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THE EFFECT OF CRITICAL DISTANCE ON STABILITY
CONDITIONS FOR A CRACK AT THE INTERFACE
BETWEEN TWO POLYMER MATERIALS

Michal Zouhar*, Lubos N&hlik* Pavel Hutaif, Martin Sevéik?, Zdenek Knéslt

The aim of this work is to study the behaviour of a crack with its tip at the interface
between two polymer materials. A numerical model of a cracked bi-material tension
specimen is investigated and different stability criteria are tested. The stability cri-
terion of a general stress concentrator usually needs a relation between the critical
value of the generalized stress intensity factor (Hic) and critical value of the stress
intensity factor Kic (fracture toughness). This relation is a function of the elastic
mismatch of particular materials; the fracture toughness of the main material and
the critical distance d ahead of the stress concentrator, where the criterion is ap-
plied. Estimation of distance d is usually not straightforward and different authors
use different approaches for its determination. Therefore the main aim of this study
is the mutual comparison of published approaches for d estimation and to quantify
the influence of d choice on the critical load value. The results obtained can lead to
a better residual lifetime prediction and safer design of layered structures.

Keywords: stability criterion, critical distance, bi-material interface, generalized
stress intensity factor

1. Introduction

The use of advanced materials such as composite materials or layered materials has
been rising steeply in recent times. The appropriate selection of the material properties
of a layered structure can lead to a better mechanical, thermal or chemical resistance in
the whole system. The existence of the step change of material properties influences stress
distribution near the crack tip and also influences crack propagation through the interface.
This work is focused on stability conditions of the crack perpendicular and terminating at
the interface between two polymer materials (see Fig. 1) and discusses the estimation of the
critical distance d in particular stability criteria.

Under the assumptions of linear elastic fracture mechanics the stress field near the crack
tip in a homogenous material can be described by stress intensity factor K [1]. In the case
of a perpendicular crack touching the interface a classical approach based on the stress in-
tensity factor cannot be used. Due to a mismatch of the elastic properties of individual
material components the value of stress singularity exponent p differs from 0.5 [2-4]. The
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Fig.1: Perpendicular crack touching the interface between two elastic materials

stress distribution around the crack with its tip at the interface between two materials can
be expressed as follows [5, 6] :

—=—fij(0,p, 2, ) , (1)

0ij = _ e
where r, 6 are polar coordinates with the origin at the crack tip, p is the stress singu-
larity exponent, f;;(6,p,a,3) is a known function, H is the generalized stress intensity
factor [MPam?], a, B are Dundurs parameters for plane strain conditions, and for a crack
with a tip perpendicular to the material interface can be expressed as [7]:
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The value of the generalized stress intensity factor has to be estimated from the numerical
solution of a loaded body with material interface. Its value is determined by comparison
of a semi-analytical solution (eq.1) with numerically estimated values of the corresponding
stress component (the crack opening stress component ahead of the crack tip is usually
used) [8]. This method is called the direct method and is based on extrapolation of the
normalised opening stresses H{ to the crack tip Hi, see Fig. 2.
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Fig.2: Methodology of the direct method

For determination of the crack behaviour (whether the crack stays arrested at the in-
terface or passes through the interface) the stability criterion should be used. The basic
definition of the stability criterion of a brittle homogenous material can be written as fol-
lows :

KI( crlrtn) = Kic ’ (3)

where Ki(ol9™) is the value of stress intensity factor for critical loading stress o2 and
Kic is the fracture toughness. Critical loading stress is represented by the level of externally
applied stress when the existing crack (defect) starts to propagate. For a crack with its tip at

the material interface the stability condition (3) can be rewritten to a generalized form as:

Hy(owit) = Hic(Kic) - (4)
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After that it is necessary to find the critical value of generalized stress intensity factor
Hic(Kic) as a function of fracture toughness Kjc of the material to which the crack will
propagate. To find Hic value different approaches were developed in the past.

The first criterion mentioned here is based on Sih’s concept of strain energy density
(SED) factor. The failure of the material occurs when the value of the strain energy density
factor exceeds its critical value; for details see [9]. The critical value of the generalized stress
intensity factor derived from this criterion for a crack with its tip at the interface can be
expressed as [10]:

1

1_2m 2 _1
v ) = Ko (5)

Hic = ((1 —p)2(4(1 = 2vm) + (90 — p)?)

where g, is a known function of elastic material properties [10]:

Bla+2A—(1+2a+4a)?) cos At + (1 + ) cos2\7] (©)
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Jr = A — COS AT —

and where p is the stress singularity exponent for a crack at a bi-material interface given
by the step change of material properties, see [10] for details. The choice of the critical
distance d is discussed below.

The second criterion presented here is based on an average opening stress ahead of the
crack tip. This criterion assumes that crack behaviour is controlled by the value of the
opening stress ahead of the crack tip. If it exceeds its critical value related to the average
stress (AS), calculated across the distance d ahead of the crack tip, failure occurs, see [11]
for details. The critical value of the generalized stress intensity factor derived from this
criterion can be expressed as [11]:

) dp—1/2

Hic = Kic 5——— . 8

2-p—0g ( )
Again, the value Hic depends on the fracture toughness Kjc of the main material, elastic
material constants, the stress singularity exponent p, and on the critical distance d ahead

of the crack tip.

The next criterion for determination of crack stability is based on crack mouth opening
displacement (CMOD). This criterion is applicable only in the case of a thin protective layer
being applied on a thick substrate. The crack mouth opening displacement is related to
crack tip opening displacement in this case and can be used as a controlling variable of
the crack propagation. The critical value of the crack mouth opening displacement can be

expressed as [12]:
4(1 -2 2a
CMODcrit(Kic) = % Kien/— (9)

where a is the crack length (thickness of cracked layer) and Fy, and vy, are elastic mate-
rial constants (Young’s modulus and Poisson’s ratio) of the non-cracked substrate. This
approach is easily applicable and the critical value of the crack mouth opening displace-
ment can be directly calculated and experimentally measured. This criterion is used for
comparison with two previous criteria due to its independence of critical distance value.
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2. Critical distance definition

Some stability criteria of general singular stress concentrators use the physical length of
the critical distance related to a typical microstructure unit such as the grain size or inclusion
spacing. In other approaches authors usually consider critical length d as a size of process
or plastic zone ahead of the crack tip. The stability approaches for a crack touching the
interface of bi-material bodies are particularly similar to approaches formulated for notched
bodies (both cases represent singular stress concentrators). A brief, introductory overview
of most common definitions of critical distance is provided below.

The authors of [13] compared the evaluated critical loads obtained by four different
criteria with experimental data for a notched specimen made from PMMA (polymethyl-
metacrylate) and loaded by biaxial loading. They used the following relations for critical
distance estimation:

— the first relation in [13] was derived from the strain energy release rate criterion as:

1/ Ko Y
d=—|—— 10
! 77(1.12200) ’ (10)
— the second estimation is based on assumptions of maximum energy release rate crite-
rion [13]:
Ko \2
dy = 0.474 ( IC) , (11)
Oc

— the next approach for the estimation of the critical distance is used in strain energy
density criterion proposed by Sih [9,13]:

2
dy — 1 Vm (@> , (12)

™ Oc

— the following estimation of d value is used for prediction of brittle fracture by the
criterion developed by Griffith-Irwin [13,15,16]:

dy = & <K10)2 , (13)

2\ o¢

— the next estimation of d value was derived for the crack in the case of brittle fracture,

see [13,14] for details:
2 (KicY
d5_—( IC) . (14)

T\ O¢

The same length parameter as eq. 13 is mentioned in the works of David Taylor [17-19],
where the author describes his own theory, which he terms ‘Theory of Critical Distance’
(TCD). A comparison of predicted values of critical loading with experimental data obtained
on polycarbonate and steel at low temperature was made in [19] using Taylor’s TCD theory.

The critical distance used for prediction of brittle fracture by means of the Griffith-Irwin
stability criterion for plane strain condition has the following form [15, 16]:

dg = 2 (KIC)2 . (15)

6m \ o¢
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The authors of [20] compared estimated critical values for failure of V-notched specimens
with experimental data obtained for PMMA and ceramic composite. The criterion based
on the strain energy density (SED) in the form derived for plane strain condition was used
in the work.

The critical length applied in SED criterion is represented by integration radius [20]:
1+ vm) (5= 8vm) (KicY
dy = L) ( ”)(—IC> . (16)

4 Oc

The meaning of parameters mentioned in eqgs. 10-16 is as follows: vy, — Poisson’s ratio of
the main material, Kic — fracture toughness of the main material, o. — tensile strength of
the main material.

From a comparison of eqs. 10-16 a general expression for the critical distance can be
obtained in the following form (Poisson’s ratio typical for polymers vy, = 0.35 is considered) :

d:C(KIC)2 : (17)

Oc

The values of constant C' are summarized in table 1 for individual above mentioned ap-
proaches.

Plane stress Plane strain
eq. 10 eq.11 eq. 12 eq. 13 eq. 14 eq. 15 eq. 16
| C 0.253 0.474 0.207 0.159 0.637 0.053 0.236

Tab.1: A summarised values of constant C determined from eqs. 10-16 (vm = 0.35)

3. Numerical model

To test the stability criteria referred to and critical length definitions a numerical model
of a bi-material body was developed. The schema of modelled bimaterial body with perpen-
dicular crack touching the interface between two materials is shown in Fig. 3. The length of
the body was chosen as L = 100 mm, the thickness of the main material was t;,, = 10 mm
and the thickness of the cracked layer was considered as ¢, = 2mm. The Young’s modulus of
the main material was E,,, = 800 MPa and the ratio E,/FEy, varied from 0.5 to 2.5. Corres-
ponding Poisson’s ratio was considered as vy, = v, = 0.35. The numerical model was loaded
by dappt = 1 MPa and the model assumed ideal adhesion between layers and the step change
of material properties across the interface. The model included finite elements strongly
non-homogenously distributed in the structure because of the mesh refinement around the
crack tip, see Fig. 3. For the calculation plane strain conditions were used. The generalized
stress intensity factor values were estimated by the so-called direct method. A sensitivity
analysis focusing on the influence of finite element mesh density on the obtained results was
performed. Further increase of the mesh density did not bring better accuracy of the results
obtained. Only one half of the structure was modelled due to its symmetry.

The critical value of tensile applied stress o..it was calculated for each stability criterion
and selected critical distance definitions by the following equation:

Hic
————— Tappl - 18
HI (Uappl) pp ( )
Material properties used in the study corresponded to the high density polyethylene HDPE
(Kic = 1.5 MPam'/2, tensile strength o. = 30 MPa).

Ocrit =
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Fig.3: Schema of bi-material body and numerical model with
detail of FE mesh refinement around the crack tip

4. Results and discussion

Values for the critical applied stress necessary for crack propagation through the interface
between the cracked layer and the main material were estimated. These values depend
mainly on the material properties of each layer, on the fracture toughness of the main
material and on the critical distance d. Critical stress values calculated by stability criteria
based on the strain energy density factor and the average stress ahead of the crack tip
were estimated for three different critical distances d. The definitions of d which were used
correspond to eq. 10, eq. 13 and eq. 14. Generally, as also seen in Fig. 4, critical stress ocit
increases with a decrease of ratio E,/Ey,. This means that the crack can stay arrested
at the interface when the material of the protective layer is softer than the material of
the substrate. The value of parameter d influences the critical stress value (calculated for
Young’s moduli ratio from 0.5 to 2.5) only weakly. This result is valid for both stability
criteria considered in the study. The maximal difference in resultant critical stress values
calculated for a polymer bi- material body was about 18 %.
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Fig.4: Resultant values of o¢it with regard to ratio Ey, / FEy, and selected distances d;
the critical stress was determined by different stability criteria: by a criterion
based on strain energy density factor SED (left figure) and by a criterion based
on the average stress ahead of the crack tip AS (right figure)
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Fig.5: Resultant values of critical stress ocrit obtained by application of different
stability criteria for given critical distance (d = 6.3x107* m)

Resultant values of o4 for both applied stability criteria are shown in Fig.5. The
choice of d distance corresponded to eq.10. The maximal difference between resultant ocis
values was reached for ratio I, /En = 2.5. The critical stress values calculated from mouth
crack opening displacement criterion are independent of the critical distance parameter.
Calculated data from this criterion show a smaller slope with regard to ratio E,/Ey, in
comparison to other two applied approaches. The criterion based on the strain energy density
factor and the criterion based on average stress ahead of the crack tip better corresponds to
CMOD criterion for higher value of parameter d. We should point out that the accuracy of
the CMOD criterion decreases with the increase of width of the cracked layer. This criterion
is suitable mainly in the case of thin coatings applied on the thick material of substrate
(e.g. protective coatings).

The effect of the critical distance on o¢i; obtained using the SED criterion is shown in
Fig. 6. It can be seen that the influence of the critical distance parameter d on critical stress
increases with an increase of the elastic mismatch of the bi-material body. The influence of
the critical distance d is not strong, if we take into account the fact that Fig. 6 represents
a parametric study (studying the sensitivity of the given stability criterion on choice of d)
with an unrealistic range of parameter d. The range contains several orders of quantity d.
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Fig.6: Sensitivity of SED stability criterion on choice
of critical distance d (a parametric study)
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It is evident from Table 1 that the difference between various approaches of d estimation
is not high and all estimated values of d are of the same order. Therefore, only the know-
ledge of the d order is sufficient for practical application of stability criteria in the case of
polymer layered structures, where the usual ratio between Young’s moduli E,/E,, ranges
from 0.5 to 2.5.

5. Conclusions

The stability conditions of a crack penetrating through the interface between two polymer
materials were studied and numerically investigated by means of FEM. The problem was
approached under the assumptions of (generalized) linear elastic fracture mechanics and
the concept of a generalized stress intensity factor was used. For determination of crack
behaviour at the material interface (if the crack will stay arrested at the interface or will
penetrate through the interface) the stability criteria were used. Critical distance is one of
the important parameter, which it is necessary to know for estimation of the critical stress
for crack propagation through the interface between two materials. This paper focuses
mainly on the influence of the critical distance on the resultant values of critical stress for
crack penetration through the interface taking into account different approaches for critical
distance estimation available in the literature. The results obtained can lead us to the
following points in conclusion :

— the maximal difference of the critical stresses ot obtained by the strain energy
density factor stability criterion and a criterion based on the average stress ahead of
the crack tip for different values of critical distance d obtained from the approaches
found in the literature was about 18 % for selected materials (polymers for pipes
manufacturing).

— the value of length parameter d taken from the literature and corresponding to the
size of the process zone in front of the crack tip has a relatively small influence on the
critical stress for crack propagation through the interface of layered polymer material,
where the Young’s moduli ratio E,/Ey, usually ranges from 0.5 to 2.5.

— the sensitivity of stability criteria on the choice of d was studied. For selected values
of critical distance d from 1072 to 10~% m the resultant values of o were calculated.
For determination of ot two different stability criteria were applied: criterion based
on the strain energy density factor and criterion based on average opening stress value
ahead of the crack tip.

Generally, it can be concluded, that the effect of the critical distance on the resulting
critical stress is weak and with good accuracy any of the published approaches tested here
can be used. The approaches applied correlate the critical distance with a size of the process
zone or damage zone in front of the crack tip. Only the knowledge of the critical length order
is necessary for satisfying application of stability criteria for a crack touching the interface
between two materials. The results of this study can lead to a better estimation of crack
behaviour in the case of crack propagation near/through the interface between two polymer
materials and finally to the better material design of layered structures with respect to the
better resistance against crack propagation.



Engineering MECHANICS 163

Acknowledgement

This work was supported by grant no. P108/12/1560 and 107/10/0361 of Czech Science
Foundation and by the Specific academic research grant no.FSI-J-11-38 of the Ministry
of Education, Youth and Sports of the Czech Republic provided to Brno University of
Technology.

References

[1] Anderson T.L.: Fracture Mechanics — Fundamentals and Applications, CRC Press, 1995
[2] Bogy D.B.: On the plane elastostatic problem of a loaded crack terminating a material inter-
face, Int. J. Fract., Vol. 38, pp.911-918, 1971
[3] Lin K.Y., Mar J.W.: Finite element analysis of stress intensity factors for cracks at a bimaterial
interface, International Journal of Fracture, Vol. 12, No. 4, pp.521-531, 1976
[4] Qian Z.Q., Akisanya A.R.: Wedge corner stress behaviour of bonded dissimilar materials,
Theor. and Appl. Fracture Mechanics, Vol. 32, pp. 209-222, 1999
[6] Knésl Z., Kndpek A., Bednai K.: Evaluation of the critical stress in bonded materials with
a crack perpendicular to the interface, Surface Modification Technologies XI, The Institute of
Materials, London, 1998
[6] Néhlik L., Knésl Z., Klusdk J.: Crack initiation criteria for singular stress concentrations,
part III: An application to a crack touching a bimaterial interface, Eng. Mech., Vol. 15,
pp. 99-114, 2008
[7] Dundurs J. In: Mura T. (Ed.): Mathematics of Dislocation, ASME, New York, pp. 70-115,
1969
[8] Ingraffea A.R., Wawrzynek P.: Finite Element Method for Linear Elastic Fracture Mechanics,
Elsevier Science, Oxford, England, 2003
[9] Sih G.C.: Strain-energy-density factor applied to mixed mode crack problems, International
Journal of Fracture, Vol. 10, No. 3, pp. 305-321, 1974
[10] N&hlik L., Sestékova L., Hutaf P.: Estimation of apparent fracture toughness of ceramic lami-
nates, Computational Material Science, Vol. 46, No. 3, pp. 614-620, 2009
[11] Knésl Z., Klusdk J., Nahlik L.: Crack initiation criteria for singular stress concentrations, part I:
a universal assessment of singular stress concentrations, Eng. Mech., Vol. 14, pp. 399408, 2007
[12] Hutaf P., Néhlik L., Sestdkova, L., Sevéik M., Knésl Z., Nezbedové E.: A fracture mecha-
nics assessment of surface cracks existing in protective layers of multi-layer composite pipes,
Composite structures, vol. 92, pp. 1120-1125, 2010
[13] Seweryn A., Lukaszewicz A.: Verification of brittle fracture criteria for elements with V-shaped
notches, Engineering Fracture Mechanics, Vol. 69, pp. 1487-1510, 2002
[14] Seweryn A.: Brittle fracture criterion for structures with sharp notches, Engineering Fracture
Mechanics, Vol. 47, No. 5, pp. 673-681, 1994
[15] Griffith A.A.: The phenomena of rupture an flowing solids, Philosophical Transactions, Se-
ries A, Vol. 221, pp. 163-198, 1920
[16] Irwin G.R.: Analysis of stresses and strains near the end of crack traversing a plate, Journal
of applied mechanics, Vol. 24, pp. 361-364, 1957
[17] Taylor D.: The Theory of critical distance, engineering fracture mechanics, Vol. 75, pp. 1696—
—-1705, 2008
[18] Taylor D., Kasiri S.: A comparison of critical distance methods for fracture prediction, Int.
Journal of Mechanical Science, Vol. 50, pp.1075-1081, 2008
[19] Taylor D., Cornetti P., Pugno N.: The fracture mechanics of finite crack extension, Engineering
Fracture Mechanics, Vol. 72, pp. 1021-1038, 2005
[20] Yosibash Z., Bussiba A., Gilad I.: Failure criteria for brittle elastic materials, International
Journal of Fracture, Vol. 125, pp. 307-333, 2004

Received in editor’s office: July 7, 2011
Approved for publishing: June 11, 2012



