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ABSTRACT. Decomposition of ferrite in 
austenitic stainless steel welds at 475°C 
(887 °F) has been identified by using a 
new ultralow-load microindentation tech
nique. During aging, a significant increase 
in hardness of the ferrite with time has 
been observed. The primary reason for 
the increase in hardness has been found 
to be the spinodal decomposition of 
ferrite into chromium-enriched a' and 
iron-rich a. In addition, precipitation of C 
phase within the ferrite and M23Q car
bide at the 7/5 interface has been 
observed. 

Introduction 

Austenitic stainless steel weld metal 
normally has a duplex structure that con
tains varying amounts of ferrite. It is 
recognized that sufficient ferrite in the 
weld effectively prevents hot cracking 
(Refs. 1-3). Much work has been done 
recently on the origin, characterization, 
and understanding of various ferrite micro-
structures found in welds (Refs. 4-7). 

The elevated-temperature phase sta
bility of stainless steel welds has been the 
subject of many investigations. During 
elevated-temperature aging (550°-
850oC/1022°-1562°F) of Type 308 
stainless steel welds containing a duplex 
austenite (7) 4- ferrite (5) microstructure, 
a variety of transformations has been 
found to occur (Refs. 8, 9). The first 
reaction observed was the formation of 
M23Q carbide at the ferrite-austenite 
boundary. With further aging, ferrite con
solidation occurs with extensive solute 
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redistribution, resulting in the enrichment 
of ferrite in chromium, accompanied by 
the sigma phase transformation. 

Although the transformation of ferrite 
in austenitic stainless steel welds at tem
peratures above 550°C has been well 
characterized, very few attempts have 
been made to study the aging behavior 
of ferrite at temperatures below 550°C. 
Since the ferrite in the weld is very similar 
in composition to ferritic steels, it may be 
expected to exhibit the same low-tem
perature phase transformation character
istics observed in some of the ferritic 
steels. Ferritic steels containing more than 
13% Cr have been found to be severely 
embrittled after having been exposed to 
temperatures between 400° and 550°C. 
The embrittlement is most severe at 
475°C, so it is also known as 475°C or 
885°F embrittlement. Such embrittlement 
is important in austenitic stainless steel 
welds that contain more than 5% by 
volume ferrite since the ferrite forms a 
continuous network within the weld met
al. Clearly, if the ferrite is embrittled, the 
overall properties of the weid metal will 
be degraded. Earlier theories of embrittle
ment by Fisher, etal. (Ref. 10), include the 
formation of a chromium-enriched 

KEY W O R D S 
Microhardness 
Nanoindenter 
Ferrite Decomposition 
Austenitic Stainless 
Low Temp. Aging 
Type 308 Welds 
Aging Studies 
Weld Ferrite Content 
MPM Microprobe 
Embrittlement 

coherent precipitate associated with a 
miscibility gap in the Fe-Cr system. Sever
al investigations have confirmed the exis
tence of a miscibility gap and spinodal 
reaction in Fe-Cr systems (Refs. 11-13) — 
Fig. 1. Because of the resolution limita
tions of metallographic techniques, 
including conventional electron micros
copy, it has not been possible to resolve 
the early stages of precipitation in the 
Fe-Cr alloys. However, Brenner, ef al. 
(Ref. 14), have successfully identified 
phase separation in ferritic steels using 
atom probe field ion microscopy. 

In studying the transformation charac
teristics of ferrite in austenitic stainless 
steel welds, the problem of identifying 
the early stages of phase separation is 
further compounded by the fact that the 
ferrite is a fine-scale minor constituent in 
the overall microstructure. However, a 
newly developed mechanical properties 
microprobe (MPM), in conjunction with 
electron microscopy, has been success
fully used in this investigation to study the 
low-temperature aging behavior of resid
ual ferrite in austenitic stainless steel 
welds. In particular, the MPM has been 
successfully used to determine the early 
stages of decomposition. This paper 
describes the application of this new 
technique, and the complexities of the 
transformation of ferrite in an austenitic 
stainless steel weld at low temperatures. 

Experimental Procedure 

The welds examined in this study were 
multipass single-V-groove welds deposit
ed in a 12.7-mm-thick (0.50-in.) butt joint 
of Type 304L stainless steel plate with a 
composition of 18.55 Cr, 10.0 Ni, 1.75 
Mn, 0.63 Si, 0.019 C, 0.029 P, 0.006 S, 
and the balance Fe (wt-%). Welds were 
made by using the gas tungsten arc (CTA) 
process with a Type 308 stainless steel 
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Fig. I - Low-temperature miscibility gap in Fe-Cr systems (Refs. 17-13) 

filler metal with a composition of 20.35 
Cr, 9.62 Ni, 1.92 Mn, 0.049 C, 0.37 Si, 
0.016 P, 0.002 S, and the balance Fe 
(wt-%). Weld specimens were cut from 
the welded plate and encapsulated in 
quartz tubes that were evacuated and 
refilled with a partial pressure of argon. 

Only the upper portion of the welds was 
used, avoiding possible dilution effects 
near the root of the welded butt joints. 
The aging studies were performed at 
475°C for times of 100 to 10,000 h. 
Microstructural analysis was done using a 
combination of optical and electron 
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Fig. 2—Scanning electron micrograph of indentations made across a ferrite island 

microscopy. Standard specimen prepara
tion techniques are described elsewhere 
(Ref. 8). The ferrite numbers reflecting 
the ferrite content in the welds were 
evaluated by measuring the magnetic 
permeability with a Magne-Cage instru
ment. 

Hardness Measurements 

The transformation characteristics of 
ferrite within the aged weld metal were 
followed by measuring the hardness of 
the ferrite using a mechanical properties 
microprobe. Special precautions were 
taken to prepare the specimen surface 
for hardness measurements. To avoid 
misleading hardness results due to 
mechanical polishing and a resulting 
work-hardened surface, the specimens 
were electropolished to a depth of 3 to 4 
/im subsequent to conventional mechani
cal polishing. The electropolishing was 
carried out with a solution of 60 ml 
perchloric acid, 600 ml methanol, 360 ml 
2-butoxyethanol, and 5 ml glycerin, at 
- 1 0 ° C , 25 V, and 1 A for 8 s. 

The MPM measurements were made 
on a nanoindenter system produced by 
Nano Instruments, Inc. This system con
sists of a recently developed (Refs. 15, 
16), fully automated, ultralow-load micro-
indentation hardness tester, which per
forms a microindentation experiment by 
first detecting the initial contact between 
the specimen and the indenter and then 
continuously increases the load on the 
indenter until the desired depth of inden
tation is achieved; afterward, the indent
er is unloaded. During the entire process, 
the indenter load and displacement are 
continuously monitored, with a resolu
tion of 0.3 ^N (30 Mg) and 0.16 nm, 
respectively. The rate of loading was 
controlled so that the linear strain rate of 
the experiment (h/h, where h is the 
indenter displacement) was held constant 
at a value of 0.01 /s. The hardness was 
calculated directly from the load (L) and 
depth measurements, using the formula 
(Ref. 17) H = AL/d2 , where d is the 
indent depth under loading conditions, 
corrected for elastic deformation of the 
surface (Ref. 18), and A is an experimen
tally measured geometric factor that 
relates the indenter displacement and the 
plastic depth of the indent. As described 
elsewhere (Ref. 16), the diamond indent
er is a triangular-base Berkovitch pyramid 
that is similar to a Vickers pyramid in 
terms of its relationship between indent 
area and penetration depth. Corrections 
were then made to account for the 
elastic relaxation effects. The term "hard
ness" used in the rest of this paper refers 
to the hardness calculated at an indenta
tion depth of 150 nm. A series of inden
tations were made traversing ferrite 
islands. The islands studied were chosen 
at random. 
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Results and Discussion 

Hardness 

Table 1—Hardness vs. Aging Time 

Although the ferrite grains present in 
the microstructure were only 0.25 to 5 
nm wide, hardness measurements of 
both the austenite and the ferrite were 
successfully made using a mechanical 
properties microprobe. This machine is 
currently capable of room-temperature 
measurements only. Figure 2 shows the 
final size of a row of indentations in the 
as-welded 308 weld specimen. All but 
one of the indentation marks are the 
same size, reflecting the fact that the 
indentations were performed to a con
stant depth. The singular smaller indenta
tion is due to system error in detecting 
the location of the surface. In the as-
welded condition, the hardness of the 
ferrite and austenite were comparable, 
but significant differences were observed 
upon aging. The hardness values 
obtained are given in Table 1. The hard
ness ratio of aged ferrite (H|) to ferrite in 
the as-welded condition (Ho) as a func
tion of aging time at 475°C is shown in 
Fig. 3. A modest hardness increase was 
found for samples aged 100 and 500 h. 
However, an abrupt and very large 
increase in hardness was found for aging 
times beyond 1000 h. 

These results indicate that age harden
ing of ferrite is substantial at 475°C, and 
furthermore, that a delay time exists 
before the maximum hardness is devel
oped. It is assumed that the microstruc
ture associated with the maximum hard
ness corresponds to an embrittled state. 
The delay time depends, of course, on 
the composition of the alloy and on the 
aging temperature. In an earlier study, an 
abrupt drop in toughness, also indicating 
a delay time for developing an embrittled 
structure, was observed by Grobner in 
iron alloys containing 18% Cr (Ref. 19). 
Also, it appears from Fig. 3 that a maxi
mum hardness increase has been 
reached after about 1000 h of aging and 
remains essentially constant up to about 
5000 h. Although the trend in the 
increase of hardness of ferrite with time 
was clear, the data showed significant 
scatter. This may be attributed, in part, to 
the complexity of the transformations 
that occur within the ferrite, as discussed 
later. In addition, since we are dealing 
with very small, thin grains of ferrite in a 
matrix of austenite, the properties of the 
austenite matrix can affect the measured 
properties of the ferrite. As the differ
ence in the hardness between the two 
phases increases, it becomes more diffi
cult to make accurate measurements of 
the ferrite hardness alone. This is evident 
by the larger scatter in the data collected 
with higher hardness numbers, shown in 
Table 1. However, the results of these 
hardness measurements clearly show 

Aging Time at 475°C (h) 

Hardness 

Measured hardness 

Average 
(an-i) standard deviation 

0 

4.02 
5.79 
4.10 
3.68 
4.40 

100 

7.36 
6.81 
6.49 

6.89 

500 

6.72 
7.09 
6.43 

6.93 

1318 

25.54 
19.49 

22.52 

4950 

21.87 
17.68 

19.78 

0.95 
Aged/initial hardness (H|/Ho) 
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Fig. 3 —Ratio of aged to as-welded hardness of ferrite as a function of aging time (aging 
temperature 475°C) 

that the MPM technique is suitable for 
measuring hardness of very small grains 
of a second phase, with a sensitivity 
sufficient to detect the early stages of 
decomposition. 

Microstructure 

The as-welded microstructure of Type 
308 stainless steel was duplex austenite 
plus ferrite, as shown in Fig. 4. The ferrite 
content in the microstructure was esti-

Fig. 4 —As-welded microstructure showing duplex austenite plus ferrite phases 
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Fig. 5 —A —Electron micrograph of the ferrite area scanned to produce the 
profile shown here; B — composition profile across ferrite, in the as-welded 
condition. The points marked with an X on the vertical axes represent the 
austenite composition far removed from the ferrite 
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mated to be about 10%. It is well known 
that the ferrite in the austenitic stainless 
steel weld is that which remains after the 
transformation of primary ferrite to aus
tenite during cooling. A typical solute 
profile across a ferrite island is shown in 
Fig. 5. The average chromium and nickel 
contents in the austenite of the weld, far 
removed from the ferrite, are 20.7 and 
10.2 wt-%, respectively. In the center of 
the ferrite islands, the average composi
tion of several islands is 29.1 wt-% Cr and 
4.3 wt-% Ni. The concentration within 
the ferrite is controlled by the extent to 
which the primary ferrite has been 
allowed to transform to austenite during 
cooling. During this transformation, the 
ferrite continuously decreases in size and 
extensive solute redistribution occurs 
within the ferrite, leading to an enrich
ment of chromium and a depletion of 
nickel. Limited solid-state diffusion during 
cooling does not permit the solute redis
tribution process to proceed to comple
tion, and therefore an enrichment of 
chromium on the ferrite side of the aus
tenite/ferrite interface occurs. Such a 
gradient was observed directly, as shown 
in Fig. 5. In a complementary fashion, 
nickel depletion is greatest at the inter
face, as observed. The amount of enrich
ment/depletion depends on the size of 
the ferrite, as well as the cooling rate 
after solidification, and is the subject of a 
separate study (Ref. 20). In addition to 

being enriched in chromium and de
pleted in nickel, the ferrite also contains 
approximately 2% Mn and minor 
amounts of silicon, sulfur and phospho
rus. 

Upon aging at 475°C for 5000 h, 
marked changes in the ferrite microstruc
ture were observed, as shown in Fig. 6. 
The most striking feature was the mottled 
nature of the residual ferrite, clearly dif
ferent from that of the as-welded ferrite 
shown in Fig. 5. The microstructure rep
resents the decomposition of ferrite into 
a fine mixture of an iron-rich (a) and a 
chromium-enriched (a') phase. The char
acteristic scale of the decomposed struc
ture is approximately 15 to 20 nm. Such 
decomposition of ferrite has been 
observed previously in aged Type CF8 
stainless steel (Ref. 21), although the scale 
of the phase mixture is considerably 
coarser in the present study. Atom-probe 
analysis of the decomposed ferrite in the 
aged CF8 steel indicated that the a and 
a' phases contained approximately 5 and 
35% Cr, respectively. Such a fine mixture 
of iron- and chromium-rich phases is very 
similar to the structures and transforma
tion products observed in Fe-Cr-X sys
tems that spinodally decompose (Ref. 
22). 

In addition to the fine-scale ferrite 
decomposition, other microstructural 
changes are evident in Fig. 6. Large chro
mium-enriched M23C6 precipitates 

formed along the austenite/ferrite inter
faces, adding to the limited number of 
M23Q carbides present initially —Fig. 5. 
Such precipitate formation is common in 
aged Type 308 stainless steels (Ref. 8). 
Another precipitate was identified within 
the ferrite as G phase. This is a face-
centered-cubic nickel silicide and was 
found to be rich in silicon, nickel and 
manganese. Larger G-phase precipitates 
were also found on occasion at the 
ferrite/austenite interface. G-phase pre
cipitation has also been found previously, 
both in aged 308 type stainless steels 
(Ref. 23) and in aged Type CF8 stainless 
steels (Ref. 21). In contrast to those earlier 
studies, the present investigation found 
that the G phase was enriched in manga
nese. Finally, occasional areas of an as yet 
unidentified phase were found at the 
ferrite/austenite interface. Although the 
crystal structure of this phase has not yet 
been determined, EDS analysis showed 
that it was very rich in iron (~88 wt-%), 
suggesting that it may be a coarser ver
sion of the iron-rich phase in the finely 
decomposed ferrite. 

During the aging, with the numerous 
microstructural changes within the ferrite 
phase, the ferrite number (total magnetic 
permeability measurement of the amount 
of ferrite) remained unchanged. This 
result implies that the amount of ferrite 
does not change with low-temperature 
aging. No obvious sign of ferrite dissolu-
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f/g. 6 — Electron micrograph of decomposed ferrite in a weld aged at 475 "C for 5000 h. The insert 
is a higher magnification view of the two-phase a and a' ferrite microstructure 

tion, common after higher-temperature 
aging (Ref. 8), was found. However, the 
dependence of ferrite number on the 
presence of a finely decomposed micro-
structure within the ferrite is unknown. 
Therefore, it is possible that the ferrite 
number is not sensitive to small changes 
in the amount of ferrite if these changes 
are also accompanied by changes within 
the ferrite itself. 

A correlation between a finely decom
posed structure and a large increase in 
strength is well documented. Such finely 
decomposed structures may lead to con
siderable increases in tensile strength 
such as is found in Cu-Ni-X alloys (Refs. 
24-26). It has also been shown that aging 
within a miscibility gap that yields a fine 
two-phase mixture results in very signifi
cant increases in hardness (Ref. 27). 
Therefore, it may be concluded that the 
ferrite decomposition into a and a' is the 
origin of the large increase in hardness. 
Of course, the fine G-phase precipitation 
may also contribute to the observed 
hardness increase. The hardness and 
microstructural results show that the 
MPM is very sensitive to the ferrite 

decomposition and is quite useful as a 
means of monitoring the ferrite stability. 
In future work, the ability of the MPM 
tester to detect decomposition will be 
utilized to evaluate the kinetics and the 
temperature range of the decomposition 
reaction. 

Conclusions 

An ultralow-load microindentation 
technique has been successfully used to 
identify and characterize the early stages 
of decomposition of stainless steel welds 
containing a duplex austenite plus ferrite 
microstructure. The transformation char
acteristics of ferrite in the weld have 
been found to be similar to those of 
binary Fe-Cr ferritic alloys. During aging, a 
significant increase in hardness of the 
ferrite has been observed. The increase 
in hardness has been associated with 
spinodal decomposition of ferrite to 
chromium-enriched « ' and iron-rich a. 
The two-phase microstructure has been 
identified in the ferrite after long-term 
aging using electron microscopy. In addi
tion, precipitation of G phase within the 

ferrite and M23C6 carbide at the y/fi 
interface has been observed. The 
mechanical properties microprobe has 
been shown to be a versatile and sensi
tive device for studying transformation 
behavior in weldments. 
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