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Abstract

A novel loading method is proposed to remove the effect of residual stress on measured fatigue crack
growth rate in welded joint, using which the influence of empirical crack growth rate correlation
equations on the results can be avoided. The total stress intensity factor range and the effective stress
ratios corresponding to the combined effect of applied and residual stress are kept constant during the
fatigue crack growth test, by changing the applied maximum and minimum loads with the increase of
crack length and changes in residual stress based on the superposition rule. The feasibility of the
proposed method was validated by tests of compact tension specimens containing residual stresses
introduced by four-point bending. The loading method was then applied to a test of welded compact
tension specimen with coupled effect of residual stress and microstructure change on fatigue crack
growth rate. The fluctuation in the separated crack growth rate reflects the effect of microstructure

change on fatigue crack growth rate.
Keywords: Fatigue crack growth, residual stress, superposition rule, weld joints

Nomenclature

a Crack length in compact tension specimens

ao Initial crack length in compact tension specimens
B Specimen thickness

C,m,n,pq Material constants in crack growth rate laws

D Distance from weld centerline



E E’ Young’s modulus, Plastic modulus
Kapp, Kres, Ktot Stress intensity factor (SIF) due to applied, residual and combined stress fields
Kapp.max, Kiotmax ~ SIF due to applied and combined stress fields at the maximum applied load

Kapp,min, Kiotmin ~ SIF due to applied and combined stress fields at the minimum applied load

AKapp, AKot SIF range due to applied and combined applied and residual stresses
AKapp,const Specified SIF range in the fatigue test

P Externally applied load

R, Reff Applied and effective SIF ratio

Reff,const Specified effective SIF ratio in the fatigue test

W Specimen width

o Non-dimensional crack length

0s, 0a Yield strength, stress amplitude

(da/dN)p Fatigue crack growth rate (FCGR) in base material

(da/dN)y FCGR in weld metal

(da/dN)r FCGR in weld metal with residual stress effect only (no material change)
(da/dN)int Intrinsic FCGR in weld metal without residual stress effect

1. Introduction

The application of advanced welding technologies in metallic aircraft structures for further cost and weight
savings has brought new challenges to the evaluation methods for fatigue crack growth life (FCGL) owing
to the microstructural change and residual stresses, which are introduced by the welding process and
demonstrate a coupled effect on fatigue crack growth rate (FCGR) [1-3]. The effect of the residual stress on
FCGR will be different for different components, since the residual stress distribution is related to specimen
configuration, whereas the effect of microstructural change using the same welding process will retain the
same. This raises a problem when using the conventional and widely adopted approaches to evaluate the
FCGL of welded joints. In these methods FCGR data obtained by laboratory specimen tests are adopted for
the life prediction of components based on the theory of linear elastic fracture mechanics (LEFM). Significant
amount of research has been conducted in the past 20 years to understand the crack growth behaviors in
welded joints [4-13]. Some works indicate that changes in microstructure and hardness play a major role in

the fusion zone or weld nugget and residual stress plays a major role outside these zones [10, 13]. Therefore,



it is a common practice that only the primary influential factor is considered in crack growth analysis of
welds, e.g. residual stress plays a major role on the FCGR for crack propagation perpendicular to a weld,
consequently, the superposition rule is adopted in this case to account for the combined effects of residual
and applied stresses on crack growth. Microstructural change effect, although presents obviously in weld
nugget, is ignored [6]. For improvement of the accuracy of crack growth life prediction of welds, Zhang and
Bao [3] proposed the method of superposing the effect of residual stress on the intrinsic crack growth rate
(ICGR) of weld metal rather than on the FCGR of the base metal. ICGR is related to microstructural change
and can be obtained by separating the contribution of residual stress from the measured FCGRs of welded
laboratory specimens; the remaining crack growth rate change is attributed to the contribution from the
microstructural changes in the weld metal. No matter whether to superpose the residual stress effect on the
base material FCGR or on the weld ICGR, using different crack growth rate equation will result in difference
in the predicted residual stress effect, which will be illustrated in detail in the next section. Some researchers
proposed methods to relieve the residual stress in welds, e.g. by applying a 2% positive plastic strain along
the welding centerline, to obtain the FCGR with only the effect of microstructural change [12, 13]. However,
different conclusions were obtained on the crack growth behavior inside weld in [12] and [13], although the
same residual stress relief method was used for the same friction stir welded 2024-T351 aluminum.
Furthermore, the welding-induced residual stress could not be entirely released by the aforementioned
mechanical approach, and eventually, about 10% of the original stress was remained. Changes in the weld
metal microstructure and properties during plastic stretching also seem to be inevitable.

Anovel FCGR test method, by which the effect of residual stress on FCGR can be removed via changing the
applied load, is proposed in this paper. Although this method is still based on the superposition rule, the
influence of empirical FCGR correlation equations on the results is avoided, because the separation of
residual stress effect on FCGR is carried out when determining the applied loads in the test rather than until
dealing with the final measured FCGR data. Two case studies were carried out to demonstrate the
applicability of the proposed method. One of them is the fatigue crack propagation test using specimens
containing only residual stresses and negligible microstructural changes (residual stress was introduced by
four-point bending load), and the other is the fatigue crack propagation test with friction stir welded [14]
specimens having both residual stress and microstructural change effects on FCGR. Based on the test results

of the welded specimen, the changes in FCGR in different weld zones are also discussed.



2. Problem in Separating Residual Stress Effect using Empirical FCGR Correlation Equations
FCGR of welded joints could be correlated or predicted by adding the effect of residual stress on FCGR to

the crack growth rate of the base material [5, 6], Eq. 1, or to the ICGR of weld [3], Eg. 2.

[daj (daj _(daj

vl Bl el IR B ®
dN ), \dN ), dN ),

da da da da

— | = — A +A =| — A =| — A

[deW (dNJf e (demf 1 (dNJFf 2 @

where (da/dN)w and (da/dN), represent the FCGRs of welded specimens and base materials, respectively.
Term (da/dN)r is the FCGR in weld metal with only the effect of residual stress (no material change), while
(da/dN)ine is the weld ICGR which contains only the effect of microstructural changes. Therefore, A;
represents the effect of residual stress on FCGR and A, means the effect of microstructural changes on FCGR.
Both (da/dN)w and (da/dN), can be obtained by fatigue crack propagation tests and (da/dN)r can be calculated
by the empirical laws. However, different FCGR laws usually result in discrepancies in predictions of
(da/dN)r. This means that the prediction of (da/dN)w will be influenced by the chosen empirical law, and
moreover, the identification of the effect of microstructural change on FCGR will also be affected when the
contribution of residual stress to FCGR is separated using Eg. (2). Hence, a method for removing the effect
of residual stress on FCGR, which is independent of the correlation equations, is presented by this study.
Due to the availability of residual stress and for the convenience of further analyses, a welded middle-crack
tension (MT) specimen in [3] is used as a demonstration example for evaluating (da/dN)g. The specimen is
made of aluminum alloy 2024-T351 and contains a central weld created by the Variable Polarity Plasma Arc
(VPPA) welding technique [15]. The specimen has a dimension of 80 mm x 360 mm and a thickness of 7
mm. Measured longitudinal residual stresses and corresponding stress intensity factors (SIFs) are shown in
Fig. 1. The SIFs of the residual stress (Krs) are calculated using the displacement extrapolation method in
the ANSYSS software using the command “KCALC” in the general postprocessor after defining the path for
extracting the crack region displacements. Procedures of the finite element (FE) analysis for the Kies
determination are detailed in [16].

The commonly used crack growth rate laws, such as the equations proposed by Walker (Eq. (3)) [17] and

Forman (Eq. (4)) [18], and the NASGRO equation (Eq. (5)) [19] are used here to correlate the FCGR.
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where C, m, n, p, g, Kerit, AKt are all material constants, f is a parameter correlating with the stress ratio R.
In the presence of residual stresses, the superposition method presented by Glinka and Parker [20, 21], which
is based on the principle of LEFM, is used to consider the effect of residual stresses on the FCGRs. In this
condition, the SIF range AK and the stress ratio R are replaced by the total SIF range AKio: and the effective

SIF ratio Resr, respectively, which are given as Egs. (6) and (7).

AKtot = Ktot,max - Ktot,min = ( Kapp,max + Kres ) _(Kapp,min + Kres ) = AKapp (6)

R Kapp min + Kres
e = 7
T @)

app, max
Two loading conditions are considered for evaluating (da/dN)r: constant amplitude (¢2) loading and constant
AKapp loading, as shown in Table 1. Material constants used in the Walker, Forman and NASGRO equations
are summarized in Table 2. Evaluated (da/dN)r and (da/dN), are shown in Figs. 2(a) and (b).

For (da/dN) in the constant amplitude (CA) load condition, the Walker and NASGRO predictions agree well
with each other when a < 12 mm and the difference between them starts to widen as a > 12 mm, whereas
difference between the Forman and NASGRO predictions is reduced with the increase of the crack length.
The reason is that both the Forman and NASGRO equations take account of the final and fast crack growth
stage when Kmax approaches Kit, but the Walker equation does not. However, for (da/dN)r in the CA loading
case, differences among the Walker, Forman and NASGRO predictions are much greater compared with
those in (da/dN)y. For the constant AKap, (CK) load condition, (da/dN)y, predicted by all equations are constant
and only small differences are observed in the predictions. The trends of (da/dN)r evaluations are similar to
that of the Kyes distribution, and the Walker and Forman predictions agree well when a <15 mm or a >25 mm,
but discrepancies in magnitude between Walker (or Forman) and NASGRO predictions are significant.

In conclusion, although similar evaluations for (da/dN), were provided by the correlation equations, greater
discrepancies appear in the predictions of (da/dN)g, i.e. the sensitivity of residual stress for (da/dN)r varies

with the selection of the empirical crack growth law.



3. Proposal of a Modified Loading Method for Removing the Effects of Residual Stress

The established FCGR laws, such as the Walker and Forman equations, indicate that FCGR is governed by
the SIF range AK and the SIF ratio R. In the presence of residual stress, the superposition model demonstrates
that the total SIF range AKiot remains the same as the applied one, and only the effective SIF ratio Res responds
to the residual stress according to Egs. (6) and (7). If Ret can be kept constant during the fatigue test by
controlling the externally applied loads, then the effect of residual stress on the FCGR can be removed.
Therefore, fatigue crack propagation tests can be performed in CA or CK loading condition using a constant
SIF ratio (Retr.const) t0 Separate the contribution of the residual stress. To reflect the influence of microstructural
changes on FCGR in different zones, a constant crack growth driving force (SIF range and Resr) was
maintained during the tests, i.e. a CK loading condition was employed in this study taking account of the
residual stress variation with the growing crack length. Based on Egs. (8) and (9), the applied SIF Kap, can
be calculated as:

AK

K _ app.const e (8)
e 1- Reff,const ~
AK
Kapp,min = ]-_I;ﬂ - Kres - AKapp,const 9)

eff,const
According to the LEFM theory, the stress intensity factor K is a function of externally applied loads P and
crack length a. Considering the problems of using MT specimens for investigating the FCGR in weld zones,
compact tension (CT) specimens were selected in this study. The applied load with respect to crack length

can be calculated by Eq. (10) from ASTM E647-11 [23]:

3/2
P =Ky, BYW &(0.886+4.64a ~13.324% +14.720° ~5.6a°) w0
(2+a)
where o = a/W.

A flowchart of the proposed method and calculation procedure is shown in Fig. 3.

4. Case Studies with the Proposed Loading Method

4.1. FCGR in CT specimens with only residual stress introduced by four-point bending load

First, the presented loading method should be verified to show that the effect of residual stress on FCGR can
be removed during the fatigue tests. CT specimens were prepared with residual stresses being introduced by
four-point bending load. Microstructural change introduced by the plastic deformation was negligible

compared with that induced by welding process.



4.1.1. Specimen preparation

The CT specimens, denoted as CTapg-1, 2 and CTape-3, 4, were extracted from beam specimens after four-
point bending load to plastic deformation, as shown in Fig. 4. The beam was made of aluminum alloy plate
2024-T351 with a cross-section dimension of 10 mm x 50 mm and a length of 320 mm. The four-point
bending fixture was arranged such that the distance between the outer contact pins was 300 mm, and the
distance between the inner pins was 120 mm. Then the beam was slowly loaded to a maximum load of 41
kN. Residual stresses in specimens CTape-1, 2 and CTpe-3, 4 had the opposite distribution trend along the
crack growth direction (Fig. 5). Two further CT specimens without residual stresses (denoted as CTgum-1 and
CTewm-2) were also prepared for the comparison.

The CT specimen dimensions were in accordance with ASTM E647-11: width W = 40 mm, thickness B = 10

mm and initial notch length ap = 8 mm.

4.1.2. Residual stress and Kres

An elasto-plastic FE simulation of the four-point bending process was performed with the ANSY'S package
to obtain the longitudinal residual stress distribution along the width of the specimen. The material constants
in the bilinear model were obtained by static tensile tests, finding the Young’s modulus E = 72.5 GPa, plastic
modulus E’ = 6 GPa and yield strength o5 = 291 MPa. Subsequently, Kyes due to the given residual stress field
was calculated using the displacement extrapolation method. The residual stress distribution and
corresponding Kres of specimens CTapg-1, 2 and CTape-3, 4 are presented in Fig. 5. Both the residual stress
and Kes distributions have the opposite trend in the two kinds of specimens owing to the different crack
location.

During the bending process, longitudinal strain in the central part of the beam specimen was monitored using
the digital image correlation technique. The data were shown to be highly consistent with the analysis results
from the FE simulations and the deviation of the maximum strain value was less than 5%, which has
convinced us that the residual stress profile derived by FE simulation is the actual stress distribution in the

beam.

4.1.3. Fatigue crack propagation tests

Fatigue crack propagation tests were conducted at 20 Hz load frequency using a MTS servo-hydraulic fatigue
test machine with a 10 kN load cell; the loading conditions are summarized in Table 3. The crack length was
monitored from the specimen surface by a traveling microscope, and the externally applied load P with

respect to the crack length was obtained using Eq. (10). Changes in the applied Pmax and Pmin With the
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increasing crack length are given in Fig. 6 for the two kinds of specimens in order to achieve constant Res

and constant AKapp.

4.1.4. Results and discussion

Fatigue crack growth rate of the specimens with different residual stresses were investigated in three different
cases, i.e. Kres > 0, Kres < 0 and Kyes = 0 in the crack growth regime. Fig. 7(a) shows the comparison of FCGRs
between CTape-1, 2 (Kres > 0) and CTam-1 (Kres = 0) in the case of Refr, const = 0.5, whereas the FCGRs of
CTape-3, 4 (Kres < 0) and CTem-2 (Kres = 0) in the case of Regf, const = 0.1 are shown in Fig. 7(b). These data
were obtained using the secant method. They were then compared to the average FCGRs of the CTam
specimens.

In the case of Kis > 0, FCGRs of CTsps-1, 2 remained substantially unchanged; FCGRs were mainly
distributed in the range of (1.2 ~ 2.3) x 10 mm/cycle and slightly fluctuated in the vicinity of the average
value 2.28 x 10* mm/cycle (CTgm-1). While a similar situation was observed in the case of Kres < 0, FCGRs
of CTspe-3, 4 approximately located in the (1.1 ~ 2.1) x 10* mm/cycle and fluctuated near the average value
1.15 x 10* mm/cycle (CTem-2). In summary, FCGRs in CTspg-1, 2 and CTsps-3, 4 corresponded with the
FCGRs in CTem-1 and CTem-2, in which Kes = 0, respectively. This result means that FCGR can be identical
if the tests were performed with a constant AKap, and constant Resr, regardless of the presence of residual

stresses, i.e. the effect of residual stress on FCGR can be removed by this proposed modified loading method.

4.2. FCGR in friction stir welded CT specimen

4.2.1. Specimen preparation

The 2024-T351 alloy was supplied as plate with a thickness of 5 mm. Two parent metal plates of 500 mm x
250 mm were friction stir welded along their long edge and parallel to the rolling (L) orientation. The welding
tool used in this study had a shoulder of 12 mm diameter; measured process parameters were a rotation rate
of 600 rpm and a traverse speed of 100 mm/min.

After being butt welded by friction stir welding (FSW), the plates were cut into a strip of 65 mm x 300 mm
size, as shown in Fig. 8, to measure the longitudinal residual stress introduced by the welding process using
the contour method originally proposed by Prime [24]. The strip was carefully cut into two pieces along a
transverse plane, and the vertical (longitudinal) displacement profile of the cutting surface caused by the
release of residual stress was measured. Then, the opposite of the measured displacement profile was applied
as boundary conditions to the surface of an FE model and the corresponding longitudinal residual stress

distribution was obtained.



CT specimens with nominal crack growth in the direction perpendicular to the weld centerline were cut from
the strip and specified as CTrsw-1, 2; the specimen geometry shown in Fig. 8 was established in accordance
with ASTM E647-11: W = 52 mm, B =5 mm and ap = 10.4 mm. Another specimen of identical dimension
was manufactured from the base material, denoted as CTgm-3, for comparison purpose.

4.2.2. Residual stress and Kies

Measured residual stress profile and calculated Kres by the displacement extrapolation method are shown in
Fig. 9. Residual stresses in the weld zone were tensile with the external regions being subjected to
compressive residual stresses. Two peaks were located 5 mm from the weld centerline on both sides, and a
valley stress located at the weld centerline between the two maxima. The maximum stress, which occurred
on the advancing side, was 44% of the parent plate (L) yield strength. The trend of the residual stress
distributions obtained in this study compared well with other published results of FSW residual stresses [13,
25]. Although there is a difference in the maximum stress value between the advancing and the retreating
side, the distribution is nearly symmetric about the weld centerline. Thus, the side, from which the fatigue
crack starts to propagate, should not significantly affect the result. Therefore, crack propagation test was
performed with the crack propagating from the FSW retreating side to the advancing side.

4.2.3. Fatigue crack growth tests

Fatigue test details are similar to that described in Section 4.1.3 and the loading conditions are summarized
in Table 4.

4.2.4. Results

Fig. 10 shows the crack growth rate curves for CTesw-1, 2 and the base material specimen CTgm-3. As
expected, FCGR of CTem-3 remained steady at approximately the average value 1.78 x 10 mm/cycle.
Considerable fluctuations were shown in the FCGR of the CTrsw specimens: from the retreating side, FCGR
decreased as the crack approached the weld reaching a minimum FCGR (=5 x 10°° mm/cycle) at
approximately 3 mm from the weld centerline. Then it began to rebound and recovered to a level similar to
that of CTem-3. Subsequently, the crack propagated into the advancing side and the FCGR decreased again
after the crack tip had passed the weld centerline. A second minimum FCGR of ~6 x 10 mm/cycle was
attained approximately 8 mm from the weld centerline, after which the FCGR rapidly increased and stabilized
at the base material level. Based on the similitude principle that FCGR should be the same if the crack
propagation tests were performed with constant AKapp and Resr, Which was presented in Section 4.1, the

discrepancy between the FCGRs of CTgu-3 and CTesw Specimens was attributed to the microstructure



change introduced by the welding process.

4.2.5. Discussion on the crack growth rate fluctuation in CTrsw Specimen

For better understanding of the fluctuation shown in Fig. 10 in the CTrsw Specimens under the constant AK
and constant Rers loading, changes in microstructure, hardness and static mechanical properties were
measured.

The microstructure changes were observed on a polished and etched specimen (Keller’s reagent: 1 mL HF,
1.5 mL HCI, 2.5 mL HNO3 and 95 mL H0), as shown in Fig. 11. Three different zones appeared after the
FSW process due to intense plastic deformation and high-temperature exposure within and around the stirred
area; they were identified as the weld nugget zone (WNZ), the thermo-mechanically affected zone (TMAZ),
and the heat-affected zone (HAZ) based on the microstructural characterization; the approximate sizes of
these zones are: WNZ (D <3 mm), TMAZ (3 < D <6 mm), HAZ (6 < D <8 mm), and BM (D > 8 mm),
where D is the distance from the weld centerline.

The Vickers Hardness distribution across the friction stir welded joint was determined in different layers and
compared to the hardness of the base material (145 HV), as shown in Fig. 12. The HV test load was 0.1 kg.
The weld zone has a relatively low hardness than the base material, and the hardness in the vicinity of the
weld centerline presented a downward trend from the top surface to the bottom surface. The hardness
recovered to a level similar to that of the base material immediately outside the weld at approximately 8 mm
from the weld centerline, which revealed the range of the heat affected zones. The hardness distribution
seemed to be symmetric and the difference between the retreating side and the advancing side was minimal.
The local static mechanical properties in different zones were evaluated by tensile tests and compared with
the base material in Fig. 13. Similarities among the profiles of yield strength, ultimate tension strength (UTS)
and elongation are as follows: Two minima were located 5 mm from the weld centerline, and the values
recovered to the level of the base material once outside the weld. However, distinct discrepancies also existed
among the distributions: The yield strength almost approached the base material value in the vicinity of the
weld centerline, and only minor distinctions was presented between the retreating side and the advancing
side. While the UTS and elongation distribution exhibited a valley at the weld centerline and considerable
differences between the both sides.

From the investigation of changes in the microstructure, hardness and mechanical properties, the fluctuation
in FCGR of the CTrsw specimens shown in Fig. 10 is the result of the material characteristic changes in

different weld zones:
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(1) WNZ. The variation of the FCGR might be explained as follows: The weld metal in the WNZ was softer
than the base metal, and the grain size in this region was much smaller than that of the base material. They
both cause a lower FCGR. However, the lower elongation at the weld centerline resulted in poor ductility
and consequently enabled the FCGRs at the weld centerline to attain the level of the base material.

(2) TMAZ and HAZ. The variations of the FCGRs in the TMAZ and HAZ were more complicated due to the
unsymmetrical profile about the weld centerline. On the retreating side, the reduction of FCGR from HAZ to
TMAZ was induced partly by the lower hardness and partly by the lower yield strength. This is because that
the lower hardness can make the weld metal much softer, and lower yield strength results in a larger crack
tip plastic zone. Moreover, the FCGR was also influenced by the elongation and the microstructural changes:
the minimum FCGR was located 3 mm from the weld centerline, where the elongation has reached its peak
value and the boundary between the TMAZ and the WNZ was located exactly at this position. Both high
ductility and fine grain size produce a lower FCGR. On the advancing side, similarly, the reduction in FCGRs
was caused by the softer metal and larger crack tip plastic zone, which were resulted from the lower hardness

and yield strength in this region.

5. Conclusions

(1) The proposed loading method for separating the effects of residual stress on FCGR during the tests are
simple and feasible to use to avoid the influence of empirical crack growth rate correlation equations on the
calculated result according to the basic idea of the method.

(2) Test results of CT specimens containing residual stresses introduced by four-point bending demonstrate
the validity of the proposed method in both cases of Kres > 0 and Kes < 0 for removing the effect of residual
stress on FCGR.

(3) Test result of friction stir welded 2024-T351 specimens has demonstrated the applicability of the proposed
method to isolate the contributions of residual stress and microstructure change to FCGR in weld parts. The
changes in microstructure, hardness and mechanical properties in different weld zones account for the
observed fluctuations in the FCGR that is free from the residual stress effect as obtained by the proposed
method.
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Table 1. Loading conditions for (da/dN)r evaluation.

Constant amplitude Constant AKgpp

Loading conditions

02=23.2 MPa, R=0.1 AKapp=11 MPa+/m , R=0.1

Table 2. Material constants used in the crack growth laws for 2024-T351 [19, 22]. (Unit: N, m)

Material constants C m n p q
Walker eq. 4.8x10% 0.6937 3.2
Forman eq. 2.864x1010 4.067
NASGRO eq. 1.71x1010 3.353 0.5 1
Table 3. Loading conditions of fatigue tests for CT4pg and CTgm Specimens.
Specimen CTaps-1, 2 CTem-1 CTaps-3, 4 CTewm-2
Residual stress Yes No Yes No
Kres >0 =0 <0 =0
AKapp, const ( MPav/m ) 10 10 10 10
Reff, const 0.5 0.5 0.1 0.1

Table 4. Loading conditions of fatigue tests for CTesw and CTgm Specimens.

Specimen CTrsw-1, 2 CTew-3
Residual stress Yes No
Kres from negative to positive =0
AKapp, const (MPa+/m ) 10 10
Reff, const 0.5 0.5
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