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1. Introduction

The present authors have recently demonstrated that carbide-free
bainitic (CFB) weld metals can be advantageously utilized in welding
of quenched and tempered armor steels for realizing significant
gains in weld joint efficiency and ballistic performance without any
hydrogen-induced cracking problems [1]. CFB steels typically contain
relatively higher carbon, silicon, manganese, chromium, and nickel con-
tents compared to most of the familiar and trusted steel weld metal
compositions. Further, they may contain some special alloying elements
such as cobalt and aluminum. Because of their rather unusual chemistry,
solidification cracking is a potential concern in CFB weld metals [2].
Weld solidification cracking is a complex phenomenon, governed by
the metallurgical and thermomechanical processes that occur simulta-
neously in the mushy zone around the weld pool [3]. According to
Kou [4], obstruction of solidification shrinkage and thermal contraction
of the semisolid weld metal as well as the surrounding solid base metals
induces tensile strain in the semisolid weld metal leading to cracking
along the grain boundaries that are not fed with sufficient liquid. Crack-
ing susceptibility is known to be a function of many metallurgical
factors such as solidification temperature range, primary solidification
phase, amount and distribution of terminal liquid, solute redistribution,
dendrite coherence, and solidification grain structure as well as me-
chanical factors such as thermal contraction, solidification shrinkage,
and external restraint [5]. In steels, solidification cracking is generally
believed to be a consequence of segregation of impurity and/or alloying
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elements, leading to the formation of low melting eutectics in the form
of continuous inter-granular or inter-dendritic films during the final
stages of solidification. These terminal liquid films result in cracking
when they fail to accommodate the shrinkage and external tensile
stresses acting on the weld.

Another closely related, but different, problem is weld metal heat-
affected zone (HAZ) liquation cracking during multi-pass welding.
Weld metal HAZ liquation cracking (also referred to as weld metal
liquation cracking) is a common problem in many materials. Austenitic
stainless steels [6] and nickel-base alloys [7] tend to develop low-
melting segregates along the grain boundaries during solidification. In
such materials, the weld metal deposited in a pass undergoes incipient
melting or liquation of the grain boundaries in the HAZ during the
next weld pass. These liquated grains in the HAZ crack because of the
tensile stress imposed by the solidifying weld metal. HAZ liquation
cracking can occur more easily in weld metals and castings than in stan-
dard wrought processed base metals because of their cast, coarse, and
segregated microstructure, often with some low-melting eutectics at
the grain or dendrite boundaries [5]. CFB weld metals contain a number
of alloying elements which can strongly segregate to grain boundaries
during solidification. Therefore, weld metal HAZ liquation cracking is a
potential concern in CFB weld metals.

At present, no reports are available in open literature on solidifica-
tion cracking or liquation cracking behavior of carbide-free bainitic
weld metals. Detailed understanding in these regards is essential for de-
veloping better carbide-free bainitic steel compositions. Therefore, in
the current study, hot cracking (fusion zone solidification cracking as
well as weld metal HAZ liquation cracking) behavior of a CFB weld
metal was investigated using Varestraint tests and Gleeble hot ductility
tests to broadly assess its suitability for industrial utilization.
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2. Experimental details

Longitudinal Varestraint tests were conducted on specimens
machined from groove welds produced in 6 mm thick plates of an
armor-grade quenched and tempered steel (nearly equivalent to AISI
4130). These welds were produced using shielded metal arc welding
employing specially developed low-hydrogen basic-coated electrodes
using a preheat temperature of 350 °C. After welding, the weld coupons
were subjected to post-heating at the same temperature for 6 h to ob-
tain a CFB microstructure in the weld metal. For comparison, tests
were also conducted on specimens machined from armor steel welds
produced using austenitic stainless steel AWS E307 fillers (without
using any preheat). This comparison was considered appropriate
because austenitic stainless steel fillers are commonly used at present
for welding of armor steels in construction of armored vehicles such
as main battle tanks [8]. The chemical compositions of the base and
weld metals are listed in Table 1. Fig. 1 shows the Varestraint test spec-
imen. Note that only the weld metal portion of the specimen is remelted
during Varestraint testing. Tests were conducted as per AWS B 4.0 on a
moving torch Varestraint hot cracking test device (Model LT1100, Mate-
rials Applications Inc.) at three strain levels (2, 4, and 6%). At each strain
level, five specimens were tested. All the tests were conducted using the
same set of welding parameters (current = 90 A, voltage = 12.5V, trav-
el speed = 2.2 mmy/s). After testing, each specimen was examined (after
some cleaning and buffing) under a stereomicroscope equipped with a
measuring scale at 60 x magnification to determine the total crack
length (TCL) (sum of the length of all the individual cracks in a given
test specimen) and maximum crack length (MCL) (length of the longest
crack in a given test specimen). Samples cut from some of these speci-
mens were also examined under an optical microscope after standard
metallographic preparation. Elemental mapping studies were also
carried out on these samples using a scanning electron microscope
(SEM) equipped with Energy Dispersive Spectroscopy (EDS).

Hot ductility tests were conducted on all-weld cylindrical specimens
machined from the same welds as those used for Varestraint tests. The
test specimen dimensions and the test conditions are given in Table 2.
Tests were conducted on a Gleeble 3800 thermo-mechanical simulator
(Dyna Systems Inc., USA). Unlike Varestraint testing which attempts
to quantify the cracking susceptibility by the degree of cracking, hot
ductility testing relates the ductility of the material at elevated temper-
atures to cracking susceptibility. Detailed information on Gleeble hot
ductility testing can be obtained from References [9,10]. It essentially
involves the following. Initially, a test is conducted to determine the
nil-strength temperature (NST) of the material, which is defined as
the temperature on-heating at which the strength of the material
drops to essentially zero. In this test, a cylindrical specimen is continu-
ously heated at a certain rate under a constant tensile load of 80 N
(just enough to overcome the frictional force of the fixture) until
fracture. The temperature at which the specimen fails is noted as the
NST. Depending on the test material, the NST can be lower than its
nominal solidus temperature. Following this, a series of on-heating
tests are conducted to determine the nil-ductility temperature (NDT),

Table 1
Chemical composition of base and weld metals.

Element Base metal CFB weld metal Austenitic weld metal®
C 03 0.32 0.08

Si 0.7 1.60 0.77

Mn 0.9 1.65 4.92

Ni 0.15 1.15 8.09

Co - 1.10 0.04

Cr 0.85 1.05 17.5

Mo 0.25 0.27 0.27

S 0.003 0.006 0.004

P 0.010 0.008 0.025

2 The Ferrite Number (FN) of the austenitic weld metal is 4 (~4 vol.% ferrite).
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Fig. 1. Varestraint test specimen.

which is defined as the lowest temperature on-heating at which the
ductility of the material drops to zero. To begin with, a cylindrical
sample is heated at a certain rate to a certain test temperature (typically
100-200 °C lower than the NST temperature) and then it is pulled to
failure. The ductility of the specimen is measured in terms of % reduction
in area (% RA). Tests are conducted in this manner at successively in-
creasing temperatures until the ductility of the material drops to zero
(less than 5% RA). The temperature at which the ductility of the material
is zero is noted as the NDT. Following the on-heating tests, a series of on-
cooling tests are conducted to determine the ductility-recovery temper-
ature (DRT), which is defined as the highest temperature on-cooling
from the NST at which the material exhibits perceptible ductility
(more than 5% RA). In these tests, the test specimen is first heated to
the NST, cooled to a certain test temperature, and then pulled to failure.
The test temperatures are successively lowered and the temperature at
which the material exhibits perceptible ductility is noted as the DRT. In
the current study, three specimens were tested for determining the NST.
On-cooling tests were conducted at the same temperatures as those
used for on-heating tests. At each test temperature, both on-heating
and on-cooling tests were conducted on at least two specimens. For
each specimen, the minimum diameter at the location of fracture was
measured using a profile projector and the percentage reduction in
area (% RA) was calculated. Longitudinal sections cut from the fractured
specimens were prepared for microscopy and microstructures close to
the fracture line were examined. Similarly, the fracture surfaces were
examined under SEM.

3. Results and discussion

Fig. 2 shows typical solidification cracks in the Varestraint specimens
of austenitic and CFB weld metals. In general, cracks appeared radiating
from the trailing edge of the weld pool at the instant of straining, as can
be seen in Fig. 2a and b. However, in a few CFB weld metal specimens
(four out of fifteen), some cracks were found to extend into the weld
crater (Fig. 2¢). This could be due to some secondary effects and further
work is required to understand why crater cracking occurred in CFB
welds but not in austenitic welds. In the current study, such crater
cracks were not considered in TCL or MCL measurements, as recom-
mended by Lundin et al. [11].

Microstructural examination in the test region of various specimens
revealed that the cracks are interdendritic/intergranular, a characteris-
tic feature of solidification cracking (Fig. 3). In CFB weld specimens,
EDS elemental mapping studies revealed interdendritic segregation of
silicon, manganese, and chromium (Fig. 4). Among the three elements,
silicon segregation seemed to be more prominent. Nickel and cobalt,
however, did not suffer any noticeable segregation. It is well-known
that segregation of alloying elements can promote solidification crack-
ing in steel weld metals. Additionally, in CFB weld metals, it can lead
to formation of interdendritic blocky austenite, which is undesirable
for the weld metal toughness, as reported by Fang et al. [12]. The results
of Varestraint tests are summarized in Fig. 5. In both CFB and austenitic
weld metals, the TCL and MCL increased with the applied strain. The
cracking data obtained for the austenitic weld metal in the current
study is consistent with the findings of earlier investigations for similar
compositions [ 13-15]. Importantly, at any given strain level, the TCL and
MCL values for the CFB weld metal are only slightly higher compared to
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Table 2
Gleeble hot ductility test conditions.

Parameter NST On-heating

On-cooling

Specimen
Jaws and grips Low-force jaws and half-contact copper grips
Sample free span 15 mm

Thermocouple Type B (Pt-30%Rh/Pt-6%Rh)

Atmosphere Vacuum (2 x 10~4 Torr)

Heating rate 25 °C/s up to 1150 °C and 2 °C/s thereafter
Test temperature -

100 °C/s

Cooling rate - -
Holding time - 05s
Stroke rate - 25 mm/s
Others Constant tensile load: 80 N -

Cylindrical, 6 mm diameter and 90 mm length Cylindrical, 6 mm diameter and 106.5 mm length, M6 x 1.00-6 g thread on both ends (thread length: 15.25 mm)
Standard jaws and full-contact copper grips

1250 °C, 1275 °C, 1300 °C, 1325 °C*

25 °C/s (from NST to test temperature)

2 On-cooling test specimens were first heated to the NST, held for 0.5 s, and then cooled to the test temperature.

the austenitic weld metal, which is considered highly crack resistant
and is in successful industrial use for welding of armor steels.
Solidification cracking in steels is known to be strong function of the
weld metal chemistry, which governs the mode of solidification. In
general, compositions which solidify in austenite mode are more
susceptible to solidification cracking than those that solidify in ferrite
mode [16]. This is because sulfur and phosphorus, the common impurity
elements found in steels, have significantly lower solubility in austenite
than in ferrite. Consequently, during solidification in austenite mode
these impurity elements strongly segregate to the liquid, extending
the freezing range and eventually resulting in some undesirable
low-melting eutectics. Many of the standard structural steel weld
metals solidify in ferrite mode and are therefore more tolerant to the
detrimental effects of sulfur and phosphorus. Conversely, in certain
low alloy steels, such as Fe-C-Ni alloys with low levels of sulfur and
phosphorus, solidification in austenite mode is known to be beneficial
for solidification cracking resistance [17]. The main reason is that both
carbon and nickel segregate less when solidification occurs in austenite
mode than in ferrite mode (both elements have a higher partition
efficient in austenite). Further, in binary Fe-C alloys with carbon in

the range of 0.09 to 0.11 wt.% (which solidify in ferrite mode), it has
been shown that solidification cracking is aided by enhanced shrinkage
stress imposed by 6 — y transformation taking place within the brittle-
ness temperature range. Thus, while it is generally believed that solidi-
fication in ferrite mode is beneficial for solidification cracking resistance
of steels, there are some cases where it does not hold good.

The effect of solidification mode on cracking susceptibility is also
well-established in austenitic stainless steels [18,19]. Depending on
the ratio of chromium and nickel equivalents, austenitic stainless steel
weld metals can solidify in austenite, primary austenite, primary ferrite,
or ferrite modes. Alloys that solidify in austenite mode are most suscep-
tible and those that solidify in primary ferrite mode are least susceptible
to solidification cracking. The austenitic weld metal under consideration
in this study solidified in primary ferrite mode, as revealed by the skel-
etal morphology of 6-ferrite in its room temperature microstructure [1].
Feritscope measurements indicated that the d-ferrite content in the
present austenitic weld metal is ~4 vol.%.

Calculations using Thermo-Calc software (TCFE7 database) suggest
that the CFB weld metal under consideration in the current study solid-
ifies in austenite mode (liquidus ~1472 °C, solidus ~1400 °C, under

Fig. 2. Macrographs of austenitic (a) and CFB (b and c) weld specimens (top surfaces) after Varestraint testing at 6% strain. Dashed lines mark the trailing edge of the weld pool at the
instant of straining (identified by observing the ripple lines on the specimen surface). Note the crater crack in (c). The length of the crack inside the weld crater (marked by double-headed

arrow) was not considered in quantitative analysis of cracking susceptibility.
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Fig. 3. Optical and SEM micrographs of CFB (a and c) and austenitic (b and d) weld specimens after Varestraint testing at 6% strain.

equilibrium conditions). This is likely to be case for many of the known
bulk CFB steel compositions [2]. Thus, in CFB weld metals, control of im-
purity elements assumes greater significance. Their impurity tolerance
can be enhanced by suitably modifying their compositions for obtaining
ferrite mode of solidification. Reduction in austenite stabilizers such as
carbon, manganese, and nickel and additions of strong ferrite stabilizers
such as aluminum should be considered for this purpose. Apart from
promoting austenite mode of solidification, carbon can significantly

10 ym

widen the solidification range [16]. Keeping the carbon content in the
range of 0.2 to 0.3 wt.% is thus the single most important consideration
in realizing CFB weld metals with satisfactory solidification cracking
resistance. It should be noted that it may not desirable to reduce the
carbon content further in CFB weld metals because of three reasons.
First, as the carbon content is decreased, the martensite start (Ms)
temperature of the weld metal increases. Consequently, one must
carry out welding using a higher preheat temperature (for obtaining a

10 gm

Fig. 4. EDS elemental maps of CFB weld metal. Note interdendritic segregation of silicon, manganese, and chromium.



N. Krishna Murthy, G.D. Janaki Ram / Materials and Design 92 (2016) 88-94 5

(a) ,
—w— Austenitic weld metal
{4 —e— Carbide-free bainitic weld metal
€
E ®
=
2
L4 v
C 4
S v
o
o *
s
°
= ]
L
1 4
1 ] L) ] 1
2 4
Augmented Strain (% )
(b),

—wy— Austenitic weld metal
—@— Carbide-free bainitic weld metal

A\

Max Crack Length (mm)

B

Augmented Strain (% )

Fig. 5. Varestraint test results: (a) TCL vs. strain, (b) MCL vs. strain.

carbide-free bainitic microstructure, the preheat temperature must be
above the Ms temperature of the weld metal). As the carbon content
is reduced further and further, at some point, the preheat temperature
would become impractically high (such high preheat temperatures
can affect the base metal microstructure and properties as well). Sec-
ondly, as the carbon content is reduced, the temperature at which
bainitic transformation is realized increases. This can affect the scale of
the microstructure (thickness of ferrite plates) as well as the volume
fraction of bainite that can be produced [20,21]. Further, as recently
shown by Long et al. [22], an increase in the transformation temperature
can decrease the high-angle misorientation fraction in packets of bainite
ferrite plates and, hence, can affect the toughness of carbide-free bainitic
steels. More importantly, the carbon content can directly influence the
strength of carbide-free bainite [23]. Thus, at very low levels of carbon,
the carbide-free bainitic weld metal may not satisfy the strength require-
ments. For these reasons, the authors believe that, in carbide-free bainitic
weld metals, a carbon content in the range of 0.2 to 0.3 wt.% offers the
best trade-off between solidification cracking resistance and transforma-
tion behavior and/or weld mechanical properties. A carbon content
within this range also benefits the formability of carbide-free bainitic
steels, a key requirement in automotive industry [24].

With regard to other alloying elements, while manganese is certain-
ly needed in CFB weld metals in sufficient amount for fixing sulfur, its

excessive use should be avoided as it is known to promote solidification
cracking [16]. Very often, in bulk CFB steels, manganese is primarily
used for hardenability. In CFB weld metals, however, this is not an im-
portant requirement (because of the inherently high cooling rates in
welding). Manganese reduction also serves to accelerate bainite forma-
tion at low temperatures [25]. Similarly, one can think of reducing nickel
to the bare minimum or even totally eliminating it, although the latter
needs to be carefully considered as it might impair the weld metal
toughness. Chromium and cobalt do not seem to have any strong nega-
tive effects on hot cracking resistance; hence they can be considered for
use in CFB weld metals as appropriate based on other considerations.
More importantly, it is known that silicon at levels above 0.65 wt.%
can promote hot cracking in steels [16,26]. Therefore, partial replace-
ment of silicon with aluminum, which is also a potent graphitizer, can
be very helpful. As recently shown by Huang [25], aluminum and silicon
are equally effective in suppressing cementite formation. Aluminum ad-
ditions can be additionally beneficial for accelerating the bainitic trans-
formation kinetics [27]. It should be noted that optimization of CFB weld
metal compositions cannot be done entirely on the basis of hot cracking
resistance. Many other factors such as temperature and time of bainitic
transformation, formation of undesirable blocky austenite, and weld
metal strength and toughness need to be considered along with hot
cracking resistance.

The results of Gleeble hot ductility tests are shown in Fig. 6. The NST,
NDT, and DRT temperatures for the CFB weld metal were determined as
1350 °C, 1325 °C, and 1300 °C, respectively. The on-heating ductility
was nearly 100% at 1250 °C, but decreased sharply as the test tempera-
ture was increased and approached zero at 1325 °C. On cooling from
NST, the CFB weld metal did not recover ductility until it had been
cooled to 1300 °C; at temperatures further below, the on-cooling ductil-
ities were as good as on-heating ductilities. It should be noted that hot
ductility tests in this study were conducted on weld metal specimens.
Thus, the starting microstructure of all the test specimens was as-cast,
with some built-in compositional inhomogeneities that had occurred
during original weld metal solidification (as seen in Fig. 4). This has a
bearing, in particular, on the results of on-heating tests. The NDT and
NST temperatures would have been considerably higher had the
starting material been well-homogenized and wrought. This also ex-
plains why the on-cooling curve closely followed the on-heating
curve. Nevertheless, some useful inferences can be made from these
tests.

During welding, the material loses all its ductility when the temper-
ature reaches the NDT on heating. It does not regain any ductility until
the DRT is reached on cooling. Thus, during welding, the material passes
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Fig. 6. Hot ductility test results.
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through two different temperature ranges over which the ductility of
the material is essentially zero [10]: (i) on-heating nil-ductility temper-
ature range (the temperature range from the NDT to the liquidus
temperature), and (ii) on-cooling nil-ductility temperature range (the
temperature range from the liquidus temperature to the DRT). Unlike
the on-heating nil-ductility temperature range, the on-cooling nil-
ductility temperature range is not a fixed for a given material as the
DRT is a function of the peak temperature that the material is subjected
to during welding. With increasing peak temperature above the NDT,
the DRT decreases, widening the on-cooling nil-ductility temperature
range. Thus, the DRT would be the lowest for a peak temperature
equal to the liquidus temperature of the material. While it is most ap-
propriate to consider this DRT in any analysis on solidification cracking,
conducting on-cooling tests using peak temperatures above the NST of
the material is extremely difficult in a standard Gleeble hot ductility
test set-up [10]. Therefore, it is customary to determine the DRT using
a peak temperature equal to the NST of the material, as is done in the
current study.

Essentially, for a solidification crack to develop, there must be a
region in the solidifying weld metal with a crack-susceptible micro-
structure and it must be subjected to high enough tensile strain or
stress. Normally, until the weld begins to cool and solidification pro-
gresses to an advanced stage, sufficient tensile strain or stress does
not develop. Although many different solidification cracking theories
have been proposed to date, all of them are in general agreement that
cracking occurs in a discrete temperature range, called the brittleness
temperature range (BTR) [10]. This is generally considered as the tem-
perature range from the NST to the DRT. It represents a temperature
range where liquid is confined within the solidification structure. With-
in the BTR, the ductility of the material is essentially zero and the mate-
rial is thus susceptible to cracking. Below the BTR, the terminal liquid is
almost completely solidified and the material recovers its ductility. In
essence, the wider the BTR, the more susceptible the material is for
solidification cracking. This temperature range is quite narrow for the
present CFB weld metal (about 50 K). Many standard austenitic stainless
steel weld metals that are known to be reasonably crack resistant exhibit
similar BTRs [10,15]. However, for reasons explained above, the BTR in
the current case is better considered as the temperature range from the
nominal solidus of the CFB weld metal (calculated using Thermo-Calc
as 1400 °C) to the DRT (1300 °C). Even this temperature range is not

very wide (about 100 °C). Thus, the solidification cracking resistance of
the present CFB weld metal seems to be quite good.

The hot ductility tests conducted in this study can throw some light
on the weld metal HAZ liquation cracking, which is, of course, an issue
only in multi-pass welds or in repair welds. The on-heating nil-ductility
temperature range (from the NDT to the nominal solidus temperature)
is about 75 °C. This temperature range determines the extent of weld
metal HAZ which suffers liquation during welding. Another temperature
range to be considered here is the BTR (from the NST to the DRT). This
represents the temperature range over which cracking can actually
take place. In this case, it is not unreasonable to use the NST as the
basis as it was determined for the weld metal itself. Both these tempera-
ture ranges are reasonably narrow and, hence, the present CFB weld
metal can be expected to be quite resistant to weld metal HAZ liquation
cracking.

Fig. 7 shows the optical micrographs of the various hot ductility test
specimens (close to fracture line). In general, all the specimens that
fractured without much plastic deformation showed extensive inter-
granular secondary cracking (for example, Fig. 73, c, d, and e). On the
other hand, specimens that failed after significant plastic deformation
showed several deformation voids elongated in the loading direction
(for example, Fig. 7b and f).

Fig. 8 shows the SEM fractographs of the various hot ductility test
specimens. All the specimens revealed intergranular fracture features.
Intergranular fracture is common at high temperatures and can occur
even in the absence of grain boundary liquid films — for example, the
specimens tested on-heating as well as on-cooling at 1275 °C show
intergranular fractures (Fig. 8b and f). In the NST test specimens, the
grains appeared distinctly coarse and rounded (Fig. 8a). As the material
is heated to the NST, it would undergo considerable grain coarsening
and incipient melting of the grain boundaries. In on-heating specimens,
the grain size was observed to increase with the test temperature
(compare Fig. 8b, ¢, and d). Understandably, grain coarsening becomes
more and more significant as the test temperature increases. Further,
during hot ductility testing, specimens can undergo dynamic recrystal-
lization if they fail after significant plastic formation [28]. These factors
can explain why the fracture surfaces of the specimens tested on-
heating at 1250 °C and 1275 °C showed relatively finer grains compared
those that were tested at 1300 °C and 1325 °C. The specimens tested on-
cooling at 1325 °Cand 1300 °C showed more or less the same grain size

Fig. 7. Microstructures of hot ductility test specimens (close to fracture line): (a) NST, (b) on-heating, 1275 °C, (c) on-heating, 1300 °C, (d) on-heating, 1325 °C, (e) on-cooling, 1300 °C,
(f) on-cooling, 1275 °C. Black arrows in (a), (c), (d) and (e) show some secondary cracks. White arrows in (b) and (f) show some elongated voids due to extensive plastic deformation.
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Fig. 8. Fractographs of hot ductility test specimens: (a) NST, (b) on-heating, 1275 °C, (c) on-heating, 1300 °C, (d) on-heating, 1325 °C, (e) on-cooling, 1300 °C, (f) on-cooling, 1275 °C.

as the NST test specimens (compare Fig. 8a and e). This is understand-
able as these specimens were first heated to the NST temperature and
they fractured without any significant plastic deformation. However,
the specimens tested on-cooling at 1275 °C and 1250 °C showed finer
grains although these were also first heated to the NST temperature
(Fig. 8f). As noted earlier, these specimens fractured after significant
plastic deformation and, in the process, developed a finer grain size
due to dynamic recrystallization.

4. Summary

The current study shows that carbide-free bainitic weld metals (with
around 0.3 wt.% carbon) are not seriously susceptible to fusion zone solid-
ification cracking or weld metal HAZ liquation cracking. They are as resis-
tant to hot cracking as many of the standard austenitic stainless steel weld
metals. Hence, they are suitable for use in heavy structural fabrication
work such as in construction of main battle tanks for welding of quenched
and tempered armor steels. Compared to standard low alloy steel weld
metals, carbide-free bainitic weld metals may call for a tighter control
over harmful impurities such as sulfur and phosphorus because of their
tendency to solidify in austenite mode. Similarly, when using carbide-
free bainitic weld metals, it may be necessary to closely control the fusion
zone solidification structure and weld bead shape and geometry to mini-
mize hot cracking problems. The authors believe that it may be possible to
develop carbide-free bainitic weld metals with superior hot cracking
resistance by reducing the carbon content, partially replacing silicon
with aluminum, and adjusting other alloying elements for obtaining
ferrite mode of solidification.
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