
Introduction

Supermartensitic stainless steels
(SMSS) have been developed in the last
years as attractive technical alternatives to
high-strength low-alloy (HSLA) steels
mainly in applications related to the oil
and gas industry (Refs. 1, 2). Welding of
these materials plays a crucial role in fab-
ricated components, influencing their
toughness, weldability, and resistance to

sulfide stress cracking. Supermartensitic
stainless steels were developed based on
classic martensitic stainless steels 
(11–14% Cr), reducing C content to en-
hance weldability and corrosion resistance
and adding Ni to promote a free-ferrite
structure and Mo (Refs. 3, 4), which also
improves corrosion resistance (Refs. 5, 6).

Depending on chemical composition
and welding procedure, the microstructure
of SMSS deposits obtained in the as-
welded condition is mainly composed of
martensite with variable fractions of
austenite (up to 30%) and ferrite (up to
10%), with different morphologies (Ref. 7).

Postweld heat treatment (PWHT) is

usually necessary to adjust weldment
properties, based on microstructural evo-
lution. In the as-welded condition, it is
common to obtain high hardness and low
toughness, due to the presence of untem-
pered martensite (Refs. 6, 8). In practice,
PWHTs used involve single or double tem-
pering treatments, promoting martensite
tempering and formation of retained
austenite, which results in lower hardness
and higher toughness values (Refs. 4, 9).
Nevertheless, these PWHTs are a consid-
erable cost and time-consuming step in
pipe welding, then in new SMSS, chemical
composition has been modified to avoid
PWHT or to minimize it to shorter times,
less than half an hour (Ref. 10). 

For welding these materials, the gas
metal arc welding (GMAW) process using
SMSS metal cored wires has been recog-
nized as a suitable technological option,
and its use has recently been improved
(Ref. 4). This type of consumable presents
several advantages such as low slag gener-
ation and high deposition rate (Ref. 11).
Shielding gases employed for welding this
type of material usually are inert mixes
(Ar-He) or Ar-rich mixtures (Ar-CO2, Ar-
CO2-O2) with a very low amount of active
gases (less than 5%) (Ref. 12). The type of
shielding gas can affect the chemical com-
position of the weld metal, principally O,
N, and C contents (Ref. 13).

There have been many efforts to de-
velop tougher SMSS deposits. Control of
chemical composition, particularly reduc-
ing C, O, N, and S contents or addition of
Ni, has proved to be successful (Ref. 10).
Besides, it is well known that the content
of low toughness phases like untempered
martensite or ferrite affects the final value
of toughness, as well as an increased frac-
tion of retained austenite improves it (Ref.
3). The role of precipitation reactions is
not yet completely understood.

Different PWHTs lead to microstruc-
tural modifications producing different
combinations of phases present in SMSS
weld deposits (tempered and untempered
martensite, austenite, carbides, etc.), with
each microstructural pattern affecting
toughness in a specific way.
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ABSTRACT

Welding of supermartensitic stainless steel plays a crucial role in fabricated com-
ponents, influencing their toughness, weldability, and resistance to sulphide stress
cracking. Postweld heat treatment adjusts the final properties of the weldments, bear-
ing on microstructural evolution. The objective of this work was to maximize all-weld-
metal toughness by microstructural modifications achieved by means of postweld heat
treatments (PWHTs). Two all-weld-metal test coupons were prepared according to
standard ANSI/AWS A5.22-95, using a 1.2-mm-diameter tubular metal-cored wire
under Ar-5%He and Ar-18%CO2 gas shielding mixtures in the flat position, with a
nominal heat input of 1.6 kJ mm-1. Single tempering, solution annealing, solution an-
nealing plus single tempering, and solution annealing plus double tempering treat-
ments were carried out at different times and temperatures. All-weld-metal chemical
composition analysis, metallurgical characterization, hardness and tensile property
measurements, and Charpy V tests were carried out. It was found that eliminating fer-
rite, maximizing austenite, and softening martensite through PWHT, improved tough-
ness up to almost three times with respect to the as-welded condition, for both shield-
ing gases used. When welding under Ar-18%CO2 shielding gas, the following was
detected: a) higher all-weld-metal contents of C, O, and N and slightly lower contents
of Mn, Si, Cr, Ni, Mo, Cu; this fact produced slightly lower ferrite and austenite con-
tents in the as-welded condition and b) lower toughness and ductility, and higher
strength and hardness, regarding the samples welded under Ar-5%He mixture.
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The objective of this work was to sys-
tematically study the effect of different mi-
crostructural patterns of all-weld-metal
(AWM) SMSS on toughness in order to
improve this property. Additionally, the
effect of interstitial elements content on
toughness was evaluated, giving consider-
ation to the shielding gas used.

Experimental Procedure

Welding

Two AWM test coupons were welded ac-
cording to standard ANSI/AWS A5.22-95
(Ref. 14) using a metal cored tubular wire
of 1.2 mm diameter, obtaining a SMSS weld
deposit using the GMAW process with two
different shielding gases. The welding pa-
rameters are presented in Table 1.

The welding position was flat; preheat-
ing and interpass temperatures were 100°C.
The shielding gas flow rate was 18 L/min
and the stickout 20 mm. A power source
with pulsed arc of 120 Hz was employed.
Both welded coupons were evaluated by ra-
diographic testing according to ANSI B31.3
standard (Ref. 15).

Chemical Composition

To analyze the effect
of shielding gas, trans-
verse cross sections for
chemical analysis were
extracted from each
coupon. AWM chemi-
cal compositions were
determined by means
of spectrometric meas-
urements except C, N,
O, and S contents that
were analyzed via
LECO™. 

Postweld Heat Treatments 

To induce different microstructural
conditions, samples of each coupon were
submitted to the different heat treatments
shown in Table 2 with the corresponding
sample identification. 

As shown in Table 2, different PWHTs
consisting of a) single tempering (650); b)
solution annealing (1000); c) solution an-
nealing plus single tempering (1000 + 650);
and d) solution annealing plus double tem-
pering (1000 + 650 + 600) were conducted
maintaining as reference the as-welded con-
dition. The PWHT parameters were se-
lected according to previous information
(Refs. 3, 8, 16) with the purpose of soften-
ing the martensite matrix, minimizing the
ferrite content, and maximizing the austen-
ite content, in order to improve AWM
toughness. The overall objective was to
allow the analysis and understanding of the
influence of each phase present.

Single and double tempering treat-
ments soften martensite (Ref. 17) and
modify the austenite content, depending
on treatment temperature and time (Refs.

8, 18). Solution annealing between 950°
and 1050°C allows the dissolution of both
ferrite and austenite (Ref. 18).

Microstructural Characterization

Microstructural characterization was
done using light (LM), scanning electron
(SEM) microscopy, and X-ray diffraction
(XRD). Ferrite contents were measured
following standard ASTM E562-99 (Ref.
19) by quantitative metallography and
austenite contents by means of the direct
peak comparison method, based on XRD
patterns (Ref. 20). Dilatometric analysis
has been made for AHaw and ACaw sam-
ples, to achieve a better understanding of
phase transformations that take place dur-
ing PWHT. Transformation temperatures
AC1, AC3, and MS were determined with a
heating/cooling rate of 10°C/min.

Mechanical Properties

Vickers 1 kg microhardness (HV1)
measurements as well as Charpy V-notch
(CVN) tests (Ref. 21) at 20°C were carried
out for all conditions analyzed. Micro-
hardness values were the average of at
least five measurements. Charpy V-notch
values were the average of at least three
tested specimens. Transverse AWM ten-
sile specimens (Ref. 22) were obtained for
all conditions. All measurements were
conducted in the central zone, in corre-
spondence with the location of the notch
of Charpy V specimens. Figures 1 and 2
present dimensions and locations of sam-
ples for different tests (Refs. 21, 22).

Results and Discussion

Chemical Composition

Table 3 shows the AWM chemical com-
position results. The values are expressed
in weight percent (wt-%), except for N and
O, which are in parts per million (ppm).

Samples welded under Ar-CO2 shield-
ing showed higher contents of C, N, and O,
as well as lower contents of Mn, Si, Cr, Ni,
Mo, and Cu, than those welded under Ar-
He mixture.
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Fig. 3 — Macrography of AHaw sample.

Fig. 1 — Transverse cross section for chemical analysis, microstructural char-
acterization, and microhardness determination. (Dimensions in mm.)

Table 1 — Welding Parameters

Identification Shielding Gas Tension Current Welding Speed Heat Input
(V) (A) (mm s-1) (kJ mm-1)

AH Ar-5%He 29 298 5.0 1.73
AC Ar-18%CO2 30 301 5.5 1.64

Fig. 2 — Tension test and Charpy V location.
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Variations observed in the metallic ele-
ment contents were related to oxidation
processes in the arc due to a higher oxida-
tion potential of the shielding gas (Ref. 23).
Higher contents of interstitial elements
could be related to higher partial pressures
of O and C in the arc atmosphere due to de-
composition of CO2 (Ref. 24).

To obtain good mechanical properties,
these steels must have very low C content
(0.010%) and high values of Ni (6.5%) and
Mo (2.5%) (Ref. 25), together with very
low levels of detrimental elements like N,
O, and S (Refs. 7, 26), because they
strongly affect hardness and toughness
(Refs. 3, 26). 

The variations observed in chemical
composition could affect properties of the
weld deposits. As mentioned before, C
content in coupon AC (0.022%) was
higher than the nominal value of 0.010%
(Refs. 26, 27) reported by the consumable
manufacturer; this could have led to
higher hardness and lower toughness val-
ues compared to coupon AH. Coupon AC
presented unexpected significantly higher
O and N contents with respect to coupon
AH. It has been reported that O values
higher than 300 ppm, as well as a high N
content, produce a strong detrimental ef-
fect on toughness (Refs. 5, 7).

It was expected that mechanical prop-
erties, metallurgical aspects, and transfor-

mation temperatures could also be af-
fected by the observed Cr, Ni, Mo, Mn,
and Cu variations. For these steels, re-
tained austenite contents between 2 and

30% have been reported (Refs. 5, 7, 8). Ni,
Cu, and Mn are known as austenite stabi-
lizers; therefore, a higher content of these
elements could increase retained austen-
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Fig. 4 — LM columnar zone microstructure of the following samples: A — AHaw; B — ACaw.

Fig. 5 — LM microstructures of samples welded under Ar-He shielding: A —  AH650; B — AH1000; C
— AH1000 + 650; D — AH1000 + 650 + 600.

A

A

B

B

C D

Table 2 — Identification of Samples and PWHT Parameters

Identification PWHT Temperatures Time
(°C) (min)

AHaw None None
AH650 650 15

AH1000 1000 60
AH1000 + 650 1000 + 650 60 + 15

AH1000 + 650 + 600 1000 + 650 + 600 60 + 15 + 15
ACaw None None
AC650 650 15

AC1000 1000 60
AC1000 + 650 1000+650 60 + 15

AC1000 + 650 + 600 1000 + 650 + 600 60 + 15 + 15

Table 3 — AWM Chemical Composition

Element AH AC

C 0.012 0.022
Mn 1.76 1.61
Si 0.44 0.40
Cr 12.1 11.9
Ni 6.27 5.98
Mo 2.69 2.57
Cu 0.49 0.43
V 0.09 0.09

Nb 0.01 0.01
S 0.013 0.014
P 0.015 0.015

O (ppm) 390 610
N (ppm) 50 260
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ite percentages (Refs. 3, 8). Furthermore,
Cr and Mo stabilize ferrite and a higher
content of this phase is produced if these
elements are increased (Refs. 3, 8).

Microstructural Characterization

Radiographic testing was evaluated
with ANSI B31.3 (Ref. 15) resulting in a
low level of defects. Figure 3 shows the
AWM macrostructure obtained for sam-
ple AHaw.

Figure 4 shows the columnar zone mi-
crostructures for the AHaw and ACaw
samples. In both cases, martensite with
low fractions of ferrite was detected, as
was reported previously (Refs. 1, 3, 7, 8,
12). There was no observable effect of
shielding gas on the microstructure.

Two types of ferrite could be identified
based on their location and morphology.
Most common was ferrite with morphol-
ogy similar to that of the ferrite found in
duplex stainless steel weld metals. The
presence of this ferrite is a consequence of
incomplete ferrite-to-austenite transfor-
mation in weld metals solidifying as ferrite
and was most common for more highly al-
loyed weld metals (Ref. 7). Another ferrite
morphology, similar to that seen in
austenitic stainless steel weld metals, was
found in the weld metals highest in Ni so-
lidifying as a mixture of ferrite and austen-
ite (Ref. 7). This ferrite was located in the
last solidifying interdendritic regions. 

Figures 5 and 6 show microstructures
for different PWHT conditions of
coupons welded under Ar-He and Ar-
CO2, respectively.

There were no observable differences
between the LM microstructures of both
coupons for the different PWHTs. For
AH650 and AC650 the microstructure did
not change, showing a slight darkening as-
sociated with a precipitation phenomena.
Solution annealing produced ferrite solu-
bilization, and the microstructures that re-
sulted were completely martensitic. Solu-
tion annealing followed by single and
double tempering produced a severe dark-
ening in the microstructure associated
with carbide precipitation.

As mentioned previously, retained
austenite is reported for these steels in the
as-welded condition (Ref. 7). This phase
was not observable by means of the mi-
croscopy techniques used in this work (Refs.
7, 8), but was detectable using the XRD
technique. The XRD patterns obtained for
different PWHT conditions, showing the
martensite/ferrite and austenite peaks, are
presented in Figs. 7, 8.

It can be seen for both as-welded sam-
ples that there was a fraction of retained
austenite that diminished with the single
tempering treatment and vanished after
solution annealing. The single and double
tempering treatments after solution an-
nealing increased the retained austenite
content, as was to be expected (Ref. 28).

Table 4 shows the results of ferrite and
austenite content quantification for the
analyzed conditions. Coupon AHaw
showed higher contents of both ferrite and
austenite than coupon ACaw.

To relate the as-welded samples’ ferrite
and austenite contents to the chemical
composition, the expressions of Cr and Ni

equivalents developed by Karlsson et al.
(Refs. 29, 30) for SMSS were employed in
this work. Table 5 shows the results of Cr
and Ni equivalents for both welding con-
ditions. There were no significant varia-
tions in the calculated values. However,
microstructure showed martensite and
ferrite for the ACaw condition and
martensite, ferrite and austenite for the
AHaw condition, related to a higher Cr
equivalent in this last sample — Fig. 9.
This fact could explain the slightly higher
austenite and ferrite contents measured
for condition AHaw as compared to
ACaw. 

It was previously reported that ferrite
deteriorates toughness and austenite im-
proves this property (Ref. 31). Indeed,
toughness is improved by a low-carbon
soft martensite (Ref. 31). In this sense,
PWHT, which minimizes ferrite, maxi-
mizes austenite, and softens martensite,
could provide the best results (Ref. 31).

Martensite tempering is produced dur-
ing PWHT of these steels. In general, this
allows martensite softening, associated
with incoherent carbide precipitation, to
reach the maximum softening with the
precipitation of M23C6 carbides at tem-
peratures over 500°C (Ref. 32). In Ni-free
alloys, PWHTs are performed at tempera-
tures over 700°C to obtain a high reaction
rate and maximum softening. Neverthe-
less, the presence of Ni reduces the criti-
cal temperature (AC1). This temperature
depends on chemical composition and
heating rate, but with high Ni content it
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Fig. 6 — LM microstructures of samples welded under Ar-CO2: A —AC650; B —  AC1000; C — AC1000
+ 650; D —AC1000 + 650 + 600.

D

Table 4 — Ferrite and Austenite Contents

Sample Ferrite (%) Austenite (%)

AHaw 10 20
AH650 10 15
AH1000 0 0

AH1000 + 650 0 12
AH1000 + 650 + 600 0 21

ACaw 6 18
AC650 6 7
AC1000 0 0

AC1000 + 650 0 18
AC1000 + 650 + 600 0 19

Table 5 — Cr and Ni Equivalents

Condition Cr eq Ni eq

AHaw 25.5 29.8
ACaw 24.6 29.5

Table 6 — Transformation Temperatures

Condition AC1 AC3 Ms
(°C) (°C) (°C)

AHaw 580 640 130
ACaw 640 710 125
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could be as low as 500°–550°C (Ref. 32). At
this temperature, the carbides’ formation
kinetics is very slow and under these con-
ditions, it is normal that PWHT produces
austenite for alloys 13Cr-4Ni (Ref. 32)
with a different chemical composition
from that of the austenite retained during
welding (Refs. 32, 33). Austenite formed
during PWHT will be rich in Ni, C, and
Mn. The degree of enrichment will deter-
mine the stability of the austenite formed.
If the PWHT is performed at tempera-
tures slightly over AC1, enriched austenite
will be stable at ambient temperature. If
the PWHT temperature is sufficiently
higher than AC1, the austenite formed will
transform to untempered martensite dur-
ing cooling (Ref. 32).

In Table 6, results of transformation
temperature (AC1, AC3, and MS) determi-
nations for each coupon, using a heating
rate of 10°C/min, can be seen. Critical
temperatures (AC1 and AC3) of the speci-
men ACaw were higher than those of spec-
imen AHaw. It is known that these tem-
peratures are heavily controlled by the
chemical composition, then the changes
observed could be explained in terms of

the higher alloy content of coupon AHaw
that produced a decrease in the transfor-
mation temperatures (Ref. 7). 

In both cases, single tempering slightly
reduced the austenite content, through par-
tial transformation of austenite to marten-
site. Lippold and Alexandrov (Ref. 17)
showed that variations of 20° to 300°C/min

in heating rate produced an increase in AC1
of more than 100°C. A tempering heat rate
of 300°C/min was used in this work. There-
fore, an increased AC1 could be expected
when tempering at 650°C, resulting in a sub-
critical temperature treatment. In this con-
dition, a decrease in austenite content could
be achieved.

87-sWELDING JOURNAL

W
E

L
D

IN
G

 R
E

S
E

A
R

C
H

Fig. 7 — XRD patterns for samples welded under Ar-CO2 protection, with dif-
ferent PWHTs.

Fig. 9 — AHaw and ACaw sample locations in Karlsson et al. (Ref. 7) consti-
tution diagram for SMSS (M: martensite; A: austenite; F: ferrite).

Fig. 8 — XRD patterns for samples welded under Ar-He protection, with dif-
ferent PWHTs.

Fig. 10 — Relationship between microhardness and tensile and yield strengths.

Table 7 — Tensile Test Results

Sample σUTS
(a) σ0.2

(b) ε(c) H(d)

(MPa) (MPa) (%) (HV1)

AHaw 1048 838 15.7 324
AH650 941 790 17.0 322
AH1000 986 770 20.0 318

AH1000+650 954 698 27.5 305
AH1000+650+600 941 712 29.4 293

ACaw 1107 885 12.5 348
AC650 990 821 13.0 338
AC1000 1008 756 16.8 338

AC1000 + 650 982 745 17.3 313
AC1000 + 650 + 600 963 707 18.8 304

(a) — σUTS: ultimate tensile strength
(b) — σ0.2: yield strength
(c) — ε: elongation
(d) —  H: hardness
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Solution annealing treatment was ef-
fective to dissolve both ferrite and re-
tained austenite; it also produced a de-
crease in segregation with the matrix
enrichment of the elements before being
segregated (Ref. 33). The mentioned en-
richment of the matrix could have gener-
ated a diminution of the AC1 with what the
first tempering temperature after SA
could have been inside the intercritical
temperature zone. This fact could justify
the apparition of retained austenite. Fi-
nally, the posterior treatment at 600°C
(samples AH1000 + 650 + 600 and
AC1000 + 650 + 600) generated a mi-
crostructure composed of tempered
martensite and a higher proportion of
austenite, without ferrite.

The mechanism by which the austenite
content was enhanced with a double tem-
pering could be explained by means of the
thermal instabilities of austenite particles
during cooling of the first tempering, ac-
cording to a previous report (Ref. 3). Sta-
bility of austenite is associated with both
chemical and structural factors related to a
high dislocation density in the substructure.
In the first tempering at 650°C (after SA),
the austenite content formed during heat-
ing was increased and partially transformed

to fresh martensite during cooling. At this
temperature, thermal activation could have
been enough to promote recovery mecha-
nisms that allowed annihilation of disloca-
tions, reducing the dislocation density into
the austenite particles, transforming them
into martensite during cooling from 650°C.
After SA + 650 treatments, the microstruc-
ture was composed by tempering marten-
site, fresh martensite, and retained austen-
ite. During the second tempering at 600°C
(SA + 650 + 600), new austenite preferen-
tially nucleated at the higher interfacial area
recently created, and therefore, a higher
amount of austenite particles were formed.
It is assumed that this austenite was formed
by a shear mechanism and had a high dislo-
cation density, which did not suffer alter-
ations at this temperature. Indeed, untem-
pered martensite was tempered, resulting in
a soft martensite matrix with uniform dis-
tributed austenite particles (Ref. 34).

Mechanical Properties

Table 7 presents hardness and tensile
test results of all samples. These values were
consistent with those reported previously
for these types of materials (Refs. 8, 27).
Higher values of hardness were detected for

samples welded with CO2 in the shielding
gas. This effect could be related to higher
contents of C and N in this sample, which
produced a hardness increase (Ref. 3). With
regard to PWHT, softening was observed in
heat-treated samples. This could be related
to the tempering of martensite and, in the
case of sample AH, to a higher amount of
austenite (Refs. 3, 35, 36). Yield and tensile
strengths were slightly higher for the speci-
mens welded under Ar-CO2, probably asso-
ciated with their higher carbon content. Fig-
ure 10 shows an approximately linear
relationship between both yield and tensile
strength values and hardness determina-
tions. 

Ductility was lower for specimen AC
compared to sample AH. This fact could be
related to the AC sample’s higher values of
C, N, and O, which limit ductility. Postweld
heat treatment produced a reduction in
strength values with a marginal improve-
ment in ductility, as expected (Refs. 8, 18).
Figure 11 presents the relationship between
elongation and hardness, which showed
that an increment in hardness produced a
decrease in ductility. For the same hardness
values, ductility in the AH samples was
higher than in the AC ones. This could be
related to the higher content of interstitial
elements in these samples.

Table 8 presents the results obtained
from Charpy V impact tests. Higher tough-
ness was associated with lower hardness, as
expected (Ref. 37). Shielding gas used dur-
ing welding affected SMSS AWM tough-
ness. With the Ar-CO2 mixture, values of
absorbed energy were lower for all the con-
ditions studied. This fact could be associ-
ated with the higher contents of C, N, and
O of samples welded under Ar-CO2, as
mentioned previously (Refs. 26, 38).

All the PWHTs improved toughness in
both cases. Single tempering without SA
enhanced the absorbed energy, almost du-
plicating the obtained values for both con-
ditions, although the austenite fraction
was reduced and there were no changes in
ferrite content. This indicates that
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Fig. 11 — Relationship between elongation and hardness. Fig. 12 — Absorbed energy at 20°C (J) vs. Vickers microhardness (HV1).

Table 8 — Vickers Hardness and Absorbed Energy in Charpy V Impact Test

Sample H(a) AE 20°C(b)

(Hv1) (J)

AHaw 324 33
AH650 322 55
AH1000 318 59

AH1000 + 650 305 75
AH1000 + 650+ 600 293 83

ACaw 348 24
AC650 338 50

AC1000 338 32
AC1000 + 650 313 67

AH1000 + 650 + 600 304 75

(a) — H: Vickers hardness
(b) — E: absorbed energy in Charpy V-notch impact test at 20°C
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martensite softening was the controlling
factor in this case.

Solution annealing also improved
toughness for both conditions. This fact
could show the effect of ferrite on this
property. Some degree of martensite soft-
ening could also have occurred. For
coupons welded under the Ar-He mixture,
this effect was more important, consistent
with the higher content of ferrite in the
AW condition.

With single and double tempering after
solution annealing, toughness was im-
proved again; in this case 250 and 310%
regarding the AHaw and the ACaw condi-
tions, respectively. This could be associ-
ated with the softening of martensite, the
absence of ferrite, and the finely dispersed
austenite particles formed during these
treatments (Ref. 39). These fine austenite
precipitates promoted ductile fracture,
enhancing the plastic work for fracture
(Ref. 18). It was also reported (Ref. 39)
that during fracture propagation in the
Charpy V test, a mechanical transforma-
tion of austenite particles by localized
transformation-induced plasticity mecha-
nisms is generated, increasing the ab-
sorbed energy. Figure 12 presents the ab-
sorbed energy in Charpy V test vs. Vickers
hardness. For both conditions, AH and
AC, it was observed that as hardness in-
creased, toughness decreased. However, a
displacement of the AC curve to the right
was observed. This effect could be related
to the AC sample’s higher O content,
which produced a decrease in toughness
according to what was previously reported
for this type of material (Refs. 5, 30).

Regarding the fracture mode, it is
worth mentioning that all specimens
tested at room temperature displayed
100% of fibrous fracture with typical dim-
ples and without cleavage. Figure 13A is
representative of the fracture surfaces

seen, this one from the AC650 sample.
This typical dimple appearance showed a
ductile-dimple fracture associated with a
high microvoid density. This may be at-
tributed to the existence of a large number
of internal interfaces due to both non-
metallic inclusions and austenite and/or
transformed austenite particles, which
may act as void nucleation sites, according
to previous reports for similar materials
(Ref. 28). Figure 13B shows typical dim-
ples with austenite and/or transformed
austenite small particles (Ref. 28).

Conclusions

• Eliminating ferrite, maximizing
austenite, and softening martensite in
SMSS weld metal improved toughness up
to almost three times with respect to the
AW condition, for both shielding gases
used. The mechanisms that explained this
toughness improvement were discussed.

• When Ar-18%CO2 shielding gas was
employed instead of Ar-5%He shielding
gas, higher contents of C, O, and N and
slightly lower contents of Mn, Si, Cr, Ni,
Mo, and Cu were detected. This variation
in chemical composition produced slightly
lower ferrite and austenite contents in the
as-welded condition. Lower toughness
and ductility, and higher strength and
hardness were obtained when this shield-
ing gas mixture was employed. 

• Further studies are necessary to as-
sociate the heating rate during the PWHT,
the critical temperatures of transforma-
tion, and PWHT temperatures with the
stability of austenite.

The present work contributes to the
better comprehension of the mechanisms
involved in the toughness control of SMSS
deposits, considering the effects of mi-
crostructure and some aspects of the weld-
ing procedure. 
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