
The Ferrite to Austenite Transformation 
in Stainless Steels 

Given austenite from primary phase ferrite, further 
decomposition of ferrite to austenite occurs in the solid 

state by a diffusion controlled mechanism 

BY C. L. LEONE AND H. W. KERR 

ABSTRACT. The solidification sequence, 
including the transformation of ferrite to 
austenite, was studied in stainless steels 
by optical metallography and microprobe 
analysis of quenched and continuously 
cooled samples. Depending on the alloy's 
composition, secondary austenite can 
originate in the solid following ferritic 
solidification or may appear in the liquid 
through the sequence L—• L 4- 5 -<• L 4-
5 4- Y —• 5 4- 7; with 5 —• y continuing 
below the solidus line. 

When austenite appears in the solid 
first, it nucleates preferentially at prior 
grain boundaries of the ferritic matrix, 
and to a lesser extent at interdendritic 
locations within the ferrite. When austen
ite appears in the liquid first, it forms a 
layer around the primary ferrite den
drites. In both cases the solid state ferrite 
to austenite transformation occurs by a 
diffusion controlled process, in which Ni 
diffuses in ferrite towards the advancing 
austenite, and Cr is rejected by the 
advancing interface, as demonstrated by 
the microprobe results. This produces an 
enrichment of Ni and depletion of Cr in 
the austenite, compared to the composi
tion of ferrite. In most instances the 
austenite-ferrite interface becomes non 
planar, and has a Widmanstatten appear
ance. 

Similarities between the as-cast micro-
structures and the as-welded microstruc
tures indicate that the solidification mod
els proposed for the as-cast microstruc
tures also can be used to interpret the 
as-welded microstructure. This conclu
sion is supported by previously published 
STEM microanalysis of welds. 

Introduction 

Many wrought austenitic stainless 
steels exhibit a duplex austenitic-ferritic 
structure at room temperature after so
lidification. The ferrite phase within the 

austenitic matrix is known to play a ben
eficial role in the prevention of hot crack
ing in both as-cast and as-welded struc
tures. 

The solidification sequences and solid 
state phase changes leading to the ob
served final microstructures have been 
the subject of extensive investigations, 
but different interpretations have arisen 
(Ref. 1-12). 

It is now clear, however, that several 
austenitic stainless steels are either partial
ly or completely ferritic just below the 
solidus line. The final duplex microstruc
ture at room temperature is strongly 
dependent on the solidification se
quence, the solid state transformation of 
ferrite to austenite and minor variations in 
composition (Ref. 14). 

The mechanism of the transformation, 
particularly for certain compositional 
ranges still remains a controversial issue. 
Lippold and Savage (Ref. 11,12) have 
proposed that within a narrow composi
tional range, for the cooling rate 
observed in GTA welds, ferrite trans
forms to austenite by a diffusionless mas
sive transformation. According to this 
interpretation, the microsegregation ob
served at room temperature is produced 
during the liquid to solid transformation, 
with no further redistribution of elements 
during cooling of the solid to room tem
perature. Other authors have instead 
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reported that the ferrite to austenite 
transformation is diffusion controlled 
(Ref. 2-9). 

In previous investigations, attention has 
been concentrated on either cast (or 
slowly solidified) microstructures (Ref. 1-
4), or on as-welded microstructures (Ref. 
5-12). Since the cooling rates in welds are 
generally faster than in castings, it has 
been argued that diffusion may be much 
more limited in welds, allowing the mas
sive transformation (Ref. 11,12). In the 
present paper the microstructures and 
solidification sequences in both cast and 
welded specimens of certain alloys are 
examined. 

Experimental Procedures 

Specimens of both experimental alloys 
and commercial alloys were studied. The 
compositions of the alloys referred to in 
the present paper are listed in Table 1. 
Casting experiments employed ingots 
approximately 2.5 mm (1 in.) in diameter 
and 3 to 4 mm (1.18 to 1.57 in.) high. The 
alloys were melted under an inert atmo
sphere, and the cooling curves measured 
using Pt6Rh-Pt30Rh thermocouples, 
shielded by alumina tubing. The cooling 
rate just above the liquidus was approxi
mately 6°C/s (10.8°F/s). Some specim
ens were quenched into water after sol
idification had begun in order to examine 
the development of the microstructure at 
different temperatures. 

Electron microprobe analysis of the 
cast specimens was carried out using 25 
kV accelerating voltage and 100 nA beam 
current. Chromium and nickel analyses 
were performed simultaneously. The 
compositions of individual phases at var
ious locations were determined by point 
counts, and composition profiles through 
ferrite-austenite interfaces were exam
ined by line scans. Point counts were 
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Table 1—Chemical Compositions of Alloys Investigated, Wt-% (a ' 

Alloys Cr Ni C N Mn Si S Mo 

3 24.3 
4 21.0 
4'/2 20.0 
304-L 19.3 

(a) Remainder Fe. 

6.5 
10.9 
11.3 
9.0 

0.026 
0.022 
0.03 
0.030 

.027 

.026 

.017 

.021 

0.76 
0.71 
0.68 
1.7 

0.59 
0.51 
0.52 
0.54 

0.002 
0.002 
0.003 

< .003 

0.012 
0.011 
0.007 

< .045 

< 0 . 1 
< 0 . 1 
< 0 . 1 
< 0 . 1 

corrected for fluorescence and absorp
tion using a Magic 4 program developed 
by Colby (Ref. 13). The corrected values 
were used to determine redistribution of 
chromium and nickel during both solidifi
cation and the subsequent solid state 
transformations. Detailed experimental 
techniques are given elsewhere 
(Ref. 14). 

Autogenous GTA welds were made 
with a heat input of approximately 1800 
J/s at a welding speed of 2.5 mm/s (6 
ipm). As in the ingots, thermocouples 
were placed into the weld pool in order 
to measure the subsequent thermal histo
ry. The cooling rate measured at 1300°C 
(2372°F)was100-150°C/s(180-270°F/s). 

Results 

The transformation of ferrite to austen
ite in stainless steels can originate either in 
the solid after ferritic solidification or in 
the liquid through the solidification se
quence L—•L4-5— *L+8 + y^*5 + y; 
with 5 - T y continuing below the solidus 
line. The type of freezing mode and 
subsequent I>—-- y transformation which 
results is dictated by the alloy's composi
tion. 

Figure 1 defines various compositional 
regions for a section through the Fe-Cr-Ni 
ternary phase diagram at a constant iron 
content of 68 wt-%. Regions I and V, in 
which solidification is completely ferritic 
or austenitic respectively, with no subse-

Fig. 2 — Microstructures of alloy 3 in cast spec
imens: A-quenched from 1458°C (2656°F); 
B - continuously cooled to room tempera
ture 
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Fig. 1 — Pseudobinary section through the Fe-Cr-Ni phase diagram at 68 wt-% Fe, 
showing the effect of composition on the freezing mode 

quent solid state transformations, are not 
discussed here. 

Microstructures of Cast Alloys 

Region II 

Alloys with compositions within this 
region solidified completely to ferrite, 
which on cooling partially transformed to 
austenite. The freezing mode within this 
region can be expressed as follows: 
L -*• L 4- 5 - * 5: with 5 —• y in the solid. 
Austenite nucleated predominantly at fer
rite grain boundaries and to a lesser 
extent at interdendritic locations within 
the ferrite. 

Figure 2 compares the microstructures 
of quenched and continuously cooled 
samples of an alloy with composition 
close to the left boundary of region II 
(alloy 3 with Cr/Ni ratio of about 4). 
These micrographs show that the alloy 
solidified to 5 ferrite (Fig. 2A), which 
partially transformed to austenite in the 
solid. Continuously cooled specimens dis
played more austenite, without any evi
dence of solidification microsegregation 
within the ferrite (Fig. 2B). 

The transformation of 5 -» y at the 
grain boundaries seemed to have oc
curred by the formation of an almost 
continuous layer of austenite along the 
original ferrite boundaries and then by 
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Fig. 3 - Microstructure of a continuously 
cooled specimen of alloy 3 showing austenite 
Widmanstatten growth morphology 

the Widmanstatten growth of this y layer 
into 5 grains. A grain boundary in a 
continuously cooled specimen is shown 
in Fig. 3. Within the grains, on the other 
hand, the quenched microstructure (Fig. 
4) revealed that austenite particles partici
pated in the solid, mostly at the interden
dritic regions of ferrite, and grew inde
pendently of each other. 

The morphological appearance of y 
phase in the continuously cooled speci
mens had all the characteristics of a 
Widmanstatten structure: precipitation at 
grain boundaries as well as within the 
grains, with growth along preferred crys-

I 

tallographic directions giving asymmetri
cal shapes. As the Cr/Ni ratio decreased, 
the volume fraction of austenite in
creased 

Figure 5 compares the microstructures 
of quenched and continuously cooled 
samples of an alloy close to the right 
boundary of region II (alloy 4, with Cr/Ni 
ratio of about 2). Figure 5A shows den
drites of ferrite that have partially trans
formed to austenite (white boundary). 
Electron microprobe results presented 
later clearly show that the white bounda
ry was austenite, and that it formed in the 
solid. Figure 5A also shows that ferrite 
was originally the primary dendritic 
phase. Note the shape of the y/8 inter
face, suggesting the y growth was initially 
proceeding with a planar interface, which 
became unstable at a later stage. The 
dark wavy 5 lines resemble the residual 
ferrite lines in Fig. 5C. 

Figure 5B shows the transformation 
quenched at an intermediate stage of its 
development. Coarse austenite has 
formed at the grain boundary and finer 
austenite within the grains. The outline of 
the original 5 dendrites within the grains 
was still discernible due to the remaining 
microsegregation, allowing easier y 
nucleation and growth and hence slightly 
coarser austenite at previous interden
dritic regions. Since the austenite is less 
continuous in Fig. 5B, the continuous 
austenite in Fig. 5A must be a quenching 
effect permitted by the lack of homoge
nization when quenched from the higher 
temperature. 

With continuous cooling, the transfor
mation of ferrite to austenite occurred 
throughout and left no large regions of 5 
ferrite untransformed —Fig. 5C. This 
resulted in an austenitic matrix with resid
ual 5-ferrite in the form of dark lines, with 
no resemblance to the original solidifica
tion microstructure. 

Within region II, decreasing the Cr/Ni 
ratio (i.e., moving from left to right on Fig. 
1) allows austenite to nucleate and grow 
at higher temperatures, resulting in more 
and somewhat coarser Widmanstatten 

austenite (Fig. 5C vs. Fig. 2B). However, 
the mechanism of the transformation 
remained the same. 

Region III 

The solidification sequence of alloys 
within this region was L—•L-FS^-L-F 
5 4- Y —•" 5 4- y, with 5 —• y continuing in 
solid. The austenite formed first in the 
liquid as a secondary phase enveloping 
the primary ferrite. On further cooling, it 
grew into the remaining liquid (L —* y), as 
well as into ferrite (5 —* y). The latter 
reaction continued below the solidus line. 
The end product of this sequence was a 
microstructure composed of residual fer
rite, essentially along the cores of primary 
and secondary branches of the former 5 
dendrites, within an austenitic matrix. The 
extent to which ferrite transformed to 
austenite on cooling to room tempera
ture is shown in Fig. 6 for both quenched 
and continuously cooled specimens of 
alloy 304-L. 

The well-defined dendritic morpholo
gy of 5 prevailing at high temperature 
(Fig. 6A) became, on continuous cooling 
to room temperature, equally spaced 
lines of a eutectic-like network (Fig. 6B). 
The spacing between former 5-dendrite 
branches (Figure 6B) and original 
5-branches (Fig. 6A) was similar (50 fi). 
These micrographs established two 
important points: 

1. Ferrite was the primary phase. 
2. Its appearance (eutectic-like net

work) in the final microstructure was the 
result of the 5 —- y reaction during cool
ing. 

A high-magnification micrograph of the 
remnants of ferrite branches enveloped 
by a well-defined y boundary is shown 
for alloy 4'/2 in Fig. 7. The micrograph 
was taken from a region near the solidifi
cation front of the quenched sample. The 
interface between 5 and y (indicated by 
arrows in Fig. 7) can be taken to repre
sent the point at which y enveloped 5 
and grew in both directions; into the 
remaining liquid (L - * y) and back into the 

Fig. 4 - Microstructure of a specimen of alloy 3 
quenched from 1458''C (2656 °F), showing 
austenite nucleation at interdendritic areas 

Fig. 5 - Microstructures of alloy 4 in cast specimens: A—quenched from 1458"C (2656°F); 
B-quenched from 1440°C (2624°F) ; C-continuously cooled ("lathy" ferrite-dark) 
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Fig. 6 — Microstructures in alloy 3041 in cast specimens: A—quenched from 1440°C (2624°F); 
B - continuously cooled ('"vermicular" ferrite-dark) 

%wMm: 

Fig. 7 — Microstructure in alloy 4'A quenched 
from 1458 °C (2656 °F). The continuous white 
regions of austenite were the last regions to 
solidify 

ferrite (5 - * Y)- The appearance of aus
tenite from the liquid and its growth into 5 
was supported by electron microprobe 
results shown later. 

Region IV 

The freezing mode and resultant room 
temperature microstructure of alloys 
within this narrow compositional zone 
were influenced by both minor variations 
in composition (including minor elements) 
and cooling rate. In some cases, austenite 
formed directly from the liquid, not only 
as a secondary phase around ferrite, but 
also as a primary dendritic phase. This 
mixed mode of solidification is discussed 
in detail elsewhere (Ref. 15), since the 
transformation of 5 —- y in this region 
played a lesser role in the outcome of the 
final microstructure. 

Solute Distribution in Cast Alloys 

Region II 

Composition profiles of chromium and 

8s 26 

* 24 

P 6 

5 4 

U - I O / i r t l - J 

Cr 

Ni 

Fig. 8 — Cr and Ni microprobe line scans from one dendrite branch to another in a specimen of 
Alloy 3 quenched from 1458"C (2656 °F) 

nickel recorded from specimens of alloy 
3 are reported in Figs. 8-10. The traces 
show the segregation of Cr and Ni during 
solidification, as well as their redistribu
tion during the solid state transformation 
of ferrite to austenite. 

The traces in Fig. 8 were taken from 
one dendrite stem to another in a 
quenched specimen. The compositional 
gradient shows an accumulation of Ni 
and slight depletion of Cr at the interden
dritic region (5 inter) indicating that 
the freezing sequence of alloy 3 was 
L —• L 4- 5 —• 5, with rejection of Ni and 
slight absorption of Cr by the solid at the 
solid-liquid interface. 

Figure 9 shows the chromium and 
nickel variation across a region of the 
quenched alloy containing a small platelet 
of y. The traces reveal that the nickel 
content drops as the beam approaches 
the 5 / Y interface (shown by dips in the Ni 
traces) and then rises again when the 
beam is on the y particle. The composi
tion profiles of Cr and Ni across a well-
defined Y boundary in the continuously 
cooled ingot show these dips very clear
ly — Fig. 10. In this case, the variation in Cr 
content is more apparent than in the 
previous trace. The austenite layer is 
richer in nickel and depleted in chromi
um, compared to ferrite. Moreover, the 
concentration gradients within ferrite 
which bring about the required diffusion 
are also evident. 

For alloys closer to region III, the 5 —• y 
transformation is more complete in con
tinuously cooled specimens —Fig. 5C. 
This makes analysis of local compositional 
gradients very difficult under the electron 
microprobe, since its resolution is approx
imately 1 /im. In quenched specimens of 
such alloys, the transformation may be at 
least partially arrested — Fig. 5A. A com
positional profile from a quenched speci
men of alloy 4 showed the same deple
tion of the Ni and peak in Cr at the 5 / Y 
interface, as well as the segregation 
between the two phases —Fig. 11. This 
supports the conclusion that the 5 to y 
transformation occurred in the solid via a 
diffusion controlled process for this 
alloy. 

In order to obtain more accurate mea
surements of the segregation, point 
counts were made at various locations 
and corrected for absorption and fluores
cence. Table 2 reports data from alloy 4 
for two measures of segregation. The 
first is Ke = (wt-% in ferrite at the dendrite 
core)/(nominal wt-%). This is a measure 
of the distribution coefficient K for the 
selected element,* since the dendrite 
center should have a composition close 
to KC0, where C0 is the average compo-

*K = CS/CL where Cs and CL are the equili
brium percentages of a given element in the 
solid and liquid respectively, at a particular 
temperature. 
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Fig. 9 — Electron microprobe concentration profiles of Cr and Ni across a 
small austenite particle in a specimen of alloy 3 quenched irom 1458 °C 
(2656° F) 
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Fig. 10 — Concentration profiles of Cr and Ni across a layer of 
austenite in a continuously cooled specimen of alloy 3 

sition (Ref. 11). It can be seen that Ke is 
less than 1.0 for Ni and greater than 1.0 
for Cr, as expected from Fig. 8. However, 
for both elements, Ke deviates further 
from 1.0 in the continuously cooled spec
imen compared to the quenched speci
men, showing that redistribution of solute 
took place within the solid ferrite after 
solidification. 

The other measure of segregation 
quoted in Table 2 is the partition coeffi
cient Px, given by: Px = (wt-% of X in the 
austenite)/(wt-% of X in the residual 
ferrite). Since Ni segregates to austenite 
and Cr to ferrite, PNi > 1 whereas 
PCr < 1- Comparison of the values of P 
for quenched versus continuously cooled 
specimens of alloy 4 (Table 2) also shows 
that the degree of segregation increased 
as the ferrite to austenite transformation 
proceeded. Hence, in the continuously 
cooled specimen, the segregation be
tween austenite and ferrite is much more 
marked, consistent with comparison of 
Figs. 9 and 10. 

The interpretation of the traces in Figs. 
9-11 is that austenite formed in the solid. 
If the formation of austenite had taken 
place from the liquid, an enrichment of 
chromium in the last region to freeze 
should be found, as shown below. The 
transformation of ferrite to austenite is 
characterized by diffusion of nickel 

toward the Y / 5 interface and the diffu
sion of chromium away from the y/8 
interface, resulting in an accumulation of 
Ni and depletion of Cr in the austenite. It 
is suggested that the concentration pro
files of chromium and nickel shown in 
Figs. 9 and 10 are a characteristic of the 
solid state transformation of ferrite to 
austenite and can be used to distinguish 
between austenite that forms from the 
liquid and austenite that forms from fer
rite in the solid. 

The precipitation of austenite at grain 
boundaries and interdendritic spaces is 
consistent with the distribution of chromi
um and nickel within ferrite during solidif
ication. Just below the solidus line, these 
sites are high in Ni and low in Cr —Fig. 8. 
This segregation favors the nucleation of 
austenite, but growth of the austenite 
requires diffusion as shown by Figs. 9-
11. 

Region III 

Composition profiles from an alloy 
within this region are shown in Fig. 12. 
The traces in Fig. 12 are Cr and Ni profiles 
across residual primary ferrite, y second
ary, and interdendritic Y'boundary for a 
quenched specimen of alloy 304L (Fig 
6A). In going out from the dendrite's 
center (C), a gradual decrease in Cr and 

Table 2—Segregation Measured in Alloy 4 

History Coefficients 

Quenched from 1458°C Ke
(a» 

(2656°F) 
Quenched from 1458°C P^ * * 

(2656°F) 
Continuously cooled Ke 

Continuously cooled PT/{ 

Cr 

1.2 

.88 

1.39 
.73 

Ni 

.92 

1.5 

.66 
1.83 

wt-°.. of X in ferrite at dendrite core 
(a) Ke = 

average wt-"<. of X in alloy 

wt-",. of X in 7 formed in the solid 
(b) rr" = 

wl-" . , of X in residual primary 6 

increase in Ni is initially apparent, indicat
ing that chromium segregated to 5 ferrite 
and nickel to liquid, consistent with the 
solidification of ferrite (Figure 8). Within 
secondary austenite (Region A), the 
traces gradually leveled off, and then 
rose sharply as the beam scanned across 
the interdendritic region (Region B). 
Enrichment of both chromium and nickel 
at the interdendritic boundary results dur
ing the solidification of austenite, as 
shown by microprobe traces for alloys 
with Region V (Ref. 3,15). 

The dip in Ni between y secondary 
and interdendritic, i.e., at Point D, may 
correspond to the initial solid state 5 -*• y 
transformation, due to y requiring Ni. In 
that case, the bottom of the dip would 
mark the end of ferrite solidification and 
the beginning of austenite solidification 
from the liquid. 

Within the primary ferrite dendrite, 
during continuous cooling, after initial 5 
solidification, segregation of Cr to ferrite 
and Ni to austenite occurs, giving the 
valleys and peaks evident at residual 
ferrite (5p-res) in Fig. 12. 

Table 3 summarizes the segregation 
measured (using point counts) within 
specimens of alloy 304-L. The Ke values 
of ferrite for both continuously cooled 
and quenched from 1440°C (2624°F) 
specimens show the segregation of Cr to 
and Ni away from the dendrite centers, 
consistent with primary ferrite solidifica
tion, as shown in alloy 4. Similar to region 
ll, increased segregation is seen for the 
ferrite at the dendrite core in the contin
uously cooled specimen compared to the 
quenched specimen, so that Ke deviates 
still further from 1.0 for both elements. 
The partition coefficients, P, are also 
consistent with the segregation observed 
between ferrite and austenite in alloy 4, 
and show reasonable agreement with 
partition coefficients reported by others 
(Ref. 2,3). 

The segregation shown at the inter
dendritic region within the austenite 
shows increases in both Cr and Ni in the 
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Table 3—Segregation Measured in Alloy 304L 

History 

Quenched 
Quenched from 1440°C 
Quenched 
Quenched from 1440°C 
Continuously cooled 
Continuously cooled 
Continuously cooled 

Coefficients'3' 

Ke 
Ke 
pT/8 

p V * 

Cr 

1.0 
1.15 
0.91 
0.93 
1.36 
0.71 
0.70 

Ni 

0.79 
0.89 
1.18 
1.5 
0.47 
2.2 
2.3 

Reference 

(3) 
present 
(3) 
present 
present 
present 
(2) 

(a) See Table 2. 

a- 22 
O 
3^ 20 

» 18 

12 

t : 8 

l-«—lO îm —p-j 

f I J 
8 / i 

Fig. 11 —Microprobe traces of Cr and Ni from 
ferrite to austenite in a specimen of alloy 4 
quenched from 1458°C (2656 °F) 

last part to f reeze — region B in Fig. 12. 
This is in contrast t o ferr i te sol idif ication, 
wh ich shows a slight decrease in Cr 
content at interdendri t ic regions —Fig. 8. 
It is also in contrast t o austenite wh i ch 
forms f r o m the solid, wh ich is sharply 
lower in Cr content compared to fer
rite—Figs. 10 and 11 . The increase in 
b o t h Cr and Ni there fore distinguishes 
austenite wh ich has f o r m e d directly f r o m 
the l iquid. 

Micros t ruc tures of W e l d s 

The r o o m tempera ture microstructure 
of welds of alloys wi th in regions II and III 

exhibi ted characteristics similar to the cast 
microstructure. 

Region II 

Figure 13 shows the w e l d microstruc
ture of alloy 4 (region II, C r / N i ratio of 
about 2). The microstructure had a W i d 
manstatten appearance, consisting of 
5 + Y laths w i th cont inuous bands o f 
austenite along the previous ferri te grain 
boundaries. This type of microstructure, 
as s h o w n fo r cast ingots, resulted f r o m 
the solid state t ransformat ion o f ferr i te t o 
austenite. 

Compar ison of Fig. 13 w i th Fig. 5C 
illustrates the similarity b e t w e e n the we ld 
and cast microstructures. The only signifi
cant d i f ference b e t w e e n the t w o micro-
structures was the finer spacing b e t w e e n 
5 + y laths in the we ld structure due to 
faster cool ing rates in welds. 

Region III 

The microstructure of welds for alloy 
304L, shown in Fig. 14, had features 
similar to the cast structure of alloy 304L 
and the w e l d structure o f alloy 4 l /2 
(Table 1). Ferrite at r o o m temperature 
was present as partially t ransformed den 
drites, w i th in an austenitic matrix c o m 
posed of columnar austenitic grains. 

The cast results have s h o w n that this 
type o f structure has its origin f r o m the 
format ion of austenite in the liquid as a 

second phase, and its subsequent g r o w t h 
dur ing cool ing to r o o m temperature . The 
consistency b e t w e e n the cast and we ld 
structures of Al loy 304L suggests that the 
solidif ication mode l p roposed f r o m the 
cast structure can be used to account for 
the we ld structure. 

Discussion 

The t ransformat ion of ferr i te to austen
ite in stainless steels has been s h o w n to 
originate in t w o ways: either in the solid 
after comple te solidif ication to ferr i te, or 
in the l iquid after partial solidif ication to 
ferr i te. In b o t h cases the ferr i te to austen
ite t ransformat ion cont inues b e l o w the 
solidus line. The type of freezing m o d e 
and subsequent 5 —• y t ransformat ion 
wh ich results is d ictated by the alloy's 
compos i t ion . For alloys containing ap
proximately 68 w t -% Fe, the regions on 
the Fe-Cr-Ni pseudo diagram are shown 
approximately in Fig. 1. Similar compos i 
tional regions have been p roposed by 
Lippold and Savage (Ref. 11,12) t o explain 
the w e l d structures o f austenitic stainless 
steels, but w i th di f ferent interpretat ions 
for some regions, as discussed be low . 

In the alloys studied, the t ransforma
t ion f r o m ferr i te to austenite occur red by 
diffusion of Ni in ferr i te towards the 
advancing y/b interface, and of Cr in 
ferri te away f r o m the advancing y/b 
interface. Therefore , the composi t ional 
di f ferences observed at r o o m tempera
ture b e t w e e n ferr i te and austenite arose 
f r o m the part i t ioning of Cr towards the 
residual cores of pr imary ferri te and the 
part i t ioning of Ni towards the fo rming 
austenite. This is con f i rmed by the exper
imental distr ibut ion and part i t ion coef f i 
cients s h o w n in Tables 2 and 3. These 
coeff icients, for Cr and Ni, for all the 
alloys in wh i ch ferr i te d e c o m p o s e d to 
austenite irrespective o f the origin of the 
austenite, consistently s h o w e d that the 
t w o elements redistr ibuted dur ing the 
5 -»• Y react ion. The segregation results 
are similar to previous investigations of 
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Fig. 12 - Line traces of Cr and Ni from a specimen of alloy 304-L quenched from 1440 °C (2624 °F). Region C is the center of the primary 
ferrite dendrite, which now contains residual ferrite (Sp-res). Region B is the interdendritic region, which solidified as austenite 
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both castings (Ref. 2-4) and welds (Ref. 
5-12). 

Most authors agree that "lathy" (Wid
manstatten) austenite-ferrite structures 
originate by a diffusion controlled solid 
state transformation (Ref. 2-9,11,12). 
However, Lippold and Savage have sug
gested that some structures termed 
"acicular" structures which strongly 
resemble Fig. 13 may originate by a 
martensitic process (Ref. 12). Moreover, 
the microstructure typified by contin
uously cooled alloy 304L (Fig. 6B), often 
termed "vermicular" (Ref. 6-8,11,12) has 
been ascribed to a massive transforma
tion in several recent publications (Ref. 
10,12). The present results instead lead to 
the conclusion that vermicular ferrite 
results when austenite originates in the 
liquid, and then grows into the solid 
ferrite by a diffusion controlled transfor
mation. Several aspects of the arguments 
used by Savage and co-workers (Ref. 
10,12) must be examined in assessing 
their conclusion that vermicular ferrite 
remains after a diffusionless massive 
transformation. 

There is no doubt that cooling rates are 
generally faster in welds than in castings, 
allowing less time for diffusion. It should 
be noted, however, that the cooling rates 
affect both liquid and solid state diffusion. 
Since dendrite spacings are determined 
by liquid diffusion, they are also reduced 
by the faster cooling rates in welds. 
Hence the distances over which diffusion 
must take place to bring about a solid 
state phase transformation are smaller in 
welds. 

The present investigation employed 
microprobe analysis, whereas Lippold 
and Savage employed STEM analysis 
which is capable of finer resolution. The 
finer segregation in the welds cannot be 
analyzed on the microprobe. However, 
STEM analysis of welds by both David, et 
al. (Ref. 9) and Lyman (Ref. 10) showed 
the same sort of concentration profiles 
reported here within the ferrite at the 
austenite-ferrite interface (i.e., a gradient 
of Ni towards y and a gradient of Cr 
away from Y) as in Figs. 9-11. This is 
consistent with the conclusion that the 
austenite to ferrite transformation re
mains diffusion controlled in welds. 

In order to fit their results to the 
solidification microsegregation model 
which they employed, Lippold and Sav
age (Ref. 11) assumed values of the 
distribution coefficients of 0.4 for Ni and 
1.3 for Cr. Comparison with Table 3 
shows that these values are close to the 
values of Ke for residual ferrite measured 
in continuously cooled 304-L specimens. 
However, specimens quenched from 
higher temperatures showed distribution 
coefficients for ferrite solidification closer 
to 1.0; Tables 2 and 3 show Ke ~ 0.9 for 
Ni and Ke ~ 1.15-1.2 for Cr, consistent 
with values reported by other workers 
for quenched specimens (Ref. 3,4). 
Hence the distribution coefficients 

assumed by Lippold and Savage, particu
larly that for Ni, are affected by solid state 
diffusion. 

In their analysis of the microsegrega
tion, Lippold and Savage have assumed 
that solidification takes place with no 
diffusion in the solid. In order to justify 
this assumption, they have employed the 
microsegregation measured by Lyman 
(Ref. 10) which shows a very sharp peak 
of Cr and valley in Ni at ferrite particles, 
over a distance less than 0.5 fim wide. In 
analyzing the diffusion which may take 

Fig. 13 - Microstructure of a GTA weld in alloy 
4. Compare to Fig. 5C 

place they have quoted a cooling rate of 
1000°C/s (1800°F/s). 

Our experiments measured a cooling 
rate at 1300°C (2372°F) of up to 150°C/ 
s (270°F/s) in GTA welds. Conductive 
heat transfer analysis (Ref. 16) shows that 
the cooling rate for a partial penetration 
weld is proportional to (T — T0)2 where T 
is the temperature in question and T0 is 
the ambient temperature in the specimen 
where heating has not occurred. Using 
this correction factor, the cooling rate at 
1450°C (2642°F) (just below the liquidus) 
is calculated to be approximately 200°C/ 
s (360°F/s) in the present GTA welds. 
Hence compared to the assumed cooling 
rate of 1000°C/s (1800°F/s), the time 
available for diffusion would be increased 
by approximately a factor of 5. Following 
the usual rule of thumb (Ref. 11) that the 
diffusion distance equals 2 (Dt)'/2, where 
D is the diffusion coefficient and t is the 
time available for diffusion, the slower 
cooling rate would allow the diffusion 
distance to increase by approximately a 

factor of 2. 
In addition, the total diffusion distance 

is actually determined by the sum of the 
diffusion which may take place as the 
temperature drops, i.e., 2; Dj tj where D; 
is the diffusion coefficient and tj is the 
time spent in the i th subintervals (Ref. 17). 
This results in a diffusion distance of 2(2, 
D, t,)'/2. 

Lippold and Savage employed diffu
sion coefficients for austenite in their 
analysis (Ref. 11). The diffusion coeffi
cients in ferrite are approximately 50 to 
100 times greater than those in austenite 
at any given temperature (Ref. 18-20). 
Calculations of the diffusion coefficients 
of Ni in ferrite measured by Moharil, ef al. 
at very high temperatures (Ref. 20), using 
the cooling rates calculated from the 
present experiments in CTA welds, give 
the results shown in Table 4. From these 
calculations the estimated diffusion dis
tance [2(2; D| ti)'/2] for Ni in ferrite is 
approximately 4.4 ^m. This is much larger 
than the value of 0.08 j im quoted by 
Lippold and Savage. It is also considerably 
larger than the width of the segregation 
peaks within GTA welds observed by 
Lyman (Ref. 10). 

Diffusion data which has been mea
sured at lower temperatures is available 
for both Cr and Ni in ferrite (Ref. 18,19). If 
the data for Cr (Ref. 19) is extrapolated to 
1420°C (2588°F), even if the constant 
cooling rate of 1000°C/s (1800°F/) is 
assumed following Lippold and Savage 
(Ref. 11), the diffusion distance is calcu
lated to be 0.90 jim (Table 5), i.e., 
approximately 10 times greater than that 
calculated by Lippold and Savage, and 
again greater than the width of the peaks 
observed by Lyman. Hence even for a 
cooling rate which is approximately 5 
times faster than was measured in the 
present experiments, the calculated diffu
sion distances are great enough to con
siderably broaden any initial peaks in 
microsegregation due to solidification. It 
is concluded that the microsegregation 
measured by Lyman, in GTA welds of 
austenitic stainless steels containing fer
rite, arose during solid state diffusion, 
rather than being that produced directly 
by solidification. 

The diffusion distances calculated 
above are smaller than the observed 
spacing of dendrite arms in GTA welds in 
stainless steels. In the present experi
ments, the dendrite spacings in the welds 
were approximately 10 nm, consistent 
with the spacing measured between fer
rite particles by Lyman (Ref. 10). If the 
ferrite to austenite transformation were 
to occur with a planar interface, then the 
width of the transformed austenite 
would be limited to the approximate 
diffusion distances, i.e., 0.9-4.5 fim, as 
discussed above. In order to solve this 
diffusion problem, the ferrite-austenite 
interface generally breaks down to a 
nonplanar morphology. This breakdown 
is analogous to the formation of den-
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Fig. 14 — Microstructure of a GTA weld in alloy 
304-L 

drites in solidif ication (Ref. 21). As the 
nonplanar austenite interface advances, it 
leaves Cr-r ich and Ni-depleted ferr i te in 
b e t w e e n , analogous to solidif ication 
microsegregat ion. 

ln cast structures the nonplanar nature 
of the interface was very clear —Fig. 15. 
Because of the high surface to vo lume 
ratio of the residual ferr i te, it a t tempts to 
spherodize. Figure 15 shows a region (B) 
wh ich was in the process of spherodiz ing 
pr ior t o being quenched. W h e n sufficient 

Fig. 15 — Residual ferrite at dendrite cores in a 
specimen of alloy 304-L quenched from an 
intermediate temperature. The nonplanar y-S 
interface is apparent, and spherodizing of 
ferrite is seen at B 

t ime is available, the small ferrit ic regions 
shrink back towards the cores o f the 
pr imary and secondary ferr i te branches, 
wh ich remain unt ransformed. The non 
planar nature of the original ferrite-aus
tenite interface, f o l l owed by partial 
spherodizat ion, p roduce the rounded 
w a v y "ve rmicu la r " pat tern of ferr i te 

f ound in region III. 
The spacing b e t w e e n ferr i te in region 

II, i.e., " l a t h y " (Ref. 6-8) ferr i te, is general
ly f iner than the spacing in vermicular 
ferr i te. The g r o w t h of austenite in region 
II occurs at lower temperatures than in 
region III (Fig. 1) so that the di f fusion 
coeff icients wh ich determine the spacing 
are smaller. Suutala, et al. have also indi
cated that no or ientat ion relationship 
exists b e t w e e n the t w o phases for ver
micular ferr i te, whereas distinct or ienta
t ion relationships d o occur for lathy fer
rite (Ref. 8). Distinct or ientat ion relat ion
ships may limit the mobi l i ty o f the 5 - Y 
interface, forc ing the t ransformat ion to 
occur at l ower temperatures w i th f iner 
spacings. 

Adjacent regions sometimes exhibit 
di f ferent ferr i te spacings —Fig. 14. Similar 
mixtures of spacings have been observed 
by Suutala, et al. (Ref. 6,8). This may be a 
result of being very close to the border 
b e t w e e n regions II and III. If the liquid 
layer a round the ferr i te dendri tes is not 
un i fo rm in thickness, then some regions 
may actually solidify entirely to ferr i te 
whi le others finish w i th austenite solidifi
cat ion. Alternat ively di f ferent habit planes 
and g r o w t h directions b e t w e e n 5 and y 
may affect interface mobi l i ty and hence 
ferri te spacing. 

Conclusion 

Both cast and w e l d e d microstructures 
have been examined in austenitic stain
less steel alloys in wh ich the pr imary 
phase was ferr i te. Depend ing on the 

Table 4—Calculated Diffusion of Ni in Ferrite 

Femperature 
Interval, °C 

1440-1400 
1400-1300 
1300-1200 
1200-1100 
1100-1000 

Cooling 
Rate, =C/s |a| 

178 
161 
138 
117 
97 

Time in temperature 
intervals, tj(s) 

0.22 
0.62 
0.72 
0.85 
1.03 

Average Dj, cm2 /s | b | 

7.8 X 10 - 8 

3.49 X 10"8 

9.74 X 10"9 

2.27 X IO" 9 

4.24 X IO"1 0 

Di ti (cm2) 

1.71 X 10~8 

2.16 X 10"8 

0.70 X 10"8 

0.19 X 10~8 

0.04 X 10~8 

2i D t| = 4.8 X 10"8 cr 
2 (S| Di ti)'/2 = 4.4 M m 

(a) Cooling rate = 150°C/s at 1300°C; corrected at other temperatures, see text 
(b) DNi = 9.7 exp(-62,700/RT) (Ref. 20). 

Table 5—Calculated Diffusion of Cr in Ferrite at 1000 C/s Cooling Rate. 

Temperature, 
°C 

1440-1400 
1400-1300 
1300-1200 
1200-1100 
1100-1000 

Cooling 
Rate, °C/s<a> 

1000 
1000 
1000 
1000 
1000 

Time in temperature 
interval, ti(s) 

0.04 
0.1 
0.1 
0.1 
0.1 

Average Dj, cm2/s(t>) 

1.70 X 10~8 

8.92 X IO" 9 

3.17 X IO" 9 

9.79 X 10"1 0 

2.52 X 1Q-10 

Di ti(cm2) 

6.83 X IO"1 0 

8.92 X IO"1 0 

3.17 X 10 - 1 0 

0.97 X 10"1 0 

0.25 X 10 ' 1 0 

2, D ti = 2.01 X 10~9 cm2 

2(2, Di ti)'/2 = 0.9 nm 

(a) As assumed by Lippold and Savage (Kef. II). 
(b) Dc, » 0.06 exp(-5070O/RT) (Ref. 19). 
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steel's compos i t ion , austenite has been 
shown to originate in t w o ways ; either 
f r o m the l iquid as the secondary phase, 
or in the solid. 

In both cases further decomposition of 
ferrite to austenite occurred in the solid 
state by a diffusion controlled mecha
nism. Dur ing this solid state process the 
g r o w t h o f austenite was accompanied by 
the reject ion of Cr and the acceptance o f 
Ni , resulting in an enr ichment o f Cr and 
deple t ion o f Ni in the residual ferr i te. 

The solidif ication of pr imary ferri te was 
shown in specimens quenched f r o m just 
b e l o w the liquidus, to take place w i t h 
distr ibut ion coeff icients fo r Ni and Cr o f 
approximate ly 0.9 and 1.15-1.2 respec
t ively, whereas the solidif ication of aus
teni te was accompan ied b y a bui ld-up o f 
b o t h Cr and Ni in the last region to 
f reeze. This simultaneous increase in b o t h 
Cr and Ni distinguishes austenite wh ich 
has f o r m e d f r o m the l iquid f r o m that 
f o r m e d f r o m the solid, in wh i ch the Cr 
content is l o w compared to residual fer
rite. 

Dur ing the solid state ferr i te t o austen
ite, the bui ld up of Cr and deple t ion of Ni 
in the residual ferr i te gives apparent distri
bu t ion coeff ic ients of approximate ly 1.4 
for Cr and 0.5 t o 0.7 for Ni. Howeve r , 
these values do not represent the distri
bu t ion coeff ic ients for solidif ication o f 
ferr i te. 

The solidif ication sequences and sub
sequent solid state transformat ions may 
be represented on a pseudo-binary sec
t ion of the ternary Fe-Cr-Ni phase dia
gram as f ive di f ferent regions. In region II 
the austenite originates in the solid state, 
initiating at ferr i te grain boundaries and 
g row ing into the grain centers by W i d 
manstatten g r o w t h , p roduc ing " l a t h y " 
residual ferr i te. In region III the austenite 
originates in the liquid as a layer a round 
the pr imary ferr i te dendri tes. G r o w t h of 
austenite into ferr i te eventual ly produces 
a nonplanar interface. Partial spherodiza-

t ion of the residual ferr i te produces a 
w a v y "ve rm icu la r " f o r m centered at the 
cores of the pr imary dendri tes of fer
rite. 

No ev idence was f o u n d for massive or 
martensitic t ransformations in the alloys 
studied. Reanalysis o f the ev idence fo r 
the massive t ransformat ion postulated 
earlier suggests instead that the observed 
ferr i te was residual ferr i te fo l low ing a 
dif fusion contro l led solid state transfor
mat ion. 
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