
Introduction

Cryogenics can be defined as the sci-
ence and technology of temperatures
below –153°C (120 K). This limiting tem-
perature was proposed based upon the
boiling point of the main atmosphere
gases, as well as methane, which are below
this temperature (Ref. 1). According to
Lebrun (Ref. 2), cryogenics arose two cen-
turies ago from the search to liquefy the
atmospheric gases considered until that
time incondensable. In 1877, L. Cailletet
and R. Pictet liquefied air for the first
time, and in 1883, K. Olszewski and S.
Wroblewski separated oxygen from nitro-

gen. However, the increase in cryogenics
applications started in 1908, when H.
Kamrelingh Onnes made the first helium
liquefaction. There is also equipment in
the chemical and petrochemical industries
that work in temperatures as low
as –100°C, which is not exactly a cryogenic
application according to the definition
presented above.

In both cases (cryogenics or low-tem-

perature applications), the 300 stainless
steels series is widely used, and the AISI
304 and 304L stainless steels are usually
employed. They are recommended for
these applications because their
ductile/brittle transition temperature is
negligible at temperatures above –269°C
(Ref. 3). On the other hand, the
ductile/brittle transition temperature in
ferritic and martensitic stainless steels oc-
curs a few degrees below zero, depending
on the steel chemical composition and
grain size.

According to Hertzberg (Ref. 4), the
temperature effect on the necessary en-
ergy to crack the material is related in the
ferritic steels to a change in the mecha-
nism of microscopic fracture, which hap-
pens due to cleavage at low temperatures
and has a brittle behavior. On cleavage,
fracture occurs on the crystallographic
planes of different grains, and the fracture
surface presents a morphology similar to
a river.

For structural applications, it is neces-
sary to have an adequate combination be-
tween the fracture resistance (KIc, JIc, or
CTOD) and the yield point (σy), depending
on the service temperature. However, these
properties are inversely proportional at any
given temperature. The toughness in stain-
less steels, as a function of temperature, de-
creases monotonically with the yield point
and the temperature (Refs. 5, 6). 

At low temperatures above the range
of cryogenic applications, stainless steels
tend to fail exclusively by a ductile rupture
mechanism, in which occurs a coalescence
of dimples, generated by second-phase
particles present in the material. There-
fore, the fracture resistance is controlled
by the volumetric fraction, size, distribu-
tion, and morphology of second-phase
particles. The interface between second
phase and the matrix can be easily sepa-
rated at low plastic deformation associated
with low temperatures. In this case, the
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ABSTRACT

Welded equipment for cryogenic applications is utilized in chemical, petrochemi-
cal, and metallurgical industries. One material suitable for cryogenic application is
austenitic stainless steel, which usually doesn’t present ductile/brittle transition tem-
perature, except in the weld metal, where the presence of ferrite and micro inclusions
can promote a brittle failure, either by ferrite cleavage or dimple nucleation and
growth, respectively. A 25-mm- (1-in.-) thick AISI 304 stainless steel base metal was
welded with the SAW process using a 308L solid wire and two kinds of fluxes and con-
stant voltage power sources with two types of electrical outputs: direct current elec-
trode positive and balanced square wave alternating current. The welded joints were
analyzed by chemical composition, microstructure characterization, room tempera-
ture mechanical properties, and CVN impact test at –100°C (–73°F). Results showed
that an increase of chromium and nickel content was observed in all weld beads com-
pared to base metal. The chromium and nickel equivalents ratio for the weld beads
were always higher for welding with square wave AC for the two types of fluxes than
for direct current. The modification in the Creq/Nieq ratio changes the delta ferrite
morphology and, consequently, modifies the weld bead toughness at lower tempera-
tures. The oxygen content can also affect the toughness in the weld bead. The highest
absorbed energy in a CVN impact test was obtained for the welding condition with
square wave AC electrical output and neutral flux, followed by DC(+) electrical out-
put and neutral flux, and square wave AC electrical output and alloyed flux.
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toughness measured by Charpy V-notch
(CVN) absorbed impact energy or crack
tip opening displacement (CTOD) de-
creases with temperature.

Furthermore, in the case of stainless
steel weld metal, the matrix is a dual-phase
type, with ferrite and austenite, depending
upon the solidification mode (Refs. 7–10).
The presence of ferrite, even in small

amounts, usually less than 10%, can also
generate a ductile or a brittle path, de-
pending upon the test temperature. At
high and room temperatures, ferrite is
ductile and, consequently, its volumetric
fraction and its morphology don’t control
the rupture mechanism. In this case, the
fracture mechanism is due to the volumet-
ric fraction of inclusions. At low or cryo-

genic temperatures, ferrite can be brittle
and can lead to reduction in the toughness
of the weld by a cleavage mechanism.

The ferrite morphology and its volu-
metric fraction in the weld metal are im-
portant in determining the cracking
mechanism at low and cryogenic tempera-
tures. Solidification mode, ferrite mor-
phology, and its amount are determined
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Fig 1 — Chromium and nickel contents in weld beads according to the ex-
perimental conditions used in this work.

Fig. 3 — Dilution in weld bead as a function of experimental welding 
conditions.

Fig. 2 — Change in weld metal chemical composition as a function of experi-
mental welding conditions. Weld metal is compared to base metal chemical
composition.

Fig. 4 — Comparison among oxygen and nitrogen contents for base metal
(BM) and four experimental weld metal conditions.

Table 1 — Tension Test Results for All Tested Samples

Tensile Strength (MPa) Minimum
Experimental Number Tensile Strength Sample Failure
Condition of Test Measured Mean (MPa) Localization

1 601
1(Ac/N) 606.0

2 611

1 606
2(DC/N) 607.0

2 608
515 Weld Metal

1 601
3(DC/A) 598.5

2 596

1 604
4(AC/A) 606.0

2 608
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by chemical composition (Creq/Nieq ratio)
and by the orientation between <100>γ
direction and heat flow flux direction dur-
ing weld pool solidification (Refs. 11–13).

As presented before, the Creq/Nieq
ratio is one factor that determines the
weld pool solidification mode, ferrite mor-
phology, and the volumetric fraction of
delta ferrite in the weld bead (Refs. 7–10).
If Creq/Nieq ratio is below 1.48, the solidi-
fication mode produces a weld bead with
an austenitic microstructure. When the
Creq/Nieq ratio is between 1.48 and 1.95, a
ferrite-austenite solidification mode takes
place in the weld pool, which produces an
austenitic-ferritic microstructure with 2 to
10% ferrite. Vermicular ferrite morphol-
ogy is more frequent than lath ferrite
when Creq/Nieq ratio is in the lower part of
the 1.48 to 1.95 range. Lath ferrite usually
occurs more often than vermicular mor-
phology while Creq/Nieq ratio is closer to
1.95. As Creq/Nieq ratio is higher than 1.95,
a primary ferrite microstructure is pro-
duced in the weld bead, with austenite pre-
cipitation during cooling by ferrite
decomposition.

The weld pool chemical composition
can be changed due to thermochemical
and electrochemical reactions on the

molten droplet at the wire tip, during
droplet transfer, and in the weld pool in
contact with the electric arc or molten slag
in submerged arc welding (SAW) and elec-
troslag welding (ESW) processes (Refs.
14–17). According to Blander and Olson
(Ref. 14), the anodic reaction (electrode
positive) at the molten droplet-slag inter-
face in the wire tip is responsible for the
oxide formation, and the anodic reaction
(electrode negative) of the metal ion is re-
sponsible for the electrodeposition of met-
als at the weld pool. The chemical
composition due to cathodic reactions is
adjusted by chemical reactions. Also, the

welding pool chemical composition can be
changed due to dilution. Usually, direct
current (electrode positive) polarity pro-
duces a higher penetration and direct cur-
rent (electrode negative) increases
deposition rate, using the same SAW
process flux type. Thus, using direct cur-
rent (electrode positive) or alternating
current during SAW can produce a differ-
ent chemical composition in the weld pool.
Therefore, the change in chemical com-
position can alter the ferrite morphology. 
The heat flow flux condition can also af-
fect the ferrite morphology. In the case
where <100>γ directions and heat flow
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Fig. 5 — Comparison among sulfur, phosphorus and carbon contents for base
metal (BM) and four experimental weld metal conditions.

Fig. 7 — Weld bead delta ferrite content for the experimental welding 
conditions. 

Fig. 6 — Change in C, S, P, O, and N chemical composition as a function of
experimental welding conditions. Weld metal is compared to base metal chem-
ical composition.

Fig. 8 — Creq/Nieq ratio for the experimental conditions used in this work. 

Table 2 — Charpy V-Notch Test Results at –100°C (–73°F) for All Experimental Conditions

Experimental Mean Absorbed Energy Mean Lateral
Condition (J) Expansion (mm)

1(AC/N) 65 ± 5 0.783 ± 0.097

2(DC/N) 56 ± 5 0.740 ± 0.068

3(DC/A) 36 ± 5 0.661 ± 0.087

4(AC/A) 53 ± 6 0.694 ± 0.134
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flux direction during weld pool solidifica-
tion are parallel, delta ferrite can be
formed with a lath or vermicular mor-
phology, depending upon the existence, or
not, of Kurdjumov-Sachs orientation rela-
tionship between delta ferrite and austen-
ite (Ref. 12). On the other hand, if the
<100>γ direction and heat flow direction
during weld pool solidification are not par-
allel, the delta ferrite morphology is ver-
micular (Ref. 12). 

These delta ferrite morphologies and
volumetric fraction are also related to the
toughness of the microstructure. De-
pending upon the temperature, a small-
scale yielding (cryogenic temperature) or
a large-scale yielding (low temperature,
room temperature, and above) condition
takes place during crack propagation.
Lath ferrite usually presents better
toughness than vermicular ferrite in an
austenitic-ferritic matrix for small-scale
yielding (Ref. 12). This is due to the crack
propagation in the ferrite at low or cryo-
genic temperatures. Vermicular ferrite is
usually a more continuous and aligned

ferrite than lath ferrite, which has a fer-
rite crack propagation mean path lower
than vermicular ferrite, mainly due to the
ductile austenite that acts as a crack 
arrester.

The objective of this work is to deter-
mine the differences in chemical compo-
sition and low-temperature mechanical
properties of an AISI 304 base metal
weld joint caused by changing submerged
arc welding parameters such as flux type
(neutral and alloyed fluxes) and electric
condition (direct current electrode posi-
tive or square wave alternating current).

Experimental Procedure

A 25-mm- (1-in.-) thick AISI 304 stain-
less steel base metal was welded by the
SAW process using an AWS A5.9 ER308L
filler metal with 3.25-mm (1⁄8-in.) diameter
and two kinds of fluxes: neutral and
chromium autocompensating alloyed. The
welds were made by a constant voltage
power source with two electrical output
types: direct current electrode positive and

balanced square wave alternating current.
Samples 1 and 4 were made with alternat-
ing current, balanced square wave with a
70-Hz frequency with neutral (AC/N) and
chromium autocompensating alloyed
fluxes (AC/A), respectively. Samples 2 and
3 were welded with continuous current
electrode positive, using neutral (DC/N)
and chromium autocompensating alloyed
fluxes (DC/A), in that order. All four sam-
ples were welded with a mean heat input
close to 2.2 kJ/mm (0.87 kJ/in.) and a dou-
ble-V bevel type.

The welded joints were analyzed by dif-
ferent methods. The chemical composition
of base metal, weld metal, and filler metal
were analyzed using an optical emission
spectroscopy and LECO® equipment for
carbon, sulfur, oxygen, and nitrogen meas-
urements. Dilution was determined by a
ratio between melted base metal area to
weld metal area. Microstructure character-
ization was done using an optical micro-
scope and scanning electron microscope
with an energy dispersive microanalysis.
Samples observed in the optical microscope
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Fig. 9 — Typical ferrite morphology for 3(DC/A) weld metal experiment. A — Presents both ferrites morphologies types; B — detail of a ferrite transition mor-
phology region. Electrolytic etching: oxalic acid 10%. Optical microscope.

A B

Fig. 10 — Dimple mean size as a function of oxygen content in weld metal
for the experimental conditions tested in this work.

Fig. 11 — Mechanism of low and cryogenic temperatures for two ferrites
morphologies Refs. 11,12. A — Vermicular ferrite morphology B — lath
ferrite morphology.

A B
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were electrolyticaly etched using a 10% so-
lution of oxalic acid. The volumetric fraction
of ferrite in the weld metal was measured by
a magnetic technique, using a ferritoscope
equipment.

Mechanical properties were measured
at room temperature (tensile test) and
CVN notch-toughness impact test at
–100oC (–73oF), repeated five times sam-

ple per welding condition. Charpy sample
surface fractures were also observed in a
scanning electron microscope.

Results and Discussion

Chemical Composition

The Cr and Ni chemical composition of
the weld beads is presented in Fig. 1 for all
experiments. Analyzing these values, one
can notice an increase in chromium con-

tent for all welding conditions. The highest
values were achieved welding with a neu-
tral flux and a balanced square wave alter-
nating current electrical output (AC/N)
followed by welding with an alloyed flux
(chromium compensating flux) and a bal-
anced square wave alternating current
electrical output (AC/A). The result for
AC/A condition was expected, since an al-
loyed flux was utilized to compensate for
variations in chromium content during
welding. On the other hand, the increase
in chromium content using a neutral flux
and a balanced square wave alternating
current (AC/N) should be explained by
other ways besides flux type, such as elec-
trical output and weld bead dilution. 

As an AC square wave electrical output
was used, the change in chemical compo-
sition can be related to the change in po-
larity during welding by electrochemical

reactions. When the welding pool is nega-
tive during AC welding, a Cr electrochem-
ical reaction takes place, depositing
chromium, nickel, and other metals. When
the polarity is changed to positive, a Cr 
oxidation in the welding pool occurs. The
opposite reactions occur in the molten
droplet at the wire tip. To analyze these re-
actions, a change in element content of the
weld metal was compared to the base
metal chemical composition. A positive-
value means a pickup of the element in the
weld pool. The result is depicted in Fig. 2.

In analyzing Fig. 2, all tested welding
conditions presented Cr and Ni contents
higher than in the base metal. The
chromium content using the AC/Neutral
flux condition presented almost the same
amount of AC/A flux, and both presented
a higher increase in chromium content in
the weld pool than DC/N and DC/A
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Fig. 13 — A view of CVN crack propagation for sample 3(DC/A). A —
Low magnification picture of crack path; B — a close-up of a sample region.

Fig. 12 — A view of CVN crack propagation. A — Flat propagation type in
sample 3DC/A; B — rounded propagation type for sample 4(AC/A).

Fig. 14 — A correlation between CVN results at and weld metal oxygen content. A — CVN absorbed energy ; B — lateral expansion.

BA

A
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fluxes. These results follow the same trend
proposed by Frost et al. (Ref. 15) when
they analyzed the increase in chromium
content, by electrochemical reaction, com-
paring AC and DC submerged arc welding
of a carbon steel. In these results, they
used an AC wave with a sinusoidal shape.
When an AC square wave is utilized for
welding, the arc voltage and welding cur-
rent are almost kept in the setup value,
with almost no change when compared to
a sinusoidal wave shape. Thus, the elec-
trochemical reactions using a square wave
shape are maintained with same charge
density for each half cycle, given a favor-
able electrochemical reaction rate com-
pared to sinusoidal wave shape.

Dilution can also affect the chemical
composition of weld metal, since it repre-
sents the base metal portion in the weld
metal, which usually has a higher amount
of impurities than base metal. Thus, the
higher the dilution, the lower the amount
of impurities, taking into account only the
base metal melted volume and the de-
posited filler metal volume. Figure 3
shows the dilution of weld metal for AC
and DC experimental conditions. Analyz-
ing this figure, the AC electrical output de-
picted a dilution lower than DC electrical
output, for same flux type. Submerged arc
welding process typically presents a high
penetration in DC(+) and a high deposi-
tion rate in DC(–) electrical output. As the
AC electrical output is a balanced square
wave, these two effects act a half time each
during the AC current cycle, justifying the
difference between DC(+) and AC dilu-
tion results. Examining the same electrical
output and different flux types, the neutral
flux presents a lower dilution than the al-

loyed flux, which also correlated to oxygen
quantity in the weld pool. 

Usually, for DC(+), the increase in the
amount of oxygen increases the penetra-
tion of the weld bead, which can also raise
the dilution of the weld bead. In the case
of AC welding, the change in polarity can
alter the amount of oxygen due to electro-
chemical reactions. Figure 4 presents the
amount of oxygen and nitrogen in weld
metal for the experiments.

The oxygen weld metal amount in DC
electrical output follows the same trend
presented by the weld joint dilution. The
change in dilution with oxygen content
may be caused by a Marangoni flow in-
duced by the amount of oxygen in the weld
bead. In the case of AC electrical output,
the electrochemical reaction produces the
same trend in weld metal oxygen content,
which is lower than in DC electrical out-
put. These behaviors are similar to the re-
sults reported by Frost (Ref. 15) for
carbon steels. The amount of oxygen in
weld metal is also a function of the basic-
ity index (BI) of the flux. The neutral flux
used in this work has a BI of 2.70, and the
alloyed flux presents a BI of 0.97. The
higher the BI, the lower is the content of
oxygen in the weld bead, reaching up to a
minimum constant amount of oxygen, for
DC (+) and carbon steels (Refs. 18, 19).
The results for stainless steels follow the
same trend, when comparing results for
the same electrical output. Nitrogen weld
metal content does not present a signifi-
cant change with the experimental 
conditions.

The amount of C, S, and P are also im-
portant for weld bead shape and cryogenic
or low-temperature mechanical properties.
The amount of these elements in weld
metal may be also controlled by an electro-
chemical reaction. In the case of carbon and
phosphorus, the neutral flux presented a
higher pickup of these elements than the al-
loyed flux for the DC(+) condition. The di-
lution of DC/A should be taken into
account to analyze these compositions since
DC/A presented the highest dilution and,
consequently, less impurities were intro-
duced into the weld pool. Comparing this
result for AC electrical output, the result is
opposite mainly due to the different chem-
ical composition of the welding flux; that is,
the increase in carbon and phosphorus is
higher for the alloyed flux. Also, the dilution
of the AC output weld bead has almost the
same dilution, and the effect of the melted
base metal has almost the same influence in
the chemical composition of these weld
beads. Figure 5 depicts the carbon, sulfur,
and phosphorus for the experimental 
conditions.

To analyze the effect the electrical out-
put has on weld metal chemical composi-
tion, a change of C, S, P, O, and N
elements is compared to base metal chem-

ical composition. These results are shown
in Fig. 6. 

There is no change in carbon pick up
for DC(+) and the two flux types. On the
other hand, in the AC condition, there is
an increment in the carbon content for
neutral flux when compared to alloyed
flux. Examining the carbon pickup, AC
electrical output presented a lower value
than DC(+), for both flux types. These re-
sults show a trend similar to the carbon
pickup by electrochemical reaction re-
ported in Ref. 16. 

Investigating the sulfur composition
change in the weld bead, it was found
change occurs only when the electrical out-
put is changed, and it is kept constant for
the same flux type. In this case, the sulfur
pickup in weld metal may be due to the
change in the flux basicity, which is related
to the desulfurization reaction in the weld
pool that is enhanced by a basic slag pro-
duced by a basic flux.

In the case of a change of phosphorus in
the weld bead, there was a loss of this ele-
ment for all experiments. For the same elec-
trical output, the reduction in P was higher
for same flux type and neutral, which is a
basic flux type, than for alloyed flux. In this
case, a dephosphorization reaction takes
place, which is promoted by flux with a high
basicity index. Also, the electrochemical re-
action acts together to reduce the P amount,
as suggested by Ref. 16.

The change in oxygen content also fol-
lows the effect of the flux basicity index
and electrochemical reactions, as dis-
cussed previously.

Metallographic Characterization

Delta Ferrite Volumetric Fraction

Delta ferrite volumetric fraction was
measured by magnetic measurements,
using a Ferritoscope, in seven different re-
gions along a weld bead cross section. The
results of ferrite mean value are presented
in Fig. 7. All experimental conditions pre-
sented a ferrite volumetric fraction below
10%, as usually recommended for welding
with 300 austenitic stainless steel series.
All delta ferrite volumetric fractions have
closer values. The higher amount of delta
ferrite was found in condition 3(DC/A) fol-
lowed by condition 4 (AC/A), condition 2
(DC/N), and condition 1(AC/N). These re-
sults should be analyzed by the pickup of all
alloying elements that are present in the
chromium and nickel equivalent equations
in particular for the alloying elements with
higher amounts, such as Cr and Ni.

As presented previously, the delta fer-
rite morphology can be predicted by the
chromium equivalent/nickel equivalent
ratio. Figure 8 presents Creq/Nieq ratio for
the experiments. According to the results
shown in Fig. 8, samples with a Creq/Nieq
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Fig. 15 — A fracture surface of sample 1(AC/N),
presenting a dimple ductile type in austenite and
cleavage fracture of ferrite, in a different plane.
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ratio close to 1.95 tends to produce more
lath ferrite than vermicular ferrite mor-
phology. On the other hand, a Creq/Nieq
ratio close to 1.8 tends to produce more
vermicular ferrite than lath ferrite mor-
phology. The AC electrical output pro-
duced a weld bead microstructure with
more lath delta ferrite than vermicular fer-
rite. In the case of a DC(+) welding con-
dition, the Creq/Nieq ratio is lower for
alloyed flux than for neutral flux. The con-
dition 3(DC/A) presented the lower
Creq/Nieq ratio, which means a tendency
to produce more vermicular ferrite than
lath ferrite. Figure 9 depicts a typical mi-
crostructure of AISI 304 stainless steel
weld bead for 3(DC/A) experiment.

Figure 9A presents a typical microstruc-
ture for both ferrite morphologies, lath and
vermicular, predominating vermicular fer-
rite. Figure 9B shows a detail of a mi-
crostructure transition region, with lath
ferrite morphology in the left upper corner
and vermicular ferrite in the lower right cor-
ner. Figure 9B depicts also an oxide mi-
croinclusion in the transition region.

Ferrite morphology is also influenced by
the heat flow flux direction compared to
<100>γ direction (Refs. 12, 13). In the case
where both are parallel in austenite, the fer-
rite formed may be vermicular or lath type,
depending upon the existence of Kurdju-
mov-Sachs (KS) orientation relationship be-
tween austenite and delta ferrite. In the case
where there is a KS orientation relationship
and also the heat flow is also parallel to
<100>δ ferrite direction, the lath ferrite
morphology is produced. On the other
hand, vermicular ferrite morphology is pro-
duced if there is no KS relationship between
ferrite and austenite, even though the heat
flow and <100>δ directions might be par-
allel. If the heat flow flux direction and
<100>δ directions are not parallel, ver-
micular or lath ferrite are produced. In the
case where the heat flow flux direction is not
parallel to <100>γ direction, independent
of a KS relationship between ferrite and
austenite, a vermicular morphology is pro-
duced. During weld pool travel, there is a
change in the heat flow to <100> direction.
As a consequence, a change in ferrite mor-
phology by this mechanism takes place, jus-
tifying why vermicular and lath ferrite
morphology are always present in a mi-
crostructure of a ferrite/austenite solidifica-
tion mode.

Mechanical Properties

Tension Test

Results for tension tests are depicted in
Table 1. Observing these results, condition
3(DC/A) presented the lowest tensile
strength. The mechanism of a ductile frac-
ture in a tensile test sample is related to
dimple (microvoid) nucleation at inclusions,

growth, and coalescence. Therefore, the el-
evated content of oxygen in the weld metal,
as condition 3(DC/A) presented, is an indi-
cation of a large quantity of microinclusions
present in the microstructure, and conse-
quently, the tensile strength resulted in a
lower resistance value.

The relationship between tensile
strength and oxygen weld metal content are
confirmed in Fig. 10. In this figure, the dim-
ple mean size was measured in SEM surface
fracture for all tension test samples. As the
dimple mean size decreases, the rate of mi-
crovoid nucleation at the inclusions in the
weld metal increases, which means a higher
volumetric fraction of inclusions and, con-
sequently, high oxygen content in the weld
bead, as condition 3(DC/A). After nucle-
ation, dimples grow and coalesce up to the
final sample rupture. The other three con-
ditions presented almost the same dimple
mean size, which is compatible to the me-
chanical property measured.

CVN Test

Table 2 shows the result of Charpy V-
notch test at –100°C (–73°F). Analyzing
these results, one notices experiment
3(DC/A) depicted the lowest absorbed en-
ergy and lateral expansion of all experi-
ments. In the tested temperature, the
fracture of the four samples was mainly by
dimple coalescence in austenite and cleav-
age in ferrite. In other words, at this tem-
perature there is large-scale yielding, where
the sample rupture exhibits some ductility,
which can be correlated to measured lateral
expansion. Experiment 3(DC/A) presented
the lowest mean lateral expansion of the
four tested conditions. This result can also
be explained by the same mechanism pre-
sented previously in the tension test. The
oxygen content is one factor that affects this
result, in particular to the austenitic part of
the weld bead microstructure, which has a
large amount of oxide inclusions. As these
tests were done at low temperature, ferrite
cleavage can occur during crack propaga-
tion. Ferrite can crack by a twinning mech-
anism acting in the slip system {112}<111>
or in the {100} planes. The family direction
in ferrite twinning is the same of KS orien-
tation relationship in ferrite. This coinci-
dence in direction can alter the toughness
of ferrite morphology at low temperature,
suggesting a lower toughness to lath ferrite
morphology. This is not the case, since the
ferrite cleavage crack mean free path should
be taking into account. So, vermicular fer-
rite has a larger mean free path than lath
ferrite and, consequently, vermicular ferrite
is less tough than lath ferrite. This is in ac-
cordance to Refs. 12 and 13, where it is re-
ported that lath ferrite has a higher
toughness than vermicular ferrite for cryo-
genic temperatures, depending on crack di-
rection propagation and also ferrite

cleavage. Figure 11 presents the mechanism
proposed by Refs. 12 and 13.

According to the Inoue-proposed mech-
anism (Refs. 12, 13), there are dimple nu-
cleation and growth at inclusions in
austenite and cleavage of ferrite in {100}
planes in the case of vermicular ferrite mor-
phology. For lath ferrite morphology, there
is only dimple nucleation and growth with
no ferrite cleavage. As a consequence, this
failure behavior is responsible for a tougher
microstructure, composed mainly by lath
ferrite morphology in an austenitic matrix.

The CVN test crack propagation path
was observed in optical microscope for the
tested conditions, in a plane parallel to the
crack plane and in the half thickness of
CVN test samples. Two different crack
paths types were observed, one with a ten-
dency to a rounded shape and the other
with a more flat appearance, respectively,
for 1(AC/N), 2(DC/N), 4(AC/A) experi-
ments, and 3(DC/A) experiment. Com-
paring these path types and the absorbed
energy, experiment 3(DC/A) presented
the lowest CVN absorbed energy and lat-
eral expansion. Figure 12 shows this two
path types for two experiments, 3(DC/A)
and 4(AC/A).

Analyzing 3(DC/A) experiment mi-
crostructure, depicted in Fig. 13, one can
notice the vermicular-type microstructure in
this sample, as was predicted by the
Creq/Nieq ratio. This microstructure pres-
ents an oriented pattern, which facilitates
the crack propagation. Observing the cen-
ter of austenite dendrite, there are a lot of
oxide inclusions promoting the crack by a
dimple nucleation and growth mechanism
at CVN test temperature, for the two crack
propagation types shown in Fig. 12. Ob-
serving the fracture surface in the detail of
Fig. 14B, the profile suggests this mecha-
nism together with ferrite cleavage mecha-
nism, as presented in Fig. 11A. Thus, a
relationship between CVN absorbed en-
ergy, CVN lateral expansion and the oxygen
content in the weld bead is expected, as Fig.
14 depicts.

The lower CVN absorbed energy and
lateral expansion of sample 3(DC/A) is
also explained by amount of oxygen con-
tent, as presented previously.

Examining the surface fracture of sam-
ples 1(AC/N), 2(DC/N), and 4(AC/A), an-
other phenomenon was observed, which is
the presence of secondary cracks, in a
plane with a different angle to main crack
propagation plane. Figure 12B shows one
example. The observation of surface frac-
ture in SEM depicted a ductile-type crack
with regions presenting a delta ferrite
cleavage, as observed in Fig. 15. All sam-
ples presented a CVN absorbed energy
higher than sample 3(DC/A), and since
austenite is ductile at the temperature test,
the microstructure has more lath ferrite,
and the amount of oxygen was lower for
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these samples. The presence of secondary
cracks by ferrite cleavage is an enhancing
toughness mechanism, which can produce
CVN absorbed energy higher than an en-
ergy obtained only by a pure mechanism
of dimple nucleation and growth, as pre-
sented schematically in Fig. 11B. The pres-
ence of secondary cracks can also explain
the higher toughness of lath ferrite when
compared to vermicular ferrite, as ob-
served experimentally in References 11
and 12.

Conclusions

Based on the materials, welding proce-
dure, and results analysis techniques one
can conclude the following:

1) There is a difference in the weld
bead chemical composition when the bal-
anced AC square wave electrical output is
used for welding AISI 304 stainless steel,
for both fluxes. The amounts of chromium
and nickel were increased when compared
to the base metal chemical composition
for all experiments. The best results were
obtained for the samples welded with ac-
tive flux using square wave AC current
type followed by neutral flux and square
wave AC current. Same trend was ob-
served for oxygen and phosphorus. In the
case of oxygen, there was a pickup of oxy-
gen, which presented the lowest values for
square wave AC current, both flux types,
and the highest value to DC(+) and al-
loyed flux. In the case of P, a dephospho-
rization reaction took place in the weld
pool and the amount of this element was
decreased for all experiments. The P lost
was higher for AC balanced square wave
and neutral flux. Some results among ex-
perimental conditions may be influenced
by the weld bead dilution that was higher
for DC/A flux experimental condition.

2) The Creq/Nieq ratio was greater for
balanced square wave AC than for DC(+),
for both flux types. AC/A flux condition pre-
sented the highest ratio (1.90), followed by
AC/neutral flux (1.88) and DC/neutral flux
(1.86). The lowest value was obtained by
DC/A flux condition (1.83). These results
can be arranged in two groups: one with a
higher Creq/Nieq ratio (1.86–1.90 range) and
another with a lower Creq/Nieq ratio (1.83).
The former presents a microstructure with
more lath ferrite than vermicular ferrite
morphology. The second group presented a
microstructure composed mainly of vermic-
ular ferrite, with some amount of lath 
ferrite.

3) Although all samples achieved a re-
sistance higher than the minimum required
by the standard, tension test results pre-
sented a lower tensile strength for sample
DC/alloyed flux. The mechanism of fracture
is controlled by dimple nucleation, growth,
and coalescence. Dimple is nucleated at
oxide inclusions, which volumetric fraction

can be inferred by oxygen content. The
higher the oxide volumetric fraction, the nu-
cleation rate is higher and the dimple size is
decreased when coalescence takes place.
DC/alloyed flux presented the highest
amount of oxygen of all tested conditions,
and as a consequence, the lowest dimple
mean size measured at the tension test sur-
face fracture.

4) The CVN impact test at –100°C
(–73°F) showed the best result for samples
welded with square wave AC and neutral
flux followed by DC(+) polarity and neu-
tral flux; square wave AC and alloyed flux;
and DC(+) polarity and alloyed flux, re-
spectively. These results were analyzed tak-
ing into account the oxygen content and
ferrite morphology, which is related to the
ferrite cleavage and ferrite orientation in
the microstructure. The mechanism of fail-
ure in stainless steel weld metal CVN sam-
ples can be by a ductile mechanism (dimple
nucleation and growth in austenite) or by a
brittle mechanism (delta ferrite cleavage
and crack mean free path). The CVN sam-
ple with lowest absorbed energy presented
the highest amount of oxygen and also a
vermicular ferrite morphology, which is a
more continuous and aligned type. 

5) Secondary cracks were observed in all
samples with a predominant lath ferrite.
The ferrite cleavage occurs in a plane with
different orientation to the main crack
propagation plane. This is a mechanism to
enhance the toughness of the lath ferrite 
microstructure.
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