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austenite results in an increase in hot-cracking susceptibility 
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Introduction 

The mechanism of solidification of aus
tenitic stainless steel weld metals and 
castings is an area of continuing research 
interest. Hot-cracking has been reported 
(Ref. 1-5) in several commercial grades 
when the percentage of ferrite in the 
microstructure falls below approximately 
4%. However, hot-cracking has also been 
shown (Ref. 3) to be intimately related to 
the location of ferrite in the microstruc
ture. Room temperature ferrite is found 
at the cores of the original dendrites in 
alloys which solidify as primary delta-
ferrite, while ferrite is often observed in 
the interdendritic volumes of alloys which 
solidify as primary austenite. 

Since elements such as sulfur and phos
phorus have a higher solubility in delta 
ferrite than in austenite, a greater propor
tion of these potentially harmful elements 
is accommodated in solid solution when 
ferrite is the primary phase than when 
austenite is the primary phase. In the 
latter case, the solubility of these ele
ments in austenite is so low that most of 
the sulfur and phosphorus is rejected to 
the last remaining liquid, and thus is con
centrated at the dendrite interstices. This 
segregation of impurities that lower the 
effective solidus temperature of the last 
material to solidify promotes hot crack
ing. 

The effect of nitrogen on the ferrite 
content of austenitic stainless steels has 
been well documented (Ref. 6-10). De-
long, et al. have assigned a nickel equiva
lent of 30 for nitrogen. Kotecki reported 
(Ref. 8) a decrease in the ferrite content 
of weldments produced using Type 308, 
308L, 309 and 309L flux cored stainless 
steel welding wire, i.e., electrodes, in the 
presence of nitrogen. 

Arata, et al. (Ref. 10) have reported 
that nitrogen additions to Types 304, 316, 
and 321 stainless steel weld metal 
reduced the ferrite number and 
increased hot-cracking of these alloys. 
On the other hand, Lundin, et al. (Ref. 11) 
recently reported that nitrogen additions 
to austenitic stainless steel weld metals 
had relatively little effect on hot-cracking 
susceptibility as measured by the fissure 
bend test. However, this conclusion 
appears to be based upon autogenous 
welds in a Type 304L base metal with 
only 0.004% sulfur, and if so, the low 
impurity content could account for their 
results. 

Recent work at RPI (Ref. 3) on a series 
of CF-8M alloys indicated that the hot-
cracking susceptibility of this grade 
increases drastically as the solidification 
mode changes from one of primary delta 
ferrite to one of primary austenite. The 
implication is that any change in the ratio 
of nickel equivalent to chromium equiva
lent which causes a shift to primary aus
tenite solidification will increase the sus
ceptibility of the weld metal to hot-
cracking. Therefore, it appears that 
nitrogen should be considered to have a 
detrimental effect on the weldability of 
austenitic stainless steels. 
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Experimental Procedure 

Weldability Testing 

The Varestraint Test was used to 
determine the weldability of the three 
heats listed in Table 1. Heat 1 is a wrought 
Type 304L stainless steel. Heats 2 and 3 
are CF-8M cast stainless steel. 

Heats 1 and 2 were Varestraint tested 
using both 100% Ar and mixtures of 
99%Ar-1%N2, 97%Ar-3%N2, and 
94%Ar-6%N2 as the shielding gas in order 
to determine the influence of nitrogen on 
the ferrite content and hot-cracking sus
ceptibility of these autogenous welds. 
Heat 3 was Varestraint tested in a pre
vious study (Ref. 3) using 100% Ar shield
ing and is included for comparison pur
poses only. All specimens were tested at 
2% augmented strain. The welding vari
ables are listed in Table 2. 

Ferrite Measurements 

Following Varestraint testing, Magne-
Gage readings were taken to determine 
the ferrite content of the fusion zones. 
Specimens were examined both on the 
as-welded surface after wire brushing 
and within the fusion zone at a location 
2-3 mm (0.08-0.12 in.) below the original 
weld surface. Sections cut from the weld 
metals with a water-cooled saw were 
used for subsequent nitrogen analyses. 

Twenty Magne-Gage readings were 
taken for each specimen, and these 
results were used to establish 95% confi
dence limits of the mean values of ferrite 
number using Student's t-test. 

Optical and Electron Microscopy 

Specimens for optical metallography 
were removed from Varestraint speci-
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Table 1—Compositions of Varestraint Tested Heats, Wt-% 

Heat No. ASTM Type Cr Ni Mo Mn 

1 
2 
3 

304-L 
CF-8M 
CF-8M 

18.7 
18.2 
19.6 

9.5 
12.1 
15.4 

0.31 
2.48 
2.88 

1.5 
1.2 
0.2 

0.46 
0.60 
0.38 

0.024 
0.06 
0.04 

0.06 
0.05 
0.04 

0.011 
0.016 
0.025 

0.034 
0.027 
0.036 

mens and were mounted in either a 
thermosetting resin or epoxy and pol
ished through 0.06 micron alumina. 
Microstructures were revealed by a 10% 
oxalic acid electroetch. 

Thin foils for TEM/STEM microanalysis 
were prepared in an electropolishing 
solution of 20% perchloric acid/80?o 

methanol, using a Fischione twin-jet 
apparatus. They were examined in the 
Hitachi H600 TEM operated at 100 kV, 
and in the JEOL )SEM-200 STEM, operated 
at 200 kV. Energy dispersive x-ray ana
lyses were performed with a Nuclear 
Semiconductor detector and a Tracor 
Northern NS880 analyzer equipped with 
a PDP11 computer. Peaks of interest 
were integrated and background counts 
subtracted using a Tracor Northern soft
ware package. 

To eliminate as much spurious radia
tion as possible, a graphite insert was 
placed in the specimen holder, and the 
holder was tilted to a 45 deg angle to 
optimize the count rate (Ref. 12). Raw 
data for the compositional profiles were 
generated at steps of 0.1-0.2 /»m from 
the ferrite/austenite interface, usually up 
to a distance of 2 /xm. Spectra beyond 
this point were taken at spacings of 
0.5-1.0 /xm, depending on the total dis
tance from the interface. The magnifica
tions at which the data collection was 
done varied from X 20,000 for widely 
separated readings, to X 100,000 for 
areas close to the interface. The electron 
beam was approximately 100 A in diam
eter, and the instrument was operated in 
the spot mode. Compositions of the 
ferrite were obtained from spectra taken 
in the middle of the ferrite, and often 
more than one spectrum was obtained. 

The x-ray data were rendered into 
weight-percents using the Cliff-Lorimer 
equation (Ref. 13) by which composition 

and integrated intensities are related: 

CA _ . U 
r ~ ABi 
<-B IB 

where C A and C B are the weight fractions 
of elements A and B, and lA and IB are the 
integrated intensities. 

The value o f kAB remains essentially 
constant for an element as long as 
absorption and fluorescence effects are 
minimal. This holds for compositions 
roughly within the stainless steel range for 
Cr, Fe, Ni, and Mo, if the spectra are 
taken in regions of foil thicknesses up to 
approximately 3000 A. Beyond this thick
ness, the absorption/fluorescence ef
fects become pronounced, especially for 
the Mo data. In general, the profiles were 
obtained in areas where the foils were 
thin (~2000 A); therefore, no absorption 
or fluorescence correction procedures 
were applied to the data (Ref. 14). 

Values for kAB were obtained by taking 
10 spectra in each of three grains in two 
stainless steels of known composition, a 
Type 304 and a 316 heat. From the mean 
values calculated, kAB for each element 
was derived, normalizing on the Fe peak. 
In the case of Cr, for example, the 
Cliff-Lorimer equation becomes: 

CCr _ i lo 
7~ ~ kcrT~ 
C F e iFe 

The Fe concentration is obtained from 
the formula: 

Ccr + C M + CMo + Cpe + Cx = 1 

where Cx is the mole fraction of any 
other elements, such as Mn, in the 
steel. 

Statistical fluctuations in the values of 
kAB for each element result in the mini
mum uncertainty in any reading in the 
profiling data. Average values of 2-sigma, 
calculated in areas of constant composi

tion in the austenite are ±0.6 wt-% for 
Cr, ±0.8 wt-% for Ni, ± 1.0 wt-% for Fe 
and ±1.0 wt-% for Mo. As can be seen, 
the relative scatter for the Mo is much 
higher than for the other elements, since 
the amount of Mo present, and therefore 
the intensity of the peak, is small. 

Two-sigma values are not absolute for 
any of the elements, as the scatter will 
tend to increase in regions of lower 
elemental concentration than the nomi
nal, and decrease in areas richer in a 
particular element. 

Results and Discussion 

Nitrogen Pickup 

Table 2 and Fig. 1 summarize the effect 
of adding nitrogen to the argon shielding 
gas during Varestraint testing. In Fig. 1 an 
increase in the nitrogen content of the 
weld metal is seen as the nitrogen con
tent of the shielding gas is increased, a 
pattern of nitrogen pick-up in agreement 
with results published by other authors 
(Ref. 9, 10). 

Figure 2 shows the influence of nitro
gen additions to the shielding gas on the 
weld metal Ferrite Numbers. The 
observed decrease in Ferrite Number 
with increasing nitrogen content of the 
shielding gas is consistent with previously 
published data (Ref. 9-11). 

Weldability 

The total crack length produced by 
Varestraint testing on heats 1, 2, and 3 at 
2% augmented strain is presented in Fig. 
3. Heats 1 and 2 were crack-free when 
welded using 100% Ar shielding, while 
heat 3 shows extensive hot-cracking sen
sitivity even with 100% Ar shielding. As 
seen in Fig. 2, heats 1 and 2 have weld 

Table 2—Effects of Adding Nitrogen to Argon Shielding Gas During Varestraint Testing'3' 

Heat no. 

1 
1 
1 
1 
2 
2 
2 
2 
3 

Cas composition 

100%Ar 
99%Ar-1%N2 

97%Ar-3%N2 

94%Ar-6%N2 

100%Ar 
99%Ar-1%N2 

97%Ar-3%N2 

94%Ar-6%N2 

100%Ar 

Nitrogen 
in weld metal, wt-' 

0.063 
0.131, 0.143 

0.156 
0.221 
0.052 
0.087 
0.121 
0.192 

Current, A 

260 
255 
255 
250 
260 
250 
255 
250 
300 

Voltage, V 

13.5 
14.0 
13.5 
13.5 
13.5 
14.0 
13.5 
13.5 
15.0 

'"'Electrode composition —tungsten + 2"h thoria; electrode —conical tip, 90 deg included angle; electrode extension from collet— approx. 21/32 in.; electrode diameter-

(measured cold); travel speed —4 ipm; gas f low rate —approx. 40 cfh; current — DCSP; specimen thickness— Vi in. 

in.; arc length approx. 732 in. 
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Fig. 1 — Nitrogen content of weld metal as a 
function of nitrogen content of the GTA 
shielding gas 
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Fig. 2 —Ferrite content of weld metals as a 
function of nitrogen content of the GTA 
shielding gas 

metal Ferrite Numbers o f 5.8 and 5.4, 
respectively, whereas heat 3 has a we ld 
metal Ferrite Number of 2.3. 

Figures 4-6 are optical pho tom ic ro 
graphs of the fusion zones in heats 1, 2, 
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and 3, respectively, w e l d e d using 100% 
Ar shielding gas Figures 4 and 5 show 
that the retained delta ferr i te is located at 
the cores of the original cellular dendri tes 
in heats 1 and 2. indicating that delta-
ferr i te was the pr imary phase dur ing 
solidif ication of these alloys. In heat 3, the 
retained ferr i te is located at interdendri t ic 
volumes (Fig. 6). f r o m wh ich one infers 
that this alloy solidif ied w i t h austenite as 
the pr imary phase. 

Adding n i t rogen to the shielding gas 
caused a decrease in weldabi l i ty for b o t h 
heats 1 and 2. A 1 % ni t rogen addi t ion t o 
the shielding gas resulted in a significant 
amount of hot-cracking in heat 2, but left 
heat 1 virtually unaf fected. Both heats 
exper ienced greater hot cracking tenden
cies at 3% and 6% ni t rogen, al though the 
similarity of data under the t w o shielding 
condit ions suggests that a saturation level 
of hot cracking was reached for b o t h 
alloys at 3% ni t rogen. Figure 2 shows that 
virtually all of the ferri te was el iminated in 
b o t h alloys at the 6% ni t rogen level, as 
determined by the Magne-Gage tech
nique. 

Figures 7 and 8 are characteristic of the 
duplex microstructure of welds wh ich 
exhibi ted significant fusion zone ho t -
cracking. These we ld metals all solidify as 
pr imary austenite and contain interden
dritic eutect ic-ferr i te, wh i ch f o r m e d dur
ing the terminal transient stage of solidifi
cat ion. The posit ion of ferr i te in these 
microstructures is similar to that seen in 
heat 3 (Fig. 6). 

W e have observed then that a change 
in the solidif ication m o d e f r o m one o f 
pr imary delta-ferr i te to one of pr imary 
austenite may be accompl ished by the 
addi t ion o f only very small amounts of 
n i t rogen to the shielding gas, and that this 
change in the m o d e is accompanied by 
an increase in the hot-cracking suscepti
bility o f these alloys. It is impor tant to 
recognize that the concentrat ion of 
impuri ty elements, such as sulfur and 
phosphorus, in heats 1 and 2 was not 
high enough to cause hot-cracking in 
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Fig. 4 — Optical micrograph of heat I, welded 
using 100°,, Ar shielding gas, showing the 
vermicular delta-ferrite microstructure typical 
of the primary delta-ferrite solidification 
mode 

welds wh i ch solidif ied as pr imary delta-
ferr i te. O n the other hand, considerable 
hot-cracking occur red in these heats 
w h e n austenite was made the pr imary 
phase dur ing solidif ication. 

Ferrite Morphology 

The t w o fo rms of ferr i te studied in this 
investigation could be readily distin
guished using the TEM. Figure 9 is charac
teristic of the vermicular ferr i te structure 
resulting f r o m pr imary delta-ferr i te solidi
f icat ion, whi le Figs. 10 and 11 are exam
ples of interdendri t ic eutect ic-ferr i te, 
f ound in the hot-crack sensitive welds. 

Figure 11 clearly establishes the posi
t ion of the eutect ic-ferr i te at the b o u n d 
aries of the pr imary austenite cellular-
dendri tes. The shape of the retained 
ferri te is seen to change as the solidifica
t ion m o d e is changed by the addit ion of 
n i t rogen to the shielding gas. In the case 
of pr imary ferr i te, the austeni te/ ferr i te 
interface is generally r ounded , whereas 
the eutect ic- ferr i te/austeni te interfaces 
are o f ten sharp or s tepped in some 
planes (Fig. 12). It should be ment ioned 
that di f f ract ion analyses w e r e pe r fo rmed 
in all samples, in order t o conf i rm the 
identity of the ferr i te phase (Fig. 13). 

Another distinguishing feature of 
eutect ic-ferr i te is the increased tendency 
for small precipitates t o f o r m at the 
austeni te/eutect ic ferr i te interface. These 
can be seen o n the s tepped interface and 
at the lower right interface in Fig. 12. 

•\.v u \ 

Fig. 5 — Optical micrograph of heat 2, welded 
using 100% Ar shielding gas, exhibiting the 
vermicular delta-ferrite microstucture charac
teristic of the primary delta-ferrite solidification 
mode 
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Fig. 6 — Optical micrograph of heat 3, welded 
using IOO",, Ar shielding gas, showing eutectic-
ferrite located at the interstices of primary 
austenite dendrites 

Figure 14 shows a dense covering of 
precipitates on the interphase boundary 
in this CF-8M alloy. These particular pre
cipitates were found by EDS to be 
enriched in Cr and Mo with respect to 
the adjacent ferrite and austenite phases. 
A similar precipitation phenomenon was 
seen in the 304-L, although the density of 
particles appeared to be somewhat less. 
On the other hand, the ferrite/austenite 
interfaces in the primary delta ferrite 
welds are usually free of precipitates 
(Fig. 15). 

The large number of precipitates at the 
austenite/eutectic-ferrite interfaces is 
probably caused by the supersaturation 
of the eutectic-ferrite with elements 
rejected ahead of the moving austenite/ 
liquid interface during solidification. 
These elements later nucleate precipi
tates which grow during the decomposi
tion of the eutectic-ferrite. 

Solidification Mechanics 

Within the composition limits for a 
specific type of stainless steel, the bal
ance between ferrite and austenite stabi
lizers is the major factor controlling the 
solidification mode. When the ferrite sta
bilizers are dominant, delta-ferrite is the 
first solid to crystallize from the liquid; 
conversely when austenite stabilizers 
predominate, austenite is the first solid to 
form from the liquid. 

During cooling to room temperature 
much of the primary delta-ferrite 
becomes unstable and transforms to aus
tenite. On the other hand, primary aus
tenite remains stable during cooling to 
room temperature and only the interden
dritic eutectic-ferrite, if any exists, partial
ly or totally transforms to austenite. 

< 

Fig. 7-Heat 1. welded using 97"oAr-3"„N2, 
showing eutectic-ferrite located between pri
mary austenite dendrites 

Primary Delta Ferrite Mode 

Studies performed by Lippold (Ref. 5) 
led to the hypothesis that primary delta-
ferrite can transform to austenite by a 
massive transformation. This involves a 
polymorphic phase change which occurs 
during rapid cooling, and is characterized 
by the fact that the parent (delta-ferrite) 
and product (austenite) phases have the 
same chemical composition but differ in 
crystal structure. This transformation can 
occur only if the competing diffusion-
controlled transformation is inhibited. 

Calculations based upon diffusion 
coefficients reported by several authors 
(Ref. 15-18) indicate that diffusion-con
trolled transformations can occur in stain
less steels during cooling associated with 
conventional arc welding processes. 
Thus, the massive transformation mech
anism is unlikely to occur in these alloys 
unless a welding process is used which 
would create very high cooling rates, 
such as those associated with the high 
energy density processes like electron 
beam or laser welding. 

Since diffusion processes are opera
tive, the microstructure and pattern of 
microsegregation established during so
lidification is modified at sub-solidus tem
peratures. Lippold (Ref. 5) and Arata (Ref. 
4) have studied the microstructure and 
pattern of microsegregation produced by 
extremely rapid cooling rates. Lippold 
water-quenched various sized molten 
droplets of Type 308, 310, and 312 weld 
metals during GMA welding to achieve 
theoretical cooling rates of several thou
sand degrees Centigrade per second. 
Arata decanted liquid weld metal during 
GTA welding of Types 304 and 310 
stainless steel by applying a high-pressure 

Fig. 9—TEM micrograph of primary delta-
ferrite found in heat 1, welded using 100°o Ar 
shielding. Note curved continuous appearance 
of the ferrite 
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Fig. 8-Heat 2, welded using 97"oAr-3%N2, 
exhibiting eutectic-ferrite in interdendritic 
volumes 

water-spray quench. Analysis was then 
performed on the solidification structures 
present adjacent to the solid-liquid inter
face at the instant of quenching. Micro
probe analyses of the rapidly cooled 
primary delta-ferrite dendrites in both 
308 (Ref. 5) and 304 (Ref. 4) indicated that 
the delta-ferrite is enriched in chromium, 
but by less than 2 weight percent over 
the nominal composition. Also, the nickel 
content of the delta-ferrite was found to 
be lower than the nominal composition, 
but only by approximately 2 wt-%. 

On the other hand, STEM analyses 
performed on conventional GTA welded 
primary delta-ferrite 304-L and CF-8M 
specimens during this investigation and 
by Lyman, et al. (Ref. 19) are shown in 
Figs. 16-18, respectively. These indicate 
that, during normal continuous cooling to 
room temperature, the chromium con
tent of the remaining ferrite is increased 
by 7 to 8 wt-% and the nickel content is 
decreased by 4 to 6 wt-% relative to the 
nominal composition. Note that in Fig. 17 
the concentration gradient of molybde
num is similar to that of chromium, as 
both are ferrite stabilizers and tend to 
segregate in a similar manner. 

The observed composition gradients in 
the austenite and the change in composi
tion of the retained delta ferrite can be 
explained by reference to the pseudo-
binary diagram in the Fe-Cr-Ni system at 
70% Fe shown in Fig. 19. Note that both 
the austenite (7) and ferrite (5) solvus lines 
slope toward higher chromium and lower 
nickel contents as the temperature is 
lowered. Within the two-phase (5 + 7) 
region, the ferrite and austenite solvus 
lines define the composition of the two 
phases in equilibrium with each other. If 
the system is at equilibrium, the volume 

Fig. 10—TEM micrograph of interdendritic 
eutectic-ferrite found in heat 2, welded using 
99"„Ar- l"„N2 shielding gas 

Fig. 11— TEM micrograph showing position of 
eutectic-ferrite at the austenite cellular den
drite boundary in heat 2, welded using 97%Ar-
3%N2 shielding gas 
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Fig. 12 — TEM micrograph of eutectic ferrite 
found in heat 2, welded using 99"„Ar-1"i,N2 

shielding gas. Note the stepped interphase 
interface and the precipitates along the inter
face 

Fig. 13 — Electron diffraction pattern character
istic of the body-centered-cubic ferrite phase, 
in this case of a [111] orientation 

Fig. 14- Precipitates found at the eutectic-
ferrite-austenite interface in heat 2, welded 
using 97"„Ar-3"oN2 shielding gas 

Fig. 15 — Precipitate-free interface between 
primary delta-ferrite and austenite. Heat 2, 
100% Ar shielding gas 

fraction of each phase may be deter
mined at any temperature using the "tie-
line lever law" (Ref. 20). Qualitatively, the 
diagram implies that, for an alloy of com
position C0, the volume fraction of delta-
ferrite decreases and its composition 
changes toward increasing chromium 
and decreasing nickel contents as the 
temperature decreases. 

At the cooling rates associated with 
fusion welding, macroscopic equilibrium 
is impossible. However, the intercepts of 
the temperature isotherms with the aus
tenite and ferrite solvi still define the 
interfacial concentrations of the phases in 

contact at the moving reaction interface, 
a phenomenon known as microscopic 
equilibrium. Diffusion-controlled concen
tration gradients will be created in each 
phase as the reaction interface moves 
into the priman, delta-ferrite dendrites. 

The distribution of nickel and chromi
um is shown in schematic form at two 
different temperatures during non-equi
librium transformation of an alloy of com
position C0 (Fig. 20). In Fig. 20A, the 
interface temperature is assumed to be 
T| and the 7 — 0 interface is assumed to 
have migrated from the dendrite inter
stice toward the dendrite core. Accord
ing to microscopic equilibrium, the 7 and 
5 in contact at the interface will exhibit 
compositions shown as the intersection 
of the T^ isotherm with the 7 and 5 solvi, 
respectively. 

Because of the rapid cooling rates, 
neither the austenite nor the ferrite can 
be homogeneous and therefore diffusion 
gradients for both nickel and chromium 
are seen in both phases. Note that the 
necessity of maintaining a material bal
ance dictates that the shaded areas on 
opposite sides of the nominal composi
tion dashed line, C0, be equal. Figure 20B 
represents a similar schematic solute dis
tribution for a temperature T2, at which 
point austenite has consumed most of 
the original delta-ferrite. Note that both 
the austenite and ferrite at the reaction 
interface have moved to higher chromi
um content and lower nickel content. 
Note also that the composition of the 
retained ferrite has been modified to a 
higher bulk chromium concentration and 
lower bulk nickel concentration. 

The diffusion model predicts that, 
within both the ferrite and the austenite, 
the highest chromium content and lowest 
nickel content would be at the interphase 
interface. This results in the shape of the 
solute gradients shown in Figs. 16-18. 
Furthermore, high resolution STEM work 
reported by Lyman (Ref. 19), shows the 
distribution of chromium and nickel with
in the retained delta-ferrite after normal 
cooling to room temperature (Fig. 21). 
The distribution of solute and the shape 
of the gradients are in agreement with 
the diffusion model. A similar profile was 
reported by David, et al. (Ref. 21) for 
Type 308 weld metal which was slowly 
cooled to 20°C (36°F) below the solidus 
temperature and then water quenched. It 
is important to note that, in this model, 
both the chromium content of austenite 
and the ferrite at the moving interface 
increase as the transformation pro
ceeds. 

It should be mentioned that the model 
is oversimplified since the diagrams imply 
that nickel and chromium diffuse at the 
same rates. Actually, chromium diffuses 
faster than nickel in both phases (Ref. 
16-18) and, therefore, the chromium con
centration always appears more homo
geneous than the nickel concentration in 
any of the STEM profiles presented. Fur

thermore, the model assumes that the 
tie-line across the two-phase field lies 
strictly in the plane of the pseudo-binary 
diagram, which is not necessarily true. 

Primary Austenite Mode 

Rapid quenching experiments per
formed by Lippold (Ref. 5) and Arata, et 
al. (Ref. 4) on Type 310 stainless steel 
indicate that both chromium and nickel 
are rejected to the liquid during primary 
austenite solidification. The cores of the 
cellular dendrites are thus depleted in 
chromium and nickel relative to the nom
inal composition. Both studies show that 
chromium segregates more highly than 
nickel. 

During the present investigation, heats 
of 304-L and CF-8M were made to 
change their solidification mode from 
one of primary delta-ferrite to one of 
primary austenite by the addition of 
nitrogen to the argon shielding during 
GTA welding. Figures 22 and 23 summa
rize the results of STEM analyses per
formed on these heats. Note that the 
austenite near the austenite/eutectic-fer-
rite interface is depleted in iron and 
enriched in the solute elements chromi
um, nickel, and molybdenum (where pre
sent). 

The fact that the retained ferrite is 
located at the dendrite interstices sup
ports the postulate that it forms from the 
liquid as a divorced-eutectic phase during 
the terminal transient stage of solidifica
tion. This ferrite forms as a result of solute 
enrichment at the dendrite interstices 
during the primary austenite mode of 
solidification. The behavior is consistent 
with the general theory of cellular den
dritic solidification, in which the composi
tion of liquid in the terminal transient 
approaches an invariant point, such as a 
eutectic. 

Figure 24 shows similar STEM data for 
heat 3, which, by virtue of its nominal 
composition, solidified as primary austen
ite even when GTA welded using 100% 
Ar shielding gas. Note the similarity with 
Figs. 22 and 23. 

The 10-15% decrease in the iron con
tent in the austenite over a distance of 
2-3 microns on either side of the eutectic 
ferrite cannot be rationalized in its entire
ty by any solid-state diffusion mechanism. 
Rather, it appears likely that this depletion 
originated as microsegregation during the 
terminal transient period of solidification 
and was modified in the direction of 
equilibrium by diffusion during cooling to 
room temperature. It is important to note 
that diffusion processes are more sluggish 
in austenite than in ferrite, which leads to 
a greater retention of the microsegrega
tion accompanying primary austenite so
lidification. Also, since austenite is the 
stable phase at room temperature, the 
microstructure and microsegregation of 
this phase are not altered by phase trans
formations during cooling to room tem-
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solidified as primary delta-ferrite 

perature. 
Under equilibrium conditions these 

alloys should be fully austenitic at room 
temperature and so diffusion will occur in 
such a fashion as to reduce the volume of 
eutectic-ferrite present. Diffusion of 
solutes across the original austenite/ 
eutectic-ferrite interface causes a diffu
sion-controlled migration of the interface 
into the eutectic-ferrite to convert the 
outermost layers of eutectic-ferrite to 
austenite. The composition of this austen
ite follows the austenite solvus as the 
temperature decreases. Therefore, the 
nickel content of the austenite decreases 
and the chromium and molybdenum 
contents increase as the interphase-inter-
face moves into the eutectic-ferrite. This 
behavior is supported by the STEM pro
files shown of the austenite near the 
eutectic-ferrite. However, the high reso
lution STEM analyses needed to confirm 
the solute distribution within the retained 
eutectic-ferrite were not performed dur
ing the present investigation. 

Arata (Ref. 4), etal. and David (Ref. 21), 
et al. have reported that austenite could 
also form directly from the liquid in welds 

which initially solidify as primary delta-
ferrite. Lippold (Ref. 5) also reported this 
phenomenon and attributed it to the 
enrichment of austenitizing elements in 
the remaining liquid. It is postulated that 
the microsegregation associated with the 
solidification of this austenite is similar to 
that associated with any primary austen
ite solidification process. 

Summary of Solidification Modes 

Based upon previously published data 
(Ref. 3,4,5,10,19,21) and the results of 
this study, it appears that four modes of 
solidification are possible in Fe-Cr-Ni 
stainless steels: 

(a) Solidification completely to delta-
ferrite. 

(b) Solidification completely to austen
ite. 

(c) Solidification as austenite with the 
formation of a divorced eutectic-ferrite at 
the dendrite interstices during the termi
nal transient stage of solidification. 

(d) Solidification as delta-ferrite until 
partitioning of austenitizers to the remain
ing liquid causes this liquid to solidify as 
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Fig. 18 —STEM profile, after Lyman, et al. (Ref 19), of primary delta-ferrite weldment 

austenite. 
The distribution of solute elements 

resulting from solidification in each of the 
four modes listed above is postulated to 
occur as shown schematically in Figs. 25 
A, B, C, and D, respectively. In each of 
these figures the dashed lines represent
ing the chromium and nickel distributions 
at the solidus temperature are referred to 
the nominal compositions which are 
shown as solid horizontal lines, labelled 
Cr0 and Ni0, respectively. Growth is 
assumed to have occurred from left to 
right, and the abscissa represents the 
location within the dendrite from the 
core at the left to the interstice at the 
right. 

Figure 25A indicates that, during solidi
fication completely to ferrite, the den
drite cores are Cr enriched and Ni 
depleted, while the interdendritic vol
umes are Cr depleted and Ni enriched as 
must be necessary to insure a material 
balance. Figure 25B shows that, during 
solidification totally to austenite, the den
dritic cores are depleted in both Cr and 
Ni and that the interdendritic regions are 
enriched in these elements, but not 
enough to form eutectic-ferrite. 

Figure 25C shows a situation similar to 
Fig 25B, except that the nominal compo

te 
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transformation: A-at temperature Tn 
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sition and microsegregat ion in this pr ima
ry austenite case are such that eutect ic-
ferr i te fo rms at interdendri t ic volumes. 
The eutect ic-ferr i te will have a higher Cr 
content and a l ower Ni content than the 
adjacent austenite, wh ich gives rise to the 
sharp composi t ional discontinuity at the 
interface. Figure 25D shows the e lemen
tal distr ibut ion postulated dur ing solidifi
cat ion of pr imary delta-ferr i te duplex 
alloys of Types 304, 304-L, 308, 308-L, 
316, 316-L, and their cast counterparts. 

diffusion-controlled ferrite-to-austenitic 
B — continuation of the transformation as 

The dendr i te cores are enr iched in Cr and 
deple ted in Ni. 

Solidification cont inues as delta-ferr i te 
until the liquid is so enr iched w i t h austen-
itizers and deple ted of ferrit izers that 
austenite n o w solidifies f r o m the liquid. 
This austenite is postulated to g r o w in a 
manner descr ibed in Fig. 25B. The initial 
austenite is dep le ted in bo th Cr and Ni 
relative t o the adjacent delta-ferr i te and 
the composi t ion changes discontinuously 
across the interface. The re jected solute 

% Cr 

26 

24 

2 2 -

20 

16 

X X 

~r T T 

6 q 

<r* *%jj 
V* Chromium 

Cr0 - 18-75 
Ni0-9-75 

I 

V-
J _ _L 

% N i 
I I 

again ends up in interdendri t ic volumes. 
The magni tude of this enr ichment wil l 
depend upon the nominal compos i t ion 
and the extent of microsegregat ion 
determined by weld ing and solidif ication 
parameters. 

The specimens analyzed by STEM/EDS 
techniques in this study s h o w e d no 
eutect ic-ferr i te in the pr imary delta-ferr i te 
welds. It must be recognized that Fig. 25 
is schematic in f o r m only and that d i f fu
sion wil l mod i fy the compos i t ion during 
cont inuous cool ing to r o o m tempera
ture. 

Conclusions 

1. Heats 1 and 2 solidif ied as pr imary 
delta-ferr i te w h e n GTA w e l d e d using 
100% Ar shielding. Heat 3 solidified as 
pr imary austenite w h e n GTA we lded 
using 100% Ar shielding. 

2. Based upon metal lographic analysis 
and STEM elemental prof i les, Heat 1 so
lidified as pr imary delta-ferr i te and heat 2 
solidified as pr imary austenite w h e n GTA 
we lded using 99% A r - 1 % N 2 shielding. 
Heat 1 exper ienced only very little hot -
cracking whereas heat 2 s h o w e d exten
sive hot-cracking under these condit ions. 
Heat 2 conta ined eutect ic-ferr i te and 
heat 1 did not . 

3. Heats 1 and 2 solidified as pr imary 
austenite and bo th conta ined eutectic-
ferri te w h e n GTA we lded using 97%Ar-
3%N 2 shielding. Both heats exper ienced 
extensive hot-cracking w h e n w e l d e d 
under these condit ions. 

4. Both heats 1 and 2 solidif ied as 
pr imary austenite and w e r e essentially 
ferr i te-free w h e n GTA w e l d e d using 
94%Ar -6%N 2 shielding. Both hot-cracked 
extensively, but the similarity of the data 
to that for 97%Ar -3%N 2 specimens sug
gests that a saturation level o f hot-crack
ing was reached be fo re the microstruc
ture became who l l y austenitic. 

5. Varestraint results show that a 
change in solidif ication m o d e f rom pr ima
ry delta-ferr i te to pr imary austenite 
results in an increase in hot-cracking sus-
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Fig. 21-High resolution STEM profile, after Lyman, et al. (Ref. 19) in a 
primary delta-ferrite weldment. Note that within the ferrite and the 
austenite, the highest Cr content and the lowest Ni content occurs at the 
interface 
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Fig. 25 — Schematic distribution of Cr and Ni found during solidification of stainless steels: (a) solidification completely to delta-ferrite, (b) solidification 
completely to austenite, (c) solidification as primary austenite with the formation of divorced eutectic ferrite, (d) solidification beginning as primary 
delta-ferrite and concluding as austenite 

ceptibi l i ty in these alloys. 
6. Eutectic-ferrite may be f o r m e d at 

the dendr i te interstices in some alloys 
wh ich solidify as pr imary delta-ferr i te. 
Eutectic-ferrite can be distinguished f r o m 
pr imary delta-ferr i te at r o o m tempera
ture in three ways: the posi t ion of ferr i te 
in the microstructure, the occurrence of 
precipitates o n the eutect ic- ferr i te/aus-
tenite interfaces, the d i f ference in ele
mental STEM profi les. 

7. Extensive stick-out (electrode ex
tension) or arc length may result in the 
aspiration of atmospher ic n i t rogen in the 
we ld ing arc wh ich could cause an 
increase in the hot-cracking susceptibility 
o f normal ly pr imary delta-ferr i te duplex 
stainless steels. 

8. Four modes of solidification are 
possible in Fe-Cr-Ni stainless steels: 

a. solidif ication totally t o delta-fer
rite. 

b. Solidification totally to austenite. 
c. Solidification as pr imary austenite 

w i th the fo rmat ion of d ivo rced eutec
t ic-ferri te in interdendri t ic vo lumes. 

d. Solidification as pr imary delta-fer

rite until the remaining liquid becomes 
sufficiently enr iched in austenitizers t o 
solidify in a pr imary austenite mode . 
9. The solid-state ferr i te-to-austenite 

t ransformat ion is d i f fusion-control led and 
may be model led w i th the aid of Fe-Cr-Ni 
pseudo-binary phase diagrams. 
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