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Abstract

Multilayer pipes consisting of different materiaee frequently used in praxis because of partigrave-
ment of the properties of pipe systems. To estififgiime of these pipes the basic fracture paransehave to
be determined. In this work finite element calcigias are applied in order to estimate the stretensity factor
K and T-stress values for a new type of non-homoge@shape specimen. The application of calculstadd
T values to laboratory estimation of fracture touggsand its transferability to real pipe systedissussed.
© 2007 University of West Bohemia. All rights reged.
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1. Introduction

Polyethylene (HDPE) and polypropylene (PP) materglbstitute nowadays traditional
materials for production of pipes (steel, castjrdrecause they can be considered modern
and ecologic. Multilayer pipes composed of thes¢emals can improve the properties of a
pipes system and therefore they are frequently usprhxis.

In this paper the fracture mechanics behaviour ofudtilayer pipe composed from three
layers, see fig. 1, is analysed. The studied systeimrmed by two protective layers (inside
and outside) made of extremely durable PE matéXa8IC 50) and a middle jointing part of
PE 100 material. For the lifetime estimation of pgige the damage of the middle layer is de-
cisive. The relevant parameter for resistant evalnaf the pipe material against slow crack
growth is its fracture toughness. To measure thetdre toughness of the jointing middle part
the special non-homogeneous C-type specimen mathimectly from the three-layer pipe
has been suggested [11], see fig. 2. For fractwghiness estimation in laboratory, basic frac-
ture mechanics parameters of specimens have toderk Fracture parameters of homoge-
neous testing specimens are usually known and dieé&rmination is well documented in the
literature, see e.g8]. In the case of non-homogeneous specimens théepnadf fracture pa-
rameters determination is more complicated andsadditional numerical simulations.

The aim of the present contribution is to estimhgevalues of the stress intensity fadtor
and the T-stress for a crack initiated from theemsurface of the non-homogeneous C-type
specimen, see fig. 3. The special case of the cnattkits tip at the bi-material interface be-
tween inner and middle parts of the pipe is alswsmtered. The application of the results ob-
tained to laboratory measurements is discussed.
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outer layer

Fig. 2. Non-homogeneous C-type test specimen madtdirectly from the pipalVis the width of the specimen,
ais the corresponding crack length. The dimensadribe pipe are given in mm.
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Fig. 3. Experimental set-up used for measuremdiftacture toughness using the C-type specimen.

2. Numerical mode

The assumptions of linear elastic fracture meclsa(li€€EFM) are supposed. The model
geometry and boundary conditions follow the experntal set-up used for measurements of
fracture toughness, see fig. 3. It is assumed durtihat the material interfaces are of welded
type (ideal adhesion). The both used materialshareogenous, isotropic and linear elastic.
The mechanical properties of the pipe layer mdger@e characterised by values of the
Young's modulug; (inner),E, (outer) ancer, (middle). The values of Young's modulisof
the individual layers were determined from standartkile tests [12]. It is typical for these
materials that the value of their Young’s modulapahds on the temperature. Using experi-
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mental data following values were obtain&g= E, = 827 MPaE,, = 1213 MPa for room
temperature (23 °C) ang = E, = 2740 MPaE,, = 3391 MPa for temperature -60 °C. The
values of Poisson’s ratios were in all cases theesae.v, = 1, = v, = v =0.35. It has to be
mentioned that Poisson’s ratio has not so sigmifigafluence on solved problem [3], [10].
For numerical simulations the C-type specimen moae loaded by forcé = 100 N, see fig.
3. The dimensions of the specimen were: the wdth 10 mm and the thickneBs= 10 mm.

The numerical calculations were performed by firiiement method (FEM) using system
ANSYS 10.0. Plane strain conditions were applieecd&ise of the symmetry, only one half of
the specimen needs to be considered. Stress amu distribution near the crack tip was stud-
ied. The corresponding values of stress intensityofsK were estimated using the standard
KCALC procedure as implemented in ANSYS. Valuesh#f T-stress were evaluated using
direct method derived directly from T-stress deiaom [2].

The finite element mesh used in this study andbitvendary conditions applied on the
model are shown in fig. 4. The mesh around thekctiachas to be refined because of high
stress concentration. Special crack tip finite &eta with shifted mid-nodes were used to
model a crack tip stress singularity. The boundanyditions and the applied load correspond
to normal mode of loading, i.& =K.

interface
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crack

Fig. 4. The finite elements mesh and employed bagndonditions.

3. Reaults

First, theK-calibration curve, i.e. dependence of the streensity factor on crack length,
was estimated values are given by following equation:

FIS

3/2

K= f (a/w) (1)

wherea is the crack length, the meaning W andSis shown in figs. 2 and B is the thick-
ness of the specimen aRds the applied load.
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In the fig. 5 correction functionga/W) for various studied cases are shown. Correction
functionf(a/W) for three point bending specimen was obtainedraieg to equation (2), see

[8] .
f(a/W) = 29(a/W)Y2 - 46(a/W)*? + 21.8(a/W)*? -37.6(a/W)"'? +38.7(a/W)?.(2)
In the other cases (e.g. homogenous C-type specandntwo non-homogenous C-type

specimens) the corresponding expressions were astiinfrom numerically obtaingd val-
ues.
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Fig. 5. Correction functiof(a/W) for various cases. 1-standard three-point bensir@gimen, 2-homogeneous
C-type specimen, nhon-homogenous C-type specim&amperature -60 °C, 4-temperature 23 °C.

Polynomial form of the correction functid(a/W) obtained from the numerical results us-
ing finite element method are presented in figané 7.

The constraint effect (effect of the structure getry) was estimated using the elastic
T-stress. Recently many papers propdseddescription of the stress field in the case aof bri
tle fracture [1]. In this contribution the directethod was used for T-stress estimation [2].
Values of T-stress were obtained using relation:

T=o0,-0, for 6=0, (3)

whereg, andg; are stress components in the direction of craténeskon @= 0).

The calculated T-stress values were convertedn@msionless biaxiality factdd follow-
ing relation [5]:

B= @ , (4)
K

whereT andK are values of the T-stress and the stress inyefaitor K numerically calcu-
lated for the given crack lengéh The behaviours of the biaxiality factBrfor standard three
point bend specimen, homogenous C-type specimenvanton-homogenous C-type speci-
mens for various temperatures (23 °C and -60 °€shown in fig. 8.
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Fig. 6. Numerically estimated curves and analytioain of correction functiof(a/W) in inner layer for tem-
peratures -60 °C and 23 °C.
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Fig. 7. Numerically estimated curves and analytioain of correction functiof(a/W) in middle layer for tem-
peratures -60 °C and 23 °C.
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Fig. 8. Behaviours of biaxiality fact® for various cases. 1-standard three-point bensiregimen, 2-
homogeneous C-type specimen, hon-homogenous Gspgmemen: 3-temperature -60 °C, 4-temperature 23 °C

As a second problem the crack with its tip at tlegemal interface was solved. First, stress
singularity exponent has to be determined. Fop#reendicular crack with its tip at the mate-
rial interface the analytical solution exists i titerature, e. g. [6], [7], [9], [13]. The values
of the corresponding stress singularity exponerggyaven in tab. 1 together with correspond-
ing values of the generalized stress intensityofacas obtained from numerical calculations.
The critical force necessary for penetration of ititerface was estimated using the criteria
based on the mean opening stress value [9], segieqy5).

o

crit - I:crit - KC D 2d P2 )
O Fapp H(Fan) 2-p+0g

(5)

In this relationdgit, Ferit are values of critical loadzgp, Fapp are values of applied loal¢ is
the fracture toughness of the material beyond nitexface H (Fapp) iS generalized stress in-
tensity factor established for given applied lo&tle parameted relates to microstructural
characteristic (in thisased = lamellar thickness), see [4],is stress singularity exponent and
gr is known function of material properties along takation (6).

Bla +24 - (1+ 20 - 404 )cosArr+ (1+ a)cos2A 7]

A =A-cosAr—
9r (1) 1+ 2a + 2a® —2(a+a2)cos)ln—4az)l2

(6)

In equation (6)a and £ are Dunder’'s parameters depending on material eptiep, i.e.
Young’'s modulus and Poisson’s ratio of both mate(@].

Effective value of stress intensity factg was established from the critical value of ap-
plied load (above this load the crack will starptopagate through the material interface into
the second material) using the relation (1) for bgenous C-type specimen, see tab. 1.
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temperature [°C] p[] | H[MPa.nf] | Fei[N] | Kert [MPa.m?
) ) 23 0,46454  0,7467 759 4,3
inner interface
-60 0,47972 0,6550 527 3,0
_ 23 0,53914 2,3360 73 2,4
outer interfac
-60 0,52144 2,6830 76 2,5

Tab. 1. Parameters characterizing the behaviotireo€rack with its tip at the interface betweenitiver and the
middle layer of the pipe.

4. Conclusion

Finite element method was used for the determinadiostress intensity factots and
T-stress for a non-homogenous C-type specimen. Timpuational model used fd¢ esti-
mation is based on KCALC procedure implementedystesn ANSYS. The density of the
employed mesh was sufficient for most crack lengtis the further refinements of the mesh
had no influence on the results. However, the mtes®del cannot describe the stress field
correctly if the crack tip is situated closer te interface between inner and middle layers (or
middle and outer layers). In the case of the inmerface E < E) the stress intensity factor
decreases moderately as the crack tip approackastdrface, while it relatively steeply in-
creases behind the interface. In the case of tenface E, > E;) the stress intensity factor
grows before the crack penetrates the interfacerdasing of th&K values is expected be-
yond the second material interface (this case vadsstudied because of its small signifi-
cance). To describe behaviour of the crack withiptat the interface a modification of LEFM
has been used.

The second parameter used in LEFM for the descniptibthe fracture behaviour is
T-stress (alternatively dimensionless biaxialitytéad). Fig. 8 shows that the biaxiality pa-
rameter is close to zero in the middle layer wiptdys key role for lifetime estimation of the
three-layer pipe. It can be also concluded thatfack lengths in inner and middle part where
a/W< 0.5, the values of the measured fracture toughresde safely transferred to real pipe
systems. The corresponding fracture stress will teenonservative. On the other hand frac-
ture toughness values determined for crack lengthtside this interval can give non-
conservative results of critical fracture stresses.

An important question regarding a crack with thedt the interface of two materials is
whether it will stop or continue growing in the ead material. Therefore a crack with its tip
at the material interface was modelled. Using tleamstress criterion the critical value of
applied load was established. Under this load thekcwith the tip at the material interface
will penetrated the interface into the second niaten the studied cases the elastic mismatch
between materials of inner and middle parts is beraugh and the interface does not play a
significant role.
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