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Abstract

This paper examined the characteristics and significance of fracture toughness for LFW (linear friction welding) joints of
weathering steel SPA-H processed under different joining conditions to control maximum temperature during LFW process.
Two types of LFW joint were prepared; one was jointed under higher compressive pressure so as a maximum temperature
during LFW process to be lower than the A -transformation temperature (A1-LFW), and the other was jointed under lower
compressive pressure to be higher than the A;-transformation temperature (A3-LFW). The fracture toughness of both joints
where a crack was located at the joint interface exhibited a higher value than that of the heat-affected zone of MAG (metal
active gas) welds for the same steel. These results indicated that the LFW was more effective for the joining of weathering
steel compared with conventional arc welding in terms of fracture toughness. However, A1-LFW exhibited lower fracture
toughness (critical CTOD) than that of base metal or A3-LFW. Thus, the significance of the test results was discussed from
mechanical and metallurgical viewpoints. The fracture toughness for A1-LFW found to be deteriorated due to work harden-
ing associated with compressive plastic straining during LFW under higher compressive pressure, where the metal heated
under A ,-temperature was not completely ejected by friction but remained around the joint interface. On the other hand, the
deterioration of fracture toughness for A3-LFW was found to be caused by hardening due to bainitic transformation near
the joint interface, whereas the narrowness of the hardened region provided a little bit higher toughness than the intrinsic
toughness of the transformed phase due to plastic constraint loss.

Keywords Linear friction weld - Fracture toughness - Plastic constraint - Strength mismatch

1 Introduction

Linear friction welding (LFW) is one of the solid-state join-
ing processes, which is achieved by oscillating two compo-
nents relatively under a high contact load [1]. After LFW
equipment was manufactured in The Welding Institute
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(TWI), LFW technique was developed with mainly focus-
ing on aerospace-applied titanium and nickel alloys [2—4].
Recently, the preferable condition for LFW process from
metallurgical viewpoints which enable lower temperature
during LFW process was discovered [5, 6]. The theory could
avoid mechanical property deterioration due to softening
caused by high temperature for LFW of AA7075-T6 alloy
[7]. By using this theory, the temperature during LFW pro-
cess could be lower than the melting point or transformation
point of steel so that the material deterioration due to the
high temperature during fusion welding can be improved.
Therefore, LFW process is also expected to be the alterna-
tive joining method of low-weldability metals like weather-
ing steel, which is used in structural components.

In the view of structural stability of fracture, several
studies have been conducted on the fracture of LFW joints
[8—12]. Some of the studies focused on the crack growth
from the weld toe part where stress concentration occurred
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Table 1 Chemical composition
(mass %) of base steel

[8—11]. Assuming the unstable fracture after such fatigue
crack growth, the brittle fracture resistance of the weld joint
is also important. Some experiments have been conducted on

SPA-H mass (%) C Si Mn P S Cu Ni Cr
0.08 0.43 0.38 0.094 0.003 0.31 0.18 0.67
Table 2 Mechanical properties at R.T. of base steel
SPA-HatRT 6y, (MPa)  o;(MPa) YR (%) & (%)
372 502 74.1 28.7

the fracture toughness of LFW joints [12, 13]. These stud-
ies focused on the impact toughness and the fracture path
under unstable ductile fracture of for Ti-6Al-4 V alloy LFW
joint that has no concern of brittle fracture [12]. However,
few reports have been conducted on the brittle fracture of
cracked LFW joints of steel.

Generally, the fracture resistance of weld joints is depend-
ent on the deterioration of the material at the crack-tip but
also the difference in strength, that is called strength-mis-
match [14-18]. In LFW process, the degree of strength-
mismatch near the joining interface depends on material
properties and joining conditions [7, 13]. In addition, the
lack of bonding in the interface zone was concerned to be
a crack-like defect [19]. To apply LEFW process as a joining
method in structural components made by low-weldability
steel, it is essential to reveal the characteristic of fracture
toughness of LFW joints in terms of not only material prop-
erty but also strength-mismatch.

The purpose of this study is to reveal the characteristics
and the significance for fracture toughness for LFW joints
of weathering steel SPA-H processed under different joining
conditions to control maximum temperature. The signifi-
cance of fracture toughness is also discussed from mechani-
cal and metallurgical viewpoints of the joints.

2 Fracture toughness testing of linear
friction welded joint

In order to examine the effect of conditions to control
maximum temperature during LFW process on the fracture
toughness of weld joint, two types of joints, the maximum
temperature during LFW process was lower or higher than
the transformation temperature, were subjected to fracture
toughness test. For comparison, CO, gas welded joint and
base metal were also subjected to fracture toughness test.
The base material used was weathering steel, SPA-H.
Tables 1 and 2 show the chemical composition and mechani-
cal properties of the steel, respectively. Table 3 gives the
conditions used for LFW process. Base steel plates with
thickness =3 mm and width 30 mm were subjected to
LFW process with applied pressure 250 MPa so as the maxi-
mum temperature to be lower than the Al-transformation
temperature during LFW process (A1-LFW). On the other
hand, plates with thickness =12 mm and width 30 mm were
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042, 0.2% proof stress; oy, tensile strength; YR, yield-to-tensile ratio;
&r, uniform elongation

Table 3 Conditions used for LFW-process

Max. temperature P (MPa) f(Hz) A (mm)
Al-LFW Lower than A, 250 15 1.5
A3-LFW Higher than A; 50

A,, A, transformation temperature (=723 °C); A3, A; transformation
temperature (=910 °C)

P, applied pressure; f, frequency; A, amplitude

subjected to LFW process with applied pressure 50 MPa so
as the maximum temperature to be higher than the A3-trans-
formation temperature during LFW process (A3-LFW). The
geometry of LFW joint for A1-LFW or A3-LFW is shown
in Fig. 1. Plates with thickness =12 mm were also sub-
jected to CO2 gas shielded welding, that is a kind of metal
active gas welding process (MAG). The solid wire used was
YM-55W (Nippon Steel Welding & Engineering CO., LTD).
Table 4 gives conditions used for MAG welding process.

In order to examine the fracture toughness of the joint
for A1-LFW and A3-LFW, small-size 3-point bend (3 PB)
specimens with an initial crack at the joint interface were
subjected to fracture toughness testing. The position of spec-
imen extraction is schematically shown in Fig. 2. From each
mid-thickness position of A1-LFW with thickness =3 mm
and A3-LFW with thickness =12 mm, 3 PB specimens with
thickness B=3 mm were extracted so as thickness through
crack to be located at the joint interface. For comparison,
3 PB specimens were also extracted from MAG welds of
for the same steel so as thickness through crack to be into
HAZ (just next to FL). Configuration of the 3 PB specimen
is shown in Fig. 3. The geometry of the 3 PB specimen
was B=3 mm (specimen thickness) X W=6 mm (specimen
width), which is the symmetrically reduced geometry of the
3-point bend fracture toughness test specimen in accordance
with ISO12135: 2021 [20].

The fracture toughness test was performed by using the
testing machine designed for small-size specimens. An over-
view of the fracture toughness test is presented in Fig. 4.
The 3 PB specimen was subjected to a fracture test at— 50
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i i a Unit : mm) (b Unit : mm
Flg 1 Configuration of LEW ®) Oscillation direction (= along width) (Uni ) ) Oscillation direction (= along width) (Uni )
joint used for fracture toughness o o
testa A1-LFW and b A3-LFW Thickness Forging direction Thickness | | Forging direction

< 120 ~ 120
| 60 | 60 |
Hﬂ « Weld interface Dﬁ « Weld interface
@ (]
3k S Flash S - ™ Flash
Table 4 Conditions used for metal active gas welding (MAG) °C in a cooling bath filled with nitrogen-atmosphere. Test

temperature was controlled by measuring the temperature
on the surface of the specimen by using a thermocouple.
MAG 1 300 82 10 Since the specimen was too small to install a clip-gauge,
the crack mouth opening displacement V, was measured by

Pass Current (A) Voltage (V) Velocity (cm/min)

(a) A1-LFW . (b) A3-LFW )
(Unit : mm) (Unit : mm)
Oscillation direction (= along width) Oscillation direction (= along width) (c) MAG (Unit : mm)
Thickness | ! Forging direction Thickness | | Forging direction
3 . . 12 -

L I— ...l . ED 8

P I 314

PRI —t11s- A

YA ' , 7 ‘ FL

Specimen Mid. thickness Specimen

Fig. 2 Extraction of fracture toughness test specimen from joints a A1-LFW, b A3-LFW, and ¢ MAG

Fig.3 Configuration of 3 PB (a) (Unit : mm) (b) (Unit : mm)
specimen used for fracture — R
toughness test a overview and b Fatigue pre-crack | 1
detail around notch —k—
6 .
3 (b) Machined notch 2
JAN A7 B=3
’ 2 ’ >k 0.15

2M-pixel CMOS camera

Cooling chamber

3PB

Y

S=24
(= 4W)

Loading by screw jack mechanism Load cell Liquid nitrogen atmosphere

Fig.4 3 PB testing machine for small specimen under low temperature
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a non-contacting optical extensometer with real-time image
processing. The critical CTOD was calculated according to
the WES1108:2015 [21].

Figures 5 and 6 show the representative fracture appear-
ance and critical CTOD obtained by the 3PB test, respec-
tively. 2 of 4 specimens for A1-LFW, 2 of 6 specimens for
A3-LFW, and 4 of 5 specimens for MAG fractured in a
cleavage manner without ductile crack growth larger than 0.2
mm (critical CTOD for cleavage fracture, 6.). Other speci-
mens for A1-LFWs, A3-LFWs, MAG, and all specimens for
BM achieved maximum load plateau without unstable frac-
ture (CTOD at maximum load point, é,,). Figure 6 compares
critical CTOD for A1-LFW, A3-LFW, MAG-joint, and BM.
LFW joint, both of A1-LFW and A3-LFW, exhibited higher
critical CTOD than that of the heat-affected zone of MAG
for the same steel. These results indicated that the LFW was
more effective for the joining of weathering steel compared
with conventional fusion welding in terms of fracture tough-
ness. However, A1-LFW exhibited lower critical CTOD than
that of base metal and A3-LFW.

3 Significance of fracture toughness
from the mechanical aspect

This section concerns the significance of the fracture tough-
ness of A1-LFW and A2-joint from mechanical viewpoints.
The effect of strength-mismatch, a hard zone near crack for
A1-LFW and A3-LFW, on fracture toughness of LFW joint
is discussed.

A1-LFW

o AV

— 500um, 30x

— 100um, 100x

0.6
; ofs.
€ 05¢L & |ols.
£ . ul
oob 0.4 - -
Sosp
= : o
© 02 © 5
8 o
-5 0.1 . o
o~ 3
A1 A3 MAG BM
%(_J
LFW

Fig.6 Critical CTOD obtained by 3 PB test

3.1 Hardness distribution near weld interface

Vickers hardness (HV0.2) distributions near the weld on the
mid-thickness section were presented in Fig. 7. In A1-LFW,
although the maximum temperature was lower than the
A -transformation temperature, the hardness near the weld
interface was higher than that of the base metal far from
welds. The maximum hardness at the weld interface for
A1-LFW exhibited almost the same as that of A3-LFW. On
the other hand, the width of the hard zone for A1-LFW was
larger than that of A3-LFW.

A3-LFW

—— 100um, 100x

Fig.5 Fracture appearance of 3 PB specimen in cleavage manner a A1-LFW (6,=0.05 mm), b A3-LFW (6,=0.36 mm), and ¢ MAG

(8,=0.01 mm)

@ Springer



Welding in the World (2025) 69:739-750 743
Fig.7 Hardness distribution (a) A1-LFW (b) A3-LFW
near weld interface mid-width 300 [ e y=omm Mid-width 300 e y= Omm Mid-width
section a A1-LFW and b b
A3-LFW « S
S 250 S 250
T T
g i g
S 200 Fhe S 200
= o\ S
I I
150'AAAA1AAAA1AAAA1 PR 150"“‘1““1““1““
-10 -5 0 5 10 -10 -5 0 5 10

Distance from weld interface, x (mm)

3.2 FE-analysis of 3 PB specimen with hard zone
near-crack tip

The effect of hard zone width on fracture toughness was
discussed by analyzing the stress field near the crack-tip
of the 3 PB specimens by elastic—plastic FE-analysis for
both A1-LFW and A3-LFW. FE-models were composed
of two regions, the base metal (BM) and hard zone (HZ)
as shown in Fig. 8. According to the hardness distribution
near the weld interface (Fig. 7) in the joint for AI-LFW
and A3-LFW, FE-models with of the HZ width d;, =4 mm
and 2 mm were assumed, respectively. For comparison, the
FE-model (EM: EvenMatch model) composed only of the
HZ was also prepared. Crack-tip location was assumed the
center in HZ. The elastic—plastic FE analysis was conducted
by using the 3-dimensional FE-code, Abaqus 2017. Figure 9
shows the FE models of the 3 PB test specimen used for
analysis. The solid elements used were 8-node isoparamet-
ric elements with 8 Gaussian points. The minimum element
size around the crack-tip was 0.03 mm x 0.03 mm in plane.
Equivalent stress—equivalent plastic strain curve of BM
at—50 °C used for FE-analysis was identified by conduct-
ing small size round-bar tensile test. Figure 10 shows the
true stress—true strain curve of BM obtained by a round-bar
tensile test at — 50 °C, and Table 5 summarizes the mechani-
cal properties. Equivalent stress—equivalent plastic strain
relationship beyond uniform elongation e was constructed
by fitting the test data, that is true stress—true plastic strain
curve between 3e/4 and ep, with Swift type constitutive

Distance from weld interface, x (mm)

equation. Equivalent stress—equivalent plastic strain curve
of HZ was assumed by raised toward the larger stress side
by the increment of tensile strength, which was estimated
from the ratio of the hardness of joint interface to that of BM
(see Table 5). Figure 11 presents the identified equivalent
stress—equivalent plastic strain curves used for FE-analysis
for BM and HZ, respectively.

3.3 The effect of hard zone width on stress field
ahead of crack-tip

Figure 12 shows examples of the distributions of the max-
imum principal stress o, ahead of the crack-tip at mid-
thickness for A1-LFW (d,,.4=4 mm), A3-LFW (d, ,.q=2
mm) and EM at the same CTOD value (6 =0.1 mm). The
A1-LFW (d,,q=4 mm) presents almost the same maxi-
mum principal stress distributions as EM. On the other
hand, the A3-LFW (d,,,4=4 mm) presents significantly
lower maximum principal stress distributions than EM.
These results indicate that the hard zone for A1-LFW
(dyarq =4 mm) does not affect stress distribution, but the
narrower hard zone for A3-LFW (d,,,; =2 mm) affects due
to plastic constraint loss at this CTOD level. Then, the
CTOD levels over which the loss of crack-tip plastic con-
straint occurs for AI-LFW and A3-LFW were examined.
The reference stress o,, which is defined as the maximum
principal stress for each joint at the same location that rep-
resents 90% of the peak-stress o e, em) ahead of crack-
tip (Fig. 12) in EM, are compared as shown in Fig. 13.

Fig.8 Hard zone and crack A 1
location in FE-analysis < . _
=3 V—— EM (Even-match)
S coe e BM Hard zone
ﬁ _’: T :‘_ A1 (dparg = 4mm)
2 ip: | i— A3 (dparg = 2mm) Crack
C o Ll ' L] .
S .
l
a !_Crack (Weld interface) > I da

Distance from initial-crack plane
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(Unit : mm)

(@-1)

dhard =4mm

(Unit : mm)

o e

Even-match

S/2=12

(a-2)

(Unit: mm) B/2=1.5
—

dparg = 2mm

=6
(b) (Unit : mm)
0.03
-
0.03
BM

Crack

Mechanical property

Fig.9 FE-model used for FE-analysis a overview (a-1) A1-LFW, (a-2) A3-LFW, and (a-3) even-match and b near crack tip

1000
. 'RBT C=—=f£=oA,=W4mm2  BM
c 800F  oimm
3 [
< L
600 r
3
@ 400
B
S 200
= [
O-"'I P B S S T T |

0 10 20 30 40 50
True strain, e= In(Ay/A)(%)

Fig. 10 True stress-true strain curve obtained by smooth RBT speci-
men of base metal

Al-LFW (d,,,s =4mm) presents the same reference stress
around the critical CTOD level obtained by experiments
(6, shown in Fig. 13). This result indicates that the hard

@ Springer

Table 5 Mechanical property used for FE-analysis for base metal
(BM) and hard zone (HZ)

64> (MPa) o1 (MPa) YR (%) er (%)
BM 381 591 64.4 0217
HZ 618 828 74.6 0217

042, 0.2% proof stress; o, tensile strength; YR, yield-to-tensile ratio;
&p, uniform elongation

zone (dy,,g =4 mm) for A1-LFW has no effect on fracture
toughness. On the other hand, A3-LFW (d},,q=2 mm)
exhibits lower reference stress above a certain CTOD level
6 =~ 0.01 mm, which is significantly lower than the critical
CTOD level (6. shown in Fig. 14). This result implies that
the critical CTOD obtained by the test for A3-LFW could
be affected by the hard zone (d,y=2 mm), and could
be larger than the intrinsic fracture toughness of the hard
zone itself.

Therefore, the critical CTOD obtained by the test for
A1-LFW was found to be intrinsic fracture toughness, that
was not affected by the hard zone (d,,,q=4 mm). On the
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Fig. 11 Equivalent stress-equivalent plastic strain relationship used
for FE-analysis
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other hand, it was indicated that the critical CTOD obtained
by the test for A3-LFW could be higher than the intrinsic
fracture toughness due to plastic constraint loss caused by
the narrowness of the hardened zone (d,,,4=2 mm).

4 Significance of fracture toughness
in the view of material at crack-tip

This section discusses the reason why the A1-LFW exhib-
ited lower fracture toughness than BM as well as A3-LFW
from metallurgical viewpoints of the joints.

Figure 14 shows the distribution of the nital-etched
microstructure on the mid-width section for A1-LFW within
10 mm from the weld center in the forging direction x. Base
metal, x=10 mm away from the weld center, consisted of
ferrite and pearlite structure (Fig. 14f). The microstructure

2500
L d=0.1Tmm

e i O1,peak(EM)
ot Q H

; 0-901,peak(EM)

2000 |

1500 |

Even match
dharg = 2Mm

Max. principal stress, o, (MPa)

—
o
o
o
o

01 02 03 04 05
Distance from crack tip, x(mm)

Fig. 12 Equivalent stress-equivalent plastic strain relationship used for FE-analysis a A1-LFW (d,,,4=4 mm) and b A3-LFW (d,,,,4=2 mm)
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=
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0 0.05 0.1 0.15
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Fig. 13 Effect of deformation level on constraint loss near crack-tip a A1-LFW (d, =4 mm) and b A3-LFW (d,,,4=2 mm)
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Mid-width

|<— Cut, polish and etching

y, Thickness direction

x, Forging direction

— 10um, 1000x

2.0mm

|
10mm (BM)

Fig. 14 Nital-etched observation of microstructure near weld interface (A1-LFW) (a (1, 2) x=0 mm, b x=0.2 mm, ¢ x=0.4 mm, d x=0.8 mm,

e x=2.0 mm, and f x=10 mm (base metal))

within x=0.2 mm away from the weld center exhibited very
fine grain (Fig. 14a-1, a-2) in comparison with the base
metal. This grain refinement, in a significant narrow region
0<x<0.2 mm near the weld interface, is presumed to be due
to recrystallization, but no grain refinement was observed in
the region above x=0.2 mm. However, in the region more
than x=0.2 mm away from the weld center, crystal grains
seem to be compressed in the forging direction and a short
diameter of the grain in the forging direction gradually
changes to the one of base metal (x=10 mm). Thus, average
short and long diameters of grain L, and Ly, that is the size
in forging and thickness direction, respectively, were meas-
ured by using the sectioning method. As shown in Fig. 15,
the closer to the weld interface, the smaller grain size in the
forging direction L, within x=4 mm away from the weld
center was exhibited. From these measurement results, the
compressive plastic strain €,p) was calculated by using the
following Eq. (1).

@ Springer
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Fig. 15 Distribution of crystal grain size near weld interface
(A1-LFW)



Welding in the World (2025) 69:739-750

747

V2 Ly Ly\? Ly Lr\’
€xcr) = 5 In—-im— ) +(lh—-In— ) +

2
/
lnL—Z—lnLi’> e))

L, Ly, and L, are the undeformed average grain size, and
L'\, L', L', are the average grain size deformed in forging,
thickness, and oscillation direction, respectively. In addition,
L'/JL,=LL/(L'L') was used since the volume of grain is
assumed constant regardless of applied plastic strain. By this
procedure, the distribution of compressive plastic strain was
estimated as shown in Fig. 16. The region applied plastic

—

o
00

¢ o
o
———

o
N

o

Compressive plastic strain, €,cp)
o
N

O
0 2 4 6 8 10
Distance from weld interface, x (mm)

Fig. 16 Distribution of compressive plastic strain near weld interface
(A1-LFW)

—
)

1000

800 [&gpy A

600 [
400

200

strain above uniform elongation, within x <2 ~3 mm away
from the weld center, presents good agreement with the hard
zone (Fig. 7).

Furthermore, the ratio of tensile strength, which is
assumed to ratio of hardness, on one of the base metals
was estimated and compared with experimental results. As
shown in Fig. 17a, the true tensile strength s cp) at each loca-
tion, where compressive plastic strain was applied above
uniform elongation, was estimated by using an equivalent
stress-equivalent strain relationship (shown in Fig. 11). Fig-
ure 17b shows the estimation of tensile strength normal-
ized by that of base metal scp), Sy Was compared with
hardness distribution by mean value of obtained by Vickers
hardness test. The ratio of tensile strength estimated from
compressive plastic strain presented a good agreement to
the ratio of hardness. These results indicate that the harden-
ing near the weld interface except grain refinement could be
caused by compressive plastic strain.

The pre-crack for a fracture toughness specimen was intro-
duced toward the center of weld, but the grain refinement was
observed to significantly narrow width within x<0.2 mm
away from the weld center (shown in Fig. 14). Thus, location
of cleavage fracture initiation site was analyzed by section-
ing observation of specimen fractured in cleavage manner as
shown in Fig. 18. The crystal grain size in forging direction
directly under fracture initiation site was L, =5.67 pm (Mean
value obtained sectioning method where the distance from

Equivalent stress, 6 (MPa)

€p(CP)

ép(CP

O-H‘\‘
0 0.2

0.4

0.6

08 1

Equivalent plastc strain, ¢,

(b) --------- Vickers hardness test
15 Estimation by compressive plastic strain
s
a
}—
(7]
~_ N
o o S
o 1F —2 =00
7] e
S
=
©
— 8
205}
c L
[
©
S
m 8
I O L L | | |- L
0 2 4 6 8 10

Distance from weld interface, x (mm)

Fig. 17 Hardening due to compressive plastic strain near weld interface (A1-LFW) a estimation of strength by means of equivalent stress and b
comparison of the distribution of hardness ratio estimated with experimental results
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fracture surface was 0.12 mm). According to this result and the
grain size L, distribution near the weld interface (Fig. 15), it
was indicated that the fracture initiation site was located within
1 <x<2 mm away from the weld center, where no grain refine-
ment occurred but the compressive plastic strain was applied.
These results indicated that the critical CTOD value obtained
by A1-LFW was fracture toughness for region-affected com-
pressive plastic strain near the weld interface. Therefore, one of
the reasons why the fracture toughness for A1-LFW exhibited
lower value was found to be hardening and embrittlement due
to compressive plastic deformation during LFW process.

Fig. 18 Identification of crystal
grain size directly under fracture
initiation site

Cleavage fracture surface

Fracture initiation site

For comparison of A1-LFWwith A3-LFW, the distri-
bution of nital-etched microstructure for A3-LFW along
the forging direction x of the mid-width section within
x=10 mm away from the weld center was also presented in
Fig. 19. Base metal, x=10 mm away from the weld center,
consisted of ferrite single-phase structure (Fig. 19f). On the
other hands, the formation of bainite within x=1.0 mm away
from the weld center was observed as shown in Fig. 19a—d.
This result confirms that the bainitic transformation occurred
weld interface near for A3-LFW. The width where the
bainite was for A3-LFW exhibited the good agreement with

X _iObservation

Fracture
initiation site

Fracture initiation site

Cut and polish

x=1.0mm

X=2mm

Average crystal grain size L, = 5.67um

c e NG 5
— 10um, 1000x
x=10mm (BM)

Fig. 19 Nital-etched observation of microstructure near weld interface (A3-LFW) (a x=0 mm, b x=0.4 mm, ¢ x=0.6 mm, d x=1.0 mm, e

x=2 mm, and f x=10 mm (base metal))

Fig.20 Schematic illustration
of the difference in the mecha-
nism of deterioration of fracture
toughness between A1-LFW
and A3-LFW
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one of the hard zones near the weld interface. Therefore, the
fracture toughness for A3-LFW was found to be affected
by both of constraint loss due to hardening and the bainitic
transformation.

According to these observation and analysis, the charac-
teristics to affect fracture toughness near the weld interface
were considered schematically shown in Fig. 20. The frac-
ture toughness of the weld joint for A1-LFW deteriorated
due to not transformation but compressive plastic deforma-
tion, where the metal heated under Al-temperature was
not completely ejected by friction but remained around the
joint interface. On the other hand, fracture toughness for
A3-LFW could be reduced due to bainite formation near
the weld interface, although that presented an apparently
higher value than the toughness affected by constraint loss
near crack in narrow hard zone. In addition, it is implied
that the metal heated above A3 temperature was completely
ejected by friction under lower compressive pressure.
These results also indicated that it is desirable to control
the condition for LFW process so that the hard zone to be
as narrow as possible in case of inevitable hardening near
weld interface.

5 Conclusion

Two types of LFW joint of weathering steel SPA-H, whose
maximum temperature in weld joint during LFW process
was controlled to be lower than the A -transformation tem-
perature (A1-LFW) and higher than the A;-transformation
temperature (A3-LFW), were subjected to fracture tough-
ness test. Both A1-LFW and A3-LFW exhibited higher criti-
cal CTOD than that of the heat-affected zone of MAG welds
for the same steel. Therefore, the LFW was found to be more
effective for the joining of weathering steel compared with
conventional arc welding in terms of fracture toughness.
However, A1-LFW exhibited lower fracture toughness (criti-
cal CTOD) than that of base metal or A3-LFW.

The significance of the test results was discussed from
mechanical and metallurgical viewpoints. As the results of
FE-analysis assuming strength mismatch according to hard-
ness in the joint, the hard zone whose width was relatively
large (0 <x <2 mm away from the weld center, d ;=4 mm)
was found to have no effect on the stress field near crack tip.
This result indicated that the critical CTOD obtained by the
test for A1-LFW was the intrinsic fracture toughness of the
hard zone itself. The fracture initiation site was found to
locate within 1 <x <2 mm away from the weld center, where
no grain refinement occurred but compressive plastic strain
was applied. Therefore, the fracture toughness for A1-LFW
was found to be deteriorated due to work hardening associ-
ated with compressive plastic straining during LFW under
higher compressive pressure.

On the other hand, the deterioration of fracture tough-
ness for A3-LFW was found to be caused by hardening due
to bainitic transformation near the joint interface. How-
ever, the FE-analysis of the stress field near the crack-tip
indicated that the critical CTOD obtained by the test for
A3-LFW could be affected by the hard zone whose width
was relatively narrow (0 <x<1 mm away from the weld
center, dy,,q=2 mm). This analytical result means that
the narrowness of the hardened region provided a little bit
higher toughness than the intrinsic fracture toughness of the
transformed phase due to plastic constraint loss. From these
results, it was also found to be desirable to control the condi-
tion for LFW process so as the hardened region to be narrow
in case of inevitable deterioration due to hardening near the
weld interface.
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