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Abstract: The microstructure developed in a low-alloy steel during friction stir welding and post-weld
tempering was studied. The quenched steel samples were subjected to tempering at 650 ◦C for 1 h,
followed by warm rolling to a total strain of 1.5 at the same temperature. The processed steel samples
were characterized by an ultrafine-grained microstructure of the lamellar type with a transverse grain
size of 360 nm and exhibited an yield strength of about 1200 MPa and a total elongation of 13%.
Then, the steel plates were joined by friction stir welding. The yield strength of the weld joint was
about 1170 MPa, although the total elongation decreased to 1.5%. The martensite microstructure,
with a high-angle grain boundary spacing of about 800 nm, was developed in the stir zone. This
martensite in the stir zone originated from the ultrafine-grained prior austenite, resulting in an almost
two-fold increase in hardness as compared to the base material. Tempering of the welded sample at
650 ◦C for 1 h resulted in a decrease in the hardness of the weld joint to the level of the base material.
Nevertheless, the fracture of the welded and tempered sample occurred in the base material. The
yield strength of the welded sample after tempering was 930 MPa, with a total elongation of 13%.

Keywords: high-strength low-alloy steel; tempforming; friction stir welding; strength and plasticity

1. Introduction

High-strength low-alloy steels are one of the most generally employed structural ma-
terials, offering a good price–property combination. A wide range of strength levels easily
achievable using a relatively simple heat treatment, along with fair weldability, makes
these steels very popular materials for various applications around the world [1,2]. A little
drawback of the low-alloy steel processed in a high-strength state is the rather high temper-
ature of the ductile-to-brittle transition, which may be just below room temperature [3–5].
This negative aspect somewhat limits the range of structural applications of high-strength
low-alloy steels under low-temperature conditions.

A special thermo-mechanical treatment, tempforming, involving martensite tempering
followed by large strain warm rolling, has been recently proposed to obtain high-strength
carbon steels with exceptionally high impact toughness at low temperatures down to
cryogenic conditions [6,7]. Such a tempforming treatment, including either bar rolling or
plate rolling at tempering temperatures, was then successfully applied to various high-
strength low-alloy steels, resulting in a unique strengthening effect, namely, increasing
both tensile strength and impact toughness [8]. This beneficial combination of mechanical
properties is attained owing to the ultrafine-grained microstructure evolved during warm
rolling, which consists of highly elongated grains with homogeneously distributed finely
dispersed oxide particles and a fiber texture of <001> along the normal direction (in the
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case of plate rolling) or along the side direction (in bar rolling) [9,10]. The strengthening of
the tempformed steels is provided by the high dislocation density associated with grain
refinement and second-phase dispersion [10]. On the other hand, the high impact toughness
is attributed to the delamination of the tempformed lamellar-type microstructure, which
leads to zigzag branching of the main crack propagating across the impact specimen and
increasing the absorbed energy [11].

The ultrafine-grained microstructure of lamellar-type is a principle factor responsible
for the beneficial property combination of the steels processed by tempforming. On the
other hand, such ultrafine-grained microstructure complicates the welding of tempformed
steels because conventional welding techniques accompanied by partial melting of the base
material may completely destroy the original valuable microstructure. This difficulty can
be overcome by applying a promising solid-state welding method, i.e., friction stir welding
(FSW) [12]. By now, FSW has been successfully used for various aluminum, magnesium,
nickel, and copper alloys. FSW allows for obtaining a strength of the weld joint close to
that of the base material using appropriate speeds for tool rotation and welding [12].

Recently, FSW has been applied to advanced high-strength steels, including a low-
alloy steel processed by tempforming [13–17]. The developed microstructure in the stir
zone consists of fine grains that resulted from martensitic transformation owing to heating
over Ac3 temperature during FSW, followed by rapid cooling behind the FSW tool [16,17].
Therefore, the FSW seam is characterized by an increased hardness as compared to the
base material [14,17]. As a result, the fracture of the tensile specimen cut across the FSW
joint occurs in the heat-affected zone, which is located close to the stir zone, leading to
the strength of the FSW joint sample being just below the strength of the base material
subjected to tempforming [17]. On the other hand, elongation of the FSW joint specimen
does not exceed several percent.

Therefore, the thermal history should be controlled during FSW to enhance the joint
properties of high-strength steels [14]. Alternatively, the plasticity of hardened steels can
be improved using an appropriate tempering treatment. Equalizing the strength across
the FSW joint should be expected during post-weld tempering. The uniform strength
of the FSW joint should improve the deformation homogeneity, advancing the uniform
elongation upon tensile testing. Thus, the aim of the present study is to investigate the
effect of additional tempering on the microstructure and the mechanical properties of an
FSW joint made of tempformed high-strength low-alloy steel.

2. Materials and Methods

A low-alloy steel with a chemical composition of 0.36% C, 0.4% Si, 0.56% Cr, 0.57% Mn,
0.54% Mo, 0.0067% P, 0.0034% S, and Fe—balance (all in mass%) was hot rolled at 1123 K,
followed by water quenching. Then, the steel samples were subjected to a tempforming
treatment. Namely, the steel samples were tempered for 1 h at 650 ◦C, followed by multiple
rolling at the same temperature to a total strain of 1.5. The tempformed steel plates of 5 mm
in thickness were joined by FSW using an AccuStir 1004 FSW machine with the weld seam
parallel to the transverse direction (TD) of the rolled plates. A tool with a shoulder diameter
of 11.26 mm and a semispherical pin of 2.4 mm in radius made of tungsten carbide was
used with a rotation speed of 400 rpm and a travel speed of 50 mm/min (Figure 1). The
present FSW tool is shown in Figure 2. Then, a part of the FSW joint sample was subjected
to post-weld tempering at 650 ◦C for 1 h.
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Figure 2. FSW tool before (left) and after (right) welding.

The microstructural observations of the FSW joint were carried out on the transverse
section (TD plane) using a Quanta 600 FEG scanning electron microscope (SEM) equipped
with an electron back-scattering diffraction (EBSD) pattern analyzer incorporating an
orientation imaging microscopy (OIM) system with the TSL OIM software and a JEOL
JEM-2100 transmission electron microscope (TEM). The microstructures after FSW and after
post-weld tempering were studied in the center portion of the stir zone as well as in the
base material. The SEM and TEM specimens were electro-polished using a 10% solution
of perchloric acid in acetic acid at a voltage of 20 V. The OIM images were subjected to a
cleanup procedure using the grain dilation technique, setting 3 points as the minimal grain
size. The mean grain size was evaluated on the OIM images as the average distance between
the high-angle grain boundaries with misorientations of θ ≥ 15◦. The dislocation density
associated with low-angle sub-boundaries was calculated as follows [18]: ρOIM = 1.5 Sv θ/b,
where Sv is the sub-boundary area per unit volume, θ is the sub-boundary misorientation,
and b is the Burgers vector. The Sv value was calculated using the total length of subgrain
boundaries with 2◦ ≤ θ < 15◦, as revealed by OIM. The precipitate particle size was
measured on typical TEM images of the fine structure, counting at least 150 particles per
data point. The dislocation density inside the grains/subgrains (ρTEM) was measured by
counting individual dislocations on at least 4 typical TEM images. The misorientations of
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the grain/subgrain boundaries observed by TEM were estimated using the Kikuchi lines
obtained by a converged electron beam [19].

Vickers hardness was measured using a 402MVD Wolpert unit with a load of 3 N
and a dwell time of 10 s. In order to clarify the hardness variation after FSW, a series of
hardness measurements with a step of 0.5 mm were carried out along a line crossing the
FSW joint. The tensile tests were carried out using an Instron 5882 testing machine at
ambient temperature and a crosshead rate of 2 mm/min using two specimens with a gauge
length of 35 mm and a cross section of 7 × 3 mm2, with the tensile direction along the
rolling direction (RD), i.e., crosswise the FSW seam. A digital image correlation technique
was used to visualize the strain distribution by correlation of the successive images of a
speckle pattern painted on the specimen surface using the Vic-3D correlation software [20].

3. Results
3.1. Hardness Distribution

The general view of the cross section of the as-welded joint is shown in Figure 3. The
circle arc in Figure 3 represents the track left by the FSW tool. Thus, the two plates of
the base material and the stir zone of the weld join are clearly visible in Figure 3. The
used FSW geometry did not provide complete welding across the sample thickness. The
lack of penetration is observed under the pin path in Figure 3. This drawback requires
further elaboration using advanced FSW techniques, like bobbin tool FSW or self-supported
FSW [21]. The present study is focused on the microstructure–property relationship for
tempformed steel samples subjected to FSW. In order to reveal the strengthening/softening
effect of FSW on the tempformed steel, the hardness was measured along the black line
indicated in Figure 3.
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Figure 3. Cross section of the FSW joint sample.

The hardness variation across the FSW joint is shown in Figure 4 for two conditions, i.e.,
the as-welded one (open symbols) and that followed by tempering (closed symbols). The
base material subjected to tempforming exhibits a hardness of about 3500 MPa. FSW results
in significant hardening of the tempformed steel. Hardness in the stir zone increases almost
two-fold and reaches 7000 MPa. On the other hand, a small decrease in hardness to about
3000 MPa can be observed in the narrow region just between the stir zone and the base
material. This portion can be considered a heat-affected zone analogously to conventional
welding methods involving local melting of welded materials. The subsequent tempering
equalizes the hardness across the FSW joint at a level of about 3000 MPa. It is worth noting
that the heat-affected zone is characterized by a little lower hardness compared to the base
material and the stir zone, even after tempering. The small drops in the hardness profile
can be seen at 5 to 6 mm from the center of the welded joint.
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3.2. Microstructure Evolution

Microstructures evolved by tempforming at 650 ◦C have been described in detail
elsewhere [10]. It can be briefly noted here that tempforming results in a lamellar-type
microstructure consisting of elongated ultrafine grains with a transverse grain size of
360 nm and uniformly distributed dispersed carbide particles with an average size of 53 nm.
The dislocation density is 3.3 × 1015 m−2, including dislocations in the sub-boundaries and
dislocations inside the grains/subgrains of the tempformed steel samples.

Typical microstructures evolved in the tempformed steel samples by FSW and subse-
quent tempering are shown in Figure 5. The stir zone is characterized by a lath martensite
microstructure consisting of ultrafine crystallites (Figure 5a). The mean grain size in the
stir zone is 850 nm. Evidently, the microstructure in the stir zone experienced austenite
reversal, followed by martensitic transformation during FSW. Heating well above Ac3
temperature, followed by rapid cooling resulting in a martensitic transformation, has been
reported in other studies on the FSW of martensitic steels [16,22,23]. The density of dis-
locations arranged in low-angle sub-boundaries of the developed martensite in the stir
zone is ρOIM = 9 × 1014 m−2. Subsequent tempering at 650 ◦C for 1 h of the FSW joint
sample results in the development of a tempered martensite microstructure in the stir
zone (Figure 5b). The mean grain size of about 850 nm developed in the stir zone during
FSW does not change remarkably upon subsequent tempering. On the other hand, the
dislocation density in low-angle sub-boundaries slightly decreases to ρOIM = 8 × 1014 m−2.
The base material in the FSW joint subjected to post-weld tempering is characterized by
a lamellar-type microstructure much similar to the original tempformed microstructure
(Figure 5c). However, the additional post-weld tempering results in an increase in the trans-
verse grain size of the base materials to 570 nm. It should be noted that the microstructure
evolved in the base material consists of numerous low-angle sub-boundaries bearing a high
dislocation density of ρOIM = 1.3 × 1015 m−2.
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direction (ND).

The grain boundary misorientation distributions evolved in the stir zone of the FSW
joint sample before and after post-weld tempering and in the base material after a post-weld
treatment are shown in Figure 6. The misorientation distribution characters correspond
to the microstructure evolution mechanisms operating at a previous treatment. The grain
boundary misorientation distribution evolved on the stir zone corresponds to a martensite
microstructure (Figure 6a). Thus, this misorientation distribution looks like a bimodal
one with two peaks reflecting the large fractions of low-angle dislocation sub-boundaries
and around 60◦ high-angle boundaries. The former results from numerous dislocation
lath boundaries of the martensite structure, whereas the latter represents one of the fre-
quent inter-variant misorientations between the martensite packets/blocks [24,25]. The
subsequent tempering does not lead to any qualitative changes in the grain boundary
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misorientation distribution in the stir zone (Figure 6b). The changes in the misorientation
distribution upon tempering are of quantitative character. Namely, the fraction of low-angle
sub-boundaries with misorientations of 2–4◦ decreases almost two-fold, leading to a little
increase in the fractions of the high-angle boundaries. The microstructures evolved in
the tempformed steel were affected by a large strain warm rolling. The grain boundary
misorientation distributions developed during large strain deformation are commonly
characterized by a small peak against low-angle sub-boundaries superimposed over a
flat-type distribution with almost the same fractions of various high-angle misorienta-
tions [26]. In the case of uniaxial deformation, like rolling or drawing, an increase in the
total strain may be accompanied by an increase in the fraction of the high-angle boundaries
with misorientations close to 60◦ [27]. It is clearly seen in Figure 6c that the post-weld
tempering does not affect the grain boundary misorientation distribution developed in the
base material during tempforming. The corresponding misorientation distribution can be
described as a smooth one with low and wide peaks for the low-angle sub-boundaries and
high-angle grain boundaries.
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Typical TEM images of the fine structures evolved in the stir zone and the base
material are represented in Figures 7–9. The lath martensite developed in the stir zone
is characterized by a very high dislocation density of ρTEM = 3 × 1015 m−2 inside the
laths (Figure 7). This value of the dislocation density exceeds that of ρOIM = 9 × 1014 m−2

associated with the low-angle sub-boundaries of the same FSW sample more than three
times. Hence, the total dislocation density (ρ = ρOIM + ρTEM = 3.9 × 1015 m−2) in the present
FSW seam results mainly from the internal dislocations retained in the martensite laths.
The post-weld tempering of the FSW joint leads to a significant decrease in the dislocation
density in the stir zone (Figure 8). The density of the dislocations inside the tempered
martensite laths/subgrains in the stir zone is ρTEM = 8 × 1014 m−2, which is almost the same
as the dislocation density related to the low-angle sub-boundaries. Besides the recovery
of the dislocation substructure in the stir zone, tempering of the FSW joint provides the
precipitation of finely dispersed Cr23C6-type carbide particles with an average size of
61 nm. The volume fraction of Cr23C6-type carbide in the present steel at 650 ◦C is 0.0669,
as calculated by ThemoCalc [10]. The lowest dislocation density of ρTEM = 3 × 1014 m−2

inside the fine grains/subgrains among the studied portions of the FSW joint subjected
to post-weld tempering is observed in the base material (Figure 9). In contrast to the
stir zone, where the total dislocation density is mainly associated with the dislocations
inside the laths/subgrains, the total dislocation density of ρ = 1.6 × 1015 m−2 in the base
material after tempering is mainly controlled by the low-angle sub-boundaries. Additional
tempering promotes particle coarsening in the base material. The average size of the
dispersed particles in the base material increases to 77 nm during the post-weld treatment.
The main microstructural parameters are listed in Table 1.
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Table 1. Some microstructural parameters, i.e., grain size (D), dislocation density (ρ), and dispersed
particle size (d), of a high-strength low-alloy steel after tempforming and FSW followed by tempering.

Sample D, nm ρOIM, m−2 ρTEM, m−2 ρ, m−2 d, nm

As-tempformed 360 ± 30 (2.5 ± 0.2) × 1015 (0.8 ± 0.2) × 1015 3.3 × 1015 53 ± 8
FSW, stir zone 850 ± 80 (0.9 ± 0.1) × 1015 (3.0 ± 0.6) × 1015 3.9 × 1015 -

FSW, stir zone, tempered 850 ± 80 (0.8 ± 0.1) × 1015 (0.8 ± 0.2) × 1015 1.6 × 1015 61 ± 5
FSW, base material, tempered 570 ± 50 (1.3 ± 0.1) × 1015 (0.3 ± 0.1) × 1015 1.6 × 1015 77 ± 8
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3.3. Tensile Tests

Typical engineering stress–strain curves for the samples cut of the FSW joint and FSW
joint subjected to post-weld tempering are shown in Figure 10, along with the stress–strain
curve of the as-tempformed steel (the base material [10]) sample. The FSW joint sample is
characterized by high strength, with an yield strength of σ0.2 = 1170 MPa and an ultimate
tensile strength of UTS = 1230 MPa. The strength of the FSW joint is almost the same as that
of the base material, with σ0.2 and UTS of about 1200 MPa. However, in contrast to the base
material, which exhibits a total elongation of about 13%, the total elongation of the FSW
joint sample is about 1.5%. The strain distribution along the tensile specimen made of the
FSW joint is shown on the right side of Figure 10 for three points on the stress–strain curve,
lettered by A, B, and C. It is clearly seen in the strain distribution images that the tensile
deformation localizes in the base material quite close to the stir zone, i.e., the heat-affected
zone. On the other hand, the stir zone remains almost non-deformed during the tensile
test. Indeed, the stir zone is much harder than the base material (two times the difference
in hardness in Figure 4). Thus, the rapid strain localization in the heat-affected zone is
responsible for the small elongation of the as-processed FSW joint sample.

The post-weld tempering treatment remarkably improves the tensile plasticity of the
FSW joint. Namely, the total elongation increases to about 13%, which is almost the same as
that of the base material. However, an increase in plasticity is accompanied by a decrease in
strength. The yield and ultimate tensile strength of the FSW joint decrease to 930 MPa after
additional tempering. Generally, the stress–strain curve for the tempered FSW joint sample
is very similar in appearance to that of the base-tempformed material. Following the
discontinuous yielding, the flow stress remains at the same level until about 5% elongation,
when necking occurs, followed by failure. The difference in the tensile behavior between
the tempered FSW joint sample and the as-tempformed one is the tensile stress level. The
tensile stresses of the FSW and tempered samples are lower by about 250 MPa than those
of the original tempformed steel sample. In spite of the same hardness across the tempered
FSW sample (Figure 4), the stir zone in the tensile specimen is characterized by a smaller
deformation compared to the base material. The strain localization and subsequent fracture
take place in the base material, as seen in the D to G images of the strain distribution
visualization in Figure 10. Therefore, the increased plasticity of the FSW joint after the
post-weld tempering treatment is associated with increased plasticity of the base material. It
should be noted that the narrow soften regions in the heat-affected zone do not remarkably
affect the tensile behavior of the FSW joint after tempering.
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4. Discussion

The present results testify that FSW can be used to join high-strength low-alloy steels
processed by tempforming, with the strength of the FSW joint comparable to the strength of
the base material. Let us consider the strength–microstructure relationships in the obtained
FSW joint sample. The strength of high-strength low-alloy steels is governed by their
microstructure, which, in turn, depends on their evolutional mechanisms operating upon
processing. The strengthening mechanisms deserving consideration for the present steel
are dislocation strengthening (∆σρ), grain size (or grain boundary) strengthening (∆σD),
and dispersion strengthening (∆σOr), in addition to conventional lattice friction and solid
solution strengthening [28,29]. The dislocation strengthening can be expressed by the
following relationship [30]:

∆σρ = αGb ρ0.5, (1)

where α is a constant of about 0.9 [31] and G is the shear modulus of 81,000 MPa [32]. The
grain size strengthening can be expressed by the second term of the Hall–Petch relationship
as follows [33,34]:

∆σD = ky D−0.5, (2)

where ky and D are the grain boundary strengthening factors of about 0.24 MPa m0.5 for
low-carbon steel [35,36] and grain size, respectively. Assuming the Orowan mechanism
for dislocation interactions with incoherent particles, the dispersion strengthening can be
evaluated as follows [37]:

∆σOr = 0.45 Gb λ−1 ln(d/b), (3)

where λ is the edge-to-edge interparticle distance and d is the particle size.
The strengthening values calculated by Equations (1)–(3) for the as-tempformed, FSW,

and FSW and tempered samples are shown in Table 2. The high strength after tempforming
is attributed to the dislocation strengthening owing to the high dislocation density in nu-
merous low-angle sub-boundaries. On the other hand, the relatively low dislocation density
in the grain/subgrain interiors of the tempformed sample provides a rather large total
elongation of the corresponding specimen. In contrast, FSW is accompanied by austenitiza-
tion followed by rapid cooling of the stir zone, leading to martensitic transformation. The
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high strength of the stir zone, hence, depends mainly on the high dislocation density inside
the martensite laths. The post-weld tempering treatment decreases the dislocation density
inside the martensite laths of the stir zone, decreasing the corresponding strengthening. It
should be noted that the post-weld tempering treatment decreases the strengthening of
the base material, i.e., the tempformed sample. Since tempforming consisted of tempering
followed by large strain warm rolling, a remarkable recovery of the dislocation substructure
accompanied by a little grain/subgrain coarsening should be expected upon subsequent
annealing. It is interesting to note that the dislocation strengthening after post-weld temper-
ing is roughly the same as that caused by both grain size and dispersed particles for the FSW
seam and the base material. The same relationship between the different strengthening
mechanisms has been reported for tempformed steels [10,38]. Takaki’s group suggested
that the strength increment of work-hardened steels can be expressed by a unique function
of the dislocation density, which involves grain size and alloying effects [31,39].

Table 2. Yield strength (σ0.2) and strengthening contributions from dislocation density (∆σρ), grain
size (∆σD), and dispersed particles (∆σOr) of a high-strength low-alloy steel after tempforming and
FSW followed by tempering.

Sample σ0.2, MPa ∆σρ, MPa ∆σD, MPa ∆σOr, MPa

As-tempformed 1180 ± 35 1050 400 495
FSW, stir zone 1170 ± 35 1140 260 -

FSW, stir zone, tempered 930 ± 20 730 260 455
FSW, base material, tempered 930 ± 20 730 320 380

The present results of the strengthening calculation (Table 2) indicate that the dislo-
cation density remains high enough to control the yield strength even after the post-weld
tempering treatment of the FSW joint sample. Therefore, FSW followed by post-weld
tempering can be considered an advanced method for joining high-strength low-alloy steels
processed by tempforming. The strength of tempformed steel depends on the processing
conditions, namely, rolling temperature and total strain [8]. A decrease in tempforming
temperature and/or an increase in strain promote both strength and impact toughness.
On the other hand, the strength of the FSW joint seems to depend mainly on the alloying
extent of high-strength steels [15]. Steels with higher strength look more susceptible to
hardening by FSW. Nevertheless, the final strength of the FSW joint of the tempformed
steel subjected to a post-weld treatment is governed by the temperature/duration of the
post-weld tempering. Thus, the post-weld tempering treatment allows for a wide strength
range in the FSW joints made of high-strength tempformed steels. Since the strength of the
FSW joint after post-weld tempering is controlled by dislocation density, the regularities of
recovery can be utilized to predict the annealing softening and obtainable strength level in
the processed steels, although the recovery development in tempformed steels deserves
further investigation.

5. Conclusions

The microstructure and the mechanical properties of a high-strength low-alloy steel
processed by tempforming, i.e., tempering and large strain warm rolling at 650 ◦C, and
then subjected to friction stir welding (FSW) and a post-weld tempering treatment were
studied. The main results can be summarized as follows:

1. The stir zone of the FSW joint sample is characterized by a lath martensite microstruc-
ture due to heating up to the austenite region and rapid cooling after the FSW. Owing
to the high dislocation density inside the martensite laths, the hardness of the stir zone
increases two-fold, reaching 7000 MPa. The yield strength of the FSW joint sample was
1170 MPa, which is comparable with that of about 1200 MPa of the base-tempformed
material. The strain localization takes place in the heat-affected zone close to the stir
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zone upon tensile testing of the FSW joint sample, leading to a small total elongation
of about 1.5%.

2. Post-weld tempering at 650 ◦C for 1 h results in a decrease in the hardness of the
weld joint to the level of the base material of about 3000 MPa. However, the strain
localization followed by fracture upon tensile testing of the welded and tempered
sample occurs in the base material. The yield strength of the FSW joint sample after
tempering was 930 MPa, with a total elongation of 13%. This increase in elongation is
attributed to further tempering and improving the plasticity of the base material. The
yield strength is controlled by the dislocation density, which provides strengthening
similar to that from grain size and dispersed particles.

3. FSW, followed by a post-weld tempering treatment, can be used to join high-strength
low-alloy steels with an ultrafine-grained microstructure produced by tempforming.
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