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ABSTRACT

The aim of the paper is to provide a tool to visualize an influence of the basic geometrical and matse
parameters on a shape of the force — displacement curves observed during classical fracture experi
performed in order to measure fracture parameters as well as fracture resistance curves. During the p
of specimen modeling a classical and modified Dugdale model have been utilized. The analysis althc
qualitative provides a very interesting information on fracture processes itself and can be a useful toc
“design” experimental program in order to test the fracture resistance of a material to the crack growth.

INTRODUCTION

A nature of physical processes accompanying a stable crack growth has been well understood for
structural materials for years. It is well known that the stable crack growth depends on a variety of mat
and geometrical factors. They control a nature and extent of dissipative processes during subcritical c
growth. A short but comprehensive discussion concerning this subject is included in Broberg's book [1
chapters 1 and 8. However, there is still no reliable theory that could be able to provide a quantite
assessment of the stable crack growth extent and the onset of unstable crack growth. The general struc
the crack growth equation is known (e.g. Neimitz, Molasy [2]). It can be written in terms of the glok
parameters related to the whole energy dissipated during the crack growth. Such a parameter ce
identified with the far field) integral that in this case should not be understood as amplitude of a singu
HRR field and is not path independent. Except for the far fieéhdegral the crack growth equation contains
guantity which should characterize material resistance to the crack growth. It should be determi
experimentally and it is usually called teR curve. It turns out however, that tl#eR curve strongly
depends on shape and size of a tested specimen. Thus, the theory although well physically motivated
attractive from the practical, engineering point of view sinceJtRecurves measured in the laboratory can
not be utilized in the practical applications concerning structural or machine members.

Many researchers have tried to find a method of a proper normalizatibR ofirves (e.g. Turner
[3]) to make them geometry or size independent, so far without greater success. Comparison of experim
results obtained by various researchers is often misleading because of different experimental environ
and techniques used, as well as different materials or different formulas to canripateves. Very often
details of experimentation are not available in articles. A wide experimental program to test the influenc
size and geometry of the specimen onJecurves that could lead to a more conclusive results would be
very expensive, time consuming and not necessary successful.

An experimental methodology of theR curve measurement requires a registration of the férce,
vs. load point displacement, Area under the curve provides an information how much energy has be
dissipated and how much energy has been stored during the process of the crack growth. In turn, the at



of energies depend on geometry and size of the specimen, the material properties and the crack growt
Thus, it might be useful to propose a theoretical methodology to compuestifud curves from a simple
model in order to get more information about stable crack growth before an experimental progran
undertaken. In this way one may save time and reduce costs of experimental studies in order to predi
influence of various parameters on kR curves.

In this article such a model is proposed. It does not require complex numerical computations.

DESCRIPTION OF THE MODEL

The general model of the specimen is as follows: it is made of fibers parallel to the direction of exte
forces. Each fiber consists of segments. Each segment can be modeled by a linear elastic spring plas
series with perfectly brittle element and parallel configuration of linear or non-linear elastic spring &
Coulomb friction element. Between fibers “friction forces” should be assumed in order to transr
deformation if it is not uniform. The analysis of deformation of such a specimen requires definition
number of quantities characterizing mechanical elements entering the model and statistical distributio
parameters characterizing onset of plastic deformation and fracture of individual segments. The situz
simplifies if in such configuration one can introduce a crack, which cuts a certain number of fibers. In t
case the plastic deformation and fracture process become localized in the neighborhood of crack tip
principle, the plastic deformation in front of the crack tip, the size and the shape of the plastic zone anc
shape of the opened crack faces can be known if one knows the solution of the boundary-value problel
given geometry and elastic-plastic material. Such information supplements the model and me
computations much easier.

In this paper theentereracked specimen itension (CCT) is assumed although the model can be
extended to other configurations. The width of the CCT specim@&w,ishickness of the specimenBs the
initial length of the central crack is denoted2ay, the length of the specimenlisThe coordinate system is
located in the center of the specimen in such a waythaes is parallel to the crack surfaces wackes is
perpendicular to the crack surfaces.

According to the model presented, when the CCT specimen is stretched by an external loading
part of the fibers can be totally within the range of elastic deformation and some of the fibers are locall
the state of plastic deformation while the remaining portion of their length is elastically stretched. Fina
some of the fibers are cut by a crack surfaces although they are still stretched by a “friction forces” sha
properly the crack profile.

At the moment there is no solution, in a closed form, of the elastic—plastic problem for a growi
cracks for a finite specimens except of the Dugdale model of a crack [4]. We do realize that the Dug
model of a crack provides a very simplified picture of a real situation. However, it has proven to be
effective tool to characterizgualitatively the fracture process. Our goal in this article is to provide such ¢
model that could capture and describe the nature of the basic features of deformation of specimen conte
a growing crack. We think, and it will be demonstrated in the subsequent sections of this article,
Dugdale model is a proper tool to reach such a goal.

At this stage of analysis a strain hardening is not introduced into a model.

Basic Relations

In the analysis Dugdale model of a crack [4] has been adopted. Therefore, in principle, the plane s
situation should be discussed only. However, a recent modification of the Dugdale model [5] that takes
account the thickness correction has been adopted, extending analysis to more general cases. Thus,
presented below are not necessarily qualified as a predominantly plane stress cases.

There are a few closed form solutions of the Dugdale problem for finite specimens and some of
can be found in popular handbooks (e.g. [6]). Computations performed in this article have been base
Isida results [6], for a CCT specimen. They have been approximated by closed form formulas. The leng
the strip yield zone§Y3, r, can be computed with a small error (less then 1 per cent) with respect
graphically presented results [6] from relation:
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was assumed that material is elastic—perfectly plag#&c)s an actual crack length. The crack tip opening
displacement can be approximated by the formula:
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The accuracy of the above formula with respect to Isida results is less then the Eqn. 1. The error is w
the range £7per cent) fora/\>0.33 The crack face opening displacement within the strip yield zone
asx<(a+ry) or -(a+rp) < x <-acan be approximated from a classical solution by a formula:

where é = 0 is the external tractiorgy is the yield stress (in the classical Dugdale model it

g
The crack face opening displacement along the crack fa<gs| can be approximated by

35(X) = 3(0) =[30(0) - 5T]%g : (4)

wheredy(0) may be found from relation
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whered, = , P is external loading.
y

Each elementary fiber in our model transmits |a#e. The resultant force, which is stretching

specimen, can be computed as a simple sum of the elementary fé’rceiAP In our hypothetical
i=1

experiment the load point displacemantis controlled and due to the boundary conditions the total
elongation of each fiber is the same. Thus, when the plastic zone in front of the crack reaches a fiber |
previously in elastic state the plastic deformation must reduce elastic onedgmafue+Au,=0. In our
modeluy, is identified withdp. Similarly, when fiber is cut by a crack facAse+Auy=0 anduy is identified
with ds. Consequently the force transmitted by each fiber can be computed from a formula:

AR = & (u=3() ©)

wheredx) should be replaced () or ds(x) depending on the state of a fiber. Integrating forces along
the width and thickness of the specimen (Eqns. 2 to 6 have been utilized) one can arrive at:
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whereH([7) is the Heaviside function, which activates one of two terms within formula. First term is actiy
when elastic zone exists in front of t8& Z the second term is active when the whole-unbroken ligament i
in plastic state. In this equation all quantities has already been determined axgelot principle, the
crack extension as a function of a load point displacement should be determined from experiment or |
some physically based model. However, in this paper, for a purpose of simulatstf(of curves we
postulate a general form aff(u) function:

a(u) = g +@uH(y— Q+[wu+ B u- Y] K u . (8)

The second term in Eg. (8) represents blunting process, the third - an actual crack @r@wih;are some
constants (at least in this paper; in general they may be functions of specimen dimensions and ma
properties),u; denotes load point displacement at the onset of crack growth. RPoagsumes positive
values close to 1. It depends on mechanisms of crack growth. Typical experimentally do&eri(ay
curves can be callgshgoda roofor round housgTurner [3]). Forpagoda rooftype curvesa<l. Forround
housetype curvesx>1. For intermediate shapes1 (Figure 1a).

Dugdale Model Modification

In his classical model Dugdale assumed that the specimen is in the plane stress situation. He obsen
experiment a wedge shaped plastic zone in front of a slit in a thin sheet made of a mild steel. This sil
model has been used many times by researchers to discuss various fracture problems. In many cas
necessarily plane stress problems were interpreted using this very useful model. It is easy to show th:
SYZin the original model satisfies the Tresca yield criterion for plane sirdgsThe Huber-Mises-Hencky
(HMH) criterion is not satisfied for plane stress and for plane strain situation unless one does not assume
stresses withilsYZare constant and equal to the yield stress. In the paper [5] author has modified a class
Dugdale model to include other geometrical situations than plane stress. As a one of results of analysi
formula for the level of constant stress distribution wiB¥iZzhas been approximated:

Ow-=0 )ﬁp(y):a . +;[ (9)
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where e=1.081, f=1.734, ¢=0.0968, d= 0.976 in the case of HMH hypothesis

e=0.999, f=1.564, c=0.102, d= 0.983, in the case of Tresca yield congitigB, andr, can be
computed from equation (1) but with the help of iteration procedure (usually two, three iterations
sufficienf). With the above modification the specimen thickness can be taken into accountPmf(ine
curves simulation in a more appropriate way. Now, the yield stxesisould be replaced by, in Eqns (1),
(2), (5) and (7).

NUMERICAL RESULTS AND DISCUSSION

As will be shown in this section, many geometrical and material parameters can change the shape c
curves as well as the maximum force and location of this maximum alongaxis. However, the most
fundamental role in shaping these diagrams plays the crack evolution equation proposed here in this &
as an Egn. (8). In Figure la three typical curves are presgragdda roof, round housend intermediate
shape. The crack growth equation changes not only the shape of the curves but the areas under the cu
well. They change the maximum force as well as location of this maximum alon@#fi® and location of
the moment of crack growth initiation with respect to the location of maximum force. Comparison of t
shapes oP=f(u) diagrams obtained experimentally and theoretically suggests that the general form of

* More details concerning the=f(u) curves and associateef(u) can be found in [7]



equation (8) is probably correct. However, an extensive research must be performed to identify
parameters entering this equation. These parameters certainly depend on mechanisms of fracture, m
parameters at the micro — meso — macro scale, and geometrical constraints of the fracture process. Tt
that three curves in Figure 1a approach almost the same value of displacevhent the forces approach
zero is quite accidental. In most cases it is not so as shown in Figure 2a. In this plot along with clas
Dugdale solution a modified one is presented for a specimen of a thidka®ssn. In Figures 1b and 2b
the evolutions 05YZ’s and crack lengths are plotted. The rapid extension db¥W#akes place until the
whole ligament in front of the crack tip is in a plastic state.
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Figure 1a P=f(u) diagrams for different crack Figure 1ba=a(u) andrp=r,(u) diagrams for different

growth equations and identical crack growth equations and identical
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280=20mm, 2W=60mm.,;#0.2mm, 280=20mm, 2W=60mm.,;#0.2mm,
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Differences inP=f(u) plots are not essential for classical and modified Dugdale models. Differences &
more pronounced when the length of 8%Z’sand crack tip displacements are compared [5].

It is the well-known fact that the initial length of a crack strongly influences the shape &Rhe
curves. Typical diagrams obtained from the model for rather ductile ma{gr#d} are shown in Figure 3.
For the same crack growth equation, material parameters and specimen dimensions the character
curves is preserved, their shapes change as well as initial compliance of the specimen. The observed p
is due to assumed perfect plasticity inside Y& In real specimens the initial crack length can influence
the level of three-axiality of stresses, which in turn controls the fracture mechanisms and crack gra
equation.

Very often the length of the specimen is simply neglected in fracture analyses. However, it i
geometrical quantity playing an important role in stability analysis of a specimen containing growing crac
It is the well-known fact that the longer specimen is, sooner after maximum, the global instability tal
place. In Figure 4a three typical curves for identical specimens except the length are presented.

The influence of the yield stress level on a maximum value of external load is significant althougt
decreases with increasing yield strength. Elevation of the maximum of the load is much more pronour
for materials fracturing due to ductile mechanisfmsl) (Figure 5). In Figure 6 th@=f(u) diagram is
presented for a relatively brittle material, which is characterized by a high yield strength — 1000 MPa
crack growth equation containinggless then 1. One may notice a characteristic shape of a curve, which
called pop-in. The pop-in phenomenon is usually understood as a result of a jump — arrest — ¢



propagation mode of crack growth. Here one may notice that pop-in may also be observed for contini
crack growth as a result of a “competition” between crack and plastic zone growth.
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Simulations made with the help of the classical Dugdale model in order to test the influence o
specimen thickness onRef(u) indicates that both maximum force and specimen compliance change
proportion with the specimen thickness (the cross — sectional area of an unbroken material in front
crack). In fact, the real influence is much more significant since the specimen thickness changes exten
direction of plastic flow as well as fracture mechanisms. In Figure 7 the diagrams are presented both"
classical and modified Dugdale models. Modified Dugdale model [5] reflects the geometrical constraints
plastic flowonly (within the framework of a simplified model). As one may notice, for thin specimens th
results converge for modified and classical model.
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In the paper [7] much more examples of numerical calculations based on the model proposed
been included along with more detailed analysis. They include e.g. the analysis of the influence of
moment of the crack growth initiation on a shape ofRE&u) curves. Also the unloading was taken into
account in plotting thé>=f(u) curves . Conclusions concerning the onset of the crack growth has be
presented.

CONCLUDING REMARKS

In the paper a simple model of the specimen made of elastic—perfectly plastic material containing a groy
crack has been presented. Hw(u) diagrams obtained during simulation can serve various purposes. The
can give a qualitative picture of the fracture process for a variety of specimen sizes and material plastic
fracture properties. Thus, they can be helpfudd@signan experiment of the stable crack growth, undertaken
e.g. to normalize th&-R curves or to proposekay curvesharacterizing the material resistance to the stable
crack growth. They can also serve as guide to understand the influence of various material and geome
parameters on a stable crack growth. The computations can be extended to other specimen geom
Simulations can be performed with the help of widely accessible popular computer programs.P=fqg



curves obtained during simulations (only some of the curves have been included in this paper) reflec
basic features of a stable crack growth observed by author in many laboratory tests. Thus, we conclude
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the model is correct and gives a gapdlitativepicture of a fracture process. Quantitative differences come
from the oversimplification of a real physical situation that in turn is due to a very simple model

specimen. In most of real specimens the shape and extent of a plastic zone are much different than
computed with the help of Dugdale model. However, if other, more realistic solutions of elastic—plas
boundary value problems are known they can be easily implemented into a model.
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