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Abstract

Local strain evolution under monotonic and fatigue loadings was investigated in a friction stir welded
(FSWed) Al-Mg-Sc alloy. The microstructure of the weld exhibited strong heterogeneity. Digital image
correlation (DIC) technique was employed to evaluate local straining behavior in the weld seam in tensile
testing. Onset of initial yielding was found locally near regions of lowest hardness. However, the local
straining development didn’t take place homogeneously in the stir zone (SZ) of the weld and constraints

by surrounding microstructure affected further straining behavior in the weld. Local cyclic straining



behavior during fatigue loading was monitored in the same material using small strain gages. Fully
reversed (R = -1) fatigue tests were conducted at a constant stress amplitude of o, = 220 MPa. Cyclic
plastic strain found mainly on the advancing side of SZ in early fatigue phase contributed to initiation of
fatigue cracks. Since fatigue crack initiation and the following propagation were also influenced by
microstructure, hardness distribution or local straining evolution in tensile testing alone could not provide

accurate prediction of fatigue fracture behavior of the weld.

Nomenclature
Ag, plastic strain range
A€ pmax maximum plastic strain range
Ac stress range
N number of cycles
Ny number of cycles to failure
R stress ratio
Ca stress amplitude
Chna nominal stress amplitude
DIC digital image correlation

FSW friction stir weld

HAZ heat affected zone

HCF high cycle fatigue

SEM scanning electron microscope

Sz stir zone

TMAZ  thermo-mechanically affected zone
VHCF  very high cycle fatigue

1. Introduction

Friction stir welding (FSW) is a unique joining technique, which was invented and patented by TWI in
1991 [1]. FSW achieves solid-state joining and is applicable to metallic materials which show poor
weldability by conventional welding methods like fusion welding. Precipitation hardening aluminum
alloys of 2xxx and 7xxx series are well-known as non-fusion-weldable materials but can be welded by the
FSW technique [2]. The FSW technique has been already widely implemented in various industrial fields,

such as train, ship and aerospace manufacturing industries [1][3][4][5][6][7].



Through friction stir welding, two components are joined by stirring the workpiece materials with a
rotating tool. The joining process is generally achieved below melting point of the material. The FSW
technique requires no filler material, but strong plastic flow and heat during the process alter
microstructure of the joint part from that of the base material. Spatial arrangements of the microstructure
become complex and inhomogeneous near and in the FSWed joint. Typical FSWed joints of aluminum
alloys consists of stir zone (SZ) in the center, thermo-mechanically affected zone (TMAZ) in the adjacent
region and heat affected zone (HAZ) in the outer part [8]. Hardness, which is commonly evaluated as one
of the mechanical properties of materials, generally differs in the weld area compared to the base material.
The spatial distribution of the weld zones and hardness is not axisymmetric around the weld center line
due to the asymmetric welding conditions on the advancing and retreating side. Such heterogeneity in
microstructure and mechanical response of the friction stir welds depends on welding parameters and
materials to be welded [2][9]. Some researchers have systematically investigated the effect of welding
parameters in aluminum alloys [10][11][12][13]. Tool rotation speed as well as welding speed change
shape of weld nuggets, affected grain sizes and hardness in the nuggets. Z-axis force of the welding tool is

also an influencing factor for the quality of welds.

Such variety in characteristic features and strong inhomogeneity in the FS welds make it complicated to
understand fracture behaviors of the weld joints under both monotonic and cyclic loadings. In order to
analyze the local fracture behaviors, a digital image correlation (DIC) technique has recently been applied
to some FSWed aluminum alloys [14][15][16][17][18][19]. The DIC technique enables quantitative
evaluation of local straining behavior of a material under loading. Those studies showed development of

inhomogeneous straining behavior causing fracture in the friction stir welds under monotonic loading.

Similar to the fracture behavior under monotonic loading, fatigue behavior can be influenced by the
heterogeneity of the weld joints. In our past work [20], fatigue behavior of a friction stir welded Al-Mg-Sc
alloy with three different welding speeds was investigated. The surface asperities produced during the

FSW process such as flashes and tool marks were removed before the fatigue tests in that work since they



influence the fatigue crack initiation behavior. It was observed that fatigue cracks initiated mostly in the
FSW stir zone but initiation sites were not limited to the lowest hardness region. Welding parameters
influenced the microstructures of the welds which significantly affected the observed fatigue crack
initiation behavior. Tortuous crack paths were formed due to the complex microstructures, and the applied
stress levels influenced the crack initiation sites as well: at low stress levels, fatigue cracks are likely to
initiate in the area with comparably complex microstructure on the retreating side. At high or medium
stress levels, the fatigue cracks initiated extensively on the advancing side in the stir zone by locally
concentrated yielding. However, the initiation sites at those stress levels were not located at the globally
lowest hardness points of each specimen. That is, the local cyclic straining response, which plays an
important role in fatigue crack initiation at high or medium stress levels, is not exclusively correlated to
the local hardness but can also be influenced by other heterogeneities in the welds. Local cyclic straining
evolution in a friction stir welded Al-Mg-Sc alloy with constant welding conditions was investigated in
our previous work [21]. In that research, cyclic response of local straining behavior was directly
monitored by taking an advantage of the strain gage technique. Although the applied nominal stress level
was below the macroscopic yield point, local plastic straining was observed at several locations on the
advancing side of the welds. The results implied that local cyclic plastic straining contributes to fatigue
crack initiation in the welds. However, the influence of local straining behavior on fatigue behavior in the
friction stir welded aluminum alloys have not been researched much as only a few publications can be
found in literature, e.g. our previous work [21] and the attempt by Deng et al. [19]. Deng et al. have tried
to investigate the correlation between micro mechanical property and fatigue crack initiation in the very
high cycle fatigue (VHCF) regime in friction stir welded 7050 aluminum alloy. They conducted fatigue
tests at the stress ratio R = -1 and observed an inflection point of the S-N curves of the FSW joints at
around Ac = 180MPa in the VHCF regime. Micro mechanical property was analyzed under quasi static
tensile loading by means of DIC technique. They suggested that the stress level of 180 MPa at which
noticeable strain localization started to be observed during tensile testing coincided with the cyclic loading

at the knee point of S-N curves. But the cyclic loading which they meant was the stress range of Ac =



180MPa where the maximum stress level becomes o,,,, = 90MPa for R = -1. No further discussion of the
difference between the (quasi-)static loading of 180 MPa and the cyclic loading with a stress range of
Ac = 180MPa was provided in [19]. Generally in conventional metallic materials, fatigue crack initiation
is brought about by local irreversible cyclic slip deformation. Moreover, fatigue loading yields different
straining situations in the material if compared to quasi static tensile loading. Thus, it is necessary to
consider local straining behavior under cyclic loading as well as under tensile loading for detailed
understanding of the fatigue crack initiation behavior in a heterogeneous material such as friction stir

welds.

In this study, local straining behavior under monotonic loading in a friction stir welded Al-Mg-Sc alloy
was investigated by DIC technique, while conventional strain gages were used to capture local straining
under fatigue loading analogue our approach used in [21]. An Al-Mg-Sc alloy has been chosen because
these alloys are promising candidates as next baseline material for metallic fuselage structures due to their
slightly reduced density and corrosion resistance compared to the conventional fuselage materials like
AA2024 [22]. Characteristic Al;Sc precipitations in the Al-Mg-Sc alloys have high thermal stability and
work as recrystallization inhibitor [23]. During friction stir welding of conventional aluminum alloys,
dynamic recrystallization occurs in the majority of cases due to heat input and plastic flow [24][25][26]. It
is expected in the FSWed Al-Mg-Sc alloys that the thermally stable Al;Sc precipitations reduce
degradation in mechanical properties, as already observed in some friction stir welded 2xxx alloys
[27][28]. As mentioned above, in our current work fatigue tests were carried out and cyclic straining was
measured at several locations in the weld region by means of strain gage technique. Then the correlation
of heterogeneity of straining under monotonic loading and the local cyclic straining behavior under fatigue

loading, which clearly attributed to fatigue crack initiation, is discussed.

2. Material and Experimental procedures



The material used in this study is 5024 Al-Mg-Sc alloy rolled plate with a thickness of 3.3 mm in H116
condition. The nominal chemical composition is listed in Table 1. Two plates were butted and friction stir
welded. Before the FSW process the abutted surfaces of the plates were ground in order to minimize the
effect of the native oxide layer on the weld joint quality. The friction stir tool had a conically threaded
probe with a diameter of 4.5 mm and the shoulder with a diameter of 12.5 mm. The pin and the shoulder
rotate together with the same rotational speed. The welding direction was parallel to the rolling direction
of the plates. The welding parameters were chosen as tool rotation speed of 1200 rpm and travel speed of
720 mm/min, which were different from those in our previous work [21]. Before the tensile and fatigue
tests, the basic quality of the weld joints was investigated by conducting root-bend tests in a three-point
bend testing apparatus [29] and no root flaws were found. All tensile and fatigue tests described in the
following section were conducted several months after the welding process, i.e. the microstructure is
assumed to represent a (at least meta-) stable condition at ambient temperature. The specimens for the
tensile and fatigue tests in the present work were prepared from the same batch of the FSWed plates as in

our past work [20].

Tensile tests were performed with two types of strain measurements: a laser extensometer is used to obtain
macroscopic tensile properties while DIC technique allows for local straining observation. Tensile test
specimens were machined transverse to the welding direction with a parallel section length of 70 mm for
both types of strain measurements. Any surface features of the weld such as weld flashes were not
removed before tensile testing. For the laser extensometer measurement, the gage length was 30 mm and
the crosshead speed was 1 mm/min. Fig. 1 shows the stress-strain curve obtained in the laser extensometer
test and the evaluated tensile properties of this material are listed together with those of base material in
Table 2. As seen in Fig. 1, this material exhibits serrations in the stress-strain curve after the yield point
which is known as Portevin-Le Chatelier effect [30]. For the DIC observation, the through-thickness side
surface of the weld was painted with a very fine stochastic black and white pattern. This enables local
strain measurement with adequate resolution using an established commercial DIC program (GOM

Correlate, see [31] for details). Local two-dimensional in-plane surface strains were evaluated with a



digital camera attached to an optical microscope. The camera used here was a digital single-lens reflex
camera Canon EOS 70D with 20.2 million pixels (5472 x 3648 pixel®) resolution. The observation area
was about 17.1 x 11.4 mm’. The crosshead speed was 0.5 mm/min and during testing 1 image was taken
every 6 seconds. The facet size and the facet distance for the DIC analyses were set to 60 x 60 pixel” (ca.
188 x 188 um?) and 30 x 30 pixel® (ca. 94 x 94 um?®) to allow local displacement and strain evaluation,

respectively.

Fatigue tests were carried out under fully cyclic loading (R = -1) with the specimens as drawn in Fig. 2.
Fatigue specimens are machined to have the FS-weld seam in the midst of the specimen. The loading axis
is perpendicular to the weld line. Since the surface asperities produced during the FSW process such as
flashes and tool marks could influence the fatigue crack initiation behavior (due to their notch-like effects),
the surface layer was ground by emery papers followed by buff polishing with 1 um-diamond suspension.
The final thicknesses of the fatigue specimens were measured and, as a result, scattered in the range
between 2.8 mm and 3.1 mm. In the current study, local strain during cyclic loading was monitored by
attaching small foil strain gages (gage length of 1 mm and width of 1.1 mm) to the specimen surface. To
ensure good adhesion of the strain gages, the specimen surface was slightly “scratched” with emery paper
of grid #2000 after buff polishing applying only very low pressure to minimize magnitude and spatial
extension of the unavoidably introduced residual stresses in the surface layer. The local cyclic strain was
measured at 7 different locations around the weld seam as listed in Table 3 and schematically illustrated in
Fig. 3 using 5 different specimens. Each strain gage was attached along the longitudinal centerline of the
specimen. For practical reasons it was necessary to use different specimens as applying all strain gages to
a single specimen would clearly have complicated its handling and fatigue testing beyond our tolerable
degree. The strain in the direction parallel to the loading axis was monitored from the first loading cycle
and up to 5,000 cycles. During the local strain measurements, the fatigue tests were conducted at 1 Hz and
otherwise at 20 Hz. Load signal was recorded together with the strain signal using a data acquisition

frequency of 100 Hz, i.e. 100 data points per cycle were obtained. These fatigue tests with local strain



measurements were performed at a constant stress amplitude of 220 MPa, which was slightly lower than

the macroscopic 0.2 % yield stress of the FS weld seam, see Table 2.

Table 1 Chemical composition of Al-Mg-Sc alloy.

Chemical composition (wt.%)
Si Fe |Cu|Zn |Mg | Mn |Ti | Sc | Al
025(04(02(02(39 ]025|0.2]| 04| Bal
Table 2 Tensile properties.
0.2% yield stress op, | Ultimate tensile strength oyys | Elongation €, [%)]
[MPa] [MPa]
Base
299 392 17.3
Material
FSW-Joint 237 329 6.8
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Fig. 1 Stress-strain curve of FSW joint obtained with a laser extensometer (gage length /, =30 mm).
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Fig. 3 Schematic illustration of strain gage locations.

Table 3 Strain gage locations

Distance from weld center, x [mm]
Weld feature HAZ Sz
Top surface (3 -4.1 2 -2.4 D-0.1 | @+34
Bottom surface (@) -4.0 (e -1.2 (B +0.1

3. Results and discussion
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3.1 Local straining behavior under monotonic loading

Fig. 4(a) and (b) show a macrosection of the weld structure and the two-dimensional hardness map of the
FSW-joint, respectively. As seen in Fig. 4(a), the FSW joint shows a characteristically asymmetric weld
structure mainly consisting of stir zone (SZ) and thermo-mechanically affected zone (TMAZ). Vickers
hardness HV0.3 was measured on the cross section of the weld using a grid with distances of 250 um both
in width and thickness direction. The obtained two-dimensional hardness map is shown in Fig. 4(b). While
the nominal hardness of the base material is about 111 HV0.3, pronounced softening can be observed in
the weld part. According to the observation by Lapasset et al. [32], the existence of a heat affected zone
(HAZ) in FSWed Al-Mg-Sc alloys is debatable. Nevertheless, as seen in the hardness map, a softened area
was distributed even further on the outer side of TMAZ. Therefore, in this study this area is referred to as
HAZ. Further details of the microstructure and hardness distribution can be found in our previous work

[20] where the so called H-sample represents the welding conditions used in our current study.

Advancing side Retreating side

(a)

82 8 90 94 98 102 106 110

Distance from the bottom, [mm]
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Fig. 4 AI-Mg-Sc FSW joint. (a) Macroscopic view of cross section of FSW joint, (b) hardness map

and (c) random pattern painted on the side surface of the weld joint for DIC-based strain analysis.

For DIC-based local strain evaluation, the initial random pattern was painted on the side surface of the
weld joint as seen in Fig. 4(c). Images of the side surface of the specimen were captured at a constant time
interval of 6s, while the loading level was changing under a constant crosshead speed of 0.5 mm/min. The
resulting imaging timing against the nominal stress is shown in Fig. 5, where data points up to 100s were
depicted. The stress-time curve is linear at low stress levels, but around 200 MPa it starts to deviate from
the linear line. 0.2% yield stress of this weld joint is 237 MPa as obtained by the laser extensometer

measurement.
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Fig. 5 Stress-time curve and imaging timing for DIC-based strain measurement.

Fig. 6 shows development of the local strain distribution from 36s to 66s; i.e. from the macroscopically
elastic regime to the point beyond the 0.2% yield stress. The color bar of strain for these images is
constant. The loading direction is in the negative X-direction in these images and the welding direction

corresponds to the Z-direction, i.e. it is vertical to the page. The strain evaluated here is &, component
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corresponding to the highest principal stress (at least during the elastic regime) in such a uniaxial tensile
test. Boundary between SZ and TMAZ on the advancing side is schematically drawn in each strain map

image (dashed line) as a reference.

In Fig. 6(b) at 36s the applied stress reaches 156 MPa, and the local strain distribution was almost uniform.
Its average value was about 0.2%, which is comparably close to the value estimated with the macroscopic
Young’s modulus of this weld joint (72.2 GPa). At 48s with the applied stress level of 203 MPa, Fig.6(d),
the first pronounced strain concentration is observed in an area in the lower SZ on the advancing side
marked as A in Fig. 6(a). This first strain concentration took place around the softest part in the weld (see
Fig. 4(b)). The strain in this area reached about 0.5 %. As seen in Fig.1 of the stress-strain curve obtained
by the laser extensometer technique, the material was already fully yielding at a total strain value of 0.5%.
Thus, it can be considered that this 0.5% strained region in Fig. 6(d) showed already local yielding for a

nominal loading of 203 MPa.

In the next step at 54s with 223 MPa, the concentrated straining area clearly expanded towards top surface
along the boundary between SZ and TMAZ on the advancing side. As seen in Fig. 5, the material started
to deform nonlinearly at this applied stress level. It can be concluded that this local straining was the
precursor of the global plastic deformation of the material. The strain around this area increased further
during the following load steps. When the applied stress exceeded the macroscopic 0.2% yield stress at
66s, the strain in Area B increased more than that in Area A and the concentrated local strain in the region

between Area A and B became highly pronounced.

The local straining behavior in the next steps after the macroscopic 0.2% yield stress is summarized in Fig.
7 (please consider individual scaling). The local strain in the region A-B along the boundary between SZ
and TMAZ further increased as the applied load increased (see Fig. 7(a)), while this straining zone didn’t
expand into the adjacent TMAZ. At the same time, strong increase in strain was observed in the region
from A towards the center of the weld joint on the top surface denoted as C in Fig. 7(a). The high straining

zone became wider in SZ with increasing applied stress levels (Fig. 7(b) and (c)). The strain in Area A
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near the bottom surface was still increasing at 240s and the strain around Area C on the top surface finally
became higher than that at Area B (region of initially lowest hardness, see Fig. 4(b)). The strain at Area C

as well as Area A continued to increase further and finally the specimen fractured along the region A-C.

The strain in TMAZ didn’t become as high as in SZ, although the initial strain concentration occurred near
the boundary of SZ and TMAZ. Thus, TMAZ seems to have higher deformation resistance i.e. higher
yield stress than SZ, as also indicated by the initial hardness plot in Fig. 4(b). The initial concentrated
strain was observed near the area with the lowest hardness (Fig. 4(b)). Area B where high strain was
observed next to Area A also had low hardness, but the strain couldn’t continue increasing due to the
neighboring TMAZ with its constraining high deformation resistance. Initially, Area C which became a
part of final fracture path was harder than Area B, but located in SZ apart from TMAZ boundary.
Therefore, in this area continuation of deformation was possible with increasing load. Thus, most straining
was concentrated in and restricted to SZ where remarkable softening was brought about by the FSW

process.

However the straining and yielding didn’t take place evenly in the whole SZ due to its heterogeneous
microstructure and hardness distribution. These observations clearly indicate that the damage evolution
during quasi-static failure cannot directly be “predicted” based on the initial local hardness distribution.
Only the initial onset of plastic flow correlates well with the region of lowest hardness, whereas the
following evolution of plastic straining is significantly affected by constraining effects of adjacent harder

regions as well as local stress redistribution caused by the inhomogeneous plastic deformation.



(a) Weld joint
4Loading direction

(b)36s, 156 MPa (e) 54s, 223 MPa

(c) 42s. 180 MPa (f) 60s, 237 MPa

(d) 48s, 203 MPa B (2)66s. 247MPa

Fig. 6 Local strain development under tensile monotonic loading (up to the applied stress of 247

MPa); as seen in (a) the dashed line indicates the boundary between TMAZ and SZ.
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Fig. 7 Local strain development under tensile monotonic loading (after onset of yielding and up to

fracture).3.2 Fatigue behavior

3.2.1 Fatigue strength of FSW joint

Fatigue lives of the FSW joint investigated in this study and that of the base material are listed in Table 4.
Here, multiple specimens were tested at the same stress level (o, = 220 MPa) for the FSW joint, while one
data point was obtained in the base material as reference. The fatigue lives of the FSW joints at the
constant stress level of 220 MPa scattered significantly ranging from about 1.5 x 10* to 1.1 x 10° cycles
and exhibited lower values than that of the base material. Please note that even the single fatigue data
point of the base material may give a rough estimation of its fatigue strength as it is likely to represent a
suitable estimate for the 50% probability of survival at the given stress level. Fractography showed that
the shortest life was attributed to coalescence of two cracks. The other specimens fractured with single
crack initiation and propagation as generally observed in HCF. As mentioned in the previous section, the

hardness of the weld seam was lower than the base material (see Fig. 4(b)), and the tensile fracture
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occurred basically in this region (see Fig. 7). Consistently, the fatigue strength of the FSW joint is also

slightly lower than that of the base material.

Table 4 Fatigue lives of FSW joints and base material tested at 5,=220MPa.

Stress

Material amplitude, o, | No. of cycles to failure,

[MPa] Ny [-]
14,959
35,650
.. 57,283
FSW joint 220 61.693
77,047
114,376

Base
. 220 159,350
material

3.2.2 Cyeclic stress-strain behavior

Cyclic stress-strain behaviors were monitored during cyclic loading at the locations shown in Fig. 3 and
Table 3, respectively. Please note that the strain measured here was an average value in the area £0.5mm
(in X-direction) around the measurement location because of the strain gages’ 1 mm gage length. Fig. 8
shows overviews of the local cyclic stress-strain behavior at each location from the 2nd cycle where full
cyclic loading was firstly applied. In these diagrams local strain was plotted with the macroscopically
applied (i.e. nominal) stress. Fig. 8(a) shows the cyclic stress-strain curves at Location (1) around the
center of the weld (i.e. in the SZ) on the top surface. Even in the very beginning of the cyclic loading
phase (at 2nd cycle), a wide hysteresis loop was observed. This means that plastic deformation occurred
locally at this measuring location covering a length of at least about 1 mm. The width of the hysteresis
loops became smaller as the number of load cycles increased. Finally, at 5,000 cycles the cyclic stress-

strain response became fully elastic. Similar behavior was observed at Location (2) and (3) on the top
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surface of the advancing side as seen in Fig. 8(b) and (c) respectively, but with much lower plastic strains.
At Location (4) (Fig. 8(d)) on the retreating side on the top surface the cyclic stress-strain behavior was
almost elastic from the beginning of fatigue loading clearly reflecting the much higher hardness values in
this region (see Fig. 4(b)). On the bottom surface, the cyclic local strain was measured at three locations:
Location (5) at the weld center, Location (6) 1.2 mm apart from the weld center (still within SZ) on the
advancing side and Location (7) in HAZ. In contrast to Location (1), only hardly pronounced plastic strain
was detected at Location (5) at the weld center on the bottom surface (Fig. 8(e)). However wider
hysteresis loops were observed at Location (6) as seen in Fig. 8(f) with plastic strain values comparably
similar to that observed for Location (1). At Location (7) the cyclic strain behavior exhibited almost
elastic straining similar to the findings at Location (4). After all, pronounced cyclic plastic straining was
observed at 5 out of 7 locations. They were all found on the advancing side or at the weld center in SZ and

three of them were located on the top surface.

The evolution of the cyclic plastic strain range Ag, was examined in more detail. The cyclic plastic strain
range can be evaluated by reading the strain range of those hysteresis loops at stress = 0 MPa for fully
cyclic loading R = -1 (see Fig. 8(a) as an example of measuring Ag,). The obtained results are shown in
Fig. 9. The highest maximum plastic strain range was observed at Location (1) and the second was found
at Location (6) followed by Location (3). The plastic strain range at these locations reached its maximum
in the early phase of the cyclic loading (at 2nd or 3rd cycle) and decreased gradually after the peak. At
Location (2) and (5), their maximum values of plastic strain range were obtained later at 25 cycles and 80
cycles, respectively, with values much lower than that of the other locations. As seen in the DIC-based
local strain measurement results under (quasi-) static tensile loading shown in Fig. 6, the first onset of
yielding was observed slightly below the bottom surface denoted as Area A in Fig. 5. Location (6) was on
the bottom surface but rather it is considered to correspond to Area A, because the fatigue specimens were
prepared by removing both surface layers to avoid undesirable crack initiation from the surface asperities
produced during the FSW process such as flashes and tool marks, as mentioned in section 2. Thus, it can

be assumed that the locally low yielding stress at Location (6) brought about such high cyclic plastic
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straining. Similarly, the high cyclic plastic strain observed at Location (3) can be attributed to the locally
low yield stress around Area B as seen in Fig. 6. In contrast, Area C didn’t show significant strain
concentration for loadings below the macroscopic yield stresses in the tensile test. But from the result that
the increasing straining at Area C in the following loading steps caused final fracture (see Fig. 7), it can be
considered that this area could also be a preferable point of local cyclic straining, and consequently, a
wide hysteresis loop was observed at Location (1). Summarized, local strain behavior in the tensile test
shows some similarities with cyclic strain behavior in the fatigue test, but it doesn’t apply to all behavior:
e.g. although the most strain concentration was observed in Area A near the bottom surface in the tensile

test, the highest cyclic plastic strain range was obtained at the weld center on the top surface near Area C.
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3.2.3 Crack initiation behavior

Fatigue crack initiation sites of the FSWed specimens tested at 5,=220 MPa are schematically plotted in
Fig. 10. One specimen fractured with coalescence of two cracks and the initiation site of the secondary
crack is also plotted here. As seen in Table 4, the FSWed Al-Mg-Sc alloy showed widely scattered fatigue
lives even when tested at the same stress amplitude. The color of symbols of the initiation sites indicates
the range of fatigue lives according to the color bar on the right side of the image. The locations of the
strain gages for the cyclic strain measurement are drawn in the image as well as their maximum plastic
strain ranges. As seen in Fig. 10, crack initiation sites were distributed in SZ and in more detail the crack
initiation sites of the main cracks as well as the secondary crack were found around the locations where
relatively high cyclic plastic strain was observed. The cracks initiated at the location with the higher cyclic
plastic strain generally showed the lower fatigue lives. As mentioned above, the cyclic plastic strain range
reached its maximum in the early phase (~10 cycles) of fatigue as seen in Fig. 9 and then gradually
decreased. After 5,000 cycles, local straining behavior at each observation location became almost elastic.
Generally, in ductile materials, locally activated slip systems bring about fatigue crack initiation [33][34].
Since most fatigue crack initiations took place around the locations with the high cyclic plastic strain, it
can be implied that formation of fatigue cracks was attributed to such high cyclic plastic strain in the early
phase. However, except one specimen, the fatigue fracture was caused by initiation and propagation of
only one main crack, although all the locations with the high cyclic plastic straining could have been

potential crack initiation sites.

In this study, multiple crack initiations occurred around the weld center on the top surface in SZ near
Location (1) and (2), where relatively high cyclic plastic strain was induced as there are no constraining
“hard” regions such as TMAZ nearby. This sample with multiple crack initiation sites fractured due to

coalescence of the two cracks resulting in the shortest fatigue life among 6 samples.

In another sample, one crack initiation was found around Location (3) on the top surface. This region was

near the SZ/TMAZ boundary where concentrated strain in the tensile test was also observed for higher
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loads as seen in Fig.6. The observed maximum cyclic plastic strain range in this region was the second
lowest compared to the other crack initiation sites (higher than Location (2)). It showed the longest fatigue
life among all. As observed in our past work on the fatigue behavior of FSWed Al-Mg-Sc alloys [20], the
fatigue cracks propagated preferably in SZ, and TMAZ basically hindered their propagation. Due to the
relatively low cyclic plastic strain and its location near the SZ/TMAZ boundary, it can be assumed that

this crack required longer initiation and propagation lives than the others.

The bottom surface around Location (6), where first concentrated strain was observed in the tensile test,
seems to be the most preferable crack initiation site. In fact, 4 out of 6 specimens had the crack initiation
in the advancing side on the bottom surface close to Location (6). However, TMAZ was located close to
those initiation sites and the maximum plastic strain generated during the cyclic loadings at Location (6)
was lower than that of Location (1) (see Fig. 9). As a result, those samples had longer fatigue lives than

that with the crack initiation around Location (1).

Apx=0.178%  Acyna=0.154% Apny=0.398% Loadiog Diroction
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G
Imm * Secondary crack
— =0 2859 --- Fracture path in the
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-.- Weld center

Fig. 10 Fatigue crack initiation sites and maximum cyclic plastic strain range tested at 5,=220MPa.

As discussed above, local straining behavior under monotonically increasing loading was inhomogeneous

within the weld and the deformation was not evenly developed during loading. The load-dependent local
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strain evolution in the tensile test gave qualitative interpretation to some degree on local cyclic straining
behavior under fatigue loading. However the actual cyclic straining behavior did not always coincide
quantitatively to what could be expected from the local straining behavior under monotonic loading. In the
present study, the applied stress amplitude was chosen as ,=220 MPa for all fatigue tests. To gain more
insight into different crack initiation mechanisms, Fig. 11 shows additional crack initiation sites of the
same materials tested at different stress amplitudes (results from our past work [20], in which the material
was designated as H-specimen). As seen in Fig.12, also for different load levels fatigue crack initiation on
the bottom surface was more likely than on the top surface. As shown in the SEM fractography of the
same material tested at stress amplitudes of 6,=200MPa and 240MPa (Fig. 12, taken from [20]), defect-
like features were observed around the crack initiation sites on the bottom surface. Similar features were
also observed in an FSWed Al-Mg-Sc alloy with different welding conditions, and it was considered as
involution of the native oxide layer during the friction stir welding process [21]. Thus, it can be concluded
that such frequent crack initiations on the bottom surface were attributed to the local high cyclic plastic
straining in connection with the inhomogeneous microstructure due to the involution of the bottom oxide
layer. It is also interesting to note here that in [20] crack initiation was also found on the retreating side in
a specimen tested at ,=180 MPa. In this region, the hardness was high as seen in Fig. 4 and no
concentrated strain was found in the tensile test in Fig. 6 and 7, but the microstructure was very complex
as shown in Fig. 13 (taken from [20]). Cyclic straining behavior was not measured around this region
unfortunately, but nevertheless according to the correlation between the monotonic and cyclic local
straining behaviors discussed above, it can be assumed that significant plastic straining should be less
likely to occur during cyclic loading especially at lower stress levels. Again, note that the local cyclic
strain was measured with strain gages with a gage length of 1 mm in this study. This means that the local
strain measured here was the averaged value in the gage area. Thus, regions with low cyclic straining
values based on strain gage measurements could still include much higher but more localized straining
within the gage area, and this could cause the crack initiation in the regions with a complex microstructure

promoting locally inhomogeneous straining, as shown in Fig. 13.
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Altogether, the local cyclic straining behavior taking the microstructures into account provides good
correlation with the fatigue crack initiation behavior and the observed fatigue strengths. Thus, evaluation
considering not only local cyclic straining response but also the microstructural influences and constraints
is necessary to understand the fatigue behavior of material with complex heterogeneous microstructures
such as friction stir welded alloys, since both fatigue crack initiation and early propagation behavior is

strongly affected by the microstructures.

Loading Direction

X ey —

* Secondary crack
¥ G,=240MPa
» ©,=220MPa
¥ ©,=200MPa
¥ o,=180MPa

(a) 5,=240 MPa (b) 5,=200 MPa

Fig. 12 SEM observation at crack initiation sites on the bottom surface [20].

Fig. 13 Complex microstructure at fatigue crack initiation site tested at 5,=180 MPa [20] .
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4. Conclusions

Local straining behavior of a friction stir welded Al-Mg-Sc alloy was examined under monotonic and
cyclic loadings. The FSWed Al-Mg-Sc alloy had heterogeneous microstructure in the weld consisting of a
stir zone (SZ) and a thermo-mechanically affected zone (TMAZ). A digital image correlation (DIC)
technique was employed for the local strain analysis under monotonic tensile loading. In-plane strain
development on the side surface of the weld was observed in accordance with the applied stresses. Fully
reversed (R = -1) fatigue tests were conducted at a constant stress amplitude of 220 MPa which was
slightly lower than the macroscopic 0.2% yield stress of the welded material. Local cyclic stress-strain
behavior during fatigue loading was measured at 7 different locations in the weld by means of a strain

gage technique with a gage length of 1 mm.

Due to the limited number of experiments no statistically significant results can be provided. Nevertheless,
as our observations provide a very consistent image of the damage evolution in FSW joints under tensile

and fatigue loadings, the following conclusions can be drawn:

e Tensile testing: Due to the complex microstructure and hardness distribution in the FS weld
neither the regions of minimum hardness nor the onset of initial plastic straining accurately
predict the damage evolution until fracture.

e Fatigue testing: Cyclic plastic strain was found mainly on the advancing side of SZ. But it was
observed only in the very early phase of fatigue loading. After about 5,000 load cycles at the latest
no more plastic straining could be observed.

e Fatigue testing: Crack initiation took place generally around the areas where high cyclic plastic
strain was observed. Thus, it can be concluded that the cyclic plastic strain in the early phase

significantly contributed to the crack initiation behavior.
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Fatigue testing: Fatigue crack initiation on the bottom surface was often observed likely due to the
high cyclic plastic strain in addition to the complex microstructure with the involution of the oxide
layer found in our previous work [21].

Neither the local hardness distribution nor the straining behavior under quasi-static tensile testing
alone can predict the damage evolution or crack initiation sites under fatigue loading. But the
local strain evolution under the monotonic loading provides qualitatively good correlation to the
behavior of the cyclic strain development under fatigue loading.

Overall, in this study the fatigue crack initiation behavior and fatigue lives could consistently be
attributed to the local cyclic straining behavior and the heterogeneous microstructure.

But to fully understand damage evolution under monotonic as well as cyclic loading it is
mandatory to consider both local material properties and constraining effects of adjacent regions
with varying properties. Furthermore, if additional stress concentrators such as hard phases or
phases with weak boundaries exists (here resulting from oxide layer mentioned above) they must

also be taken into account.
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