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This study investigated the low- and high-cycle fatigue strength of load-carrying cruciform joints contain-
ing incomplete penetration and strength mismatch between base metal and weld deposit, and proposed
an assessment method based on the local approach. Low- and high-cycle fatigue tests were performed on
specimens with varying mismatch and sizes of incomplete penetration. The test results revealed that the crack
initiation life was extremely small for this type of joint. In fractographs, dimples observed around the crack
initiation site provided evidence of ductile crack propagation. Also, it was found that strength mismatch had
a negligible effect on the high-cycle fatigue strength but that under-matching reduced the low-cycle fatigue
region. However, a unique relationship was found between local strain around a weld root tip calculated by
elasto-plastic finite element analysis and both the low- and high-cycle fatigue life of the specimen.
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fatigue strength of defective welded joints [10-12], and

Jintroduction

The fatigue strengths of welded joints can be reduced as
aresult of the presence of welding defects. In this respect,
existing beam-to-column connections of steel bridge
bents, which are widely used in elevated highways in urban
areas of Japan, have been found to contain internal flaws
in the form of incomplete penetration [1], even though
the connections were designed to be fabricated with full
penetration welds. An incomplete penetration flaw is a
crack-like notch which can be a trigger of fatigue damage
due to its high stress concentration. There are two types
of possible fatigue damage at these connections during
service, high-cycle fatigue damage due to traffic loads [2]
and low-cycle fatigue damage due to seismic loads [3].
Therefore, the fatigue strength of the connection needs
to be carefully investigated, with respect to both low- and
high-cycle fatigue, corresponding to the fatigue lives rang-
ing from tens to millions of applied load cycles.

As illustrated in Figure 1, the existing beam-to-column
connections can be identified as load-carrying cruciform
joints with incomplete penetration. Extensive research has
been conducted on the high-cycle fatigue performance
of such cruciform joints [4-9]. On the other hand, only
limited studies have been performed on the low-cycle

then mainly focused on butt-welded joints.

High-strength steels are widely used for steel bents, lead-
ing to strength under-match between the weld deposit
and the base metal, the yield strength of the weld deposit
being lower than that of the base metal. The effect of
strength mismatch will become a crucial issue when such
joints are subjected to high-intensity stress due to extreme
loads such as from earthquakes [13-15]. The behaviour of
the joints will depend on the strength matching conditions

Load-carrying cruciform welded joint

Incomplete penetration

=

Cyclic loading

Figure 1 - Load-carrying cruciform joint containing

incomplete penetration
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since plastic deformation will concentrate in the lower-
strength material.

In this study, the fatigue strength of incomplete weld pene-
tration load-carrying cruciform joints with varying degrees
of weld-to-base metal strength mismatch was investigated
on the basis of both low- and high-cycle fatigue tests. In
addition, a local approach was used to assess the fatigue
strength of the specimen, based on the local strain around
the fatigue crack initiation site calculated by elasto-plastic
finite element analysis.

P4 Test specimens|

2.1 Fabrication

The specimen design is shown in Figure 2. The specimens
were made from JIS SM490 or JIS SBHS500 steel, with
plate thicknesses of 28 mm and 24 mm, respectively.

JIS SBHSH00 is a high performance steel with a yield
strength of more than 500 MPa.

Two types of specimen, FL and RJPF, were fabricated from
SM490 steel. Specimen type FL was fabricated with fil-
let welds, while partial joint penetration groove welds
were applied to specimen type RJP. The penetration ratio,
defined as the ratio between the length of unfused por-
tion and the thickness of the loaded plate, was designed
to be 100 % in FL and 60 % in RJP joints, as shown
in Figure 2. Only specimen type FL was produced in the
SBHSB00 steel. Weld root gaps were set to be almost
zero in all specimens.

The welding conditions are given in Table 1. In order to
obtain several types of strength matching conditions, dif-
ferent filler materials and shielding gases were selected,
based on yield strengths quoted in the welding wire cata-
logues. SM490 specimens were fabricated to achieve two
kinds of under-matching joints and one over-matching

Table 1 - Welding conditions

Welding wires and shield gases
(in catalogue)

Yield

Welding conditions

Speed Heat

Diameter Current Voltage . Interpass
[mm] strength [A] vl lmm/ input temperature [°C]
[MPal min] [kJ/mm]
YM-24S
i +A+ 19 380 B o P e <50
40% CO, '
YM-24S
280 ~ 31 ~ 240 ~ 20 ~
2 + Ar+ 1.2 380 <50
109 CO, 300 33 300 24
YM-285 980 -
3 + Ar+ 1.2 480 590 33 270 2.1 <50
20 % CO,
YM-28 + 250 ~ 26 ~ 330 ~ 1.1~
4 co, 12 450 270 28 380 13 <50
28(24)*  45(40)*
= = [« |«
Incomplete |« > n
Loading plate 28(24)",  penetration 16 o
le—| > 2
Fillet weld \ \ L .~
4 Al V=
> AN A B s
N
_>|gl(_ _:’ng_ _>lgl<__)|8l<_
o
Fillet type (FL) Partial type (PJP) e
v
(* Numbers in brackets show values for JIS SBHS500 steel.) —

Figure 2 - Specimen dimensions [mm]



LOW- AND HIGH-CYCLE FATIGUE BEHAVIOUR OF LOAD-CARRYING CRUCIFORM JOINTS CONTAINING INCOMPLETE PENETRATION

joint. Two kinds of under-matching were used for the
SBHS500 steel joints.

2.2 Mechanical properties
of the weld deposit

Monotonic tensile tests and incremental cyclic loading
tests were performed to determine the material proper-
ties of the weld deposit in each specimen type. As shown
in Figure 3, use was made of round bar-type test speci-
mens which were cut out from the weld deposit and the
base metal.

2.2.1 Monotonic tensile loading tests

Monotonic tensile tests were carried out to determine the
yield strengths of the weld deposit and the base metal.
True strain in the loading direction was calculated from
the change in diameter of the throat of the specimen,
measured by a displacement transducer. Figure 4 shows
the tensile test results. The yield strengths from the ten-
sile tests are compared with those from the welding wire
catalogues in Table 2. Also shown are the matching ratios
(WD/BM), under-matching joints having a value below 1.
As will be seen, the weld deposit over-matched the
SM490 steel by around 25 % to 45 %, while they under-
matched the SBHSB0O0 steel by around 10 % to 20 %.

The specimens were identified according to the welding
conditions and the matching ratio, as listed in Table 3.

[t will be noted from Table 2 that the measured and cata-
logue values of weld deposit yield strength differed. This
may be because the mechanical properties of the weld
deposit can be affected by the cooling speed and mixture
of material composition in the deposit. From a practical
viewpoint, the results indicate that the strength matching
condition for a welded joint cannot be properly estimated
from catalogue values of welding wire strength. Thus,
tests on actual weld deposits are required for accurate
determination of the matching conditions. Regarding the
SM490 base metal, it is not known why the measured and
inspection certificate sheet yield strengths differed.

2.2.2 Incremental cyclic loading tests

Cyclic stress-strain characteristics of the material, like
cyclic hardening or softening behaviour, were confirmed
by the incremental cyclic tests. Figure b shows exam-
ples of the incremental cyclic stress-strain relationships
together with the tensile test results. In the SM490 base
metal, a cyclic stress-strain curve, defined as the locus of
tips of hysteresis loops, locates slightly lower than a ten-
sile curve in the strain region less than 0.005 which indi-
cates cyclic softening behaviour. Similar but small cyclic

Table 2 - Mechanical properties of materials

Catalogue values

Material

Tensile test results

Yield strength Yield strength Matching ratio
[MPal [MPa] (WD/BM)

SM490 (BM) 4512 392 —
045 450 565 1.44
Weld deposit (WD) 025-1 380 498 1.27
025-2 380 494 1.26

SBHS500 (BM) 5732 b5b4 —
uio 480 491 0.89

Weld deposit (WD)

u20 380 451 0.81

@ Yield strength of base metal is based on the inspection certificate sheet.

— 8
«—>
w0 )
o Weld deposit part I |® i}
/N T3]
- Aby <
o= | |
N ¥

e
e

: I\

(6)* w0
6—) < Base metal part
(10)* I LJ

(* Numbers in brackets show specimen for base metal.)

Figure 3 - Round bar-type specimen for material tests [mm]
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Figure 4 - Tensile test results of materials
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Table 3 - Specimen names

Base

JIS SM490 JIS SBHS500
metal
Welding Fillet weld (FL) Partial joint penetration groove weld Fillet weld (FL)
type ((1]2)]
Welding i ) 4 i ) 4 i 3
conditions
Welding
wire YM-24S YM-24S YM-28 YM-24S YM-24S YM-28 YM-24S YM-28S
Width 45 45 45 40 40 40 40 40
[mm]
Thickness 08 08 08 08 08 08 24 24
[mm]
Name FL-0O25b-1 FL-025-2 FL-O45 RJP-025-1 RJIP-025-2 RJIP-045 FL-U20 FL-U10

softening behaviour can be observed in the base metal
of SBHSBHOO, the weld deposit of 025-2, U10 and U20.
However, after a strain exceeding about 0.005, their cyclic
stress-strain curves are higher than the tensile curves,
meaning cyclic hardening behaviour. The weld deposit
of 045 and 025-1 displayed cyclic hardening through-
out the plastic strain region. Therefore, all materials in the
specimens represent cyclic hardening behaviour in most
of the plastic strain region.

2.3 Measurements
of incomplete penetration

In order to locate the weld deposit, base metal and heat-
affected zones, macro etch tests were carried out. The
etched surfaces of fillet and partial type specimens are
shown in Figure 6.

Table 4 shows the average values of the weld size
(H,, H,), root size (2a), fusion size (p) and throat thickness

True stress 800
(MPa)

-0-02/ / . ! // i

-800

Tensile curve

a) Base metal, SM490

True stress 800 - Tensile curve

: 4
-0.02 ) !" 0.02
' True strain

-800

b) Base metal, SBHS500

True stress 800 Tensile curve

(MPa) e T
i 0.02
rll -
, // True strain

c) Weld deposit, 045

-0.02

True stress 800

(MPa) Tensile curve
e T T =
-0.02 ~ I' Y 300
/) True strain

-800
d) Weld deposit, U10

Figure 5 - Cyclic hardening behaviour of the base metal and weld deposit
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c) PJP-045 d) PJP-025-1 e) FL-U20 f) FL-U10

(Loading direction: up-and-down.)

a) FL-045 b) FL-025-1

Figure 6 — Macro etch test results

Table 4 — Average values in measurements of the welded portion

Specimen | b [:ﬁﬂ [:rzn] tramd || Do | et || P (| 2,

FL-045 o8 | 884 | 886 | 2300 | 250 | 809 | 032 | 082

FLO25-1 | 28 | 899 | 880 | 2412 | 194 | 774 | 032 | 086

"N i FLO25-2 | 928 | 956 | 907 | 2454 | 173 | 796 | 034 | 088
‘2~_ RIP-045 | 98 | 614 | 1198 | 1760 | 520 | 937 | 022 | 063

/ ) #_/ Ure [mpozst | 28 | 611 | 1131 | 1732 | 533 | 930 | 022 | o062
:‘:s |<g|p<— RIP-0252 | 28 | 513 | 1086 | 1696 | 552 | 959 | 018 | 061
FLU10 o4 | 909 | 917 | 1752 | 277 | 856 | 038 | 073

FL-U20 o4 | 918 | 932 | 1869 | 231 | 824 | 038 | 078

(tw) measured from the photos. Referring to earlier research
[5, 7], parameters of 2a/t and H,/t, in the specimen,
where t is the thickness of the loading plate, are consis-
tent with conditions which ensure the failure occurs from
the weld root, rather than the weld toe, in the high-cycle
fatigue region. The ratios 2a/t_and H,/t in the specimens
ranged from 0.61 to 0.88 and 0.18 to 0.38, respectively.

I3 Experimental procedures

In this study, tensile tests, low-cycle fatigue tests and
high-cycle fatigue tests were conducted.

3.1 Tensile tests

The monotonic tensile tests were performed on a
2 000 kN-capacity testing machine. For measurements

|

50

Pl displacement
transducer

(Dimensions in mm.)

Figure 7 — Locations of Pl displacement transducers

of deformation around the weld portion, 50 mm gauge
length Pl displacement transducers were mounted on
both sides of the loaded plate over the weld roots, as
shown in Figure 7. The tensile results are represented in
Figure 8 in terms of stress in the loaded plate versus the
average strain calculated from the displacements of two
Pl gauges. The stress in the loaded plate was generally
less than the yield strength of the base metal. Relatively
low elongation can be observed in specimen FL-025-2
compared to others.

3.2 Low-cycle fatigue tests

The fatigue testing machine was an electric hydraulic
servo system with a dynamic and a static loading capac-
ity of 300 kN and 450 kN. Low-cycle fatigue tests were
controlled by the value of the displacement transducer

500 - J FL-U10 pyP-045
PJP-025-2 Bk ?20
400 F
g
= 300
@ /
£ 200 / PJP-025-1
@ / FL-025-1
100 FL-025-2
0 1 1 1 1
0.000 0.005 0.010 0.015 0.020
Strain from Pl gauge (mm/mm)

Figure 8 - Tensile test results for welded joint specimens

N°3 2012 Vol. 56 WELDING IN THE WORLD Peer-reviewed Section

137



LOW- AND HIGH-CYCLE FATIGUE BEHAVIOUR OF LOAD-CARRYING CRUCIFORM JOINTS CONTAINING INCOMPLETE PENETRATION

138

attached to the same location as the tensile test, giving
the constant displacement range of 0.18 mm, 0.23 mm,
0.28 mm and 0.33 mm. The ratio of the minimum and the
maximum displacement ranged from 0.06 to 0.1. Cyclic
load with a very low displacement rate of approximately
from 0.0017 mm/s to 0.0082 mm/s was applied to the
specimen.

Test conditions are summarized in Table 5. The maximum
and the minimum stress in loading plates were calculated
from the maximum and the minimum load at the first cycle.
It can be found that the stress in the loaded plate was
lower than the yield strength of the base metal, meaning
that the loaded plate showed elastic behaviour during the
test.

For the specimen with 0.28 mm and 0.33 mm displace-
ment range, the specimen was loaded monotonically to
break completely after a fatigue crack had propagated
through one weld. For the displacement range of 0.18 mm
and 0.23 mm, the test was stopped after the load dropped
by 30 % from the maximum load at the initial loop, to
measure the crack length into the weld deposit at 30 %
load drop.

3.3 High-cycle fatigue tests

High-cycle fatigue tests were conducted under load-con-
trol conditions. The stress range, calculated by dividing the
load range by the measured weld throat area, was around
140 MPa to 180 MPa. The stress ratio was about 0.05. A
sinusoidal waveform with a frequency of 10 Hz was used.
Two-step block loading tests (beach mark tests) were
also performed. The tests were continued until specimen
rupture.

l4 Experimental results

4.1 Crack initiation and propagation

Figure 9 shows the various stages of crack propagation
behaviour as observed on the side surface of a specimen

during the test, and crack lengths measured from the
photographs are summarized in Figure 10. After the first
cycle, large plastic deformation was observed around the
root tip and a small crack from the tip was first detected
after only 10 cycles. The crack gradually grew with the
loading repetition.

Figure 11 indicates the fracture surfaces of ruptured
specimens in which the weld root is located in the upper
side. In all specimens, a crack initiated at the weld root
around the mid-width of the specimen and propagated
through the weld throat. The results of beach mark tests
are shown in Figure 12. From differences between the
load block applied and the number of beach marks on
the fracture surface, the number of cycles to crack ini-
tiation can be identified. It is noticed that the ratio of the
crack initiation period (N) to the failure life (N)) is almost

Observed area

4

o]

T

. 10 cycles 10% load drop

1cycle

Failure

(Specimen PJP-045, Displacement range 0.33 mm.)

Figure 9 - Crack propagation
at side of low-cycle fatigue test

Table 5 - Low-cycle fatigue test conditions

Displacement

Stress at loading plate [MPa]

Specimens range (Displacement range = 0.33 mm)
[mml] Maximum Minimum

FL-O45 0.18,0.23,0.33 3334 -176.4
FL-025-1 0.18,0.23,0.33 262.4 -1575
FL-025-2 0.18,0.23,0.33 284.7 -173.6
RIP-045 0.18,0.23,0.33 360.2 -274.4
RJP-025-1 0.18,0.23,0.33 3102 -2320
RJP-025-2 0.18,023,0.33 364.9 -2335
FL-U10 0.18,0.23,0.28,0.33 419.0 -271.6
FL-U20 0.18,0.23,0.28,0.33 3473 -240.6
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Figure 10 - Crack length and number of cycles

zero, N /N,= 0.077 for FL-045 and N_/N, = 0.063 for
FL-U10, in the high-cycle fatigue region. The results in
Figures 9-12 indicate that the fatigue crack originates
around the mid-width of the specimen in the early stages
of the life. Thus, the crack initiation period can be con-
sidered to be extremely small (N_= O) for both low- and
high-cycle fatigue.

Previous research has indicated that the relationship
between crack initiation period and total failure life in plain
material can be dominated by the degree of strain concen-
tration at the crack initiation point. In other words, the ratio
of the crack initiation period to the failure life decreases
with increasing strain concentration factor [16].

In the load-carrying cruciform joint, an extremely high
strain concentration occurs at the tip of the weld root,
which explains why the crack initiation period is small in
this type of specimen. Consequently, it can be mentioned
that crack propagation dominates its fatigue life.

4.2 Failure path

Figure 13 shows the side surfaces of the ruptured speci-
men, where grey-coloured zones represent the location
of the weld deposit and red circles represent weld beads
which were first broken by the crack propagating. As for
the crack propagation pattern, the tensile and the low-
cycle fatigue specimen are similar. The crack tends to
propagate in a straight line at a low angle to the loaded
plate. On the other hand, the crack runs perpendicular to
the loading direction then begins to propagate obliquely
in the high-cycle fatigue test. Regarding the effect of
the strength matching, different crack patterns can be
observed in the low-cycle fatigue specimen. Cracking
paths in the specimens with lower matching ratio tend to
become closer to the loaded plate. However, in the high-
cycle fatigue specimen, the crack propagates in almost
the same pattern, despite the difference in the matching
condition.

4.3 Load-displacement hysteresis loops

Figure 14 shows an example of the load-displacement
relationship in the low-cycle fatigue test in which the dis-
placement range from Pl gauge was 0.33 mm. Figure 15

Tensile test

Specimens

Low-cycle fatigue test

High-cycle fatigue test

FL-O45

FL-O25-1

FL-025-2

(Disp. range 0.33 mm)

Crack propagation
direction

Crack propagation
direction

= FL-045
= NN =0.077

FL-U10
No/N; = 0.063

Figure 12 - Beach marks of high-cycle fatigue specimens
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Specimen FL-O45 Lnading

o

Specimen FL-025-2

L8 | 3
| 1L
] e a

Specimen FL-U20

b) Low-cycle fatigue test specimens (Disp. range 0.33 mm)

Loading ?

140 c) High-cycle fatigue test specimens

(Circles indicated failure from fatigue cracking, loading direction is up-down.)

Figure 13 - Crack propagation paths
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Figure 14 - Load-displacement relationship Figure 15 — Relationship between the maximum load
in the low-cycle fatigue test at each loop and number of cycles

shows the relationship between the change of maximum
load and number of cycles when the displacement range
was 0.33 mm. The ordinate represents the ratio of the
maximum load of each cycle to that at the initial cycle.
The maximum load is decreasing with the load repetition,
although the weld deposit shows cyclic hardening behav-
iour, as shown in Figure b. This load decrease is caused
by the presence of a fatigue crack in the early cycles and
its growth with cyclic loading.

4.4 Definition of fatigue life in low-cycle
fatigue

As stated above, the failure life of the load-carrying cruci-
form joints is governed by crack propagation, and the load
continues to decrease with loading repetitions. Figure 15
reveals that the maximum load gradually decreases until
around 20 % load drop and begins to decline rapidly after
30 % load drop. In this study, therefore, the fatigue life for
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the low-cycle fatigue tests was defined as the number of
cycles to 20 % load drop.

4.5 Fatigue life
45.1 Low-cycle fatigue tests

Figure 16 shows the low-cycle fatigue test results for
SM490 and SBHSB00, respectively. As defined above,
the fatigue life is the number of cycles when the maxi-
mum load drops by 20 %. The results were represented
by the stress range on the weld throat section. It can be
seen that the strength matching has a significant influ-
ence on the low-cycle fatigue strength, as the specimen
with a lower matching ratio shows obviously low fatigue
strength.

As to the effect of the incomplete penetration size, no
noticeable difference between FL and RPJP type speci-
mens can be observed in Figure 16 a), although param-
eters of Qa/’[ID and H1/’[p in the specimen, where 2a, tp and
H, are given in Table 4, are different in each type. This
may be because the ratio of a/W (W =H, + tP/Q), which
is one of the parameters to calculate the stress intensity
factor for the load-carrying cruciform joint [5], is relatively
close in all specimens, 0.51 for FL type and 0.44 for RJP

type. Therefore, it is possible that the parameter of a/W is
a factor governing the low-cycle fatigue strength of load-
carrying cruciform joints.

4.5.2 High-cycle fatigue tests

Figure 17 shows the high-cycle fatigue test results plot-
ted in terms of the stress range on the weld throat. Design
S-N curves recommended in JSSC specifications [17] are
also shown. The results indicate that the fatigue strengths
for both the over- and the under-matched joints are
almost the same. Therefore, it is obvious that the effect
of the strength mismatch is negligible in the high-cycle
fatigue region.

4.6 Detailed observation

4.6.1 Crack length at 30 % load drop

The low-cycle fatigue tests applying a 0.23 mm displace-
ment range were stopped at 30 % load drop. The welded
part of the specimen was sliced at the mid-width and
examined under a microscope. An example is shown in
Figure 18. The measured crack length is listed in Table 6.
It was found that the crack length at 30 % load drop was
approximately 2-5 mm, close to half of the weld throat.

ﬁ1 000 . . &
©
© o
© 600 F A o i
@ m FL-O45 | o PJP-045
& 400Ha FL-025-1 | A PJP-025-1
¢ FL-025-2 | o PJP-O25-2
1.01 P .....1.02 = .....1.03
Fatigue life
a) SM490 specimen

1000F o
ge0f v
< v
S 600 F .
E v
w
w
@
& 400} [ e FL-UT0
v FL-U20
10 10° 10°
Fatigue life
b) SBHS500 specimen

Figure 16 — Results of low-cycle fatigue tests
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Figure 17 - Results of high-cycle fatigue tests
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Fatigue crack

Figure 18 - Crack length at 30 % load drop (PJP-045)
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4.6.2 Fractography

Figure 19 shows fractographs taken from the tensile, the
low-cycle fatigue and the high-cycle fatigue specimens at
the location close to the weld root around the mid-width.
The weld root is located at the upper side of the picture,
and the crack penetrates downward. The fractograph cor-
responding to the low-cycle fatigue test shows evidence
of dimples that have been compressed by the cyclic load-
ing [18]. Dimple patterns can be also observed in the ten-
sile fracture surface. As a result of the fractograph, it can
be concluded that ductile crack propagation is predomi-
nant in the low-cycle fatigue regime.

"1] Strain analyses |

It has been confirmed that the crack initiation period in the
low-cycle fatigue regime correlates strongly with the plas-
tic strain range at the crack initiation site, the well-known
Manson-Coffin law [19, 20]. The relationship is applicable
to a notched specimen [16, 21-23]. Thus, a fatigue crack
will initiate in almost the same number of cycles regard-
less of the notch geometry for a given local strain at a
notch tip. This strain-based concept has served as a foun-
dation for low-cycle fatigue design in the ASME Boiler
and Pressure Vessels Code, Sec. Ill. In this study, there-
fore, finite element analyses were performed to determine
the local strain fields around the weld root tip, in order to
establish the link between the fatigue life of the specimen
and the local strain range at the tip. In the analyses, the
concept of the fictitious notch [24] was adopted in order
to avoid the effect of stress singularity at the root tip.

5.1 Analysis Methods
5.1.1 FE model

Figure 20 shows an example of an FE model for a load-
carrying cruciform welded joint. 2D solid elements under
plane-strain conditions were performed with ABAQUS
code. By taking advantage of symmetry, a one-quarter
symmetry model was created.

The analysis models were created individually according
to the measurements of the welded parts listed in Table 4.
The concept of the fictitious notch with radius of 1.0 mm
[24] was applied at the weld root tip in order to avoid the
effect of stress singularity, as illustrated in Figure 20.
Otherwise, for quantitative comparison among all models,
the vicinity of the root tip was meshed in the same con-
figuration. The minimum element size along the notch was
0.05 mm, which satisfies the IIW recommendation [24].

According to the etching surface of each specimen in
Figure 6, the base metal region (BM), the weld deposit
region (WD) and the heat-affected zone (HAZ) were
identified. Each region was separately created in analy-
sis model, as shown in Figure 20. Different stress-strain
relationships shown in Figure 21 were assigned to each
zone, which were obtained from the identification results
as discussed below in detail.

When the circumference of the fictitious notch was
located at the crack tip, as stated in the [IW recommenda-
tion [24], the boundary of the weld deposit and the HAZ
overlaid the circumference of the notch, which made it
difficult to provide uniform element geometry along the

Table 6 - Summary of crack length at 30 % load drop

FL-O45 FL-025-1 FL-U10

Specimen

Crack length

[mml 1.93

2.65 2.61

FL-U20 PJP-O45 PJP-025-1 PJP-025-2

2.70 5.37 320 4.02

a) Tensile test

b) Low-cycle fatigue test

(Displacement range. 0.33 mm)

Observed area

ﬂ Crack propagation direction

10.0 um 10.0 um

c) High-cycle fatigue test

Figure 19 - Fractography of specimen FL-025-1 (x1000)
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Figure 21 - Stress-strain relationship for analysis

notch. Thus, it was assumed that the boundary between
the weld deposit and the HAZ passed the centre of the
notch, as shown in Figure 20.

0.05

The analysis conditions were set to be the same as in the
experiments, applying tensile and compressive loads through
the loading plate with displacement control. In the analysis,
crack initiation and propagation was not considered.

5.1.2 Material parameters

A yield function given in the following equations was
employed for each material which consists of isotropic
and kinematic hardening rules [25].

1200/ OMP8 4Rl
"‘_ Il II 'I . ?I 5 .’ h
800 u .'! ,'I Iu' |llI Il' ,'ll | .'I
I.'ll IIIlII II," |,'II Il,'l Ilu'l II,'I I-'F. i UY + X-o
swoff | ||| ety
" 4 ;!, " ..’I:f , IJ-'. l / : ,l' I,"I ;’fll X... ;
0po/ /002 [004 006 0.8
| II- / / ": i 4 + E
-40q - | 3 +
/

-800 -

Figure 22 - Definition of hardening parameters
f=0—X-R-go, (1a)
R=R (1 —exp(~b-e)) (1b)
X=X (1 —exp(—1v- ep)) (1¢)
where

R is the isotropic hardening,

X is the back stress,

S, R_, b, X_, y are material parameters given in Figure 22,
g, is the plastic strain.

Concerning cyclic hardening behaviour, isotropic and
kinematic parameters were identified for each material
based on tensile curves with repeated unloadings until
the compressive yield strength was reached, as presented
in Figure 22. The material tests, as illustrated in the fig-
ure, were performed using the round bar-type specimens
shown in Figure 3. The results of identified isotropic and
kinematic parameters are listed in Table 7. In order to
confirm the precision of the hardening parameters, the
analysis with the hardening parameters in Table 7 was
carried out under the same conditions as the material
tests. There was relatively good agreement between the
analysis results and the material test results, as shown in
Figure 23.

Table 7 — Hardening parameters

Isotropic Kinematic
Material o, [MPa]
R_[MPa]l X_[MPal
SM490 (BM) 304 143 4 233 33
045 435 387 1 2992 106
Weld deposit 025-1 367 95 3 084 163
(WD)
025-2 351 203 1 283 124
SBHS500 (BM) 493 143 2 201 97
Weld deposit u1o 446 96 1 212 96
(WD) u20 362 o8 1 180 69

N°3 2012 Vol. 56 WELDING IN THE WORLD Peer-reviewed Section

143



LOW- AND HIGH-CYCLE FATIGUE BEHAVIOUR OF LOAD-CARRYING CRUCIFORM JOINTS CONTAINING INCOMPLETE PENETRATION

144

For the yield function of the HAZ, it was assumed to have
a 20 % higher yield strength than that of the base metal,
and the same isotropic and kinematic hardening parame-
ters as the base metal. Young's modulus was assumed to
be 200 GPa, and Poisson’s ratio was 0.3 and 0.5 before
and after yielding, respectively.

5.2 Analysis results

52.1 Load-displacement hysteresis loops

The global behaviour of each FE model was compared
with the experimental result. As Figure 24 shows, there
was good agreement indicating that the FE modelling was
a relatively accurate representation of the experiment.

5.2.2 Strain around the weld root tip

Local strain distributions around the root tip are compared
in Figure 25. The contours represent the distributions of
equivalent plastic strain around the root tip when applying
the maximum tensile displacement. In the figure, the strain
scale shown in the figure applied to all four of the contour
plots given. It is obvious that equivalent plastic strain con-
centration around the tip in FL-U20 is higher than for the
others. Consequently, relatively high strains are induced to
the weld deposit in under-matching joints.

5.2.3 Fatigue assessment by using local
strain

Figure 26 shows the relation between the local strain
range at the weld root and the fatigue life. The local
strain range was obtained in elements along the fictitious
notch which had the maximum value of the equivalent

400 -
200 f
z /
X
“ D 1 i i 1 ]
¢ 00 0.1 0.2 03 0.4
<]
- " e Pl gauge
200 F f/' displacement (mm)
' —— Analysis
|~ Experiment
-400 -

Figure 24 - Comparison of load-displacement relationship

Equivalent plastic strain range

10°

(Displacement range 0.33 mm.)

Figure 26 - Relationship between equivalent plastic strain
range and matching ratio
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Figure 23 - Comparisons of results from experiments and analyses using hardening parameters
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I%’ 5.33-00
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1.00-001
9.33-00
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8.00-00
7.33-00

a) Specimen FL-045

b) Specimen FL-025-2 4.00-00

L%

3.33-00
2.67-00
2.00-00
1.33-00
6.67-00
-1.21-00

¢) Specimen FL-U1

d) Specimen FL-U20

Figure 25 - Distribution of equivalent plastic strain at Pl gauge displacement of 0.35 mm

plastic strain range. It will be noted that by characterizing
the fatigue strength of the specimen using local strain,
a unique S-N curve can be established from the low- to
high-cycle fatigue regime. As a result, the local strain
approach can be used to assess the fatigue strength of
load-carrying cruciform joints in both the low- and high-
cycle fatigue regions.

IG Conclusions

In this study, the low- and high-cycle fatigue strengths of
load-carrying cruciform welded joints containing various
incomplete penetration sizes and strength mismatch were
investigated. The following summarizes the findings:

1. The value of yield strength from the catalogue of weld-
ing wires cannot be relied upon to estimate matching
conditions in actual welded joints. Thus, material tests
of the weld deposit are required to reveal the true
strength matching condition.

2. For both the low- and high-cycle fatigue region, the
crack initiation point was located at the weld root
around the mid-width of the specimen. Then, the crack
propagated through the weld throat.

3. For low-cycle fatigue conditions, the fatigue crack initi-
ates very early on in the life (N_= O cycles). Thus, the
fatigue life is dominated by crack propagation.

4. Strength matching between the weld deposit and the
base metal has significant influence on the low-cycle
fatigue strength, but is negligible in the high-cycle
fatigue region.

5. The low-cycle fatigue performance is influenced
because weld under-matching causes higher plastic
strains in the weld which concentrate at the weld root
and thus reduce the fatigue strength of the joint.

6. Local strain approach can be used to assess the fatigue
strength of the cruciform joint specimen in both the
low- and high-cycle fatigue regimes.
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