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Influences of material mismatch on interface crack tip field in three layered creeping materials

Abstract

Interface creep cracking is very common to be seen in various kinds of welded
components which are used widely in engineering practice. In the present paper, the
interface creep crack tip field by considering material mismatch effect is studied. The
interface creep crack is found to be close to the HRR field which can produce the faster
creep crack growth rate. A material mismatch constraint parameter is proposed based

on the validation of the local mismatch effect on the interface creep crack tip field which
also maintains the self-similarity. An averaged material mismatch constraint M_ is
presented to represent the material mismatch constraint effect. It reveals that the
material mismatch constraint effect for interface creep decreases with the increase of
the local mismatch factor. The physical meaning of the material mismatch constraint
effect for the interface creep crack and its future application to engineering failure
analysis is also discussed and presented.

Keywords: interface creep crack; stress field; material mismatch; self-similarity;

material constraint;
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Nomenclature

A creep coefficient of base metal

A, creep coefficient of weld metal

a crack length

o coefficient of Ramberg-Osgood model

C(t) C(t)-integral

*

C C™-integral

E Young’s modulus

& strain tensor

&, reference strain

&, reference strain with rate form

& creep strain tensor with rate form

g’ plastic strain

Aij bound function of elastoplastic interface crack

~ij bound function of creep interface crack

J J-integral

K complex stress intensity factor of elastic interface crack
K, mode | stress intensity factor

K, mode Il stress intensity factor

f)ij angular distribution function of material mismatch stress field
Q Q-stress (geometry and loading constraint parameter)

m mismatch factor (A;/A, )"

mg mismatch factor (A, /A )"
M* material constraint parameter
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oscillatory parameter of elastic interface crack
Poisson’s ratio
creep exponent

applied remote load
reference load

radial distance to crack tip
deviatoric stress

angular angle

creep time

transition creep time

reference stress
stress tensor

dimensionless stress components

dimensionless stress distribution function in part | material

dimensionless stress distribution function in part 1l material

mismatch stress field

reference stress field
T-stress
traction force

displacement

displacement with rate form

width of crack plate
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Abbreviations

BM base metal
CEEQ equivalent creep strain

CPE8R  eight node isoparametric plane strain element with reduced integration

FE finite element
HAZ heat affected zone
HRR Hutchinson-Rice-Rosengren

MBLM  modified boundary layer model
SECP single edge cracked plate
SIF stress intensity factor

WM weld metal
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1 Introduction

Interfacial cracking is very common to be found in various kinds of weldment and
dissimilar joints. It can be found frequently from the observation of experimental works
that there are many interfacial creep cracks which lie in the fusion line of welding joints
and welded components [1-6]. Characterization of interface crack plays a crucial role
in the failure assessment of those welded structures and components. The accurate
prediction of interfacial creep crack tip field is a preliminary to build up a reasonable
assessment method for evaluating the interface creep crack growth. Tremendous
attentions have been attracted to study the fracture of welding components from
different viewpoints [7-12], among which characterization of interfacial creep crack tip
field is one of the critical issues in those important topics. A full review on the fracture
mechanics in weldment was given by Zerbst et al. [13].

Note that it is prerequiste to predict the failure behavior of those components, some
works have been presneted to the study of the stresss field and fracture parameters for
bimaterial interfacial creep crack. As for creeping solids, Tu [14] presented the
tendency of C(t)-integral for crack tip field near the interface of a bimaterial. Yoon and
Kim [15] presented the characterization of bimaterial creep crack with a sharp crack tip,
and solutions of C(t)-integral were also provided. The advantage of using the sharp
crack tip is that the numerical solution to C(t)-integral can be obtained easily by finite
element (FE) codes, however, this does not coincide with the actual observation from
experimental test of crack tip blunting effect at elevated temperature [16]. Kitamura et
al. [17] presented the stress field for edge creep crack of a bimaterial and found that the
stress highly concentrates near the interface edge. Ngampungpis et al. [18, 19] gave the
singular stress field of bimaterial edge creep crack under a sustained load, and revealed
the stress field near the interface edge with no or weak elastic stress singularity. A
higher-order term theoretical analysis was carried out by Yuan and Yang [20] for an
interfacial crack which locates between elastic base material and creeping material. The

numerical investigations for stress field for a stationary interface creep crack under
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plane strain condition and pure opening dominated mode were presented by Biner [21,
22], and the focus of the studies was the influence of layer width on stress field and C”-
integral amplitude.

Recently, the constraint effect for cracked weldment has attracted the great
attention due to the importance of this topic and its potential implications in the
industrial applications of welding components. Yang et al. [23, 24] presented the out-
of-plane constraint effect for cracked weldment with experimental work, and a unified
parameter was presented to characterize the constraint effect of dissimilar joints.
Yamamoto et al. [25] also presented the experimental investigation on the constraint
effect of a creep crack in welded joints. Dai et al. [26] reported the C™-M" two
parameters approach to characterize the mismatch constraint effect of a creep crack
located in the heat affected zone (HAZ) within the mismatched modified boundary layer
(MBL) model. However, the investigations mentioned above are all based on the
simplification that the crack locations are in the HAZ, while the significance in the
characterization of constraint effect for bimaterial interface creep crack is definitely un-
negligible.

As the singularity of interfacial creep crack may not satisfy the HRR [27, 28] type,
the constraint parameters [29-34] which were proposed for homogeneous materials
should be reconsidered for bimaterial interface creep crack. There are two difficulties
for the characterizations of interfacial creep crack: (1) the singularity determination and
the oscillation of crack tip field, e.g. the stresses of the interface crack tip field for linear
elastic homogeneous material oscillate faster if the crack tip is approached as the
influence of oscillatory singularity; (2) the fracture parameter characterization in
bimaterial, e.g. complex stress intensity factor (SIF). Hence, the constraint effect
characterization for interfacial creep crack is much more difficult compared with that
in a homogeneous solid. As the existed difficulties mentioned above, only a few
theoretical results have been made for bimaterial interface creep crack, e.g. the
asymptotic analyses proposed for interface crack of mode Il [35] and mode Il [36] in
bimaterial power law creeping solids show the singularity discrepancy from the HRR

type. However, the investigations on the characterization of constraint effect for
7
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interface creep crack almost have not been found in the available literatures to the
authors’ best knowledge. Moreover, the influence of material mismatch on interface
creep crack tip field and the characterization of constraint effect caused by material
mismatch have not been investigated yet though the influence of material mismatch on
constraint effect in elastoplastic material has been investigated by some researchers [37-
39].

According to the analogy between power law creep and power law elastoplasticity
[40], the solution of the elastoplastic bimaterial problem can be a reference to the study
of the bimaterial problem with power law creep. There were some studies on bimaterial
interfacial crack of elastoplastic material under both small scale yielding and large scale
yielding, as discussed by Shih and coworkers [41-43]. Wang [44] presented the
asymptotic field analysis for bimaterial interfacial crack in a hardening elastoplastic
material. For small scale yielding, the MBL model is generally used to analyze the
constraint effect of crack. Zhang et al. [45] studied the constraint effect for bimaterial
and tri-material, and also material constraint effect for mismatched weld metal with J-
M approach. The M-parameter defined in [39, 45] characterizes the constraint effect
caused by material mismatch for elastoplastic material and it is also a magnitude to
represent the difference field caused by strength mismatch. Furthermore, the M-

parameter is rather different with other parameters, e.g. the Q-parameter presented by
O’Dowd and Shih [46] and A, -parameter [47], which can characterize the constraint

effect influenced by specimen geometry and loading level. @stby et al. [48] studied the
constraint effect caused by residual stress and plastic work hardening with the MBL
model. Lee and Kim [49] presented the constraint effect of interfacial crack for power
law strain hardening bimaterial with the MBL formulation. Lately, extending the MBL
model to evaluate the constraint effect of crack in creep regime has drawn the attention
of some researchers. With the MBL model, the in-plane and out-of-plane constraint
effects for creep crack in homogeneous materials were studied by Shlyannikov and
coworkers [50, 51]. The mismatched MBL model with the HAZ was established to

investigate the material constraint effect of creep crack by Dai et al. [33]. Amore recent

8
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work on discussing material constraint effect of center cracked weldment is also
reported by our group [52].

The aim of this study is to make a thorough investigation on the characterization
of mismatch constraint effect for interfacial creep crack. The stress fields of interfacial
creep crack within the mismatched MBL model are analyzed and discussed. The two
parameters approach of C*-M" [33] is developed to study the material constraint effect
for interfacial creep crack. The M”-parameter [33] is also developed to characterize the
constraint effect of material mismatch for interfacial creep crack and it represents the
magnitude of the difference field induced by the material mismatch. The overall
structure of this paper is as follows. The theoretical background of the interfacial
fracture mechanics and the concept of the material mismatch constraint effect are given
in Section 2. Numerical procedures are illustrated in Section 3, and the results and
discussions are presented in Section 4. Finally, the conclusions are given as a summary

in Section 5.

2 Theoretical framework

For the case of a crack along the interface between two bonded linear elastic,

isotropic and homogeneous materials, the crack tip stress field is presented as [53]

1 i\ ~1 in\ ~I
0, (0.1) =5 {Re(Kr"), (0.n) + Im(Kr") 5 (0,m)] @
where the complex SIF K=K +iK,, i=v-1, 6;(6n) and &, (0,7) are

dimensionless angular functions. K, and K, are mode | SIF and mode Il SIF,

respectively. The constant 7 isthe oscillatory parameter which can be given as follows:

p=—in| Kkl + 44 @)
2\ Kt + 1,

with
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3—4v, under plane strain
1= 3)

(3-V,)/(1+V,) under plane stress

where v, and 4 (1=12) are the Poisson’s ratio and shear moduli for material 1 and

material 2 which are shown in Fig. 1. The coordinate system used for bimaterial crack
tip field is plotted in Fig. 1. Herein, the material 1 and material 2 in Fig. 1 are considered

to be base metal and weld metal, respectively.

yjl n ]/‘

Material 1

Material 2

Fig. 1 Coordinate system for interface crack tip

From Eq. (1), the SIF of interfacial crack is a function of K, and K, if =0.
To simplify the problem, the linear elastic properties of two materials are adopted to be
the same during the analysis in this paper, i.e. »=0. When 7 equals to 0, the

interface crack will become standard mode | type or standard mode Il type crack. In

general, the elastic properties of two materials are simplified to be the same in
engineering practices. Hence, the assumption with 7 =0 is reasonable here.

The stress field for elastoplastic interfacial crack in Ramberg-Osgood materials
under uniaxial state, which is defined as &°/e, =a(o/e,)", presented by Shih and

Asaro [41, 42] can be written as:

R P R @

ao,Ef
where o,, & and « arethe reference stress, the reference strain and the coefficient

of Ramberg-Osgood model, respectively. In Refs. [41-43], o,, & n,and « adopt

the constants of weaker part material. ¢ is the phase parameter. ﬁij is a bound
10



Influences of material mismatch on interface crack tip field in three layered creeping materials

function which is slowly changed with r/(J/ao).

It can be found that Eq. (4) is the HRR-like. Based on the analogy between power-
law creep and power-law plasticity, the stress field for the interfacial creep crack also
should be the HRR-like type according to Biner [21, 22], and the standard HRR type
solution for creep crack is written as following.

o, (6,1)=0, [ﬂjlm G,(6,n) 5)

o,& 0 r
inwhich C(t) and &, are C(t)-integral and the reference strain rate, respectively.

According to the aforementioned numerical solutions under both transient and
extensive creep range [21, 22], the interface creep crack tip field resembles the HRR
solution closely for the material part under larger creep coefficient. Here, we present
that the stress field of an interface creep crack by taking the geometry constraint into

account as the following form.

. \V(n+1)
“_(Cj A, (0.m)+Q(0n)s, ®

O,&,f

For those resembled HRR type interface crack, the Q stressin Eq. (6) can be defined
as the hydrostatic stress given by O'dowd and Shih [46] in elastoplastic material as well
as the creep crack [32]. The Q stress also can be treated as the difference of opening

stress between the solutions of full field and referenced field as discussed by Budden
and Ainsworth [29].
Based on our reported work [33], the stress field for an interface creep crack should

be characterized as below if multilayered materials are taken into consideration.

" . 1/(n+1)
"_1:[ ; ] h,(6.,n)+Q(6,n)8, +M"(6,n) B, ")

0 O-O‘c'.‘or
in which the third term is only caused by material mismatch, M~ is the material

mismatch constraint parameter and P, is the angular distribution function which is

similar to those definition of ﬁij . If a reference field is selected, the mismatched stress

field for an interface creep crack tip field can be presented as
1
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o, =o;" +Mo,p,(6.n) ®)
The selection of reference stress field o, should be a stress field which should not

take the material constraint into account. For the interface creep crack, the reference
field should choose the interface creep crack which is resembled the HRR filed without
the material mismatch. For Eq. (7) and Eq. (8), the method can be degenerated to the

problem with a crack located in a HAZ which was presented by Dai et al. [33].

3 Numerical procedures

In order to analysis a series solutions and characterizations for interface creep crack
tip field, two plane strain models with interface creep crack, i.e. modified boundary
layer model (MBLM) and single edge cracked plate (SECP), are adopted to perform
the numerical simulations (see Fig. 2).

For the mismatched MBLM, a circular plate with two materials is considered, i.e.
base metal in the upper part of plate and weld metal in the lower part of plate. The
approximation of near crack tip field is obtained with the application of boundary
conditions imposed by analytical displacements of mode | crack in linear elastic

material. For two dimensional plane strain problem, the displacement conditions for far

field K, considering the T -stress can be expressed as

K

LT 0 T
u, =E,/5(1+v)(3—4v—cos¢9)cos§+E(1—v2)rcosé?

K

_K /L v 0T :
u, = = 27Z(1+v)(3 4y cos&)sm2 Ev(1+v)rsm6’

where E is the Young’s modulus, K, represents the stress intensity factor (SIF), T is

©)

the T-stress term, v is the Poisson ratioand @ is the polar angle shown in Fig. 2. The
radius of the MBLM is 1000 mm so that the small scale creep can be approached if
there is only the applied K-field at the outer boundary. For SECP specimen with
interface creep crack, the height and width are kept as 125 mm and 50 mm, respectively.

The extensive creep will be obtained easily if the applied remote loading is large enough

12



Influences of material mismatch on interface crack tip field in three layered creeping materials

with a sustained creep time.

Fig. 2 The configurations and FE meshes of (a) SECP and (b) MBLM as well as crack tips

In order to carry out the numerical analyses, the FE code ABAQUS [54] is used.
In this article, the focus of problem is a two-dimensional plane strain problem. The
global FE model is shown in Fig. 2, and the element type is selected as CPES8R, i.e. the

eight node plane strain element using reduced integration. The loading conditions are
shown in Fig. 2, where the displacement boundaries are controlled by the K, -field in

Eqg. (9) for MBLM. The element numbers for MBLM and SECP are 12120 and 8148
with a refined crack tip. The FE meshes of these analyzed models are kept the same for
all the computations of the present study. For the convenience of data extracting, the
crack tip is defined as the coordinate origin. It should be noted that the FE code can
extract the C(t)-integral accurately and robustly for the interface creep crack. The FE
solutions are accurate enough to extract the stress and strain field of interface creep

crack. Thus, other methods such as finite element over deterministic method [55, 56]
13
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to determine the stress and strain of interface crack is not used in the current work, and
it will be discussed in future work.
The power-law type, so called Norton’s constitutive equation, is adopted in this

study and the form of it is presented as

P Al 10
_E 0 o ( )

0

inwhichE, n, ¢, & and o, arethe Young’s modulus, creep exponent, stress rate,
reference creep strain rate and reference stress, respectively. As usual, the creep
coefficient is presented as A=¢, /o) . Herein, A, and A, denote the creep

coefficients of the base metal and weld metal, respectively. The creep mismatch factor

m and m, are defined as:

)

Ay
1/n
m, = [i] (12)
Aunz

Table 1 Material constants used in calculations with the same creep exponent

As Aw Anaz m Mg n
3.20E-11 1.60E-10 1.92E-10 0.58 0.55 3
3.20E-11  8.00E-11  3.84E-11 0.74 0.94 3
3.20E-11  3.20E-11 3.20E-11 1.00 1.00 3
3.20E-11 8.00E-12  7.96E-12 1.59 1.59 3
3.20E-11 4.00E-12 5.31E-12 2.00 1.82 3
3.20E-11 1.60E-10 1.92E-10 0.58 0.55 3
3.20E-11 1.60E-10 3.84E-11 0.58 0.94 3
3.20E-11 1.60E-10 3.20E-11 0.58 1.00 3
3.20E-11 1.60E-10 7.96E-12 0.58 1.59 3
3.20E-11 1.60E-10 5.31E-12 0.58 1.82 3
3.20E-11 4.00E-12 1.92E-10 2.00 0.55 3
3.20E-11 4.00E-12 3.84E-11 2.00 0.94 3
3.20E-11 4.00E-12 3.20E-11 2.00 1.00 3
3.20E-11 4.00E-12 7.96E-12 2.00 1.59 3
3.20E-11 4.00E-12 5.31E-12 2.00 1.82 3

During the calculations, elastic properties of base metal and weld metal are treated

14
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to be the same to simplify the problem, i.e. Young’s modulus and the Poisson’s ratio of
two materials are adopted as 160 GPa and 0.3, respectively. The creep coefficients
adopted in this paper are given in Table 1 where the material properties come from [57].
The undermatch condition is considered to be m<1 (or mg <1) and the overmatch
condition is defined as m > 1 (or mg>1).

The C(t)-integral here is same as that defined by Bassani and McClintock [58] with
the domain integral method presented by Li et al. [59], which can be extracted from the
finite element results directly. For the interface creep crack, the C(t)-integral is still
valid, which has been validated by Yoon and Kim [15], and presented as below [58, 59]:

C(t)= j W'dy —T, (%}ds (13)

where, as shown in Fig. 1, ' is a counterclockwise integration contour around the
crack tip,and T, U;, dy and ds arethe traction vector on T, the displacement rate,

the increments in y-direction and along I, respectively. To improve the accuracy,
fifteen contours are averaged to be the C(t)-integral under transient creep and the C"-

integral under the extensive creep in all these calculations.
4 Results and discussions

4.1 C*-integral and creep zone

To characterize the interface creep crack, the C(t)-integral should be discussed
firstly as it will determine the amplititude of the first order term for interface creep
crack. In Fig. 3, variations of C(t) with creep time for the MBLM (Fig. 3(a)) and the
SECP (Fig. 3(b)) are presented. As the extensive creep is hardly approached for MBLM,
the creep time without normalization is directly used, however, the transition creep time,

t;, defined in Eq. (14), is used to normalize the creep time for SECP as the extensive

creep can be obtained quite conveniently.

15
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t NCRPLS (14)
" (n+1)EC
in which C*, K, E, n,and v are the C’-integral, stress intensity factor (SIF),
Young’s modulus, creep exponent and Poisson’s ratio, respectively.

For the homogeneous creep crack tip field, there are some expressions to evaluate
C(t) and C* integral for creep crack based on the analogy between the power-law creep
and power-law plasticity. C(t) under transient creep should be evaluated as below
according to the analysis of HRR singularity for the power-law creep crack tip field by

[60].

(K

C(t)= DE (15)

For the SECP, the C™-integral with a homogeneous crack can be elevated as follow [61]:
C" =B(w-a)(a/w)h (a/w,n)(Pc,/P,)" (16)
where P, P, and h (a/w, n) are the applied remote loading, the reference load and

the dimensionless geometry function. The reference load for homogeneous material is

given as below [61]

P, =145y(w-a)o, (17)

SNESIRES

The reference load of a bimaterial SECP is presented as follow if the yielding stress,

in which

o, of the base metal and weld metal are considered to be the same [61]:

(19)

In order to validate the applicability of the aforementioned formulae to evaluate the
C-integral for the interface creep crack, the comparison between the finite element (FE)
results and the estimations of these analyzed equations are given in as the following.

The C(t)-integral or C"-integral values for MBLM model and SECP specimens are

presented in Fig. 3. Clearly, it can be seen that the C(t)-integrals under MBLM are very
16
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close to each other as if the creep time is greater than 10 hours. It should be noted that
the estimation value computed by Eq. (14) is originally based on HRR assumption, i.e.
the crack tip stress field obeys HRR singularity. However, the creep strain is much less
than elastic strain during the beginning of the creep simulation which leads to that the
crack tip deviates from the HRR assumption significantly, and this finally leads to the
discrepancy between the estimation and numerical computations. Meanwhile, the
estimation of Eq. (15) agrees to the FE solutions quite well though the C(t)-integrals
are obtained for bimaterials. The C* of the SECP specimens with the bimaterial are
presented in Fig. 3(b). The path-independent C(t)-integral of interface creep crack in
bimaterial SECP specimens are 0.00287 Nmm/h, 0.001685 Nmm/h, 9.65E-4Nmm/h,
0.000601 Nmm/h, 0.000539 Nmm/h, respectively. It implies that the C’-integral
decreases with the increase of general mismatch factor. As the applied loads in these
cases are all the same, i.e. 10 MPa, the variation of the C”-integral is considered to be
influenced by the material mismatch only.

®)

m=0.58
— — m=0.74
—==m=1.00
—-=- m=1.59
= ===m=2.00

()
)

-

—-— m=0.74
== m=1.00 1E-4 &=
----- m=1.59 E
- e m=2.00

Estimation

Fig. 3 Variation of C(t)-integral with creep time under different mismatch factors for (a) MBLM
and (b) SECP
Though the C(t)-integral for the bimaterial interface creep crack has been presented
in Fig. 3, the local material mismatch effect should be also considered as the there may
exist the difference between the effect of local mismatch and general mismatch. As
such, the local mismatch effect on the interface creep crack are given in Fig. 4. Two
typical cases are selected here, i.e. m=0.58 and m=2.00. It can be found that the

local material mismatch does influence the value of the C™-integral as the values for

17
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these cases are totally different. To state this point clearly, the C*-integral under various
mismatch factors are given in Table 2. It seems that the influence of the material
mismatch on C-integral is very significant. In general, it can be found that the case
with the lower general mismatch factor presents the higher C-integral. For
overmatched general mismatch factor, the material mismatch effect on C™-integral is

less remarkable than that of undermatch condition.

(a) T T ® 1 — T 3
m 200 -m =0.55 |]

0.1 L

1E-3 |

1E-4 1 L L 1 L L 1 1 L 1E-4 L L L L L L L 1

Fig. 4 Variation of C(t)-integral with normalized creep time: (a) m=0.58 and (b) m=2.00
Except for the C(t)-integral, the creep zone size is also an important factor which

needs to be considered. Isoline of equivalent creep strain with level of 0.2% for

interface creep crack with different mismatch factors at t =10t. are presented in Fig.

5. Obviously, the creep zone shape for the interface creep crack varies with the change
of mismatch factor. For the undermatched cases, i.e. m < 1.0, the creep boundary of the
weld metal part is larger than that of the lower part, i.e. base metal. For the
homogeneous case, the creep zone is symmetric about the crack line. For overmatch
conditions, i.e. m >1.0, the lower part creep zone size is greater than that of upper part

of the material.

Fig. 5 Isoline of equivalent creep strain with level of 0.2% for interface creep crack with different
mismatch factors at t =10t

Isoline of equivalent creep strain with level of 0.2% for m=0.58 considering

18
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mismatch effect at t=10t, is presented in Fig. 6. The local mismatch effect on the

shape of the creep zone for interface creep crack is rather different. For lower mismatch
factor, there exists the creep zone region for mg<1.0 in both HAZ region and weld metal
region, and the creep zone in base metal is less than that in weld metal. However, the

creep strain only exists in HAZ and base metal region for mg>1.0.

() WM

BM BM BM
CEEQ=0.002
mg=0.55

CEEQ=0.002 CEEQ=0.002
m,=1.59 my=1.82

Fig. 6 Isoline of equivalent creep strain with level of 0.2% for m=0.58 considering mismatch
effectat t=10t;

For m=2.0, the variation tendencies are quite different from those of the
undermatch case. The creep region for mg<1.0 becomes discontinuous across the
interface between HAZ and weld metal. However, the creep zone is very similar to that
of mg=1.0 for local overmatch mismatch case. These results imply the local material

mismatch influence the interface creep crack totally different.

(¢) CEEQ=0.002 ()  CEEQ=0.002 ¥y  CEEQ=0.002
m=1.00 WM m=1.59 my=1.82
WM WM

Fig. 7 Isoline of equivalent creep strain with level of 0.2% for m=2.00 considering mismatch
effectat t=10t;

4.2 Stress field of interface creep crack

As given in previous Section 4.1, the material mismatch not only causes the
variation of C’-integral, but also will lead to the change of C™-integral. A mismatch

constraint factor will be proposed based on the difference field analysis. To characterize

19
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the radial stress components more clearly, a normalized distance presented below is

adopted.

7 =log(ré,o,/C(t)) (20)

in which r is the true distance away from crack tip field.
4.2.1 Transient analysis

Fig. 8 presents the comparisons of angular stress distributions between HRR
solutions and FE calculations. The HRR solutions given here are presented with two
values in which one is calculated with the weld metal material constants, denoted with
HRR WM, while another is analyzed with the pure base metal constants, denoted with
HRR BM. The variations of C(t)-integrals for MBLM are figured out in Fig. 8(a). All
the angular stress distributions given in Fig. 8 are obtained with a distance away from
crack tip 0.1 mm at the creep time of 20000 hours. The results show that only the radial
stress is discontinuous across the interface in these stress components. It can be found
that the stress components calculated with FE agree quite well with the HRR solutions
which are computed with a larger creep coefficient regardless of undermatch or
overmatch. The larger creep coefficient means that the creep strain accumulation rate
will be faster. For homogenous MBLM, the agreement between HRR field and FE
solutions is quite perfect as the distance is not significant and the T-stress term doesn’t
exist. According to the earlier analysis by Biner [21, 22], the angular stress distributions
of the interface crack in the faster creeping sector resembles the HRR stress singularity
at steady state creep. However, the conclusion still exists for small scale creep within

the MBLM according to our numerical solutions.
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Fig. 8 Comparisons of angular stress distributions for MBLM with different mismatch factors

As discussed earlier of this section, the stress field for an interface crack can be

written as:

C (t) 1(n+1)

0,6,

%

0

h, (6.n)

where ﬁij (H,T,n) is the angular distribution functions, 0, and &, are the selected

reference stress and reference strain. By normal

21

ization of the Mises equivalent stress
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with maximum value 1 with the similar method found in [62, 63], angular distribution
functions of interface creep crack, ﬁij (6,n), in angular direction can be obtained and

presented in Fig. 9. The radial stress components are jump across the interface and the
others stress components are continuous at the interface. It can be seen that the angular
distribution functions for m=1 agree quite well the HRR solutions which implies the

rationality of the adopted method.

(a) 2.0 T T T T T T T T T

-180 -120 -60 0 60 120 180

(c) Lo

-0.5

-180 -120 -60 0 60 120 180

Fig. 9 Angular distributions of interface creep crack tip for (a) radial stress, (b) tangential stress
and (c) shearing stress

4.2.2 Steady state analysis

For the steady state case, the stress field for interface creep crack is presented as

below:

2z h, (6,n) (22)
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In order to describe the steady state interface creep crack tip field, the angular stress
distributions functions and the comparisons between FE results and HRR solutions are

presented in Fig. 10. These solutions are extracted from FE results for SECP at the creep

time of 10t, atr=1 mm. In these solutions, it can be found that dimensionless angular

stress distributions calculated by FE coincides with the HRR WM solutions quite well
if mismatch factor m is less than 1 or the larger creep coefficient case. Otherwise, the
FE results agree quite well with the HRR BM solutions well if mismatch factor m is
greater than 1, the larger creep coefficient case. For the homogeneous case (shown in
Fig. 10(c)), the discrepancies between the HRR field and the FE solutions are

considered to be the geometry constraint effect which is induced by specimen geometry

or crack depth.
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(&)
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Fig. 10 Comparisons of angular stress distributions for SECP with different mismatch factors

To verify the self-similar properties of the interface creep crack, the radial and
circumferential stress distributions along 6=3" and =-3" are given in Fig. 11. It
can be seen that the normalized radial stress and circumferential stress resemble the
HRR solutions with m=1 very well, especially the values of opening stress. Hence, the

self-similar property still exists for interface creep crack.
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Fig. 11 Normalized radial stress distributions along ¢=3°: (a), (b)and 6 =-3°:(c), (d)
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4.3 Mismatch effect on interface creep crack in SECP

To quantify the mismatch effect on the interface creep crack in SECP specimen,

the dimensionless angular stress distributions at t =10t are given in Fig. 12. The blue

and red lines in Fig. 12 represent the HRR solutions obtained with the constant material
properties of the pure base metal and the pure weld metal, respectively. From Fig. 12,
it can be found that the dimensionless stress components with mg=1.0 coincide with the
HRR results calculated with weld metal quite closely. In general, the dimensionless
angular stress distributions deviate from the HRR field quite large with the increase of
the local mismatch factor. It reveals that the material mismatch that in the weld metal

part can influence the interface creep crack tip field quite significantly.
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Fig. 12 Dimensionless angular stress distributions at t =10t, under various mismatch factors for
general mismatch factor m=0.58

To characterize the material mismatch effect, the dimensionless radial stress

distributions at ¢#=-3" are given in Fig. 13. It can be seen that the value of the
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normalized distance T is between -2 and 2. The tendencies for radial stress
components, angular stress components and shearing stress components under different
local mismatch factors resemble with each other quite well. However, it should be
mentioned that the amplitude for these stress components are totally different, which
also implies the material mismatch effect. Compared with the HRR solutions of the
base metal, the stress components are lower. For 8=3", the tendencies for these radial

stress components shown in Fig. 14 are quite similar to those conditions of 6=-3".
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Fig. 13 Dimensionless stress distributions in radial direction along 6=-3° under various
mismatch factors for m=0.58
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Fig. 14 Dimensionless stress distributions in radial direction along 6=3at t =10t under

various mismatch factors for general mismatch factor m=0.58

Considering the general mismatch m=2.0, the dimensionless angular stress
distributions are presented in Fig. 15. It can be found that the angular stress distributions
with mg =1.0 approaches to the HRR solutions not that closely as the creep zone under
this condition is much smaller than that of the m=0.58. However, the stress components
given here still can verify the effect of the material mismatch under local overmatch

condition.
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Fig. 15 Dimensionless angular stress distributions at t =10t, under various mismatch factors for
m=2.00

The radial distributions for radial stress, angular stress and shearing stress along
0=3 and #=-3" are presented in Fig. 16 and Fig. 17, respectively. It can be found
that the dimensionless stress components under local overmatch conditions are still
similar to each other very much in the region of normalized distance -2 and 2. Again,
the stress components here are less than that of the HRR solutions calculated with weld

metal.
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Fig. 16 Dimensionless stress distributions in radial direction along ¢=-3° at t =10t under

various mismatch factors for m=2.00
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Fig. 17 Dimensionless stress distributions in radial direction along ¢=3" at t=10t, under

various mismatch factors for m=2.00

4.4 Material constraint characterization

It has been validated in Section 4.3 that the material mismatch will affect the

interface creep crack tip field, and interface creep crack tip field presents to be self-
similar property. Based on the above points and considering the similarity between
interface creep crack of power-law plasticity and power-law creep, the material

mismatch effect on the interface creep crack tip field can be characterized as below:

M* = ) (23)

where 022 is the opening stress which takes the material mismatch into consideration

and G;g is the opening stress for the referenced stress field which does not take the
material mismatch effect into account. It should be mentioned that o}, is the stress

that obtained under the interface creep crack condition. It should be pointed out that the
form given in Eq. (23) is very similar to that of the Q-stress presented by O'Dowd and

Shih [43] as well as the elastoplastic material mismatch constraint parameter M given

by Zhang et al. [45], Qm proposed by Burstow et al. [38] and S, investigated by

Betegdn and Pefiuelas [37].
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To illustrate the material constraint effect, the M”-parameter along the §=-3" (in
the base metal) and 8=3" (in the weld metal) for m=0.58 are given in Fig. 18. It can
be found that the values at the both sides for M -parameter are almost identical to
each other. It implies that the selection of the reference at weld metal or base metal will
not affect the difference field of mismatched case and homogeneous case. Furthermore,
the M~ will decrease with the increase of the mismatch factor under m=0.58. The
variations of the radial distributions for M~ under m=2.00 are given in Fig. 19. It can
be found that the value of M~ under this condition is higher than zero, however, the

M™ still obeys that the lower local material mismatch constraint decrease with

increase of mismatch factor.
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Fig. 18 Variations of the mismatch constraint effect at t =10t, under various mismatch factors
along =-3° and ¢=3" for m=0.58
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Fig. 19 Variations of the mismatch constraint effect at t =10t, under various mismatch factors
along 9=-3° and 6=3" form=2.00
Eqg. (23) is determined by the difference field of the local mismatched one and

without local mismatched one. To evaluate the M”-parameter more clearly, an averaged
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M”-parameter for T in region of -1 and 1 are presented as below:

M ;/g — M ] (1) _2M ) (_1) (24)

where M*(il) represents the mismatch constraint parameter calculated at T =1
and -1, respectively. With this method, M__ under different conditions are shown in

Fig. 20. M_, decreases with the increase of mismatch factor for both m=0.58 and

m=2.00 and it can be expressed as a function of mismatch factor which can be given as

below:
M., =a exp ™ +a, (25)
in which the coefficients for @,, @, and &, are given in the following table .

Table 2 Coefficients for M_, under different mismatch factors

m A°) a1 a as
0.58 +3 1.0339 0.365 -0.236
' -3 0.943 0.369 -0.192
2 00 +3 1.71 0.364 -0.00327
' -3 1.64 0.361 -0.00344
=
04 | —t—;=2.00,6-3"

\ m=200,6--3"
M, 00l = ——

04 -
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Fig. 20 Variations of the averaged M ;g with mismatch factor

4.5 Discussions on the mismatch constraint effect of M*-field

The typical creep fracture mechanism was discussed by Lee et al. [64] and Riedel
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[65]. For creep crack, three typical fracture mechanisms on microscopic view are
respectively the wedge type cracking, transgranular type cracking and cavity type
cracking [66]. These three type of fracture mechanisms are the functions of temperature
and stress. Yagi et al. [66] found that the cavity type cracking occurs at a low gross
section stress with a high temperature, and the wedge type cracking happens at high
gross section stress with a lower temperature. The transgranular type cracking happens
between the cavity type and the wedge type. As the material mismatch can affect the
stress level, the cracking mechanism may be influenced by the mismatch effect, which
needs to be further investigated. For these types of fracture at elevated temperature, the
ductility decreases with the accumulation of the creep time [64]. If the creep time is
long enough, the material behaves like brittle material as the creep toughness decreases
with the creep time [67]. Under this condition, the proposed M~ method can be used
to evaluate the stress field of interfacial creep crack on the contribution of the failure
assessment diagram.

Another significant problem is the discrepancy between the dominances of the Q-
term and M”-term. The Q-term [26, 43] is strongly dependent on the applied loading
level and specimen geometry size. The dominance of M” is determined by the difference
stress field caused by material mismatch. In fact, the explanations on the Q-term and
the M*-term are similar to those for elastoplastic materials with J-Q-M theory [39, 45].
In creep regime, the Q-term is dependent on the loading level, the geometry size of
specimen and the creep time. The origin of the Q-term comes from high order
asymptotic analyses of stress field for creep crack. For a specific creep time under
steady state stage, the Q-term is symmetric and fixed as the stress contour of crack tip
is not changed. However, the M*-parameter for the M™-field is not symmetric and comes

from difference field analysis of interface creep crack.

5 Concluding remarks

Based on the investigations of the C*-integral, stress distributions and creep zone
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ahead of interface creep crack, the interface creep crack tip field is demonstrated to be

self-similar under mismatch condition. With this demonstration, the material mismatch

effect on the interface creep crack is studied. The detailed conclusions are drawn as

below:

1)

2)

3)

4)

For the interface creep crack, the stress field is validated to be dependent on the
strong material mismatch which make the creep crack growth to be faster at both
transient and extensive creep. The under match case is found to be close to HRR
field if it is evaluated with pure base metal and the over match case is nearly
identical to the HRR field by estimation with pure weld metal material.

Compared with the general mismatched case, the local mismatch effect influence
the interface creep crack tip field more significantly. The local mismatch effect
influenced interface creep crack is still found to resemble the HRR type crack tip
field and its stress field is also demonstrated to be self-similar.

The M”-parameter is presented to characterize the material mismatch constraint
effect. This proposed parameter is similar to the definition of Q-stress. The physical
meaning to present the M™-parameter is also discussed and proposed. For the
extensive creep, M™-parameter is only caused by material mismatch as the

mismatch field is not changed.

An averaged material mismatch constraint parameter M is proposed. Results
show that the M, decreases with the increase of local material mismatch factor

regardless of the general mismatch factor. M__ could be perhaps very helpful for

avg

the characterization of the material mismatch on the interface creep crack tip field.

The work presented in this paper will further promote the understanding of the

behavior of material mismatch effect on the interface creep crack. The method given in

present paper will show the interface creep crack tip field in a novel perspective.
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Table and caption figures

Table 1 Material constants used in calculations with the same creep exponent

Table 2 Coefficients for m_, under different mismatch factors

Fig. 1 Coordinate system for interface crack tip

Fig. 2 The configurations and FE meshes of (a) SECP and (b) MBLM as well as crack tips

Fig. 3 Variation of C(t)-integral with creep time under different mismatch factors for (a) MBLM and
(b) SECP

Fig. 4 Variation of C(t)-integral with normalized creep time

Fig. 5 Isoline of equivalent creep strain with level of 0.2% for interface creep crack with different
mismatch factors at t =10t;

Fig. 6 Isoline of equivalent creep strain with level of 0.2% for m=0.58 considering mismatch effect
at t=10t,

Fig. 7 Isoline of equivalent creep strain with level of 0.2% for m=2.00 considering mismatch effect
at t=10t,

Fig. 8 Comparisons of angular stress distributions for MBLM with different mismatch factors

Fig. 9 Angular distributions of interface creep crack tip for (a) radial stress, (b) tangential stress and
(c) shearing stress

Fig. 10 Comparisons of angular stress distributions for SECP with different mismatch factors

Fig. 11 Normalized radial stress distributions along =3°: (a), (b)and & =-3°: (c), (d)

Fig. 12 Dimensionless angular stress distributions at t =10t; under various mismatch factors for
general mismatch factor m=0.58

Fig. 13 Dimensionless stress distributions in radial direction along #=-3° under various mismatch
factors for m=0.58

Fig. 14 Dimensionless stress distributions in radial directionalong 6=3°at t=10t; under various

mismatch factors for general mismatch factor m=0.58
Fig. 15 Dimensionless angular stress distributions at t =10t; under various mismatch factors for

m=2.00

Fig. 16 Dimensionless stress distributions in radial direction along 6=-3° at t=10t, under
various mismatch factors for m=2.00

Fig. 17 Dimensionless stress distributions in radial direction along 6=3° at t=10t, under

various mismatch factors for m=2.00
Fig. 18 Variations of the mismatch constraint effect at t =10t under various mismatch factors
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along #=-3° and #=3" for m=0.58
Fig. 19 Variations of the mismatch constraint effect at t =10t under various mismatch factors

along #=-3° and #=3" form=2.00

Fig. 20 Variations of the averaged M ;vg with mismatch factor
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