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ABSTRACT

The present work analyzes the effects of a passive film, formed at a mode III crack tip
during stress corrosion cracking, on screw dislocation emission from the film-covered crack tip
and on the screw dislocation dipole emission from the interface between the film and the
substrate. The results show that the crack stress field due to the applied load is enhanced by a
harder film or abated by a softer film. The critical stress intensity factor for dislocation emission
from the film-covered crack tip and the critical stress intensity factor for dislocation dipole
emission from the interface are greatly influenced by the film stiffness and the film thickness.
When the film is softer than the substrate, both the critical applied stress intensity factors are
larger than that for dislocation emission from a crack tip not covered by a film.
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INTRODUCTION

Stress corrosion cracking (SCC) can cause catastrophic failures of engineering structures
and components due to the combined action of applied loads and environment. All SCC failures
have in common a macroscopic appearance of brittleness, which means in the engineering sense
that the ductility of the material is impaired. However, how the macroscopic ductility is faded at
microscopic levels still remains unclear. Many different mechanisms have been proposed to
explain the synergistic stress-corrosion interactions that occur at a crack tip, and there are
several processes that can contribute to SCC, including anodic dissolution, film growth and
cracking, and hydrogen-induced cracking (Parkins, 1992; Jones and Ricker, 1992).

Sieradzki (1982) studied, using angularly resolved X-ray Photoelectron Spectroscopy,
embrittlement of High Strength Low Alloy (HSLA) steel in gaseous chlorine. His results
indicated that a thin film of FeCl,, forming above a threshold pressure of chlorine gas, is
responsible for this SCC. There is evidence from Transmission Electron Microscopy that an
oxidized thin film or a de-alloyed "sponge" is formed in susceptible alloys (Sieradzki and
Newman, 1985). According to the experimental results, Sieradzki (1982), and Sieradzki and
Newman (1985, 1987) proposed a mechanism of film-induced cleavage for SCC based on
dislocation-crack interaction. Obviously, fracture will be brittle if no dislocations can be emitted
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from the crack tip or other dislocation sources nearby. In addition to the crack tip, the interface
between the film and the substrate, like grain boundaries (Li, 1963), could be another dislocation
source.

Zhang and Qian (1996a and b) have modeled SCC by considering the interaction of a thin-
film-covered mode III crack with screw dislocations under an external applied load and,
accordingly, derived the exact solutions. The previous results (Zhang and Qian, 1996a and b)
show that the crack stress field due to the applied load is enhanced by a harder film or abated by
a softer film. Dislocation emission from the crack tip occurs under a lower critical stress
intensity factor than that for a dislocation dipole emission from the interface between the film
and the substrate. Compared with the dislocation emission from a mode III crack tip without
any film around it, dislocation emission from the covered crack tip or dislocation dipole emission
from the interface becomes more difficult when the formed film has a shear modulus smaller than
the substrate, which implies a brittle behavior of SCC. This note reports highlights of the
modeling and results of the previous work (Zhang and Qian, 1996a and b). Furthermore,
interaction of a thin-film-covered mode I or mixed mode I + mode II + mode III crack with
dislocations having arbitrary Burgers vectors is under preparation.

ANALYSIS

In order to model a crack covered by a thin film, we assume that the film has an elliptical
shape of x7 /a® +x2? /h® =1. Inside the film there is a crack extending from -c to c along the
x, axis with ¢® =a® —h®. The crack and the film are embedded in an infinite medium under
remote loading, as shown in Fig. 1.
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Fig. 1. Schematic illustration of a thin-
film-covered Mode III crack under external Fig. 2. The normalized stress intensity

applied loadins in the z plane, factors of X, / K 3/ as a function of the

film thickness for I'=0.5 and I'=5.
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Stress Fields Due to an Applied Load

The stress fields inside the film and the substrate due to an applied remote load of ¢ 3, are

formulated and given by
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where complex stressG =G ,, +i0,,, [ =p1" /| is a ratio of the shear modulus of the film to
that of the substrate, | is the shear modulus of the material, z = x, +ix,, R=(a+h)/2,
m=(a—h)/(a+h), and the asterisk denotes the film. From the stress field, the stress intensity
factor at the right crack tip is calculated as
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where K7, is the nominal stress intensity factor without any film. Since m<1, the stress intensity

factor is enhanced if the shear modulus of the thin film is larger than that of the substrate. Being
a function of m, the stress intensity factor depends on the film thickness. Figure 2 indicates the
normalized stress intensity factor as a function of the film thickness of a-c in units of the Burgers
vector b, respectively, for I' =05 and I'" =5. The normalized stress intensity factor decreases
with increasing film thickness if the film is harder than the substrate, as shown in Fig. 2 for
I'=5. In this case, the normalized stress intensity factor decreases from 5 to 1 as the film
thickness changes from zero to infinity. When the film is softer than the substrate, the
normalized stress intensity factor increases with increasing film thickness, as shown also in Fig.
2. For I" =05, the normalized stress intensity factor ranges from 0.5 to 1 as the film thickness
increases from zero to infinity. When the crack length is much larger than the film thickness, Eq.

(3) can be reduced to

K, =TK},, forh<<c. 4)
In this case, the stress intensity factor is enlarged by I'" times.
Stress Fields of a Dislocation Located Inside the Film or the Substrate

For a screw dislocation inside the film, stress fields within the film and substrate are
evaluated and given below:
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where the overbar means the complex conjugate. b is the Burgers vector, and both A, and A’
are constants (Zhang and Qian, 1996a). For a screw dislocation inside the substrate, stress tields
within the film and substrate are given by
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where both B and B are constants (Zhang and Qian, 1996b). From the stress fields induced
by the applied load and the dislocation(s), we can calculate the critical stress intensity factors for
screw dislocation emission from the crack tip and screw dislocation dipole emission from the
interface.

DISLOCATION EMISSION FROM THE CRACK

Recently, Rice (1992) re-solved the emission problem using the Peierls-Nabarro model. The
critical stress intensity factor for dislocation emission from a crack tip is determined by the
unstable stacking fault energy. However, the unstable stacking fault energy is not available in
the literature for most materials, especially for passive films. In the present work, we emphasize
how a hard or soft passive film can influence dislocation emission from the crack tip. Therefore,
we determine the critical stress intensity factor for dislocation emission from the Rice-Thomson
model (1974), wherein we assume thal the size of the dislocation core in the film is the same as
that in the substrate. Thus, the effect of the shear modulus ratio and the film thickness can be
clearly demonstrated. The critical applied stress intensity factor in a two-dimensional calculation
of the Rice-Thomson model is given by (Lin and Thomson, 1986)
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where 1, is the radius of the dislocation core. The nominal critical stress intensity factor is then
given by
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The radius of the dislocation core is chosen as one Burgers vector in plotting the critical applied
stress intensity factor for dislocation emission,

Figure 3 shows that the critical applitd stress intensity factor decreases as the shear modulus
ratio increases. This phenomenon becomes more significant when the film thickness is small, as
shown in Fig. 3 for the film thickness 0f 2 b, 5 b and 10 b, where K[! is the critical applied
stress intensity factor for dislocation emission from a crack tip without being covered by a film.
The film thickness effect is illustrated in Fig. 4for T'=05 and T =5. As can be seen in Fig. 4,
for both cases of "' =05 and I"=5, the influence of the film on the critical applied stress
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intensity factor becomes smaller and smaller as the film thiclfness gets_ larger anc! ]argc':_ ;[::;cr;
two reasons for this phenomenon. Firstly, the normalized applied stress intensi Y o
l“e c:/ses (or decreases) for I' =5 (or I’ =05) as the film thickness decreases, as showar;( ;n) ;é;r
chrThjs means the driving force for dislocation emission beﬂ(;:n_lesh st;ong(eorr (Sc;rﬁ::; ke arn for
- is thi dly, if the film is harder
= I’ =05) as the film is thinner. Secon . :
:nbstsrag: 1;hc image force induced by the interface attracts (or fpushes) t.he dls:otcha:(zlrixstlgzvazggz t;;
~ i e acting o
i or crack) and consequently, the total image forc . i ion
o ll]net: l(-f:i'clt:lr(ger). As a result, the critical applied stress intensity factor for dlSlocat;g:; e;ms?h(;:
:srnsk:naller for a harder film or larger for a softer film, and the changes are substanti or

films with thickness less than 20 b, as shown in Fig. 4.
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DISLOCATION DIPOLE EMISSION FROM THE INTERFACE

For a screw dislocation dipole, one dislocation is located in the ﬁlrrll) an{dJ h;;ae]:::ﬁzsa;g;;:;
i i Burgers vector b. Un
- d the other is located in the substrate and has a Bur v . :
l(l));:irrllgs the force exerted on each dislocation per unit dislocation length (the unit of length is b

in the present work) can be expressed in three terms
an
f = fapp + fimag * fint
where f,,, is the force due to external applied loading, fimag is the image force due to its own
o . . . -
image dislocations and f,, is the force exerted by its counterpart dislocation and associate

image dislocations.
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By analogy to the dislocation emission from the crack tip, we use the following criterion for
the emission of a dislocation dipole from the interface. Dipole emission will occur from the
interface when the zero in the total force acting on one of the two dislocations occurs at a
distance between the two dislocatiors, being equal to or smaller than the effective core size of
the dislocation dipole. In the present work, the effective core size of the dislocation dipole is
taken as 2 b for simplicity. Once one of the two dislocations is moved away from the interface,
the distance between the two dislocations will increase and the interaction force will decrease
and, consequently, its counterpart dislocation will also move away from the interface. As a
result, the two dislocations are emited from the interface simultaneously. The critical stress
intensity factor for dislocation dipole emission from the interface is defined as the smaller of the
two critical values calculated from the criterion for the two dislocations.

The two critical applied stress intensity factors K'yp and K. needed to emit the dislocations
respectively in the film and substrate at 1 b away from the interface are shown in Fig. 5as a
function of the ratio of shear moduli. It is seen that K’ is always slightly smaller than Kapp, and
both increase almost linearly with the ratio of the shear moduli. Therefore, the critical applied
stress intensity factor to emit the dislocation dipole from the interface is chosen as K g = K G~

Fig. 6 plots the critical applied stress intensity factor X P vs. the film thickness ahead of the

crack tip. It is clear that increasing the film thickness will increase the critical stress intensity
factor because the stress field decreases very fast with increasing distance from the crack tip. As
a result, it is more difficult to emit a dislocation dipole from the interface when the film is harder

and the film thickness is larger, and itis easier to emit the dipole if the film is softer and the film
thickness is smaller.
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Fig. 5. The critical applied stress intensity
factors needed to emit dislocations in the
film and substrate at 1 b away from the

interface are proportional to the ratio of
shear moduli.

Fig. 6. The critical applied stress intensity
factor needed to emit a dislocation dipole
with the core size of 2 b from the interface
increases with increasing the film thickness.
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Fig. 7 combines the critical applied stress intensity factors Ko™ .and KZ&P rcspcc‘tilvel‘y for
dislocation emission from the crack tip with a dis}ocatipn core rad.lus 0f21 1:) a?tdi;hseZ?t:ﬁ
dipole emission from the interface with a dislhocanon dxpcc)']i core s?xzc of ! It Is seen that
compared with the critical applied stress intensity factor 'Km, fc.>r dlS]O-CAIIO-I‘I emi. non
crack tip, the critical applied stress intensity factor K% for dislocation dipole emission from
ihe interface is strongly affected by the film thickness.
l'or a given film thickness, K'* is much

smaller than K27, which means that 6 —

; i K& (a=208) et
dislocation emission from the crack tip occurs ST 0 12 (O e
before a dislocation dipole is emitted from th}t 51 0 B
interface. It is also seen from Fig. 7 that, if s -

i "
the film around the crack is softer than the N s gereemonw ___—
substrate  (I'<1), both the critical applied ;<, [
Jress  intensity factors for dislocation faf s,
1 { 5 L 2=

cmission from the crack tip and for 5 o
dislocation dipole emission from the interface 1" 2 ko emsh N

S ; e - 5
are larger than that for dislocation emission
from the crack tip if there is no film cov.erm.g .
it (i.e. T=1). During SCC, the film which is L ket aion
usually a spongy layer formed by de-alloying o ,

(Sieradzki and Newman, 1985b) may have a 1 1.0 10.0
«maller shear modulus than the substrate,
thus, the dislocation emission would be more
difficult after forming the film and,
consequently, the fracture would be more
brittle.

Ratio of shear moduli I

Fig. 7. Comparison of the critical apph‘;d
stress intensity factors K and K27
needed respectively to emit a dislocation
from the crack tip and to emit a dislocation
dipole from the interface.

CONCLUSIONS

For simplicity, a stress corrosion crack is mode.lcd in the present wqu as a tl;_m]dﬁllm(;
covered mode IIT crack. The exact solutions are obtained for both thp applleq stress u-,d. dnl
the dislocation stress field. Dislocation emission from the crack tip and d{slocauon 1p(;e
cmission from the interface between the film and the sub_stratc have been studxed._ The r%s'u t[si
indicate that the crack stress field due to the applied load is enhanced by a harder film t(;lr a\ ate
by a softer film. If the film thickness is much smaller than the cra(.;k length, t.hcn, the ;tress
intensity factor can be simply expressed as the produc.:t of T.he nominal stress intensity factor
times the shear modulus ratio. Both the critical stress mtcnm_ty factors for dlsloca_u(f)]n emxs;:ct))n
from the crack tip and dislocation dipole emission fro_m the interface are grgatly influenced by
the film stiffness and thickness. Dislocation emission from_ the crack tip occgr‘s 'pnotr) tg
dislocation dipole emission from the interface. When .thc ﬁlrr.x is softer tha}? thcl Sll]( :'tm%c,d ?}:c
the critical applied stress intensity factor for d?slocz?uon emission from t c‘cra;:f’ 1? Zn]ar e
critical applied stress intensity factor for dislocation fjlpOlC emission from the 1n;e ace ar g
than that for dislocation emission from a crack tip without being covered by a film.
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