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Abstract:

A method is presented for evauating the intrinsic fatigue crack growth rate (FCGR) by
excluding the effect of welding-induced residual stresses. Calculation procedures have been
developed and demonstrated via an example of crack growth across a longitudina weld
subjected to constant amplitude loads and also constant applied stress intensity factor ranges.
Trends of intrinsic FCGR in different weld regions are identified. The methodology should
also be applicable for crack propagation within and parallel to aweld for establishing intrinsic
FCGR laws.
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Nomenclature

a half or full crack length in centre crack or edge crack geometry
A, ..., Aq base materia constantsin general form of crack growth laws
A, ..., A, weld metal constantsin general form of crack growth laws
C,mn material constants in the Walker Equation

Cp, My, Ny base materia constantsin the Walker Equation

Cw, My, N, weld meta constantsin the Walker Equation

E, G, v Y oung's modulus, Shear modulus, Poisson’ s ratio

Kapp: Kres, Kiot  Stressintensity factor (SIF) due to applied, residual and combined stress fields
Kapp,max, Ktotmax SIF due to applied and combined stress fields at the maximum applied stress
Kapp,min, Kiotmin SIF due to applied and combined stress fields at the minimum applied stress
AKapp, AKyot  SIF range due to applied and combined applied and residual stresses

R nominal stressintensity factor ratio (Knin/Kax = Omin/ Omax)

Rest effective stress intensity factor ratio (Kot min/Ktot, max)

W half width of centre crack or full width of edge crack specimen
5} non-dimensional SIF

AG 41O appmac APPliEd Stress range and maximum stress

0,.(x) residual stress distribution

(da/dN),,(da/dN), fatigue crack growth rate (FCGR) in base materia and weld metal
(da/dN), FCGR in weld metal with residual stress effect only (no material change)
(da/dN)  intrinsic FCGR in weld metal without residual stress effect
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1. Introduction

Significant amount of research has been conducted in the past 20 years to understand the
damage tolerance properties of fusion, laser and friction stir welds in aerospace aluminium
alloys [1-9]. One of the key damage tolerance requirements is the capability of predicting
fatigue crack growth life. Comparing with the base material (BM), changes in crack growth
rates in weld metal (WM) arise from two main factors, one is the welding-induced residual
stresses and the other is the change in weld metal properties due to the microstructural
changes. However, current predictive models uses the base materia fatigue crack growth rate
(FCGR) and consider only the residual stress to predict weld plate life; changes in weld metal
properties are not counted in these predictive models [e.g. 3, 9-12]. The main reason for thisis
the lack of weld metal crack growth rate properties.

For crack propagation perpendicular to a weld, welding-induced residual stresses are found to
play a mgjor role on the FCGR [1,7,8]. Effects of residual stress and microstructural changes
on FCGR were investigated in friction stir welded AA2050 [7] and AA2024 aloys [8]. The
tests were conducted on compact tension specimens subject to constant values of applied
stress intensity factor range. Both studies have concluded that residua stress is the main
influential factor, but in the weld nugget microstructural effect is also present. In [8], effect of
microstructural and hardness changes on FCGR was observed by relieving weld residua
stresses. The test specimen was stretched parallel to the weld centreline to a 2% plastic strain.
It was observed that crack growth rates outside the weld rose to the values expected for the
BM. Since no difference was found in the hardness and microstructure before and after the
residual stress relief, it was concluded that residual stress redistribution after the mechanical
tensioning was responsible for the difference in crack growth rates. However, no quantitative
analysis has been performed on the influence of each factor.

For crack propagation within and parallel to aweld, crack growth rates have been found to be
considerably lower than that in the base material [5, 13]. A detailed FE model was used to
simulate crack path deviation in weld by employing different material properties for the base
material and weld metal [14]. However, no method has been found in the open literature for
predicting fatigue crack growth behaviour within aweld. An approximate method is to use the
weld metal FCGR measured from test coupons (instead of using the base material FCGR and
adding residual stresses) to predict the life of a welded component that is manufactured by the
same welding process. Using this method the effects of residual stress and microstructural
changes are both included in the coupon test data. However, the predicted crack growth rates
can be sensitive to the difference in specimens geometry and dimension.

It is well-known that residual stress magnitude and distribution are different for different
dimensions, but the weld metal microstructural change should be the same for the same
welding process parameters even though the dimensions of the test coupon and component
are different. Therefore, if the influences of residual stress and weld microstructure change on
FCGR can be separated, that is if the FCGR in a weld can be determined without the
influence of residual stress, then it is possible to evaluate the influence of the weld material
intrinsic property on the FCGR. This growth rate property should be unique for each welding
process and independent of weld sample geometry and residual stress, therefore it can be used
in conjunction with either measured or calculated residual stresses for predicting crack growth
life of a give component (using coupon test data). In this paper we refer this property as the
“weld intrinsic crack growth rate”.

The objective of this paper is to present a method to extract the weld intrinsic crack growth
rate from test measured crack growth rate. The idea is that, if it is possible to separate the
contribution of welding-induced residual stress from measured crack growth rates, then the
rest in the growth rate change is due to the contribution from weld metal microstructural
changes. Firgt, fracture mechanics analysis is performed to determine the residual stress effect



on FCGR in the base material. Thisis followed by a series of calculations to extract the weld
intrinsic crack growth rates from measured FCGR. An example is used to demonstrate the
methodology and analysis procedure.

2. Methodology

2.1 The concept

In the presence of residual stresses, the total stress intensity factor range and effective stress
intensity factor ratio due to the combined stresses can be calculated by the superposition rule
[15, 16]:

AKtot = Ktotmax - Ktotmin = (Kappmax + Kres)_(Kappmin + Kr%): AKapp (1)
K. . +K

_ _“appmin res 2

R Kappmex T Kres @)

It can be seenthat AK,, isthesameasAK,,,, but Ry isdifferent from the nominal ratioR.

In the framework of linear elastic fracture mechanics (LEFM), numerous crack growth rate
laws have been developed to correlate FCGR (da/dN ) with the stress intensity factor range

AK [12-13]. The general form of these laws can be expressed by eqg. (3), whereA,..., A, are
material constants of the base material, AK,,, and R reflect the applied stress and specimen
geometry.

d
]t

When the crack growth law is applied to calculate crack growth rates of welded samples,
AK,,, and R are replaced by AK,, and Ry to include welding-induced residual stresses;

A, ..., A shouldbereplaced by A, ..., A, which are material constants of the weld sample.

da , '
(mj = f (MK, Ryt AL AY) (4)
The difference in the FCGR between the weld metal and base materia is:
(&) (2]
dN ), \dN ),

This difference contains contributions from the weld residual stresses and materia property
changes in the weld. Assume that the welding process induces only the residual stress without
changing the material properties, the corresponding FCGR should be:

da
(d—Nj = f(AK g, Ra Ao A ) (6)
R
The increment in FCGR caused by residual stress effect is:
da da
A= —| —-|— 7
' (deR [deb )

Since A, should be different fromA, define A, as the difference due to the contribution of
weld material change without the influence of residual stress:

Ay, =A-A (8
Therefore, theintrinsic crack growth rate in weld metal is:
da da
- = — 1 +A 9
(lem (le i ©



Fig. 1 shows schematically the changes in FCGR consisting of the increment A, arising from
residual stresses and A, due to weld material property change. These increments, A, A, and

A,, can be either positive or negative and may not always be the same with the increase of
AK' .
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Fig. 1 Schematic of contribution of weld residual stress and material property changeto
FCGR in weld metal

Substitute egs. (5), (7) and (8) into eq. (9), find:
(). ()l A ) )
dN ), \dN ), dN ), LdN), dN ), (dN),
() (). o)
“laN ), LaN), \dN ),

Data (da/dN),, can be determined from eq. (10) using test measured data (da/dN ), and
(da/dN),, and calculated (da/dN ), .
On the other hand, (da/dN),, can aso be expressed as a function of the applied stress and

specimen geometry parameters ( AK R) and the material constants for weld meta

(10)

app ’

(A, ....A):
da ' '
(d—NjM = f (MK R AL A) (12)
Then, constants (A, ..., A\) can be determined by fitting the (da/dN )., data that is obtained
from eqg. (10).

It should be pointed out that, since there are many established crack growth laws, the f

function in egs. (3), (4) and (11) can be different. The choice of crack growth laws will not
affect the concept of this method for extracting intrinsic crack growth rate from test data of
weld samples with residua stress in presence. However, for the evaluation purpose it will be
convenient to use the same crack growth law through the analysis procedure.

The entire procedure is summarised in the flow chart in Fig. 2.
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Fig. 2 Flow chart of the proposed procedure for evaluating weld intrinsic FCGR

2.2 Method and Procedure

To take into account of the residual stress effect, the effective ratio Rgr defined in eq. (2) must
be one of the parameters in the selected crack growth rate law. Established empirical laws,
such as the equations proposed by Walker (Eg. 12) [17, 18] and Forman (EQ. 13) [19], and the
NASGRO equation (Eq. 14) [18] all contain the Rratio variable.

d m-1
o clak@-ry™J (12)
da  C(AK)
dN K, (1-R)-AK (13
o]
B _c Kﬂj AK} NI (14)
aN T \1-R

q
(1_ Kmax j
Kcrit

where, C, n, m, p, q, Kgit, AK¢y are all material constants, f is a parameter correlating with the
ratio R.
According to the LEFM theory [20], AK isafunction of crack length a:

AK = B-Acma (15)
Therefore, for the base material da/dN can be expressed as function of a:
da
(d_ij = fl(a7AG’ﬂl) (16)

where S, isageometry factor of the test specimen made of the base material.
Since the crack growth rate data of welded sample, (da/ dN)W, can be derived from the
differential of test measured (a, N) data, denote:

[S_zjw = fz(a’ Ao, ﬂz) (17)

where S, isageometry factor of the weld metal test specimen.



In this study the residual stress intensity factor, K;es, is Obtained by FE analysis, and can be
reasonably expressed as function of crack length, residua stress and specimen geometry.
Hence, both AK,, and R, in Eq. (6) are functions of a, accordingly, (da/dN), can be

expressed as afunction of the crack length:
da
(d_NjR = fs(a’AGnﬁ3) (18)
where S, is a factor associated with the weld metal test specimen geometry and the weld

location.
From Eq. (10), the weld intrinsic crack growth data ((da/dN ), ,a) can be obtained by the

following equation:

(:_;j = f1(a,AG,ﬁl)+ fz(awAO_,ﬂz)_ fs(a’AG’ﬁ3) (19)

For the case of using the identical geometry for testing base material and weld metal, itis
more convenient to use a set of da/dN data to get(da/dN), :

int
N int N b a=g; N w

()
a=g, a=g, dN Rla=g

This set of weld intrinsic crack growth rate data can also be correlated by a crack growth rate
law. For demonstration purpose, the Walker equation is employed here:

(Elm ~C,[AK,, - R

dN
- (- R Aok ) (pmal)”
Material constants, C,,, m,, ny, which describe the weld intrinsic crack growth rates, can be
obtained by fitting the ((da/dN ), ,,a) data obtained from Eq. (20) using the expression of Eq
21).

(20)

(21)

3. Intrinsic crack growth rate of alongitudinal weld
3.1. Variable Polarity Plasma Arc welding

The Variable Polarity Plasma Arc (VPPA) welding process was firstly investigated in 1940s
and developed extensively in 1980s by the NASA for achieving high quality aluminium welds
[21]. During the welding process, the molten pool and the heat input produce significant
metallurgical changes compared with the base material. Due to the availability of residual
stress and FCGR test data, 2024-T3 VPPA weld is used as a demonstration example.
Specimen geometry is shown in Fig. 3a and micrograph of the interdentric structure in the
fusion zone (FZ) and heat affected zone (HAZ) is shown in Fig. 3b. For this configuration,
crack grows across the fusion zone, heat affected zone and base material. The hardness in the
FZ, where the molten material is solidified, is the lowest as this area contains a fairly coarse
dendritic structure with little precipitation hardening [22]. Material in the HAZ has been
thermally treated by the heat input during welding. These microstructure changes result in
different crack growth rates comparing with that of the base material. Procedures for
evaluating the intrinsic crack growth rate are described in the following sections.

3.2. Initial conditions

Evaluation of the weld intrinsic crack growth rate of a VPPA welded 2024-T351 specimen is
based on the test data reported in [9, 23]. The specimen configuration is shown in Fig. 3a
Measured longitudinal residual stresses shown in Fig. 4 and measured crack growth rates are



taken from [9, 23]. The loading conditions are summarised in Table 1. Crack growth rates of
the base material of 2024-T351 of L-T orientation are taken from [18]. Measured crack
growth rates for the base material and weld specimens are shown in Section 3.4 together with
the evaluated weld metal intrinsic FCGR.
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Fig. 3 Configuration of (a) the test specimen (unit: mm) and (b) crack growth path in
longitudinal weld specimen (micrograph of the interdendritic structure is taken from [22])
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3.3. Calculation of Kes

Stress intensity factor (Kres) due to a given residua stress field is calculated by the finite
element method (FEM) using the displacement extrapolation method. The calculation needs
not to be done manualy as the procedure is now implemented in some commercia FE
packages. In this study, the ANSY S package is used to computer the K. by calling the
command “KCALC” in the general postprocessor after defining the path for extracting crack
region displacements. For the calculation purpose, measured residual stresses are averaged
and mirrored with respect to the weld centreline (Fig. 4), before being inputted into the FE
model. Details of the FE analysis can be found in [24].

Calculated Kes is presented in Fig. 5. For the convenience of further analysis, calculated
values are fitted by the Gaussian equation, eg. (22). Thefitting curveis also shown in Fig. 5.
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Fig. 5 Calculated K, by FEM and fitting curve

3.4. Determination of (da/dN);in

For the constant amplitude (CA) load condition, base material crack growth rate (da/dN), is
obtained directly from the AFGROW materia database, which is (da/dN), vs. AK . Function

fl(a) Is obtained by substituting the AK ~ a relation for the M(T) specimen, eg. (23), into the
NASGRO crack growth rate law, eg. (14).

AK = Aoy /a{%} (23)



Measured (da/dN ), data of the test specimen are smoothed to obtain f,(a) . The growth rate
function (da/dN), , i.e. f,(a), is obtained by eq. (14) by substituting the nominal R ratio by
R« in the same equation. Parameters f and AK,,,in the NASGRO equation, being functions of
R, are dso modified accordingly. Subsequently, (da/dN) ., is calculated by eg. (19).
Calculated values of (da/dN ), and (da/dN),, are presented in Fig. 6.

For the constant applied AK loading condition (CK), base material crack growth rate f,(a) is
constant. Procedure for calculating (da/dN), and (da/dN)_ are the same as for the CA

loading case. Two AK values were used, i.e. AK =6 and 11 MPa+v/m, both at R = 0.1.
Calculated crack growth rates are shownin Fig. 7.
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Fig. 6 Evaluated crack growth rates from constant amplitude load test data under two nominal
applied stressratios. (a) R=0.1, (b) R=0.6
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Fig. 7 Evaluated crack growth rates from constant applied AK test data

4. Discussion
4.1. Trend of intrinsic crack growth ratein thelongitudinal weld

Figure 8 presents a comparison of calculated (da/dN),, with the hardness and residual stress

intensity factor. It shows that the intrinsic crack growth rates exhibit different trends in
different weld metal zones. According to the studies performed under the same research
programme for the same material and welding process [22, 25], the approximate sizes of the
three zones are: FZ (x <5 mm), HAZ (x = 5-30 mm) and BM (x > 30 mm). The total extent of
the HAZ is quite large due to the high heat input required to autogeneously weld 12 mm thick
plate (test specimen was skimmed down to 7 mm in thickness). Since the extent of the HAZ
can be estimated from the hardness profile, according to [25], HAZ can be further divided
into the so-called “near-HAZ” (5-13 mm from the fusion zone centre) and “far-HAZ” (13-30
mm), as marked in Fig. 8c. Following observations have been made on the changes in crack
growth ratein the FZ and HAZ.

(1) FZ and FZ/HAZ transition. Since the half initial crack size was 3 mm, crack growth
measurement started from the mid FZ. For the CA case, intrinsic crack growth rate, (da/dN). ,
Is the same or dlightly higher than that in the base material (Fig. 8a), whereas for the two CK
cases, (da/dN) . is considerably higher than that of the base material (Fig. 8b). The weld metal
exhibits the minimum hardness in this region (labelled | in Fig. 8c). In the early HAZ or the
FZ/HAZ transition, (da/dN),, decreases to the base material value for the CK case (Fig. 8b),

where the hardness quickly increases to a subsidiary peak at 7 mm (labelled 11 in Fig. 8c) as
the temperature is high enough for hardening-phase re-solution and re-precipitation to occur.

(2) Near-HAZ (x = 7-13 mm). The hardness drops to a further minimum at 11~12 mm
(labelled 111 in Fig. 8c) as temperatures here are not sufficiently high to cause re-solution, but
still high enough to cause substantial overageing of the base-metal precipitates. Intrinsic crack
growth rate decreases significantly to the minimum value; this trend is for both the CA and
CK cases (Figs. 8aand 8b). In fact intrinsic growth rate has dropped below the threshold level
of the crack growth rate for the CA R = 0.1 and the two CK cases (x = 10 mm). The reason
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could be the following. Weld metal in this region is much softer and more ductile than that of
the base metal. As shown in Fig. 9, yield strength drops to the minimum value of 250 M Pa at
9 mm; it returns to the base material value of 370 MPa at about 30 mm [26]. Because of the
low yield strength, crack tip plastic zones are larger in the softer zones resulting in more crack
closure and subsequently larger plastic wake behind the advancing crack tip. The consequence
of plasticity-induced crack closure is the crack growth retardation or even arrest. This is
manifested by the very low or even close-to-zero (da/ dN)int . Thistrend is most pronounced in

the CA load case at R = 0.1 (due to more crack closure in lower R ratio than the case of R =
0.6) and aso in the CK case of at AK = 6 (due to lower applied AK). The reason for the
physically measureable crack growth rates in the weld, i.e.(da/dN), ~10° ~107, is due to
the high K in the HAZ, Fig. 8d. In the last part of the near-HAZ (11-13 mm), where the
hardness and yield strength begin to rise, intrinsic crack growth rate starts to increase. For the
two CA cases, growth rate returns to the base metal level. For the AK = 11 case, the trend of
recovery can be observed, but due to the crack closure effect, caculated (da/dN)  data is

outside the plotting range. For the case of AK = 6, intrinsic crack growth rate has dropped far
too low due to the very low AK.

(3) Far-HAZ (x > 13 mm). The hardness is on a rising trend to reach the base-metal value.
Although the hardness is still below the base-metal value, there is no further heat effect on the
mechanical properties, as the material in this region is overaged at around 13 mm and then
critically aged at about 22.5 mm [25]. Calculated intrinsic crack growth rates for the CA cases
increase to the base material values (at 13-17 mm). The growth rate recovery came later for
the CK cases (at 19-20 mm). In Fig. 8c, region 1V indicates the last part of the far-HAZ,
where the temperature is still high enough to cause critical ageing of the base metal precipitate
but does not have negative effect on the mechanical properties. Due to the lack of test data for
longer crack length (critical half crack length was about 20 mm in the CA and CK tests), or
due to possible data scatter in the test data, it is difficult to judge if the upward trend of
(da/dN),, a 9 mm will continue beyond the last calculated data point, in which case it will

overshoot the base material curve for both R-ratios. Trend in (da/dN),, beyond a = 17-20 mm
cannot be established by this study, which is alimitation of this paper.

4.2. Differencesin longitudinal and transver se welds

For crack propagation perpendicular to aweld, material property changes along the crack path;
thus intrinsic crack growth rate changes in different regions across the weld. The method
presented in this paper is useful to establish the trend of crack growth rate changes and the
influence of weld material property change on FCG rates as demonstrated by Fig. 8 and
discussion in Section 4.1.

The methodology and procedure presented in this paper could potentially be more useful for
calculating intrinsic crack growth rates for the weld perpendicular to the applied load. In this
case intrinsic material property should be constant along the crack growth path. Therefore, a
constant (da/dN);n; should be obtained for constant AK. Unfortunately full set of test data (in
terms of residual stress, hardness and crack growth rates) was unavailable to this project.

4.3. Limitations of the method
Calculated (da/dN),, depends on analysis models. In this paper, (da/dN),is calculated by the

NASGRO equation, which is an empirical crack growth law. Although the effects of Ry ,

K.andAK,, are al considered in this equation, the law has an inherent limitation for high R-

ratios. It is found that for many aloys listed in the NASGRO database predicted crack growth
rates can be erratic if R is above or below certain values. For example, crack growth rate
curves can become vertical when R> 0.7 [18]. To avoid this, negative and positive cut-off
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stress ratios are set automatically when a material is selected in the AFGROW code. For 2024
-T351, the positive cut-off stress ratio is 0.7 [18]; beyond that infinitely high crack growth
rate at a AK will be calculated. Due to the considerably higher residua stresses in this
example, Fig. 4, the effective ratio Ry are higher than 0.7 for the cases of CA load at nominal

R=0.6 and CK load at AK = 6, as shown in Fig. 10. Consequently, (da/dN ),is overestimated
by the NASGRO equation resulting in (da/dN ), being underestimated in the region where

Re >0.7. This region corresponds to crack length a = 5-18 mm for the CA loading at nominal
R = 0.6 and a = 10-18 mm for the CK 4K = 6 a R = 0.1. In view of this, calculated
(da/dN ), data for the cases of CA R=0.1 and CK 4K = 11 are used to establish the trend and

characteristics of intrinsic crack growth rates in the FZ and HAZ regions. Therefore, when
designing experimental tests to evaluate the intrinsic crack growth rate using this method,
loading conditions should be considered carefully to ensure the validity of the calculated data.
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Fig. 9 Changesin yield and ultimate tension strength across the weld [26].
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5. Summary

A method is presented for extracting weld metal crack growth rates from test measured crack
growth rates by excluding the influence of welding-induced residual stresses. Calculation
procedures are presented and demonstrated via an example of crack propagation across aweld
in an M(T) specimen. Both the constant amplitude and constant stress intensity factor range
loading conditions are used.

For crack propagation perpendicular to a weld, trends of crack growth rates in different weld
regions are established and compared with changes in the hardness profile, which, to certain
extent, reflects the microstructural changes in weld metal. In the fusion zone, crack growth
rate is higher than that in the base material; crack growth rate then drops to the base metal
level at the FZ/HAZ transition region. Crack growth rate drops further and more significantly
in the first part of the near-HAZ due to the much reduced yield strength of the local material.
Crack growth rate recovers in the far-HAZ and reaches the base material level as expected.
Due to the limitation of the test data, a complete picture of the intrinsic crack growth rate in
the far-HAZ and towards base material border could not be obtained from this study.
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