
Examination of Types 308 and 308CRE Stainless 
Steels after Interrupted Creep Testing 

The theory that the absence of a well-defined carbide network 
in modified Type 308 improves creep resistance is tested 

BY J. M . VITEK, S. A. D A V I D A N D V. K. SIKKA 

ABSTRACT. Interrupted creep tests were 
performed at 650°C on Types 308 and 
308CRE (Controlled Residual Elements) 
material in both the homogenized and 
as-welded conditions. The microstruc
tures were evaluated in order to deter
mine the mechanism by which CRE ad
ditions, and specifically t itanium addi
tions, improve the elevated-temperature 
creep properties of Type 308 stainless 
steel. The Ti-modif ied Type 308 stain
less steel exhibits a considerably lower 
steady-state creep rate, which results in 
a longer rupture life. In addit ion, the 
modified material has a more uniform 
distribution of precipitates than the un
modified alloy, and the continuous net
work of carbides found in the unmodi
fied Type 308 steel along grain bound
aries (homogenized material) or the fer
rite/austenite interfaces (weld material) 
is avoided. This continuous network in 
the Type 308 steel provides sites for the 
nucleation of extensive intergranular 
cracks during tertiary creep. 

Introduction 

About 1 5 years ago, it was found that 
welds of Type 308 stainless steel made 
wi th titania- and lime-titania-covered 
shielded metal arc (SMA) electrodes had 
higher creep strength and ductil ity than 
welds made from lime-covered elec
trodes (Ref. 1). Later work showed that 
improvements in the creep behavior of 
Type 308 stainless steel welds may be 
achieved by small additions of titanium, 
boron and phosphorus (Refs. 2-5). Such 
small additions are referred to as con
trolled residual elements (CRE), and the 
modified alloy is designated Type 
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308CRE stainless steel. A stress-rupture 
plot that demonstrates the improved 
creep properties of Type 308CRE weld 
metal is shown in Fig. 1. Also included 
in Fig. 1 are data for the stress-rupture 
properties of Type 321 stainless steel, 
which is basically a Type 308 stainless 
steel with titanium additions (Ref. 6). It 
can be seen that in wrought stainless 
steels, a titanium addition improves the 
creep-rupture properties in the same way 
as CRE additions (including titanium) do 
in Type 308 stainless steel weld metal. 
Similar improvements in creep proper
ties of wrought stainless steels resulting 
from boron and phosphorus, as well as 
titanium, additions have been found by 
other investigators (Refs. 7-10). 

Early metallographic investigations 
showed that in both Types 308 and 
308CRE alloy welds, elevated-tempera
ture exposure resulted in the transforma
tion of ferrite to sigma phase. However, 
creep-tested specimens of the CRE-
modified steel welds did not contain in
ternal cracks in the vicinity of the sigma 
phase/austenite boundaries (Ref. 3). In 
contrast, such cracks were common in 
welds of Type 308 steel subjected to el
evated-temperature creep testing. How-
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ever, the basis for the absence of cracks 
in the Type 308CRE welds, which pre
sumably is responsible for the improve
ment in the creep properties, was not un
derstood. It was suggested (Ref. 3) that 
the CRE additions somehow modified 
the sigma phase so that cracking at the 
sigma phase interface was avoided, but 
any further details as to the mechanisms 
involved were not given or proposed. 

An investigation was undertaken to 
try to understand the mechanism for the 
improved creep behavior of Type 
308CRE weld metal. Since the improve
ment occurred in long-time elevated-
temperature tests, the emphasis of the 
study was on the phase stability of these 
alloys as a function of elevated-temper
ature aging. The study was a broad-
ranged effort involving several different 
aspects of the stability of Types 308 and 
308CRE alloys. Of the three CRE addi
tions identified as beneficial, namely t i 
tanium, phosphorus and boron, only the 
role of titanium was evaluated by com
paring the behavior of Type 308 steel 
wi th that of a t i tanium-modif ied Type 
308CRE alloy. 

First, the solidif ication behavior of 
both steels was examined for several dif
ferent welding conditions (Ref. 11). No 
significant difference was found between 
the two steels. The solidification mode 
for both alloys is that of primary ferrite 
formation (Refs. 11, 12). During subse
quent cooling, the ferrite is unstable and 
transforms to austenite, as shown in the 
vertical section of the ternary Fe-Cr-Ni 
phase diagram presented in Fig. 2. The 
ferrite-to-austenite transformation does 
not proceed to complet ion during the 
cooling of Types 308 and 308CRE welds, 
with the result that the as-welded struc
ture contains some residual ferrite within 
the primarily austenitic microstructure. 
Comparable quantities of residual ferrite 
(approximately 10%) were found in the 
as-solidified structures and the ferrite had 
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Fig. 1 — Creep-rupture stress vs. creep-rupture time at 650°C. A sig
nificant improvement in creep properties is shown for Type 308CRE 
steels in comparison to Types 304 or 308 steel. Data for Type 321 
stainless steel are from Ref. 6. 

Fig. 2 — Section of the 
iron-chromium-nickel 
ternary phase diagram 
with the approximate 
location of the Type 

308 stainless steel 
composition superim

posed. Below approxi
mately IWtTC, ferrite 

is not an equilibrium 
phase. 
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nearly identical morphologies for the 
two alloys. It was concluded that the so
l idif ication behavior could not be re
sponsible for the improvement in creep 
properties (Ref. 11). 
. An examination of the aging behav
ior of Types 308 and 308CRE stainless 
steels was also carried out, for steels in 
both the as-welded (Ref. 11) and ho
mogenized (Ref. 1 3) conditions. Aging 
temperatures from 550° to 850°C 

(1022°-1562°F) and aging times u p t o 
1 0,000 h were examined. It was found 
that the titanium addition did not retard 
the formation of sigma phase at al l . In 
fact, the titanium may have slightly in
creased the rate of formation of sigma 
phase during aging. However, the prin
cipal effect of the addit ion of t i tanium 
was to change the types of precipitates 
formed during aging, and to change their 
distribution within the duplex structure. 

Table 1 -

Element 

Cr 
Ni 
Mn 
Si 
C 

s 
Mo 
V 
Cu 
N2 

P 
Ti 
B 
Fe 

Alloy Compositions 

Homogenized 
Type 308 

HI KM 

10.28 
1.61 
0.49 
0.068 
0.012 
0.05 
0.06 
0.1 
0.039 
0.018 

<0.01 
<0.001 
balance 

(wt-%) 

As-Welded 
Type 308<a> 

20.21 
9.36 
1.75 
0.46 
0.053 
0.008 

— 
— 
— 

0.058 
0.018 

<0.01 
0.002 

balance 

Homogenized 
Type 308CRE 

19.96 
9.98 
1.96 
0.62 
0.043 
0.015 

<0.01 
0.04 
0.03 
0.011 
0.011 
0.57 
0.002 

balance 

As-Welded 
Type 308CRE<a> 

19.79 
9.90 
1.95 
0.61 
0.036 
0.014 

— 
— 
— 

0.022 
0.012 
0.50 
0.003 

balance 

Rather than forming chromium-r ich 
M 2 3 C 6 carbides along the original fer
rite/austenite interface in welded mate
rial (Ref. 11) or along the austenite grain 
boundaries in homogenized material 
(Ref. 1 3), titanium-rich carbides, nitrides 
and sulfides formed randomly through
out the matrix. It was suggested in the 
earlier study (Ref. 1 3) that the absence 
of a well-defined and continuous car
bide network in the t i tanium-modif ied 
Type 308 steel may be the key to the im
provement in the creep properties. The 
objective of the present paper was to 
evaluate this hypothesis by examining 
the microstructure of both alloys in creep 
specimens that were either tested to fail
ure or interrupted at various intermedi
ate stages of testing. In addition, the ex
amination of shoulder and gauge sec
tions of creep specimens that were ex
posed to elevated-temperatures for a 
range of times al lowed for the evalua
tion of the effect of stress on the aging 
behavior of these alloys. 

Experimental Procedure 

The two alloys that were used in this 
study were a commercial-grade Type 

(a) Average of analyses on two welds. 
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Fig. 3 — Micrographs of various initial mi
crostructures. A — Optical micrograph of 
homogenized Type 308 steel with fully 
austenitic structure; B — optical 
micrograph of two-phase austenite plus fer
rite microstructure of homogenized Type 
308CRE steel; C — transmission electron 
micrograph of homogenized Type 308CRE 
showing distribution of titanium-rich pre
cipitates; D — optical micrograph of as-
welded two-phase austenite (light) plus fer
rite (dark) microstructure of Type 308 steel; 
E — optical micrograph of as-welded two-
phase austenite (light) plus ferrite (dark) mi
crostructure of Type 308CRE steel. 
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308 stainless steel f i l ler metal and a 
modified Type 308 steel with a titanium 
addition (referred to as Type 308CRE). 
The alloys were creep tested in two ini
tial conditions, homogenized and as-
welded. The homogenized material was 
produced by arc melting and drop cast
ing either Type 308 or 308CRE fil ler 
metal wires into 2.5-cm (1-in.) diameter 
ingots and then swaging the ingots to 
0.95-cm (0.37-in.) diameter rod, wi th 
two intermediate anneals at 1080°C 
(21 56°F). The 0.95-cm-diameter rod was 
then homogenized at 1080°C for 1 h fol
lowed by a water quench. The as-
welded samples were produced by mul
tipass welds deposited on a 12.7-mm 
(0.5-in.) thick Type 304L stainless steel 

plate containing a single V-groove butt 
joint. Welds were made using the gas 
tungsten arc (GTA) process. Composi
tional analyses of the homogenized ma
terials and representative welds are 
given in Table 1. 

The homogenization treatment pro
duced a fully austenitic microstructure 
in the Type 308 steel, whi le a duplex 
austenite plus approximately 1 0% fer
rite microstructure was present in the 
Type 308CRE steel. The two-phase 
austenite plus ferrite microstructure 
could not be avoided in the homoge
nized Type 308CRE steel (Ref. 13). This 
can be readily explained by the slight 
compositional differences between the 
two alloys. If nickel and chromium 

equivalents (Ref. 14) are calculated, the 
values are 12.86 and 21.32, respec
tively, for the homogenized Type 308 
steel and 11.43 and 21.60, respectively, 
for the homogenized Type 308CRE steel. 
Therefore, the austenite stability, which 
is related to the nickel equivalent, is sig
nificantly lower for the homogenized 
Type 308CRE steel, and thus, it was im
possible to produce a fully austenitic mi
crostructure in this alloy. 

The compositional differences, at 
least in terms of nickel and chromium 
equivalents, were not as great in the as-
wclded materials. The nickel and 
chromium equivalents were 11.89 and 
20.43, respectively, for the Type 308 
steel weld, and 11.37 and 21.1 8 for the 
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- homogenized Type 308CRE steel; C — welded Type 308 

Type 308CRE steel weld. The somewhat 
smaller nickel equivalent and larger 
chromium equivalent for the Type 
308CRE steel weld favored ferrite stabi
lization and this effect was manifested 
by a slightly higher ferrite number (Ref. 
1 5) in the Type 308CRE CTA weld (1 3.0 
vs. 8.5 FN). 

Creep specimens were machined 
from the homogenized rod and from 
within the welded section. Creep tests 
were conducted using lever arm ma
chines. The specimens were equipped 
with extensometers, and measurements 
were taken on both sides of the speci
mens so that average strain readings 
could be taken and errors due to speci
men bending or misalignment could be 
avoided. All tests were conducted in air 
at 650°C under a constant load corre
sponding to 16 ksi (110 MPa). Specimen 
temperatures were monitored through
out the test with three thermocouples at
tached to the gauge section. One speci
men in each condition was tested to fail
ure, and based on the measured rupture 
t ime, times were determined for other 
creep tests that were interrupted before 

failure. For the interrupted tests, speci
mens were cooled under load to pre
serve the high-temperature substructure. 
The actual times at temperature for all 
of the tests are tabulated in Table 2. 

Microstructural analysis was per
formed by a combination of optical met-
allography, transmission electron mi

croscopy, and scanning electron mi
croscopy. Samples were prepared for 
optical metallography using conven
tional polishing techniques. Standard 
metallographic techniques for austenitic 
stainless steels were used for microstruc
tural analysis. The metallographic sam
ples were etched with a solution con-

Fig. 5 — Composite 
of creep curves taken 

to failure for all four 
initial alloys and con

ditions. The creep-
rupture times for the 
Type 308CRE steels 

are considerably 
longer than the corre

sponding times for 
the Type 308 steels. 
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Fig. 6 — Plots of wt-% precipitate vs. test time at 65CPC for: A — homogenized Type 308 steel; B — homogenized Type 308CRE steel; C — 
welded Type 308 steel; D — welded Type 308CRE steel. Open data points are for shoulder sections (no stress) while filled data points are for 
gauge sections (stressed). 

taining five parts HCI and one part 
H N 0 3 . Thin foil specimens for transmis
sion electron microscopy were made 
from both the stressed gauge sections of 
the creep specimens as well as the un
stressed shoulder sections. Disks 3 mm 
in diameter were electrodischarge ma
chined from wafers sliced from the bulk 
material. After grinding to a thickness of 
0.25 mm, the disks were electrochemi-
cally polished in a dual-jet polisher in a 
solution of 600 mL methanol, 360 mL 
butyl cellusolve, and 60 mL perchloric 
acid. Transmission electron microscopy 
was carried out at a voltage of 120 kV. 
Limited chemical alaysis was done by 
energy dispersive spectroscopy on some 
areas examined by transmission elec
tron microscopy. Scanning electron mi
croscopy was performed on the metal-
lographically-mounted ruptured speci
mens in the vicinity of the fracture. 

The extent of precipitation that oc
curred during elevated-temperature ex
posure was determined by extraction 
methods. Electrolytic extractions were 
made on samples with an approximate 

mass of 0.3 g. Extractions were per
formed at 1.5 V for 5 h in a 10% HCI-
90% methanol solution using platinum 
cathodes. Under these conditions, there 
is preferential dissolution of the austen
ite, ferrite, and sigma phases without af
fecting the precipitates that are present. 
The weight of the undissolved precipi
tates was measured in order to deter
mine the wt-% precipitate in the origi
nal material. The reproducibility of the 
extraction results was determined to be 
± 0.1 wt-% for the range of 0 to 4 wt-% 
precipitate (Ref. 1 6). 

Results 

Initial Conditions 

The microstructures of the initial 
structures are shown in Fig. 3A-E. As 
noted earlier, the homogenized Type 
308 steel contained a ful ly austenitic 
structure — Fig. 3A. Electron mi
croscopy showed that the grain bound
aries were free of precipitates, and elec
trolytic extraction results indicated that 

no appreciable precipitate (0.07 wt-%) 
was present. In contrast to the homoge
nized Type 308 steel, the homogenized 
Type 308CRE structure (Fig. 3B) was du
plex austenite plus approximately 10% 
ferrite in the form of large isolated grains 
of ferrite, typically located at austenite 
grain boundaries. Significant precipita
tion was detected in the homogenized 
Type 308CRE steel. Small titanium-rich 
precipitates were found to be uniformly 
distributed throughout the austenite ma
trix — Fig. 3C. These precipitates were 
identified by x-ray diffraction as car
bides, nitrides and sulfides. In the ho
mogenized condi t ion, 0.38 wt-% pre
cipitate was present, as measured by 
electrolytic extractions. 

The as-welded structures of both al
loys were basically similar, wi th both 
containing austenite and approximately 
10% ferrite — Fig. 3D and E. The ferrite 
was present in a highly interconnected 
form. The ferrite morphology in the GTA 
welds was primarily vermicular for the 
Type 308 steel, while the Type 308CRE 
steel contained more of an acicular fer-
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Table 2 — Interrupted Creep Test Results (All 

Alloy Type, Spedmen 
Starting Condition Identification 

Homogenized Type 308 H308-3 
H308-4 
H308-5 
H308-2 

Welded Type 308 

Homogenized Type 308CRE 

Welded Type 308CRE 

SD6 308-3 
SD6 308-2 
SD7 308-5 
SD7 308-4 
SD6 308-1 

HCRE-3 
HCRE-2 
HCRE-4 
HCRE-1 

SD6 CRE-2 
SD6 CRE-3 
SD7 CRE-4 
SD6 CRE-1 

Tests at 650°C, 16 ksi) 

Time at 
Temperature 

(h) 

63 
2300 
3494 

4688(rupture) 

74 
673 

1605 
2154 

3614(rupture) 

50 
1498 
3021 

7382(rupture) 

550 
4059 
7136 

10223(rupture) 

Reduction 
in Area 

(%) 

1.4 
12.9 
20.4 
47.3 

0.4 
2.1 
1.9 
2.3 

33.3 

0.1 
1.5 
2.8 

68.0 

0.7 
3.3 

12.9 
60.1 

Elongation 
at Rupture 

(%) 

54.1 

19.2 

39.2 

37.6 

rite morphology (Ref. 1 7). Once again, 
negligible precipitation was detected in 
the Type 308 steel in the as-welded con
dit ion (0.04 wt-%), whereas the Type 
308CRE weld contained a significant 
amount of t i tanium-rich precipitates 
(0.13 wt-%). The precipitates in the as-
welded Type 308CRE welds were uni
formly distributed in the austenite ma
trix, as was the case for the homoge
nized Type 308CRE. 

Creep Testing 

Plots of elongation vs. test time for 
the interrupted creep tests for each ma
terial and each starting condit ion are 
shown in Fig. 4A-D . The specimen num
bers, testing times, creep-rupture times, 
reduction in area, and elongations to 
rupture for specimens in each of the four 
initial conditions are given in Table 2. 
As shown in Fig. 4, for each of the start
ing conditions examined the interrupted 

tests followed essentially the same elon
gation vs. time curve as the test that was 
continued to rupture. For comparison of 
the behavior of the different alloys and 
condit ions, a composite figure of the 
tests carried out to failure for the four 
initial conditions that were tested is pre
sented in Fig. 5. The improvement in 
creep properties due to the addition of 
CRE elements (titanium in this case) is 
evident. The homogenized, and as-
welded Type 308CRE materials showed 
significantly greater rupture lives and re
ductions in area. The homogenized Type 
308CRE alloy showed over a 50% in
crease in stress-rupture life compared to 
the homogenized Type 308 alloy and a 
significant increase in reduction in area 
whi le still maintaining a large rupture 
elongation. The welded Type 308CRE 
alloy showed the longest rupture life of 
all the conditions tested, wi th nearly a 
200% increase in rupture life over the 
welded Type 308 steel, and nearly a 

100% increase in both reduction in area 
and rupture elongation as wel l . Reduc
tions in area of over 45% and creep-rup
ture elongations of over 35% were found 
for all the materials except the as-welded 
Type 308 steel. Interestingly, the ho
mogenized Type 308 stainless steel 
showed the greatest elongation and this 
was also the only material that did not 
contain any ferrite. 

Precipitation Behavior 

Electrolytic extractions were per
formed on both the stressed gauge sec
tions and the unstressed shoulder sec
tions of the creep specimens. Precipi
tate amount vs. the test t ime is plotted 
in Fig. 6A -D for each of the four condi
tions evaluated. Superimposed on the 
figures are dashed lines representing the 
extraction results from earlier aging stud
ies on unstressed samples (Refs. 11, 13). 
It can be seen that in nearly all cases the 
new data agree well with the earlier re
sults . Furthermore, by directly compar
ing the results from shoulder (unstressed) 
and gauge (stressed) sections, it is clear 
that the stress has little or no role in de
termining the amount of precipitate that 
forms upon exposure to elevated-tem
peratures. 

The types of precipitate were not 
evaluated in detail. Since stress did not 
alter the amount of precipitate that 
formed, and the amount of precipitate 
as a function of time at elevated-temper
ature was similar to that found for aging 
without a creep stress superimposed, it 
was assumed the precipitates were the 
same as found in the earlier studies. Spot 
checks by electron diffraction analysis 
and analytical electron microscopy on 
a l imited number of specimens con
firmed this assumption. For the Type 308 
stainless steel, precipitation was in the 
form of M 2 3 C 6 carbides. The metallic 
component (M) was primarily chromium 
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Fig. 7 — Optical micrographs of homogenized Type 308 steel. A — Extensive carbide formation along grain boundaries and within grains as 
well as some sigma formation in gauge section of homogenized Type 308 steel, Sample H308-5, tested for 3494 h; B — only carbide precipita
tion, primarily along grain boundaries, found in shoulder section of homogenized Type 308 steel, Sample H308-2, tested for 4688 h. 
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Fig. 8 — Transmission electron micrographs of homogenized Type 308 steel. A — Gauge section from Sample H3308-4, tested for 2300 h, 
showing carbide precipitation at grain boundaries and within the grains; B — gauge section from Sample H3308-5, tested for 3494 h and show
ing substructure development as well as carbide precipitation. 

with some iron (Ref. 18). Precipitates in 
the Type 308CRE steel were t i tanium 
rich carbides, nitrides and sulfides (Refs. 
11, 13). 

Microstructures 

Optical microscopy was performed 
on all of the creep-tested samples, on 
both the stressed gauge sections as well 
as the unstressed shoulder sections. 
However, interpretation of the mi 
crostructures was not straightforward. It 
was often very difficult to distinguish be
tween ferrite and the sigma phase that 
formed from the ferrite. Whi le the fer
rite phase was relatively darker than the 
sigma phase after etching, the degree of 
etching affected the absolute darkness 
of each phase. Consequently, accurate 
identif ication was diff icult when only 
one phase was present. When both 
phases coexisted, positive identification 
was possible by comparing the relative 
darkness of the etched phases. In addi
t ion, the details of the precipitation re
actions were not easily followed by op
tical microscopy because of the limited 

resolution and the fine scale of the pre
cipitates. Nonetheless, valuable infor
mation could be obtained by careful ex
amination of the entire range of speci
mens and conditions, especially in terms 
of being able to examine large areas and 
evaluate the overall transformation be
havior. Optical microscopy also proved 
to be useful in examining the mi
crostructures of creep-ruptured samples 
near the fractures. Transmission elec
tron microscopy (TEM) was uti l ized to 
provide a finer resolution of the details 
of the microstructural development dur
ing elevated-temperature creep testing. 
Finally, scanning electron microscopy 
(SEM) was used to examine the struc
tures in the gauge sections of the rup
tured specimens in more detail in order 
to evaluate better the fracture path and 
the mechanism of failure. 

Homogenized Type 308 Steel 

The microstructure of the homoge
nized Type 308 creep specimens 
showed significant precipitation along 
the grain boundaries after the shortest 

test time (Sample H308-3, 74 h). The ho
mogenized Type 308 steel was the only 
al loy/condit ion that showed extensive 
grain boundary precipitation. Precipita
tion took place in the grain interiors after 
longer test times, as shown in Fig. 7. In 
addition, signs of sigma phase formation 
were evident in the gauge section after 
exposure for 3494 h at 650°C (1202°F) 
— Fig. 7A. In contrast, no sigma forma
tion was found in the shoulder section, 
even after the longest exposure time of 
4688 h — Fig. 7B. Of the four alloys/con
ditions examined, the sigma phase for
mation kinetics, both in the shoulder and 
in the gauge section, were slowest in this 
homogenized Type 308 steel material. 

TEM examination revealed the exten
sive carbide formation at austenite grain 
boundaries as well as within the grains 
in homogenized and creep-tested Type 
308 steel, as shown in Fig. 8A. Wi th 
longer test times, a well-defined sub
structure was also found to have formed, 
as shown in Fig. 8B. The first signs of 
sigma phase formation were found by 
TEM in the gauge section of Sample 
H308-5, tested for 3494 h. 
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Fig. 9 — Optical micrographs near the creep-rupture fracture surface in homogenized Type 308 steel, Sample H308-2, tested for 4688 h. A — 
Low, and B — high magnifications showing extensive cracking. However, the exact path of the cracks cannot be determined by optical mi
croscopy. 
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F/g. 70 —Scanning electron micrographs taken near fracture surface of homogenized Type 308 steel, Sample H308-2, tested for 4688 h. A — 
Low magnification view, and B — higher magnification showing cracks (dark streaks) along carbide network and not necessarily along sigma 
phase (light phase) boundaries. 

An optical micrograph of the rup
tured homogenized Type 308 stainless 
steel is shown in Fig. 9A. Considerable 
intergranular cracking was found along 
the gauge section of the specimen, more 
than was found in the welded Type 308 
steel or in any of the two Type 308CRE 
condit ions. Due to the l imited resolu
t ion, optical microscopy could not re
veal the exact path of the cracks. This 
same limitation was encountered in ear
lier studies (Ref. 3). For example, Fig. 9B 
is a higher magnification view of the ho
mogenized Type 308 sample that was 
tested to rupture. It is clear that the crack
ing proceeded along the grain bound
aries, but it cannot be determined if the 
cracks fol lowed the path of the carbide 
precipitates or the sigma phase located 
at the grain boundaries. These details 
were resolved by SEM. 

A scanning electron micrograph 
recorded from the immediate vicinity of 
the rupture surface for the homogenized 
Type 308 steel is shown in Fig. 10A. In 
this sample, which was tested to rupture 

(4688 h), appreciable sigma phase for
mation was found along the austenite 
grain boundaries. The sigma phase ap
pears as the white constituent in Fig. 
10A. Signs of intergranular cracking 
along the austenite grain boundaries, as 
observed by optical microscopy, were 
found. At a higher magnification, shown 
in Fig. 10B, the exact location of the 
cracks may be identified. A continuous 
dark streak that represents a small crack 
is found along some portions of the grain 
boundaries. This streak is aligned with 
the carbides that decorate the grain 
boundaries and is not associated with 
the sigma phase that is also present in 
some sections of the grain boundary. 

Homogenized Type 308CRE Steel 

The microstructural development in 
the homogenized Type 308CRE alloy 
was noticeably different than in the ho
mogenized Type 308 steel. With ferrite 
present in the initial condition (Fig. 3B), 

transformation of the ferrite to sigma 
phase was considerably faster, being ob
served after only 50 h of creep testing 
— Fig. 11 A. The same transformation 
behavior was found in the gauge and 
shoulder sections. The transformation of 
ferrite to sigma phase proceeded rela
tively quickly so that after 1498 h essen-
tially all of the ferrite had transformed 
to sigma phase, as shown in Fig. 11 B. 
No extensive precipitation along the 
grain boundaries, as found in the ho
mogenized Type 308 steel, was ob
served in the homogenized and creep-
tested Type 308CRE alloy. 

Transmission electron micrographs 
of the homogenized and creep-tested 
Type 308CRE steel are shown in Fig. 1 2. 
Irregular-shaped sigma phase, the prod
uct of the ferrite to sigma transformation, 
is shown in Fig. 12A. The extensive car
bide formation along grain boundaries 
that was found in the homogenized and 
tested Type 308 alloy was absent. How
ever, some fine precipitation was de
tected in long-time tests, primarily along 
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Fig. 11 — Optical micrographs of homogenized Type 308CRE steel. A — Appreciable transformation of ferrite (dark phase) to sigma phase (light 
phase) in gauge section of homogenized Type 308CRE, Sample H3CRE-3, tested for 50 h; B — essentially complete transformation of ferrite to 
sigma phase (light phase) in shoulder section of homogenized Type 308CRE steel, Sample H3CRE-2, tested for 1498 h. 
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Fig. 12 — Transmission electron micrographs of homogenized Type 308CRE steel. A — Gauge section from Sample HCRE-2, tested for 1498 h, 
and showing sigma phase formed from ferrite; B — shoulder section from Sample HCRE-1, tested for 7382 h and showing fine precipitation 
along dislocations. 

dislocations in the austenite grains — 
Fig. 1 2B. The majority of these precipi
tates were cubic TiC or TiN with a cube-
on-cube orientation relation to the 
austenite matrix. However, some pre
cipitates were found to contain phos
phorus as well as titanium. Positive iden
tification of these phosphorus-contain
ing precipitates was not made. 

An optical micrograph of the homog
enized Type 308CRE sample tested to 
rupture is shown in Fig. 1 3A. The abun
dant crack formation that was found in 
the homogenized Type 308 steel is ab
sent in the Type 308CRE material. The 
significant improvement in reduction in 
area compared to the homogenized 
Type 308 steel (Table 2) is also evident 
(compare Figs. 1 3A and 9A). A scanning 
electron micrograph of the homoge
nized and creep-tested Type 308CRE 
alloy is shown in Fig. 1 3B. Although ex
tensive sigma phase formation along the 
boundaries is evident, no sign of signifi
cant intergranular cracking, as found in 
the unmodified homogenized Type 308 
steel, was observed. 

Welded Type 308 Steel 

The microstructure of the welded 
Type 308 steel is presented in Fig. 14. 
After exposure at 650°C for 74 h, signs 
of sigma phase formation were found — 
Fig. 14A. Nearly 50% of the ferrite had 
transformed in the sample tested for 673 
h. The ferrite to sigma phase transforma
tion was essentially complete after creep 
testing for 1605 h — Fig. 14B. After long-
term exposure and extensive transfor
mation, the continuous nature of the 
residual ferrite was lost as the sigma 
phase formed smaller isolated islands 
lined up along the same directions as 
the longer, original ferrite fingers. Evi
dence of carbide formation along the 
original ferrite network was also found 
(Fig. 14B), but the carbide was barely 
visible in optical microscopy. The shoul
der microstructure was basically identi
cal to that found in the gauge sections. 

Transmission electron micrographs 
of the welded and creep-tested Type 308 
alloy are shown in Fig. 15. Extensive car
bide formation along the original fer

rite/austenite interfaces is apparent. This 
carbide formed a relatively continuous 
network throughout the material since 
the ferrite was originally in the form of 
a well-connected network — Fig. 3D. 
In addition to the carbide formation, re
cession of the ferrite/austenite boundary 
due to the transformation of ferrite to 
austenite (Ref. 19) is also evident in Fig. 
15. The presence of sigma phase was 
first detected by electron microscopy in 
the sample creep-tested for 673 h, with 
approximately 50% of the ferrite still re
maining untransformed. The l imited 
sigma phase that was found by optical 
microscopy in the sample tested for only 
74 h was not observed by electron mi
croscopy, presumably because of the 
l imited area that is examined by elec
tron microscopy. 

An optical micrograph of the welded 
Type 308 steel tested to rupture is shown 
in Fig. 16A. As with the homogenized 
Type 308 steel, the welded Type 308 
material showed crack formation in the 
gauge section near the fracture surface, 
although to a lesser degree. Details of 
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Fig. 13 — Microstructure near the fracture surface in homogenized Type 308CRE steel, Sample H3CRE-1, tested for 7382 h. Cracking is notice
ably absent. A — Optical micrograph; B — scanning electron micrograph. 
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F/g. 74 — Optical micrographs of welded Type 308 steel. A — Early stages of sigma phase formation (light phase) from ferrite (dark phase) in 
gauge section of welded Type 308 steel, Sample SD6 308-3, tested for 74 h; B — nearly complete transformation of ferrite to sigma phase in 
gauge section of welded Type 308 steel, Sample SD7 308-5, tested for 1605 h. 

Fig. 15—Transmission 
electron micrograph of welded 
Type 308 steel showing exten

sive carbide formation along 
original ferrite/austenite 

boundary and recession of fer
rite boundary prior to transfor
mation to sigma phase. Gauge 
section of Sample SD6 308-2, 

tested for 673 h. 
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Fig. 16 — Microstructure near the fracture 
surface in welded Type 308 steel, Sample 
SD6 308-1, tested for 3614 h. A — Optical; 
B — scanning electron micrographs show
ing cracks, and C — higher magnification 
scanning electron micrograph showing the 
path of the cracks is along the carbide pre
cipitate network and not along the sigma 
phase boundaries. 
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F/g. 7 7 — Optical micrographs of welded Type 
308CRE steel. A — Later stages of ferrite (dark 
phase) to sigma (lighter phase) transformation in 
gauge section of welded Type 308CRE, Sample 
SD6 CRE-2, tested for 550 h; B — breakup of 
sigma phase structure after longer term testing. 
Gauge section of welded Type 308CRE, Sample 
SD6 CRE-1, tested for 10223 h; C — 
microstructure of same sample as B but taken from 
the shoulder section and showing much more con
tinuous sigma phase morphology. 
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the nature of the crack path are provided 
by scanning electron micrographs, 
shown in Fig. 1 6B and C. At the higher 
magnification shown in Fig. 1 6C, the 
cracks are seen to follow the network of 
carbides which outlines the original fer
rite/austenite interface. In most cases, 
this network is removed from the sigma 
phase/austenite boundary since the fer
rite boundary recedes to a l imited ex
tent before transforming to sigma phase. 
In some instances, where the ferrite 
boundary did not move before sigma 
phase formation, the cracks along the 
carbide network also lie along the sigma 
phase/austenite interface. 

Welded Type 308CRE Steel 

The final condit ion that was exam
ined was the welded Type 308CRE, and 
the microstructures are presented in Fig. 
1 7. As seen in Fig. 1 7A, nearly all of the 
ferrite had transformed to sigma phase 
after 550 h. As was observed in the 
welded Type 308 alloy, there was a ten
dency for the continuous ferrite to break 
up into smaller islands of sigma phase 
upon transformation. No appreciable 
precipitation during creep-testing was 
observed. The breakdown of the contin
uous second phase network was quite 

dramatic after longer creep testing times, 
as shown in Fig. 1 7B. Figure 1 7B also 
demonstrates the diff iculty in distin
guishing the ferrite and sigma phases 
when only one of these phases is pre
sent in the microstructure. Although the 
second phase appears to be dark, and 
therefore may be an indication of fer
rite, electron microscopy confirmed that 
the second phase by optical microscopy 
was sigma. It is possible that the distinc
tion between ferrite and sigma phase is 
more dif f icult in the welded Type 
308CRE material because the second 
phase is finer than in the Type 308 weld. 
As was the case for the welded Type 308 
and the homogenized Type 308CRE, 
there was little difference in the mi
crostructures of the gauge and shoulder 
sections. The only noticeable difference 
was that the breakdown of the continu
ous second phase network was less sig
nificant in the shoulder section, as 
shown in Fig. 1 7C. 

TEM examination revealed that the 
welded and creep-tested Type 308CRE 
material showed extensive transforma
tion of ferrite to sigma phase, even in 
the sample from the shortest creep test, 
SD6 CRE-2, tested for 550 h. After longer 
testing times, the sigma phase was found 
to have broken up considerably (Fig. 

1 8A and B), and therefore, the initial nar
row and interconnected ferrite morphol
ogy present in the as-welded condition 
was lost. As found in the homogenized 
Type 308CRE material, a very fine pre
cipitate in the austenite matrix was ob
served in aged Type 308CRE welds — 
Fig. 18C. Such fine precipitation was de
tected in the short-time as well as long-
term aged samples. The majority of these 
precipitates were found to be cubic t i 
tanium carbides or nitrides (a0 = 0.424 
nm). Some additional precipitates that 
were rich in both titanium and phospho
rus were also found but positive identi
f ication of these precipitates was not 
made. 

An optical micrograph of the area 
near the fracture for the Type 308CRE 
weld is presented in Fig. 19A. As ob
served for the homogenized Type 
308CRE material, little crack formation 
was observed, and the improved reduc
tion in area (Table 2), compared to the 
Type 308 weld, is evident. A scanning 
electron micrograph of the welded and 
creep-tested Type 308CRE structure is 
shown in Fig. 1 9B. Very limited crack
ing was found, although extensive sigma 
phase was detected. Without the pres
ence of a well-defined carbide network, 
fine crack formation is found within the 
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Fig. 18 — Transmission electron mi
crographs of welded Type 308CRE 
steel. A — Breakup of sigma phase 

into smaller discrete segments in 
gauge section of Sample SD6 CRE-3, 

tested for 4059 h; B — extensive frag
mentation of sigma phase in gauge 

section of Sample SD7 CRE-4, tested 
for 7136 h; C — fine precipitation 

along dislocations in gauge section of 
Sample SD6 CRE-3, tested for 4059 h. 

second most vulnerable location, 
namely, wi th in the sigma phase, as 
shown in Fig. 19C. 

Discussion 

The present results on the mi 
crostructural changes during elevated-
temperature creep testing are in excel
lent agreement with earlier results on 
the aging behavior of the same alloys 
but without any applied stress (Refs. 11, 
1 3). It was found earlier that the primary 
difference in the aging behavior between 
the Types 308 and 308CRE alloys was 
the type and distribution of precipitate 
that was formed. For the Type 308 steel, 
carbide precipitation during exposure 
to elevated-temperatures is extensive, 
wi th preferential formation along 
austenite grain boundaries in the ho
mogenized condition and along austen
ite/ferrite interfaces in the welded mate
rial. The net result is the formation of a 
highly connected network of carbides 
throughout the matrix. In contrast, the 
Type 308CRE alloy forms titanium-rich 
precipitates (carbides, nitrides, sulfides) 
that are randomly distributed in the ma
trix without any preferential sites and 
without the formation of a continuous 
grain boundary precipitate network. The 
present study found the same effects dur

ing aging in the presence of stress (creep 
testing), indicating that stress had no in
fluence on the type or distribution of pre
cipitate that formed. 

It was proposed in the earlier aging 
studies (Refs. 11,13) that the beneficial 
influence of CRE additions, and in par
ticular the t i tanium addit ion, is in the 
change in the type of precipitation and 
its distribution. Without titanium addi
tions, short-term exposure to elevated-
temperatures produces a continuous 
network of carbides, and it was proposed 
that this network provided an easy path 
for crack formation and/or propagation. 
The present results show that the basis 
for the improved creep properties is 
more involved than simply the elimina
tion of a continuous network of carbides 
in the CRE materials. Figure 5 clearly 
shows that the steady-state creep rate in 
the CRE-modified alloy is lower, and this 
is likely associated with higher strength 
properties of the CRE material. As a re
sult of the higher yield strength of ho
mogenized or welded 308CRE, the 1 6 
ksi load that was used was a smaller frac
tion of the yield strength and the CRE 
material was effectively loaded to a less 
severe degree. The lower effective load 
led to a lower steady-state creep rate and 
therefore a longer rupture life. 

The source of the improvement in 

strength is not exactly known. Three pos
sible factors may combine to improve 
the strength. First, the more uniform pre
cipitation may be beneficial. Second, 
the presence of ferrite in the homoge
nized CRE material may improve the 
strength. The homogenized 308 con
tains no ferrite. In the case of the welds, 
the CRE material contains slightly more 
ferrite. Finally, in the welds, the ferrite 
distribution is somewhat finer in the CRE 
material and this may enhance the 
strength properties of this material. 

In addition to the higher steady-state 
creep rate that is found for the Type 308 
steel, the extensive cracking that was 
observed in the Type 308 material plays 
a role in limiting the third stage of creep, 
beyond the steady-state creep stage. In 
the third stage, cracks wi l l nucleate and 
propagate and the propensity of the Type 
308 material to form cracks along the 
carbide network wi l l shorten this stage 
as wel l . The carbide network also leads 
to a loss in the ductility as measured by 
the reduction in area (RA). The RA is a 
more reliable and accurate indicator of 
the intrinsic material ductility than total 
ducti l i ty. The modified alloy has a sig
nificantly larger RA than the unmodified 
material (Table 2), and this improvement 
in ductility is a result of the Ti-modified 
alloy's ability to resist the formation of 
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F/g. 7 9 —Microstructures near the fracture 
surface in welded Type 308CRE, Sample SD6 
CRE-1, tested for 10223 h.A — Optical; B — 
scanning electron micrographs showing very lim
ited cracking, and C — higher magnification 
scanning electron micrograph showing fine 
cracks are present but they are typically confined 
to within the sigma phase. 

intergranular cracks that are found in the 
unmodified Type 308 steel. 

The detrimental effect of carbide pre
cipitation has been noted before for Type 
316 weld metal (Ref. 20). The effect of 
a carbide network may be more pro
nounced at the relatively low stresses 
that were examined in the present work, 
since intergranular failure becomes 
more likely at low stresses (Ref. 21). Sev
eral other observations of cracking along 
the ferrite/austenite interface in welded 
stainless steels have been made (Refs. 
22, 23). Unfortunately, these studies did 
not distinguish between cracking at the 
actual ferrite (sigma)/austenite interface 
or in the immediate vicinity of this in
terface where precipitation of a carbide 
network such as found in the present 
study is expected. It has been suggested 
(Ref. 22) that the elimination of a con
tinuous ferrite network wi l l improve 
creep properties. The results of the pre
sent investigation indicate that such re
moval of a continuous ferrite network is 
indeed desirable because it eliminates 
the development of a continuous car
bide network during elevated-tempera
ture exposure. 

When carbide networks are absent, 
cracks were found wi th in the sigma 
phase — Fig. 19C. This is not surprising, 

considering the brittle nature of sigma 
phase and its traditional association with 
embrittlement. However, it is important 
to note that the brittleness of the sigma 
phase is only of secondary importance 
when an interconnected carbide net
work is also present. The primary impor
tance of the carbide network (rather than 
sigma phase) in affecting crack forma
tion and creep rupture behavior is also 
demonstrated by the fact that the ho
mogenized Type 308 material showed 
the greatest cracking, and yet sigma 
phase formation in this material was the 
most sluggish, since ferrite was absent 
in the initial microstructure. 

Sigma phase formation kinetics were 
rapid in all three conditions in which 
ferrite was present in the initial mi
crostructure. In the one case in which 
ferrite was not present (homogenized 
Type 308), the development of sigma 
phase was very sluggish. The effect of 
ferrite in hastening sigma phase forma
tion has been well documented, and the 
details of the transformation have been 
described elsewhere (Ref. 24). The same 
mechanism appears to take place dur
ing elevated-temperature creep testing. 
The ferrite interface recedes initially as 
the ferrite becomes enriched in 
chromium and depleted in nickel, and 

then the ferrite transforms to sigma 
phase. The recession of the ferrite inter
face is particularly noticeable in the 
welded Type 308 samples, where car
bide decorates the original ferrite/ 
austenite interface— Fig. 15. 

The kinetics of the sigma phase for
mation during creep testing can be com
pared with TTT (time-temperature-trans
formation) diagrams developed for aging 
of these alloys in the absence of stress 
(Refs. 11, 13). For the three conditions 
in which ferrite was initially present in 
the microstructure, the times for the 
onset, and completion, of the ferrite to 
sigma transformation are in excellent 
agreement with such TTT diagrams. Un
fortunately, it is impossible to evaluate 
exactly how the precipitation kinetics 
compare with the earlier results on un
stressed samples since the increments 
in exposure t ime were far too large in 
the present study. The kinetics of sigma 
formation in creep-tested homogenized 
Type 308 differ somewhat from the ear
lier results, indicating that an effect of 
stress exists, as described below. All of 
the present results regarding sigma phase 
formation are in agreement with the nu-
cleation-l imited transformation model 
that was described elsewhere (Ref. 24). 

The effect of stress on the microstruc-
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tural stability was, in general, negligi
ble. As shown in Fig. 6, there was essen
tially no difference in the amount of pre
cipitate that formed in the stressed or 
unstressed sections of the creep sam
ples. There was also no evidence that 
stress influenced the type or distribution 
of the precipitates. For those alloys that 
initially contained ferrite, and in which 
the transformation of ferrite to sigma 
phase was relatively rapid, again, stress 
had little effect on the sigma phase for
mation kinetics; the shoulder and gauge 
sections had essentially identical m i 
crostructures. However, a significant ef
fect of stress was noticed in the homog
enized Type 308 alloy. In the unstressed 
regions, the formation of sigma phase 
was very sluggish. No sigma phase was 
found in the longest aged specimen 
available (4648 h). The results are in 
agreement with earlier work showing 
sigma phase first appears after 1 0,000 h 
of aging at 650°C. In contrast, the 
stressed gauge sections showed en
hanced sigma formation kinetics, wi th 
sigma present after aging 3500 h. This 
influence of stress on sigma phase for
mation is well documented (Ref. 24). 
Thus, although important in only l im
ited conditions, the effect of stress must 
be taken into account when applying 
aging study results to conditions where 
stress is present. Finally, stress had an 
effect on the distribution of the sigma 
phase in the long-term tests. Apparently, 
creep deformation broke up the sigma 
phase (or ferrite prior to transformation 
of sigma) so that the characteristic dis
tr ibution of the ferrite phase in the 
welded samples, reasonably retained by 
the sigma phase during aging without 
stress, was disrupted and slowly disap
peared. 

Summary and Conclusion 

The microstructures of Types 308 and 
308CRE stainless steel were examined 
after creep testing at 650°C for various 
times up to and including the rupture 
time. The alloys were examined in both 
the homogenized and as-welded condi
tions. Based upon the results, the fo l 
lowing conclusions were made: 

1) The precipitation behavior was un
affected by the presence of the creep 
stress during elevated-temperature ex
posure. The types of precipitate and the 
precipitate distributions were the same 
as found in earlier studies in the absence 
of stress. 

2) The Ti-modif ied Type 308CRE 
steel showed a significantly lower steady 
-state creep rate, which led to a large in
crease in the rupture life. This is at
tributed to the higher strength of the 
modified alloy, which results in a rela
tively lower load (and lower creep rate) 

than that for the Type 308 steel. 
3) Extensive intergranular cracking 

was found in the homogenized Type 308 
steel and to a lesser degree in the as-
welded Type 308 steel. This cracking 
was found to follow the nearly continu
ous network of carbides that formed 
along austenite grain boundaries (ho
mogenized) or ferrite/austenite inter
faces (as-welded). Such precipitate net
works and the associated cracking were 
not found in the Type 308CRE steel. 

4) The absence of extensive inter
granular cracking in the Type 308CRE 
steel, in both the homogenized and as-
welded condit ions, leads to improved 
creep ducti l i ty as measured by the re
duction in area. 

5) The presence of a stress during el
evated-temperature exposure did not in
fluence the kinetics of the ferrite to sigma 
transformation. However, in the homog
enized Type 308 steel, which did not 
contain ferrite in the initial microstruc
ture, the kinetics of sigma phase forma
tion were significantly enhanced by the 
presence of a stress. 

6) In the Type 308CRE steels, in 
which continuous networks of carbides 
were absent, small cracks were found 
with in the sigma phase. However, this 
cracking did not extend beyond the 
boundaries of the sigma phase and did 
not lead to large-scale cracking in the 
matrix. 
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