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Abstract This paper investigates the toughness properties of
laser arc hybrid welds of HT980 (980 N/mm? class) and
HT780 (780 N/mm? class) steels. In the Charpy tests, a side
groove specimen, along with the standard V-notch specimen,
is employed to try prevention of fracture path deviation. A
three-point bending test, a double-edge notch tensile
(DENT) test, and a deep notch (DN) test are performed to
measure the critical crack tip opening displacement (CTOD)
at brittle fracture initiation. It is demonstrated that the critical
CTOD is affected by the loading mode; critical CTOD by
tension test is apparently higher than that by bending test.
Nevertheless, three-point bend critical CTOD has exceeded
the CTOD required value evaluated by WES2805 (“Method
of Assessment for Flaws in Fusion Welded Joints with
Respect to Brittle Fracture and Fatigue Crack Growth”) design
curve with the allowable stress designed for an assumed crack.
It has been observed that even though fracture pass deviation
(FPD) occurred in a Charpy impact test, a straight brittle crack
propagated throughout welded metal in a notched wide plate
tensile test that was conducted at the same testing temperature
as that of the Charpy impact test.
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1 Introduction

It is widely recognized that adopting high strength steels like
HT980 (980 N/mm? class steel) or HT780 (780 N/mm? class
steel) for steel structures is very effective for improving their
performances. Even with such recognized advantages, high
strength steels are in little demand except for extra high per-
formance steel structures like large scale bridges or special
purpose ships [1, 2]. One of the reason could be pointed out
that safety factor of high strength steels in tensile strength is so
conservative compared with that of mild steel. Therefore, new
allowable stress was proposed based on rational safety factors
as shown in Table 1 [3].

The conventional safety factors have been specified with
conservative safe margin considering high yield-to-tensile ra-
tio (y) and welding difficulty due to the lack of worker’s skill
(3, weld-ability factor) in the dawn period of high strength
steel fabrication [4]. According to the development of new
welding process, high quality and reliable welded joints can
be achieved. By using this process, there are some possibilities
of moderation of these factors, which brings great demand for
high strength steel. As a high performance welding process,
laser arc hybrid welding has been developed for HT980 and
HT780 welding work. Laser arc hybrid welding is an expected
suitable welding process for high strength steel, heat source of
which is concentrated compare with arc welding. High accu-
racy and high reliable welded joint can be fabricated because
of its narrow welded metal. Therefore, this study has been
focusing high strength steel welded joint using laser arc hybrid
welding. Summary of welded joint properties, quality, and
safety against fracture has been reported in reference [3].

This paper deals with details of brittle fracture properties of
HT980 and HT780 laser arc hybrid welded joint. Safety against
brittle fracture has been confirmed by crack tip opening displace-
ment (CTOD) test based on WES1108 [5]. Safety assessment is
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Table 1 Proposed allowable

stress for high strength steel Conventional Newly proposed
Strength [N/mm?] TS 780 980 780 980
Factor considering yield-to-tensile ratio vy 1.1 1.1 1.0 1.0
Weldability factor 15 12 1.2 1.0 1.0
Safety factor Vo=7-B-vy , (v,=17) 22 22 1.7 1.7
Basic allowable stress [N/mm?] 355 445 460 580

ga:..TS/(fy.ﬁ.vﬂ/)

Table 2 Chemical composition and mechanical properties

Chemical composition (mass %)

Tensile properties

C Si Mn P S Others Ceq oy oy
HT980 0.14 041 1.19 0.005 0.001 Cr-Mo-V-B 0.53 1018 1046
HT780 0.09 0.21 0.95 0.006 0.002 Cu-Ni-Cr-Mo-Nb-B 0.51 813 825
YP yield strength [N/mm2 ], 7S tensile strength [N/mmz]
conducted using the design curve specified in WES2805 [6] 500
which based on BS BS7910-1999 [7], on condition of an as- & HT980 welded joint
. . 7__HT780 welded joint
sumed crack. Aspect of Charpy absorbed energy curve is clari- 450
fied by impact test using standard specimen in accordance with . ; 5,
JIS 22242 [8]. At the V-notch Charpy }'mpact testing for laser arc E 400 AAAM M 1 _Aﬁ An
hybrid welded joints, fracture path deviation (FPD), the phenom- @ A% Lop At R
enon in which fracture path deviates into a base metal with lower 2 . AAAA 7V, %in N
. . . © H .
strength at design temperature, is sometimes observed. In order 5 30 v ?Wv 8o B EETY
. . . < H |
to prevent FPD, side groove specimen has been proposed in o
reference [9]. Moreover, double-edge notch tensile (DENT) test % 300 v v vV v v
and a deep notch (DN) test are performed to clarify fracture > Vvy vy vvVyV
mechanism of laser arc hybrid welded high strength steel joints. 250 v
Validity of safety assessment procedure using WES2805 CTOD Welded metal
design curve is also confirmed by these fracture tests. 200 ? i
T T T T T T T T T T
-6 -4 -2 0 2 4 6

2 Toughness requirement and experiment

Chemical compositions of HT980 and HT780 are shown
in Table 2. Ni has been added in HT780 steel for tough-
ness improvement of base metal. Figure 1 shows the
cross-sections of the fabricated laser arc hybrid welds
with thickness of 12 mm. Configurations of HT980 and

(b) HT780

(a) HT980

Fig. 1 Cross-section of laser-arc hybrid welded joints
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Distance from welded metal center [mm]

Fig. 2 Hardness distribution at weld cross-section

HT780 weld bead are narrow and almost similar in width.
Figure 2 exhibits Vickers’s hardness distributions and the
mechanical properties are shown in Table 3. The HT980
welded joint is regarded as even matched, while the
HT780 is regarded as over matched joint.

Table 3 Mechanical properties of laser arc hybrid welded joints

Strength ratio HYV ratio (HVWM/HVEM)
WM, _ BM WM, _ BM
oy /O'y ou /O'U
HT980 0.96 1.15 1.14
HT780 1.17 141 1.36

BM base metal, oy WM yield strength, WM weld metal, o, WM
tensile strength, HV Vickers hardness
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DeS|gn Assumed crack A HT980 welded joint (WM-notch t=12mm)
Temperature a=t/4,c=o° 16V HT780 welded joint (WM-notch t=12mm)
=-20°C 1 Safe
- 144 (Acceptable)
:v I 12
L] lo ] Unsafe
- LJ‘ 10 (Not-acceptable)
N e
\ © 1
6 ~
a: depth of crack (t/4=3mm) ] .
c: Crack length (e°) 7 A \
Fig. 3 Assumed crack for CTOD requirement 24 WES2805(2011) eq.10-1
. . . 0 T T T T T T T T T T
Toughness requirement for preventing brittle fracture was 0 1 2 3 4 5 6
calculated using WES2805. Figure 3 shows an assumed crack E/€,

that is the calculating condition for toughness requirement.
Surface crack was continuing as long as welding line and the
depth were a quarter of a plate thickness located at the center of
welded bead. Welded joint is required to have enough tough-
ness to prevent brittle fracture under design stress with the
assumed crack. In case of arc welded joint, the criteria already
have been applied for some existing structures that are still on
service [10]. CTOD requirements with design conditions are
shown in Table 4. Design temperature —20 "C was chosen as it
covers a wide range of structural design conditions.

Figure 4 shows critical CTOD of laser arc hybrid welded joint
with WES2805 design curve described in the equations below.

) e
=re(3) {9 <§) —5] °/.,21.0
CTOD

Half-length of equivalent through-thickness crack
Local strain used for assessment
¢y Yield strain

oM ol >

It is seen that the HT980 welded joint and the HT780
welded join are satisfying CTOD requirement, and safety mar-
gin of HT780 welded joint is larger than that of HT980,

Table 4 Design conditions

Base metal HT780 HT980
Plate thickness t mm 12 12
Crack length c mm 0 )
Crack depth a mm 3.00 3.00
Design stress o N/mm? 460 580
Residual stress factor @ 0.36 0.36
Strain concentration factor K 1.10 1.10
CTOD Requirement 5 mm 0.035 0.043

o rresidual stress = a o oM

Fig. 4 Assessment of critical CTOD obtained by three-point bend test

because of lower design stress. It is also considered that Ni
added for improving toughness of HT780 base metal favor-
ably affects welded joint toughness.

3 Charpy impact test

Results of impact tests of HT980 laser arc hybrid welded joint are
shown in Fig. 5. Absorbed energy using side groove specimen
shown in Fig. 6 is lower than that of the standard specimen. The
ratio of the absorbed energy of standard specimen to that of side
groove specimen varies with the testing temperature, which is
higher at higher testing temperature. In the impact tests of HT980
welded joint using standard specimen, FPD was observed at
testing temperature above 0 "C. On the other hand, by using side
groove specimen, crack propagated straight ahead throughout
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Fig. 5 Charpy absorbed energy of the HT980 weld metal
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Fig. 6 Geometry and dimension of side groove specimen

welded metal and enabled us to evaluate valid absorbed energy
even at testing temperature of 60 C. It has been shown that side
groove specimen is effective for preventing FPD.

Because of its even matched welded metal, impact test of
HT980 welded joint is conducted without FPD at higher test-
ing temperature compared with HT780 welded metal which is
overmatched. Absorbed energy curve and crystallinity curve
of HT980 welded joint could be approximated based on equa-
tions below, using test results without FPD including at tests
above energy transition temperature (,7%) [11].

VE=vE ok ek (T-T) /Co) 2)

By = 50—50tanh{ (T—VZ;S) /CA} (3)

vE is absorbed energy [J], Ba crystallinity, £z - g, tran-
sition energy [J], T temperature [ C], v energy transition
temperature [ C], v, crystallinity transition temperature
['C], and C,, Cj constant.

Results of impact test for HT780 welded joint are shown in
Fig. 7. FPD occurred at testing temperature above —80 "C
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Fig. 7 Charpy absorbed energy of the HT780 weld metal
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Fig. 8 Fracture path deviation observed at Charpy impact test (HT780
welds, T'=-80 °C)

because of the higher matching ratio in strength compared
with that of HT980. Absorbed energy curve of standard spec-
imen could not be approximated due to lack of valid test
results because of the limited range of testing temperature at
which proper test can be conducted. Figure 8 exhibits example
of fracture appearance for the standard specimen after impact
test. Even for the test at —80 "C, fracture path deviated from V-
notch located at welded metal into a base metal with lower
strength (FPD). Tendency of difference of absorbed energy
curve between standard specimen and side groove specimen
is almost the same with that of impact test of HT980 welds.

The absorbed energy of HT780 weld using side groove
specimen was over 47 J. It suggests that the HT780 welded
joint using laser arc hybrid welding in the study is applicable
for highly reliable welded structure.

Correlation between Charpy absorbed energy and critical
CTOD of the laser arc hybrid welded joints is shown in
Fig. 9. Correlation of arc welds explained by equation prepared
in WES2805 is also shown in the figure as a comparison.
Charpy impact test would be expected to substituted as a

19

X HT780 LBW [12] s,
------ eq. WES2805-2011 =1/4730(8 (Tr+0.01(/3-1)].
""""" " ) (WES2805-2011 eqE11-27) .
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v HT780 LA-Hybrid :
g %
£ 8 (M=1/250"E,. o w
Qo L T=87—0100 64t N
© (WES2805-2011 eq11-1) o =
= 011 - :
O ] R
3 8 reoae 0043
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).
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Fig. 9 Correlation between critical CTOD and Charpy absorbed energy
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Fig. 10 Geometry and dimension of notched wide plate

simpler test method estimating critical CTOD because of the
satisfactorily correlation. For example, in the case of HT980
welds, Er = —s4 oc) = 18.4 ] is delivered by ea.E11-27
(WES2805) described in the figure as the requirement equiva-
lence to critical CTOD = 0.043 mm, that is a CTOD require-
ment of HT980 welds under service temperature of —20 "C.

Correlation of another HT780 welded joint using laser
beam welding is also shown in Fig. 9 [12]. Equivalent
absorbed energy of laser arc hybrid welded joint to a CTOD
requirement is higher than that of laser beam welded joint.
That is, laser arc hybrid welded joint will be required to have
higher absorbed energy compared with laser beam welded
joint to secure the same level of joint toughness.

Table 5  Fracture test conditions

Base metal Specimen Temperature No. of specimens
°C
HT980 DENT —80 2
—20 2
-10 2
HT780 DENT —80 2
=20 2
Remarks DN —20 2

DENT double-edge notch tension, DN deep notch (tension)

(a) Fracture appearance (T=-80°C) (c) Fracture appearance (T=-207)

1234567091 234567 000 234567 S 238567 00U01 2345678001 23456

(b) Side view of the specimen (d) Side view of the specimen
(T=80C) (T=-20C)
Fig. 11 Fracture appearance of HT980 DENT specimen

4 Notched wide plate tensile test

Figure 10 exhibits geometry and dimension of notched wide
plate specimens. Specimen (a) is DENT specimen, notch of
which is through-thickness fatigue crack. Crack ratio is 2a/
W = 0.333. Specimen (b) is DN specimen, notch of which is
0.2 mm width installed using wire cut. Crack ratio is 2a/W = 0.3.

Fracture test condition is shown in Table 5. Test has been
conducted under tensile loading condition. Figure 11 exhibits
fracture appearance of HT980 DENT specimen. Straight brittle
crack propagated throughout welded metal at —80 "C testing
temperature. On the other hand, fracture path generated from
tip of fatigue crack deviated into the base metal at —20 "C testing
temperature. Figure 12 exhibits fracture appearance of HT780
DENT specimen. As presented before, FPD occurred in the
Charpy impact test at =80 "C. In the case of DENT specimen,
a straight brittle crack propagated throughout welded metal at
—80 C testing temperature. This shows FPD occurrence in
Charpy impact test cannot be a sure basis for assuming

(a) Fracture appearance (T=-80°C) (c) Fracture appearance (T=-20°C)

1234567000123456780012348¢

B123456700E0 2345678 0012345¢

(b) Side view of the specimen (d) Side view of the specimen
(T=-80C) (T=-20)
Fig. 12 Fracture appearance of HT780 DENT specimen
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Fig. 13 Comparison between critical CTODs measured by 3PB test and
wide plate tension test

nonoccurrence of straight crack propagation in notched wide
plate tensile test which simulate loading condition of real struc-
ture. At —20 C testing temperature, fracture path of DENT
deviated into the base metal in the same way as in the Charpy
impact test.

5 Comparison of tensile test and three-point bending
test

Comparison between critical CTODs measured by three-point
bending test (3PB test) and wide plate tensile test is shown in
Fig. 13. Average critical CTOD and a minimum one have been
compared. Reference [13] recommends that equivalent CTOD
(0) that is a ratio of critical CTOD by 3PB test to critical CTOD
by tensile test using notched wide plate specimen might be 3=
0.5 to evaluate for base metal without detail information about

3

A HT980 DENT (0, =580N/mm?’, § ,,=0.043mm)
v HT780 DENT (0,=460N/mm’, & ,.,=0.035mm)
¥ HT780 DN (0,=460N/mm’, § ,.,=0.035mm)
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i Meet CTOD
i requirement Meet
H Design
strength
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0, :Net section stress
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0 4o5-s Minimum critical CTOD
by 3-point bending test

é +CTOD requirement

Net section stress at fracture (0 /0 )

o

T y T .
1 2 3
Minimum 3-point bend critical CTOD
at test temperature (8 35)../ 0 o)

min’ req

o

Fig. 14 Relationship between fracture net stress and minimum 3PB
CTOD toughness at test temperature
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yield-to-tensile and initial crack properties. In the case of
HT980 welded joint, both of the average and minimum critical
CTOD ratio by 3PB test to that of notched wide plate tensile
test are nearly equal to 0.5. It is because the fracture properties
of HT980 matched welded joint are considered to be similar to
those of base metal. On the other hand, critical CTOD ratio of
HT780 overmatch welded joint is smaller than that of HT980.

Therefore, in the case of laser arc hybrid welded joint, critical
CTOD of notched wide plate tensile test is larger than the one
evaluated by three-point bending test. Safety assessment against
brittle fracture by WES 2805 adopts three-point bending test.
Notched wide plate tensile test simulates real structural loading
condition more precisely compared with three-point bending.
These facts suggest that the safety assessment of laser arc hybrid
welded joint using WES2805 design curve mentioned above
has the extra safe margin as large as the critical CTOD ratio.

Relationship between fracture net stress and minimum 3PB
CTOD toughness at testing temperature is shown in Fig. 14.
3PB CTOD toughness was explained as a dimensionless value
divided by CTOD requirement delivered by the WES2805
design curve with assumed crack and design stress. Fracture
net stress was also explained as dimensionless value divided
by design stress of HT980 and HT780 for comparison.

In the case of HT980, the plot on the vertical line §3pp/
Oreq=0.5 means the toughness evaluated by 3PB CTOD test
is half of CTOD requirement by the WES2805 design curve.
In that case, fracture net stress of the joint is o,,/0, = 1 that is
the same as design stress. It is considered that CTOD ratio
with the extra safety margin mentioned above is one of the
reasons why the joint satisfied design strength even for eval-
uated as the lack of toughness by 3PB test. The result also
shows that all laser arc hybrid welded joints supplied for this
study are satisfying required design strength.

Safety assessment against brittle fracture using Failure
Assessments diagram has been also conducted as an alterna-
tive method using the WES2805 design curve [14]. Results of
the assessment are shown in Fig. 15. Toughness of material

—— FAD curve : BS7910-2013 Option 1
144 £ HT980 DENT (O’==580N/mm2.0'\,=885N/mm2)

¥ HT780 DENT (0 =460N/mm’, 0 =700N/mm?)

~, 124 ¥ HT780 DN (0 =460N/mm".0 =700N/mm’)
z:

~

X

o HT980
®

—

o

b

=3

2

o

u

w

Unsafe
{Not-acceptable)

0.2 4 Safe
(Acceptable)

0.0 — T T T T T T T T T T T T T T
00 0.2 04 0.6 08 1.0 1.2 14 16 1.8
Load ratio (L=0_,/0.)

Fig. 15 Safety assessment on FAD for HT980 and HT780 welded joints



Weld World (2017) 61:955-961

961

(Kmap) 1s measured using DN specimen adjusted by factor of
0.68 = Kfatigue crack/Kmechanical crak because notch of DN spec-
imen is mechanical crack [15]. K is the crack driving force of
the assumed crack under design stress and oy, is design stress.
According to the FA diagram assessment, HT980 and HT780
laser arc hybrid welded joints for the study are satisfying de-
sign strength and toughness requirement. It shows the validity
of the assessment method using the WES2805 design curve
that is originally established for arc welded joint.

6 Conclusion

The study of HT980 (980 N/mm? class steel) and HT780
(780 N/mm?” class steel) welded joints using laser arc hybrid
welding developed for high strength steel fabrication has been
examined for their safety against brittle fracture. And the frac-
ture behavior of these high strength steel joints is also clari-
fied. The HT980 joint and HT780 joints prepared for the study
were confirmed to satisfy the toughness requirement based on
the WES2805 design curve and FA diagram on condition of
the assumed crack and design stress. Results from the study
are summarized below.

— Use of side groove specimens makes it possible to con-
duct Charpy impact tests at higher testing temperatures
compared with the test using standard specimens, because
side groove specimens are effective for suppressing FPD.

— The tendency was observed that the ratio of absorbed
energy of standard specimen to that of side groove spec-
imen grows higher along with the testing temperature.

—  Charpy impact tests could be expected as an alternative
simple test method for estimating critical CTOD because
of the satisfactory correlation between critical CTOD and
Charpy absorbed energy.

— It has been observed that even though FPD occurred in a
Charpy impact test, a straight brittle crack propagated
throughout welded metal in a notched wide plate tensile
test that was conducted at the same testing temperature as
that of the Charpy impact test.

— Inthe case of laser arc hybrid welded joint, critical CTOD
of notched wide plate tensile test is larger than that of
critical CTOD evaluated by the three-point bending test.
Safety assessment against brittle fracture by WES 2805
adopting three-point bending test has extra safety margin
in the case that objective structure of assessment is sub-
jected to tensile load.

— In a tensile test simulating real structural loading condi-
tion, the laser arc hybrid welded notched wide plate spec-
imen proved to have the design strength. It shows validity
of the assumed crack and the assessment method using
WES2805 design curve that was originally established
for arc welded joint.

—  Experimentally, the safety margin has been confirmed of
laser arc hybrid welded joint satisfying CTOD require-
ment under newly proposed allowable stress. It suggests
moderation of conventional allowable stress.
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