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ABSTRACT. This study aims to reveal the
mechanism of fully austenitic microstruc-
ture formation and to establish criteria for
its identification. Laser spot welds and gas
tungsten arc (GTA) welds of alloy Types
310S and 304 were examined. In Type
310S laser beam welds, epitaxial growth of
fully austenitic microstructure took place
in <100>g of the HAZ grain and resulted
in just one new weld metal grain. Segrega-
tion profiles across the cells were flat.
Cracking occurred in the fusion zone. Sev-
eral ferrite morphologies were found in
the Type 304 GTA weld microstructure.
Various austenite <100>, different from
the cell or dendrite growth direction, ex-
isted along the dendrites. A shift from du-
plex to nearly fully austenitic crack-free
weld metal was observed in Type 304 laser
beam welds irradiated for 1 s to 1 ms. For-
mation of microstructure by d-g transfor-
mation following primary ferritic, but not
austenitic, solidification was observed.
The identification criteria for the forma-
tion mechanism are, first, various austen-
ite <100> existing along primary cell
growth direction and, second, presence of
many new weld-metal grains at the fusion
boundary formed seemingly epitaxially
from an individual partially melted grain
in Type 304 stainless steel.

Introduction

Five solidification modes have been
identified in austenitic stainless steel weld
metal under arc welding conditions:
austenitic (A), primary austenitic (AF),
eutectic (E), primary ferritic (FA), and
ferritic (F) (Refs. 1–4). The gradual in-
crease of the ratio Creq/Nieq results in a
shift of the solidification mode from AF to

FA (Refs. 1–3, 5). It may shift within the
same fusion zone (Refs. 6, 7). Primary fer-
ritic solidification is required in order to
reduce hot cracking, providing a higher
solubility of S and P, thus reducing segre-
gation of these impurities (Refs. 8–16).
Solid-state d-g transformation results in a
duplex microstructure containing a low
volume fraction of retained ferrite (Refs.
1–6, 16–20).

It has been recognized that the welding
speed rather than the cooling rate affects
the solidification mode, favoring the
austenite as a first solidifying phase (Ref.
16). The cooling rates encountered in arc
welding are on the order of 10–103 °C/s
(Refs. 6, 16). In contrast, cooling rates in
the range of 104–6.107 °C/s have been ob-
tained under electron beam and laser
beam welding (Refs. 5, 22–26), capacitor
discharge welding (Ref. 27) and weld pool
quenching (Refs. 7, 22, 28–30) of stainless
steel alloys. Under such welding condi-
tions, rapid solidification (RS) takes place
in the weld metal (Ref. 31). The formation
of high temperature and equilibrium
phases can be suppressed by means of a
significant undercooling, leading to a vari-
ety of new structures including metastable
nonequilibrium phases (Refs. 22, 31). It is
presumed that an abrupt change in the
laser beam weld microstructure of Types
304, 308, 316, and 347 stainless steels must
be due to a transition in the solidification
mode from primary ferritic to primary
austenitic under RS (Ref. 7). However, ev-

idence for this transition is not indis-
putable. For example, the ferrite appear-
ance in an austenite matrix of a 63 mm/s
Type 308 laser beam weld could be due not
only to AF solidification mode as stated in
Ref. 22 but also to E or even FA mode as
well. Instead, based on the dislocation
density detected in the weld metal mi-
crostructures of alloy Types 308 and 316, it
is supposed that possible recrystallization
occurs during cooling, subsequent to so-
lidification (Ref. 7). Further, fully
austenitic microstructure of a Type 304
laser beam weld has been obtained in Ref.
23 as compared to that of a Type 310S
weld; however, there is a lack of evidence
for a transition in the solidification mode.
A shift in the solidification mode of stain-
less steel Type 304L as well as of experi-
mental stainless steels has been identified
when using electron beam (Refs. 25, 32),
laser beam (Ref. 32), and capacitor dis-
charge welding (Ref. 27). A mixed mode
of solidification of primary ferrite and
austenite has been observed in the fusion
zone of Type 308 alloy under capacitor dis-
charge welding. It has been confirmed that
the critical cooling rate required for a shift
in the solidification mode is composition
dependent and increases with increasing
Creq/Nieq ratio of the alloy (Refs. 5, 7, 23,
26, 27). The shift in the solidification
mode is attributed to a dendrite tip un-
dercooling (Refs. 7, 22–24, 32, 33). If the
barrier to nucleation of austenite can be
eliminated then the solidification to
metastable austenite can occur at the low
solidification rates encountered under
GTA welding. Thus, the substrate phase
around the melt exerts a great influence
on phase selection during RS (Refs. 26, 30,
33, 34). Recent results of laser remelting
experiments have confirmed that the fer-
rite-to-austenite transition shows no nu-
cleation barrier due to subsequent peri-
tectic d-g transformation and is controlled
by dendrite-growth kinetics. The austen-
ite-to-ferrite transition occurs at lower Ni
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contents than the inverse transition and is
controlled by nucleation of ferrite along
the growing austenite dendrite front. It is
reported that continuity of crystalo-
graphic orientation is observed across the
d-g and g-d transition fronts and the
growth of the peritectic austenite favors
the same orientation as ferrite despite the
difference in crystal structure. However,
confidence index values of the electron
backscattered diffraction patterns used, as
well as data for orientation relationships
supporting this observation, are not pro-
vided (Ref. 35). It is indicated that high
cooling rates due to RS make microstruc-
ture prediction of rapidly cooled weld
metal using conventional constitutional
diagrams (Refs. 7, 23–26) impossible. Cor-
rections of the phase diagrams have been
proposed (Refs. 7, 23, 24). Solidification
microstructure selection maps have been
calculated in order to predict microstruc-
ture morphology and phase formation ac-
cording to the composition and the growth
velocities (Refs. 36, 37).

Previous studies on RS under electron
beam and laser beam welding found hot
cracks in the fully austenitic weld metal of
alloy Types 304L, 316, and 347 solidifying
normally as primary ferritic (Refs. 23, 25).
On the other hand, no cracking has been
detected in the 304, 308, and 316 alloy
welds prepared under the same condi-
tions, i.e., the fully austenitic microstruc-
ture does not necessarily have to be prone
to hot cracking (Refs. 7, 22, 23, 27). Rapid

solidification offers less susceptibility to
hot cracking due to the advantage of
greatly reduced segregation (Refs. 22, 32).
Since cells are reported to be distinguish-
able in the microstructure (Refs. 5, 16, 27,
30, 32), solidification has not been parti-
tionless. Thus, it is likely that one of the
reasons preventing hot cracking in the
weld metal could be attributed to a pri-
mary ferritic solidification and also that
some of the fully austenitic weld mi-
crostructures observed are products of a
postsolidification d-g transformation.
Summarizing the results of earlier studies,
it is obvious the solidification behavior of
stainless steel welds under RS is still con-
troversial. Therefore, the objective of this
investigation was, first, to better under-
stand the mechanism of microstructure
formation in Type 304 weld metal under
pulsed laser spot welding and, second, to
work out a criterion for identification of
the formation mechanism. 

Experimental Procedure

The chemical composition and the re-
lated Creq and Nieq of the two commer-
cial-type stainless steel alloys 310S and
304 used in this investigation are listed in
Table 1. Figure 1 presents a schematic
representation of vertical sections of the
Fe-Cr-Ni diagram showing superimposed
compositions of these alloys. Type 310S
alloy solidifies as primary austenite under
equilibrium conditions, exhibiting a fully

austenitic microstructure at room tem-
perature. According to the Schaeffler di-
agram, the microstructure of the 310S
alloy arc welds is also fully austenitic. Type
304 alloy solidifies as primary ferrite and
transforms to austenite in solid state on
cooling under equilibrium conditions.
The transformation d-g is completed
below approximately 1100°C and the mi-
crostructure becomes fully austenitic at
room temperature. The location of Type
304 arc welds in the Schaeffler diagram is
shown in Fig. 2 (Ref. 19). Type 304 welds
have duplex austenite-plus-ferrite mi-
crostructure with about 5% retained fer-
rite. Plates of Type 310S and 304 alloys
with a thickness of 5 mm as well as cast or
rolled sheets of the same 304 alloy, 40 mm
thick, were homogenized at 1050°C for
100 h prior to welding in order to provoke
the occurrence of grain growth. This fa-
cilitates the observation of the mi-
crostructural relationship between the
base and weld metals. Samples sized at 20
· 20 · 5 mm of both alloys cut from the
plates were mechanically and chemically
cleansed using #400 emery paper and
acetone, respectively. 

Table 1 — Chemical Composition, wt-%

Material C Si Mn P S Cr Ni Creq Nieq

310S 0.07 0.61 1.69 0.017 0.002 25.02 19.16 25.94 22.11
304 0.07 0.45 0.82 0.025 0.005 18.16 8.63 18.84 11.14

Creq= %Cr + %Mo + 1.5 · %Si + 0.5 · %Nb
Nieq= %Ni + 30 · %C + 0.5 · %Mn

Fig. 1 — Schematic of vertical sections of the Fe-
Cr-Ni diagram indicating the location of Types
304 and 310S stainless steel alloys.

Fig. 2 — Location of Types 304 and 310S stain-
less steel weld metal in the Schaeffler diagram.

Fig. 3 — Microstructure of a 310S laser spot weld
irradiated for 1000 ms at a defocused distance of
10 mm. A — General view in a vertical section;
B — bottom of the fusion zone.
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A pulsed NEC Nd-YAG laser deliver-
ing 3.2-kW peak power in a pulse wave
mode was applied on the sample surface
under the conditions displayed in Table 2.
The spot welding was performed in Ar
shielding gas by 100- or 150-mm focal
length lens under defocused distance vary-
ing in the range from 10 to 25 mm and laser
pulse energy from 1.2 to 1200 J/pulse.
Pulse duration varied from 10 ms to 1 s. A
Miyachitechnos Co. Nd-YAG laser of 5-
kW peak power was also used for welding
with a pulse duration from 1 to 20 ms under
20-mm defocused distance in Ar. A 304
sheet sized at 150 · 75 · 40 mm was sub-
jected to autogeneous gas tungsten arc
(GTA) welding under the conditions
shown in Table 3. The arc length was about
2 mm and a W-Th electrode was used.

The weld spots were transversely 
sectioned and metallographically polished
through 0.1-µm alumina and subsequently
etched with either a
HNO3:H2O:HCl=1:2:3 or a 40-g FeCl3, 
3-g CuCl2, 40-mL HCl, and 500-mL H2O
solution. Microstructural features were
studied by means of optical microscopy.
SEM and TEM equipped with an EDS de-
tector were used to obtain compositional
profiles from pertinent regions of the weld
microstructure. TEM foils were machined
from the top layer of the weld containing
the remelted metal. They were treated
with a dual jet polishing apparatus and so-
lution of 60% perchloric acid and 99%
acetic acid at temperature 13°C, voltage
70 V, and direct current 0.13 A within a
time range from 2 to 10 s. 

Orientation imaging microscopy
(OIM) was applied in order to examine
the relationship between morphology and
crystal orientation in the weld microstruc-
ture (Refs. 38–40). Measurements were

based on an electron backscattering dif-
fraction pattern (EBSP) consisting of sets
of Kikuchi lines, which represent planes in
the diffracting volume. The distance be-
tween lines is a function of the interplanar
spacing. The lattice orientation can be de-
tected from the geometrical orientation of
the lines (Ref. 40). For this purpose, the
SEM was equipped with an EBSP ana-
lyzer that was also used for phase identifi-
cation. Ferrite and austenite were identi-
fied by a “confidence index” (not less than
0.6) of indexed EBSP. The SEM electron
beam is at an angle of 70 deg to the direc-
tion of the sample normal. Measurements
took place after the projection RD of the
SEM electron beam on the sample plane
was aligned with the apparent growth di-
rection of clearly outlined dendrites or
cells. Then RD points to the upper appar-
ent direction of crystal growth. Statisti-
cally it has been found under such condi-
tions the RD can deviate less than 5 deg
from the real growth direction (Ref. 41).
This can be used as estimate of error,
which is considered to be not significant
for the results obtained in this study. Sin-
gle orientation measurements were car-
ried out in tens of points along dendrites
covering the whole grain area. For sim-
plicity, only representative points are
shown superimposed on the micrographs. 

Results

Microstructure of Type 310S Laser 
Spot Welds

Figure 3 represents a fully austenitic
microstructure of a pulse laser beam weld
irradiated for 1 s. Epitaxial growth took
place at the fusion boundary. It started
with a planar solidification front that

propagated into the weld before it broke
down into cells. Cellular dendrites with
primary and secondary dendrite arms are
discernable in the bulk of the fusion zone.
No ferrite was found in the intercellular or
in the interdendritic regions, suggesting
the austenitic solidification mode of this
microstructure. Impurity segregation
combined with a high weld restraint often
results in hot cracking, as visible in Fig. 3B.
Similar microstructure features were also
revealed under 100- and 10-ms laser irra-
diation, as shown in Figs. 4 and
5. Reduction of the heat input caused di-
minishing and flattening of the weld pool,
resulting in very fine cells due to RS.

Segregation profiles of cellular and in-
tercellular regions of a weld irradiated for
10 ms are presented in Fig. 6. In general the
profiles of Cr, Ni, and Fe are rather flat
across the cell. Intercellular regions are
slightly depleted in Fe and enriched in Cr,
whereas Ni segregation profile was unclear.
These profiles confirm the austenitic solid-
ification mode influenced by RS. Similar
observations are reported elsewhere. It is
well established that initial solidification
starts with an epitaxial growth that is fol-
lowed by competitive grain growth in the
melt (Refs. 38, 39). Single-phase austenite
solidification of Type 310S alloy results in a
fully austenitic, crack-sensitive microstruc-
ture obtainable under different quenching
methods from the melt during GTA welding

Table 2 —Laser Welding Conditions, Cell Spacing, and Cooling Rate of the Weld Metal

Pulse Duration, ms
Trial No. Material Pulse Energy Defocused Distance, mm Cell Spacing Estimated Cooling

J 10 15 20 25 mm Rate, °C/s

1 310S 1200 1000 3.3–6.3 2.104–4.103

2 120 100 2–4 105–104

3 12 10 1.6–1.7 2.105

4 24 20 1.8–2.4 1.5.105–6.104

5 12 10 1.4–1.7 4.105–2.105

6 6 5 — —

7 304 1200 1000 3.5 4.104–6.103

8 120 100 1.4–3 3.105–4.104

9 12 10 0.9–2 5.106–6.105

10 24 20 1.3–2.3 5.105–6.104

11 12 10 1.2–1.3 7.105–5.105

12 6 5 0.9–1.1 1.5.106–9.105

13 1.2 1 — —
14 12 10 — —
15 6 5 — —

Shielding gas: Ar with flow rate 15 L/min.

Table 3 — GTA Welding Conditions

Voltage, V 12
Current, A 120
Welding speed, mm/s 3
Shielding gas Ar
W-electrode diameter, mm 3



(Refs. 28, 33), laser beam welding (Refs. 7,
23, 24, 32), electron beam welding (Refs. 26,
32, 34), and splat quenching (Ref. 22). Very
low degree of segregation has been mea-
sured in high-energy-density welds (Refs.
22, 32).

It is well known that an approximate re-
lationship exists between dendrite arm
spacing and the cooling rate (Refs. 23, 43)
and the latter is not constant for a given
weld. The measured cell spacing was in the
range from 1.7 to 6.3 mm, as displayed in
Table 2. It was found to correspond to a
cooling rate on the order of 4.103 to 4.105

°C/s. Cooling rates of Type 310S alloy
welds on the same order of 1.9.103 to
4.4.105 °C/s in electron beam welding as
well as higher cooling rates from 5.104 to
5.105 °C/s in laser spot welding have been
reported (Refs. 23, 26). 

Crystallographic Orientation of Type 310S
Laser Spot Welds

The region framed in Fig. 4B of the 10-
ms spot weld was investigated using OIM.
Numbers 1 to 4 superimposed on the mi-
crograph designate representative por-
tions of two couples of neighboring grains
where single orientation measurements
were carried out. Figure 4C and D shows
the EBSP results confirming the austenitic
microstructure of grain couple g(1, 2), as
well as corresponding (100) pole figures.
Both the EBSP and the austenite <100>g
in the pole figure are identical for portions
1 and 2, confirming the epitaxial growth
from the heat-affected zone (HAZ). Also,
<100>g-1-21 is aligned in the apparent cell
growth direction and is invariant along
weld metal cells as well as over the entire
partially melted grain. In addition, the epi-
taxial growth from the partially melted
grain results in just one weld metal grain as
visible in Fig. 4A and B. Similar results
were obtained for the other grain couple
g(3, 4). In this case <100>g-3-4 in the cor-
responding pole figure is not parallel to
RD, which is aligned with the cell growth
direction of grain couple g(1, 2). 

Further results also confirmed that
grain growth was epitaxial, and the
<100>g of the base grain was kept invari-
ant along apparent cell growth direction
throughout the new grain regardless of the
direction of the temperature gradient.
This is evident in Fig. 5C and D, where the
fully austenitic microstructure of the re-
gion framed in Fig. 5B was confirmed by
the EBSPs. The grain orientation is pre-
sented by both a grain color map and (100)
pole figures. The <100>g of the green and
the blue grain are nearly identical or close
to the cell growth direction, respectively,
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Fig. 4 — Microstructure orientation relationship of a 310S laser spot weld irradiated for 10 ms at a de-
focused distance of 10 mm. A — Vertical section; B — region examined using OIM: 1, 3 — partially
melted grains; 2, 4 — weld metal grains; C — EBSP (for austenite hkl legend, see Fig. 8D); D — pole
figures of corresponding grains.
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D

Fig. 5 — Microstructure orientation relationship of a 310S laser spot weld irradiated for 10 ms at a de-
focused distance of 15 mm. A — Vertical section; B — region examined using OIM; C — grain color
map of the region framed in B; D — combined austenite pole figure.

1. To be read <100>g in point 1 to 2.



that is presumed to be close to the direc-
tion of the temperature gradient. In con-
trast, the orientation <100>g of the pink
grain is far from the cell growth direction.
Nevertheless, the pink grain <100>g does
not change along cells from the fusion
boundary to the weld pool surface, form-
ing just one columnar grain. The white
spots in the color map are due to some sur-
face defects in the sample. 

In addition, grain boundaries can be
distinguished by applying a chemical
etchant that attacks grain boundaries
preferentially. Some etchants may also at-
tack grains of different orientation at dif-
ferent rates, creating topological contrast
depending on lattice orientation. Gener-
ally, it is the crystallographic orientation
that reveals the morphology (Ref. 38).
From the micrographs in Figs. 4A and 5A,
it can be seen that the weld metal grains
differ significantly, contrasting with each
other, and that the contrast is kept con-
stant over the entire grain, thus confirm-
ing constant crystallographic orientation
of each single grain. 

Microstructure of Type 304 GTA Welds

The weld microstructure revealed pre-
dominantly vermicular and lacy ferrite as
well as acicular ferrite in an austenitic ma-
trix, as seen in Fig. 7A. These ferrite mor-
phologies were attributed to a preferential
FA solidification accompanied by F solid-
ification, presumably due to a local en-
richment in the weld pool followed by d-g
transformation in solid state (Refs. 1, 6,
16). The ferrite morphologies could also
be due to local fluctuations of growth rates
near fusion boundaries. In the case of a
very slow solidification, microstructure
due to type F solidification is likely to be
observed, while type FA solidification oc-
curs at slightly faster growth rates. The
grain substructure consists of coarse den-
drites with primary arm spacing of ap-
proximately 16 mm developed under an
estimated cooling rate of 115°C/s. A sig-
nificant degree of Cr and Ni segregation
was revealed across dendrites (Ref. 47).

Crystallographic Orientation of Type 304
GTA Welds

A microstructure orientation relation-
ship of the area framed in Fig. 7A is dis-
played in Fig. 7B and C. Representative
points 1 to 4 are superimposed on the
SEM micrograph. Points 1, 3, and 4 are in-
dicative of austenite while point 2 indi-
cates retained ferrite. Heat-affected zone
austenite <100>g-1 is not parallel to the
dendrite growth direction RD, whereas
ferrite <100>d-2 is along it. A Kurdumov-
Sachs (K-S) orientation relationship
{111}g || {110}d and <110>g || <111>d
(Ref. 46) was established between base

metal austenite g(1) and weld metal ferrite
d(2), confirming epitaxial growth of pri-
mary ferritic dendrites during solidifica-
tion. <100>g-3 and <100>g-4 in the weld
metal were different and were found to
deviate not only from the dendrite growth
direction RD but also from <100>g-1 as
well. Moreover, various <100>g were ob-
served between points 3 and 4 as well as
beyond point 4 along the dendrite, which
are not displayed in Fig. 7C. 

Microstructure of Type 304 Laser 
Spot Welds

The microstructure of a weld produced
by 1000-ms laser irradiation is shown in
Fig. 8A. Darker and lighter etching

patches reveal duplex cellular microstruc-
ture. Varying ferrite volumes and mor-
phologies, such as vermicular, lacy, acicu-
lar, and globular ferrite, were observed in
the fusion zone. They are related to FA or
F solidification and subsequent incom-
plete d-g transformation (Refs. 6, 7, 15, 16,
23, 24). When laser irradiation was re-
duced to 100, 10, 5, and 1 ms, the decrease
in the amount of ferrite was accompanied
by a transition to a nearly fully austenitic
microstructure as visible in the micro-
graphs in Figs. 9–12. These microstruc-
tures are likely to be due to a mixed solid-
ification mode of FA plus AF, or A plus
FA, or even E as noted in previous works
(Refs. 7, 23, 24). Segregation profiles were
taken across laser beam weld cells irradi-
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Fig. 6 — TEM EDS segregation profiles in Type 310S laser spot weld irradiated for 10 ms at a defocused
distance of 10 mm. A — Cr and Ni profile; B — Fe profile.

Fig. 7 — Microstructure orientation relationship of a 304 GTA weld. A — Microstructure at the weld
interface; B — SEM micrograph: 1 to 4, locations examined using OIM; 1, 3, and 4, austenite; 2, fer-
rite; C — pole figures of corresponding points.

A

A

B

B

C



ated for 10 and 5 ms; however, the findings
were unclear and need further research.
The reduction of laser irradiation from
1000 to 5 ms resulted in an extremely low
cell spacing, decreasing from 5 to 0.9 mm,
due to an estimated cooling rate increase
from 6.103 °C/s to 5.106 °C/s according to
Table 2. These values are consistent with
the cooling rates reported earlier (Refs. 7,
23, 27). 

It can be seen in the microstructures
shown in Figs. 9A–12A that the number of
new austenite grains at the fusion bound-
ary increased as compared to that of the
partially melted grains. This phenomenon
was also noted in other 304 laser beam

welds performed under various welding
conditions but not presented here. In con-
trast, just one new grain was found to grow
epitaxially from each partially melted
grain in any of the 310S laser beam weld
metals as seen in Figs. 3–5. Further, al-
though a dramatic reduction in the
amount of ferrite was found in the 304
weld metals, no cracking was established
in the duplex structures or in the fully
austenitic regions of the fusion zone. Since
hot cracking is composition and weld-
restraint dependent (Ref. 13), it is obvious
from this finding that a fully austenitic mi-
crostructure does not necessarily have to
be prone to cracking, which is in agree-

ment with the results reported in Ref. 7.
However, this finding is in contrast to
those of other studies on 304 laser beam
and electron beam welds where hot cracks
have been observed (Refs. 23, 25).

Crystallographic Orientation of Type 304
Laser Spot Welds

An optical micrograph of a region ex-
amined using OIM is shown in Fig. 8B.
Points 1 to 5 are superimposed on a se-
lected elongated cell along the cell growth
direction. The EBSPs in Fig. 8C, taken in
points 1, 1’, and 1”, were identical. With
the help of the ferrite or austenite hkl leg-
ends displayed in Fig. 8D, the above
EBSPs revealed d-ferrite, while those
taken in points 2 to 5 indicated austenite
phases. According to the pole figures in
Fig. 8E, ferrite <100>d is parallel to the
cell growth direction. Various <100>g-2-
5 exist along the cell and most of them are
not aligned in the direction of the elon-
gated cell growth. K-S orientation rela-
tionships hold between the ferrite d(1, 1’,
1’’) and the austenite phases g(2) to g(5)
as shown by means of the circled reflec-
tors. For clarity, the corresponding
<110>d reflectors are not circled. Also,
the Bain orientation relationship <100>g
|| <110>d (Ref. 46) is established be-
tween ferrite d(1, 1’, 1’’) and austenite
g(3), as indicated by the corresponding
underlined reflectors. 

After reduction of laser irradiation
from 100 to 1 ms, the weld microstructures
were confirmed by EBSPs, not shown
here, as being nearly fully austenitic. An
SEM micrograph of a region in Fig. 9A of
a 10-ms irradiated weld is shown in Fig.
9B. No ferrite was found present even
after very slight etching in order to reveal
the microstructure. Because the weld
metal is fully austenitic, there is no means
to determine orientation relationship be-
tween the ferrite and austenite. However,
in Fig. 9C, HAZ grain austenite <100>g-
1 and weld metal austenite <100>g-2-3
were found to deviate from the cell growth
direction, whereas <100>g-4 was nearly
parallel to it. A microstructure orientation
relationship established for a laser beam
weld irradiated for 10 ms at a defocused
distance of 20 mm is presented in Fig. 10.
A short epitaxial austenite growth, as evi-
denced by the nearly identical HAZ
<100>g-1 and weld metal <100>g-2, took
place near the fusion boundary in a direc-
tion different from that of the elongated
cell. Further growth of austenite, however,
was found to be close to the cell growth di-
rection according to the pole figure
<100>g-3, as well as <100>g-4. Figure 11
demonstrates a spot weld irradiated for 20
ms at a defocused distance of 20 mm. The
microstructure was nearly fully austenitic.
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Fig. 8 — Microstructure orientation relationship of a 304 laser spot weld irradiated for 1000 ms at a de-
focused distance of 10 mm: A — vertical section; B — region examined using OIM; C — EBSPs of fer-
rite and austenite at corresponding points; D — ferrite and austenite hkl legend; E — pole figures taken
at corresponding points.
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Figure 11B and C reveals cellular den-
drites growing in different directions in the
new red austenite grain g(3). Also, austen-
ite orientations of the HAZ grains g(1, 2)
and the new grain g(3) were not identical.
These findings were not observed in type
310S weld metal, where cell growth oc-
curred in <100>g, which is identical for
both the substrate austenite and the new
grain austenite. 

An increasing number of new grains, as
compared to that of the HAZ grains, is es-
tablished at the fusion boundary in Fig.
11C. Figure 11D presents a color map of
the region “d” framed in Fig. 11A. Two
partially melted grains and many new
austenite grains in the fusion zone, grow-
ing seemingly epitaxially, were identified
within the total number of 75 grains. Most
of the new grains have <100>g different
from that of the HAZ grains. Figure 12
shows a microstructure orientation rela-
tionship of a laser beam weld irradiated for
5 ms at a defocused distance of 20 mm. In
Fig. 12C, the fusion boundary separates a
green-colored, partially melted grain from
several differently colored new grains with
a total number of 10. The new grains seem
to grow epitaxially from the green grain.
However, it is evident from the pole figure
in Fig. 12D that <100>g of the HAZ grain
differs from those of the new grains. Also,
any given <100>g is not parallel to the
RD, which is aligned with the clearly out-
lined cells shown in Fig. 12B. 

Discussion

Except for some boundary migration
after solidification is completed, Type 310S
alloy experiences no transformation on
cooling (Refs. 1, 2, 4, 7, 22–24, 26). There-
fore, the origin of this microstructure is
easy to understand. On the other hand, RS
of Type 304 alloy under laser beam weld-
ing might create some difficulties in un-
derstanding the mechanism of weld mi-
crostructure formation. The results of this
study are easy to explain by considering the
following: 1) direction of the temperature
gradient, 2) apparent direction of primary
cell or dendrite growth, 3) easy-growth di-
rection <100>d of ferrite, 4) easy-growth
direction <100>g of austenite, 5) upper
direction RD (of SEM beam projection on
the sample plane), which is aligned in the
apparent direction of cell or dendrite
growth.

Austenite <100> Variation in Dendrite or
Cell Growth Direction

A common feature of both 304 GTA
and laser beam weld microstructures is the
presence of numerous <100>g along elon-
gated dendrites or cells. It is obvious that
the GTA weld shown in Fig. 7 undergoes a

A

A B

B

Fig. 9 — Microstructure orientation relationship of a 304 laser spot weld irradiated for 10 ms at a defo-
cused distance of 100 mm: A — vertical section; B — SEM microstructure of a region examined using
OIM; C — pole figures taken at corresponding points.

C

Fig. 10 — Microstructure orientation relationship of a 304 laser spot weld irradiated for 10 ms at a defo-
cused distance of 20 mm: A — vertical section; B — optical micrograph of a region examined using OIM;
C — pole figures taken at corresponding points.

C



solid-state d-g transformation following
FA and F solidification mode. Eutectic
austenite with <100>g in the dendrite
growth direction or peritectic austenite
with <100>g different from the dendrite
growth direction might form in the last liq-
uid to solidify, if the solidification is of FA
mode (Refs. 29, 30). Provided the melt so-

lidifies in F mode, austenite nucleates in
the interdendritic regions, holding a K-S
orientation relationship with ferrite. Thus,
based on their origin, there are various
austenite phases that might play a signifi-
cant role during d-g transformation. The
most favorably oriented austenite phase,
whose <100>g is closest to the temporal

direction of the temperature gradient,
propagates into the ferrite, accomplishing
the transformation. 

It was found in Fig. 7C that normally
the <100>d of ferrite is aligned in the pri-
mary dendrite growth direction. If base
metal <100>g-1 varies widely from it, an
epitaxial growth from the base metal dur-
ing d-g transformation becomes ex-
tremely difficult. Above growth might be
suppressed, as in the case of Figs. 7C and
9C, or it might be obstructed and stopped
within a very short distance across the fu-
sion boundary, as found in Fig. 10C, Fig.
12C, and in a previous work (Ref. 47). In-
stead, at that instant, a more favorably ori-
ented weld metal austenite becomes more
active, performing the transformation. As
a result, weld metal austenite <100>g
varies along dendrites beyond the epitax-
ial growth range. The variations in
<100>g are inherent for the d-g transfor-
mation because of the great number of
habit planes (24), which could be selected
by the austenite in order to favor its
growth direction and, hence, to ease its
growth depending on the direction of the
temperature gradient. Conversely, when
base metal <100>g is close to the dendrite
growth direction, an epitaxial austenite
growth takes place from the HAZ across
the fusion boundary within a significant
range along the primary ferritic dendrite.
This growth becomes interrupted when a
critical change of the temperature gradi-
ent direction occurs. This is not observed
in Type 310S welds where, after solidifica-
tion of A mode, <100>g coincides with
both the <100> of the substrate austenite
and the cell growth direction.

Origin of the New Weld-Metal Grains

The origin of the new grains could be
interpreted considering the mechanism of
d-g solid-state transformation. Under the
cooling rates encountered in arc welding,
d-g transformation is diffusion-controlled
(Refs. 7, 13–16, 22, 25, 28, 32, 33). Rapid
cooling from the molten state is reported
to provide a massive transformation (Refs.
28–32, 53, 54), although its features appear
to be still controversial (Refs. 29, 32,
55–59). The existing cells of the 304 laser
beam weld metal observed in this study
suggest that partitioning under laser beam
welding conditions is not fully suppressed
and provide an evidence for some degree
of diffusion. Thus, the transformation is
due to an advancing d-g interface into the
ferrite phase. Since the direction of the
temperature gradient changes during
welding, the advancing austenite phases
tend to orient their easy growth direction
<100>g toward the direction of the tem-
perature gradient. It is well known that
normally there is a deviation between
these two directions, which is time and po-
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Fig. 11 — Microstructure ori-
entation relationship of a 304
laser spot weld irradiated for 20
ms at a defocused distance of
20 mm: A, B — optical micro-
graph; C — grain color map of
the region framed in A and
austenite pole figures at corre-
sponding grains; D — grain
color map of the region framed
in A showing new grains in the
weld metal.
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sition dependent (Refs. 42, 43, 60). When
the magnitude of deviation exceeds a pre-
sumably critical value, the current growth
direction of the austenite becomes less fa-
vorable and a shift takes place to a new
austenite phase with a preferable growth
direction, closer to the momentary direc-
tion of the temperature gradient. Within
the short time range between two subse-
quent changes of the easy growth direction
<100>g, the austenite phase forms a fine
new grain. After subsequent <100>g
changes, a multitude of fine new grains
forms at the fusion boundary just above the
single, partially melted grain. In contrast,
during primary solidification with austen-
ite, as in the case of Type 310S, weld epi-
taxial growth takes place from the single,
partially melted grain, which performs the
only nucleation phase. This growth results
in just one new weld metal grain, situated
above the substrate grain. 

There are two points to be considered
here. First, grains are three-dimensional
but the data interpreted in this study are
two-dimensional in nature. Also, the depth
of the HAZ grains, where the data were
taken, is not known. Thus, one could not
exclude the probability that there might be
a higher-than-one number of HAZ grains
situated under the partially melted grain
and their epitaxial growth might have con-
tributed to the number increase of new
grains. However, since the HAZ grains are
much larger than the new grains and their
number around the fusion zone is limited,
as seen in Figs. 9–12, the effect of such con-
tribution is unlikely to be significant. Sec-
ond, the HAZ green grain shown in Fig.
12C and D has a <100>g, which is rotated
to roughly 45 deg relative to RD, so it
should have chosen two <100>g growth
directions. Being not in an orientation of
preferred growth, this grain is likely to be
eliminated by competitive growth not far
from the fusion boundary. However, its
contribution to the number increase of
new grains does not seem to be significant,
as seen in Fig. 12C and D, where the
<100>g of several grains is identified. 

Taking into account the above consid-
erations, it can be concluded that the
austenitic microstructure of Type 304 laser
beam welds obtained under irradiation for
1 s to 1 ms is a result of ferrite, not austen-
ite, solidification as a leading phase fol-
lowed by d-g transformation. It is believed
that ferrite of lower-than-normal
Creq/Nieq ratios forms due to undercool-
ing during RS and, stimulated by reduced
compositional differences, it readily trans-
forms to austenite (Ref. 49). Thus, it is ob-
vious the cooling rate experienced by the
weld metal in this study has been less than
the critical one necessary to achieve melt
undercooling in order to shift solidifica-
tion to primary austenitic. 

Conclusions

1) A fully austenitic microstructure was
observed in Type 310S laser beam welds.
Cell spacing decreased significantly due to
a rapid solidification. Epitaxial grain
growth taking place in the <100>g of the
base grain was aligned with the cell growth
direction and resulted in just one colum-
nar weld metal grain. Segregation profiles
across solidification cells were nearly flat;
nevertheless, significant hot cracks were
found in the fusion zone.

2) Vermicular, lacy, and acicular ferrite
in an austenitic matrix was observed in the
GTA weld metal microstructure, attrib-
uted to FA and F solidification mode fol-
lowed by a solid state d-g transformation.
Numerous <100>g orientations of
austenite existed along primary dendrite. 

3) A transition from austenite plus fer-
rite to nearly fully austenitic weld metal
was observed in Type 304 laser beam welds.
Many small new grains were found to grow
apparently epitaxially from one partially
melted grain. In most cases, the <100>g of
the substrate austenite and the new grain
austenite were different and not aligned
with the direction of primary cell growth.
Numerous <100>g orientations existed
along primary cells. This microstructure
was attributed to originate from d-g trans-
formation following primary ferrite solidi-

fication mode. Although fully austenitic,
the microstructure was crack-free. 

4) The following criteria are recom-
mended for identification of fully
austenitic weld microstructure (if ferrite
volume fraction is extremely low or there
is a lack of it), formed as a result of pri-
mary ferrite solidification and solid-state
d-g transformation:
• Austenite <100>g varying along cell

growth direction; 
• Presence of many small new grains that

seem to grow epitaxially from one par-
tially melted grain.
5) The cooling rate experienced by the

304 laser beam weld metal was less than
the critical one necessary to cause under-
cooling that results in a shift of the solidi-
fication mode from primary ferritic to pri-
mary austenitic. 

6) The cells observed in the 304 laser
beam weld metal suggest that partitioning
under laser beam welding conditions is
not fully suppressed and provide an evi-
dence for some degree of diffusion, thus
excluding the occurrence of massive solid-
ification or massive transformation of the
ferrite or austenite phase.
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