
The Effect of S-Ferrite on the 
Creep Rupture Properties of 

Austenitic Weld Metals 

Optimum combination of creep strength and ductility 
at 600 C of Type 316 stainless steel weld metal occurs 

with approximately 5% S-ferrite, weld deposit 

BY R. G. THOMAS 

SUMMARY. The creep properties of 
four austenitic weld metals have been 
investigated at 600 C (1112 F). The 
deposits were obtained from four 
commercially available shielded metal 
arc (SMA) electrodes, each designed 
to produce a different amount of weld 
metal S-ferrite, nominally 0%, 0.5%, 5%, 
10%. All electrodes are marketed as 
suitable for the welding of AISI Type 
316 stainless steel. 

It was found that, over the entire 
stress range examined, the fully aus
tenitic deposits failed in short times 
and at low strains, primarily as a conse
quence of their large columnar grain 
size. The formation of wedge-type 
cracks was evident and final fracture 
was entirely intergranular. The pres
ence of a small amount of 8-ferrite, 
0.5%, had no marked effect on the 
coarse grain size or the failure mecha
nism. However, the creep life was 
improved and was accompanied by a 
marginal increase in failure strain 
notably at lower stresses. 

At higher levels of S-ferrite the 
deposit grain size was effectively 
refined; the fracture mode changed 
and time-dependent cavity coales
cence assumed a greater importance. 

Information to be presented, in combina
tion with a paper entitled "The Effect of 
Heat Treatment on Type 316 Weld Metal," 
at the AWS 59th Annual Meeting in New 
Orleans, Louisiana, during April 3-7, 1978. 
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Creep ducti l i ty showed a marked 
improvement due to the increased 
strain required to link cracks formed 
on individual grain facets into large 
cracks of critical size. However, once a 
continuous network of S-ferrite, ~ 
10%, formed, then a sufficient amount 
of the inherently weaker second phase 
was present to affect the overall creep 
properties of the deposit and failure 
t ime was reduced. 

The results of the present work indi
cate that opt imum creep performance 
occurs at — 5% 5-ferrite content. This 
falls wi th in the range normally speci
fied for immunity from solidification 
cracking (3-8%). 

Introduction 

Austenitic stainless steels, notably 
AISI Type 316, are being increasingly 
used in power plant applications and 
are also proposed for CFR designs 
because of their attractive high tem
perature corrosion and creep proper
ties. However, fully austenitic weld
ments are generally prone to the 

formation of solidification cracks and 
~ 5 to 10% S-ferrite1 is usually intro
duced into the deposit to overcome 
this problem although it has been 
shown2 that crack-free ful ly austenitic 
welds can be deposited by careful 
control of chemical composit ion par
ticularly under low heat input condi
tions. 

Although S-ferrite has a beneficial 
effect on solidification cracking, on 
exposure it transforms to sigma phase 
more rapidly than austenite. Sigma 
phase is a particularly hard, brittle 
constituent which has been linked to 
the occurrence of poor impact proper
ties in austenitic stainless steels. So in 
this respect it may be desirable to 
restrict the permissible S-ferrite con
tent to even lower levels either by a 
heat treatment procedure or by careful 
selection of weld metal composit ion. 

The considerations outl ined above 
concerning the deposition of crack-
free welds of adequate impact proper
ties pay no attention to the ac
companying effects that the necessary 
changes in composit ion and micro-

Table 1-Chemical Analyses and 5-ferrite content 

NF 0.5F 5F 10F 

S-ferrite content (ferrite 
number) 

C 
Cr 
Mo 
Ni 
Mn 
Si 
S 
P 

0 
0.04 

17.20 
2.71 

13.00 
2.20 
1.10 
0.02 
0.02 

1.5 
0.04 

18.27 
2.76 

16.06 
3.48 
0.41 
0.01 
0.02 

5.2 
0.05 

16.90 
2.00 
8.12 
2.50 
0.42 
0.01 
0.02 

12.3 
0.03 

18.80 
3.2 

12.5 
0.96 
0.80 
0.02 
0.02 
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fig. 1—Creep rupture data—Type 316 stainless steel weld metal 
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fig. 2—Creep ductility—Type 316 stainless steel weld metal 

structure may have on weld perform
ance under creep condit ions. Thus, 
although it may be expedient to el imi
nate S-ferrite in order to improve 
toughness, this is not a step to be 
taken until the effect of varying 5-
ferrite content upon creep strength 
and ducti l i ty has been established. 

The purpose of this paper is to 
describe the results of work carried out 
to assess the high temperature proper
ties of various commercially available 
electrodes for the welding of AISI Type 
316 stainless steel and also to investi
gate the effect of S-ferrite levels upon 
creep properties. The range of micro-
structure included: 0% 5-ferrite of 
matching composit ion to AISI 316; a 
low % 5-ferrite with higher manganese 
content to assist in overcoming crack
ing problems; 5% S-ferrite to represent 
the typical electrode composit ion in 
widespread use; 10% S-ferrite which is 
the maximum of the recommended 
range for immunity from solidification 
cracks. 

Experimental 

Four types of commercially available 
manual metal arc, 4 mm, welding elec
trode were selected to deposit weld 
metals of varying S-ferrite. They were 
designated NF-0% S-ferrite; 0.5F-%% 6-
ferrite; 5F-5% S-ferrite; 10F-10% 

S-ferrite according to their nominal S-
ferrite levels. Weld metal composi
tions are given in Table 1. 

Butt welds were Tnade in U-groove 
joints in 25 mm (1 in.) thick AISI Type 
316 stainless steel plate and subse
quently examined radiographically. 
Longitudinal all-weld metal creep 
specimens, ~ 8 mm (0,3 in.) diameter 
and 50 mm (2 in.) gauge length, were 
machined from each sound weld and 
tested in air at 600 C (1112 F) over a 
range of stresses from 204 to 240 
Nmrrr- (29.6-34.8 ksi). Specimens 
were tested to failure and both trans
verse and longitudinal sections were 
examined using optical microscopy, 
scanning electron microscopy and 
transmission electron microscopy of 
carbon replicas. Grain sizes were 
determined as described by Thomas.' 

S-ferrite measurements were made 
using a Magne-Gage magnetic mea
suring instrument; the values obtained 
are also shown in Table 1. 

Creep and Structure 

Creep Behavior 

Little systematic creep data have 
been published on weld metals of 
varying 5-ferrite content and Fig. 1 
shows existing rupture data (taken 
from ASTM STP 226) at 650 C (1202 F) 

-. C>>,1 r ^ ^ K n 

Fig. 3-Structures ol austenitic weld metals: A (left)—X5; B (center)-X600; C (right)-x250 
(reduced 54% on reproduction) 

on weld metals where the S-ferrite 
content has been specified or could be 
estimated from compositional data. It 
can be seen that generally fully austen
itic weld metals correspond to the 
lower bound of the ISO scatter band 
for wrought materials; on the other 
hand, rupture lives for higher S-ferrite 
containing deposits appear to be 
much more variable. 

Figure 2 shows the corresponding 
creep ductilities measured as strain at 
failure, and it is clear that there is a 
distinct trend for low ferrite deposits 
to give very low failure strains particu
larly at long times. These data provide 
some evidence that S-ferrite content 
may have a significant effect on creep 
properties, and before the results of 
the current work are presented it is 
well to briefly outl ine the weld metal 
structures that are involved. 

Macrostructure 

During solidification the grains that 
develop in the weld metal tend to do 
so wi th < 100 > directions perpendic
ular to the fusion front and grains wi th 
this particular orientation closest to 
the line of maximum thermal gradient 
grow at the expense of others. Conse
quently epitaxial growth is likely to 
occur not only from favorably orien
tated grains in the base metal but also 
sequentially from pass to pass in a 
multi-pass weld. As a result austenitic 
weld metals generally have a very large 
stable columnar grain size and exhibit 
a high degree of preferred orienta
tion—Fig. 3A. 

Microstructure 

Several forms of substructures are 
possible wi th in the solidified grains 
and, in fully austenitic materials, they 
are either cellular, dendritic or cel lu
lar/dendritic. Cellular structures are 
often quite well developed wi th a high 
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degree of chromium segregation to 
the cell boundaries—Fig. 3B. However, 
the appearance of ~ 5% S-ferrire 
changes the structure completely. Va
rious solidification sequences are p o s 
sible depending on the deposit com
position. However, the original col
umnar grain structure is not destroyed 
and an interdendritic ferrite morphol
ogy results—Fig. 3C. 

Results 

Creep Data 

In each case plots of log is (the 
minimum creep rate) vs. log o~ 
(applied stress) are linear, i.e., e, = 
ACT" where A = constant and 
n = stress exponent. The data can be 
separated into two distinct categories 
each with similar n values—Fig. 4. 
These are, first, NF and 0.5F where 
n = 14 and 17 and, second, 5F and 10F 
where n = 29 and 23 respectively. The 
observed n values suggest that differ
ent creep mechanisms may operate in 
each case and the two groups also 
have essentially different microstruc
tures. Within each group NF creeps 
faster than 0.5F and 10F creeps faster 
than 5F at the same stress. 

The stress rupture data of Fig. 5A 
show that NF is clearly divorced from 
the other three deposits wi th a 
measured creep life approximately an 
order of magnitude less over the entire 
stress range. The results from 0.5F and 
5F are similar under high stress, low 
rupture life, conditions but at low 
stresses they diverge with 5F extrapo
lating to significantly longer failure 
times. This is probably a consequence 
of the lower creep rate of 5F at lower 
stress—Fig. 4. Data from the 10F mate
rial indicate less creep life at low stress 
than either 0.5F or 5F. 

Measurements of failure strain in 
Fig. 5B can be split into the same 
categories as the data of Fig. 3. The low 
5-ferrite deposits possess extremely 
poor rupture ductil it ies at times of up 
to ~ 3000 h. The presence of 5-ferrite 
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Fig. 4—Minimum creep rate vs. stress' 

dramatically improves failure strain 
with maximum levels observed in the 
5F material. 

Creep ducti l i ty can also be consid
ered in terms of the product of estr. 
This can be seen from Fig. 6 which is a 
graphical representation of the wel l -
known Monkman-Grant ' relationship 
es

mtr = const. It is apparent that the 
usable creep ducti l i ty increases wi th 
increasing cst f wi th a min imum in NF 
and a maximum in 5F and 10F which 
can be represented by a single line. 

230 

0.5F however, appears to bridge the 
two extremes tending towards NF at 
low t t and 5F, 10F at high t f. 

It is also of interest to examine the 
relationship between t , / t f and failure 
strain, e, where t, = time to onset of 
tertiary creep. The full line in Fig. 7 
represents the boundary between sec
ondary and tertiary creep, and it is 
clear that failure strain is linked to the 
time spent in tertiary. NF fails in 
secondary and has very low ducti l i ty. 
0.5F shows increasing ducti l i ty wi th 
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Fig. 6—Secondary creep rate vs. rupture life 

decreasing applied stress, and this 
additional strain accumulates during 
the t ime spent in tertiary. 5F and 10F 
weld metal exhibit superior ducti l i ty 
and spend approximately 75% of their 
creep life in tertiary. 

Microstructure 

NF and 0.5F have essentially similar 
microstructures wi th large columnar 
grains superimposed upon a cellular 
solidification substructure. The colum
nar grains are directional and grow 
epitaxially from the base metal and 
from bead to bead wi th in weld metal. 
Columnar grain sizes in NF and 0.5F 
are 300 ftm and 250 jum respectively. 
The cell boundaries are regions of 
element segregation and, in the 0.5F 
sample, the isolated regions of 5-ferrite 
are frequently associated with these 
cell boundaries. The precipitate mor-

]0" 

0 1 2 3 4 5 6 7 8 9 10 

Foilure strain £ f% 

fig. 7—Onset of tertiary creep vs. failure strain 
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phology consists of large particles 
formed on the columnar boundaries 
and finer particles around the low 
angle cell boundaries—Fig. 8A and 8B. 
Selected area diffraction patterns were 
analyzed, but only M2.,CS was identi
fied in each case. Creep cracks are 
confined to the columnar grain 
boundaries and final fracture is entire
ly intergranular—Fig. 8C. 

The remaining weld metals contain 
5-ferrite which at the 5F level is 
isolated and often spherodized after 
time at temperature—Fig. 9A. In the 
10F sample sufficient 5-ferrite is pres
ent for the formation of networks 
surrounding the austenite den
drites—Fig. 9B. On a macro scale there 
remains a distinct epitaxiality of co
lumnar grains in both cases, but at 
high magnification it is difficult to 
discern the columnar boundaries. 

The 5-ferrite is highly directional, 
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Fig. 8—Precipitate and cratk morphology in low ferrite deposits: 
(center)-X2800, C (right)-x50 (reduced 54% on reproduction) 

A (left) - X 3000; B 

very finely divided, and introduces 
additional high angle grain boundary 
area. The original columnar grain size 
is similar to NF and 0.5F. However, 
since the 5-ferrite interspacing is ~ 
10-20 ;iim and the S-ferrite size is 5 ,11171, 
the effective grain size of the weld 
metal is much reduced. 

In the presence of S-ferrite, the 
precipitate distribution undergoes a 
distinct change. Precipitation is con
fined largely to the regions of second 
phase wi th morphologies ranging from 
small angular particles to large 
laths-Fig. 10A and 10B. Electron 
diffraction identif ication yielded posi
tive evidence of M^C,; only. 

The fracture mode of specimens 5F 
and 10F is also different. It is likely that 
cavitation, as opposed to wedge crack
ing, predominates—Fig. 10C. Cavities 
or voids are again confined to grain 
boundaries, but it was not possible to 
determine whether they were predis
posed to occur on S/y boundaries as 
opposed to y /y boundaries although 
surface energy considerations indicate 
that the former may be the case. The 
average crack length was reduced by 
the presence of S-ferrite which intro
duced additional grain boundary inter
sections opposing crack growth and / 
or void linkage. 

Discussion 

In considering the observed creep 
results, it is not possible to completely 
rationalize the effect of microstructure 
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Fig. 9—S-ferrite distribution in high ferrite 
deposits: A (top)-5F, X250; B (bot
tom)—1 OF, X250 (reduced 54% on repro
duction) 

on the creep rates of each weld metal 
because of the underlying influence of 
composit ion. However, certain con
clusions may be drawn concerning the 
effect of structure on the relative 
behavior of each deposit; these are 
valid in general terms. The results indi
cate that the weld metals examined 
fall into two categories, and it is 
convenient to consider each in turn. 

Low Ferrite Deposits (NF and 0.5F) 

Due to the large stable columnar 
grain size characteristic of these de
posits, grain boundary cracks once 
formed are presented with an uninter
rupted fracture path. Failure occurs in 
a brittle manner wi th deformation 
localized to regions adjacent to the 
boundary. 

The introduction of a small amount 
of 5-ferrite (some of which forms on 
columnar boundaries) arrests crack 
growth. Because of the persistently 
large grain size, these small amounts of 
ferrite wil l have a significant effect 
upon the rate of crack growth. Conse
quently 0.5F takes longer to exceed its 
capacity for strain accumulation, and 
failure occurs at much longer times. 
However, the large columnar grain 
size remains the overriding feature in 
controll ing ducti l i ty, and failure strain 
is only marginally improved. 

Creep cracks in both NF and 0.5F are 
confined to the columnar grain 
boundaries, and final fracture is entire
ly intergranular. Occasionally cracks 

Fig. 10—Precipitate and crack morphology in high ferrite deposits: A (Ieft)-X4000; 
(center)-X12000; C (right)-X500 (reduced 54% on reproduction) 

are seen to have formed at columnar/ 
cell boundary intersections. This is 
similar to observations by Kenyon5 

who also noted that, for a weld metal 
of a given composit ion, a larger cell 
size improved creep ducti l i ty. Cavities 
were thought to form at corrugations 
in the columnar boundary which 
seemed to coincide wi th the cell 
boundary intersections. These inter
sections were regions of segregated 
impurities which reduced the cohe
sion of the boundary. 

Although grain boundary sliding 
does occur, it is perhaps more likely 
that cavity nucleation occurs not from 
an inherent boundary weakness but 
from the concentration of shear or 
tensile stresses at grain boundary parti
cles. In particular at columnar/cel l 
boundary intersections, the precipitate 
morphology consists of large columnar 
boundary particles surrounded by a 
fine dispersion of cell boundary parti
cles. Hence stress concentrations 
which wil l be greater at the larger 
particles cannot be relieved, since the 
surrounding dispersion of fine parti
cles inhibits dislocation mot ion. Ult i 
mately, fracture of the particle/matrix 
interface occurs. 

Cavities originating at columnar 
boundary particles continue to grow in 
an intergranular manner propagating 
by a wedging action. Fracture occurs 
when a critical crack length is reached 
and with an associated failure strain 
that is related to the amount of grain 
boundary deformation which can be 
accommodated. 

In addit ion, the presence of a solid
ification substructure gives rise to a 
network of small precipitates which 
largely controls the matrix creep prop
erties. Thus it is also possible to set up 
a fracture criterion based on the 
capacity for strain of the matrix. 

By analyzing the inter- and intra-
granular deformation that occurs dur
ing creep, an expression has been 
derived3 which relates the ratio of 
columnar grain size and cell size to 
failure time. Calculations using this 
approach have been made for two 

austenitic weld metals,3 and agree
ment wi th observed rupture lives is 
good. 

High Ferrite Deposits (5F and 10F) 

When the weld metal composit ion 
is adjusted to ~ 5% or more S-ferrite, 
the precipitates are confined largely to 
the 5-ferrite and the austenite phase is 
virtually precipitate free. Thus it is no 
longer possible to identify areas 
which, by virtue of their associated 
precipitate distr ibution, may act as 
sites of easy cavity nucleation. In addi
t ion, the smaller effective grain size 
reduces the length over which stress 
concentration by dislocation pile up 
along primary slip systems may be 
achieved. 

Deformation adjacent to grain 
boundaries wi l l no longer be a 
controll ing factor, and matrix defor
mation assumes greater importance. 
However, reducing the grain size in a 
particular metal does not necessarily 
retard void growth and interlinkage on 
individual grain boundary facets.6 

The major effect results from intro
ducing additional grain boundary in
tersections to impede crack growth. 
Additional strain accumulation is re
quired to propagate cracks past each 
intersection, and ultimately the overall 
creep ducti l i ty is increased. In addi
t ion, linkage of small cracks into larger 
cracks of critical size is delayed and 
rupture life is increased. 

When 5-ferrite occurs as an almost 
continuous network, i.e., 10F, then the 
overall behavior of the weld metal 
wi l l be significantly affected by the 
intrinsically poorer creep properties of 
the BCC phase. In 5F the S-ferrite is 
isolated, and some non-localized ma
trix deformation must contribute to 
the overall creep deformation. Thus 
the observed optimization of proper
ties is a logical consequence since, at 
the 5F level, the second phase intro
duces sufficient grain boundary area to 
alter the fracture process, but is not 
particularly detrimental to the deposit 
properties. 
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Creep Damage 

The separation of the data in Fig. 4 
into two distinct groups identifiable 
with different microstructures and the 
similarity of the stress exponent, n, of 
the data in each group indicates that: 

1. Two different fracture mech
anisms are operative. 

2. The presence of S-ferrite brings 
about the change from one fracture 
mode to the other. 

The higher n value of the high ferrite 
materials is accompanied by a much 
larger creep ducti l i ty at failure than in 
the low ferrite materials. This is 
because, in the former, high local 
stresses are eliminated by a general 
yielding of the structure which causes 
a more widespread distr ibution of 
damage throughout the structure. In 
the latter, creep damage is more local
ized as stresses are concentrated in the 
vicinity of crack tips. 

Will iams and Price7 have considered 
creep behavior in terms of the stress 
indices n and p of the equations: 

C = Aff" 
£ = bcrn* 

They contend that materials of low n 
and p exhibit intercrystalline, low 
ductil ity failures and long failure times 
while materials of high index exhibit 
ducti le, often transgranular, fracture 
and short failure times. Factors such as 
temperature, material structure and 
specimen thickness wi l l influence 
creep behavior. However, in general 
terms it was found that the behavior 
of ferritic materials, e.g., CrMoV, 
conformed very well w i th the above 
description, and a boundary value of 
n = 5 marked the change in failure 
mode. Mechanistically this was also 
compatible wi th a change from matrix 
control, n > 5, to grain boundary 
control, n < 5 of creep deformation.8 

Clearly there are certain similarities 
wi th the present case where the high 
5-ferrite deposits possess much larger 
n values than the low ferrite deposits 
and also much greater failure strains. It 

is also evident that different creep 
mechanisms control the rate of defor
mation; grain boundary processes pre
dominate in fully austenitic deposits 
and matrix deformation assumes 
greater importance in the presence of 
the second phase. 

In ferritic microstructures, fracture 
occurs in an intergranular fashion, and 
overall deformation is determined 
solely by the strain that can be 
accumulated in and around grain 
boundaries. Crack initiation occurs 
early, and crack propagation and 
linkage wi l l account for most of the 
creep life. In contrast, the presence of 
~ 5% or so S-ferrite reduces the effec
tive grain size of the weld metal and 
the deformation adjacent to grain 
boundaries is no longer l imit ing; it can 
now be borne by the austenite grain 
interiors and also off-loaded on to the 
5-ferrite which offers less creep 
resistance. Consequently deformation 
is widespread and crack init iation 
occupies most of the creep life. 

The n values obtained in the present 
work are particularly large and cannot 
be reconciled specifically with the 
stress index approach outl ined above. 
High values have been reported for 
other commercial materials—notably 
Nb stabilized steel'' where n = 9-16 
and T.D., nickel where n ~ 40. How
ever, all observed values are a funct ion 
of applied stress and microstructure, 
and it has been shown elsewhere that 
it is possible to reduce them to be 
consistent wi th theoretically derivable 
values, i.e., ~ 3-5 by taking account of 
the back stress (o"0) due to the precip
itate distribution present.10"12 

Conclusion 

It is evident that, in the deposits 
examined in the present work, differ
ent creep mechanisms control the rate 
of deformation; grain boundary pro
cesses dominate in fully austenitic 
deposits and matrix deformation in the 
presence of 5-ferrite. 

In low ferrite microstructures, frac
ture is intergranular, crack init iation 

occurs early and crack propagation 
and linkage wi l l account for most of 
the creep life. 

The presence of ~ 5% 5-ferrite 
reduces the effective grain size of the 
weld metal, and creep deformation 
can now be borne by the austenite 
grain interiors and also off-loaded 
onto the 5-ferrite which offers less 
creep resistance. Consequently dam
age wi l l be more widespread and crack 
initiation wil l occupy an increasing 
proport ion of the creep life. 

Once a continuous network of 5-
ferrite is present crack linkage is facil i
tated and creep properties deteriorate. 
The opt imum combination of ducti l i ty 
and rupture life appears to occur at ~ 
5% S-ferrite which coincides wi th the 
range generally specified for freedom 
from hot cracking (3-8%). 
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AWS A2.4-76—Symbols for Welding and Nondestructive Testing 

Provides the means for placing complete welding information on drawings. Symbols in this publication 
are intended to be used to facilitate communications among designers and shop and fabrication 
personnel. Many changes were made from the previous edition in recognition of the increasingly 
international use of welding symbols. Illustrations showing brazing and its symbols have been added to 
more clearly define usage. 

Part B, Nondestructive Testing Symbols, establishes the symbols for use on drawings to specify 
nondestructive examination for determining the soundness of materials. 

The price of A2.4-76 Symbols for Welding and Nondestructive Testing is $5.00. Discounts: 25% to A and 
B members; 20% to bookstores, public libraries and schools; 15% to C and D members. Send your orders to 
the American Welding Society, ?Fi01 N.W. 7th St., Miami. FL 33125. Florida residents add 4% sales tax. 
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