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Abstract: In this work, the effect of residual stress on mixed-mode crack propagation
behavior in friction stir welded (FSW) 7075-T6 panel under biaxial loading was
investigated. The cruciform sample was designed and manufactured by FSW.

Residual stress profiles across the welded sample were measured by the X-ray

diffraction technique. Crack propagation behaviors were simulated with five different

biaxial loading ratios. Stress intensity factors ( Ki and ®o ) were evaluated by finite

element method (FEM) and used to study the effects of residual stress on crack
behaviors. It was observed that residual stress has a considerable effect on the mixed-
mode crack growth. In most of the cases, the crack deflection is mainly affected by
residual stress at the beginning of crack propagation. The variation of crack

propagation path is strongly linked with the residual stress as well as the biaxial

loading ratio. In addition, Ki and % are susceptible to residual stress under biaxial

loading conditions. Residual stresses contribute to a higher proportion of



compared to that of £

K and M in the retreating side are more affected by the

residual stress.

KEYWORDS : friction stir welding; residual stress; biaxial loading; mixed-mode

fatigue crack propagation; crack path
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half crack length for an initial crack
Young’s modulus

fatigue crack growth rate

finite element method

friction stir weld

energy release rate

interaction integral method

path-independent J-integral

J-integral for the actual field (applied load)

J-integral for the auxiliary field (residual stress)

J-integral for the superimposed fields (actual and auxiliary)

mode I, II stress intensity factor
equivalent stress intensity factor

mode I fracture toughness

mode I, II stress intensity factor caused by the applied load

mode I, II residual stress intensity factor

threshold value of stress intensity factor range

interaction integral (M-integral)
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outward normal vector; f=h



A o . . . . . .
Y applied load in the horizontal and vertical directions respectively

o weight function in the domain integral
RS residual stress
SIFs stress intensity factors

=12
displacement derivatives for the actual field (applied load); Li=12

u” displacement derivatives for the auxiliary field (residual stress);

i,j=12
W strain energy density
WRS welding residual stress
XRD X-ray diffraction
o inclination angle of oblique crack respect to horizontal axis
I contour for J and M integrals

inner contour
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Kronecker delt;
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strains tensor;

£ crack propagation angle

A biaxial loading ratio

i I,j=12

stress tensor;

1 INTRODUCTION

In the past few decades, the design concepts for aircraft structures have been
developed in order to enhance reliability, reduce part weight and saving costs. The
conventional technologies, such as riveting and bolting, are difficult to meet the new
demands. Friction stir welding (FSW) is being explored as a promising technology for
aircraft construction where it can be used to substitute for mechanical fastening or

riveting.! FSW is a solid-state joining technology patented by The Welding Institute



(TWI) of UK in 1991,? and it is applied to weld high-strength alloy for aeronautical
structures. FSW has many advantages over other welding technologies in many ways,
and it can be used to weld dissimilar metal materials, such as highly alloyed 2XXX
and 7XXX series which are generally classified as non-weldable materials by the
conventional fusion weld methods. Friction stir welding takes place at lower
temperature level; thus, the magnitudes of residual stress (RS) are considerably lower
than those measured in the fusion ones. These residual stresses arise mainly from the
localized application of heat and rigid clamp restraint in FSW.>*

In general, the presence of residual stress has an effect on the fatigue properties
of the different weld zones in FSWed components.™® John et al” investigated the
relationship between residual stresses and fatigue crack growth rate (FCGR) in
friction stir welded 7050-T7451. The FCGR in the heat affected zone (HAZ) is slower
than in the base metal (BM). Pao et al® and Jata et al’ studied residual stress and its
effects on fatigue crack propagation in FSWed 7050-T7451. It is shown that the
FCGR in the BM is higher than in the HAZ but lower than in the weld nugget (WN).

Some studies have shown that crack paths respond to mixed-mode stress field,
this behavior is found in FSWs via changes in their trajectory. Pouget et al® studied
fatigue crack path in FSWed AA2050 and performed fatigue tests under mode I
condition. Because of residual stresses, the crack deviates from mode I into mixed-
mode I/Il both in the as-welded and post-weld heat treated conditions. Ma et al"
investigated the fatigue crack paths in a FSWed 2198-T8 SE(T) plates with pad-up.
The experimental and numerical simulation results show that welding residual stress
(WRS) changes the crack turning point and the effective crack length. The crack
changes from mode I to mixed-mode I/II when the crack deviates from the original
path. However, those works are carried out under uniaxial loading condition. In
practice, the load on aerospace components such as the fuselage skin are often biaxial.
The concept of integral structure by the FSW technology is used in the fuselage panel.
In the aircraft structure, a welded fuselage panel subjected to the combined action of

longitudinal and transverse loading. If crack occurs in the weld nugget it will



propagates under the combination of biaxial loading and residual stress.

In order to study the crack propagation behavior under biaxial loading
conditions, many researchers have done lots of works."'® Misak et al'"'? investigated
the mixed-mode FCGR in cruciform specimens with a 45° inclined center notch under
various mixed-mode biaxial loading conditions. They have reported that the FCGR in
biaxial tension fatigue with higher biaxiality ratio is faster than that with lower
biaxiality ratio at a given crack driving force level. But the opposite result is observed
in the studies of mode I fatigue crack propagation. The reason is that the compressive
stress parallel to the crack causes a decrease of crack growth rate.'*'*

Some studies investigated the variation of crack propagation path in biaxial

fatigue. Truchon et al” performed biaxial fracture tests of E36-Z steel with an initial

transverse crack and observed an S-shaped crack propagation path in a biaxial stress

field where '+ 7 Kibler et al'”* investigated biaxial fracture tests of 6061-T4 and

6061-T6 aluminum samples. The results show that the crack propagation path varies
with the biaxial loading ratio. Lee et al'® conducted fatigue tests of aluminum alloy
1100-H14 and 7075-T651 samples with a transverse or a 45° inclined center notch
under biaxial loading. They concluded that the crack propagation path is dominated
by the stress biaxiality and the crack angle with respect to the applied principal stress
direction. Zhang X and Richter et al'"'® studied the fatigue crack propagation behavior
in FSWed AA2198-T8 Al-Li alloy with a transverse center notch under equi-biaxial
loading. The experimental results show that crack propagation path is symmetric in
the specimens with weld parallel to the material rolling direction. Unfortunately, a
notable distinction between the experimental and predicted crack propagation paths
are observed, because the residual stress is not considered in the prediction model.
Results from previous studies have demonstrated that the experimental crack
propagation paths and fracture surfaces in FSW joints are sensitive to residual stress
field.>'*""" In order to understand the fatigue behavior in FSWed fuselage panel

deeply, it is necessary to study the effect of residual stress on the fatigue crack



propagation in FSWed structures under biaxial loading. However, few works have
studied the effect of residual stress under mixed-mode loading condition. Therefore,
in this work, welded cruciform sample was designed to investigate the fatigue crack
propagation behavior under in-plane biaxial loading condition. X-ray diffraction
(XRD) was chosen to measure the distribution of residual stress across the weld in
FSWed 7075-T6 Al alloy sheet. The effect of residual stresses on the mixed-mode
fatigue crack propagation under different biaxial loading ratios was investigated.
2 MATERIAL AND SAMPLE PREPARATION

2.286 mm thick 7075-T6 Al alloy sheet is selected. Chemical compositions of
7075-T6 Al alloy are listed in Table 1. The sample is welded by FSW-RL31-010
machine in our university. The steel pin is 2.1 mm long and the diameter of the
shoulder is 10mm. The rotated speed and the welding speed are 800 rpm and 100 mm/

min respectively.

TABLE 1 Chemical components of 7075-T6 Al alloy ( wt. % )

Material Si Fe Cu Mn Mg Cr Zn Ti Al

Al17075- <040 <050 12~2. <030 2.1~2. 0.18~0.28 5.1~6. <0.20 Bal

T6 0 9 1

There are many samples designed to perform the mixed-mode testing.” Two
kinds are popular among these samples: one is compact tension-shear sample; the
other one is the cruciform sample. Compared with the compact tension-shear sample,
the cruciform sample can provide the complete range of mode mixities from pure
mode I to pure mode II and it has the largest uniform nominal stress distribution in
working area. By changing both initial crack inclination angle and the biaxial loading
ratio, different combinations of modes I and II can be achieved.?’ So, the welded
cruciform type sample was designed in our work. The sample size and the welded
sample are shown in Figure 1(a) and (b). As welded, the cruciform sample is
machined to have the overall length and width of 320 mm including the grip areas of

the loading arms shown in Figure 1(a). The working area located in the middle is 80



mmx80 mm and is displayed as a red dotted area. Each arm is 80 mm wide and 120
mm long. At the center of the plate, a 2a,= 3mm long initial crack is inclined at an
angle 45° to the weld line shown in Figure 1(b). The biaxial loading ratio and the

corresponding load with the stress ratio R=0 is listed in Table 2. The cruciform sample

under two mutually orthogonal loads, £ and k are applied in the horizontal and

vertical directions respectively. A = PP, is the biaxial loading ratio.

TABLE 2 Biaxial loading ratio and the corresponding load ( R=0 )

A 0 05 1 15 2
P.(kKN) 0 4 8 12 16

P,(kN) 8 8 8 8 8
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FIGURE 1 Cruciform sample for biaxial loading
(a) Sample size (b) Welded sample
3 RESIDUAL STRESS MEASUREMENT



Xstress Robot, an advanced X-ray stress analyzer, was used to measure residual
stress in longitudinal and transverse directions shown in Figure 2. The voltage and the
electrical current are 30 kV and 6.7 mA respectively. The detectors were set at a
Bragg angle of 139.3° corresponding to diffraction at the (311) planes. The
measurements were taken at 20 scans from 131.7° to 146.3°, with 0.05° angle and 1s
time increments per step, at five different tilt angles. Residual stresses were then
computed by the sin®y method.”? Each point was repeated at least three times to
evaluate the repeatability of data.

The scan line is placed perpendicular to the weld in the center of the sample
shown in Figure 1. 23 measured points are set up along the scan line. The profile of
residual stress is measured and shown in Figure 3. For longitudinal residual stress
parallel to the direction of the weld. The distribution of residual stress presents a
typical double-peaked shape around the weld. Residual stresses are tensile (8.5 ~ 43.6
MPa) in the weld zone and the heat affected zone in the vicinity of the weld (-10 ~
I5mm away from the weld). From the weld center to both sides, the tensile stress
increases to two peak values. The maximum residual stress is 43.6 MPa at HAZ in the
advancing side, while the maximal tensile stress in the retreating side is 35.3 MPa,
4mm away from the weld center. Then residual stresses decrease from tensile and turn
to be compressive at 25mm. The maximum compressive residual stress is -50.2 MPa,

40 mm away from the weld center in the retreating side.

A+ 1 4

FIGURE 2 Xstress Robot
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FIGURE 3 Residual stresses profile in FSW cruciform sample (LD and TD means
longitudinal residual stress and transverse residual stress respectively)

For transverse residual stress normal to the direction of the weld, it shows a V-
shaped in the working area. From the weld center to both sides, the maximal
compressive residual stress is -40 MPa in the weld center. Residual stress remains
compressive at the weld zone and the HAZ in the retreating side. Whereas, the
residual stresses increase from compressive and turn to be tensile rapidly in the
advancing side. The maximal values of tensile stress in the advancing side and the
retreating side appear at 10 mm and -25 mm. Then tensile stress decreases and varies
from 20.7 ~ -17.9MPa and 12.3 ~ -19.2MPa. Similar profiles have been measured by
the neutron diffraction method in the published literatures.**

4 MIXED-MODE CRACK PROPAGATION MODELS
4.1 Analytical solution of stress intensity factor for cracks under biaxial loadings
For I/Il mixed-mode cracks, the stress intensity factors (SIFs) can be calculated

by Eq. (1) and Eq. (2).*

K, =uyma Jsin’ et + cos” {x:l M

K, =oyma| 1-A|sinacosa )

where ' is the uniform extensional stress at infinity; * is the inclination angle of
oblique crack to the horizontal axis; A is the biaxial loading ratio.

4.2 Fatigue crack propagation models

At present, there are various fracture criteria to predict fatigue crack propagation



direction under mixed-mode loading. Erdogan and Sih?* developed the maximum
tangential stress criterion (MTS-criterion) which postulated that crack propagation
will occur in the direction normal to the maximum tangential stress. Sih?’ presented
the minimum strain energy density criterion (S-criterion) based on the concept of the
strain-energy-density factor. The stationary values of this density factor can be used to
predict the crack propagation direction under mixed-mode loading. Hellen et al®*®
brought forward J-criterion, a path-independent line integrals, to study the problem of
mixed-mode crack propagation. Theocaris et al***° built the dilatational strain energy
density criterion (T-criterion). The basic assumption is stated that a crack starts to
propagate when the dilatational strain-energy at a point in the vicinity of its tip
reaches a critical value. Li’' introduced the vector crack tip displacement (CTD)
criterion, and the vector crack tip displacement is used to describe the mixed-mode
fatigue crack propagation. The tangential stress (strain) factor criteria proposed by Wu
et al®® postulated that the crack propagation occurs along the direction of the

maximum tangential stress (strain) factor. Chambers et al®

brought forward the
criterion of maximum tangential strain, and this criterion can be used to investigate
the direction of mixed-mode fatigue crack propagation under plane stress conditions.
Among the established criterions, MTS-criterion has been widely used to study

mixed-mode crack propagation due to its simplicity. According to this criterion, the

mixed-mode crack propagation initiates radially from the crack tip along the direction

(dU" w1 08 = []) in which the tangential stress reaches the maximum (¢ ). With

the description of stress field near the crack tip under I/Il mixed-mode loading, the

crack extension direction can be found as

K, sinfl + K, [3cost -1 =0 3)

The solution of Eq. (3) can be expressed as

K, >0




(4)

In order to quantify the effect of the mixed-mode loading on the crack

propagation, the concept of equivalent stress intensity factor ( K ) is used for different

types of mixed-mode fracture problems.** According to the energy balance criterion,

the equivalent SIF can be derived as Eq. (5).*

(5)

Fatigue crack will propagates when the equivalent SIF reaches the threshold SIF,
and the unstable fracture will take place if the equivalent SIF exceeds the fracture
toughness,***’” as shown in Eq. (6). Mode I and mode II SIFs can be obtained as the
crack grows. The fatigue crack propagation simulations are terminated when the
equivalent SIF reaches the fracture toughness or the crack tip is out of the working
area. The material properties are listed in Table 3. This analysis assumes that the
elastic constant in weld area is 80% as much as that in base material due to the

weakened mechanical properties in the weld zone.**

K, K

v ©)

TABLE 3 The material properties of 7075-T6 Al alloy sheet***!

Material E(GPa) v aK,(MPam"?) Kic (MPa-m'?)

Al 7075- 71.7  0.33 1.3007 25
T6

5.FATIGUE CRACK PROPAGATION SIMULATIONS
5.1 Fatigue crack propagation analysis

ABAQUS is used to build the finite element model and to perform finite element
analysis. The crack propagation direction is predicted by MTS criterion according to
Eq. (3) and Eq. (4). The flowchart of fatigue crack propagation analysis is shown in

Figure 4. The mesh detail of the FE model is shown in Figure 5. The element size near



the crack tips is 0.15 mm. C3D8R elements are used and the total element is 45093.

The measured residual stress is input in the finite element model by SIGINI

subroutine. A static procedure in ABAQUS was used to calculate the equilibrium self-

balanced stress state. And then, a crack was inserted in the FE model. As the crack

grew, SIFs were calculated by the interaction integral method. This method is proved

to be useful in structure analysis.***
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FIGURE 4 Flowchart of fatigue crack propagation analysis
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FIGURE 5 Finite element meshes used for the numerical simulation

of cruciform sample

Mesh detail (a) in finite element model (b) in working area (c) around the crack tip

5.2 Evaluation of stress intensity factors

In the present work, the sample is only 2.286mm thin and it is under in-plane

biaxial loading. Thus, the effect of through-the-thickness SIFs on the crack



propagation behavior can be neglected. Mode I and mode II SIFs under plane stress
condition were evaluated by interaction integral method (IIM). This method was

considered as the most readily and accurate technique to calculate the individual stress

intensity factors for a crack under mixed-mode loading.**

The standard J-integral* is given by:

J = |]]m.f| Wo, —ou Indl

(7)

where " is the outward normal vector to the contour | + around the crack tip. ¥ is
the strain energy density given by Eq. (8):

1
H = —¢r &
-

= (8)

J-integral can be written in domain integral method:

J =II o, —H”c‘i,_,:q A +J‘I au,, -Wa gdA
4 A (9)

where 9 is a weight function. The J-integral of the superimposed fields (actual and

auxiliary) is obtained as

J _JT_IU,_,I T ', +U,_,' u,f +U,_,: n ', +r;r,_,: u,f - '.:5,_, -W :.:5,_, - ':t’.i,_, 'q _,u'.l; (10)

W
*, superscript (1) and (2) correspond to the field

2 1 2 2
=7 T TaE
where P /

variables in terms of the applied load and residual stress. In Eq. (10), /" can be

decomposed into three parts.

J=I™ e M (11)

Y ¢ CUER I TR R SR
T=GA c;:—#——,l, K e K+ Ko v K
k EL ' (12)

'T-..._|

In this paper, “ is obtained by superposition of the stress field and the auxiliary
field near the crack tip.*** O and = is the energy release rate which is related to the

mixed-mode SIF. The auxiliary field (”H Lo *‘"I":) is residual stress field. &/ ,



Ky , K" and & are the SIFs of mode I and mode II that caused by the applied

load and residual stress. M is calculated by Eq. (13) and Eq. (14).

Af— ] il ST LA )
M J'I_.U,., W, o u - WS g ds 13)
. 2 )
M=M" 4+ MY = Z K™K + KK
£ (14)
K- :...'. i K :.In.'. i )
" and % are evaluated as follows:
f . — i T .Ir: 1
K =1.0, K" =00/, k=M
- ’ ' 2 (15)
i e S i el h 2
K =00, K7 =10,k =M
- ’ ' 2 (16)

Then * r and * " can be determined.
5.3 Fatigue crack propagation path

The fatigue crack paths with and without residual stress for five biaxial loading
ratios are shown in Figure 6. The crack tips close to the advancing side and the
retreating side are defined as “front 1” and “front 2” respectively. The crack paths
without residual stress (the solid line in Figure 6) agree with the experimental results
(as the blue arrow shows). The initial crack deviation angle for different biaxial
loading ratios are shown in Table 4.

For A = 0, the crack path without residual stress is transverse shown in Figure 6
(a). For uniaxial A = 0 test, the crack propagates at 90° to the resultant force, parallel
to the x-axis.” For the case with residual stress under A = 0 loading, crack grows
almost straight after kinking and enter the base material at about + 25mm. The crack
path without residual stress deviates from the horizontal direction slightly with A =
0.5, as indicated in Figure 6(b). The numerical result of the initial crack deviation
angle under A = 0.5 (38.9° in Table 4) is close to the experimental result, about 35°
clockwise to the diagonal.”® For the case of A = 0.5 with residual stress, an S-shaped

crack path is observed. The crack path seems to be significant affected by the residual



stress and immediately changes its main direction.

In Figure 6(c), the predicted result is validated by test data in biaxial tests under
A =1 case without residual stress, the crack propagation path is diagonal along the 45°
inclined notch.”® For A = 1 case with residual stress, crack path is similar to that
without residual stress under A = 1.5, as plotted in Figure 6(d). The reason is that the
longitudinal and transverse residual stresses are added to the applied stresses, then the
actual biaxial loading ratio is close to 1.5. For A = 1.5 case without residual stress, the
numerical initial crack deviation angle (27.8° in Table 4) approaches to the test values
29° counter-clockwise with the diagonal in the biaxial test,’' as noted in Figure 6(d).
For the case with residual stress under A = 1.5 loading, the crack deviation angle
increased to 35.1° and 36.5°.

In Figure 6(e), the crack propagation path without residual stress is vertical under
A =2 loading. The predicted initial crack deviation angle (38.9° in Table 4) is close to
the experimental result, about 34° counter-clockwise to the diagonal.™® For A = 2 with
residual stress, the crack deviation angle is increased to 41.1° and 43.4°. Both the

numerical and experimental crack propagation paths deflect to vertical direction for A

=1.5and 2.
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FIGURE 6 Crack propagation path in working area

(@A=0 (b)A=0.5 (c)A=1 (dAr=1.5 (e)r=2
From the results illustrated in Figure 6, distinct differences are noticed for A = 0,
0.5 and 1. Crack propagation paths are significantly affected by the residual stress
field. Nevertheless, the effect of residual stress is decreased by the increased
transverse load for A = 1.5 and 2. To sum up, it reveals that residual stress is the main

cause of a major loss of directional stability for A =0 ~ 1, but it has less effect on A =

1.5~2.
TABLE 4 Initial crack deviation angle with respect to diagonal
A without residual stress with residual stress-front 1~ with residual stress-front 2
0 57.8° (clockwise) 26.1° (clockwise) 18.9° (clockwise)
0.5 38.9° (clockwise) 3.2° (counter-clockwise) 9.4° (counter-clockwise)
1 0° 24.3° (counter-clockwise) 27.2° (counter-clockwise)
1.5  27.8° (counter-clockwise) 35.1° (counter-clockwise) 36.5° (counter-clockwise)
2 38.9° (counter-clockwise) 41.1° (counter-clockwise) 43.4° (counter-clockwise)

The predicted crack deviation angles versus the crack length are plotted in Figure
7. For all studied cases without residual stress, the crack changes its direction at the
beginning of crack propagation, and then grows straight (the crack deviation angle is

0° for A = 1). In Figure 7(a) and (c)-(e), crack deviation angle changes obviously in



the early stage and fluctuates slightly with further crack growing for A =0, 1, 1.5 and

2 cases with residual stress. As shown in Figure 7(b), the crack angle changes

continuously and shows significant deviations from its original direction on both sides

with residual stress under A = 0.5.
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For A = 0~2, the intersection angles between initial crack deflection with and

without residual stress are calculated. The intersection angle of front 1 is 31.7°, 42.1°,



24.3°,7.3° and 2.2°, and that of front 2 is 38.9°, 48.3°, 27.2°, 8.7° and 4.5°. It can be
clearly observed that the effect of residual stress on the initial crack deflection
increased from A = 0 to A = 0.5, and then decreased when A >0.5. The asymmetrical
distribution of residual stress reflects the discrepancy of crack propagation behavior
between the advancing side and the retreating side. For example, in the case of A = 0.5
with residual stress, the initial inclination angle of the oblique crack respect to
diagonal along the 45° inclined crack on either side is 3.2° and 9.4°.

The initial crack angle changes and the cracks grow into the base material when
residual stress profiles are input to the finite element models with A = 0 and 0.5. For A
= 1, the crack propagation path which deflects to vertical direction is similar to the
crack propagation path without residual stress for A = 1.5. This indicates that the
residual stresses caused the actual biaxial loading ratio higher than 1, and the nominal
biaxial loading ratio is replaced by the actual biaxial loading ratio. Similar results
have also been observed in Ref. [17]. In both cases (with and without residual stress),
the crack propagation paths deflect to the vertical direction for A = 1.5, and the
intersection angle is within 8.7°. The effect of residual stress on initial crack angle is
further reduced for A = 2, and the difference between these two cases is within 4.5°.
For A = 0, 1, 1.5 and 2, the variation of crack deviation angle occurs mainly at the
beginning of crack propagation. For A = 0.5, the crack deviation angle changes
continuously. In sum, residual stress has an important effect on the crack propagation
for L= 0.5, followed by A = 1 and then A = 0. A minor effect of residual stresses on the
crack deviation angle is observed for A = 1.5 and 2. The main reason is that the effect
of residual stress on the crack propagation path is decreased with the increasing

biaxial loading ratio.

5.4 Branafn along crack path

K and & versus crack length for different biaxial loading ratios with and

without residual stress on both sides are shown in Figure 8. For all studied cases

K,

without residual stress, Ry and 7 are the same on both sides of the crack at the



given biaxial loading ratio. K. increases with the crack length. Ki decreases to zero

as crack kinking (K-'-' is always zero for A = 1), and crack grows straight.”>>?

For all studied cases with residual stress, K1 induced by the combined effects of

the applied load and the residual stress field is increased as the crack propagating. The
presence of residual stress field leads to higher Ki at the initial crack tip, as
illustrated in Figure 8(a), (c), (¢), (g) and (i). In Figure 8(a), K1 at front 1 is quite
close to that at front 2. As seen in Figure 8(c), K at front 1 is higher than that at front

2 when the crack length is 10~25 mm. In Figure 8(e) and (g), the curves of Ki on

both sides are crossed each other when the crack length is about 10~33mm. As shown

in Figure 8(1), K at front 1 is higher than that at front 2. Moreover, the slope of £y
curve decreases when the crack is far from the weld. The reason is that the
longitudinal residual stress is tensile in the immediate vicinity of the weld and tends to
be compressive away from the weld, and the elastic constant increases when cracks

enter the base material.

For A = 0~0.5, the residual stress field leads to lower Ky at the initial crack tip,

as shown in Figure 8(b) and (d). Once the crack grows, Ky quickly decreases to zero.

This trend can also be seen in A = 1~2 cases. Afterwards, there is almost no change in
Ry , as seen in Fig .8(b). But Ry continuously changes in Figure 8(d). For A = 1~2,
the presence of residual stress field leads to higher Kii at the initial crack tip, as

plotted in Figure 8(f), (h) and (j). As seen in Figure 8(f), the variation of Ry occurs

when the crack length is about 1.5~10mm and 30~41mm. In Figure 8(h) and (j), Ry

varies little with the crack growing.
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Overall, Ki increases due to the presence of residual stress. Ko is mainly

affected by residual stress at the beginning of crack propagation. As shown in Figure

8(c)-G), ™ and &

indicate that residual stress field has significant effect on the SIFs for A = 0.5~2. The

" with residual stress exhibit oscillations apparently, and this

effects of residual stress on oy and i at initial crack tip (a,= 1.5) are listed in Table

S.

TABLE 5 Residual stress effects on £y and Ko at initial crack tip (MPa-m'"?)

A 0 0.5 1 1.5 2
K1 1.15/233  1.73-2.77 231321  2.88-3.65 3.46-4.09
K » 1.15/2.51  1.73-2.94 231338 2.88-3.82 3.46-4.26
Ki 1.63%0.61  0.82%0.08 0-0.77 0.82-1.45 1.63-2.14
Ki 1.63%0.44  0.82%0.24 0-0.93 0.82-1.62  1.63-2.30

5.5 Residual stress intensity factor

In order to investigate the effect of residual stress on the SIFs, the SIF

components one related to applied load (K':W and K™ ) and one due to residual

stress ( K™ and & ) has been determined from Eq. (15) and Eq. (16) in Section 5.2.

The evolution of SIF components (K-:'u'!, K-:;'m!, K™ and K;:-:?) on both sides for



different biaxial loading ratios is presented in Figure 9. SIFs for all A cases are listed
in Table 6.
Figure 9(a) and (b) show the profile of SIF components at front 1 and front 2

with A = 0. The SIF components at front 1 is similar to that at front 2. K~ is

increased quickly with crack growing, and Ky , K" and ®# are increased slowly.

Residual stress has little effect on '~/ , SO K+ is determined by the applied load. The
profile of SIF components at front 1 with A = 0.5 is displayed in Figure 9(c), unlike

those in A = 0, K™ s fup” and K increased when the crack length is short and

then decreased when the crack increases to a certain length. The similar tendency of
SIFs at front 2 is shown in Figure 9(d). The highest K~ is found at about 10mm on

both sides, and the maximum K™ and * 0 appears at 20~25mm for front 1 side and

at 30~35mm for front 2 side respectively. Residual stress has an important effect on

£y , and K™ s greater than K™ at about 5~17mm for front 1 and 2~15mm for

front 2. The profile of SIF components at front 1 and front 2 with A = 1 are presented

in Figure 9(e) and (f). £y is residual stress dominated at crack length 5~10mm for

front 1 and 2~10mm for front 2. The differences in K™ , K™ and K. are not

pronounced.

Figure 9(g) and (h) show the profile of SIF components at front 1 and front 2

under A = 1.5 loading. K~ is always smaller than K It means that ™7 is applied

load dominated with A = 1.5. When A = 2, SIF components at front 1 and front 2
plotted in Figure 9(i) and (j) show that K is also dominated by the applied load and

the residual stress has more effect on **/ at front 2 than that at front 1 in the early

stage of crack propagating. A , K™ and % are almost the same on both sides.

K . wd 1 K M

For all cases, and &1 is 1.25-24.51 MPa-m'? and 0.39~5.94 MPa-m'™. is

composed of Ki™ and Ko K" is 2.68-2.68 MPa-m'2, almost the same as



The difference in SIF components between front 1 and front 2 is caused by the

asymmetric distribution of residual stress field.
Overall, Ki s mainly affected by the applied load. The contribution of residual
stress to 7 is related to the biaxial loading ratio. Both K™ and K play the

important role on h The difference between crack propagation paths with and

without residual stress for lower biaxial loading ratios (A = 0~1), as shown in Figure

6(a)-(c), can be attributed to Ki Therefore, residual stresses contribute to a higher

proportion of Ry compared to that of &y
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TABLE 6 SIF components (K':W , K™ , K™ and & ) on both sides for different

biaxial loading ratios (MPa-m'?)

A 0 0.5 1 1.5 2




" .1 1.25~18.82  1.69~22.94  2.13~17.01  2.57~21.86 3.01~19.40
o 1.26~19.56  1.68~24.51 2.14~1691 2.57~19.82  3.01~20.66
'._1 1.51~2.68 0.83~2.62 0.14~0.51 -0.54~0.25  -1.23~0.15
o -1L.51~221 -2.68~-0.83 -0.55~033  -0.29~0.54  -0.30~1.23
1 0.39~1.08 0.88~5.63 1.08~5.94 1.08~5.86 1.08~5.92
"o 0.75~128 0.55~5.29 0.42~5.74 1.25~5.87 1.25~5.84
"] -271~091 -237~-091 -091~-0.14 -0.91~-0.04  -0.91~0.06
S 1.07~2.23 1.07~2.62 -0.50~1.07 0.08~1.07  -0.01~1.07

The effect of residual stress on SIFs is presented by the ratio of residual SIFs to

K + K7

SIFs plotted against crack length. K at A = 0~2 versus crack length

is shown in Figure 10(a). For all cases, an increase of biaxial loading ratio (A = 0.5~2)

K, K7/ (K + K7)

leads to decrease of the effect of residual stresses on reach

the maximum values at about 5~10mm, afterwards they are gradually decreased. The
direct reason is that residual stresses decreased in the vicinity of weld-edge. On the
other hand, this may be attributed to the fact that for short crack the crack is mainly
affected by the tensile residual stresses, and it is more influenced from the

compressive residual stresses as the crack grows away from the notch.>

In Figure 10(b), Ky TR+ K3) Sersus crack length is shown. The

K./ (K + K.

maximum increased with increasing biaxial loading ratio (A =

0.5~2), as it is mainly affected by the residual stress field, especially the transverse
residual stress. However, the residual stress effects on crack deviation angle is

decreased with increasing biaxial loading ratio. The main reason for this difference is



that the effect of ¥ on the variation of crack deviation angle decreased with

increasing transverse load, and it also depends on the magnitude of residual stress and

the applied load.
1.0
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FIGURE 10 Nondimensional (a) K AOK+ K7 and

(b) K TUK S+ K7 }Versus crack length for A = 0~2

For all cases, the residual stress around the crack tips is able to increase SIFs.

The maximum K7 RK™+K7) and KD/ KR+ K

range of approx. 33%~70% and 50%~96%. The ratio of residual SIFs to SIFs at front

is changing in the

2 appears higher than that at front 1. This can be explained by the residual stress
distributions in the working area, as shown in Figure 3. As a whole, longitudinal and
transverse residual stresses in the retreating side are higher than that in the advancing

side, although the maximum tensile residual stress is presented in the advancing side.

Therefore, we conclude that the effect of residual stresses on Ay and Ry in the

retreating side is higher than that in the advancing side.

6 CONCLUSION

1. FSW resulted in complex residual stresses in the working area. The longitudinal
residual stress exhibited a double-peaked feature with the maximum tensile stress
43.6MPa and the maximum compressive stress -50.2MPa. The transverse residual
stress presented a V-shaped distribution with the maximum tensile stress 20.7MPa

and the maximum compressive stress -40MPa.



Residual stress can change the nominal biaxial loading ratio and affect the crack
behaviors. The effect of residual stress on crack deflection mainly appears at the
beginning of crack growing under A = 0, 1, 1.5 and 2. For A = 0.5, the crack
deflection is continuously observed during the crack growing. The residual stress
effects on the crack propagation path is more pronounced for lower biaxial
loading ratio (A = 0, 0.5 and 1) than higher ones (A = 1.5 and 2). This behavior is
associated with the increased transverse load.

£

and & are susceptible to residual stress under biaxial loading conditions (A

= 0.5, 1 ,1.5 and 2). The effect of residual stress on Ay 1s decreased with
increasing biaxial loading ratio, and the trends are contrary to that of R Ko
mainly dominated by the applied load. Both K™ and & play an important role

in crack propagating. Therefore, residual stresses contribute to a higher

proportion of Ky compared to that of Koy

The effect of residual stress on ™/ and *# in the retreating side is higher than
that in the advancing side, hence cracks at the retreating side are more affected by

the residual stress.
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