
Crystallographic Characteristics of Delta-
Ferrite Transformations in a 304L Weld 

Metal at Elevated Temperatures 

Ferrite shape and sigma precipitation at high temperatures 
are related to crystallographic ferrite structures 
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ABSTRACT. Delta-ferrite transformations 
and their crystallographic characteristics 
in a Type 304L austenitic stainless steel 
weld metal at elevated temperatures 
were observed mainly by transmission 
electron microscopy. Two types of fer
rite morphologies, lacy and vermicular, 
coexist in the Type 304L steel weld metal. 
The lacy ferrite takes approximately the 
Kurdjumov-Sachs (K-S) relationship with 
austenite, but the vermicular one does 
not. Since the K-S relationship leads to a 
low-energy d/y boundary, the boundary 
coherency is higher in the lacy ferrite 
structure than in the vermicular one. 
These crystallographic characteristics are 
maintained in each ferrite structure dur
ing heat treatments. The two types of 
ferrite structures behaved quite different
ly in ferrite shape change and sigma 
precipitation on exposure to high tem
peratures. At 1073 K (1472°F), the ferrite 
shape tends to become rectangular and 
long-slender with a directionality in the 
lacy structure, while roundish in the ver
micular one. Sigma precipitation at 973 K 
(1292°F) starts much earlier in the vermic
ular ferrite structure than in the lacy one. 
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The larger the deviation angle of d/y 
from the K-S relationship, the easier is 
sigma precipitation. The large differences 
in transformation behavior between the 
two ferrite structures can be explained by 
d/y boundary coherency. 

Introduction 

The presence of delta ferrite in austen
itic stainless steel welds is known to avoid 
hot cracking during solidification (Refs. 1, 
2). When the welds are exposed to 
elevated temperatures during service or 
postweld heat treatment, the delta ferrite 
changes in content and shape (Refs. 3, 4), 
and transforms into austenite, sigma or 
other phases (Refs. 5-11). Since the 
chemical compositions affect the changes 
and transformations, many discussions of 
previous studies are concentrated on 
local distributions of alloying or impurity 
elements (Refs. 4-13). On the other 
hand, these phenomena associated with 
phase transformations can also depend 
on the crystallographic characteristics of 
the structures, especially of ferrite-aus-
tenite interfaces as nucleation sites, but 
there seems to be very little knowledge 
about them. 

Recently, it has been clarified that the 
ferrite morphology varies depending on 
the solidification mode (Refs. 14-21). The 
ferrite morphology is classified into sever
al types, such as lathy, lacy, vermicular, 
etc. (Refs. 4, 14, 15). Transmission elec
tron microscopic studies (Refs. 17, 18, 22, 
23) have revealed that a lathy or lacy 
ferrite takes approximately the Kurdju
mov-Sachs (K-S) orientation relationship 
(Ref. 24) with the austenite matrix, while a 
vermicular or eutectic ferrite does not. 

Such differences in crystallographic char
acteristics can affect subsequent phase 
transformations. In this study, the ferrite 
shape change and the sigma precipitation 
at elevated temperatures were investi
gated, from the viewpoint of crystallog
raphy, mainly by transmission electron 
microscopy (TEM) of a Type 304L weld 
metal, including several types of ferrite 
structures (Ref. 25). 

Experimental Procedure 

Table 1 shows the chemical composi
tion of the Type 304L stainless steel used 
in the present study. Stainless steel sheets 
of 150 X 45 X 10 mm (6 X 1.7 X 0.4 in.) 
in size, whose surfaces had been ground 
and cleaned to remove scale and dirt, 
were set in an atmosphere-controlled 
chamber (Ref. 23) under a traveling head 
of an automatic welding machine. The 
chamber was evacuated to a pressure of 
10 Pa and then filled with argon gas at 0.1 
MPa. The sheets were welded by the gas 
tungsten arc (GTA) process without filler 
metal in the chamber, eliminating the 
effects of gas absorption on the micro-
structure of the weld metal (Refs. 20, 23, 
26). The welding conditions are shown in 
Table 2. The welded sheets were heat 
treated at 923 ~ 1073 K (1202° ~ 
1472°F) for 0 ~ 1840 ks, and quenched 
in water. The specimens for observations 
and measurements were prepared from 
the heat-treated weld metals. The cross-
section perpendicular to the welding 
direction was polished with emery 
papers and electrolytically etched in a 
10% oxalic acid or a 10N KOH aqueous 
solution for optical microscope observa
tions. The ferrite content was measured 

Table 1—The Chemical Composition of the Type 304L Stainless Steel Used in this Study 
(wt-%) 

C 

0.025 

Si 

0.61 

Mn 

0.95 

P 

0.034 

S 

0.007 

Ni 

9.54 

Cr 

18.40 
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with a ferrite scope and a quantitative 
television microscope. Several slices 
about 1-mm (0.04-in.) thick were cut 
f rom each specimen parallel to the bead 
surface. The slices were electrolytically 
polished to about 0.3 mm (0.012 in.) in 
thickness, and disks 3 mm (0.12 in.) in 
diameter were cut from each slice by a 
spark machine. Thin-foil specimens were 
made from the disks by the jet-electro-
polishing technique in a 20% perchloric 
acid —80% acetic acid electrolytic solu
tion. Each thin-foil specimen was 
observed under several diffraction condi
tions with a JEM-200B electron micro
scope operating at 200 kV. Much care 
was taken for location-to-location corre
spondence among these observations 
and measurements (Ref. 25). The crystal
lographic orientations were determined 
by electron diffraction patterns (Kikuchi 
lines and spot patterns). Particles of pre
cipitate were identified by x-ray diffrac-
tometry of electrolytically extracted resi
due from heat-treated weld metals. 

Experimental Results 
and Discussions 

As-Welded Structure 

Figure 1 shows the as-welded optical 
microstructure of the Type 304L steel. 
Two types of ferrite morphologies, lacy 
and vermicular (Ref. 4), coexist in the 
weld metal. Except for ferrite and austen
ite, no other phases were detected by 
x-ray diffractometry. Though the ferrite 
content varies depending on the location 
in the weld metal (Refs. 23, 25), the 
average value is about 10% in the central 
region of the weld metal. The local ferrite 
content is approximately 8% (about FN 9) 
in the vermicular ferrite area and is 
approximately 11% (about FN 13) in the 
lacy ferrite area. David reported that 
vermicular and lacy ferrite showed FN 
9 — 1 2 and FN 13 ~ 15, respectively 
(Ref. 4). The weld metal obtained in the 
present study has a ferrite composition 
between vermicular and lacy, resulting in 
a mixed ferrite structure for them. The 
fraction of vermicular ferrite area is a little 
larger than that of the lacy one in the 
central area of this weld metal. 

Table 2—Welding Conditions 

Polarity 

Electrode 

Arc length 
Welding current 
Arc voltage 
Travel speed 

Welding atmosphere 

Electrode 
negative 

W-1.7%Th 
(6-mm 
diameter) 

10 mm 
300 A 
18 V 
10 cm/min (1.7 

mm/s) 
argon, 0.1 MPa 
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Fig. 1 - The optical 
microstructure in 
Type 304L weld 
metal 

Figure 2 shows an example of the TEM 
structure obtained from the lacy ferrite 
area in the as-welded specimen. The 
location-to-location correspondence be
tween optical and transmission electron 
microstructures was confirmed by etch
ing the thin foil which had been observed 
by TEM, i.e., after TEM observation, the 
thin-foil specimen was electrolytically 
etched in a 10% oxalic acid aqueous 
solution, and the thinner region near the 
jet-polished perforation of the foil was 
observed by optical microscopy (Ref. 25). 
In order to examine crystallographic char
acteristics, the misorientation at the fer
rite/austenite (5/7) boundary was calcu
lated in the following way (Ref. 23). The 
orientation relationship between the two 
neighboring phases is described by a 
rotation matrix (M) to transform orienta
tions of the austenite phase into those of 
the adjacent ferrite phase. The experi
mental rotation matrix (M) of the 8/y 

boundary misorientation in Fig. 2 is given 
by the Kikuchi lines. 

M = 

( 

0.2296 0.9729 
-0.6625-0.1354 
0.7130 0.1875 

-0.0277 
0.7368 
0.6756 ) 

Previous TEM studies (Refs. 18, 23) 
have shown that ferrite in structures 
resulting from single-phase ferritic solidifi
cation takes approximately the Kurdju
mov-Sachs (K-S) orientation relationship 
(Ref. 24) with austenite. The K-S relation 
can lead to low-energy boundaries 
between ferrite and austenite. To evalu
ate the deviation from the exact K-S 
relationship, the deviation angle A 0K-S 
was used according to the recent special 
grain boundary study (Refs. 27-31). The 
A 0K-S is defined as follows: the misorien
tation (M) of a h/y boundary can be 
written by Equation 2 

M = M D MK-S (2) 

Fig. 2—An example 
of the TEM structure 
obtained from the 
lacy ferrite area in 
the as-welded 
specimen. The 
Kikuchi line analyses 
of the electron 
diffraction patterns 
show that the 
incident electron 
beam direction is 
parallel to [1460 
1552 9770] S and 
[5603 3043 7704] 7 
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Fig. 3—An example 
of the TEM structure 

obtained from the 
vermicular ferrite 

area in the 
as-welded specimen. 

The beam is parallel 
to [803 990 9918] 6 

and [128 2971 
9548] y 

where MK-S and M D are the rotation 
matrices describing misorientation of the 
exact K-S relationship and deviation from 
the K-S relationship, respectively. The 
rotation angle of M D corresponds to the 
deviation angle A 0K-s. (Since K-S relation
ship can be expressed by 576 equivalent 
transformation matrices, the smallest A 
0K-S must be selected.) In the case of Fig. 
2, MK-S and M D can be written by 

MK-s = 

( 

- 1 1 -F2V6 - 2 + V & 
1 -2V6 - 1 2 + V§ 
2 + y t - 2 4-^6 4 ) 

(3) 

M D = 

0.9927-0.0335-0.1158 
0.0325 0.9995 -0.0102 
0.1161 0.0064 0.9932 

JVI| 

( ) 
(4) 

The A 0K-S is calculated from M D to be 
6.9 deg, which seems to be sufficiently 
small, and the orientation relationship 
between ferrite and austenite in Fig. 2 is 
near the K-S one. A K-S relationship 
makes a pair of parallel closed packed 
planes in ferrite and austenite. A major 
part of the 8/y boundary is seen 
to be nearly p_arallel to the pair of planes 
((110) 8 // (111) 7). Such a boundary 
probably has high coherency. 

Figure 3 shows an example of TEM 
structure obtained from the vermicular 
ferrite area in the as-welded specimen. 
Some branches of ferrite are elongated 
to <100> directions of ferrite, which are 
primary ferrite dendrite axes. The orien
tation relationship of the 8/y is deviated 
largely from the K-S one (A 0K-S = 20.7 
deg). This fact suggests that the 8/y 
boundary has low coherency. 

Time-Temperature-Transformation Diagram 

Figure 4 shows two examples of x-ray 
diffractometer results obtained from 
extracted heat-treated weld metals. Only 
M23C.6 peaks were detected after a heat 
treatment at 1073 K for 350 ks (Fig. 4A), 
while sigma and M23C6 peaks were 
detected after a heat treatment at 973 K 
for 1300 ks —Fig. 4B. Chi and R phases, 
which are often observed in heat-treated 
Type 316 stainless steel metals (Refs. 5, 6, 
8), were not detected in the heat-treated 
Type 304L stainless steel weld metals. 
Figure 5 shows the time-temperature-
transformation (TTT) diagram given by 
the x-ray diffractometer results, together 
with the beginning lines of M23C6 and 
sigma precipitation in ferrite. The nose 
temperature (about 1000 K/1340°F) of 
the C-curve of sigma precipitation in the 
weld metal is higher than that (about 900 
K/1160°F) of a solution-treated Type 304 
steel, including no ferrite (Ref. 32). Figure 
6 shows relations between the percent-
ferrite remaining and the holding time at 
973 K and 1073 K in the heat-treated 
weld metal. The percent-ferrite remain
ing is defined as the ratio of remaining 
ferrite content to the initial content 
in the as-welded structure (Ref. 9). As 
shown in Fig. 5, the delta-ferrite trans
forms to austenite and M23C6 at 
1073 K, and to austenite, M23C6 and 
sigma at 973 K. The ferrite transformation 
at 973 K is slower in the early stage, but 
faster after being held a long time over 
300 ks as compared to 1073 K. This 
fact may be attributed to sigma forma
tion at 973 K. 

Microstructure Changes at 1073 K 

In order to study shape instability of 
ferrite at high temperatures, the heat-
treated weld metals at 1073 K, accompa
nied by no sigma precipitation, were 
observed. Figure 7 shows optical micro-
structural changes at 1073 K in two typi
cal ferrite morphologies in the weld met
al, i.e., lacy and vermicular structures — 
Fig. 1. The series of optical microstructur-
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Fig. 4 — Examples of x-ray diffractometer results from extracted heat-treated weld metals. A-At 1073 K for 350 ks; B—at 973 K for 1300 ks 
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Fig. 7 — Optical microstructural changes at 1073 K in lacy and vermicular 
structures 

Fig. 9 —An example of the TEM structure obtained from the lacy ferrite 
area in weld metal heat treated at 1073 K for 350 ks 

Fig. 8 —An example of the TEM structure obtained from the lacy ferrite 
area in weld metal heat treated at 1073 K for 86 ks. The beam is parallel 
to [5390 2303 8102] 5 and [6258 1208 7706] y 
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Fig. 10 —An example 
of the TEM structure 

obtained from the 
vermicular ferrite 

area in weld metal 
heat treated at 1073 

K for 86 ks. The 
beam is parallel to 
[3392 667 9383] 5 

and [174 5021 
8646] y 

es were taken from almost the same 
locations in a specimen. In both struc
tures, the fraction of ferrite-phase dimin
ishes with the holding time and the ferrite 
networks are broken down. A long-time 
heat treatment changes the ferrite shape, 
depending on the initial ferrite structure. 
After 350 ks, the ferrite is long-slender 
with a directionality in the lacy structure, 
but is roundish in the vermicular one. The 
difference can be explained by their crys-

Fig. 11 —An example of the TEM structure 
obtained from the vermicular ferrite area in 
weld metal heat treated at 1073 K for 350 ks 

tallographic characteristics as discussed 
later. 

Figure 8 shows an example of the TEM 
structure obtained from the lacy ferrite 
area in the weld metal heat treated at 
1073 K for 86 ks. The ferrite shape is 
rather rectangular and faceted. The 8/y 
takes a near K-S relationship (A 0K-S = 8.7 
deg), and the long-straight part of the 
boundary is nearly garallel to the pair of 
planes ((011) 8 // (111) 7). Even after 350 
ks at 1073 K, these characteristics (taking 
a near K-S relationship and faceting) seem 
to remain in the lacy ferrite area, as in Fig. 
9 (A 0K-s = 6.4 deg). 

On the other hand, the vermicular 
ferrite is dissolved with necking at 1073 K, 
as shown in Fig. 10 (after 86 ks, A 
0K-s = 31.5 deg), and breaks down into 
small roundish parts as shown in Fig. 11 
(after 350 ks, A 0K-S = 29.2 deg). 

The difference in crystallographic char
acteristics between the two ferrite struc
tures may be related to whether the 
second phase nucleates in the liquid or 
solid phase. Nucleation in the solid phase 
may have a strong tendency to make a 
low energy boundary, such as the K-S 

relationship, while nucleation in the liquid 
may not. The lacy and vermicular ferrite 
structures probably result from the 
former and latter cases in the Type 304L 
steel weld, respectively. The difference in 
boundary energy affects ferrite shape 
changes in the two types of ferrite struc
tures, i.e., vermicular ferrite having high 
boundary energy becomes roundish to 
minimize the boundary plane, while lacy 
ferrite having low boundary energy 
becomes rectangular with some habit 
planes. The results of judgments by fer
rite shape, to be rectangular or roundish, 
suggest that the critical value of A 0K-S 
between lacy and vermicular is about 12 
deg in the present observations. 

Microstructure Changes at 973 K 

Figure 12 shows optical microstructural 
changes in the two typcial ferrite mor
phologies (lacy and vermicular) in the 
weld metal at 973 K. After 230 ks, sigma 
precipitation occurs in some of the ver
micular ferrite grains, but does not in the 
lacy ones. After 1840 ks, all of the vermic
ular ferrite grains are fully covered with 
sigma, while a lot of lacy ferrite grains still 
remain without sigma. The sigma precipi
tation is suggested to start much earlier in 
vermicular ferrite than in the lacy one. 
Optical observations showed that the 
holding time at 973 K for sigma precipita
tion to start was 115 ks in the vermicular 
ferrite and 460 ks in the lacy one. This 
fact may be related to their crystallo
graphic characteristics. (The optical 
observation already indicated a few sig
ma phases in vermicular ferrite grains 
slightly before the sigma start-line in the 
TTT diagram in Fig. 5. It may be because 
the amount of sigma was not enough for 
x-ray diffractometry to detect.) 

In the TEM structures of weld metal 
heat treated at 973 K for 350 ks, a lot of 
ferrite grains were sigma-free, but a few 
had partially transformed to sigma, as 
shown in Fig. 13. Since the orientation 
relationship of the 8/y deviated largely 
from the K-S one (A 0K-s = 34.2 deg), the 
ferrite may be vermicular. The sigma 
takes approximately the Nenno orienta
tion relationship (Refs. 33, 34) with the 
austenite, but no low-index orientation 
relationship with the ferrite. The Nenno 
relationship is written by 

(111) 7 / / (001) a, [101] 7 / / [110] tr (5) 

The Nenno orientation relationship is 
known to lead to a low-energy a/y 
boundary (Refs. 33-39). The orientation 
relationship between the sigma and aus
tenite in Fig. 13 is stereographically pro
jected in Fig. 14. The deviation angle 
from the Nenno relationship (A 0N) is 
given as 3.4 deg with a similar calculation 
in the case of the K-S one. In the weld 
metal heat treated at 973 K for 350 ks, 
some sigma grains were isolated in the 
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Fig. 14 — The stereographic projections of the sigma and the austenite in 
Fig. 13 

Fig. 15 —An example of the TEM structure obtained from the vermicular 
ferrite area in weld metal heat treated at 973 K for 670 ks. The beam is 
parallel to [111] S, [323] y and [001] a 
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Fig. 16—Atomic configurations of (111) S and (001) a planes, A and B respectively, in the relationship of Equation 6 

austenite matrix, and the others were 
observed only at the 8/y boundaries of 
vermicular ferrite grains (having large A 
0K-S) and tend to take the Nenno relation
ship with austenite. No sigma was 
observed at the 8/y boundaries of the 
lacy ferrite grains (having a small A 0K-S). 

In the weld metal heat treated at 973 K 
for 670 ks, several types of sigma precip
itations were observed in addition to 
the type shown in Fig. 13. Figure 15 
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Fig. 17 —An example of the TEM structure 
obtained from the lacy ferrite area in the weld 
metal heat treated at 973 K for 670 ks 

is an example of vermicular ferrite 
(A 0K-s = 29.8 deg) partially transformed 
to sigma. Though the relationship 
between the sigma and austenite devi
ates somewhat from the Nenno relation
ship (A 0N = 10.2 deg), the sigma takes 
the relationship with the ferrite of Equa
tion 6 below, as shown by the diffraction 
patterns in Fig. 15 (the deviation angle A 
06 from the relationship with Equation 6 is 
nearly 0 deg). 

(111) 5 // (001) <r, [110] 5 // [110] a (6) 

The relationship with Equation 6 is 
derived by replacing orientations of aus
tenite in the Nenno relationship with 
those of ferrite. Figure 16 shows atomic 
configurations of (111) 8 and (001) a 
planes in the relationship. Since the trian
gles a-b-c and e-f-g are quite similar to 
each other, the relationship may lead to a 
low-energy 8/y boundary. In the weld 
metal heat treated at 973 K for 670 ks, 
most of the ferrite grains partially trans
formed to sigma were vermicular, and all 
the sigma-free ferrite grains were lacy as 
shown in Fig. 17. Only a few lacy ferrite 
phases had transformed partially to sig
ma. Three examples of them are shown 
in Figs. 18-20. A lacy ferrite (A 0K.S = 8.7 
deg) partially transformed to a sigma is 
shown in Fig. 18. The sigma does not take 
the Nenno relationship with the austenite 
(A 0N = 33.3 deg), but takes approxi
mately the relationship of Equation 6 with 
the ferrite (A 6b = 7.4 deg). In Fig. 19, a 
lacy ferrite (A 0K-s = 4.2 deg) has two 
sigma grains whose crystallographic ori
entations are almost parallel to each oth
er. The sigma grains take approximately 
the Nenno relationship (A 0N = 0.9 deg). 
The electron diffraction analysis of Fig. 19 
reveals that the highest coherency 

between 5 and_7 occurs on the planes 
(101) 8 // (111) 7, while the highest 
coherency between y and a occurs on 
the planes (111) y // (001) a, i.e., the 
{111} 7 planes are not the same. This 
suggests sigma precipitation on the 
coherent planes is very difficult. Figure 20 
shows another example of lacy ferrite (A 
0K-S = 5.4 deg) having two sigma grains. 
Though crystallographic orientations of 
the two sigma grains are not parallel to 
each other, each of them takes approxi
mately the Nenno relationship with the 
austenite (A 0N = 0.9 deg in both cases), 
;.e.,_(111) 7 / / (001) <n //_ (001) <x2, [101] y 
/ / [1 l0 ] f f - i , [011]7 / / [110] tx 2 -

Figure 21 shows the effects of the 
deviation angle from the K-S relationship 
on sigma precipitation at 8/y boundaries 
in weld metals heat treated at 973 K for 
350 ks and 670 ks, together with the 
frequency of the Nenno and Equation 6 
relationships. The 8/y boundary coher
ency decreases by increasing the devia
tion angle from the K-S relationship. In the 
early stage of the heat treatment (350 ks), 
sigma precipitation tends to be concen
trated within the large deviation angle 
region. This fact suggests that the lower 
the 8/y boundary coherency, the easier 
is sigma precipitation. Since 8/y boundary 
coherency is high in lacy ferrite and low in 
the vermicular type, sigma precipitation 
may start earlier in vermicular ferrite. 
After heat treatment for 670 ks, such a 
tendency is weakened. This means that a 
heat treatment for a long time results in 
sigma precipitation even at highly coher
ent 8/y boundaries. In the weld metal 
heat treated for 670 ks, sigma-free ferrite 
grains and isolated sigma phases (not 
contacted with ferrite) were observed. 
All of the sigma-free ferrite grains are lacy 
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Fig. 18 —An example of the TEM structure obtained from the lacy ferrite 
area in weld metal heat treated at 973 K for 670 ks 

Fig. 19 —An example of the TEM structure obtained from the lacy ferrite 
area in weld metal heat treated at 973 K for 670 ks. The beam is parallel 
to [6172 1730 7676] S, [2081 4784 8531] y and [Til] <r 
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Fig. 21 — Effects of the deviation angle from the K-S relationship on the 
sigma precipitation at d/y boundaries in specimens heat treated at 973 K 
for 350 ks and 670 ks, together with the frequency of y/rr and S/rr 
relationships (Nenno and Equation 6 relationships) 

Fig. 20-An example of TEM structure from the lacy ferrite area in weld 
metal heat treated at 973 K for 670_ks. The beam is parallel to [5714 
1099 8133] 6, [4949 4279 7563] y, [130] tn and [131] er2 
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Fig. 22-An example of the TEM structure in weld metal heat treated at 
973 K for 1300 ks L 
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Fig. 23 — An example of the TEM structure in weld metal heat treatedat 
973 K for 1300 ks. The beam is parallel to [33 35 60] y,[011]tn and[212] 
<T2 

Fig. 24 —An example of the TEM structure in weld metal heat treated at 
973Kfor 1300ks. The beam is parallel to [111] y, [141] txv [141] tx2 and 
[130] a-3 

ones with a high coherency as shown in 
Fig. 17. Many of the isolated sigma phases 
may have resulted from the full transfor
mation of vermicular ferrite. These results 
are consistent with optical microstructural 
changes shown in Fig. 12, i.e., sigma 
precipitation is easier in vermicular ferrite 
than in the lacy one because of the 8/y 
boundary coherency. Figure 21 also 
shows that most of sigma grains take the 
Nenno relationship with austenite or the 
Equation 6 relationship with ferrite. 

In the weld metal heat treated at 973 K 
for a long time (1300 ks) ferrite phases 
were seldom observed, but small isolated 
sigma phases were often observed. 
Many of the sigma phases take approxi
mately the Nenno relationship with aus
tenite, but some of them do not. The 
sigma phases often include grain bound
aries, as shown in Figs. 22-24. Many of 
them are subboundaries (small angle 
boundaries), as seen in Fig. 22 (A 0N = 5.2 
deg). Such subboundaries in the sigma 

phase can be the result of full transforma
tion of ferrite (Fig. 19) and also can be 
introduced by the "ovulation processes" 
as suggested by Gill, et al. (Ref. 11). Figure 
23 shows a sigma phase containing a 
grain boundary. Each of the sigma grains 
takes a near Nenno relationship with 
austenite, i.e., (111) y //J001) ffl / / (001) 
o2, [110] 7 / / [110] cy [011] 7 / / [110] tr2. 
Since these orientation relationships are 
similar to the case of Fig. 20, the sigma 
transformation, as seen in Fig. 20, can 
lead to the sigma phase seen in Fig. 23. 
The sigma phase in Fig. 24 contains sub 
and grain boundaries, and each of the 
sigma grains does not take the Nenno 
relationship with austenite. 

Although M23C6 was detected by x-ray 
diffractometry (Fig. 4), the amount was 
small, due to low carbon content. TEM 
observations of specimens heat treated 
for more than 86 ks showed only a few 
M23Q grains at ferrite/austenite bound
aries, and many of these had no M23C6. 

Therefore, the effect of M23Q on sigma 
precipitation behavior may be very small 
in the present weld metal. Most of the 
M23Q grains were observed at bound
aries between vermicular ferrite and aus
tenite. This suggests M23Q may also be 
easy to precipitate at vermicular ferrite/ 
austenite boundaries with low coheren
cy. Each M23Q grain took a parallel 
orientation to the contacted austenite, 
similarly to cases of precipitation at 7 /7 
boundaries (Refs. 40-43). 

In the present study, a large difference 
in sigma precipitation between lacy and 
vermicular ferrite structures were ob
served. If the initial (as-welded) ferrite 
structure can be controlled by welding 
conditions, methods or techniques with
out compositional changes, such as the 
cooling rate which can influence the fer
rite composition between vermicular and 
lacy (Refs. 21, 44), it might be possible to 
retard the sigma precipitation to some 
extent at elevated temperatures. 
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Conclus ions 

Delta-ferr i te t ransformat ions and their 
crystal lographic characteristics in a Type 
304L austenitic stainless steel w e l d metal 
at e levated temperatures w e r e observed 
mainly by transmission e lect ron micros
copy . The results are as fo l lows: 

1) T w o types of ferr i te morpholog ies, 
lacy and vermicular, coexist in the Type 
304L steel w e l d metal . The lacy ferr i te 
takes approx imate ly the Kurd jumov-
Sachs (K-S) relationship w i t h austenite, 
but the vermicular one does not . Since 
the K-S relationship leads t o a low-energy 
8/y boundary , the boundary coherency 
is higher in the lacy ferr i te structure than 
in vermicular one . These crystal lographic 
characteristics are maintained in each fer
rite structure dur ing heat t reatments. 

2) The ferr i te t ransformat ion at 973 K 
is s lower in the early stage, but becomes 
faster after being held a long t ime over 
300 ks, w h e n compared to 1073 K. This 
may be at t r ibuted to sigma fo rmat ion at 
973 K. 

3) The heat t reatment at 1073 K 
changes the ferr i te shape, depend ing on 
the initial ferr i te structure. The ferr i te 
shape tends to b e c o m e rectangular and 
long-slender w i t h a directionali ty in the 
lacy structure, wh i le roundish in the ver
micular one. 

4) Sigma precip i tat ion at 973 K starts 
much earlier in the vermicular ferri te 
structure than in the lacy one . The larger 
the deviat ion angle of 8/y f r o m the K-S 
relationship, the easier is the sigma pre
cipi tat ion. The sigma phase takes several 
or ientat ion relationships w i t h austenite or 
ferr i te. 

5) The large dif ferences in t ransforma
t ion behavior b e t w e e n lacy and vermicu
lar ferr i te structures can be explained by 
the 8/y boundary coherency. 
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