Study of Submerged Arc Weld Metal and Heat-Affected

Zone Microstructures of a Plain Carbon Steel

The nature of microstructures in the subzones of the HAZ
greatly influence weld metal toughness and strength
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A detailed study on the microstructure of submerged arc (SA) weld metal and the heat-affected zone of a 1.2-
cm (0.5-in.) thick plain carbon steel plate was carried out using transmission electron microscopy. The
various subzone microstructure observed in the HAZ of a SA weld are spheroidized, partially transformed,
grain-refined and grain-coarsened. The grain-coarsened area exhibits predominantly Widmanstatien
ferrite with pearlite, while the other subzones of HAZ reveal polygonal ferrite and pearlite. Depending on
the number, size and distribution of inclusions, the weld metal microstructure varies. With a larger number
of inclusions, grain boundary ferrite and, in absence of inclusion, either side plate with pearlite or cementite
along the boundaries of side plates are observed. It is noticed that a limited number of larger size inclusions
favor the formation of acicular ferrite. Because of the prevalence of varying cooling rates in weld metal, a
wide range of microsturctures, such as periodic pearlite, grain boundary ferrite with pearlite, and side plate

with cementite along -the side plate boundaries, are observed.

INTRODUCTION

The microstructures developed in the weld metal
(WM) and heat-affected zone (HAZ) of a fusion weld-
ing process play an important role in controlling the
mechanical properties of weldments. The WM mi-
crostructure is controlled mainly by the cooling cycle,
while the area adjacent to WM, i.e., the HAZ, exhibits
metallurgical transformations due to both heating
and cooling cycles. The typical microstructure (Refs.
1-3) of WM in low-carbon low-alloy steels consists of
proeutectoid ferrite, Widmanstatten ferrite (side
plates), acicular ferrite (AF), bainite and martensite,
depending on the cooling rate below A, temperature.
Dallam, et al. (Ref.4), studied the WM microstructure
of low-carbon steel and classified the various micro-
structures that form in WM. The different micros-
tructural zones (Refs.1,2,5-8) in HAZ are the
spheroidized zone, partially transformed zone, grain-
refined zone and grain-coarsened zone.

In recent years, there has been an increasing demand
for good toughness in the WM of HSLA steels, and
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considerable interest has been paid to understanding
the formation of AF structure because it shows high
strength due to its fine grain size ( Refs. 9-13). On the
other hand, the presence of grain boundary allot-
riomorphs, Widmanstatten ferrite (WF), bainite and
martensite is considered to be dctrimental to strength
and toughness of the WM. The microstructural vari-
ations in the different zones of HAZ, under low-
magnification microscope (Refs. 1-8), were studied in
detail. But the finer details of microstructures of the
WM and HAZ of a plain carbon steel are not fully
available in literature (Refs.1,2,6-8), and the data
relating o these microstructures are sparse. There-
fore, in the present investigation an attempt has been
made to study systematically the finer details of WM,
as well as HAZ microstructures, of a plain carbon
steel weldment by using transmission electron mi-
Croscopy.

EXPERIMENTAL PROCEDURE

Plain carbon steel plates of 1.2-cm (0.5-in.) thickness
were obtained from indigenous sources and bead-on-
plate welding on standard plates of 20 x 15 -cm (8 x 6-
in.) size was carried out with a mechanized sub-
merged arc welding (SAW) machine. The welding
parameters used were: current, 350 A (DC); voltage,
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Fig. 1.
different layers in WM.

Transverse cross-section of a submerged arc weld showing
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Fig. 3. TEM of base metal
showing ferrite and
pearlite

30 V ; speed of welding, 0.67 cm/s;
nozzle angle , 90 deg; and electrode
extension, 0.25 cm (0.1 in.)). The
electrode of IS 7280-1974( AWS
EL8K) specification and a diame-
ter of 0.315 cm (0.12 in.) was used
with granular basic-type flux. The
composition of the steel used was
0.18 C, 0.75 Mn, 0.28 Si, 0.035 S
and 0.06 P. Specimens for optical
metallography were obtained from
the transverse direction of the weld,
followed by mechanical polishing
by standard technique and etched
with 2% nital. Thin foil for trans-
mission electron microscopy were

Fig. 2.

nal ferrite.

paper. Thin foils were then prepared by a window
technique using an electrolyte containing 10%  per-
chloric acid and 90% glacial acetic acid. These foils
were examined in a JEOL 200 CX transmission
electron microscope at an operating voltage of 160 kV.

RESULTS

Optical Microscopy

The microstructure in the base metal shown in Fig.2A
consists of polygonal ferrite (white area) and pearlite
(dark area). The HAZ microstructure of grain refined
and grain-coarsened areas is shown in Figs. 2B and C,
respectively. Comparing with Fig. 2A, it is observed
that the grain-refined area exhibits extremely small
ferrite grains, clearly indicating that very fine ferrite
and pearlite is formed due to the heating and cooling

Optical micrographs of : A - Base metal: ferrite (white) and
pearlite (dark); B - grain-refined HAZ: polygonal ferrite and
pearlite; C - grain-coarsened HAZ: WF and pearlite; D - weld
metal: (1) grain boundary ferrite, (2) side plate and (3) polygo-

iz made from thin slices, which were
cut with Isomet diamond saw. These
slices were taken from three dif-
ferent layers of the weld metal as
shown in Fig.l. These were care-
fully ground to less than 0.1-mm
(0.004 -in.) thickness by emery

cycles of the SAW process. Figure 2C, representing a
grain-coarsened area, exhibits predominantly WF
and pearlite. Figure 2D is an optical micrograph
taken from the WM area, revealing grain boundary,
ferrite, side plate and occasionally equiaxed ferrite.
Finer details of the microstructure in the HAZ and
WM were studied by TEM.

Transmission Electron Microscopy

An extensive thin-foil transmission electron micros-
copy (TEM) examination of the HAZ and WM was
carried out. The base metal microstructure exhibits
ferrite and pearlite, as shown in Fig. 3. The TEMs
taken from the HAZ area (Fig. 4A and B) adjacent to
the base metal show considerable spheroidization of
ccmentite lamellae in pearlite. Next to the spheroidized
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Fig. 4. TEMs of spheroidized area of HAZ. A - low magnification; B -
high magnification clearly showing spheroidized carbide.

Fig. 5. TEMs of parually transformed area of HAZ from two differ-
ent locations. A - low magnification; B - high magnification.

Fig. 6. TEMs of grain-refined area of IAZ. A - low magnification
showing ferrite (white) and pearlite (dark); B - high magnifi-
cation clearly showing fine pearlite.

POt Ao )
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Fig. 7. TEMs of HAZ. A - iransition from fine 10 coarse grain; B -
grain-coarsened  structure.

Ferrite
Cementite

TEMs of grain-coars-
ened HAZ. A - BF; B -
DF; C - SAD; D -
schematic representa-
tion.
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Fig. 9. TEM of WM (layer 1)

Fig. 10. TEM of WM (layer 1)

Fig. 11. TEM of WM (layer 1)

showing a large number showing inclusions showing elongated
of inclusions within along fine ferrite inclusion
proeutectoid ferrite boundaries

Fig. 12. TEMs of WM (layer 2) showing acicular ferrite at two differ-
ent locations. A - low magnification; B - high magnification

arca in the HAZ, the simultancous presence of fine- as
well as coarsc-grain structure is observed - Fig. SA
and B. Here pearlitec is transformed to austenite
during the hcating cycle of welding; whereas, during
the cooling cycle, the same austenite transforms to
finc-grain ferritc and pearlite. This arca is desig-
nated as a partially transformed region (Refs. 1,2,6).
Figure 6A and B shows two TEMs revealing finc-
grain microstructure. Both very fine grain ferrite and

Table 1. Phases of Subzones Observed in the HAZ
Subzones Phases
Partially  transformed Ferrite-pearlite, upper

bainite, auto tempered or
high-carbon martensite
Grain-refined Fine-grained ferritc-pearlite
Grain-coarsened
very fast cooling Autotempered martensite,
lower bainite, martensite
Massive ferrite with either
Fe,C or austenite between
fingers of ferrite
Periodic pearlite
WF and pearlite

Ferrite-pearlite

fast cooling

medium  high cooling
medium slow cooling
slow cooling

pearlitc arc observed in this arca
as compared to the base metal
microstructure - Fig. 3. This clearly
indicates that during the heating
and cooling cycles a very finc grain
structurec is formed in the HAZ.
This areca is generally termed as
the grain-refined arca (Refs. 1,2,6).
Figure 7A reveals both fine and
coarsc grain, representing the
transition of fine to coarse grain,
while Fig. 7B reveals coarse grain
ferritc and pearlite. Figurc 8A and
B are bright ficld (BF) and dark
ficld (DF) micrographs taken from the pearlitc area of
the grain-coarsecned region. A corresponding selected
arca of diffraction pattern is shown in Fig. 8C, and its
schematic represcntation is shown in Fig. 8D.

Assuming a varying inclusion content at different
levels in SA welds, transmission electron microscopy
of the WM was carried out at different arcas as shown
in Fig. 1. Figurc 9 is a TEM of area ‘1’ revealing a
large number of inclusions of varying sizes (0.2-0.7
um) within the ferrite, while Figs. 10 and 11 show in-
clusions along the -grain boundarics of fine-grain
ferrite. This demonstrates that these inclusions in-
hibit grain coarsening. Occasionally, an clongated
inclusion is also observed as shown in Fig. 11. But
most of the inclusions observed in TEMs are spherical
in shape. Figure 12A and B shows finc irregular-
shaped (ncither polygonal nor equiaxed) ferrite aiong
with inclusions. This type of ferritc is AF. Inclusions
play an important role in the formation of this type of
ferrite, mainly acting as nucleation sites (Refs. 14-
19). It is also observed from the TEMs that the
formation of AF is favorable when a reasonable number
of inclusions are present in the WM. In this study,
arca ‘‘2”’ exhibits the presence of AF, but pearlite is
not observed in the surrounding arca of the AF.
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Fig. 13. TEMs of WM (layer 3) from two different locations. A - side
plates with pearlite andlor cementite along the side plate
boundaries; B - secondary side plates and cementite along the

plate boundaries

Fig. 15. TEM of WM (layer 3)
showing periodic
pearlite

the SAW weldment (which is a
slow cooling process) are in agree-
ment with the results of Rasanen
and Tenkula (Ref. 6).

The WM microstructures at differ-
ent locations consist mainly of WF,
AF and proeutectoid ferrite. It is
well established (Refs. 3, 14-19)
that oxide inclusions play an im-

Fig. 14.TEMs of WM (layer 3). A - ferrite and pearlite; B - pearlite at

higher magnification of A

TEMs of arc~ “‘3”” of the WM (devoid of inclusions)
exhibit either side plate (Fig. 13A, B) or grain bound-
ary ferritc with pearlite (Fig. 14) or cementite along
the side plate boundaries - Fig. 13A. At times, periodic
pearlitc is observed - Fig. 15.

DISCUSSION

The results of the present investigation of HAZ reveal
the presence of various subzones, namely spheroidized
carbide, partially transformed, fine-grained, transi-
tion of fine- to coarse-grain and grain-coarsened area
(starting from base to weld metal sides). The TEMs of
base metal and HAZ areas primarily exhibit equiaxed
ferrite and pearlite. However, the grain-coarsened
HAZ area rcveals predominantly WF. These -subzones
are in agrecment with low magnification microgra-
phs reported by Smith, et al. (Ref. S5), and other
investigators (Refs.1,2,6). Rasanen and Tenkula (Ref.
6), however, investigated the details of these subzones
produced under simulated conditions of varying cool-
ing rates and discussed their TEMs on the basis of
theoretical physical metallurgy. According to them
(depending on the rate of cooling), these subzones
may have the phases listed in Table 1. It is observed
from the TEMs in the present study that subzones of
partially transformed (Fig. 5), grain-refined (Fig. 6)
and grain-coarscned regions (Fig. 7B) of the HAZ in

portant role in the formation of
AF. During this investigation, it
was observed that although inclu-
sions favor the formation of AF
(Fig. 12), a large number of inclusions favor the
formation of proeutectoid ferrite - Fig. 9.

It is well documented (Refs. 20-23) that the oxygen
level of SA welds affects the WM microstructure.
According to Abson, et. al. (Ref. 20), coarse-grain
bamnite structure is formed with 0.01% oxygen; whereas,
fine AF is formed if oxygen is 0.025%. Cochrane and
Kirkwood (Ref. 21), however, report that the SAW
process with manganese silicate fluxes and a high
oxygen level (>0.07%) lead to a large number of
inclusions at the austenite boundary, which helps in
carly nucleation of ferrite. This results in a lamellar
structure rather than AF since the earlier nucleated
side plates grow rapidly across the austenite grains.
Abson and Dolby (Ref. 22) also mention that oxygen
content of WM to some extent affects the amount of
AF formed. They further indicate that too low oxide
inclusions lead to bainitic structure; whereas, a large
number of oxide inclusions favor proeutectoid ferrite
nucleation. Brownlee, et. al. (Ref. 23), studied the
formation of AF in a series of bead-on-plate SA welds
with a systematic variation of aluminum and tita-
nium in the WM. They report that increasing alumi-
num concentration increases AF, but after a critical
limit (>0.25 wt-%), the volume-percent of AF de-
creases continuously. They also mention that maxi-
mum AF volume fraction is associated with a high
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density of inclusions within a critical size range of
approximately 0.5 um. In the present investigation, it
is observed that a large number of small inclusions
with varying sizes (0.2-0.7 pum) results in the forma-
tion of proeutectoid ferrite; whereas, larger inclu-
sions only favor nucleation of AF. These observations
are in agreement with the results reported by Brownlee,
et al. (Ref. 23). Thus, it may be concluded from the
present investigation as well as from earlier reported
investigations (Refs, 20-23), that an adequate num-
ber and appropriate dispersion of inclusions are an
essential requirement for the nucleation of AF.

Yamamoto, et al. (Ref. 24), report that oxide inclu-
sions not only favor the formation of AF, but they also
help in controlling grain coarsening. This inhibition
of grain coarsening by oxides is similar to the pres-
ence of nitride and carbide in steel, but the oxides are
more effective in the welding process as they have
greater thermal stability. Fleck, et al. (Ref. 25), as
well as Liu and Olson (Ref. 15), also suggest that oxide
(oxy-sulfide) inclusions restrict the growth of austen-
ite grains. The present study clearly shows' the inhi-
bition of grain coarsening when inclusions segregate
along the grain boundaries - Fig. 10. This is consistent
with the observation of Yamamoto, et al. (Ref. 24).

Dallam, et al. (Ref. 4.), investigated the microstructu-
ral variation of Nb microalloyed steel with the oxygen
content in SA welds, using a CaF,-CaO-SiO, flux
system of varying composition. They observed that
380 ppm oxygen in the weld metal a mixed micros-
tructure of grain boundary ferrite with AF is ob-
tained; whereas, at 260 and 107 ppm of oxygen,
predominantly AF and bainitic structures are ob-
tained, respectively. It is further indicated by them
that 90% AF in the weld metal for the above flux
system is obtained when the oxygen content is in the
range of 200 to 250 ppm. Keeping the above observa-
tions in view, the present investigation took thin
slices for TEM studies from three different layers of
the WM, as shown in Fig. 1. The TEMs clearly
indicate that layer 1 exhibits a large number of
inclusions, resulting in the formation of grain bound-
ary ferrite (Fig. 9), while layer 2, with a relatively less
numbcr of inclusions favors AF formation - Fig. 12.
On the other hand, layer 3 evidences predominantly
WF (side plates) with pearlite and/or cementite along
the boundaries of the side plates - Fig. 13. This clearly
suggests that side plate-type morphology is formed in
that portion of WM that is free from inclusions. Since
thc presence of grain boundary and side plate ferrite
arc detrimental to toughness, the presence of AF
throughout the cross-section of WM is desirable to
obtain bettcr toughness and strength., This may be
achieved cithcr by uniformly distributing the inclu-

sions through controlled weld pool stirring (Ref. 26),
inoculation (Refs. 27,28), arc oscillation and arc pul-
sation (Ref. 29) (commonly used for grain refining); or
by introducing oxide-forming elements like alumi-
num (Ref. 23), titanium (Ref. 23), titanium-boron
(Ref. 25), etc., along with the welding wire or by
addition of these elements in the steel (Refs. 24,30).

Different varieties of Widmanstatten morphologies
can be obtained, depending upon the degree of super-
saturation. Dube, et al. (Ref. 31), classified these
morphologies, which are further detailed by Aaron-
son (Ref. 32). These morphologies are primary side
plates and intragranular plates. The formation and
mechanism of the commonly occurring secondary
side plates in plain carbon steels have been detailed
by Townsend and Kirkaldy (Ref. 33). In the present
investigation, these secondary plates are observed in
Figs. 2D (low magnification) and 13 (finer details).
The latter figure not only reveals the side plates with
pearlite, but also exhibits cementite along the side
plate boundaries.

Postsolidification phase transformation in WM at
different areas reveals different microstructures. This
is due to the complicated nature of weld pool solidifi-
cation, which is affected by various factors such as:
plate and weld pool geometry, its physical properties,
welding process, and boundary conditions. This natu-
rally leads to various degrees of cooling rates at
different locations in the weldmetal. Rasanen and
Tenkula report that, depending on the cooling rates,
different structures are formed such as periodic pearlite,
WF and pearlitc and ferrite pearlite. These micro-
constituents are also observed in the present investi-
gation as shown in Figs. 15, 13 and 14, respectively.
The precipitation of cementite along the side plate
boundarics observed in the present study (Fig. 13A)
seems to be similar to bainitic structure (i.e., upper
bainite consisting of ferrite laths with cementite
along lath boundaries - Refs. 34, 35).

Strangwood and Bhadeshia (Refs. 19,36) report that
the growth of AF is diffusionless and is formed by a
displacement transformation mechanism. Sugden and
Bhadeshia (Ref. 17) propose that a AF formation
mechanism is similar to bainite transformation;
however, the morphology of AF is different, since it
nucleates intragranularly from point sites. The re-
sults of the present study reveal an absence of pear-
lite in the surrounding area of AF, as in Fig. 12A, B.
Thus, it appears from the present investigation that
diffusionless shear-type (similar to martensite for-
mation) transformation is the mechanism of forma-
tion of AF in accordance with other investigators
(Refs. 19,36).
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Conclusions

The microstructure of a single-pass SAW weld in
plain carbon steel was investigated with a transmis-
sion electron microscope. The following conclusions
are drawn:

The microstructures of the HAZ exhibit different
subzones; spheroidized, partially transformed, grain-
refined, transition of fine to coarse-grain and grain-
coarsened area, as observed from the base metal side.

The HAZ microstructure in the partially transformed
and the grain-refined areas reveal ferrite and pear-
lite, while the grain-coarsened area shows predomi-
nantly Widmanstatten ferrite and pearlite.

The top, middle and base of the weld metal reveal
different types of microstructure:

Top - Exhibits grain-boundary ferrite, with a larger
number of inclusions within the ferrite and also along
the grain boundaries (sometimes restricting the growth
of ferrite grains).

Middle - Exhibits relatively fewer inclusions, which
favor the formation of acicular ferrite.

Base - Exhibits the absence of inclusions and favors a
side plate morphology with pearlite or cementite
along the side plate boundaries. Grain boundary
ferrite is also observed.

A limited number of larger inclusions help in the
formation of acicular ferrite; whereas, a large num-
ber of smaller (0.2 - 0.7 um) inclusions favor grain
boundary ferrite formation.
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