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ABSTRACT

Fatigue life and dislocation substructure were evaluated in two groups of AZ31 Mg alloy resistance spot
welds (heats SA and SB respectively, which had similar chemical compositions but different fusion zone
microstructures). The results showed that the SA welds with a refined microstructure displayed a higher
fatigue resistance than the SB welds when tested under conditions of higher cyclic load range causing
interfacial failure across the fusion zone. TEM examinations revealed that typical dislocation configura-
tions in the coarse-grained SB welds were parallel dislocation lines and parallelogram dislocation cells
produced by basal slip, while elongated dislocation cells arising from basal and pyramidal multiple slips
occurred in the SA welds. Twinning was observed to occur in both SA and SB welds, with more twins
present in the SB welds. The strong slip incompatibilities between adjacent dendritic grains led to high
local stress concentrations that activated twinning in the coarse-grained SB welds, while pyramidal slip
together with twinning occurred in the fine-grained SA welds. This resulted in increased number and

dispersion of slip systems which improved fatigue life in the SA welds.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnesium (Mg) alloys, with an attractive high strength-to-
weight ratio, are being increasingly used in automotive, aerospace,
and electronics industries. Resistance spot welding is widely used
in the automotive industry for producing thin sheet metal compo-
nents and structures due to its advantages in welding productivity
and robotization. However, the weldability of Mg alloy joined by
conventional fusion welding is inferior to steel and aluminum
alloys, because the well-developed columnar grains near the fusion
boundary and coarse equiaxed dendritic grains formed in the fusion
zone can seriously compromise the mechanical properties of joints
in Mg alloys [1-4]. Fine grains are generally desirable to improve
mechanical properties of welds [3-5]. Therefore, the microstruc-
tural refinement of Mg alloy welds has attracted a lot of attention
in recent years [3-6].

In our previous work [3,4], it was observed that coarse AlgMns
particles promoted microstructure refinement and mechanical
property improvement in comparing weldability of two AZ31 Mg
alloys—SA and SB (SA from Supplier A and SB from Supplier B),

* Corresponding author. Tel.: +1 519 8884567x36095; fax: +1 519 8855862.
E-mail address: nzhou@uwaterloo.ca (Y. Zhou).

0921-5093/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.msea.2011.08.064

which have a similar chemical composition but different scales of
second-phase particles. The preexisting micro-sized AlgMns inter-
metallic particles were observed to act as nucleation sites for a-Mg
grain formation resulting in an early columnar-equiaxed-transition
(CET) and refinement of microstructure in the fusion zone dur-
ing solidification of the AZ31 Mg alloy welds [3]. However, it
was unknown how and to what extent the refined microstructure
affects fatigue properties. The structural application of welded Mg
alloy joints requires a detailed understanding of the cyclic defor-
mation resistance so as to predict fatigue life of welded structures,
and to ensure the integrity and safety of welded structures in the
automotive industry.

Both slip and twinning play an important role in maintain-
ing homogeneous plastic deformation in hexagonal-close-packed
(hcp)alloys[7]. It has beenrevealed that (000 2)basal slip is usually
the dominant plastic deformation mode in cold deformed Mg alloys
[8-13]. Arecent study involving a fine-grained AZ31B Mg alloy has
indicated that besides (000 2) basal slip, nonbasal glide could be
activated to maintain the continuity of strain due to stress concen-
trations at the boundaries [8]. On the other hand, {101 2} twinning
was observed to be easily activated in a coarse-grained cast AZ91
Mg alloy under cyclic loading [9-11]. Twinning was more difficult
with a smaller amount of twinning in a fine-grained material than
in a coarse-grained one [9,12,13]. The objective of this study is to
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Fig. 1. Equiaxed dendritic structure in the fusion zone of AZ31 Mg alloy resistance spot welds: (a) SA with a thickness of 2 mm and (b) SB with a thickness of 1.5 mm. The
location of the metallographs within the weld nuggets is indicated by a small rectangle inserted in the upper-right illustration.

examine the fatigue life of AZ31 Mg alloy resistance spot welds
as well as the influence of microstructural refinement on slip and
twinning deformation modes.

2. Experimental procedure

The materials used in this study were two commercial grade
hot-rolled sheets of AZ31 Mg alloy in H24 temper with thicknesses
of 2.0mm (SA) and 1.5 mm (SB) respectively, which had similar
optical microstructures and chemical compositions but different
size scales of second-phase particles in the as-received material
[3]. SA had coarser AlgMns particles of 4-10 wm in length than SB
[3]. The difference in particle size scales resulted in microstruc-
tural difference in the welds of the two alloys [3]. The diameter of
equiaxed dendrites in the center of the fusion zones in SA welds was
finer than that of SB, and the length of columnar dendrites in the

vicinity of the fusion boundary in SA welds was also shorter than
those of SB welds, as shown in Figs. 1(a) and (b), and 2(a) and (b).
The average diameter of the flower-like dendrites was about 55 pm
in alloy SA (Fig. 1(a)), and 85 pm in the SB alloy (Fig. 1(b)). In the SA
alloy, columnar structure was restricted to a narrow strip region,
and the ratio of length over width of columnar dendritic grains was
small (Fig. 2(a)). In contrast, well-developed columnar dendritic
grains perpendicular to the fusion boundary were produced in the
SB alloy.

Lap welded joints were made by assembling test coupons which
were cut to approximately 25 mm in width and 100 mm in length
parallel to the rolling direction. The details of the welding proce-
dures and microstructural examination of the as-received alloys
and welded joints have been described elsewhere [3,4]. Some of the
SA sheets were further mechanically ground to reduce the thick-
ness from 2 mm to 1.5 mm in order to eliminate the effect of varied

Fig. 2. Columnar dendritic structure in the vicinity of fusion boundaries of AZ31 Mg alloy resistance spot welds: (a) SA with a thickness of 2mm and (b) SB with a thickness
of 1.5 mm. The location of metallographs relative to the nuggets is indicated by a small rectangle inserted in the upper-right illustration.
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Fig. 3. Schematic illustration of fatigue failure mode: (a) interfacial failure at a higher level of cyclic load range and (b) through thickness failure at a lower level of cyclic load

range.
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Fig. 4. Fatigue life curves of AZ31 Mg alloy welds: (a) AP vs. Nyand (b) AK vs. N.

thickness, and thus permitting direct comparison of weldments and
their fatigue lives between the SB and SA alloys.

Load-controlled pull-pull low cycle fatigue (LCF) tests were per-
formed on an Instron 8874 servo-hydraulic fatigue testing system
atroom temperature. Special care was taken to minimize the effect
of misalignment between the axis of the nugget and the bonding
axis. The thickness of both end sections of the welded specimens
were kept to be the same as the thickness of the welded region by
inserting the same thickness of sheets into grip to prevent bending
moments. A triangular loading waveform was selected. Different
cyclic tensile load ranges from 0.3 kN to 3.6 kN were applied at a
load ratio of 0.2. The test frequency was 1 Hz, when the load range
was larger than 1.6 kN. It was increased to 10 Hz so as to save time,
when the load range was less than 1.6 kN. After failure, fracture
surfaces were examined using a JEOL JSM-7000F scanning electron
microscope (SEM). Thin foils for transmission electron microscopy
(TEM) were prepared from 3-mm discs cut from the cross-sections
of weld fusion zones, and then thinned by ion milling. The fatigue
dislocation substructures were observed with a JEOL JEM-3010
transmission electron microscope operated at 300 kV.

3. Results
3.1. Fatigue life

Macroscopic examination revealed that failure modes of AZ31
Mg alloy welds during fatigue could be divided into interfacial fail-
ures and through thickness failures, as shown in Fig. 3. Fatigue
cracks were observed to initiate and propagate parallel to the
loading axis across the heat-affected and fusion zones, causing
interfacial failure through nuggets, when the cyclic load range was
higher than about 2.3 kN, as shown in Fig. 3(a). In contrast, fatigue
cracksinitiated in the heat-affected zone and propagated across cir-
cumferential base metal perpendicular to the loading axis, leading
to through thickness failure, when the cyclic load range was below
about 1.7 kN, as shown in Fig. 3(b).

Fig. 4(a) shows the low cycle fatigue (LCF) lives of the two types
of AZ31 Mg alloy welds as a function of cyclic load range (AP). The
LCF lives of SA welds were basically longer than those of SB at the
same cyclic load range, when the cyclic load range was larger than
0.5 kN. However, the fatigue lives between SA and SB welds were
similar when the cyclic load range decreased to lower than 0.5 kN.
On a close examination, when the interfacial failure took place, i.e.,
when the cyclic load range was higher than about 2.3 kN, the SA
welds had a higher LCF life than SB welds, as indicated by solid
circles and triangles in the upper-left side of Fig. 4(a)). However,
when the through thickness failure occurred, i.e., the cyclic load

range was less than about 1.7 kN, the difference in fatigue lives
between two AZ31 Mg alloy welds was small, as indicated by empty
circles and triangles in the low-right side of Fig. 4(a).

To evaluate the effect of refined microstructure on the fatigue
life of Mg alloy welds, it was necessary to eliminate the effect of
the thickness of as-received sheets. Zhang[4,14,15] has successfully
used cyclic stress intensity factor range (AK) to compare the fatigue
lives of resistance spot welds joining two overlapping sheets with
different thicknesses, when interfacial failure occurred. The AKwas
defined as follows:

AF;
AK =0.694— 1
dJt M

where AF; is the load range at failure, d is the nugget diameter
and t is the sheet thickness. In order to compare the fatigue lives
of two groups of AZ 31 Mg alloy welds with different thichnesses,
the fatigue life curves were re-plotted as a function of cyclic stress
intensity factor range in the cyclic loading range larger than 2.3 kN,
i.e., the range of interfacial failure, or corresponding to the cyclic
stress intensity factor range larger than 5.3 MPam!/2, as shown in
Fig. 4(b). SA welds still had the longer fatigue lives than SB welds.
Both alloys had a similar fatigue life at the lower level of cyclic stress
intensity factor ranges.

Some of the alloy SA sheets were further mechanically ground
from 2 mm to the thickness of the SB alloy (1.5 mm) in order to
eliminate the effect of sheet thickness. Both alloy samples were
mechanically ground up to 600 mesh abrasive paper to minimize
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Fig. 5. A comparison of fatigue life curves between SA and SB Mg alloy welds made
with an identical thickness of 1.5 mm.
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Fig. 6. A comparison of fatigue crack propagation zones in the AZ31 SA and SB welds at higher cyclic load ranges: (a) SA and (b) SB.

the effect of surface roughness of samples on welding behavior.
Both SA and SB were welded using the same welding conditions.
Fig. 5 illustrates a comparison of fatigue lives between SA and SB
welds with the same thickness of 1.5 mm; all welds in this compar-
ison fractured with interfacial failure due to the high cyclic loading
range. Once again, SA welds exhibited longer fatigue lives than
those of SB welds at the same high cyclic load range. The differ-
ence of fatigue lives dramatically decreases as the cyclic loading
range decreases.

Typical fractographs of interfacial failure cases are shown in
Fig. 6. Fatigue crack propagation was characterized by typical
fatigue striations, which were taken as evidence of transgranu-
lar mode, as indicated by arrows in Fig. 6(a) and (b). Many plastic
tear traces were observed, as shown in Fig. 6(a) and (b). Further
examination showed that the spacing of fatigue striations on the SA
weld fracture surfaces (Fig. 6(a)) was smaller than that of SB welds
(Fig. 6(b)) tested at the same cyclic load range of 3.12 kN, corre-
sponding to a slower crack propagation rate and longer fatigue life
of SA welds in Figs. 4 and 5. The smaller fatigue striation spacing in
the SA welds could be attributed to the finer dendritic structure in
the fusion zone of SA welds compared to the SB welds, as shown in
Fig. 1 and also explained in [3].

The fact that the SA welds had a longer fatigue life than SB when
the interfacial failure occurred in the fusion zone at a higher cyclic

load range implied that the fatigue resistance of fusion zones in SA
welds was better than that in SB welds. Therefore, the subsequent
detailed microstructure and dislocation substructure characteriza-
tion has focused on the fusion zones of these welds.

3.2. Cyclic deformation substructure

The deformation substructures in the SB welds fatigue tested
at different cyclic load ranges is shown in Fig. 7(a) and (b). Typ-
ical dislocation configuration comprised parallel dislocation lines,
which were shown to be mostly arranged along (000 2) slip planes,
when the incident electron beam was parallel to the [0110] zone
axis, as shown in Fig. 7(a). Under this observation condition, the
basal planes vertically intercepts with the TEM foil surface. There-
fore, straight dislocation segments lying parallel to the basal plane
traces represent slip in the basal system. It is seen from Fig. 7(a) that
the majority of dislocation segments were parallel to the basal slip
plane trace. Further examination showed that some basal disloca-
tion segments extended out of the basal plane trace, as indicated
by arrows in Fig. 7(a). The formation of these curved dislocation
lines could be attributed to the cross-slip of dislocations from the
basal plane to non-basal planes, as the slipping dislocations were
accumulated and blocked at obstacles on their basal planes. When
the cyclic load range increased to 3.65 kN, substantial cross-slip to

Fig. 7. Fatigue deformation structures in the SB welds at different cyclic load ranges: (a) AP=2.92kN, N;=125 cycles, incident beam || [0110] and (b) AP=3.65kN,

Ni=294 cycles.



L. Xiao et al. / Materials Science and Engineering A 529 (2011) 81-87 85

Fig. 8. Fatigue deformation structure in the SB welds.

non-basal planes occurred leading to a rapid increase of dislocation
density on the non-basal planes. As a result, the fatigue dislocation
configuration evolved from parallel dislocation lines to parallelo-
gram dislocation cells, as shown in Fig. 7(b). Further examination
showed that elongated dislocation lines were observed to pass the
fine second-phase particles of about 0.1 um in diameter, as indi-
cated by an arrow in Fig. 8. In short, parallel dislocation lines were
the typical dislocation pattern and planar basal slip was a predom-
inant plastic deformation mode in the fatigued SB welds. Similar
dislocation configurations and plastic deformation features have
been observed in cyclically deformed hcp Mg, Ti, and Zr samples by
other researchers [8,16-18].

Typical deformation substructure was composed of elongated
dislocation cells in SA welds fatigue tested at different cyclic load
ranges, when the incident electron beam was parallel tothe [01 1 1]
zone axis, as shown in Fig. 9(a) and (b). Dense dislocation lines
interacted with each other and developed into elongated disloca-
tion cells when the cyclicload range was 2.92 kN (Fig. 9(a)). Obvious
dislocation-free zones were observed around the AlgMns particles
of about 1 wm in diameter, as indicated by arrows in Fig. 9(a). This
implies that the resistance to dislocation slip in the SA welds with

qugl\f'lnj

larger AlgMns particles was larger than that in the SB welds with
finer AlgMns particles during cyclic deformation (Fig. 8). Disloca-
tion density increased as the cyclic load range increased to 3.65 kN;
however, the cell dislocation configuration still remained, as shown
inFig. 9(b). Dense dislocation lines were visible, when the operation
vector, g, was equal to [0002] (Fig. 9(b)). This implies that (c+a),
or more precisely, 1/3(112 3) pyramidal slip was activated in the
fatigue tested SA welds, according to the g-b invisible criterion. Dis-
locations having a Burgers vector of (a) were out of contrast when
g was equal to [0002]. Basal slip together with (c+a) pyramidal
multiple slips were the primary plastic deformation features in the
fatigued SA welds.

Twinning was observed to occur and acted as another plastic
deformation mode in both the fatigued SB and SA welds, as shown
in Fig. 10(a) and (b). This was related to the fact that the den-
drite cell size in both SB and SA welds was sufficiently large (i.e.,
~55um in SA welds, and ~85 m in the SB welds). However, it
appeared that the twins were wider and longer in the SB welds
(Fig. 10(a)) with coarser dendrite cells (Fig. 1(b)) compared to the
SAwelds (Fig. 10(b)), which had finer dendrite cells (Fig. 1(a)). These
observations suggest that twinning in the fine-grained welds would
be more difficult. This is also in agreement with the observations
reported in [9,11-13].

4. Discussion

In a spot-welded joint, a natural notch forms at the junction
of nugget between two welded sheets [14,15]. The high shear and
normal stress concentration are produced at the edge of weld spot
under tension-shear loading. Finite element simulation showed
that the normal tensile stress concentration could reach as high as
more than five times the average stress under tensile-shear load-
ing [19]. This high normal tensile stress concentration could lead
to initiate fatigue crack on the fusion boundary at the edge of weld
spot, and to propagate through the nugget, when the cyclic loading
range is high (Fig. 3(a)). As a result, the interfacial fracture is exhib-
ited at high cyclic loading ranges. The strength of nugget is high
enough to resist fatigue crack propagation through nuggest at the
low cyclic loading ranges. Consequently, failure through thickness
is displayed (Fig. 3(b)). A similar fracture mode was observed in the
fatigued spot-welded DP600 steel [20].

The fatigue life of AZ31 Mg alloy welds in SB with a coarser
dendrite structure was lower than that of SA with a finer dendrite

Fig.9. Fatigue deformation structures in the SA welds at different load ranges: (a) AP=2.92 kN, N; = 1864 cycles, incident beam || [01 1 1] and (b) AP=3.65kN, N; =422 cycles,

incident beam || [0110].
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Fig. 10. Twinning in the fatigued SB and SA sample, incident beam || [0110] : (a) SB and (b) SA.

structure, when interfacial failure took place across the fusion zone.
The corresponding fatigue dislocation configurations changed from
parallel dislocation lines and parallelogram dislocation cells in SB
to elongated dislocation cells in SA. The activated slip systems
changed from {0002} single basal slip alone in the SB welds to
basal slip together with pyramidal multiple slips in the SA welds.
The fatigue life improvement could be rationalized in terms of
the transition of plastic deformation mode in these AZ31 Mg alloy
welds.

According to the reported data, the critical resolved shear stress
(CRSS) of a basal slip system is approximately 1/100 those of non-
basal slip systems on prismatic and pyramidal planes in single
crystal Mg at room temperature [21,22]. Therefore, plastic defor-
mation in polycrystalline Mg alloys has been thought to occur
almost entirely on the (000 2) basal plane. However, the (0002)
basal slip provides only two independent slip systems, far fewer
than the necessary five independent slip systems required to fulfill
the von Mises criterion for homogeneous deformation of polycrys-
talline materials [7,23]. Consequently, plastic heterogeneity is very
strong in hcp Mg alloys and may give rise to large plastic compatibil-
ity stresses between adjacent dendrite boundaries [8]. The strong
slip incompatibilities in and near interdendritic regions of the Mg
alloys would lead to a rapid increase of local stress concentration to
a sufficiently high level to activate twinning or other possible slip
systems depending on the orientation of the surrounding grains
and the level of localized stress concentration.

Dislocation slip in coarse-grained SB welds was expected to
be restricted to basal slip, since the welds have a well-developed
columnar dendritic structure, as well as coarse equiaxed dendrites
of about 85 wm diameter in which could provide a long mean
free path for the mobile dislocations. Therefore, parallel disloca-
tion lines were formed in the fatigued SB welds (Fig. 7(a)). As the
applied cyclic load range increased, the slipping dislocations piled
up and accumulated at obstacles on the basal planes, local stress
concentrations would be produced to activate cross-slip to non-
basal planes. As aresult, cross-slipping of a dislocation to non-basal
planes was significantly activated resulting in the formation of par-
allelogram dislocation cells at high cyclic load ranges (Fig. 7(b)).

Localized stress concentration is proportional to the grain size at
a given applied stress [23]. It is much higher in coarse-grained sam-
ples than that in fine-grained samples, since the former would have
a longer mean free path of the mobile dislocations than the latter,
leading to pile-up of more dislocations against obstacles as sessile

dislocations. This would result in a magnified internal stress at the
head of the pile-up which would cause sources in certain secondary
systems to operate [23]. On the other hand, deformation twinning
becomes more active in coarse grains during plastic deformation,
because the critical shear stress for twinning in fine-grained speci-
mens was calculated to be higher than that in coarse-grained ones
[24]. Therefore, the localized stress concentrations in coarse grains
could easily reach the critical shear stress for twinning at a given
applied stress. Consequently, deformation twinning was more eas-
ily activated in the coarse-grained SB welds due to sufficient stress
concentration and the lower critical shear stress of twinning. In
comparison, the level of local stress concentration would decrease
and the critical shear stress for twinning increase, leading to less
extensive twinning in the SA welds with refined grains. How-
ever, the number of grains oriented for favorable non-basal slip
is expected to increase in the fine-grained SA welds. Under such
a circumstance the pyramidal multiple slips and twinning could
be simultaneously activated in the SA welds. Similar results have
been reported in [8,11]. The activation of basal and pyramidal slips
together with twinning can provide five independent slip systems
to satisfy the von Mises criterion for sustained plastic deformation
of polycrystals [7]. As a result, dislocation cells became a predomi-
nant dislocation configuration in the fatigue tested fine-grained SA
welds (Fig. 9).

In our previous study [3], three scales of particles were observed
in these two AZ31 Mg alloys in the as-received and welded condi-
tions. Micron-sized AlgMns particles (4-10 wm in diameter) were
only observed in the SA welds. Submicron-sized AlgMns second-
phase particles (0.09-0.4 p.m in diameter) and nano-Mg17(Al, Zn);,
precipitates (0.1 wm in diameter) were detected in both SA and SB
welds. The intermetallic compounds are harder than the matrix
of Mg. The presence of harder second-phase particles in the
fusion zone played an important role of dispersion strengthen-
ing by the Orowan dislocation bypass strengthening mechanism
in the SA welds with the large-size of particles [18]. The inter-
action between dislocations and second-phase particles leads to
an increase of the resistance to dislocation slip [23]. A transi-
tion from planar single slip to multiple slips could be induced,
and the fatigue lifetime of the alloy could be enhanced. How-
ever, further work is needed to understand in detail the effect
of second-phase particles on plastic deformation behavior and
their relative contributions to fatigue life improvement of Mg alloy
welds.
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Better fatigue properties have generally been related to a higher
degree of dispersion of slip systems for hcp metals[7,23,25]. There-
fore, longer fatigue life can be expected in the SA welds than that in
the SB welds due to the increase in the number and dispersibility
of slip systems in the fusion zone during cyclic deformation under
conditions where interfacial fracture occurs at a higher level of
cyclic load range (i.e., in the LCF range of about N¢ <3 x 103 cycles),
as shown in Fig. 4.

The currently observed effect of the size of microstructural fea-
tures on fatigue life can also be corroborated from a perspective of
fatigue crack growth resistance in cast Mg alloys as reported in [ 26].
In situ observations of low-cycle fatigue damage by Gall et al. [26]
showed that fatigue cracks nucleated and grew along persistent slip
bands (PSBs) in the cast AM60B Mg alloy. The strong slip incom-
patibilities between adjacent dendrite cells created high mismatch
stresses in and near interdendritic regions and facilitated rapid PSB
and crack formation. PSB formation and subsequent cracking were
often favored in larger dendrite cells because of the relatively larger
dislocation pile-up length and, thus, higher local stresses. Cracks
that formed at PSBs nearly instantaneously spanned the entire
length of the slip band, rather than slowly propagating along the slip
band. Consequently, the cast AM60 Mg alloy with the finer dendrite
size displayed the higher resistance to fatigue crack growth and an
improved fatigue life [26]. AM30 Mg alloy with smaller grains was
also observed to exhibit a greater fatigue resistance compared to
specimens with larger grains [27]. Therefore, the SA welds con-
taining finer dendrite cells could be expected to have a stronger
resistance to fatigue crack propagation and a longer fatigue life than
the SB welds with coarser dendrite cells.

5. Conclusions and summary

1. AZ31 SA resistance spot welds with a refined fusion zone
microstructure had a longer fatigue life than that of AZ31 SB
welds with a coarse fusion zone microstructure, when interfa-
cial failure across fusion zone occurred at a higher level of cyclic
load range larger than 2.3 kN.

2. Typical dislocation configurations in the fusion zone of the SA
welds consisted of elongated dislocation cells. In comparison,
elongated parallel dislocation lines and parallelogram disloca-
tion cells were observed in the SB welds.

3. Deformation mode in the AZ31 welds evolved from {0002} sin-
gle basal slip in the SB alloy welds to 1/3(1123) pyramidal
combined with {0002} basal slips in the SA alloy welds.

4. Twinning was observed to serve as another important defor-
mation mode in both SA and SB welds. However, more twins
appeared to be present in the coarser-grained SB welds. This
may be due to the strong slip incompatibilities causing a rapid
increase of local stress concentration to a sufficiently high level
to activate twinning in neighboring dendrite cells which had the

higher stress concentration and the lower critical shear stress for
twinning.

5. Pyramidal multiple slips and twinning were simultaneously acti-
vated in the finer-grained SA welds probably due to the lower
stress concentrations and the high critical shear stress for twin-
ning. This led to an increase of the amount and dispersibility of
slip systems in the SA welds, thus a longer fatigue life than that
of the SB welds.
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