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Quenched and Tempered (Q&T) steels are widely used in the construction of military vehicles due to their
high strength-to-weight ratio and high hardness. These steels are prone to hydrogen-induced cracking in
the heat affected zone (HAZ) after welding. The use of austenitic stainless steel consumables to weld the
above steel was the only remedy because of higher solubility for hydrogen in austenitic phase. Recent
studies proved that high nickel steel and low hydrogen ferritic steel consumables can be used to weld Q&T
steels, which can give very low hydrogen levels in the weld deposits. In this investigation an attempt has
been made to study the effect of welding consumables on high cycle fatigue properties of high strength,
Q&T steel joints. Three different consumables namely (i) austenitic stainless steel, (ii) low hydrogen ferritic
steel, and (iii) high nickel steel have been used to fabricate the joints by shielded metal arc (SMAW) welding
process. The joints fabricated using low hydrogen ferritic steel electrodes showed superior fatigue
properties than other joints.
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1. Introduction

Welding has been widely employed in industry as one of the
most used methods for connecting components. But due to the
heterogeneity induced from welding, base metal (BM), weld
metal (WM), and heat affected zone (HAZ) have different
mechanical behaviors, which makes welded joints complicated
under local stress-strain conditions (Ref 1, 2). For structural
steels, the strength of the welded joints determines the strength
of the whole structure. Welded joints are subjected to various
forms of cyclic loading in practical applications and fatigue
failure is common. Thus, welding is a major factor in the fatigue
lifetime reduction of components. The assessment of welded
joints is a major industrial problem, for two reasons. Firstly,
welds tend to be regions of weakness in a structure due to stress
concentration effects and poor material properties. Secondly, it is
difficult to predict their behavior accurately. This is partly due to
the difficulty of defining material properties, which vary

throughout the weld and heat-affected zone (HAZ) (Ref 3).
Many of the structural components in machines, pressure
vessels, transport vehicles, earthmoving equipment, spacecraft,
etc. are made of welded joints. The butt welds are the most
common in the fabrication and construction of many structures.
The wide application of butt welds in various structures,
including offshore and nuclear, gives large scope for the
researchers to analyze the behavior under different types of
loading conditions (Ref 4). Failure analysis of the weldments
indicated that fatigue alone is to be considered to account for
most of the disruptive failures. Even though the fatigue
properties of the weld metal is good, problems can be caused
when there is an abrupt change in section caused by excess weld
reinforcement, undercut, slag inclusion, and lack of penetration,
and nearly 70% of fatigue cracking occurs in the welded joints
(Ref 5). Apart from the mechanical considerations of joint
design, the welding process, filler material, heat input, number of
weld passes, etc. will influence the microstructure of the weld at
the joint and in turn will influence the extent of heat affected zone
and residual stresses that will build up in the base metal (Ref 6).
These factors will invariably affect the fatigue strength by
increasing the propensity for crack nucleation and its early
growth causing the ultimate failure of the joint. As the fatigue
failure is one of the prime concerns in structural design and the
butt weld is a part of many structures, its evaluation and
prediction of fatigue life is very important to avoid catastrophic
failure particularly in steels that are used in military applications.

One of the important criteria for components used in combat
vehicle construction is that it should satisfy the ballistic
requirements per the requirement. The armor components going
into service cannot always be subjected to ballistic proving as it
is a destructive type of testing and cannot be performed
frequently for all the components. A correlation, therefore, has
to be established within limits between ballistic and mechanical
properties. Ballistic testing, technically speaking, is just a
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typical high velocity test of impact behavior of the material,
which determines the initial high capacity of energy absorption
before cracking and resistance to penetration of a projectile.
These two properties mainly depend upon the toughness, i.e.,
combination of strength and ductility, and hardness of the
material. Once the values of impact strength, tensile strength,
and hardness of the proved proof welds are known, it can be
expected that the armor steel joints will satisfy, within limits,
the ballistic standards (Ref 7). The combat vehicles used in
military operations will be required to operate under a wide
range of road conditions ranging from first class to cross
country. Stress loadings within the vehicle hull could be
expected to fluctuate considerably and structural cracking
especially in welds may become a problem during the service
life of these vehicles. To more accurately predict service life,
researchers have resorted to fatigue life evaluations in order to
simulate actual in-service loading conditions (Ref 8). Thus, an
adequate knowledge in tensile and fatigue properties of the
armor grade Q&T steel welds is very much essential to meet out
the service requirements during the construction of the combat
vehicles used in military applications.

Quenched and Tempered (Q&T) steels are widely used in
the construction of military vehicles due to its high strength-to-
weight ratio and high hardness (Ref 9). These steels are prone
to hydrogen induced cracking in the heat affected zone (HAZ)
after welding (Ref 10). The use of austenitic stainless steel
(ASS) consumables to weld the above steel was the only
remedy because of higher solubility for hydrogen in austenitic
phase (Ref 11). Recent studies proved that high nickel steel
(HNS) and low hydrogen ferritic steel (LHF) consumables can
be used to weld Q&T steels, which can give very low hydrogen
levels in the weld deposits (Ref 12-14). The use of ASS, HNS,
and LHF consumables for armor grade Q&T steel will lead to
formation of distinct microstructures in their respective welds.
This microstructural heterogeneity will have a drastic influence
in the tensile and fatigue properties of the respective welds.

There are no studies in the literature on fatigue testing of
similar class of armor grade Q&T steel welds. The present
study assumes significance as fatigue studies have not been
reported in this class of armor grade Q&T steel welds fabricated
using ASS, HNS, and LHF consumables. Thus a study on the
effect of welding consumables on fatigue properties will pave
way for selection of best welding consumable that meets all the
requirements for the construction of combat vehicles. Hence, in
this investigation an attempt has been made to compare the high
cycle fatigue properties of armor grade Q&T steel joints
fabricated by shielded metal arc welding (SMAW) process
using austenitic stainless steel, low hydrogen ferritic steel, and
high nickel steel electrodes.

2. Experimental Work

The base metal used in this investigation is a Q&T steel,
closely confirming to AISI 4340 specification. The microstruc-
tural feature of the base metal exhibits acicular martensite
(Fig. 1). Rolled plates of 14 mm thick base metal were sliced
into the required dimensions (300 mm9 100 mm) by abrasive
cutters and grinding. Single �V� butt joint configuration, as
shown in Fig. 2a, was prepared to fabricate the joints by
SMAW process. The initial joint configuration was obtained by
securing the plates in position using tack welding. The direction

of welding was normal to the rolling direction. All necessary
care was taken to avoid joint distortion and the joints were
made after clamping the plates in a welding fixture. Austenitic
stainless steel (ASS), low hydrogen ferritic steel (LHF), and
high nickel steel (HNS) consumables were used to fabricate the
joints. The joint fabricated using ASS consumable is referred as
SA joint. Similarly, the joint fabricated using LHF consumable
is referred as SF joint and the joint fabricated using HNS
consumable is referred as SN joint. The chemical composition
of the base metal and weld metals were determined using
vacuum spectrometer (Model:Spectrolab) and are presented in
Table 1.

The process parameters used to fabricate the joints are given
in Table 2. The welding procedures (process parameters)
followed in this investigation was carried out per guidelines
given in the reports (Ref 7, 15) for welding of armor grade
Q&T steel used for combat vehicle construction. A detailed
weldability test on the armor grade Q&T steel using the filler
metals and procedures mentioned in this investigation has been
carried out by the authors and has been reported (Ref 16). From
this study, it is understood, that the level of diffusible hydrogen
content in all the electrodes (ASS, LHF, and HNS) is very much
lower than the actual permissible level. The welds made using
the above electrodes were offering superior resistance against
hydrogen-induced cold cracking if they are fabricated with
proper preheat temperature, interpass temperature, electrode
baking temperature, etc., as mentioned in Table 2. No evidence
of delayed cracking after welding was found in all the welds
fabricated using the above welding electrodes and welding
procedures and the same has been adopted for welding in this
investigation also.

The welded joints were sliced and then machined to the
required dimensions (as shown in Fig. 2b-d) for preparing
fatigue and tensile test specimens. Two different fatigue
specimens were prepared to evaluate the fatigue properties
per DIN 50113 specifications. Hourglass type (smooth) spec-
imens were prepared as shown in Fig. 2b to evaluate fatigue
limit and notched specimens have been prepared as shown in
Fig. 2c to evaluate the fatigue notch factor and notch sensitivity
factor. The weld beads of the joints were machined and the
effect of bead profile was eliminated in this study. The rotary

Fig. 1 Microstructure of the base metal
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bending fatigue testing machine (Make: Enkey, India) was used
to conduct the experiments at different stress levels and all the
experiments were conducted under completely reversed bend-
ing load conditions, where mean stress is zero and stress ratio is
-1. Tensile specimens have been prepared per ASTM E8M-04
specifications as shown in Fig. 3c to evaluate yield strength,
tensile strength, and joint efficiency in accordance with the

ANSI/AWS B4.0-98 guidelines for mechanical testing of
welds. Tensile test has been carried out in 100 kN, electro-
mechanical controlled Universal Testing Machine (Make: FIE-
Blue Star, India; Model: 94100). Vicker�s microhardness testing
machine (Make: Shimadzu; Model: HMV-T1) was used for
measuring the hardness across the weld. The microstructure
analysis of the weldments was carried out using a light optical
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Fig. 2 Joint configuration and test specimen

Table 1 Chemical composition of (wt.%) of base metal and filler metals

Type of material Notation C Si Mn P S Cr Mo Ni Fe

Base metal
Armor grade Quenched and tempered steel

(Closely confirming to AISI 4340 grade)
BM 0.315 0.239 0.53 0.018 0.009 1.29 0.451 1.54 Bal

Filler metals
Austenitic stainless steel (Closely confirming to AWS E307) SA 0.099 0.56 6.59 0.022 0.008 19.614 2.68 9.18 Bal
High nickel electrode steel (AWS ENiCrFe3) SN 0.0312 0.753 6.45 0.0144 0.001 15.95 0.0173 63 Bal
Low hydrogen ferritic steel (AWS E11018-M) SF 0.050 0.242 1.30 0.020 0.014 0.133 0.222 2.12 Bal
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microscope (Make: MEIJI, Japan; Model: ML7100). The
specimens were etched with 2% Nital reagent to reveal the
microstructure of the weld region of low hydrogen ferritic joint
and base metal (BM). Aqua regia and kalling�s reagent were
used to reveal the microstructure of the austenitic stainless steel
weld and high nickel weld regions, respectively.

3. Result

3.1 Fatigue Properties

Three specimens were tested at each stress level and the
average of three test results is used to plot S-N curves as shown
in Fig. 3. The S-N curve in the high cycle fatigue region is
generally described by the Basquin equation (Ref 17).

SnN ¼ A ðEq 1Þ

where �S � is the stress amplitude, �N � is the number of cycles
to failure, and �n� and �A� are empirical constants. Each S-N
curve shown in Fig. 3 can be represented by the above equa-
tion. From those equations, the empirical constants �n� (slope
of the curve) and �A� (intercept of the curve) were evaluated
and they are presented in Table 3. When comparing the fati-
gue strengths of different welded joints subjected to similar
loading, it is convenient to express fatigue strength in terms
of the stresses corresponding to particular lives, for example
105, 106, and 107 cycles on the mean S-N curve. The choice
of reference life is quite arbitrary. Traditionally, 29 106

cycles has been used, and indeed some design codes refer to
their S-N curves in terms of the corresponding stress range.
For these reasons, in this investigation, fatigue strength of
welded joints at 29 106 cycles are taken as a basis for com-
parison. The stress corresponding to 29 106 cycles is taken
as an indication of the endurance limit and it has been evalu-
ated for all the joints and is presented in Table 3 along with
the standard deviation of the measured fatigue limit in brack-
ets. The effect of notches on fatigue strength is determined
by comparing the S-N curves of notched and unnotched spec-
imens. The data for notched specimens are usually plotted in
terms of nominal stress based on the net section of the speci-
men. The effectiveness of the notch in decreasing the fatigue
limit is expressed by the fatigue strength reduction factor or
fatigue notch factor, Kf. The fatigue notch factor for all the
joints was evaluated using the following expression (Ref 17)

Kf ¼ ðreSÞ=ðreNÞ ðEq 2Þ

where reS is the fatigue limit of unnotched specimen and
reN is the fatigue limit of notched specimen (reN). The notch
sensitivity of a material in fatigue is expressed by �q� and it
can be evaluated using the following expression (Ref 17)

q ¼ ðKf � 1Þ=ðKt � 1Þ ðEq 3Þ

where Kt is the theoretical stress concentration factor and is
the ratio of maximum stress to nominal stress. Using the
above expression, fatigue notch sensitivity factor �q� was eval-
uated for all the joints and they are presented in Table 3. A
one population t-test was carried out to check whether the
mean of the fatigue properties reported are same or different.
The reported mean fatigue properties are same at 99.95%
confidence level.

From the results presented in Table 3, it is inferred that the
base metal endured more number of cycles than all the joints.
Among the joints, the SF joints exhibited superior fatigue
performance and it endured 14% more number of cycles than
SA joints. However, SA endured 23% more number of cycles
than SN joints in the unnotched conditions. Slope of the S-N
curve (Basquin Constant) is another measure to understand the
fatigue performance of welded joints. If the slope of the S-N
curve is smaller, then the fatigue life will be higher and vice

Table 2 Welding conditions

Parameters Unit SA SF SN

Preheat temperature �C 100 100 100
Interpass temperature �C 150 150 150
Electrode baking temperature �C for 3 h 300 300 300
Filler diameter mm 4 4 4
Welding current A 170 160 190
Arc voltage V 26 23 28
Heat input kJ/mm 1.60 1.33 1.93

1.0E+5 1.0E+6 1.0E+7

Number of cycles to failure, N
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Fig. 3 S-N Curves (a) Unnotched specimen (b) Notched specimen

52—Volume 18(1) February 2009 Journal of Materials Engineering and Performance



versa. Thus, SF joint with a minimum slope (2.39) exhibits
maximum endurance stress of 180 MPa than other joints. Thus,
the joints fabricated using low hydrogen ferritic steel consum-
ables exhibited superior performance than the joints fabricated
using austenitic stainless steel and high nickel steel in
unnotched conditions. Reduction in fatigue strength due to
the presence of circular V-notch was evaluated by fatigue notch
factor and the notch sensitivity factor. The fatigue notch factor
for BM, SF, SA, and SN joints are 1.31, 1.28, 1.24, and 1.41,
respectively. Similarly the notch sensitivity factor for BM, SF,
SA, and SN joints are 0.124, 0.112, 0.136, and 0.164,
respectively. Although the base metal exhibited maximum
endurance stress than all other joints, the notch sensitivity
factor of the SN joints was found to be the maximum than all
other joints. The notch sensitivity factors for joints fabricated
using austenitic stainless steel consumables are found to be
marginally higher than the joints fabricated using low hydrogen
ferritic steel consumables.

3.2 Transverse Tensile Properties

The transverse tensile properties such as yield strength,
tensile strength, and joint efficiency of joints were evaluated. In
each joint, three specimens were prepared and tested, and the
average of the three results is presented in Table 4 along with
their respective standard deviation represented in brackets. The
yield strength and tensile strength of the base metal are
1200 MPa and 1290 MPa, respectively. The yield strength and
tensile strength of SA joint fabricated using austenitic stainless
steel electrode are 620 MPa and 650 MPa, respectively, and it
indicates that there is 50% reduction in strength due to welding
using austenitic stainless steel electrodes. The yield strength
and tensile strength of SN joint fabricated using high nickel

steel electrode are 540 MPa and 620 MPa and it is clear that
there is a reduction in strength by 55% compared to base metal.
The SF joint fabricated using low hydrogen type ferritic steel
electrode shows an yield strength of 830 MPa and tensile
strength of 860 MPa. This also indicates that there is a 39%
reduction in strength compared to base metal. Of the three
joints, SF joint exhibits 24% higher tensile strength than SA
joint and 27% higher than SN joint. Joint efficiency is the ratio
between tensile strength of welded joint and tensile strength of
unwelded parent metal. The SF joint exhibits a joint efficiency
of 66%, whereas the joint efficiency of SA joint is 50% and SN
joint is 48%.

3.3 Hardness and Microstructure

Almost all the fatigue and tensile specimens failed in the
weld region. Hence, the microhardness measurements and
microstructural examinations were done only in the weld metal
region. Vicker�s microhardness testing machine was used to
measure the weld metal hardness, and the values are presented
in Table 5. The standard deviations for the measured micro-
hardness values in each case are presented in brackets in
Table 5. The hardness of the unwelded base metal is 455 VHN.
However, the SA joint exhibits hardness of 261 VHN, SF joint
shows 311 VHN, and a hardness of 202 VHN is recorded in SN
joint in the weld metal region. The SF joint has 50 VHN more
than SA joint and 109 VHN than SN joint in the weld metal
region. However, the SA joint has 59 VHN more than the SN
joint in the weld metal region. The micrographs of the weld
metal regions are displayed in Fig. 4. The micrograph, taken at
the weld metal region of the SA joint, exhibits a fine skeletal
delta ferrite in plain austenitic matrix (Fig. 4a); the SF joint
shows acicular ferrite morphology (Fig. 4b); the SN joint
reveals plain austenitic matrix with a scattered delta ferrite
matrix (Fig. 4c).

Table 3 Fatigue properties of base metal and welded joints (a)

Joint
type

Slope of the
S-N curve (n)

Intercept of the
S-N curve, A

Fatigue limit (reS)
of smooth specimen

at 23 106 cycles, MPa

Fatigue limit
(reN) of notched
specimen at

23 106 cycles, MPa
Fatigue notch
factor (Kf)

Fatigue notch
sensitivity factor (q)

Location
of failure

BM 2.21 2.779 1011 210 (6.50) 160 (6.11) 1.31 0.124 Center of the specimen
SF 2.39 3.779 1011 180 (7.02) 140 (8.50) 1.28 0.112 Weld region
SA 2.51 4.569 1011 155 (8.54) 115 (9.01) 1.24 0.136 Weld region
SN 2.93 1.89 1012 120 (9.01) 85 (9.53) 1.41 0.164 Weld region

(a) The numbers in the brackets are the standard deviation of the experimental results

Table 4 Transverse tensile properties of base metal
and welded joints (a)

Joint
type

Yield
strength,
MPa

Tensile
strength,
MPa

Joint
efficiency,

%
Location
of failure

BM 1200 (3.60) 1290 (3.05) ÆÆÆ Center of the specimen
SA 620 (3.05) 650 (3.21) 50 Weld region
SN 540 (3.60) 620 (3.48) 48 Weld region
SF 830 (3.05) 860 (3.51) 66 Weld region

(a) The numbers in the brackets are the standard deviation of the
experimental results

Table 5 Microhardness (VHN) values (0.5 kg load) (a)

Joint type

Location

Weld metal region Base metal region

SA 261 (2.28) 456 (2.52)
SF 311 (2.05) 457 (2.78)
SN 202 (1.87) 453 (2.63)

(a) The numbers in the brackets are the standard deviation of the
measured microhardness values
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4. Discussion

The use of low hydrogen ferritic steel consumables for
welding armor grade Q&T steels improved the fatigue perfor-
mances of the joints compared to the joints fabricated by using
conventional austenitic stainless steel consumables and high
nickel steel consumables. The basic reason for the improvement
in fatigue properties is due to the presence of preferential
acicular ferrite type of microstructure which aids for superior

transverse tensile properties and weld metal hardness, thereby
increasing fatigue resistance of the joints.

4.1 Effect of Welding Consumables on Fatigue Properties
of the Joints

The best combination of strength and ductility seems to be
possible in the presence of ferrite microstructure. These ferrite
structures are very much desirable in all the welded structures
as they have relatively higher hardness and strength (Ref 18).
Fine grained acicular ferrite structure in weld metal micro-
structure is desirable than any other form of ferrite phase
(Ref 19). The term acicular is used frequently in welds where
ferrite plates are relatively small and cover a large proportion of
the matrix. A good combination of strength and toughness of
low-carbon steel welds is achieved by so-called acicular ferrite
microstructure, consisting of small interweaving ferrite plates
formed within austenite grains (Ref 20). An acicular ferrite
microstructure has the potential of combining high strength and
high toughness. This is because the plates of acicular ferrite
nucleate intragranularly on nonmetallic inclusions within large
austenite grains, and then radiate in many different orientations
from those inclusions whilst maintaining an orientation rela-
tionship with the austenite (Ref 21). Acicular ferrite is formed
as a result of direct nucleation from the inclusions resulting in
randomly oriented short ferrite needles with fine grain size and
hence hardness is higher. Moreover, acicular ferrite is charac-
terized by high angle boundaries between ferrite grains
(Ref 22). The acicular ferrite in the weld metal regions caused
repeated deflection and branching of the propagating fatigue
crack, thereby reducing the effective stress intensity conditions
at the crack tip and retarding crack growth rates in these regions
(Ref 23).

It is well known that nickel in weld metal plays important
role in microstructural control. It has been reported that the
weld metal toughness can be increased appreciably by an
increase of Ni content (Ref 24). The higher nickel content
reduces the ferrite content of the weld (magnetic microstruc-
tural phase and more brittle than austenite), and the nickel
additions increase the toughness in fully austenitic com-
positions thereby reducing the transverse tensile strength.
A secondary benefit is that nickel stabilizes austenitic structure
against the formation of martensite (another magnetic micro-
structural phase) (Ref 25). However, some investigations have
shown that the benefit from nickel is conditional and it depends
upon further alloying elements like manganese (Ref 26). The
alloying content of manganese and nickel are very important in
the solidification process in high strength steel weld metals.
Large additions of these elements can prevent the formation of
d-ferrite entirely, and instead the weld metal solidifies directly
to austenite. An additional effect of manganese is that it gives
strengthening through solid solution hardening and grain
refinement by lowering the austenite to ferrite transformation
temperature. Grain refinement also leads to increased tough-
ness. Another important alloying element in austenitic stainless
steel and the high nickel steel is chromium. Chromium
stabilizes ferrite but slows down transformation rate. With
chromium additions, toughness falls as reported in studies of
mechanical properties of high strength steel weld metals
(Ref 27).

The weld metal chemistry of SN weld metal shows the
presence of nickel 63 (wt.%) and chromium 15.95 (wt.%),
whereas SA weld metal has 9.18 (wt.%) of nickel and

Fig. 4 Optical micrographs of weld metal region (a) SA Joint;
(b) SF Joint; (c) SN Joint
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19.614 (wt.%) of chromium. Higher nickel content promotes
the formation of rich austenitic phase in weld metal region. The
rich austenitic phase in the weld metal region has a significant
influence on the performance of the joints. The SN weld metal
region has much higher nickel content than SA weld metal
region and it has a direct influence in the microstructure. The
micrograph, taken at the weld metal region of the SA joint,
exhibits a fine skeletal delta ferrite in plain austenitic matrix,
whereas the SN joint reveals plain austenitic matrix with a
scattered delta ferrite matrix. Thus, the presence of rich
austenitic phase in SA and SN weld metal region reduces the
transverse tensile strength and weld metal hardness when
compared with that of SF joints. On the other hand, the high
nickel content also prevents the formation of the delta ferrite.
Delta ferrite is the primary solidification product, i.e., it forms
directly from the molten metal. The delta ferrite at the core of
the dendrites, which form at the beginning of solidification, is
very rich in chromium; the chromium content however goes on
decreasing as the solidification proceeds. Proper control of the
amount of delta ferrite in welds is very much essential and
critical for better performance of the joint (Ref 28). Delta ferrite
is not a desirable structure in welds compared with other forms
of ferrite when mechanical performance of the joint is
concerned. Both the SA and SN type of joints have higher
proportion of austenitic phase with inbuilt features of delta
ferrite. Thus, SA and SN joints have inferior transverse tensile
properties and weld metal hardness and hence poor fatigue
resistance than SF joints. Hence, welds with acicular ferrite
type of morphology will have higher hardness and yield
strength. The SF joint exhibits superior fatigue properties due to
the presence of acicular ferrite morphology in the weld metal.

4.2 Effect of Weld Metal Strength on Fatigue Behavior
of the Joints

The tensile properties (yield strength, tensile strength, and
elongation) of SF joints fabricated using LHF consumables are
superior when compared to their ASS and HNS counterparts
(see Table 5). Higher yield strength and tensile strength of the
SF joints are greatly used to enhance the endurance limit of the
joints, and hence the fatigue crack initiation is delayed. Larger
elongation (higher ductility) of the SF joints also imparts
greater resistance to fatigue crack propagation, and hence
fatigue failure is delayed. The combined effect of higher yield
strength and higher ductility of the SF joints offers enhanced
resistance to crack initiation and crack propagation, and hence
the fatigue performance of the joints is superior when compared
to SA and SN joints. In the lower strength weld metal, as in the
case of joints fabricated using SA and HNS consumables, since
the deformation and the yielding are mainly concentrated in the
weld metal zone, the extension of the plastic zone is limited
within the weld metal. As soon as the plastic zone reaches the
fusion line, plasticity keeps on developing along the interface
between the parent material and the weld metal (Ref 29). The
triaxial state of stress is high in the weld metal and the
relaxation of this stress is poor. The crack driving force needed
for crack extension is small. So, the fracture toughness of the
lower strength weld metal is not high. On the other hand, if the
strength of the weld metal is higher, the plastic zone can easily
extend into the parent material because the deformation and
yielding occur in both weld metal and the base metal. The stress
relaxation can easily take place in the crack tip region. So more
crack driving force is needed for crack extension, and the

fracture resistance of the higher strength weld metal is greater
than the lower strength weld metal (Ref 30). This is also one of
the reasons for better fatigue resistance of the SF joints. In
general, fatigue strength is seriously reduced by the introduc-
tion of stress raisers as a notch or hole. The presence of a notch
in a specimen under uniaxial load introduces three effects:
(i) there is an increase or concentration of stress at the root of
the notch; (ii) a stress gradient is set up from the root of the
notch toward the center of the specimen; and (iii) a triaxial state
of stress is produced (Ref 31). A material which experiences no
reduction in fatigue strength due to a notch (Kf = 1) has a factor
of q = 0, while a material in which the notch has its full
theoretical effect (Kf = Kt) has a factor of q = 1. But, �q� is not a
true material constant since it varies with the severity and type
of notch, the size of the specimen, and the type of loading.
However, it has been proved earlier that the notch sensitivity
increases with tensile strength and fatigue notch factor is higher
for stronger materials (Ref 32). It is also evident from fatigue
test results that higher strength SF joints are more sensitive to
fatigue notches and lower strength SA and SN joints are less
sensitive to fatigue notches.

5. Conclusions

The effects of welding consumables on fatigue properties of
armor grade Q&T joints fabricated by SMAW process have
been analyzed in detail. From this investigation, the following
conclusions are derived:

1. The use of low hydrogen ferritic steel consumables is
found to be beneficial to enhance the fatigue resistance
of armor grade Q&T steel joints. An increment of 13%
higher fatigue life has been recorded in these joints com-
pared to the joints fabricated by conventional austenitic
stainless steel consumables.

2. The superior mechanical properties (higher yield strength
and hardness) and preferred microstructures in the weld
metal region (acicular ferrite) are the reasons for superior
fatigue performance of the joints fabricated using low
hydrogen ferritic steel consumables than the joints fabri-
cated using austenitic stainless steel consumables.
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