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ABSTRACT. Brittle fracture of isostatic graphite is studied experimentally and
theoretically using plates containing key-hole notches subjected to different degrees of
loading mixity. The main purpose of this paper istwofold. First, to provide a new set of
experimental results on fracture of notched graphite samples, with different values of
loading mixity and notch radii, which may be helpful for researchers because enlarges
the very scarce available data; and second, to provide a fracture criterion for
polycrystalline graphite under the above mentioned conditions. The averaged value of
the strain energy density over a well-defined volume is used to predict the static
strength of the considered specimens. Good agreement is found between the
experimental data for the critical loads to failure and the theoretical predictions based
on the constancy of the mean strain energy density over the material volume.

INTRODUCTION

Several researchers have studied in the past feacesistance of polycrystalline
graphite either under mode | (crack opening) oreundixed mode I/1l (crack opening-
sliding) loading conditions. For example, Awaji aBdto [1] were among the earliest
researchers who used the cracked Brazilian diskD)CGipecimen to study mixed mode
I/l fracture toughness of two polycrystalline ghéle materials experimentally. CBD is
a test specimen of circular shape in which a ceotegk is generated in order to
measure fracture toughness of brittle materialsnizchi et al. [2, 3] also made use of
disk type specimens (i.e. CBD specimen and senaular bend (SCB) specimen
subjected to three point bend loading) and invastid) the mixed mode I/1l fracture
toughness of graphite. Other test specimens has@ laden used for exploring the
fracture behavior of polycrystalline graphite matk. For instance, the single-edge
notch bend specimen [4] and the three-point bemdvg&hed specimen [5] are two
other types of specimens used in the past fordractesting on graphite. In another
attempt, Etter et al. [6] investigated the modedcture toughnesK,. of isotropic

polycrystalline porous graphite in addition to drag/aluminum composite by means of
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the single-edge notched beam specimen. The exeeapplications of graphite fibers in
the composite materials (such as graphite/epoxyposites) have also prompted some
researchers to study the fracture behavior of tmeaterials under pure mode | and
mixed mode I/Il loading conditions [7-10].

Lomakin et al [11] made use of an energy release caterion for analyzing the
fracture initiation in cracked graphite specimensler pure mode | loading. There are
also several fracture criteria in literature foeghicting the onset of mixed mode /1l
brittle fracture in various engineering materiake Igraphite. The maximum tangential
stress (MTS) criterion [12], the minimum strain enedensity (SED) criterion [13] and
the maximum energy release rate or G criterion [ledje been used more frequently by
the researchers. Using a modified MTS criterionatéllahi and Aliha [15] presented
good estimates for the onset of mixed mode fraciurevo grades of polycrystalline
graphite containing sharp cracks.

Cracks are generated in graphite mainly becaugbeomanufacturing faults or due to
the coalescence of the micro-structural pores teatie that are inherently embedded in
graphite. Whereas cracks are viewed as unpleagditte® in most engineering
materials, nevertheless, notches of U or V-shapesametimes desired in design and
manufacturing of products made from graphite. Gitepmoulds, graphite heating
elements and graphite chucks are only some exanigiaadustrial components that
contain U or V-shape notches. A review of literatghows that in spite of extensive
studies on mode | and mixed fracture in crackegblgta specimens, very few papers
have dealt with brittle fracture in V-notched graphcomponents. Ayatollahi and
Torabi [16] recently conducted a series of fractests on three different V-notched test
specimens made of a polycrystalline graphite maltefihey also proposed a mean
stress criterion and estimated their experimengsults with very good accuracy.
However, the results presented by Ayatollahi andchlbio[16] are confined only to pure
mode | loading conditions. There are various pcatttonditions where the notches in
graphite components are subjected a combinatidersile and shear deformation (or
mixed mode I/ll loading). In a recent paper, thesant authors investigated mixed
mode brittle fracture in polycrystalline graphiteth experimentally and theoretically
[17]. First a series of fracture experiments weonducted on centrally notched
Brazilian disk specimens made of graphite to detsenthe fracture loads under
different combinations of mode | and mode Il loadimhen a theory based on the SED
criterion [18-22] was employed to estimate the expentally obtained fracture loads.
The main purpose of the present paper is to proaidew set of experimental results
(70 new data) on fracture of graphite samples weatkeby key-holes, with different
values of loading mixity, inclination angles andteto radii, which may be helpful
because enlarges the very scarce available dataisiByg the averaged value of the
strain energy density over a well-defined volumé&aature criterion for polycrystalline
graphite under the above mentioned conditionsaop@sed to predict the static strength
of the considered specimens. The third part of ghper deals with the analysis of
fracture initiation direction and crack early prgp#on.
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FRACTURE EXPERIMENTS

The details of the graphite material, the test ispe and the fracture experiments are
presented in this section.

Material

The fracture tests were conducted on a commersastatic polycrystalline graphite.
The mean grain size was measured by using the SeNhique and the density was
determined from the buoyancy method. The basic maatproperties of the tested
graphite are listed in Table 1: mean grain siz [gm, porosity 7%, bulk density of
1850 kg/ni, mean tensile strength of 28.5 MPa, Young's masldl 8.05 GPa and
shear modulus of 3.350 GPa. The compressive streagtqual to 110 MPa, whereas
the flexural strength is 49 MPa.

All tests were performed under load control on eveeontrolled MTS axial testing
device £100 KNA 110 Nm,+ 75mm# 55°). The load was measured by a MTS cell
with £ 0.5 % error at full scale.

Table 1. Mechanical properties

Material Property Value
Elastic Modulus E [MPa] 8050
Shear Modulus G [MPa] 3354
Poisson's Ratio 0.2
Ultimate Torsion Strength [MPa] 30
Ultimate Compression Strength [MPa] 110
Ultimate Tensile Strength [MPa] 46
Fracture toughness [MP&’th 1.06
Hardness [Shore] 58
Density [Kg/dn] 1.85
Porosity [%0] 7
Resistivity pohmm] 11
Thermal Conductivity [W/(nK)] 110

Geometry of the specimens

As shown schematically in Fig. 1, the specimen ugetthe present investigation is a
plate containing a central key-hole crack with &ehaoadiusp and the distance between
the hole centres a. The specimen is subjectechsillédoading. By changing the angle
B, different combinations of mode | and mode Il {@nsion and shear deformation) can
be produced for key-holes. When the load is apg@iedg the notch bisector (i.@= 0),
the key-holes are subjected to pure mode | defoomaBy increasing the angfgfrom
zero, the loading condition changes from pure mddwards mixed mode I+l
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| Thickness
t=10 mm

Figure 1. Geometry of the specimens (all dimensinmsm)

For all the tested graphite specimens, the width, (iWe notch depth (a) and the
thickness t were 50 mm, 10 mm and 10 mm, respégtive

Five values of notch radiys=0.25, 0.5, 1, 2, 4 mm were considered for manufacj
the test specimens so that the effects of the ngtafadius on mixed mode fracture of
the graphite specimens are studied. With the aiobtain different mode mixities, four
values of the anglp were considered3€0, 3=30°,3=45° and3=60°).

In order to prepare the graphite test specimerst,deveral plates of 10 mm thick were
cut from a graphite block. Then, the specimens \eeeisely fabricated by using a 2-D
CNC water-jet cutting machine. Before conducting &xperiments, the cut surfaces of
the graphite specimens were polished by using e dibrasive paper to remove any
possible local stress concentrations due to sunfaoghness. A total number of 70
mixed mode /1l fracture tests were performed farious notch geometry parameters.
For each geometry shape and loading angle, thpzeate fracture tests were performed
by using a universal tension-compression test machinder displacement-control
condition with a loading rate of 0.05 mm/min. Tlad-displacement curves recorded
during the fracture tests were all linear and thecgnens fractured suddenly. Therefore,
the use of a brittle fracture criterion based oae limear elastic fracture mechanics
(LEFM) is permissible. The mean values of fractloads (F) recorded by the test
machine are presented in Table 2, for each specimen
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A review of Table 2 shows that the fracture loactéases when the loading conditions
change from pure mode (3£0) towards mixed mode I+1l. Furthermore the fraetload
enhances for larger notch tip radii, regardlesheimode mixity.

SED CRITERION

In order to estimate the fracture load in notcheaphite components, engineers need an
appropriate fracture criterion developed basedhenntechanical behaviour of material
around the notch tip. In this section, a strainrgpaensity based criterion is described
by which the fracture loads obtained from the expents can be estimated very well.
The averaged strain energy density criterion (S&Ppresented in Refs. [18-22] states
that brittle failure occurs when the mean valuéhef strain energy density over a given
control volumeW , is equal to a critical valu&\,. This critical value varies from
material to material but is not dependent on theem@eometry and sharpness. The
control volume is considered to be dependent oruttimate tensile strength and the
fracture toughnesk|. in the case of brittle or quasi-brittle materiaigjected to static
loads.

Under plane strain conditions the critical leng®, can be evaluated according to the
following expression [20]:

R - (1+v)(5—8v)(K.cj2

4n (oN

1)
whereK is the fracture toughnesgthe Poisson’s ratio ara the ultimate tensile stress
of a plain specimen that obeys a linear elasti@biein.

This critical value can be determined from thenudtie tensile stress; according to
Beltrami’s expression

_or
W, =2L (2)
In parallel, the control volume definitiona the control radius Rneeds the knowledge
of the fracture toughnes§. and the Poisson’s ratig see Eq. (1)The critical load that
is sustainable by a notched component can be dstiniy imposingV- equal to the
critical valueW; which is considered here constant under mode dlemiband in plane
mixed-mode conditions. This assumption has beeensitely verified for a number of
different brittle and quasi-brittle materials [2@}2
As mentioned earlier, the properties of the graphmaterial used in the present
investigation are:.g= 46 MPa,K,. = 1.0 MPa.if°, Poisson’s ratia’=0.2. As a result,
the critical SED for the tested graphiteWs=0.13 MJ/ni whereas the radius of the
control volume iR, 00.17 mm considering realistic plane strain condsi
Dealing with blunt notches under mixed mode loaditigg problem becomes more
complex than under mode | loading, mainly becabsentaximum elastic stress is out
of the notch bisector line and its position vardes a function of mode I and mode |l
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Table 2. Outline of theoretical and numerical pagtars for the strain energy density
evaluation for the tested graphite specimens

p a F Fin A Omax SED
[mm] []] [mm] [N] [N] [%] [MPa]  [MJ/m
0.25 0 10 3967 4146 4.31 87.0 0.1201

0.5 0 10 4060 4200 3.35 67.0 0.1225

1 0 10 3998 4483 10.82 51.8 0.1044

2 0 10 4967 5089 4.96 51.1 0.1251

4 0 10 4910 5434 9.64 45.1 0.1070
0.25 30 10 3991 3981 2.54 90.4 0.1317

0.5 30 10 4022 4030 441 67.7 0.1308

1 30 10 4125 4479 7.90 52.9 0.1111

2 30 10 4609 5080 9.26 47.8 0.1079

4 30 10 4775 5501 13.18 42.8 0.0991
0.25 45 10 3786 3857 2.98 89.4 0.1264

0.5 45 10 3893 4062 4.29 66.2 0.1205

1 45 10 4121 4309 4.36 56.5 0.1200

2 45 10 4972 5006 1.18 53.8 0.1293

4 45 10 4777 5243 8.90 45.6 0.1090
0.25 60 10 3995 4027 3.31 94.3 0.1291

0.5 60 10 3856 4066 5.18 68.1 0.1179

1 60 10 4114 4160 3.03 57.3 0.1283

2 60 10 4496 4669 3.71 50.7 0.1215

4 60 10 4553 5078 10.34 45,5 0.1055

stress distributions. The maximum stress occuralogg the edge of circular holes has
been calculated numerically by using the FE codeSXN 12.0'. For each geometry,
two models were created. The first model was maimignted to the determination of
the point where the maximum principal stress ardnfaximum SED were located; the
second model was more refined, with an accuratenideh of the control volume
where the strain energy density should be averaiethe analyses have been carried
out by using eight-node elements under the hyp@loéplane strain conditions.

Table 2 summarizes the outlines of the experimentaherical and theoretical findings
for the tested graphite specimens with four diff¢r@clination anglesf3=0°, 30°, 45°,
60°), investigated in the present research. Iniqdar, the table summarizes the
theoretical Fy,) and the mean experimental load to failurEXxfor every loading angle
Land notch radiugp. The Table also gives the maximum value of thaegyoial stress
(omax and the SED value as obtained from the FE maafellse graphite specimens by
applying to the model the mean value of the ciiitioads. It is interesting to observe
that the maximum principal stress along the notdbeeis much greater (about two
times) than the ultimate tensile stress of the rmatgustifying the approach based on
the average value of the SED over a control volume.
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As can be noted, the agreement between the expdameesults obtained for the
notched graphite specimens and the theoreticalgti@us based on a constant value of
the local strain energy is satisfactory with a maxin relative deviation equal to 12%.

CRACK INITIATION ANGLES

Dealing with crack initiation angles, they have he&eeasured experimentalhy using
an optical microscope and a dedicate software ddlés Leica Application Suite. The
averaged value of the measured angles are compaii@ble 3 with those obtained by
numerical analyses identifying the point along edgeere the SED and then the
maximum stress reaches its critical value.

Table 3. Experimentally observed angles compardi mimerical values
P B 6Borem Boexe.| P B Borem 6o exp.
[mm]  [°] [’] (] | [mm] [°] [°] [°]
0.25 30 37.1 36.5 0.25 60 67.3 64.3
0.5 30 32.7 32.1 0.5 60 63.3 60.1

1 30 30.9 36.1 1 60 61.6 63.7
2 30 30.0 33.6 2 60 61.6 64.0
4 30 30.0 31.2 4 60 60.0 58.0

0.25 45 52.5 50.3
0.5 45 50.0 54.9
1 45 47.5 49.6
2 45 46.2 49.1
4 45 45.0 48.5

CONCLUSIONS
The SED criterion was extended to rounded-tip nedctlomains in order to estimate

the fracture load of notched graphite componeritsvds shown that the proposed
method is suitable for the isostatic graphite sedsunder mixed mode loading
conditions,beingthe experimental results in good agreement withréisellts estimated
by the SED approach. From the sound agreement betwke theoretical and
experimental results, it can be directly deduced tbr the isostatic graphite the critical
energy and the radius of the control volume ard lmoinstant material properties and
independent of the loading mode, and can be sieydjuated from a pure mode | test.
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