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Welding of high-strength low-alloy (HSLA) steels involves the use of low-strength, equal-strength, and
high-strength filler materials (electrodes) compared with the parent material, depending on the application
of the welded structures and the availability of filler material. In the present investigation, the fatigue crack
growth behavior of weld metal (WM) and the heat-affected zone (HAZ) of undermatched (UM), equally
matched (EM), and overmatched (OM) joints has been studied. The base material used in this investigation
is HSLA-80 steel of weldable grade. Shielded metal arc welding (SMAW) has been used to fabricate the
butt joints. A center-cracked tension (CCT) specimen has been used to evaluate the fatigue crack growth
behavior of welded joints, utilizing a servo-hydraulic-controlled fatigue-testing machine at constant am-
plitude loading (R = 0). The effect of notch location on the fatigue crack growth behavior of strength
mismatched HSLA steel weldments also has been analyzed.

Keywords fatigue crack growth, fatigue life, high-strength
low-alloy steel, mismatch ratio, notch location,
shielded metal arc welding

1. Introduction

Welded structures have been used in the power-generation,
offshore structure building, transportation, and aerospace in-
dustries. Welded joints are sensitive areas of the structural
system because they are complex metallurgically and exhibit
complicated stress conditions. The yield strength/tensile
strength ratio of the weld metals (WMs) that were used for
welding the mild steel in early designs was very high, and the
designers did not pay much attention to the yield strength of the
WMs (Ref 1). With the increased use of high-strength alloys, it
is very difficult to produce the matching and overmatching
welding consumables, because the strength and toughness can-
not be increased simultaneously. Sometimes, the yield strength
of the WM used for joining the plates is lower (undermatched
[UM]) or higher (overmatched [OM]) than the yield strength of
the base alloy filler material (Ref 2).

Mismatched welded joints are joints in which the yield
strength and/or the microstructures of the WM will be different
from that of the base metal and the heat-affected zone (HAZ).
The factors that are responsible for heterogeneities include the
welding process, welding consumables, joint design, and weld
thermal cycles. UM joints are used in repair welding, and in the
welding of penstock, pressure vessels, and bridges, for ex-
ample. They are used to prevent the formation of cracks in the
welds; for example, a UM cap pass reduces the weld toe crack-

ing from cyclic plastic bending during reeling (Ref 3). Simi-
larly, OM joints are used in pipeline girth welds, welded off-
shore structures, and cladding and hard facing, and for
protecting the WM failure by effectively shielding the small
cracks present in the WM (Ref 4).

In the base metal, HAZ and WM combinations, both global
mismatch and local mismatch, cause the mismatch constraint.
The global mismatch is defined as the ratio of the yield strength
of WM to that of the base metal, whereas the local mismatch is
defined as the ratio of the yield strength of the WM to that of
the HAZ. The mechanical factors responsible for producing the
global strength mismatch in the weldment are base metal yield
strength, WM yield strength, base metal tensile strength, and
WM tensile strength. The net section yielding occurs when
plastic deformation is confined to the defective cross section.
Gross section yielding occurs when the applied stress exceeds
the alloy yield strength, i.e., when the yield strength of the WM
exceeds that of the base metal. In general, large defects tend to
produce net section yielding, whereas small defects are ben-
eficial for obtaining gross section yielding (Ref 5).

Recently, some studies (Ref 6, 7) have been conducted to
assess the fracture behavior of mismatched weldments and bi-
material joints by varying the mismatch ratio (MMR) (the ratio
between the yield strength of WM and the yield strength of the
base metal). It has been found that little engineering experience
(Ref 8, 9) on the performance of high-strength steel joints has
been gained, especially concerning strength-mismatched joints
under cyclic loading conditions. Hence, the main objective of
the present investigation was to study and analyze the effect of
notch location on fatigue crack growth behavior and fatigue life
on shielded metal arc welded, strength-mismatched, high-
strength low-alloy (HSLA) steel weldments.

2. Experimental

The base alloy used in this investigation was HSLA-80
steel, which is widely used for such items as submarines,
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bridges, heavy earth moving equipment, pressure vessels, pipe-
lines, ships, and offshore structures (Ref 10). Rolled plates, 12
mm thick, have been used as the base alloy in the welding
studies. A single-bevel butt joint, as shown in Fig. 1, has been
prepared for joining the plates. This joint design was chosen to
study the fatigue crack growth behavior in the HAZ region,
since this joint is straight and parallel. Three types of low-
hydrogen, ferritic electrodes with different yield strengths have
been chosen for joining the plates to attain the desired strength
MMRs. The chemical composition of the base alloy and WMs
are presented in Table 1, and their mechanical properties are
presented in Table 2. The welding conditions and weld process
parameters used in the fabrication of the joints are given in
Table 3.

The welded joints were sliced and then machined to the
required dimensions (as shown in Fig. 2) for center-cracked
tension (CCT) fatigue crack growth test specimens. The notch
was machined (in both the WM and HAZ regions) using wire
electric-discharge machining (EDM). Fatigue crack growth ex-
periments were conducted using a servo hydraulic, 100 kN
universal testing machine. A frequency of 20 Hz under con-
stant amplitude loading (R � 0) was used for all fatigue tests.
Before loading, the specimen surface near the notch was pol-
ished to facilitate fatigue crack growth measurement. A trav-
eling microscope with an accuracy of 0.01 mm was used to
monitor the crack length. The specimen was loaded at a par-
ticular stress level (range), and following crack initiation from
the tip of the machined notch, its subsequent propagation into

the WM and HAZ, respectively, was recorded from initiation to
the complete failure of the specimen. Similar crack growth
experiments were conducted on a number of specimens at vari-
ous stress levels, and the experimental data were recorded.

3. Results

The fatigue crack growth experiments were conducted at 75,
100, 125, and 150 MPa and under constant amplitude loading
conditions. The variation in crack length (2a) with number of
cycles (N) was recorded. The Paris equation (Ref 11) was used
to analyze the experimental results.

da�dN = C ��K�m (Eq 1)

where da/dN is the crack growth rate, �K is the stress intensity
factor (SIF) range, and C and m are constants. The SIF value
was calculated for different values of the growing fatigue crack
using the following expression (Ref 12):

�K = � ���� �� a (Eq 2)

However, the geometry factor � for the CCT specimen was
calculated using the expression given below (Ref 13):

� = F��� = sec����

2 � (Eq 3)

In Eq 3, � is equal to (a/W) and pi is a function of � and is
defined by F.

The crack growth rate, d(2a)/dN for the propagation stage,
was calculated for the steady-state growth regimen at different
intervals of the crack length increment. The relationship be-
tween SIF range and the corresponding crack growth rate in
terms of “best-fit” line is shown in Fig. 3 for both the WM and
HAZ. The data correspond to the second stage of the Paris
sigmoidal relationship, i.e., from 10−6 to 10−3 mm/cycle. The
exponent m (i.e., the slope of the line on a log-log plot) and C
have been determined and are presented in Table 4. In the
present analysis, the relation obtained is a sigmoidal type, with

Fig. 1 Joint configuration Fig. 2 Dimensions of the CCT specimen
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the curve tending to become parallel to the Y-axis (da/dN)
when the SIF is low or very high. However, at high values
of �K, the exponent increases. When the crack growth rate
is around 10−3 mm/cycle, the curve tends to become parallel
to the Y-axis, and the corresponding �K value is taken as
critical (�Kcr).

At lower values of �K, the curve again becomes parallel to
the Y-axis, indicating a threshold SIF (�Kth) below which a
crack may not propagate. The values of �Kcr and �Kth for all
joints have been evaluated and are presented in Table 4. Nor-
mally, in the case of steels, the threshold value is obtained for
a crack growth rate of 10−8 mm/cycle. Due to the specimen
configuration and loading conditions, crack propagation rates
in the region of 10−8 mm/cycle could not be obtained, and
hence the value obtained in this analysis cannot be taken as the

design value. The fatigue crack growth (fracture mechanics)
parameters of all the joints are compared in Table 4.

It is also advantageous to determine the standard S-N curve
for the test conditions, which will indicate the trend and also be
useful for design purposes. Figure 4 shows the relationship
between stress range and the number of cycles to failure on a
log-log plot for all the joints. The stress corresponding to 2 ×
106 cycles is taken as an indication of the endurance limit (Ref
14), and these values are determined for all the joint combina-
tions and are presented in Table 4.

4. Discussion

From the crack growth rate curves (Fig. 3), it is evident that
the resistance offered by the OM WM and OM HAZ is higher

Fig. 3 Crack growth rate curves Fig. 4 S-N curves
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compared with the equally matched (EM) and UM WMs and
the HAZ. In other words, the fatigue crack growth rate is much
faster in the UM WM and UM HAZ regions when compared
with the EM and OM WMs and HAZ regions. This behavior
can be inferred from the steeper slope of the crack growth rate
curves. This is also observed from the S-N curves (Fig. 4). The
endurance stress range (��e) is higher for the OM WMs and
OM HAZ region compared with UM and EM joints.

Figure 5 depicts the relationship between the MMR and the
�Kth and the �Kcr. From Fig. 5, it is understood that �Kth and
�Kcr are directly proportional to the MMR, if the notch is made
in either the weld region or HAZ. Figure 6 reveals the rela-
tionship between the MMR and m. From Fig. 5, it can be seen
that m is inversely proportional to MMR, irrespective of notch
location.

The better fatigue performance of the OM WM and OM
HAZ in any of these regions may be due to any one of the
following: (a) superior mechanical properties, (b) ideal micro-
structure, or (c) favorable residual stress pattern.

4.1 Mechanical Properties

The fracture resistance of a material is mainly influenced by
the size of the plastic zone ahead of the crack tip. If the plastic

zone is large, the triaxial state of stress at the crack tip is
reduced, and the fracture resistance of the material is very high.
For a shallow cracked specimen, the plastic zone can easily
spread ahead of the crack tip and into the adjacent area. There-
fore, a large plastic zone increases the fracture resistance of the
material. In a deeply notched specimen, the plastic zone is
small, and, hence, stress relaxation becomes difficult and frac-
ture resistance decreases (Ref 15).

In the UM WM, since deformation and yielding are mainly
concentrated in the WM zone, extension of the plastic zone lies
within the WM. As soon as the plastic zone reaches the fusion
line, deformation continues along the interface between the
parent material and the WM (Ref 16). The triaxial state of
stress is high in the WM, and the relaxation of this stress is
poor. The driving force for crack extension is small, and the
fracture toughness of the UM metal is not high.

In the OM WM, the plastic zone can easily extend into the
lower-strength base alloy because deformation and yielding
occur in both the WM and the base alloy. In this case, stress

Table 1 Chemical composition of base metal and WMs

Composition, wt. %

Element C Si Mn P S Cr Mo Ni Cu V Fe

BM 0.06 0.40 0.70 0.02 0.01 0.80 0.25 1.0 0.90 0.05 Bal
UM WM 0.08 0.66 1.27 0.02 0.03 … 0.49 … 0.02 0.02 Bal
EM WM 0.09 0.47 1.62 0.01 0.02 0.24 0.23 1.77 0.02 0.11 Bal
OM WM 0.11 0.42 1.48 0.01 0.01 0.65 0.35 1.97 0.02 0.02 Bal

Note: BM, base metal; UM WM, under match weld metal; EM WM, equal match weld metal; OM WM, over match weld metal

Table 2 Mechanical properties of base metal and WMs

Joint
YS,

MPa
UTS,
MPa

Elongation,
%

VHN
(30 kg)

Charpy impact
energy at RT, J

MMRWM HAZ WM HAZ

BM 700 790 19.0 250 … 90 … …
UM WM 560 660 16.5 230 248 80 74 0.8
EM WM 710 800 15.6 265 280 95 83 1.0
OM WM 810 890 14.8 280 305 110 98 1.16

Note: BM, base metal; UM WM, under match weld metal; EM WM, equal match weld metal; OM WM, over match weld metal; UTS, ultimate tensile
strength; VHN, Vickers hardness number; YS, yield strength

Table 3 Welding conditions and process parameters

Welding machine DC generator

Electrode diameter, mm 4.0
Voltage, V 24
Current, amps 160
Welding speed, mm/min 130
Heat input, kJ/mm 1.3
Preheat temperature, °C 150
Interpass temperature, °C 250
Root run 2.5 mm diam electrode

Table 4 Crack growth parameters

Joint
type m C

�Kth,
MPa√m

�Kcr,
MPa√m

��e,
MPa

UM WM 4.20 7.33 × 10−10 5.5 25 60
EM WM 3.85 1.04 × 10−9 6.0 35 65
OM WM 3.40 1.59 × 10−9 6.5 45 70
UM HAZ 4.80 3.25 × 10−10 5.0 25 50
EM HAZ 4.30 7.15 × 10−10 5.5 30 55
OM HAZ 3.70 1.75 × 10−9 6.0 40 60

Note: UM WM, under match weld metal; EM WM, equal match weld
metal; OM WM, over match weld metal; UM HAZ, under match heat
affected zone; EM HAZ, equal match heat affected zone; OM HAZ, over
match heat affected zone
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relaxation can easily take place in the crack tip region. As a
result, a higher crack driving force is needed for crack exten-
sion, and the fracture resistance of the OM WM is higher than
that of the UM WM (Ref 17). Moreover, Bannister (Ref 18)
reported that the OM WM absorbs more energy, leading to an
increased Charpy transition temperature for weld center line
notched and fusion line notched specimens. This is due to the
high alloy content of the WM.

The mechanical properties (i.e., yield strength, tensile
strength, and toughness) of the OM WM and the HAZ are
superior compared with the EM and UM WMs (Table 3). The
higher yield strength and tensile strength of the OM WM is
used to enhance the endurance limit of the OM joints, and,
hence, fatigue crack initiation is delayed. The higher toughness
of the OM WM and the HAZ imparts greater resistance to

fatigue crack propagation, and, thus, the fatigue crack growth
rate is comparatively slow. The combined effect of higher yield
strength and higher toughness of the OM WM and the HAZ
enhances resistance to crack initiation and crack propagation.
Therefore, the fatigue performance of the OM WM and the
HAZ is superior compared with the EM and UM WMs.

4.2 Microstructure

In the CCT specimen, the notch is machined in the WM
region and the HAZ region by wire EDM, so that the crack
growth behavior of the WM and HAZ regions can be evaluated
under fatigue loading. The crack initiates from the tip of the
machined notch and grows into the WM (or the HAZ) until
final failure takes place. Thus, the WM and HAZ microstruc-
tures will have an influence on the fatigue performance of the
joints. Optical micrographs of the WM are shown in Fig. 7.
From the micrographs, it can be observed that the WM mainly
consists of acicular ferrite (AF), proeutectoid ferrite (PF), and
side plate ferrite (SPF). The amount of AF varies in each WM;
i.e., OM WM consists of a higher amount of AF, and UM WM
consists of lower amount of AF.

As described by Liv and Olson (Ref 19), AF is formed
intragranularly, resulting in randomly oriented short ferrite
needles with a basket-weave appearance. This interlocking na-
ture, together with its fine grain size, provides the maximum
resistance to crack propagation by cleavage. However, the for-
mation of grain boundary ferrite, SPF, or upper bainite is det-
rimental to WM toughness, since these microstructures provide
easy crack propagation paths (Ref 20). From other research
(Ref 21-23), it appears that cracks in ferritic WM normally
propagate along PF, a process that is intensified by the pres-
ence of brittle pearlitic structures along the grain boundaries.
This is also evident from the WM mechanical properties. Due

Fig. 5 Relationship between MMR and �Kth and �Kcr

Fig. 6 Relationship between MMR and m
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to the higher amount of AF present in the OM WM, its tough-
ness is higher than the other WMs and, subsequently, enhances
its fatigue performance.

An optical micrograph of the HAZ is displayed in Fig. 8.
The HAZ invariably consists of coarse-grained (CG) ferrite in
all joints (UM and OM), but the grain size is relatively small in
the OM joints compared with the UM joints. It has been re-
ported (Ref 24) that in a single-pass weld the CG HAZ micro-
structure possesses the lowest toughness. In multipass welding,
the microstructure of the HAZ is more complex due to its
partial refinement by subsequent passes. In this case, the inter-
critical (IC) HAZ is responsible for the reduction in toughness.
Kocak et al. (Ref 25) have found that the crack tip opening
displacement (CTOD) and Charpy impact toughness of CG
HAZ depend both on the microstructural features of the CG
HAZ and the yield strength of the adjacent WM. Minami et al.
(Ref 26) reported that CG HAZ is responsible for brittle frac-
ture initiation in almost all of the samples tested by CTOD.
Rajanna et al. (Ref 27) found that the fine-grained structure
yielded higher dynamic fracture toughness values than the CG
structure.

Spies et al. (Ref 28) reported that the CG structure has a
higher threshold level during the early stage of fatigue crack
growth, and, hence, the HAZ has higher threshold levels than
the base metal. The crack growth rate in the HAZ is found to
be slightly higher than that in the base metal. However, in this
investigation the early stage of fatigue crack growth was not
considered since the minimum crack growth rate observed dur-
ing the experiments was 1 × 10−6 mm/cycle, which is well
above the early stage of fatigue crack growth. Generally,
smaller grains will offer better resistance to fatigue crack
propagation compared with coarse grains due to the presence of
numerous grain boundaries. These grain boundaries act as ob-
stacles for the growing crack (Ref 29). As a result, the fatigue
performance of the UM HAZ is inferior compared with that of
the OM HAZ.

4.3 Residual Stresses

Residual stresses, arising in welded joints as a consequence
of incompatible thermal strains caused by heating and cooling
cycles, also have a significant effect on the fatigue life of
welded structures (Ref 30). When a fatigue crack is propagat-
ing through a residual stress field in a welded plate, the stress
intensity at the crack front is influenced by the combined effect
of the local residual stress and the stress from the externally
applied load. This means that the effective SIF of the crack
front is the sum of the SIFs from the residual stress and external
loads (Ref 31).

During heating and cooling, the expansion and contraction
of the WM is resisted by the surrounding base metal. Due to the
restraint offered by the base metal during the expansion and
contraction of the WM, a tensile residual stress field is gener-
ated in the WM (Ref 32). If the yield strength of the base metal
is higher than that of the WM, then the restraint offered by the
base metal will be higher and the magnitude of tensile residual
stress will be greater. In the UM WM, the tensile residual stress
is higher than in the OM WM.

Table 5 shows the measured x-ray residual stress values for
two different conditions: as-welded joints (i.e., immediately
after welding, the residual stresses are measured in the weld
region and HAZ); and as-ground specimens (i.e., at the crack
tip of the CCT specimens). In the CCT specimens, the mea-

Fig. 7 Optical micrograph of WMs
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sured residual stress is compressive and is due mainly to the
fact that after welding the joints were sliced, machined, and
ground to obtain the required dimensions of CCT specimen.

Due to the aforementioned sample preparation operations, the
original tensile residual stresses caused by the welding opera-
tion were relieved. Subsequently, compressive stress fields
were generated due to the compressive load acting on the speci-
men during grinding. Even though the compressive load is the
same for all specimens (i.e., UM, EM, and OM), the resultant
residual stresses are different due to residual stress differences
in the original as-welded samples. From the measured residual
stress values (Table 5), it can be inferred that the magnitude of
the compressive stress field in the OM weld region and the
HAZ is higher than that in the EM and UM joints. This may be
the reason for the slower fatigue crack growth rate observed in
OM joints since compressive residual stresses usually retard
the rate of fatigue crack growth (Ref 33, 34).

5. Conclusions

The present investigation has been carried out to study the
effect of notch location on fatigue crack growth behavior and
fatigue life in shielded metal arc welded, strength-mismatched
HSLA steel welds. From this investigation, the following con-
clusions have been obtained:

• The fatigue crack growth behavior and fatigue life of the
welded joints are influenced by notch location and MMR.
In summary, the fatigue crack growth behavior and fatigue
performance are superior when the notch is machined in
the WM, irrespective of the MMR.

• The MMR is inversely proportional to the fatigue crack
growth exponent (m) and is directly proportional to the
threshold SIF (�Kth) and the critical SIF (�Kcr), irrespec-
tive of notch location.

• OM joints offer greater resistance to fatigue crack growth,
and, hence, the fatigue performance of the OM joint is
superior to the EM and UM joints, regardless of notch
location.
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Table 5 Measured residual stress values

Joint
type

Magnitude of residual stress, MPa

Welded joint CCT specimen

WM HAZ WM HAZ

UM +162 +148 −64 −70
EM +115 +90 −112 −124
OM +74 +65 −158 −165

Note: UM, under match; EM, equal match; OM, over match

Fig. 8 Optical micrograph of HAZ regions
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