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Embrittlement of Austenitic Stainless Steel Welds 
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To prevent hot-cracking, austenitic stainless steel welds generally contain a small percent of delta 
ferrite. Although ferrite has been found to effectively prevent hot-cracking, it can lead to embrit- 
tlement of welds when exposed to elevated temperatures. The aging behavior of type-308 stainless 
steel weld has been examined over a range of temperatures 400-850~ for times up to 10,000 hr. 
Upon aging, and depending on the temperature range, the unstable ferrite may undergo a variety 
of solid state transformations. These phase changes affect creep-rupture and Charpy impact prop- 
erties. 
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1. INTRODUCTION 

Austenitic stainless steels are widely used in several 
industries such as power generation (both conventional 
and nuclear) and chemical and petrochemical industries 
because of their excellent corrosion resistance as well as 
their good mechanical properties. Fully austenitic stain- 
less steel welds are prone to hot-cracking during weld- 
ing. Several studies have shown that a certain amount 
of delta ferrite (8) phase should be present in the welds 
to prevent hot-cracking5 ~4~ Therefore, austenitic stain- 
less steel welds normally contain 5-10% ferrite. The or- 
igin of ferrite and the role of ferrite in preventing 
hot-cracking has been addressed elsewhere.( 1-7~ The fer- 
rite phase in austenitic stainless steel welds has been 
found to exist in four distinct types of morphologies, 
namely vermicular, lacy, acicular, and globular. (8~ Al- 
though ferrite in austenitic stainless steel welds has a 
beneficial effect in preventing hot-cracking during weld- 
ing, when exposed to elevated temperatures during ser- 
vice, the duplex structure of austenite (,/) + ferrite (g) 
embrittles extensively, leading to a degradation in the 
mechanical behavior of the weld metal. 
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The paper describes this embrittlement in type-308 
austenitic stainless steel welds over a range of temper- 
atures. Typical composition of the weld is Cr-20.2, 
Ni-9.4, Mn-l.7, Si-0.5, C-0.05, N-0.06 balance Fe (in 
wt. %). 

2. WELD METAL MICROSTRUCTURE 

A typical microstructure of type-308 austenitic 
stainless steel weld metal containing 3, and 8 ferrite is 
shown in Fig. 1. The origin of this microstructure is due 
to the nonequilibrium nature of the transformations that 
follow weld pool solidification and subsequent cooling 
of the weld metal to room temperature. Figure 2 shows 
a vertical section of the iron-chromium-nickel ternary 
phase diagram showing the location of a typical type 308 
stainless steel composition. An earlier study (4) revealed 
the solidification sequence in type 308 stainless steel 
weld metal, consisting of the primary crystallization of 
S-ferrite with subsequent envelopment of 8-fel~te by 
austenite and a 8 ---> ~ transformation continuing below 
the solidus. The result is a skeletal network of  residual 
ferrite. This particular ferrite has been shown to be lo- 
cated along the cores of the primary and secondary den- 
drite arms and is enriched in chromium (Fig. 3). 

0195-9298/96/1200-0129509.50/0 �9 1996 Plenum Publishing Corporation 



130 David, Vitek, and Alexander 

Fig. 1. Typical as welded microstructure of type 308 stainless steel. 

Sometimes the primary 3-ferrite that formed during so- 
lidification may transform to Widmanst/itten austenite at 
lower temperatures, leaving behind residual ferrite in the 
acicular or lacy forms. Other investigations by Suutala 
e t  al.  (5~ and Takalo e t  al.  (6~ have clearly identified the 
mode of freezing and the resulting microstructures of 
austenitic stainless steel welds as a function of Cr/Ni 
equivalent ratios. Ferrite and austenite are the major 
phase constituents in the austenitic stainless steel welds. 
In addition, stainless steels contain small amounts of car- 
bon (0.05 wt. %) which promotes carbide precipitation 
upon aging. 

3. AGING BEHAVIOR OF AUSTENITIC 
STAINLESS STEEL WELDS 

3.1. Aging at Temperatures __550~ 

Upon aging the welds at temperatures 550, 650, 
750, 850~ for times up to 10,000 hr, a number of 
changes in the as-welded microstructures were ob- 
served. (9,1~ During the early stages of aging, at the orig- 
inal austenite/ferrite interface, precipitation of M23C 6 

carbide with a cube-on-cube orientation relationship 

with the austenite matrix was found (Fig. 4). At the same 
time, the ferrite was found to dissolve to a limited extent, 
leaving the residual ferrite more enriched in chromium 
and depleted in nickel. Upon aging further, ferrite trans- 
formed to sigma phase. Figure 5 reveals the structure 
after 100 hr aging wherein the original austenite/ferrite 
boundary is clearly marked by the M23C 6 precipitates and 
the ferrite has transformed to sigma phase. In the elec- 
tron micrograph, the receded ferrite boundary due to the 
dissolution of ferrite can also be seen. The continuous 
network of the carbides could result in a degradation of 
the mechanical properties of the weld metal. 

Partial transformation of ferrite to sigma phase was 
rarely observed. Islands were typically found to be all 
ferrite or all sigma. However, some ferrite islands were 
found to remain untransfonned even after aging for up 
to 10,000 hr at 650~ These ferrite regions were sub- 
stantially enriched in chromium, with levels nearly iden- 
tical to those found in sigma phase. These observations 
indicate that the nucleation of sigma phase in ferrite is 
the rate limiting step for the transformation. (1~ They in- 
dicate that although the chromium enrichment of ferrite 
is a necessary step, it is not sufficient for sigma forma- 
tion. Also, the fact that partially transformed ferrite areas 
were rarely observed indicates that once nucleation of 
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Fig. 2. Vertical section of  the Fe-Cr-Ni ternary phase diagram at 70 
wt. % iron. The dashed line represents the approximate composition 
of type 308 stainless steel. 

sigma phase begins, the subsequent growth of sigma is 
relatively fast. 

A composite of typical energy dispersive X-ray 
spectra of the four phases, namely, austenite, ferrite, 
sigma, and M23C6 is shown in Fig. 6. A comparison of 
the relative peak heights of chromium and iron clearly 
shows an increase in chromium content for the order of 
phases given above. A comparison of the nickel to iron 
peak height shows that nickel is substantially higher in 
austenite. Typical normalized iron, chromium, and 
nickel compositions of these phases are (in wt. %): 69- 
Fe, 23-Cr, 8-Ni, (austenite); 68-Fe, 28-Cr, 4-Ni (ferrite); 
59-Fe, 38-Cr, 3-Ni (sigma); and 17-Fe, 79-Cr, 4-Ni 
(carbide). 

Although most of the above discussions pertain to 
aging of the welds at 650~ the sequences of events 
that follow aging of the welds at 550~ 750~ and 
850~ have been found to be the same as above. How- 
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Fig. 3. Electron micrograph showing the ferrite area scanned to pro- 
duce the composition profile across ferrite in the as-welded condition 
and the iron, nickel, chromium, and manganese profiles across the 
ferrite. 
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Fig. 4. Electron micrograph of type 308 stainless steel weld aged at 650~ for 18 min. 

ever the kinetics of these phase reactions at 750~ and 
850~ are much faster than that observed at 650~ and 
they are considerably slower at 550~ 

Of the various phase changes that follow aging of 
type 308 stainless steel welds at temperatures greater 
than 550~ the most damaging for weld-metal creep 
properties is the formation of  an M23C6 carbide network. 
Creep testing of type 308 stainless steel welds at ele- 
vated temperatures has revealed extensive degradation in 
creep rupture properties including loss of creep ductil- 
ity. O,11~ Studies in this area have clearly identified the 
continuous network of M23C 6 carbide in the weld to be 
the main cause for the degradation in creep rupture prop- 
erties.(~ l) An examination of the creep rupture specimens 
revealed extensive creep void formation at the M23C6/" / 
interface and also interconnecting tears along this inter- 
face. A dramatic improvement in creep rupture proper- 
ties of the austenitic stainless steel welds can be 
achieved by the addition of controlled residual elements 
(CRE)/~2,~3) These are additions of small amounts of 0.5- 
0.6 wt. % titanium and 50-60 ppm of boron. With the 
titanium additions, the improvement in creep rupture 

properties of type 308 stainless steel welds is associated 
with the elimination of the continuous network of M23C 6 
carbides. The role of boron in improving the creep rup- 
ture properties of the weld is under investigation.( 14~ 

3.2. Aging at Temperatures <550~ 

Aging of type-308 stainless steel weld at 400~ or 
475~ for times up to 5000 hr showed a number of 
changes in the as-welded microstructure. Unlike the 
specimens aged at temperatures greater than 550~ ag- 
ing at temperatures less than 550~ showed no evidence 
of ferrite-to-sigma phase transformation. However, 
M23C6 carbide precipitation at the austenite/ferrite inter- 
face was found to occur. During the initial stages of 
aging, within the ferrite, a fine-scale spinodal decom- 
position of ferrite into iron-rich ~ and chromium-rich c~' 
phases was observed, (ls,16~ as shown in Fig. 7. This de- 
composition of ferrite in the weld is similar to the ob- 
servations made in some ferritic steels. ~17 22~ This 
particular transformation has been found to embrittle the 
ferritic steel. Within the ferrite, in addition to the spi- 
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Fig. 5. Electron micrograph of type 308 stainless steel weld aged at 750~ for 100 hr. 

nodal decomposition, abundant precipitation of G-phase 
was observed. G-phase is a nickel-rich silicide that has 
been identified in both austenitic stainless steel welds 
and castings516,23-26~ Microstructural changes observed in 
specimens aged at 400~ and 475~ were similar except 
the kinetics of the transformation were faster at 475~ 

Investigations were also carried out to correlate the 
microstructural development as a function of aging time 
and temperature with the degradation in mechanical 
properties such as tensile, impact and fracture tough- 
ness/16-27~ The results indicate extensive hardening of the 
ferrite during aging.( 15~ Also during the early stages of 
aging, there is a shift in the Charpy impact ductile-brittle 
transition temperature (DBTT) as shown in Fig. 8. With 
extended aging, a drop in the upper-shelf energy was 
also observed. These observations can be attributed to 
the extensive solid-state transformations that occur 
within the ferrite during aging. The observed trend in 
Charpy impact properties was similar for specimens 
aged at 400~ and 475~ for times up to 5000 hr except 
that the specimens aged at 475~ showed a larger drop 
in the upper-shelf energy and a more rapid increase in 

the DBTT with aging time. Although these observed 
changes in the impact properties can be attributed to the 
complex changes in the microstructural features that oc- 
cur within and around the ferrite phase, the role of each 
transformation on the properties has not been identified. 
This is the goal of an ongoing investigation that is being 
carried out using experimental alloys328~ 

3.3. Application of Nondestructive Examination 
(NDE) 

When austenitic stainless steel welds are exposed 
to elevated temperatures, several phase changes take 
place as described above. It is likely that each of these 
phase changes has an adverse impact on mechanical be- 
havior. Although the specific role of each of these trans- 
formations on embrittlement has not been identified, it 
would be desirable to be able to monitor these changes 
using NDE techniques. Unfortunately, the scale of many 
of these phase changes is very fine and beyond the lim- 
itations of current techniques. Hence, there is a critical 
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Fig. 6. Typical EDS spectra of phases found in aged type 308 stainless steel weld. 

need to develop an appropriate NDE technique to mon- 
itor phases changes in materials on a microscopic scale. 

4. SUMMARY 

Exposure of austenitlc stainless steel welds to ele- 
vated temperatures can lead to extensive changes in the 
microstructural features of the weld metal. The welds 
normally contain a duplex -y + 3 microstructure. On 
exposure to elevated temperatures over a long period of 
time, a continuous network of M23C 6 carbide forms at 
the austenite/ferrite interface. Often the network has 
been observed to be interconnected. The formation of 
the network of carbides has been found to reduce the 
elevated temperature creep-rupture properties of the 
type-308 stainless steel welds. The ferrite in type-308 
austenitic stainless steel welds has been found to be un- 

stable, and upon aging at temperatures between 550- 
850~ it transforms to sigma phase. All of these phase 
changes have been found to influence the creep-rupture 
properties of the weld metal. At temperatures below 
550~ the ferrite has been found to decompose spino- 
dally into a and a' phases. In addition, precipitation of 
G-phase occurs within the decomposed ferrite after low 
temperature aging. The decomposition of ferrite to c~ and 
eL' phases increases the hardness of ferrite and, along 
with the precipitation of G-phase and carbides, leads to 
embrittlement of the weld metal as revealed by the 
Charpy impact properties. 

ACKNOWLEDGMENTS 

The authors would like to thank S. S. Babu and E. 
Ohriner for reviewing the manuscript. Research is spon- 



Austenitic Stainless Steel Welds 135 

Fig. 7, Electron micrograph of decomposed ferrite in a weld aged at 475~ for 5000 hr. The electron micrograph shows the G-phase, [%3C~, 
carbides, and the mottled nature of the spinodally decomposed ferrite into c~ and a' phases. 
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