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A B S T R A C T

Friction stir processing (FSP) effectively improves the fatigue strength of arc-welded joints; however, wear of
tools is inevitable in case of high-strength materials. Notably, a new benefit has been discovered: compressive
residual stress is applied on the FSPed steel surface, alloyed with the WC tool constituent elements, contrasting
with the tensile residual stress typically applied via conventional FSP. To elucidate the mechanism of
compressive residual stress application, FSP was performed on a low-carbon steel plate at various rotational
speeds. The alloyed topmost layers in the stir zone comprised martensite structures with a small amount of
retained austenite grains, resulting in a hardness increase owing to the tool constituent elements. The residual
stresses on the stir zone surface were influenced by the alloying contents and the corresponding martensite start
temperature (Ms). Compressive residual stresses were maximized at an Ms of approximately 150 ◦C owing to
martensitic transformation expansion near room temperature. Lowering the Ms below approximately 150 ◦C led
to tensile residual stresses and an increased volume fraction of the retained austenite, suggesting that martensitic
transformation expansion is insufficient to apply compressive residual stress. Conversely, the retained austenite
can resist plastic deformation and crack propagation through deformation-induced martensitic transformation,
thereby enhancing fatigue properties.

1. Introduction

The fatigue strength of arc-welded joints is lower than that of the
base metal owing to stress concentration, tensile residual stress, and
microstructural deterioration at the weld toe. Various post-weld treat-
ments have been proposed to leverage high-strength materials in welded
structures. Typical treatments include residual stress modification, such
as peening [1,2] and post-weld heat treatment [3,4], and weld geometry
modification, such as grinding [5,6] and remelting [7,8]. Residual stress
modification improves fatigue strength at low-stress amplitudes but is
less effective at high-stress amplitudes owing to residual stress relaxa-
tion caused by plastic deformation during fatigue. Conversely, weld
geometry modification can be effective at any stress level. However,
grinding requires skilled technicians, is time-consuming, and reduces
weld thickness. Remelting with arc plasma or laser as a heat source also
has the drawback of softening around the remelted zone in high-strength
materials.

Furthermore, we reported that friction stir processing (FSP) consid-
erably increased the fatigue strength of arc-welded steel joints,

presenting it as a new post-weld treatment [9–11]. Generally, FSP, based
on the principle of friction stir welding (FSW), is a surface modification
technique that homogenizes and refines the microstructure of various
metallic materials in a solid state [12]. The mechanical properties of the
stir zone, such as strength, ductility, and fracture toughness, can surpass
those of the base metal [13–17]. In addition, material flow around the
rotating tool during FSP helps eliminate internal defects such as
porosity, segregation, and cracks caused by melting and solidification,
thereby enhancing the fatigue properties of casts [18–20] and additively
manufactured components [21–24]. Leveraging these advantages, Costa
et al. reported that performing FSP on the weld toes improved the fa-
tigue strength of arc-welded aluminum alloy joints [25–28].

Although FSP offers several advantages over conventional methods,
tool wear remains is inevitable in case of high-strength materials owing
to the high temperatures and pressures required for FSP. In our previous
studies [10,11], the wear of a WC tool tip during FSP was found to have a
beneficial application on the weld toes of arc-welded steel joints. The
tool constituent elements were alloyed with the topmost layer of the stir
zone, resulting in an unexpected new benefit depending on the alloying
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contents—the generation of compressive residual stress. The alloying
mechanism related to tool wear in the low-carbon steel plate was
investigated using a stop-action technique to observe the tool/steel
interface during FSP [29]. As the tool rotational speed increased, Fe
atoms diffused from the steel side into the Ni-based binder regions of the
tool. Some WC particles reacted with Fe atoms to form a brittle Fe4W2C
layer at the tool/steel interface. This Fe4W2C layer was fragmented and
decomposed by shear stress and frictional heat during FSP, resulting in
the alloying of W and C into the steel matrix. This study is the first to
explain the mechanism of compressive residual stress application to the
topmost layer alloyed with the tool constituent elements, despite con-
ventional FSP and FSW typically generating tensile residual stresses
owing to thermal and mechanical strains on the stir zone surface
[30–33].

In this study, FSP, accompanied by alloying with WC tool constituent
elements at various tool rotational speeds, was conducted on a low-
carbon steel plate. The effects of alloying contents on the microstruc-
ture formation of the stir zone were investigated to elucidate the
mechanism of compressive residual stress application to the topmost
layer. The mechanical properties of the alloyed topmost layer were also
characterized.

2. Experimental procedures

In our previous studies [10,11], FSP with a spherical-tip tool was con-
ducted on steel weld toes with curved surfaces, but the metallurgical and
mechanical phenomena were complicated by the geometric effect. There-
fore, this study simplified the FSP conditions using a flat steel plate and a
flat-tip tool to focus mainly on the residual stress analysis. SM490A low-
carbon steel plates (Fe–0.16C–0.29Si–1.37Mn–0.008P–0.001S (mass%))
with dimensions of 150 mm × 50 mm × 10 mm were used as the base
material. The steel plates exhibited a ferrite–pearlite structure. FSP was
performed on the steel plate. The tool, featuring a 15-mm-diameter flat tip,
was made of WC particles (88–91 mass%) and a Ni-based binder. The tool
was tilted backward at 3◦ and operated at a travel speed of 100 mm/min
andaplungedepthof 0.8mm,with rotational speeds of 600, 800, and1000
rpm. The right and left positions along the FSP direction are referred to as
the advancing side (AS) and retreating side (RS), respectively, based on the
tool’s counterclockwise rotation.

Specimens were taken from the FSPed steel plate for microstructure
evaluations, residual stress measurements, and mechanical tests. The
shapes, dimensions, and positions of the specimens taken from the
FSPed steel plate are shown in Fig. 1.

Cross-sectional microstructure observations of the FSPed steel plates
were conducted via optical microscopy (OM) and scanning electron
microscopy (SEM) coupled with electron backscatter diffraction (EBSD).
Elemental concentration distributions in the topmost layer of the FSPed
steel plates were analyzed via electron probe microanalysis (EPMA). The
cross-sections were polished with colloidal silica for EBSD and EPMA.
Vickers hardness tests were performed on the OM observation areas at
room temperature with an applied load of 98 mN and a loading time of
10 s.

Residual stresses on the FSPed steel surface were measured via the
sin2ψ technique using a micro-X-ray diffractometer (μ-XRD) employing
Co-Kα radiation. X-rays passing through a collimator with a diameter of
0.8 mm were irradiated on the FSPed steel surface for 2 min at 5◦ in-
tervals in the ψ angle range of 45◦–90◦, and the {220}α-Fe diffraction
peaks were collected on an area detector. The FSPed steel plate fixed on
a movable stage was tilted at the ψ angle with respect to the axes parallel
and perpendicular to the FSP direction, obtaining the residual stresses in
each direction. The volume fraction of the retained austenite (γ) on the
FSPed steel surface was estimated using the same μ-XRD based on the
integrated intensities of diffraction peaks collected over 75 min in the
diffraction angle range of 23.3◦–116.7◦, according to ASTM E975-22
[34].

Small tensile specimens with a dumbbell shape were taken from the
topmost layer of the FSPed steel plate. Tensile tests were conducted at
room temperature with a nominal strain rate of 2.5 × 10− 4 s− 1. The
tensile direction was perpendicular to the FSP direction. Local strain and
volume fraction of the retained γ on the specimen surfaces were
measured four times at nominal strains of 0 % (before testing), 3 %, 5 %,
and 7 % (fractured). For comparison, a specimen subjected to sub-zero
treatment in liquid nitrogen for approximately 1 h was also tested to
investigate the effect of the volume fraction of the retained γ on tensile
properties.

A compact tension (CT) specimen with a thickness of 1.3 mm was
taken from the surface of the FSPed steel plate. Fatigue crack propaga-
tion tests were performed at room temperature, applying cyclic loads at

Fig. 1. Shapes and dimensions of specimens used for cross-sectional observation (blue), tensile testing (green), and fatigue crack propagation testing (yellow), and
their positions on the FSPed steel plate (e.g., at a tool rotational speed of 1000 rpm). X-ray-irradiated points, indicated in red, were used to measure the volume
fraction of the retained γ and residual stress before cutting. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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a stress ratio of 0.1 (minimum and maximum loads of approximately
48.9 and 488 N, respectively) with a sinusoidal wave frequency of 20 Hz.
The change in crack length during testing was sequentially measured
using the compliance method with a strain gauge attached to the back
surface of the specimen, and the crack propagation rate was determined
for each stress intensity factor range. The fatigue fracture surfaces after
testing were observed via SEM.

3. Results and discussion

3.1. Microstructure in the FSPed steel surface alloyed with tool
constituent elements

The elemental concentration distributions were analyzed via EPMA
to investigate the distribution of tool constituent elements in the stir
zone of the FSPed steel plates. Backscattered electron (BSE) images and
EPMA-W maps of the cross-sections of the stir zone at rotational speeds
of 600, 800, and 1000 rpm are shown in Fig. 2. The stir zones, indicated
by the regions above the broken lines in Fig. 2(a)–(f), had a depth that
increased slightly with increasing tool rotational speed. W-rich layers
were observed across the entire width of the stir zone surface, and their
W contents in the topmost areas were slightly increased from the center
to the AS. The overall average W contents were estimated to be
approximately 1.5, 6.0, and 9.0 mass% at 600, 800, and 1000 rpm,
respectively. The layer formed at 1000 rpm displayed the greatest
thickness and content among those formed at the aforementioned three
rotational speeds (Fig. 2(i)). Similarly, other tool constituent elements,
such as C and Ni, were distributed at the same positions at each rota-
tional speed. The discontinuity of the alloyed layer at lower rotational
speed may be caused by weak material flow with a mixture of worn and
unworn areas in the contact surface of the tool tip (Fig. 2(g) and (h)). As
the rotational speed increases, the relatively uniform and thick alloyed
layer can be formed by the strong material flow with the wear occurring
in the whole contact surface of the tool tip (Fig. 2(i)).

The effects of alloying tool constituent elements on the microstruc-
ture formation in the stir zone were investigated using EBSD. The EBSD-
inverse pole figure (IPF) and phase maps obtained from the white
rectangular areas in Fig. 2(g)–(i) are shown in Fig. 3, with the alloyed
areas identified by EPMA depicted by white broken lines. The stir zone
consisted of lath martensite (α′) under all FSP conditions (Fig. 3(a), (c),

and (e)). It is believed that the initial ferrite–pearlite structure fully
transformed to the γ phase at elevated temperatures during FSP. Tool
constituent elements such as W and C dissolved into the γ phase in the
topmost layer near the tool tip, followed by α′ transformation during
cooling. The α′ lath width in the alloyed layers was considerably smaller
than in the non-alloyed regions, indicating that the alloying elements
suppressed grain growth. The grain size of the alloyed layer did not show
the monotonous change with increasing tool rotational speed, because
both the alloying contents and the peak temperature during FSP
increased simultaneously. In addition, the alloyed layers exhibited the
FCC phase, shown in green in the EBSD-phase maps (Fig. 3(b), (d), and
(f)), with the highest volume fraction observed at a tool rotational speed
of 1000 rpm (Fig. 3(f)). This suggests that more γ phase can be retained
owing to the incomplete α′ transformation in the alloyed layers as the
alloying content increases.

Fig. 4(a)–(c) show concentration distributions in depth for the
alloying tool constituent elements obtained from EPMA results pre-
sented in Fig. 2. Fig. 4(d)–(f) show the volume fraction of the retained γ
distributed in depth obtained from EBSD results presented in Fig. 3. For
comparison, depth distributions of Vickers hardness measured at the
same positions are shown in Fig. 4(g)–(i). The yellow areas in each graph
indicate the range of alloyed layers. The alloyed layers primarily con-
tained W derived from WC particles in the tool. At tool rotational speeds
of 600 and 800 rpm, the W contents were less than 5 mass% (Fig. 4(a)
and (b)), with a slight increase in the volume fraction of the retained γ
observed near the surface (Fig. 4(d) and (e)). Increasing the rotational
speed to 1000 rpm resulted in the maximum W content and volume
fraction of the retained γ increasing to approximately 8.5 mass% (Fig. 4
(c)) and 21 vol% (Fig. 4(f)), respectively, near the surface. As shown in
Fig. 4(g)–(i), the hardness of non-alloyed stir zones at any FSP condition
was approximately 400 HV, higher than that of the base metal
(approximately 160 HV) owing to the formation of α′ structure.
Furthermore, the maximum hardness measured in the alloyed layers at
600 and 800 rpm was approximately 750 HV near the surface,
increasing to approximately 900 HV at 1000 rpm. Thus, the maximum
hardness measured in the alloyed layers at 1000 rpm was approximately
500 HV higher than that of non-alloyed stir zones, suggesting a
considerable increase owing to solid solution and grain refinement
hardening in the α′ structure. While the grain size in the alloyed layer
was relatively uniform at each rotational speed (Fig. 3), the distributions

Fig. 2. (a)–(c) BSE images and (d)–(f) EPMA-W maps of the cross-sections of the FSPed steel plates at tool rotational speeds of 600, 800, and 1000 rpm. (g)–(i) The
enlarged EPMA-W maps of the white rectangular areas shown in (d)–(f), respectively.
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of alloying contents gradated, corresponding well to the hardness dis-
tributions. The supersaturated solid solution of the tool constituent el-
ements in the α′ matrix may contribute more to the hardness increase.

3.2. Residual stress and alloying content in the FSPed steel surface

Residual stresses applied to the stir zone surface were measured via
the sin2ψ method using the μ-XRD system, and their relationships with
alloying contents and microstructure in the stir zone, depending on the
tool rotational speed, were investigated. Fig. 5 shows variations of re-
sidual stresses in directions parallel and perpendicular to the FSP di-
rection with distance from the FSP center. Uniform compressive residual
stresses were observed on both sides of the base metal along parallel and
perpendicular directions. However, in the gray area indicating the stir
zone, a mixture of tensile and compressive residual stresses was
observed, contrary to the typical scenario where only tensile residual
stresses are present on the surface of stir zones produced by conven-
tional FSP and FSW [30–33]. The intensity of residual stress changes
appeared small at 600 and 800 rpm but increased considerably at 1000.
In the stir zone perpendicular to the FSP direction, the residual stress
shifted slightly toward the compressive side from 600 to 800 rpm.
However, at 1000 rpm, this change considerably increased in the range
from − 220 to 490 MPa. Similarly, in directions parallel to the FSP di-
rection, the change ranged from − 300 to 625 MPa.

In general, the residual stress is determined by the balance between
local expansion and contraction of the material, leading to the appli-
cation of compressive and tensile stresses, respectively. The α′ trans-
formation from the γ phase involves expansion, contrasting with
continuous thermal contraction during cooling. The compressive resid-
ual stress applied on the surface of stir zones may be caused by α′
transformation expansion near room temperature, which is higher than
the tensile stress applied through the thermal contraction. The nonuni-
form distribution of these stresses in the stir zone, particularly at 1000
rpm, appears to be related to not only the nonuniform distribution of
alloying contents but also the formation of the retained γ in the alloyed

layer, as shown in Figs. 2–4. Therefore, the α′ start temperature (Ms) is
expected to be crucial in applying compressive residual stress and
forming the retained γ. The Ms can be estimated based on the alloying
contents in steels using Eq. (1) [35] as follows:

Ms (◦C) = 499 − 324C − 32.4Mn − 27Cr − 16.2Ni − 10.8(Si+Mo+W)

(1)

where each atomic symbol represents the mass% of the corresponding
element. The Ms was obtained at each residual stress measuring point to
investigate the mechanism of residual stress application to the stir zone.
The FSPed steel plate was cut along the line measuring the residual
stress, as shown in Fig. 1, and the alloying contents were measured on
the cross section approximately 10–20 μm below each residual stress
measuring point using EPMA. The Ms was then estimated based on Eq.
(1). Additionally, the volume fraction of the retained γ was measured at
each residual stress measuring point using the XRD peaks of α′ and γ
phases. Since the penetration depth of X-ray is estimated to be around
15 μm from a steel surface, the relationship between the µ-XRD results
and the Ms obtaind using EPMA in each measuring point can be corre-
lated. Fig. 6 illustrates the variation of residual stresses parallel and
perpendicular to the FSP direction, along with the volume fraction of the
retained γ, with respect to the Ms. The horizontal axis in each graph
represents decreasing Ms, indicating an increase in alloying contents.
Initially, in the relatively high-Ms region (Fig. 6(a) and (b)), the tensile
residual stress in both directions decreased and shifted to compressive
residual stress as the Ms decreased. The maximum compressive residual
stress in both directions was observed at an Ms of approximately 150 ◦C.
However, further decreasing the Ms below approximately 150 ◦C in the
relatively low-Ms region led to a decrease in compressive residual stress
and a shift back to tensile residual stress, consistent with the results
obtained at a tool rotational speed of 1000 rpm. This trend is also re-
flected in the variation of the volume fraction of the retained γ with the
Ms, as shown in Fig. 6(c). In the relatively high-Ms region, the volume
fraction of the retained γ remained stable at approximately 10 vol%.
Conversely, decreasing the Ms below 150 ◦C correlated closely with an

Fig. 3. (a), (c), (e) EBSD-IPF and (b), (d), (f) phase maps obtained from the white rectangular areas in Fig. 2(g)–(i). The alloyed layers are indicated by white broken
lines. In the phase maps, red areas represent the BCC (α′) phase, and green areas represent the FCC (γ) phase. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Depth distributions of (a)–(c) contents of alloying tool constituent elements W, C, and Ni, (d)–(f) the volume fraction of the retained γ, and (g)–(i) Vickers
hardness measured at the same positions beneath the stir zone surface at tool rotational speeds of 600, 800, and 1000 rpm. The range of alloyed layers is highlighted
in yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Variations of residual stresses in the (a) parallel and (b) perpendicular directions to the FSP direction with distance from the FSP center, measured on the
FSPed steel plates at tool rotational speeds of 600, 800, and 1000 rpm. The gray area indicates the range of the stir zone.
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increase in the retained γ, accompanied by a decrease in compressive
residual stress and a shift to tensile residual stress in the relatively low-
Ms region. The volume fraction of retained γ at the Ms around 0 ◦C (the
W and C contents are approximately 8.98 and 0.99 mass%, respectively)
was only approximately 20 vol%, attributed to the large deviation from
the range of the chemical composition of steels used for Eq. (1) [35]. The
actual Ms at 1000 rpm may be expected to be higher. It is noteworthy
that the volume fraction of the retained γ measured via XRD tended to be
slightly larger than that measured by EBSD (Fig. 4(d)–(f)), likely owing
to a detection limit for small retained γ grains in EBSD.

Based on the above-mentioned findings, the mechanism of applying
compressive residual stress is discussed, which depends on the alloying
content of tool constituent elements and the related Ms. Residual stress
distributions showed no fixed pattern with respect to the tool rotational
speeds (Fig. 5), although an increase in the tool rotational speed for

conventional FSP and FSW may increase both thermal and mechanical
strains depending on frictional heat and plastic deformation, respec-
tively, resulting in a monotonous increase in the tensile residual stress.
However, in their variation with Ms (Fig. 6(a) and (b)), the Ms range was
effectively divided by the tool rotational speed, and a proportional
relationship to Ms was observed. This suggests that the alloying contents
is dominant for the residual stress change rather than the thermal and
mechanical strains caused by the tool motion. In other words, the re-
sidual stress applied to the topmost layer of FSPed steel plates can be
controlled by the alloying contents depending on the tool rotational
speed. At tool rotational speeds of 600 and 800 rpm, the stir zones were
partially covered with lower alloying contents, resulting in tensile re-
sidual stress. This suggests that the α′ transformation was completed at a
higher temperature, and its volume expansion was negated by thermal
contraction during an extended cooling period. The transition from
tensile to compressive residual stress, with compression maximized at
approximately 150 ◦C, can be attributed to α′ transformation expansion
near room temperature. Conversely, at 1000 rpm, the residual stress
increased excessively with decreasing Ms owing to increased alloying
contents. This indicates that the α′ transformation could not be
completed near room temperature, resulting in less α′ transformation
expansion, along with an increase in the volume fraction of the retained
γ. This scenario resembles the use of low transformation temperature
(LTT) welding materials developed to enhance the fatigue strength of
welded steel joints through α′ transformation expansion [36,37]. In LTT
welding materials, the Ms is primarily lowered by Ni and Cr contents (W
and C contents in this study), as referenced in Eq. (1). Experimental
evidence suggests that the α′ transformation expansion strain at room
temperature reaches a maximum of approximately 0.6 % when Ms is
approximately 150 ◦C, leading to compressive residual stress applied to
the weld toe surface. In FSP accompanied by alloying with W and C
elements, rotational speeds between 800 and 1000 rpm are crucial for
achieving an Ms of approximately 150 ◦C and applying compressive
residual stress. The advantage of this FSP technique lies in the formation
of ultrafine-grained structures in a solid state, compared to LTT welding
materials, which are associated with risks of solidification cracking and
toughness degradation owing to grain coarsening in the weld metals.

3.3. Effect of retained γ on mechanical properties of the FSPed steel
surface

Further decreasing Ms with increasing alloying contents of tool
constituent elements such as W and C in the topmost layer of the FSPed
steel plate at a rotational speed of 1000 rpm resulted in the application
of tensile residual stress and the formation of the retained γ. Typically,
tensile residual stress deteriorates fatigue strength by accelerating crack
propagation. However, the topmost layer in the FSPed steel plate con-
tained the retained γ, which is expected to suppress crack propagation
owing to deformation-induced α′ transformation at the crack tip during
fatigue [38,39]. To investigate the stability of the retained γ in the
alloyed topmost layer responding to plastic deformation, a tensile test
was conducted using small, thin specimens with a thickness of approx-
imately 0.1 mm (testable limit). The stir zone specimens with and
without the alloyed topmost layer, approximately 100 μm thick, at the
tool rotational speed of 1000 rpm were taken from depths of approxi-
mately 0–0.1 and 0.1–0.2 mm from the surface, respectively. For com-
parison, a thermally α′-transformed specimen was prepared using sub-
zero treatment to reduce the volume fraction of the retained γ. The
stress–strain curves of these stir zone specimens, along with that of the
base metal specimen, are shown in Fig. 7. The average volume fraction
of the retained γ measured on the parallel section surface of each
specimen before testing is indicated near the corresponding curve. The
specimen with the alloyed topmost layer had an average volume fraction
of the retained γ estimated to be approximately 20.6 vol%, reduced to
16.1 vol% by the sub-zero treatment. In contrast, those in the specimens
without the alloyed topmost layer and taken from the base metal were 0

Fig. 6. Dependence of residual stresses on Ms in (a) parallel and (b) perpen-
dicular directions to the FSP direction, and (c) the volume fraction of the
retained γ in the stir zone surface FSPed at tool rotational speeds of 600, 800,
and 1000 rpm.
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vol%. The tensile strength of the base metal specimen was approxi-
mately 550 MPa, close to the standard tensile strength of SM490A low-
carbon steel plate, indicating the suitability of the small specimens used
in this study without the sizing effect. Remarkably, in all the other three
specimens, the tensile strength increased more than twice that of the
base metal specimen, with the elongation reduced to half or less than
that of the base metal specimen. The specimens with the alloyed topmost
layer exhibited a tensile strength of approximately 1380 MPa, regardless
of the sub-zero treatment, which was approximately 230 MPa higher
than that in the specimen without the alloyed topmost layer. The
increment of tensile strength owing to the alloyed topmost layer can be
attributed to solid solution and grain refinement hardening in the α′
structure resulting from alloying the tool constituent elements. Addi-
tionally, in the specimen without the sub-zero treatment, further plastic
deformation may occur owing to the increased retained γ, leading to
larger elongation compared to the specimen with the sub-zero treat-
ment. While there is a trade-off relationship between strength and
ductility in metallic materials, the elongation improved without
lowering the tensile strength can be a specific benefit of the
deformation-induced α′ transformation.

To track the deformation-induced α′ transformation of the retained γ
during the tensile test, the volume fraction of the retained γ on the
parallel section surface of a tensile specimen with the alloyed topmost
layer (red curve in Fig. 7) was measured using the μ-XRD system − 1, 0,
and 1 mm away (indicated by three red circles in Fig. 8(a)) from the
center position of a specimen parallel section, as depicted in an optical
image of the specimen (Fig. 8(a)). Fig. 8(b) shows the volume fraction of
the retained γ measured at each nominal strain of 0 %, 3 %, 5 %, and 7 %
at the three red circles. The initial volume fraction of the retained γ
before testing was estimated to be approximately 23, 22, and 17 vol% at
the measuring points of − 1, 0, and 1 mm away from the center position
of the specimen parallel section, respectively. The nonuniform distri-
bution of retained γ can correspond to the nonuniform distribution of
alloying contents on the specimen surface. Across all three measuring
points, the volume fraction of the retained γ decreased with increasing
nominal strain. At the measuring points of y = 0 and 1 mm, it decreased
to 0 vol% at the nominal strain of 5 %, and further increasing the

nominal strain up to 7 % resulted in specimen failure between the two
measuring points. At the same nominal strain of 7 %, the volume frac-
tion of retained γ at the measuring point of y= − 1 mm was estimated to
be approximately 15 %. At each nominal strain, the local strain at the
three measuring points was estimated based on the displacement be-
tween black lines to the right and left of each measuring circle, and its
relationship with the decrease in volume fraction of the retained γ is
shown in Fig. 9. The volume fraction of the retained γ decreased expo-
nentially with increasing local strain, indicating deformation-induced α′
transformation of the retained γ. This highlights the significant role of
the volume fraction of retained γ in the ductility of the specimen part.
Generally, plastic deformation can continue in the retained γ in the
specimen, leaving behind the transformed α′. In the present tensile test,
local plastic deformation seemed to be concentrated at the measuring
points of y= 0 and 1 mm at a nominal strain of 5 %, ultimately leading to
fracture. At the beginning of the tensile test, deformation-induced α′
transformation occurred homogeneously in the specimen. With plastic
deformation, stress and strain concentration occurred in the necking
part where a small number of the retained γ was left. Even with the
hardened α′ at the necking part, minimizing the cross-sectional area can
prove fatal in this small specimen.

To further explore the influence of the retained γ on fatigue crack
propagation, fatigue crack propagation tests were conducted. CT spec-
imens were extracted, with and without the alloyed topmost layer, from
the depth ranges of approximately 0–1.3 and 0.2–1.5 mm (with a
specimen thickness of 1.3 mm), respectively, from the surface of the stir
zone produced at a rotational speed of 1000 rpm. The residual stresses
applied to these CT specimen surfaces fluctuated within ± 50 MPa
owing to cutting and thinning during specimen preparation. The results
are summarized in Fig. 10. Across all stress intensity factor ranges, the
crack propagation rate of specimens with the alloyed topmost layer was
consistently lower compared to those without it (Fig. 10(a)). The

Fig. 7. Stress–strain curves from tensile specimens extracted from the stir zone
with and without the alloyed topmost layer at a tool rotational speed of 1000
rpm. Two types of specimens with the alloyed topmost layer, one with and one
without sub-zero treatment, are presented alongside that of the base metal for
comparison. The fγ,ave denotes the average volume fraction of the retained γ
measured on the parallel section surface of each specimen before testing.

Fig. 8. (a) Optical image of a tensile specimen extracted from the stir zone with
the alloyed topmost layer. (b) The volume fraction of the retained γ measured at
three red circles (− 1, 0, and 1 mm away from the center position of a specimen
parallel section in (a)) at nominal strains of 0 %, 3 %, 5 %, and 7 %. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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reduction in crack propagation rate attributed to the alloyed topmost
layer exceeded 40 %, and this effect increased up to 60 % with higher
stress intensity factor ranges (Fig. 10(b)). These results indicate that the
alloyed topmost layer effectively mitigated crack propagation, with the
extent of suppression increasing with higher stress intensity factor
ranges.

Fig. 11(a) shows an optical image capturing the top surface of the CT
specimen featuring the alloyed topmost layer after the fatigue crack
propagation test. Enlarging the V-notch tip portion, Fig. 11(b) reveals a
linearly propagated crack ahead of the notch tip. For closer inspection,
the fracture surface underwent SEM analysis at positions every 2 mm
from the V-notch tip. As illustrated in Fig. 11(c), SEM images show the
fracture surface evolution along the crack propagation path, high-
lighting the alloyed topmost layer in the upper segment. The thickness of
this layer, approximately 100 μm, is shown in Fig. 2(i). The enlarged
fracture surfaces taken from the positions with alphabetic characters in
Fig. 11(c) are shown in Fig. 11(d)–(k). Notably, clear striations are
discernible in regions without the alloyed topmost layer at the lower
portion of the CT specimen (Fig. 11(h)–(k)). Conversely, the fracture
surface in the alloyed topmost layer on the upper part exhibits a less
defined surface morphology owing to the finer spacing of striations
(Fig. 11(d)–(g)). The striation spacing indicates the fatigue crack prop-
agation distance per cycle under cyclic loads, suggesting that the crack
propagation rate decreased as the alloyed topmost layer was
approached.

To understand why the alloyed topmost layer decreased crack
propagation rates as stress intensity factor ranges increased, micro-
structural examinations were conducted near the crack using EBSD. The
cross-sectional OM images and EBSD-IPF and phase maps in Fig. 12
illustrate observations taken approximately 2, 4, 6, and 8 mm from the
V-notch tip of the CT specimen featuring the alloyed topmost layer. The
uniformly distributed alloyed topmost layers, approximately 100 μm
thick, are visible in bright contrast on the upper part (depicted in Fig. 12
(a)–(d)). EBSD observation zones were positioned adjacent to the crack
on the upper and lower parts of the CT specimen (outlined by white
rectangles in Fig. 12(a)–(d)). The EBSD-IPF maps from the upper sec-
tions reveal that the alloyed topmost layer comprises notably finer
grains compared to the lower sections lacking this layer (presented in
Fig. 12(e-1)–(l-1)). Additionally, the retained γ is predominantly found

in the alloyed topmost layers, highlighted in green in the EBSD-phase
maps, with its volume fraction appearing to decrease as the distance
from the V-notch tip increases (as depicted in Fig. 12(e-2)–(h-2)).
Conversely, almost no retained γ is observed at any position in the lower
sections lacking the alloyed topmost layer (illustrated in Fig. 12(i-2)–(l-
2)).

Fig. 13 shows the volume fraction of the retained γ, estimated from
the EBSD-phase maps depicted in Fig. 12(e-2)–(l-2), as it varies with
distance from the V-notch tip and the corresponding stress intensity
factor range. On the lower part lacking the alloyed topmost layer, the
volume fraction of the retained γ remained approximately 2 vol% across
all distances from the V-notch tip, consistent with pretesting levels.
Conversely, on the upper part featuring the alloyed topmost layer, the
volume fraction of the retained γ decreased from approximately 15 vol%
(consistent with pretesting levels) with increasing distance from the V-
notch tip and stress intensity factor range. It reached approximately 5
vol% at approximately 8 mm from the V-notch tip. This reduction sug-
gests that the retained γ in the alloyed topmost layer suppressed crack
propagation by undergoing deformation-induced α′ transformation. The

Fig. 9. Relationship between local strain estimated from the displacement
between black lines to the right and left of each measuring point in the tensile
specimen in Fig. 8(a) and decrement in the volume fraction of the retained γ at
each measuring point, estimated based on Fig. 8(b).

Fig. 10. (a) Fatigue crack propagation rates of the CT specimens with and
without the alloyed topmost layer. (b) The decrease in fatigue crack propaga-
tion rate attributed to the presence of the alloyed topmost layer owing to
variation in the stress intensity factor range. These specimens were extracted
from the stir zone surface generated at a tool rotational speed of 1000 rpm.

H. Yamamoto et al. Materials & Design 244 (2024 ) 113225 

8 



volume expansion resulting from this transformation likely contributed
to crack closure, similar to compressive residual stress, thus impeding
crack propagation. The decline in crack propagation rate during later
stages may be attributed to increased α′ transformation expansion cor-
responding to the rising stress intensity factor range. Therefore,
increasing the retained γ through excessive reduction of Ms below
approximately 150 ◦C, alongside increased alloying contents, could curb
lateral crack propagation along the surface despite concurrent incre-
ment in tensile residual stress with the increasing retained γ. In our
previous studies [10,11], fatigue cracks tended to initiate at weld toe
surfaces that corresponded to the end of or a little apart from the alloyed
topmost layer with a significant hardness increase. The surface modifi-
cation, forming the alloyed topmost layer, would also aid in suppressing
crack initiation.

4. Conclusions

FSP was performed on a low-carbon steel plate using a WC tool at
various rotational speeds to elucidate the mechanism of compressive
residual stress application to the stir zone surface. This study evaluated
the influence of alloying contents of the tool constituent elements on the
microstructure and mechanical properties of the resulting FSPed sur-
faces. The important findings of this study are as follows:

1) The surface of FSPed steel underwent alloying with tool constituent
elements such as W, C, and Ni, with total alloying contents showing
an upward trend with increasing tool rotational speed. The resultant
alloyed topmost layer exhibited a lath α′ structure with a small
amount of the retained γ depending on the alloying contents. The
hardness increase with increasing tool rotational speed is attributed
to solid solution and grain refinement hardening.

2) Residual stresses exhibited nonuniform variations with the distance
from the FSP center but uniformly responded to changes in alloying
contents and the related Ms. In the relatively high-Ms region, tensile
residual stress decreased and changed to compressive residual stress
with increasing alloying contents and reduced Ms. Subsequent
decrease of Ms below 150 ◦C resulted in decreased compressive re-
sidual stress, reverting to tensile residual stress. The compressive
residual stresses, which peaked at an Ms of approximately 150 ◦C,
can be attributed to the completion of the α′ transformation near
room temperature. The presence of the retained γ indicates incom-
plete α′ transformation at room temperature, resulting in insufficient
volume expansion to apply compressive residual stress.

3) Tensile tests showed that specimens featuring the alloyed topmost
layer exhibited the highest tensile strength, reaching approximately
1380 MPa, surpassing their counterparts lacking this layer by
approximately 230 MPa. The decrease in the volume fraction of the
retained γ with increasing local strain during testing suggests a

Fig. 11. (a) Optical image of the top surface of the CT specimen taken from the stir zone with the alloyed topmost layer after the fatigue crack propagation test and
(b) the enlarged view around the crack propagated from the V-notch tip. (c) An SEM image of the fatigue fracture surface, and (d)–(g) the enlarged view at positions
with alphabetic characters of d–k in c at distances of approximately 2, 4, 6, and 8 mm from the V-notch tip.
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contribution to strain relaxation owing to deformation-induced α′
transformation, thereby enhancing ductility. Fatigue crack propa-
gation showed that the crack propagation rate of specimens with the
alloyed topmost layer was 40 %–60 % lower than those without this
layer. The deformation-induced α′ transformation during testing
suppressed lateral crack propagation, further decreasing the crack
propagation rate owing to larger transformation expansion corre-
sponding to increased stress intensity factor range.
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Fig. 12. OM images of the CT specimen with the alloyed topmost layer, captured at various distances from the V-notch tip on the fracture surface of approximately
(a) 2, (b) 4, (c) 6, and (d) 8 mm. (e-1)–(l-1) The EBSD-IPF and phase maps obtained within the white rectangles in (a)–(d). In the phase maps, areas colored in red and
green represent BCC (α′) and FCC (γ) phases, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version
of this article.)

Fig. 13. Volume fraction of the retained γ, estimated from the EBSD-phase
maps depicted in Fig. 12(e-2)–(l-2), varying with distance from the V-notch
tip in the CT specimen with the alloyed topmost layer and the related stress
intensity factor range estimated in the fatigue crack propagation test.
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