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Supermartensitic stainless steels have good weldability and adequate tensile property, toughness and cor-
rosion resistance. They have been developed as an alternative technology, mainly for oil and gas industries.
The final properties of a supermartensitic stainless steel deposit depend on its chemical composition and
microstructure: martensite, tempered martensite, ferrite, retained austenite and carbides and/or nitrides. In
these steels, the post-weld heat treatments (PWHTs) are usually double tempering ones, to ensure both
complete tempering of martensite and high austenite content, to increase toughness and decrease hardness.
The aim of this work was to study the effect of post-weld heat treatments (solution treatment with single and
double tempering) on the mechanical properties of a supermartensitic stainless steel deposit. An all-weld
metal test coupon was welded according to standard ANSI/AWS A5.22-95 using a GMAW supermartensitic
stainless steel metal cored wire, under gas shielding. PWHTs were carried out varying the temperature of
the first tempering treatment with and without a second tempering one, after solution treatment. All-weld
metal chemical composition analysis, metallurgical characterization, hardness and tensile property mea-
surements and Charpy-V tests were carried out. There are several factors which can be affected by the
PWHTs, among them austenite content is a significant one. Different austenite contents (0-42%) were found.
Microhardness, tensile property and toughness were affected with up to 15% of austenite content, by
martensite tempering and carbide precipitation. The second tempering treatment seemed not to have had
an important effect on the mechanical properties measured in this work.

Keywords austenite content, post-weld heat treatment, SMSS all-
weld metal, tensile property, toughness

1. Introduction

Supermartensitic stainless steels (SMSSs) were developed
based on classic martensitic steels (11-14% Cr), reducing C and
increasing both Ni and Mo contents (Ref 1, 2). The low C
content improves weldability, decreases hardness and increases
corrosion resistance; Ni provides a completely martensitic
structure, free from delta ferrite; Mo increases corrosion
resistance (Ref 1-4). These steels are a lower-cost technological
alternative to be applied in hydraulic turbines, valve bodies,
high-pressure pipelines, over all in the oil and gas industry and
transportation pipes, in land as well as in off-shore platforms,
due to their good mechanical properties and corrosion resis-
tance (Ref 5-7).

Gas metal arc welding (GMAW) using SMSS metal cored
wires has been recognized as an alternative to weld these

materials, and its industrial implementation has been increased
in the last times (Ref 2).

As-welded (AW) SMSS deposits present a martensitic
structure with some fractions of delta ferrite and retained
austenite in low proportions; these facts can compromise
ductility, toughness and corrosion resistance (Ref 8, 9).

The PWHs are usually necessary to adjust the final
properties of the SMSS welding deposits, based on the
microstructure evolution (control of martensite tempering,
austenite content, precipitation phenomena, etc.) (Ref 8).
The PWHTs are different for each SMSS grade. In AW
condition, SMSS deposits show high hardness and low
toughness (Ref 4, 9). For these steels, single and double
tempering treatments are used to assure the tempering of
martensite and to maximize the retained austenite content,
producing a decrease in hardness and improving toughness
(Ref 2, 10). Solution treatments between 950 and 1050 �C
produce homogenization of the chemical composition, as well
as the elimination of any delta ferrite (Ref 8, 11). With single
and double tempering treatments, it is possible to decrease
martensite hardness (Ref 12) and to modify retained austen-
ite contents, depending on their temperature and time (Ref 8,
9, 13).

The austenite content is an important phase in these deposits
because it can modify hardness, tensile property, toughness and
corrosion resistance. Through the appropriate heat treatments, it
is possible to obtain high contents of austenite in the
microstructure (Ref 14).

This work is a continuation of a previous paper (Ref 8). Its
objective was to study the effect of post-weld heat treatment on
hardness, tensile property and Charpy-V toughness of a SMSS
all-weld metal obtained using a GMAW metal cored tubular
wire. The samples were submitted to solution treatment with
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single and double tempering, varying the first tempering
temperature. The motivation for this work was to find the
condition of post-weld heat treatment that produces greatest
toughness.

2. Experimental Procedure

An all-weld metal coupon was welded according to the
ANSI/AWS A5.22-95 standard (Ref 15), using a tubular metal
core wire of 1.2 mm diameter with the semiautomatic welding
process, under gas shielding. The welding position was flat, and
the preheating and interpass temperatures were 100 �C. Gas
flow was 18 L/min, and stick-out was 20 mm. After been
welded, the coupon was x-rayed (XR) following ANSI B31.3-
96 standard (Ref 16). The base metal employed was a CMn
steel buttered with the consumable to be tested, according to
Ref 15. The welding parameters used are presented in Table 1.
The parameter values are the average of those monitored during
the welding of each bead; the heat input is the result of the
average of those of each bead.

On cross sections of the all-weld metal coupon, chemical
composition determination, metallographic analysis and Vick-
ers microhardness HV1 measurements were performed, in the
circle shown in Fig. 1.

Chemical composition was carried out by optical emission
spectrometry (OES), except C, O, N and S contents which were
analyzed by combustion method. Transversal tensile strength
test samples were machined according to ASTM E8:2004
standard (Ref 17) and Charpy-V specimens to ASTM E23:2005
(Ref 18) standard, as indicated in Fig. 2. The strain rate used
for the tension test was 0.083 1/min. The particularity of these
samples is that both the calibrated zone of the tensile property
specimen and the Charpy-V sample notch were located in the
all-weld metal zone. On these samples, two series of PWHTs
[selected according to the literature (Ref 1, 9, 19)], were
performed. Table 2 shows the sample identification and the heat
treatments carried out.

In all cases, after solution treatment during 60 min, cooling
was made in water; after first and second tempering treatments,
cooling was in air. The microstructural characterization was
performed by light microscopy (LM), scanning electron
microscopy (SEM) and x-ray diffraction (XRD). Samples were
mechanically polished and etched before observation by LM
and SEM. Vilella�s reagent (95 mL ethanol, 5 mL HCl, 1 g
picric acid) was used to reveal the microstructure at LM and
SEM. XRD was performed with Cu radiation (k = 1.5408 Å)
within a scan range of 30�-90� (2h) with a step size of 0.05� and
with a scanning rate of 0.5� min�1. The retained austenite
contents were determined using the peak comparison method
from the XRD patterns (Ref 20). Ferrite contents, in AW
condition, were measured following standard ASTM E562-99
(Ref 21), by quantitative metallography. Tensile and impact
Charpy-V samples were tested in the AW and PWHT
conditions at room temperature.

3. Results and Discussion

The XR test of the coupon showed a low level of defects. In
Fig. 1, a macrograph of a transversal cut of the welded coupon
can be seen, showing the base metal, the buttering and the all-
weld metal zone; on this last area, all the tests were carried out.
Table 3 shows the chemical composition determined in wt.%,
except those of C, O and N which are expressed in ppm.

The all-weld metal chemical composition obtained was consis-
tent with the nominal values for this alloy. C, Si, Mo and N
contents were slightly higher and Mn, Cr, Ni and Cu slightly lower
than those informed by the consumable producer (Ref 22, 23).

In SMSS deposits, to reach a good toughness and appropriate
hardness it is necessary to have low C, N, O and S contents (Ref
24, 25). C, which controls both martensite hardness and
toughness, is the more influent element on MS temperature
(Ref 26). Among other things, carbide precipitation influences
corrosion resistance and hydrogen embrittlement (Ref 26).
Additionally, N and Mo influence the carbide and carbonitride
precipitation sequence (Ref 27). Regarding O content, it was
higher than 300 ppm, limit from which the absorbed energy in
Charpy-V test abruptly falls, according to the literature (Ref 22).

Figure 3 presents the XRD diffraction patterns for the
different heat treatment conditions. Table 4 shows the retained
austenite contents and Fig. 4 the evolution of the austenite
content with the heat treatment.

Through LM and SEM and Fig. 3, it was possible to observe
that the microstructure in AW condition was formed by a
martensitic matrix with low contents of both ferrite and retained
austenite, according to previous works of the authors (Ref 8, 9).
Also, it can be observed that the microstructure obtained after
solution treatment, was completely martensitic, without ferrite
or retained austenite. With the first tempering performed from
580 to 680 �C, the austenite content increased up to a
maximum (14%) for sample 620ST and then decreased.

Table 1 Welding parameters

Shielding gas Tension, V Current, A Welding speed, mm/s Wire speed, mm/s Heat input, kJ/mm

Ar + 2% CO2 29 295 6 9 1.43

Fig. 1 Transversal cut of all-weld metal coupon
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According to Gooch et al. (Ref 28), in high Ni content
alloys, the temperature AC1 can be around 550 �C.

AC1 of the deposit was determined using the following formula:

AC1ð�CÞ ¼ 850� 1500ðCþ NÞ � 50Ni� 25Mn

þ 25Siþ 25Moþ 20ðCr-10Þ ¼ 575 �C

At 580 �C, partial transformation to austenite is produced.
At this temperature, the kinetic of precipitation of carbides is

very slow and it is normal that austenite forms (Ref 28). In this

way, through a diffusional mechanism, the austenite produced
during the tempering is enriched in elements such as N, C and
Ni (Ref 28, 29). This enrichment will determine the stability of
austenite formed during the treatment.

If tempering is carried out at temperatures slightly above
AC1, the enriched austenite will be stable at room temperature
(Ref 28, 29). On the other hand, if the treatment is performed at
temperatures well above or well below AC1, the austenite will
lose chemical enrichment and, consequently, its stability: It will
be transformed to fresh martensite during cooling (Ref 28).

Fig. 2 Transversal tensile strength and Charpy-V test samples (all dimensions are in mm)

Table 2 Sample identification according to the thermal cycle applied

Identification Solution treatment First tempering Second tempering

AW … … …
1000S 1000 �C, 60 min … …
580ST 1000 �C, 60 min 580 �C, 15 min …
600ST 1000 �C, 60 min 600 �C, 15 min …
620ST 1000 �C, 60 min 620 �C, 15 min …
640ST 1000 �C, 60 min 640 �C, 15 min …
660ST 1000 �C, 60 min 660 �C, 15 min …
680ST 1000 �C, 60 min 680 �C, 15 min …
580DT 1000 �C, 60 min 580 �C, 15 min 600 �C, 15 min
600DT 1000 �C, 60 min 600 �C, 15 min 600 �C, 15 min
620DT 1000 �C, 60 min 620 �C, 15 min 600 �C, 15 min
640DT 1000 �C, 60 min 640 �C, 15 min 600 �C, 15 min
660DT 1000 �C, 60 min 660 �C, 15 min 600 �C, 15 min
680DT 1000 �C, 60 min 680 �C, 15 min 600 �C, 15 min

S solubilizing, ST single tempering, DT double tempering

Table 3 All-weld metal chemical composition in wt.%: first line, measured values; second line, batch values informed by
the consumable producer

C Mn Si S P Cr Ni Mo Cu V O N

150 1.7 0.44 0.015 0.015 11.9 6.11 2.69 0.46 0.09 490 110
<100 1.8 0.40 … … 12.5 6.70 2.50 0.50 … … <100
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Highest contents of austenite will be obtained with temper-
ing temperatures 40-50 �C above AC1, according to Gooch
et al. (Ref 28).

In agreement with other authors (Ref 30, 31), the quantity of
retained austenite increases with the tempering treatment
temperature. Therefore, for a high treatment temperature (above
AC1) high austenite content is produced. However, the concen-
tration of austenite stabilizing elements, such as C and Ni,
gradually decreases, decreasing the stability of the austenite
during the PWHT (Ref 30, 31). The retained austenite behavior
found in this work could be associated with the chemical
stability generated during the thermal cycles, as it was
described.

In these conditions of heat treatment (S + T), it was
obtained:

• tempered martensite;
• precipitates (carbides or nitrides);
• austenite: increased up to 620 �C and then decreased;
• fresh martensite: in constant growing;

Double tempering samples showed the same behavior than
those with only a tempering. Austenite content increased up to
a maximum (42%), in sample 640DT, and then decreased. The
microstructure was tempered martensite with high retained
austenite content without delta ferrite.

The mechanism, through which the austenite content
increased with the double tempering treatment, can be
explained by the thermal instability of the austenite generated
with the first tempering (Ref 1, 32, 33).

Austenite stability at room temperature is associated with
two phenomena:

(a) a chemical factor (single tempering case)
(b) a structural factor related to a high dislocation density in

the substructure.

This means that the austenite stability influences not only
the solute segregations but also the dislocation density (Ref 33).

After the solution treatment, with the first tempering, the
austenite formed during heating increases in an important
quantity but it is not enough stable from the thermal point of
view. That is to say that this austenite transforms partially to
martensite with the posterior cooling (Ref 33).

In this last condition, the microstructure is composed by
tempered martensite, fresh martensite with the original mor-
phology of the retained austenite from which it comes, and
retained austenite.

Now then, during the second tempering at 600 �C, a higher
quantity of austenite laths is formed from the new fresh
martensite recently created. It is assumed that austenite is
formed through a shear cutting mechanism (shearing in the
crystalline net due to a cooperative movement of atoms through
short distances) in martensitic matrix regions enriched in
segregated austenitizing elements. On the other hand, fresh
martensite decomposes to tempered martensite. In this way, as a
result of the double tempering, it is produced an increment of
austenite with a more uniform distribution (Ref 1, 33), inside
the completely tempered martensitic matrix.

Fig. 3 XRD diffraction patterns for the different heat treatment conditions

Table 4 Retained austenite content

Sample AW
1000
S

580
ST

600
ST

620
ST

640
ST

660
ST

680
ST

580
DT

600
DT

620
DT

640
DT

660
DT

680
DT

Austenite content (%) 18 0 7 9 14 9 6 3 10 22 25 42 33 30

Fig. 4 Evolution of the retained austenite content
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As it was previously mentioned, AW microstructure was
constituted by martensite with low fractions of ferrite (around
9%) and retained austenite (18%). Solution treatment at
1000 �C9 60 min followed by cooling in water was affective
to both homogenize chemical composition and dissolve ferrite.
After cooling under these conditions, ferrite was not observed
by LM or SEM, and no austenite was identified by XRD,
assuming a microstructure constituted by 100% martensite.

Regarding the tempering treatments and in a general way, it
can be mentioned that there were not found marked differences
at LM and SEM, when comparing the samples treated with the
same first tempering temperature, with and without the second
tempering treatment.

As the first tempering temperature increased, it was
observed in the microstructure a coarse precipitation in grain
borders.

Figure 5 presents SEM images of the microstructure of
samples 580ST, 580DT, 640ST, 640DT, 680ST and 680DT.

In these images it can be noticed a second phase in the
interior of the grains, as it is mentioned in the literature (Ref
34), for this type of materials in similar conditions. According
to Divya et al. (Ref 34), the microstructure will consist of a
martensitic matrix with second aligned phases with width
below submicroscopic levels.

In agreement with what is observed in Fig. 5, the submi-
croscopic second phase content grew in the same way the
retained austenite content did. Other authors (Ref 30) indicate
that the microstructure consists of martensite and retained
austenite with particles similar to those found in this work. In
accordance with this discussion, the submicroscopic second
phases shown in the SEM images of Fig. 6 could be retained
austenite; this is for the sample with the highest austenite

content which was analyzed with different magnification. The
width of the particles could be in the order of 100-200
nanometers.

According to the literature (Ref 30), at the tempering
temperatures used in this work, carbide precipitates are formed.
M23C6-type precipitates form and grow from 500 �C up to AC1

temperature, and they can produce secondary hardening. Other
authors (Ref 31) inform that at tempering temperature of
650 �C, a fine precipitation of the same type of carbides is
produced inside the martensitic matrix, generating tempered
martensite. In this sense, at 600 �C of tempering temperature
Cr23C6 and Cr7C3 carbides, rich in Cr, are formed in the
primary austenite grain borders (Ref 14). On the other hand, it
is informed (Ref 35) that in SMSS welding deposits, at
tempering temperature higher than 550 �C, it is promoted the
precipitation of 20 nm carbonitrides along the border of the
martensite laths. When the tempering temperature is higher
than 600 �C, the quantity and size of the carbonitrides increase.
Finally, with XRD (Ref 33), identifies M7C3- and M23C6-type
carbides with high N and Mo contents for both simple and
double tempering treatments. N promotes M2(C, N) carboni-
trides formation at the expenses of M7C3 and M23C6 (Ref 33).

In Fig. 7, high-magnification SEM images are presented. In
Fig. 7(a) (580ST sample), it can be observed a fine precipitation
on martensite laths associated with its tempering.

In Fig. 7(b) (580DT sample), the same precipitation
appeared indicating that the second tempering (at 600 �C) did
not alter the precipitation produced by the first one; there was
only an increase in the austenite content.

The size of these fine precipitates was in the order of 50-
100 nm. They could be associated with carbonitrides as it was
previously described.

Fig. 5 Microstructures obtained with SEM. (a) 580ST, (b) 640ST, (c) 680ST, (d) 580DT, (e) 640DT, (f) 680DT
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In Fig. 7(c) (640ST sample), there was a coarser precipita-
tion in the grain border which could be related to carbides of
the types M7C3 and M23C6. Similar results were found for the
rest of the samples.

The AW sample (which microstructure was formed by
martensite and small fractions of both ferrite and retained
austenite) showed hardness of 341 HV1, yield strength of
950 MPa, tensile strength of 1144 MPa and Charpy-Vabsorbed
energy of 32 J.

With the solution treatment, followed by cooling in water
(1000S sample) hardness and tensile property decreased and
toughness increased. These differences could be associated
with the elimination of ferrite and homogenization of both
chemical composition and microstructure, as the microstructure
was constituted by fresh martensite.

Figure 8 presents representative stress-strain plots from the
tension test.

Figure 9(a) and (b) shows the effect of the different thermal
treatments on mechanical properties.

With the increment of the first tempering temperature,
hardness and tensile property reached minimum values for
620 �C treatment temperature. Above this temperature, the
mentioned properties increased again. Toughness and elonga-
tion showed the opposite behavior, reaching both properties
maximum values for 620 �C of treatment temperature.

The explanation of single tempering treatments results could
be associated with the tempering of martensite and the austenite
content observed in the microstructure by XRD. The content of
this last face, as a function of the tempering temperature,

showed maximum values when minimum hardness and max-
imum ductility were measured (Ref 14) (Fig. 9a and b).

In this sense, according to Fig. 3, the austenite content
decreased for tempering temperature higher than 620 �C gener-
ating fresh martensite (Ref 8, 9). The fresh martensite content
grew from 620 to 680 �C of tempering temperature increasing
both hardness and tensile property and decreasing toughness.

Similar behavior was found for samples with double
tempering: when first tempering temperature increased tensile

Fig. 6 Retained austenite in 640DT specimens. (a) 920,000, (b) 925,000, (c) 950,000

Fig. 7 Fines precipitated. (a) 580ST 9160,000, (b) 580DT a 9160,000, (c) 640ST a 950,000, (d) 680 a 980,000

Fig. 8 Representative stress-strain plots from the tension test

Journal of Materials Engineering and Performance Volume 26(2) February 2017—519

Author's personal copy



and yield strengths as well as hardness decreased up to 620-
640 �C, fundamentally due to the tempering of martensite and
the higher retained austenite content, facts which generated a
strong structural softening.

For samples 620DT and 640DT the minimal values of
hardness and tensile property were achieved. With the succes-
sive increment of first tempering temperature, from 660 �C,
these properties increased.

Figure 10(a) and (b) show the relationship among austenite
content and hardness, tensile property and Charpy-V impact
toughness measured at room temperature, for the different
tempering temperatures, in which it can be observed the effect
of retained austenite content on the studied properties.

According to Fig. 10(a) and (b), the highest variations in the
mechanical properties were achieved up to a 15% of austenite
content. For higher values of austenite content, in general
terms, mechanical properties were approximately constant.

4. Conclusions

The AW sample presented a microstructure constituted by a
martensitic matrix with fractions of ferrite and retained austenite.

The thermal cycles applied to SMSS welding deposits
showed that:

With the solution treatment at 1000 �C and cooling in water,
the microstructure was completely fresh martensitic.

With the single tempering (varying its temperature between
580 and 680 �C), there was a maximum of austenite content
(14%) for 620 �C. In this condition there was a slightly
decrease in both hardness and tensile property but a significant
increase in toughness and ductility.

With double tempering treatments, the austenite content
showed the same behavior than with only one, being the
values higher than those obtained with single tempering,
comparing the samples treated at the same first tempering
temperature. Austenite content increased up to 42% at
640 + 600 �C. Again, hardness and tensile property decreased
and both toughness and ductility increased with the increase
in austenite content.

Second tempering generated an increment in the austenite
content and slightly variations in the mechanical properties.

As a general conclusion, it seems not to be justifiable to
perform the second tempering treatment as the improvement in
toughness here measured was very little, in the conditions and
materials here studied.

Fig. 9 (a) Relationship between tempering temperature and hard-
ness, tensile strength/yield stress, (b) relationship between tempering
temperature and elongation/absorbed energy

Fig. 10 (a) Relationship between austenite content and hardness,
tensile strength/yield stress, (b) relationship between austenite con-
tent and elongation/absorbed energy
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