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The Effect of Cooling Rate on Ferrite in 
Type 308 Stainless Steel Weld Metal 

Ferrite content and composition show a significant 
dependence on cooling rate 

BY J. M. VITEK AND S. A. DAVID 

ABSTRACT. Weld filler metals such as 
Type 308 stainless steel generally solidify 
as primary ferrite, and during cooling the 
ferrite transforms to austenite. This trans
formation is normally not carried out to 
completion, resulting in some residual 
ferrite retained in the final as-welded 
microstructure. The effect of cooling rate 
on residual ferrite content and composi
tion was evaluated by heating as-welded 
material to 1300°C (2372°F) and then 
cooling to room temperature at fixed 
rates that varied from 0.16° to 693°C/s 
(0.29° to 1247°F/s). As the cooling rate 
increased, the amount of retained ferrite 
increased, the ferrite's chromium content 
decreased, and its nickel content 
increased. The influence of the width of 
the elongated ferrite grains on the cool
ing rate effect was determined by exam
ining ferrite regions of different sizes. 
Calculations using a simple diffusion mod
el reproduced the experimental results 
qualitatively. The diffusion calculations 
provided additional information on the 
sensitivity of ferrite composition to cool
ing rate and ferrite width. The results of 
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the present investigation can be com
bined with modelling results on cooling 
rates of welds to allow one to predict the 
amount and composition of ferrite in 
welds. Such information is necessary to 
understand the stability of ferrite under 
multiple-pass welding conditions or dur
ing elevated-temperature applications. 

Introduction 

Austenitic stainless steels such as Type 
308 are commonly used as weld filler 
metals. In order to reduce hot-cracking 
tendencies, alloy compositions are often 
chosen so that ferrite is the primary 
solidification phase (Refs. 1-9). Such a 
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condition is achieved by allowing the 
ratio of the chromium to nickel equiva
lents (CrEq/NiEq) to be >1.35 (Ref. 10), as 
is the case for Type 308 stainless steel 
(CrEq/NiEq s» 1.6). With ferrite as the pri
mary solidification phase, segregation of 
tramp elements to the interdendritic 
areas is reduced because the solubility 
limits of these elements are generally 
greater in ferrite. Furthermore, during 
cooling, a solid-state transformation of 
ferrite to austenite occurs, and this 
insures that the solidification boundaries 
do not necessarily coincide with the grain 
boundaries in the final transformed struc
ture, thereby reducing the susceptibility 
to cracking (Ref. 11). 

During the cooling of welded struc
tures, the transformation of ferrite to 
austenite does not proceed to comple
tion and some residual ferrite is retained 
at room temperature. For example, 5 to 
10% ferrite is typically found in Type 308 
stainless steel welds. Based on a psuedo-
binary section of the Cr-Fe-Ni phase dia
gram, shown in Fig. 1, the ferrite compo
sition in equilibrium with austenite at 
elevated temperatures and in metastable 
equilibrium with austenite at lower tem
peratures (Ref. 12) is expected to vary as 
a function of temperature. Results of 
isothermal aging studies (Ref. 12) have 
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s h o w n that the ferr i te becomes richer in 
ch rom ium and leaner in nickel as the 
tempera ture is decreased. 

The cool ing rate f r o m elevated t e m 
peratures is expected to have an influ
ence on the ferr i te compos i t ion . Dur ing 
cool ing, it can be assumed that the ferr i te 
compos i t ion changes in order t o maintain 
equi l ibr ium (stable or metastable) until the 
dif fusion kinetics are sufficiently s low to 
inhibit any fur ther composi t ional changes. 
Such behavior has been descr ibed in 
detail e lsewhere by in t roducing the idea 
of an ef fect ive quench tempera ture (Ref. 
13). The ob jec t ive of this paper was to 
quanti tat ively evaluate the dependence 
o f ferr i te composi t ion on cool ing rate. 

W i t h such in format ion , the ferr i te c o m 
posit ion can be pred ic ted for various 
we ld ing condit ions. Know ing the ferr i te 
compos i t ion w o u l d , in tu rn , be useful in 
understanding and predict ing the stability 
of ferr i te-containing w e l d microstructures 
during pos twe ld exposures to e levated 
temperatures. 

Experimental Procedures 

In order to study the ef fect of cool ing 
rate o n ferr i te compos i t ion , there are 
several desirable characteristics for the 
ferr i te distr ibut ion. First, the w id th o f the 
ferr i te grains wi th in the austenite matr ix 
should be as un i fo rm as possible since 

Element 

Cr 
Ni 
Mn 
Si 
C 
s 
V 
Ti 
Cu 
B 
P 
Mo 
Nb 
Co 
Al 
N2 

Fe 

wt-% 

20.18 
9.35 
1.74 
0.46 
0.037 
0.008 
0.05 

<0.01 
0.09 
0.002 
0.016 
0.09 

<0.01 
0.06 

<0.01 
0.060 

Balance 

comparab le di f fusion distances are nec
essary w h e n studying any cool ing rate 
effects. Secondly, in o rder to be able to 
relate the results o f this investigation to 
we ld ing condi t ions, the ferr i te must be 
relatively f ine, comparab le in size t o the 
ferr i te f ound in welds. There fore , dur ing 
specimen preparat ion, coarsening of the 
ferr i te at e levated temperatures must be 
avo ided. Finally, it is desirable to w o r k 
w i th material containing a significant 
amount of ferr i te (>5%) so that several 
ferr i te areas can be readily located w h e n 
do ing transmission electron microscopy 
(TEM). 

To satisfy the above condit ions as 
much as possible, it was dec ided to use 
as-welded Type 308 stainless steel, wh i ch 
contains ~ 10% ferr i te. A l though the fer
rite grains are not perfect ly un i fo rm in 
w i d t h wi th in the w e l d , as s h o w n later in 
the results, the scale o f the ferr i te is 
reasonably constant th roughout the 
w e l d . The examined material was restrict
ed t o the last pass of a multipass gas 
tungsten arc (GTA) w e l d in order to avo id 
any possible alterations that may arise 
dur ing reheating of earlier passes. It 
should be no ted , howeve r , that the 
retained ferr i te was in a metastable c o n 
di t ion be low approx imate ly 1200°C 
( 2 1 9 2 ° F ) - F i g . 1. The compos i t ion of a 
representat ive Type 308 stainless steel 
we ld is g iven in Table 1. 

Transverse slices, approx imate ly 1 m m 
(0.04 in.) thick, w e r e taken f r o m a GTA 
we ld and used for heat treat ing, ferr i te 
number measurements, and eventual 
microstructural analysis. The heat treat
ment used to study the ef fect of cool ing 
rate consisted of heat ing to 1300°C 
(2372°F), hold ing for a specif ied t ime, and 
then cool ing at a f ixed rate. The ho ld t ime 
at 1300°C was minimal in o rder t o p re 
vent any appreciable coarsening pr ior t o 
cool ing. Ho ld times w e r e typically 30 s, 
a l though some samples w e r e held for 3 
and 5 min t o check on the ef fect of hold 
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time. Based on earlier work (Refs. 12, 13), 
it was concluded that 30 s at 1300°C was 
sufficient time to bring the ferrite into 
equilibrium with the austenite. Most 
specimens were heat treated in a Gleeble 
thermomechanical simulator, in which a 
programmable constant cooling rate 
could be achieved. Some higher cooling 
rates could be achieved by carrying out 
an uncontrolled "free cool." The very 
highest cooling rates ( > 3 0 0 ° C / s -
540°F/s) were achieved in a special fur
nace with forced gas cooling using thin
ner sheet specimens. Average cooling 
rates were calculated over the tempera
ture range of 1300° to 800°C (2372D to 
1472°F) and these values will be used 
when cooling rates are reported. Earlier 
work (Ref. 13) indicated this would be the 
temperature range of significance for 
these experiments. The cooling rates 
covered over three orders of magnitude, 
from a minimum of 0.16°C/s to a maxi
mum of 693°C/s (0.29° to 1247°F/s). 

The ferrite content, measured in terms 
of a ferrite number, was monitored 
before and after heat treating. Ferrite 
numbers were measured magnetically 
according to Ref. 14. A thin cross-section
al slice was cut from each welded and 
heat-treated section of material. TEM 
disks were machine-cut from the last pass 
section of the welds and were electro
polished to produce thin-foil specimens. 
The microscopy was performed on a 
JEOL electron microscope at 200 keV. 
Ferrite compositions were measured by 
analytical electron microscopy (AEM). 
The probe sizes were on the order of 
0.02 to 0.05 ixm in diameter. The size was 
sufficiently small to insure that all analyses 
were made within the ferrite, without 
any contribution from neighboring aus
tenite areas. X-ray spectra were recorded 
with a Tracor-Northern energy dispersive 
spectrometer. Hole counts were negligi
bly small and were ignored. Composi
tions were determined from the spectra 
for four elements, Fe, Cr, Ni and Mn, with 
the compositions normalized to 100%. 

Fig. 2 — Typical ferrite microstructure in austenite matrix 

Several ferrite grains were examined for 
each condition, and several measure
ments were made within each ferrite 
grain, with the average values reported. 
Measurements were made within the 
central third of each ferrite grain to avoid 
any compositional gradients near the 
interfaces of the ferrite. Therefore, the 
measurements represent the bulk ferrite 
composition. In addition, the width of 
each ferrite region was determined. In 
separate work on homogenized Type 
308 stainless steel, it was found the aus
tenite composition did not vary with foil 
thickness. Therefore, compositions were 
measured in reasonably thick areas so 
that if any surface films were present on 
the electropolished foils, their influence 
would be insignificant. 

Experimental Results 

The ferrite distribution in the Type 308 
welds consisted of elongated ferrite 
grains located at the dendritic cores, as 

Table 2—Ferrite Numbers of Heat-Treated and Cooled Specimens 

Cooling Rate 
("C/s) 

0.16 

0.16 
0.98 
0.99 

9.5 
10.1 

79 .0 
93 .0 

93 .0 

103.0 
139.0 

275.0 

(t) 
H o l d T ime 
At 1 3 0 0 ° C 

(s) 

30 
180 
30 

180 
30 

180 
180 
30 

300 
30 

300 
30 

Before 

7.0 
6.2<a> 

5.0 
6.2W 
6.0 
6.2<» 
6.2<*> 

2.95 
5.2 
4.2 
6.6 
2.2 

Ferrite N u m b e r 

After 

0.3 
0.2 
1.9 
1.6 
3.2 
4.4 
7.2 
4.2 
7.4 
4.7 
9.8 
4.2 

Relative change 

(%) 
- 9 6 
- 9 7 
- 6 2 
- 7 4 
- 4 7 
- 2 9 
+ 16 
+42 
+42 
+ 12 
+48 
+91 

(a) Average value for several specimens; individual readings not taken before heat treating. 

described in detail by others (Refs. 15-
20). A representative micrograph of fer
rite in austenite is given in Fig. 2. The 
width of the ferrite regions was in the 
range of 0.5 to 4 (tm. The amount of 
ferrite was evaluated and the results are 
presented in Table 2. The change in 
ferrite number as a function of cooling 
rate is shown in Fig. 3. There is a fair 
amount of scatter in the data, but this is 
common in welded materials (Ref. 20). In 
two cases, quite low values of ferrite 
number were detected before heat treat
ing (2.2, 2.95). Because the measure
ments were on relatively thin specimens, 
it is possible the ferrite number depended 
on the sample thickness, and therefore, 
the absolute values for the ferrite num
bers may not be very accurate. Conse
quently, the relative change in ferrite 
number was used to reduce the depen
dence of the results on specimen thick
ness and yield more reliable results. Such 
relative changes in ferrite number are 
also given in Table 2 and plotted in Fig. 3. 
A distinct relationship between cooling 
rate and relative change in ferrite content 
is found in Fig. 3. After cooling from 
1300°C at the lowest rate, the ferrite 
level is quite low, well below the initial 
values. However, as the cooling rate 
from 1300°C is increased, the overall 
ferrite content also increases. At the high
est cooling rates, substantially more fer
rite is found than in the starting condition, 
indicating the cooling rate is much higher 
than in the GTA weld. It is also note
worthy that the holding time at 1300°C 
did not have any consistent influence on 
the ferrite levels. 

Composition measurements revealed 
the presence of composition gradients 
within the ferrite, as shown in Fig. 4, 
which is a composition scan across a 
ferrite grain. However, it is clear from this 
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figure that the ferrite composition was 
fairly uniform over approximately the 
central 60% of the ferrite, thereby assur
ing that the composition measurements 
made in the middle of the ferrite repre
sented the bulk ferrite composition and 
were not affected by concentration gra
dients near the ferrite/austenite inter
face. 

The ferrite composition was measured 
in the initial, as-welded condition. Several 
ferrite regions were evaluated, varying in 
width from 0.25 to 1.5 /um.1 The average 
normalized ferrite composition (in wt-%) 
was 64.7Fe, 29.1Cr, 4.2Ni, 2.1Mn. Com
pared to the overall alloy composition 
given in Table 1, the ferrite is significantly 
enriched in chromium and depleted in 
nickel, with only a small enrichment in 
manganese. This agrees with the results 
from other studies (Refs. 12, 21). 

The results of composition measure
ments of ferrite in samples cooled at 
different rates are given in Fig. 5. Only the 
results for chromium and nickel concen
trations are presented. Manganese con
centrations are not given because, as 
shown in Fig. 4, there was negligible 
partitioning of manganese between aus
tenite and ferrite. Therefore, there was 
no significant effect of cooling rate on the 

'In general, the ferrite areas were narrower in 
the as-welded condition, indicating some 
coarsening took place upon heating to 
1300CC. 

manganese content of the ferrite. The 
iron concentrations are not presented 
because they are simply the complement 
of the chromium and nickel effects com
bined. 

As noted in the procedure section, it is 
desirable to restrict the examination to 
ferrite grains of the same width. Howev
er, it was impossible to avoid some varia
tion and range of ferrite sizes in the 
welds. Therefore, the data shown in Fig. 
5 represent a restricted range of widths, 
and the data are grouped into three size 
classes. It is important to note that even if 
the ferrite grains were initially of uniform 
width, the dissolution of ferrite that 
occurs during cooling (Ref. 12) proceeds 
to different degrees, depending on the 
cooling rate (Ref. 13), and therefore the 
ferrite areas would not be uniform in 
width after cooling. The influence of 
ferrite size is treated in more detail in the 
following section. 

Diffusion Model Calculations 

Calculations were performed to aid in 
the understanding and interpretation of 
the experimental results. Although a very 
simple model was employed, the results 
are instructive. An iteration procedure 
was utilized. A constant cooling rate was 
approximated by step cooling in small 
increments. Equilibrium was assumed at 
the ferrite/austenite interface. The equi
librium composition as a function of tem
perature was taken from earlier results 

(Ref. 12). The internal ferrite composition 
was assumed to vary exponentially with 
time, based on the parameter-

Dt 
— where D is the temperature-
x1 

dependent diffusion coefficient of chro
mium in ferrite, t is time, and x is the 
half-width of the ferrite. The composition 
of the ferrite was then calculated as a 
function of time for various cooling rates 
and ferrite widths. Several major assump
tions are made. First, based on the rela
tive values of diffusion coefficients, diffu
sion in austenite is considerably less than 
in ferrite and therefore was ignored. 
Second, dissolution of the ferrite was not 
taken into account although such dissolu
tion has been observed (Ref. 12) and is 
necessary to account for the ferrite 
enrichment. Third, a simple exponential 
dependence of composition on time was 
assumed, but no account of the spatial 
dependence of composition was made. 
Finally, as the temperature decreased, 
only the interface composition and 
"bulk" composition were considered, 
without any regard to the composition 
profile within the ferrite. Nonetheless, the 
model can be instructive if the calculated 
concentrations are considered only quali
tatively. 

A representative plot of temperature, 
equilibrium concentration, and calculated 
composition vs. time for a specific ferrite 
width and cooling rate is shown in Fig. 6. 
As is clearly shown, the ferrite composi-
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tion changes with decreasing tempera
ture, trying to maintain equilibrium. How
ever, beyond some point, the diffusion of 
chromium is too slow to keep up with the 
changing equilibrium concentration, and 
the ferrite composition changes very little 
with further cooling. This sequence has 
been described in detail elsewhere, and 
the temperature corresponding to the 
limiting chromium concentration has 
been identified as the effective quench 
temperature (Ref. 13). The influence of 
cooling rate is demonstrated in Fig. 6 by 
including the curves for two different 
cooling rates and keeping the ferrite 
width constant. With the present diffu
sion model, the effect of ferrite size can 
also be evaluated quite simply. A plot of 
the limiting chromium concentration vs. 
cooling rate for several ferrite half-widths 
is presented in Fig. 7. Since the equilibri
um chromium concentration increases 
with decreasing temperature (Ref. 12), an 
increasing limiting value of the chromium 
concentration corresponds to a decreas
ing effective quench temperature. Quali
tatively, the results of the simple diffusion 
calculations reveal the same general 
trends as those found experimentally in 
Fig. 5. 

Discussion 

The experimental procedure in this 
study was based on the assumption that 
two-phase equilibrium between ferrite 
and austenite was attained after a holding 
time of 30 s at 1300°C.2 The results 
confirm the validity of this assumption. In 
Fig. 3, no consistent difference exists 
between the amount of ferrite present in 
samples held for 30 s, 3 min, or 5 min at 
1300°C before cooling at a given rate. 
This indicates that equilibrium was 
reached within 30 s at 1300°C, with 
further exposure having no significant 
influence on the amount of ferrite 
present after cooling. Any deviations 
among samples cooled at the same rate, 
but held for different times, are assumed 
to be due to experimental uncertainty 
since the deviations are not uniform. The 
same conclusions can be drawn with 
regard to the effect of holding time after 
examining the data on ferrite composi
tion in Fig. 5. These conclusions conform 
to expectations based on evaluation of 
the effective quench temperatures in 
these materials (Ref. 13). These earlier 
results showed that during the cooling of 
GTA welds, at cooling rates within the 
range examined in the present study, the 
elevated temperature microstructures 
basically maintain equilibrium until ap
proximately 1000°C (1832°F). Therefore, 
it can be expected, and was confirmed 

2The nonequilibrium nature of coarsening of 
the ferrite is not considered here. 
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Fig. 4 — Concentration profile across a ferrite grain in a sample cooled from 1300°C at 25°C/s 

by the present results, that equilibrium at 
1300°C is achieved very quickly. 

The results show that the cooling rate 
has a significant impact on the amount of 
residual ferrite present in duplex austenite 
plus ferrite microstructures, as well as on 
the composition of the ferrite. Higher 
cooling rates retain greater amounts of 
ferrite and more effectively quench-in 
the ferrite composition in two-phase 
equilibrium at higher temperatures. The 
present results quantify these relation
ships. The data presented can be 
checked for internal consistency. Exami
nation of Fig. 3 indicates that the amount 
of ferrite in the as-welded material did 
not change after heating to 1300°C and 
cooling at approximately 40°C/s (72°F/ 
s). This implies the as-welded material 
was initially cooled at this rate, since 
re-heat treating did not alter the micro-
structure. Using this cooling rate and 
taking into account the fact that the 
ferrite is relatively fine, with a width on 

the order of approximately 0.5 \xm, Fig. 5 
indicates the as-welded ferrite should 
contain approximately 29% chromium 
and 4% nickel. This estimated composi
tion is in good agreement with the mea
sured composition of 29.1% Cr and 4.2% 
Ni, indicating the results on ferrite num
ber and ferrite composition are consis
tent. 

The experimental results shown in Fig. 
5 indicate that at low cooling rates (0.1° 
to 10°C/s, or -0 .18° to 18°F/s), the 
influence of the width of the ferrite areas 
is minimal. However, at high cooling rates 
(100° to 1000°C/s, or 180° to 1800°F/s), 
the ferrite width plays an important role. 
The results of calculations shown in Fig. 7 
reveal a more uniform effect of ferrite 
size over the entire range of cooling rates 
considered. This discrepancy implies the 
model for calculating the ferrite composi
tion at low cooling rates is not correct, 
and may be due to oversimplifying 
assumptions. For example, it may be 
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inappropriate to ignore the dissolution of 
ferrite. Such dissolution is greatest at the 
lowest cooling rates, corresponding to 
the greatest amount of chromium enrich
ment. However, other factors may also 
play a role. The extrapolation of a linear 
relation between ferrite composition and 
temperature to the low temperatures, 
where diffusion still occurs at the lowest 
cooling rates, may not be valid. It is also 
possible that at the lower cooling rates 
chromium diffusion is no longer a rate-
limiting step, thus invalidating the theoret
ical calculations. Finally, at the lower cool
ing rates, diffusion within the austenite 
may occur, and this was ignored in the 
model. Whatever the cause, the experi
mental results show less influence of 
ferrite width at low cooling rates. 

At higher cooling rates, the effect of 
ferrite width is significant. In an earlier 
study (Ref. 13), the effective quench 
temperatures of GTA and laser beam 
welds were found to be comparable. 
Without considering the effect of ferrite 

width, it was concluded that the solid 
state cooling rates were comparable in 
the two techniques. However, the 
present results indicate that under the 
relatively high cooling rate conditions for 
laser beam welding, ferrite width cannot 
be ignored. The data in Fig. 7 for equiva
lent final chromium concentrations (i.e., 
equivalent effective quench tempera
tures) can be used to show that the 
cooling rate ( t ) and ferrite width (W) are 

1 
approximately related by T a —- . Thus, 

for the case of laser beam welds, with 
ferrite areas approximately 1/10 the size 
of the ferrite regions in GTA welds, these 
results indicate the solid-state cooling rate 
for laser beam welds was approximately 
100 times as great as the cooling rate of 
the GTA welds. Such a conclusion seems 
to be quite reasonable 

In addition to the diminished influence 
of ferrite width on the ferrite composi
tion at low cooling rates, the curves in Fig. 
5 also level off at lower cooling rates. This 

means the effect of cooling rate on ferrite 
composition is reduced at lower cooling 
rates. Therefore, for processes such as 
submerged arc and electroslag welding, 
where the cooling rates are relatively 
low, the effect of changing cooling rate 
will be small. With regard to ferrite con
tent (rather than ferrite composition), Fig. 
3 shows ferrite content decreases with 
decreasing cooling rate, although the sen
sitivity is not as great as at higher cooling 
rates. Experimental observations of 
materials solidified and subsequently 
cooled in the low-cooling rate range have 
shown essentially no change in ferrite 
content with varying cooling rate (Refs. 
20, 22). This apparent discrepancy can be 
reconciled by realizing that in the present 
study, the starting condition, and in par
ticular the scale of the ferrite, was identi
cal before cooling at different rates. In 
the earlier work, different solidification 
rates, as well as different solid-state cool
ing rates, were employed. Thus, at lower 
solidification rates, significantly coarser 
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structures were produced, and apparent
ly the size differences were large enough 
to compensate for the tendency to retain 
less ferrite at the lower cooling rates. 

On the other hand, ferrite content 
should be quite sensitive to cooling rate 
in the range of high cooling rates. The 
results of the present study show ferrite 
content increases and ferrite chromium 
concentration decreases with increasing 
cooling rate. Recent work (Ref. 23) on a 
variety of laser beam welded austenitic 
stainless steels has revealed this predicted 
behavior exactly. By varying the laser 
power, different cooling rates were 
achieved, and ferrite numbers varied by 
up to 100%. If, however, solidification 
rates are extremely high and beyond 
some critical level, the mode of solidifica
tion may change from primary ferrite to 
primary austenite and the effect of cool
ing rate on the ferrite content and com
position that is described in this paper is 
inapplicable. With a change in the solidifi
cation mode to primary austenite forma
tion, there is essentially no ferrite present 
at elevated temperatures to transform to 
austenite, and so the influence of cooling 
rate on the extent of this transformation 
is meaningless. Such high solidification 
rates have been achieved with splat 
quenching and under some laser beam 
welding conditions, leading to a change in 
the solidification mode and producing 
essentially ferrite-free microstructures 
(Refs. 23, 24). 

The influence of cooling rate on both 
the ferrite content and its composition 
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Fig. 6 —Plot of stepwise-approximated variation in temperature and equilibrium chromium 
concentration vs. time during cooling, and calculated continuous change in bulk ferrite composition 
vs. time. Calculations are for ferrite of 0.5 Mm half-width, cooledat WC/s (solidlines) and 100"C/s 
(broken lines) 
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has been de termined quant i tat ively in this 
study for Type 308 stainless steel. This 
in format ion can be used to evaluate the 
numerous models wh ich have been ut i 
l ized to predict thermal histories in the 
fusion zones (FZ) and heat-af fected 
zones (HAZ). By evaluating the ferr i te 
compos i t ion at various locations, the 
accuracy o f the mode l predict ions can be 
ver i f ied. O n c e such mode l veri f icat ion 
has been pe r f o rmed , the model l ing 
studies can be used w i t h reliability to 
determine the cool ing rates th roughout 
the we ld and HAZ. The present study can 
then be emp loyed to relate these calcu
lated cool ing rates to the amount of 
ferr i te present in the we ld and its c o m p o 
sition. Eventually, the combinat ion of the 
present results o n cool ing rate effects 
and the model l ing studies can be used to 
predict the ef fect of vary ing we ld ing 
condit ions on the microstructure. In 
order to make this predict ion capabil i ty 
comp le te , the scale o f the ferr i te struc
ture must be shown as a funct ion of 
solidif ication condit ions. Such a predict ive 
capabil i ty is desirable since know ledge of 
the ferr i te content and its compos i t ion is 
necessary in try ing to understand the 
stability of ferr i te-containing w e l d micro-
structures. 

Conclus ions 

The ferr i te con ten t and ferr i te c o m p o 
sition o f duplex Type 308 austenitic stain
less steel welds we re evaluated as a 
funct ion o f cool ing rate over the range of 
0.16 to 6 9 3 ° C / s (0.29° to 1247°F/s). It 
was f ound that as the cool ing rate 
increased, the amount of residual ferri te 
at r o o m temperature also increased, 
whi le the ch romium concentrat ion 
decreased and the nickel content 
increased. The results agree w i t h a prev i 
ously p roposed mode l in wh i ch ferri te 
maintains metastable equi l ibr ium w i t h 
austenite whi le cool ing d o w n to an ef fec
t ive quench tempera ture , wh ich is coo l 
ing-rate dependent . Dif fusion calculations 
suppor ted the exper imental results and 
the measured dependence of compos i 
t ion on cool ing rate. The results also 
indicate that ferr i te achieves equi l ibr ium 
w i t h austenite w i th in a f e w minutes w h e n 
heated to 1300°C (2372°F). Earlier s tud
ies have s h o w n the same general trends 
for the ferr i te compos i t ion dependence 
o n cool ing rate. H o w e v e r , w i t h the quan
titative relationships ob ta ined in this 
study, it may be possible t o use this 
in format ion to ver i fy model l ing calcula

tions. Eventually this in format ion may be 
used to predict w e l d microstructures. 
Such in format ion is vital in understanding 
ferri te stability w h e n welds are exposed 
to elevated temperatures, either as a 
result of multipass we ld ing or dur ing 
service. 
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