
A B S T R AC T. This is a study of fatigue
strength of weld deposits with transverse
cracks in plate up to 50 mm (2 in.) thick.
It is concerned with the fatigue properties
of welds already with transverse cracks.
A previous study of transverse crack oc-
currence, location and microstructure in
accordance with welding conditions was
published in the Welding Journal (Ref. 1).  

A fatigue crack develops as a result of
stress concentration and extends with
each load cycle until failure occurs, or
until the cyclic loads are transferred to re-
dundant members. The fatigue perfor-
mance of a member is more dependent
on the localized state of stress than the
static strength of the base metal or the
weld metal.

Fatigue specimens were machined to
have transverse cracks located on the sur-
face and inside the specimen. Evaluation
of fatigue strength depending on location
of transverse cracks was then performed.

When transverse cracks were propa-
gated in a quarter- or half-circle shape,
the specimen broke at low cycle in the
presence of a surface cra ck. How e ve r,
when the crack was inside the specimen,
it propagated in a circular or elliptical

shape and the specimen showed high fa-
tigue strength, enough to reach the fa-
tigue limit within tolerance of design
stresses.

Introduction

As welded structures become bigger,
t h i ck-plate welding becomes more im-
portant. Th i ck-plate weldments have
higher cooling rates and greater restraint
stresses than thin-plate weldments, mak-
ing it easier for cra cks to occur in the
t h i ck welded parts. This is the weakest
area because its heating and cooling cre-
ates inconsistent microstructure. Safety is
very important in this type of weld fabri-
cation. Cra cking is not allowed in the
weldment, although in some cases cer-
tain porosity is allowed. 

“Complete joint penetration groove
welds in butt joints transverse to the di-
rection of computed tensile stress shall
have no visible piping porosity,” accord-
ing to AWS D1.1, S t r u c t u ral We l d i n g
Code — Steel (Ref. 2). “For all other
groove welds and for fillet welds, the sum
of the visual piping porosity 1 mm (1⁄32 in.)
or greater in diameter shall not exceed 10
mm (3⁄8 in.) in any linear inch of weld and
shall not exceed 19 mm (3⁄4 in.) in any 305
mm (12 in.) length of weld,” the Code
continues. 

It is well known that porosity has a
round edge while a cra ck is sharp, mak-
ing it easy to propagate. Cra ck propaga-
tion is different depending on cra ck size
and location. Fatigue in welded structures
has been studied extensive l y, especially
with recent developments in fracture me-
chanics. Research on fatigue cra ck prop-
agation is also extensive (Refs. 3–6). But
in most studies of fatigue, experiments
were performed by machined notch or ar-
tificially induced discontinuity. 

Up until now, few investigations of
cracks occurring in the actual structure
h ave been undertaken. In this study,
therefore, specimens were fabricated
and welded like the actual structure and
m a chined to have tra n s verse cra cks on
the surface and inside. Fatigue proper-
ties, depending on crack location, were
then studied, as well as the distance be-
tween the transverse crack and porosity.
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Experimental Procedure

Test Panel

The size of the test panel was 2000
mm (79 in.) long x 1800 mm (71 in.) wide
x 50 mm (2 in.) thick. The panel was fab-
ricated from ABS EH32 TMCP, high-
strength hull steel, to provide test condi-
tions similar to actual construction
conditions — Fig. 1. To magnify fabrica-
tion-related weld residual stresses, the
welding jig and test panel were fillet-
welded together.

Test Weldments

Two sets of test panels were made of
the same size and morphology as show n
in Fig. 1, with specimen sections welded
in layers, as shown in Fig. 2. To compare
the residual stresses and position of oc-
currence of the tra n s verse cra cks, the
sections were welded under the follow-

ing conditions:
1) One was welded with preheating

and interpass temperatures below 30°C
(86°F).

2) The other was welded with pre-
heating and interpass temperatures of
100–120°C (212–248°F).

The preheat temperature of 100°C
was obtained from the Yurioka ch a r t
method (Ref. 7) (using Table 1, 50-mm-
t h i ck steel plate, Ce q 0.34). The test spec-
imens were welded using 100–120°C
(212–248°F) in consideration of ambient
t e m p e ratures. The panel was welded ac-
cording to DS 81-K2 (AWS A5.29
E80T1-K2) specification, using the flux
cored arc welding (FCAW) process (1.2
mm diameter, electrode extension
25–30 mm). Welding parameters are
s h own in Table 2. 

Chemical Composition/Strength

A spectroanalyzer (BAIRD Spectrova c -

2000) was used to determine the ch e m i-
cal composition of the base and weld
metal. Mean values of the three speci-
mens were then recorded in Table 1.

Other test results such as hardness,
microstructure, residual stresses, ab-
sorbed energy, diffusible hydrogen con-
tent and crack position were published in
a previous study (Ref. 1).

Fatigue Test

Fatigue specimens were collected
from samples welded with preheat and
interpass temperatures below 30°C.

Test equipment was a ±20-ton capac-
i t y, axial tension fatigue tester. Te s t i n g
was performed by load control at a stress
ratio = 0.1 with sine wave and frequency
of 3 Hz, at room temperature. Fatigue test
specimens from deposit metal were
made to have a tension loading condition
in order to clarify fatigue properties of
transverse cracks placed vertically along
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Fig. 1 — Schematic of weld panel.

Fig. 2 — Schematic of weld metal deposit.Fig. 3 — Schematic of all-weld-metal fatigue test specimen.

Table 1 — Chemical Composition of Base/Weld Metal

(%) C Si Mn P S Ni Mo V Ti TS YS El
(kgf/mm2) (kgf/mm2) (%)

EH32 TMCP 0.18 0.10 0.90 0.040 0.040 0.40 0.08 0.10 0.02 45 ~ 60 32.0 20.0
max. ~0.50 ~1.60 max. max. max. max. max. max.

Base metal 0.09 0.38 1.35 0.015 0.005 0.03 0.02 0.002 0.02 52.8 38.0 31.0
Weld A 0.04 0.29 1.05 0.012 0.017 1.32 0.02 0.017 0.01 69.4 63.7 22.8
metal B 0.04 0.29 1.03 0.013 0.016 1.31 0.02 0.018 0.01 66.3 61.4 23.4



the welding line — Fig. 3. Also, fatigue
tests were performed on specimens with
transverse cracks both on the surface and
inside so as to determine fatigue proper-
ties depending on crack location.

Result and Discussion

The position of transverse cracks was
verified by ultrasonic nondestructive ex-
amination. The surface of the weld bead
was then cut at 0.5-mm-depth intervals
using a milling machine and checked for
accurate position and length of the trans-
verse crack using ultrasonic testing and
magnetic particle inspection after each
machining step.

Figure 4 shows cra ck morphology
after magnetic particle inspection of
specimens with transverse cracks on the
surface. Figure 5 shows the results of the
fatigue tests of specimens with surface
cracks. Maximum load of the fatigue test
was in the range of 50% yield strength.
The specimen in Fig. 4A had a 1.4 x 105

fatigue life when the load was 33
k g f / m m2. The cra ck did not propagate
where it was long (A-1), but rather where
it was short (A-2). It was revealed by frac-
ture analysis after the fatigue test that A-
1 had less than a 1-mm transverse crack
depth, while A-2 had a transverse crack
depth of 2–3 mm.

Specimen B, where the crack grew at
B-1 and was coalesced at B-2, had 4.1 x
105 fatigue life. Most cracks are multiple
surface cra cks that easily coalesce and
don’t grow like single cracks, increasing
the possibility of unstable destruction.
According to ASME Boiler and Pressure
Vessel Code (Ref. 8), the definition of co-
alescence of adjacent surface cracks is as
follows:

1) Discontinuous indications that are
coplanar and nonaligned in the through-
wall direction of the section thick n e s s ,
and have at least one indication charac-
terized as a surface crack, if the separa-
tion distances S1 and S2 between the in-
dividual cracks are equal to or less than
the dimensions.

2) The dimensions a and of the
combined single cra ck of 1 above shall be
defined by the size of the bounding
square or rectangle that contains the indi-

vidual nonaligned cra ck .
3) Discontinuous indi-

cations that are coplanar
and nonaligned in the
t h r o u g h - wall direction of
the section thickness and
ch a racterized as surface
cracks shall be considered
single planar subsurface
c ra cks if the separa t i o n
distances S1, S2, S3 and
S4 are equal to or less than
the dimensions.

Specimen C was tested
under a load of 22
k g f / m m2 and was fra c-
tured at C-1 with 4.1 x 105

fatigue life. Specimen C
showed shorter fatigue life
than specimen B even at
l ow load condition. It
seems there was stress
concentration at the crack

l
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Fig. 4 — The morphology of surface cracks after magnetic particle inspection of FCAW de-
posits.

Fig. 5 — Fatigue test results of welds with surface cracks.

Table 2 — Welding Parameters

Welding Condition Pass Current Voltage Speed Heat Input
Identification (A)                            (V) (cm/min) (kJ/cm)

A preheating / interpass 1 240~250 30 16 28
temperature below 30°C 2~27 340~350 35 37~41 26

B preheating / interpass 1 240~250 30 15 29
temperature 100;120°C 2~27 340~350 35 38~42 25



on the specimen edge. Specimen D was
fatigue tested under a load of 20 kgf/mm2

and was fractured at D-1 with 6.8 x 105

fatigue life. Figure 6 shows fractures after
fatigue testing various specimens with
surface cra cks. Cra cks  on the surface
center propagate like a half ellipse, while
cracks on surface edge propagate like a
quarter circle.

Figure 7 shows the results from fatigue
testing specimens with internal cracks. It
indicates a 2.0 x 106 fatigue limit at de-
sign stresses of 25 and 30 kgf/mm2 load
conditions. This result was quite different

from the surface cra ck s
shown in Fig. 5. The inter-
n a l - c ra ck specimen
s h owed high fatigue
strength, while the sur-
f a c e - c ra ck specimen
s h owed low fatigue
strength from the stress
c o n c e n t ration caused by
the notch effect. Th e r e-
fore, it was presumed the
internal cra ck was not
m u ch affected by stress
concentration. Blank sym-
bols shown in Fig. 7 rep-
resent  fatigue life to fail-
ure in the range of 35
k g f / m m2 load condition.
Fatigue loading of 35
k g f / m m2, wh i ch is in the
yield stress range of the
base metal, was applied in
order to fracture the spec-
imen artificially (each
specimen was overloaded

to 35 kgf/mm2 stress after fatigue testing).
Figure 8 shows the fractured surface after
fatigue testing (load 35 kgf/mm2) speci-
mens with internal cracks.

Propagation showed circular or ellip-
tical morphology. The specimens with
surface cra cks showed half- or quarter-
c i rcle morphology, while the specimen
with internal cra cks showed circ l e -
shaped morphology. These were some-
what different results compared to the
surface cracks shown in Fig. 6.

General crack size and location were

ch e cked by ultrasonics before fatigue
testing. The internal cracks had 2~5 mm
length with some intervals. Tra n s ve r s e
cracks less than 2 mm and porosity were
located some distance from each other,
especially in the case of Fig. 8D. Figures
8A, B and C show the transverse crack
was the cause of fracture, while Fig.  8D
shows porosity was the cause of fracture.
This result was also observed by scanning
electron microscope — Fig. 9. From this
observation, it appears the fatigue crack
does not start at the crack but rather at
porosity because the fatigue cra ck has
more cross section than crack area.

G e n e ra l l y, surface cra cks propagate
more rapidly at a sharp edge than at
p o r o s i t y. But with internal cra cks, the
cross-section area has the greatest effect
on fatigue strength. T. Robakowski, et al.
(Ref. 9), showed the position and dimen-
sion of weld discontinuities greatly affect
fatigue strength. Fatigue test samples of
high-strength steel, wh i ch had 16 mm
t h i ckness and 500-MPa (51 kgf/mm2)
yield strength, showed a fatigue limit of
140 MPa (14 kgf/mm2) when linear slag
inclusion (internal discontinuities) wa s
no longer than 3 mm and less than 10%
of specimen cross section.

According to this result, the fatigue
strength was relatively lower than that of
this study, which had a fatigue limit of 30
k g f / m m2 for material having a yield
strength 64 kgf/mm2.

Hairline-sized tra n s verse cra ck s
s h owed relatively high fatigue strength
because they were smaller than porosity
or slag inclusions.

In conclusion, if internal discontinu-
ities have a small cross section, as in the
transverse cracks of the test samples, fa-
tigue strength isn’t much affected.

Figure 9 shows scanning electron mi-
croscope (SEM) images around the dis-
continuities shown in Fig. 8. Figures 9A,
B and C show the fractured tra n s ve r s e
c ra ck area, as indicated in Fig. 8A, and
it consists of quasicleavage and mi-
c r ovoid. It is a morphology of a typical
cold cra ck (Ref. 10). Figure 9D is magni-
fied porosity in Fig. 8D.

Conclusion

Fatigue strength depending on cra ck po-
sition was studied in weld metal deposited
using the FCAW process. The results of this
s t u dy are summarized as follow s :

1) Transverse cracks propagate like a
quarter or half circle, and specimens with
surface cra cks broke at low cycle. This wa s
especially true with specimens exhibiting
surface edge cra cks, wh i ch showed rela-
t ively low fatigue strength due to stress
c o n c e n t ration. Adjacent surface cra cks co-
alesced, speeding fatigue fra c t u r e .
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Fig. 6 — Fractures of fatigue-tested specimens with surface cracks.

Fig. 7 — Fatigue test results of specimens with internal cracks
(blank symbols represent life to failure in the range of 35
kgf/mm2 load condition).



2) Specimens with internal cra ck s
showed superior fatigue strength, enough
to reach fatigue limit under designed
stress. Propagation mode showed a cir-
cular or elliptical morphology.

3) Specimens with internal cracks and
porosity showed fatigue fracture at the
large cross-sectional area of the porosity.
Therefore, it appears the cross-sectional
area of a discontinuity has greater effect
on fatigue strength than its shape.
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Fig. 8 — Fractured surfaces of specimens with internal cracks after fatigue testing at 35 kgf/mm2

stress range (each specimen was overloaded by 35 kgf/mm2 stress range in order to fracture
the specimen artificially).

Fig. 9 — SEM morphology of cracks and porosity. A — Crack (16X); B — crack (500X); C —
crack (5000X); D — porosity (17X).
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