections
from the end of the weld as shown in
Fig. 2. The transverse cross-sections
were all taken at the end of the weld be-
cause that is the location where trans-
verse tensile stresses are known to be
highest (Ref. 21), and where cracks were
observed in the surface inspection when
present. All three cross sections were
examined to characterize solidification
mode and solidification cracking
through microstructural observation.
Standard metallographic preparation
procedures were used and electrolytic

etching was done with 10% oxalic acid.
The solidification mode was character-
ized with light optical microscopy at a
variety of magnifications. Examination
for solidification cracks was also con-
ducted with light optical microscopy,
with a maximum of 1000¥  magnifica-
tion. Correlation of the solidification
mode, solidification cracking response,
and the chemical composition was used
to develop the weldability diagrams for
the three travel speeds used. Detailed
description of the primary solidification
modes and representative microstruc-
tures can be found in Part 1. Quantify-
ing the length of cracks (when present)
was used to assess the severity of solidi-
fication cracking for each cross section.

Results and Discussion
Weldability Diagram

     The materials used span a wide
range of Creq/Nieq, from roughly 1.1
to 1.9. Experimental laboratory heats
were used to expand the composition
range of 21-6-9 alloys beyond the
somewhat limited range of the com-
mercial alloys available. The weldabil-
ity diagrams were developed using
the established convention of plot-
ting total impurity content vs. Creq/
Nieq. Previous researchers have de-
fined total impurity content as P + S.
In this work, a coefficient of 0.2 for S
was used on the vertical axis based on
the regression analysis results pre-
sented in Part 1. Hereafter, total im-
purity content refers to P + 0.2 S. To
plot the Cr and Ni equivalencies of
the alloys studied here, the equiva-
lents developed by Espy (Ref. 22)
were used, which are given by the fol-
lowing equations
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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
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     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 – 0.45) 

     ¥  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
Espy coefficients were developed using
composition ranges of approximately
17–22 wt-% Cr, 4–13 wt-% Ni, 5–14
wt-% Mn, 0.5–4 wt-% Si, and 0.1–0.35
wt-% N. Espy coefficients were chosen
based on their known applicability to
21-6-9, as detailed in Part 1. Some of
the other alloys tested in this work ex-
tend beyond the composition ranges

to develop the equivalents. It was as-
sumed the equivalents could be ex-
trapolated to be used for the few alloys
outside the original composition
range.
     Matching the primary solidification
mode diagrams presented in Part 1,
the weldability diagrams were devel-
oped at three distinct travel speeds
that span a range common for contin-
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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

    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

Type for Alloys 40–59 indicate the starting material used for melting.
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uous-wave laser welding. Given that
solidification rate is proportional to
travel speed, a range of solidification
rates were measured, and are dis-
cussed below. The results are three
separate weldability diagrams that
capture the shift in solidification mode
and critical Creq/Nieq with solidifica-
tion rate. The Creq/Nieq, impurity con-
tent, solidification mode, and cracking
behavior of the Sigmajig samples used
to generate the diagrams are given in
Table 2. The primary solidification
modes were identified by their differ-
ent characteristic microstructures,
shown and discussed in Part 1. 
     When calculating the Nieq of the al-
loys for plotting the weldability dia-
grams, nitrogen loss of 10% in the
weld metal was used based on previous
results (Ref. 23). Note that the equiva-
lents presented in Table 2 are based on
the base metal without any nitrogen
loss. The weldability diagram devel-
oped for 21 mm/s travel speed in-
cludes a larger number of alloys with
the large number of compositions
used for the impurity content varia-
tion in Part 1. Of the laboratory melt-
ed alloys produced with variations in S
and P levels, only Alloys 40, 49, and 53
were repeated at 42 and 85 mm/s trav-
el speed for the weldability diagrams.
The cracking behavior and solidifica-
tion mode for welds at 21 mm/s is
shown in Fig. 4, with impurity content
as a function of Creq/Nieq. Solid sym-
bols indicate cracking was observed in
at least one of the three transverse
cross sections. All alloys with primary
ferrite solidification were crack free.
    A critical Creq/Nieq of approximate-

ly 1.55 was observed for primary fer-
rite solidification. All alloys greater
than 1.55 Creq/Nieq solidified as pri-
mary ferrite with the exception of one
alloy that was not a 21-6-9 type. Alloy
35, a Nitronic 60-type indicated with
the solid red to the right of the crack-
ing boundary, with Creq/Nieq of 1.70
solidified as primary austenite and ex-
hibited cracking. The cracking bound-
ary was drawn excluding the Nitronic
60 alloy considering that Type 21-6-9
was the focus of this work. 
     For 21-6-9 alloys (all shown in black
on the plot) with primary austenite so-
lidification, the minimum impurity
content to exhibit cracking susceptibil-
ity was 0.03 wt-%. Two 21-6-9 alloys
with primary austenite solidification

and greater than 0.03 wt-% impurity
content were crack free; however, the
majority of alloys in this composition
range exhibited cracking. The 21-6-9
heats exhibiting cracking were all ex-
perimental alloys. No commercial 21-
6-9 alloys showed primary austenite
solidification or solidification cracking
at 21 mm/s. The horizontal cracking
boundary for 21 mm/s is below the
minimum impurity content for crack-
ing in 21-6-9 alloys at approximately
0.02 wt-% to be conservative, based on
the cracking observed below 0.03 wt-
% impurity content at higher travel
speeds. 
     The two alloys exhibiting cracking
at Creq/Nieq of approximately 1.1 and
1.4 and impurity content of less than
0.03 wt-% were both Nitronic 50 al-

loys. The Nitronic 50 alloys showed
cracking at lower impurity levels than
the experimental 21-6-9 alloys tested.
The difference in minimum impurity
content to cause cracking could be an
indication that other elements within
Nitronic 50 contribute to its crack sus-
ceptibility. At constant Creq/Nieq of
roughly 1.55, there is a change in so-
lidification mode from primary ferrite
to primary austenite as impurity con-
tent is increased. The increased levels
of P and S could be affecting the solidi-
fication mode. 
     The weldability diagram developed
for 42 mm/s travel speed is shown in
Fig. 5. As expected, a larger number of
alloys showed primary austenite solid-
ification at the increased travel speed.  
A number of alloys also showed the
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Fig. 3 — Astested Sigmajig sample welded at 21 mm/s travel speed. A — Photograph; B
— stereoscope image of cracking at the end of the weld. The box in 3A indicates the area
for the image of 3B. 

Fig. 4 — Weldability diagram for 21 mm/s (50 in./min) with impurity content as a func
tion of Creq/Nieq. Note Nieq was calculated assuming 10% N loss. A is primary austenite
solidification, F primary ferrite solidification, and D dualmode solidification. Other indi
cates non2169 type. 

A B
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dual solidification mode, which was
not observed at 21 mm/s. At 42 mm/s
travel speed, the critical Creq/Nieq for
primary ferrite solidification shifts to
approximately 1.75, compared to 1.55
for 21 mm/s. In the range of 1.55 to
1.75 Creq/Nieq a mix of primary ferrite,
primary austenite, and dual solidifica-
tion modes were observed. One alloy,

59, showed dual mode solidification at
a Creq/Nieq of 1.73 with high impurity
content, while alloys at equal Creq/Nieq
and lower impurity content all exhibit-
ed primary ferrite solidification. A
similar variation in solidification
mode with increasing impurity con-
tent for constant Creq/Nieq, right at
the transition from primary austenite

to primary ferrite, was observed in the
21 mm/s diagram. In general, cracking
was observed in alloys with primary
austenite or dual solidification modes
and impurity contents greater than
approximately 0.02 wt-%. Some alloys
with impurity content slightly above
0.02 wt-% and primary austenite so-
lidification were crack free. One com-
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Table 2 — Solidification Mode and Cracking of Sigmajig Samples

                        Espy Equivalents                                        Solidification Mode                        Total Crack Length                            Number of Cracks
Alloy                                                           P + 0.2 S
               Creq           Nieq            Creq/                                   21            42              85              21           42             85             21             42             85 
                                                    Nieq                                 mm/s      mm/s         mm/s        mm/s      mm/s       mm/s        mm/s        mm/s        mm/s

    1        21.03       12.33           1.71           0.018               F               F                 F                  0               0               0                 0               0                0
    2        21.02       13.53           1.55           0.016               F              D                A                 0               0               0                 0               0                0
    3        21.14       13.44           1.57           0.019               F               F                 A                 0               0               0                 0               0                0
    4        21.10       13.51           1.56           0.017               F               F                 A                 0               0               0                 0               0                0
    5        21.49       12.55           1.71           0.018               F               F                 F                  0               0               0                 0               0                0
    6        20.72       13.36           1.55           0.020               F              A                A                 0               0               0                 0               0                0
    7        20.93       13.42           1.56           0.020               F              A                A                 0               0               0                 0               0                0
    8        21.50       12.68           1.69           0.028               F               F                 F                  0               0               0                 0               0                0
    9        20.57       13.32           1.54           0.022               F               F                D                 0               0               0                 0               0                0
   10       22.14       15.20           1.46           0.023               F              A                A                 0            335         1137             0               8               24
   11       20.83       13.90           1.50           0.023               F              A                A                 0               0               0                 0               0                0
   12       19.45       12.06           1.61           0.019               F              A                A                 0               0               0                 0               0                0
   13       21.01       13.82           1.52           0.023               F              A                A                 0               0               0                 0               0                0
   14       21.47       12.76           1.68           0.021               F               F                 F                  0               0               0                 0               0                0

   30       20.31       11.29           1.80           0.021               F               F                 A                 0               0              85                0               0                7
   31       22.65       15.81           1.43           0.024               F              D                D                 0               0               0                 0               0                0
   32       21.23       13.39           1.59           0.027               F              D                A                 0              55            104              0               2                4
   33       25.51       23.53           1.08           0.021              A              A                A              1420        4463        2805             1              13              47
   34       24.51       18.28           1.34           0.025              A              A                A              2460        3130        1844             2               2               44
   35       23.33       14.20           1.64           0.032              D              A                A              1307        3134        2217            16             15              42
   36       17.18        8.95            1.92           0.025               F               F                 F                  0               0               0                 0               0                0

   40       21.23       15.71           1.35           0.023              A              A                A                 0               0               0                 0               0                0
   41       21.21       14.68           1.44           0.025              A             —               —                 0              —             —                0              —              —
   42       21.27       14.72           1.44           0.026              A             —               —                 0              —             —                0              —              —
   43       21.09       14.62           1.44           0.030              A             —               —                 0              —             —                0              —              —
   44       21.12       15.45           1.37           0.025              A             —               —                 0              —             —                0              —              —
   45       21.27       15.41           1.38           0.031              A             —               —                 0              —             —                0              —              —
   46       21.17       15.71           1.35           0.035              A             —               —             3824          —             —                6              —              —
   47       21.10       15.65           1.35           0.033              A             —               —              569           —             —                6              —              —
   48       21.04       15.39           1.37           0.025              A             —               —                 0              —             —                0              —              —
   49       20.98       14.57           1.44           0.030              A              A                A               905          384         1755             1               2               14
   50       21.14       15.33           1.38           0.035              A             —               —             3340          —             —                3              —              —
   51       20.96       14.73           1.42           0.032              A             —               —                 0              —             —                0              —              —
   52       20.96       14.16           1.48           0.032              A             —               —              225           —             —                5              —              —
   53       20.94       14.32           1.46           0.035              A              A                A               229          347          541              7               2                7
   54       20.40       15.57           1.31           0.037              A              A                A              4692        4690        5024            12             14              10
   55       20.42       15.58           1.31           0.038              A              A                A              5907        5503        5907             3              18               3
   56       21.40       13.86           1.54           0.032               F              D                A                 0            181          657              0               3               10
   57       21.42       13.96           1.53           0.039               F              D                A                 0            983         4440             0               3               47
   58       21.59       13.37           1.61           0.033               F              D                A                 0            633          194              0               3                4
   59       21.62       12.60           1.72           0.037               F              D                D                 0           1154         798              0               3                4

Solidification modes: A austenite, D dual (austenite and ferrite), and F ferrite.
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mercial 21-6-9 alloy, 10, showed crack-
ing at 42 mm/s travel speed as the so-
lidification mode had shifted to pri-
mary austenite. However, other 21-6-9
alloys (both experimental and com-
mercial) with similar impurity levels
that also had primary austenite solidi-
fication showed no cracking. Alloys
with impurity contents less than 0.02
wt-% or primary ferrite solidification
were crack free.
     Figure 6 shows the weldability dia-
gram developed for 85 mm/s. The
Creq/Nieq of 1.75 separating primary
austenite from primary ferrite solidifi-
cation has not shifted as the travel
speed was increased from 42 to 85
mm/s. At 85 mm/s, all but one of the
alloys in the range of 1.55 to 1.75
Creq/Nieq exhibit primary austenite so-
lidification compared to the variation
of solidification modes in that
Creq/Nieq range at 42 mm/s travel
speed. The cracking behaviors ob-
served are similar to those found at 42
mm/s, with no cracking in alloys with
primary ferrite solidification, and the
majority of the alloys with Creq/Nieq
less than 1.75 and impurity contents
of 0.02 wt-% and greater displaying
cracking. One alloy, 30, of 18Cr-2Ni-
12Mn type, at Creq/Nieq of 1.92,
showed primary austenite solidifica-
tion and minor cracking, and again,
because the focus of this work was
Type 21-6-9, the cracking demarcation
was drawn discounting the Alloy 30
point at 85 mm/s. Again, of the com-
mercial 21-6-9 alloys, only Alloy 10

showed cracking. The other eight 21-
6-9 alloys with primary austenite so-
lidification mode showed no cracking
even at similar impurity levels. Also
similar to the observations at 42
mm/s, at the highest travel speed,
there was still variation in solidifica-
tion mode at constant Creq/Nieq where
the vertical crack demarcation line is
located. Alloy 59 showed dual solidifi-
cation modes with high impurity con-
tent and Creq/Nieq of 1.79 while pri-
mary ferrite solidification was ob-
served in several alloys at lower impu-
rity content.
     Uncertainty values are not present-
ed on the weldability diagrams shown
in Figs. 4–6 because the plots become
difficult to interpret with the large
number of error bars. Uncertainty of
the chemical analysis was calculated
using one standard deviation of the
analysis for each element based on the
three measurements of each alloy for
chemical composition. With the aver-
age standard deviation for each ele-
ment from all the alloys, the uncer-
tainty of the Cr and Ni equivalents
were calculated. The maximum and
minimum equivalents calculated gave
an uncertainty of ±0.019 Creq/Nieq.
The uncertainty calculated for the im-
purity content is ±0.0015 wt-% P +
0.2S. Graphically on the plots, these
uncertainty values would be approxi-
mately twice the size of the symbols
plotted. Given the uncertainty values
calculated, the results presented for
the three weldability diagrams are con-

sidered reasonable. 
     To summarize the weldability dia-
gram results, cracking is expected
when both impurity contents (P +
0.2S) are greater than 0.02 wt-% and
primary austenite solidification occurs
for all travel speeds. At 21 mm/s travel
speed, a minimum Creq/Nieq of 1.55
for primary ferrite solidification is re-
quired. As travel speed increases to 42
and 85 mm/s, the minimum Creq/Nieq
for primary ferrite solidification in-
creases to approximately 1.75. 
     Similar to previous weldability dia-
grams (Refs. 3, 5), the horizontal line
separating cracking and crack-free re-
gions in the diagram is drawn flat with
no slope, indicating there is no change
in minimum impurity content for any
alloy with primary austenite solidifica-
tion. The variability in cracking in the
impurity content range of 0.02–0.03
wt-% discussed previously may indi-
cate that a broader line or uncertainty
bands may be appropriate on the hori-
zontal portion of the cracking bound-
ary. No ‘knee’ or curvature was includ-
ed in the cracking line, with both the
vertical and horizontal pieces connect-
ing at a common point. Given the lack
of data points in the region that would
contain the curvature and the uncer-
tainty associated with the data points
of the diagrams, no curvature was in-
cluded in the cracking boundary.
     Unlike some previously developed
diagrams, the vertical cracking bound-
ary was drawn at a slight inclination to
indicate that solidification mode may
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Fig. 5 — Weldability diagram for 42 mm/s (100 in./min) with
impurity content as a function of Creq/Nieq. Note Nieq was cal
culated assuming 10% N loss. A is primary austenite solidifica
tion, F primary ferrite solidification, and D dualmode
solidification. Other indicates non2169 type. 

Fig. 6 — Weldability diagram for 85 mm/s with impurity content
as a function of Creq/Nieq. Note Nieq was calculated assuming
10% N loss. A is primary austenite solidification, F primary fer
rite solidification, and D dualmode solidification. Other indi
cates non2169 type.
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be related to impurity content. At all
three travel speeds, at the Creq/Nieq for
the transition between primary ferrite
and primary austenite solidification, a
variation in solidification mode with
impurity content was observed. For a
constant Creq/Nieq of 1.55 at 21 mm/s
and 1.75 at 42 and 85 mm/s, primary
ferrite solidification was observed at
low impurity contents and dual or pri-
mary austenite solidification modes
are observed at high impurity content.
The change in solidification mode
could be due to impurity content af-
fecting the solidification mode, or
some other factors not captured in the
Cr and Ni equivalencies such as ele-
ments not included in the regression
or interaction effects between ele-
ments. Possible elements not captured
in the Espy equivalents include Ti, a
ferrite stabilizer, and Co, an austenite
stabilizer. Considering the composi-
tions of Alloys 1 and 59, which exhibit
the variability in solidification mode at
constant Creq/Nieq for 42 and 85 mm/s
travel speed welds, there is only minor
variation in the Ti and Co contents be-
tween alloys. If anything, the slightly
higher Co content of Alloy 1 should
slightly increase the tendency for pri-
mary austenite solidification relative
to Alloy 59. Literature (Refs. 24, 25)
has shown that P and S can lower Cr
content of the matrix by forming Cr-
rich sulfides and phosphides during
solidification, effectively reducing the
Cr equivalent. Brooks et al. (Ref. 6) ob-
served a similar shift in solidification
mode as impurity level increased at
constant Creq/Nieq for welding of free-
machining austenitic stainless steels
and incorporated a similar slope to the
vertical portion of the cracking bound-
ary in the weldability diagram devel-
oped in that work. The influence of P
and S levels of solidification behavior
are likely the cause of the shift in so-
lidification mode at constant
Creq/Nieq, and the slight slope of the
vertical cracking boundary line is
appropriate. 
     The outlier (compared to the trend
observed for 21-6-9 solidification
mode) in the 21 mm/s travel speed di-
agram of Alloy 35 with some primary
austenite solidification at Creq/Nieq of
1.70 agrees with work from Robino et
al. (Ref. 26) where it was observed that
Gall-Tough®, an alloy similar to Ni-
tronic 60, shifted to primary austenite

solidification with
pulsed laser weld-
ing at a Creq/Nieq
of 1.79. The rea-
son for the outlier
in the 85 mm/s di-
agram with pri-
mary austenite so-
lidification in Al-
loy 30 at
Creq/Nieqof 1.92 is
unknown. 
     The uncertain-
ty values of
±0.019 Creq/Nieq
and ±0.0015 wt-%
impurity content
discussed above
represent one
standard devia-
tion of the chemi-
cal composition analysis from the
three analyses on the same laboratory
equipment. The variation in chemical
composition analysis between labora-
tories must also be considered when
applying the results of the weldability
diagrams. Recent work from Kotecki
and Zhang (Ref. 27) highlights the re-
sults on chemical composition analysis
variability from round robin interlabo-
ratory testing of chemical composition
for several stainless steel alloys. To
consider the possible interlaboratory
variability and bias, the Creq/Nieq un-
certainty was estimated using pub-
lished standard deviations for chemi-
cal analysis from both round robin in-
terlaboratory chemistry testing (Refs.
27, 28) and ASTM E1086 (Ref. 29), the
relevant standard. Calculating the un-
certainty of Cr and Ni equivalents, the
possible range of Creq/Nieq is approxi-
mately ±0.13 Creq/Nieq. Using the in-
terlaboratory standard deviation for P
and S and using OES analysis from
ASTM E1086 gives an uncertainty of
±0.0018 wt-% P + 0.2S, slightly higher
than the impurity content uncertainty
calculated from the single laboratory
value. The interlaboratory impurity
content uncertainty should be reduced
slightly when using inert gas fusion
technique to measure S as was done in
this work.
     The interlaboratory variability of
impurity content is not likely to make a
large difference when applying the
weldability diagram to predict solidifi-
cation crack susceptibility, but the large
interlaboratory variation in Creq/Nieq

could impair the applicability of the di-
agrams. Such a large variation in meas-
ured chemical composition would not
be expected typically, but the large
magnitude in possible variation of
Creq/Nieq must be taken into account
when applying the weldability diagram.
Calibration of the OES instrument to a
21-6-9 type standard when measuring
the chemical compositions should re-
duce the uncertainty closer to the levels
calculated for the single instrument
analysis of ±0.019 Creq/Nieq and
±0.0015 wt-% impurity content. 
     As reported in Part 1, average solid-
ification 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 observed at 50%
penetration depth, which approach
the solidification rates reported for
pulsed laser welding. Knowing that the
solidification rates at 85 mm/s are
close to pulsed laser welding that was
used to develop a weldability diagram
for 300 series stainless steels (Ref. 5)
allows for comparison between that
diagram and the 85 mm/s diagram.
With pulsed laser welding, Lienert and
Lippold reported a minimum Creq/Nieq
of 1.69 (H&S) for primary ferrite so-
lidification, which is similar to the
1.75 Espy Creq/Nieq observed for 21-6-
9 at 25 mm/s solidification rate. Com-
paring diagrams developed with differ-
ent equivalents is subjective, and the
lower solidification rates of this work
compared to pulsed laser welding must
also be considered. For pulsed laser
welding of 21-6-9 or higher travel
speeds with continuous-wave laser
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Fig. 7 — Total crack length as a function of travel speed for all 
alloys showing cracking.
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welding where the solidification rates
would be greater than the conditions
in this work, the minimum Creq/Nieq
to ensure primary ferrite solidification
may increase above 1.75.

Crack Severity

     The binary representation of crack
or no-crack on the weldability dia-
grams does not completely capture the
differences in the extent of the crack-
ing observed. The severity of cracking
was evaluated using the measured to-
tal crack lengths given in Table 2.
    Crack lengths presented are the total

for the entire area of all three cross sec-
tions of an alloy. Total crack length var-
ied significantly between different al-
loys, and varied to a lesser extent with
travel speeds for a given alloy. Total
crack length as a function of travel
speed is shown in Fig. 7 for three groups
of alloys — 21-6-9 alloys with impurity
content greater than 0.035 wt-%, 21-6-
9 alloys with impurity content less than
0.035 wt-%, and other alloys. The high
impurity content 21-6-9 alloys with
large (>3000 mm) total crack lengths
showed relatively constant crack severi-
ty as travel speed increased. Alloys other
than 21-6-9 showed the highest crack
lengths at 42 mm/s travel speed, but
this trend is not observed in the other
materials. Overall, the crack severity is
much more a function of chemical com-
position than travel speed. For alloys
that showed cracking at all three travel
speeds, there was no clear trend in
change in crack length with travel
speed.  
     While total crack length is roughly

constant for a given alloy as travel
speed varied, the number of cracks in-
creased at 85 mm/s travel speed for all
alloys except Alloy 55. Excluding Alloy
55, it was observed that the length of
individual cracks decreased and the
number of cracks increased for 85
mm/s travel speed. Alloy 55 had com-
plete sample separation at 85 mm/s;
the “cracks” were characterized as
three cracks, being one through-thick-
ness centerline crack in each cross sec-
tion. For the majority of alloys, at 85
mm/s travel speed, the cracking shift-
ed away from large centerline cracks to
multiple cracks on solidification grain
boundaries away from the weld center-
line. The change in weld pool shape
and growth angle as travel speed in-
creases may affect the location of the
cracking. Figure 8 shows the change in
cracking observed for Alloy 57 as trav-
el speed increased from 42 to 85
mm/s, typical of the shift observed
from large centerline cracking to mul-
tiple noncenterline cracks. 
     The variation in crack severity in
the experimental 21-6-9 alloys was
presented previously. Comparing total
crack length between commercial al-
loys with similar impurity levels, the
Nitronic 50 and Nitronic 60 alloys
(33–35) showed much greater cracking
than the 21-6-9 Alloy 10. Type 21-6-9
alloys only showed large total crack
lengths in the experimental alloys
with high impurity contents. The oth-
er commercial alloys that showed
cracking, 30 and 32, also showed very
low total crack lengths. 
     Dual-mode solidification conditions
tended to show lower total crack

lengths compared to primary austen-
ite solidification in the same alloy,
which is likely due to the cracking oc-
curring only in regions of primary
austenite solidification. With a lower
volume of weld pool that undergoes
primary austenite solidification that is
susceptible to cracking, decreased
crack lengths would be expected. 

Chemical Composition and 
Solidification Cracking

     Care must be used when applying
the results of the limited study pre-
sented here on the effects of S and P
on solidification cracking in 21-6-9 to
other high-N, high-Mn austenitic
stainless steel alloys. In general, for
high-N, high-Mn stainless steels, the
other minor constituents of an alloy
could significantly change the crack
susceptibility. One indication of this is
the lower impurity levels that caused
cracking in Nitronic 50 alloys com-
pared to 21-6-9 observed in the weld-
ability diagram at 21 mm/s travel
speed. Ritter and Savage (Ref. 30)
showed that solidification cracking in
Nitronic 50 is related to the formation
of a niobium carbonitride eutectic in
the interdendritic region during solidi-
fication. Extensive cracking was also
observed for the Nitronic 50 alloys in
this work. The larger total crack
lengths observed for Nitronic 50 alloys
relative to 21-6-9 at similar impurity
content could be a function of the nio-
bium-rich final solidification products
expected for Nitronic 50 alloys.   
     Even within 21-6-9 alloys there is
variable cracking at impurity contents
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Fig. 8 — Micrographs showing solidification cracking in Alloy 57. A — 42 mm/s travel speed; B — 85 mm/s travel speed. 
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of 0.02 to 0.03 wt-%. Alloy 10 showed
cracking at 42 and 85 mm/s travel
speeds, but Alloys 11, 13, and 40 with
similar impurity content and primary
austenite solidification were crack
free. Small differences in alloy chemi-
cal composition other than S and P
could cause the variable cracking be-
havior. Looking at the alloy composi-
tions, the only noticeable differences
for Alloy 10 are higher Si and Cu con-
tents. Silicon is known to be detrimen-
tal to solidification cracking resistance
with primary austenite solidification
(Refs. 31, 32), and could have con-
tributed to the difference in cracking
behavior of Alloy 10 relative to the
other commercial 21-6-9 alloys. How-
ever, further investigation is required
to clarify the cracking mechanisms for
Alloy 10 with primary austenite solidi-
fication and the change in crack sus-
ceptibility with chemical composition
variation other than P and S. In gener-
al, for Type 21-6-9 or other similar al-
loys, it must be considered that
changes in levels of minor alloying ele-
ments (i.e., Mo, Nb, Si) or other resid-
ual elements (possibly Cu) could cause
significant changes in solidification
behavior and crack susceptibility rela-
tive to the results observed here.
     The 21-6-9 alloys with primary
austenite solidification and impurity
contents greater than 0.02 wt-% that
tested crack free included Alloys 11, 13,
and 40–45. Based on results from previ-
ous weldability diagrams, cracking
would be expected in those conditions.
The explanation for the difference in
cracking behavior for these 21-6-9 al-
loys compared to the 300 series stain-
less steels used in previous weldability
diagrams is unknown. The high Mn lev-
el of 21-6-9 may allow 21-6-9 to tolerate
higher S content, which could con-
tribute to the difference in cracking be-
havior. Considering the S levels are low
in the commercial 21-6-9 heats, the dif-
ference in cracking behavior is likely not
related to the propensity for 21-6-9 to
form MnS. Excluding Alloy 10, the com-
mercial 21-6-9 alloys showed lower
crack susceptibility than 300 series al-
loys for given impurity contents in the
range of 0.02–0.03 wt-%. Ogawa and
Tsunetomi (Ref. 31) showed that in-
creasing weld metal N content de-
creased crack susceptibility for a given
impurity level in fully austenitic 310
weld metal, and attributed the differ-

ence to reduced enrichment of Si at
boundaries with higher N content. The
higher N levels in 21-6-9 alloys relative
to 300 series alloys could influence par-
titioning behavior of Si or other ele-
ments that could contribute to crack
susceptibility. It is also possible the high
Mn content may be beneficial in aspects
other than just forming MnS, which
would support the observations from
Honeycombe and Gooch (Ref. 33) of
Mn significantly decreasing solidifica-
tion cracking when added to 310 arc
welding filler metal. Additional work is
necessary to confirm the possibility and
mechanism of either such hypothesis.

Effect of Restraint

     No solidification cracking was ob-
served in the alloys with primary fer-
rite solidification for the given Sigma-
jig testing conditions. The stress level
for this work was chosen to create re-
producible cracking in a known crack-
susceptible heat of 309 stainless steel
with primary austenite solidification.
Cracking may be observed at higher
stress levels in alloys even with pri-
mary ferrite solidification. However,
in practical use, it is known that reduc-
tion in crack susceptibility with pri-
mary ferrite solidification is sufficient
to avoid solidification cracking weld-
ability issues. 
     In this work, the travel speed was
varied to change the solidification rate
to observe changes in solidification
mode. The change in heat input with
travel speed and subsequent changes
in local stress on the solidifying weld
pool were unintentional. Goodwin
(Ref. 34) showed that decreasing heat
input increased the stress level re-
quired to initiate cracking for Sigmajig
testing. However, the changes in crack
susceptibility with heat input are con-
sidered negligible compared to the
changes in crack susceptibility with so-
lidification mode. 
     It is known that immediately be-
hind the weld pool the transverse (rel-
ative to the welding direction) stresses
are compressive, and only at some
point away from the pool does the
transverse stress change to tensile
(Ref. 35), where solidification cracks
can then initiate in a susceptible mi-
crostructure. Also, as discussed when
describing the location for the cross
sections taken from the Sigmajig sam-

ples, modeling work by Feng et al.
(Ref. 21) showed the transverse tensile
stress is only expected to develop in
the second half of the sample. Varying
travel speed during the Sigmajig test
shifts the locations at which the ten-
sile transverse stress is present. In the
work by Feng et al., at low travel
speeds (4.2 mm/s), the tensile region
only develops in the final 20% of the
weld length, and at high travel speeds
(14.8 mm/s) the tensile region was
present along 50% of the weld length.
For the roughly constant cracking ob-
served with variation in travel speed
in this work, the increase in the
amount of the sample subject to trans-
verse tensile stress as travel speed in-
creases could be offset by the reduced
heat input at higher travel speeds. 
     The modeling work also showed
that the longitudinal stress that could
promote transverse cracking is present
in a much larger portion of the sample
at high travel speeds compared to only
at the end of the weld at low travel
speeds. The large increase in the num-
ber of noncenterline cracks observed
at 85 mm/s travel speed relative to the
lower travel speeds in this work may
be due to changes in the longitudinal
stress within the weld. 
     The lower travel speeds and arc weld-
ing used in previous modeling of the
Sigmajig test are certainly different
than the conditions used to develop the
weldability diagrams here. Compared to
arc welding, the laser welding thermal
cycle, weld pool shape, and increased
travel speeds would change the stress
state and the transient nature of the
stresses. Modeling work of the Sigmajig
testing with laser welding would be ben-
eficial to better quantify the changes in
restraint between the three weldability
diagrams.

Conclusions
     Weldability diagrams to predict so-
lidification crack susceptibility for laser
welding of 21-6-9 were developed at 21,
42, and 85 mm/s travel speeds. The
minimum Creq/Nieq for primary ferrite
solidification of 1.55 at 21 mm/s travel
speed using Espy equivalents shifted to
1.75 Creq/Nieq at 42 and 85 mm/s travel
speeds due to the increase in solidifica-
tion rate as travel speed increased. The
Creq/Nieq ratios were calculated using a
Nieq that accounts for 10% nitrogen loss
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during laser welding. No cracking was
observed in alloys with primary ferrite
solidification. Cracking in alloys with
primary austenite solidification was de-
pendent on impurity content and alloy
type. In general, solidification cracking
occurred for alloys with primary austen-
ite solidification and impurity contents
greater than 0.02 wt-%.
     Type 21-6-9 alloys showed relative-
ly high solidification cracking resist-
ance compared to Nitronic 50 and Ni-
tronic 60 alloys. For similar impurity
contents, the total crack lengths ob-
served for 21-6-9 are much less than
the other Nitronic alloys. Some 21-6-9
alloys showed resistance to solidifica-
tion cracking even with primary
austenite solidification and impurity
contents greater than 0.02 wt-%, and
only one commercial wrought 21-6-9
alloy exhibited cracking.
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