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The specific enthalpy of fracture due to ductile crack propagation in commercial polycarbonate
sheet is calculated as y* = A,./R,., where A, is the critical energy release rate associated with
the onset of unstable crack propagation and R, is the corresponding amount of damage
(yielded material) formed per unit crack extension. A,, and R, are determined from fatigue
crack propagation experiments conducted at different maximum loads, load ratios and
frequencies. The value of y* obtained from all experiments is found to be 9.8 + 1.4calg™

(1 cal = 4.184 J) which indicates that y” is a material constant. This finding substantiates

predictions of the crack layer theory.

1. Introduction

The commonly used term ‘fracture toughness’ is
vaguely defined. Related parameters include the criti-
cal stress intensity factor K. [1], the critical crack
opening displacement §, [2], and the critical energy
release rate J, [3]. The first two correspond to spon-
taneous crack extension. The third, on the other hand,
reflects the crack initiation condition. All of them are
implied to be material constants. Indeed, for rigidly
defined testing procedures, specific values may be
obtained repeatedly. Variations in loading conditions
and/or specimen configuration, however, lead to sig-
nificant differences in these values which are proposed
to be measures of fracture toughness.

In general, the rate of slow crack propagation plot-
ted as a function of the stress intensity factor or the
energy release rate typically displays an S-shaped
curve (Fig. 1). At a critical value of K or J, a transition
form slow to fast (uncontrolled) crack propagation
occurs, It would be reasonable to consider these values,
e, K, or J, as a measure of fracture toughness.
Unfortunately, this attractive idea fails the test exper-
iment. It is widely reported that the value of K or J, at
which the transition from slow to fast crack propa-
gation occurs varies significantly with loading history.

In the crack layer theory [4-6], which accounts
for the damage accompanying crack propagation,
fracture toughness is introduced through conditions
of crack layer instability, i.e.,

Ji— 7R, = 0 (1)

and
0 @ *R) >0 2
al 1 Y 1) > ( )
where y* is the specific enthalpy of damage, [ is the
crack length, and R, is an intergral characteristic

of damage formation associated with crack advance.
The theory introduces y* as a material constant,
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and the resistance moment R, as a history dependent
parameter.

This paper presents results of an experiment designed
to test the constancy of y* for different loading con-
ditions. Thin polycarbonate sheet has been chosen as
a model material since the damage associated with
crack propagation appears as homogeneous material
transformation (yielding). Single-edge notched (SEN)
specimen geometry has been employed because con-
dition 2 expressed above is met prior to 1 and thus
1 becomes a necessary and sufficient condition of
instability.

2. Experimental procedure

SEN specimens (20 x 80 mm?) are milled from a 6 mm
thick, extruded sheet of bisphenol-A polycarbonate,
whose density is 1.208gcm . The sheets are ob-
tained from Transilwrap Corporation (Cleveland,
Ohio). A straight notch of 1 mm depth is introduced
with a razor blade attached to the crosshead of an
Instron machine, at a constant rate of penetration
(Smmmin~"). Fatigue crack propagation tests are
conducted on an MTS-800 machine using a sinusoidal
wave form at constant frequencies of 0.01, 0.1 and
1.0 Hz. The loading is carried out in tension-tension
with different maximum applied stresses (30, 35, 40,
and 48 MPa), and load ratios of 0.1, 0.3 and 0.5. Crack
growth and evolution of the surrounding damage zone
are observed by means of a travelling optical micro-
scope attached to a video camera assembly. Concur-
rently, load-displacement curves are recorded by
means of an x-y chart recorder. Crack propagation
and crack layer evolution were measured from video
playbacks.

3. Results and discussion

3.1. Mechanism of crack layer propagation
Fig. 2a is a transmitted light micrograph of a crack
surrounded by transformed material, i.e., a crack
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Figure 1 A schematic for crack propagation kinetics showing its
three stages.

layer. The dark contour indicates the boundary of the
transformed (yielded) material. The sketch in Fig. 2b
shows a three dimensional view of half of the speci-
men after fracture. Obviously, the size of the trans-
formed zone evolves with crack growth. This type of
transformation is observed for all loading conditions
considered in the study. However, the size of the
transformed zone varies with loading condition [7].

The extent of yielding is examined through a
cross-section normal to the direction of crack
propagation. A typical micrograph of such a cross-
section is exhibited in Fig. 3. It shows constant
material thinning (yielding) within the layer and a
relatively small transitional zone at its boundary with
the initial material.

To examine the nature of the material transform-
ation, density measurements [8] were carried out. It
was found that the density of the transformed material
increased to 1.213gcm™? from an initial value of
1.208 gcm *. This change is independent of the
applied loading condition which suggests that the
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Figure 3 A reflected light micrograph of a section normal to crack
propagation plane showing yielding profile of the active zone.

transformation associated with crack propagation is
unaltered by loading.

3.2. Energy release rate evaluation
Since the active zone (Fig. 2a) is relatively large with
respect to the crack length and the width of the speci-
men for a crack approaching instability, elastic solution
of the energy release rate is no longer applicable.
Known elastoplastic solutions are not applicable
either since they predict plastic zone shape and size
essentially different from the zone observed. Therefore,
the energy release rate was evaluated experimentally
using conventional techniques based on evolution of
the load-displacement curves [9].

Fig. 4 shows the experimentally measured energy
release rate for a crack propagating under g, =

~

(b)

Figure 2 (a) Transmitted light micrograph of a crack layer in 0.25 mm thin polycarbonate sheet. (b) A sketch of one-half of the fractured

specimen illustrating damage evolution (yielding of the material).

2322



100 |-
75 -
w
€
250—
-
st
[ T N B lu
o 2 4 & 8 10 12

£ {(mm)

Figure 4 Comparison between the measured total energy release
rate (4,) and the calculated energy release rate (G, ) as a function of
crack length for 6,,, = 30MNm™? at a frequency of 0. Hz and a
load ratio of 0.1.

30 MN m 2. The elastic solution with Irwin correction
for the plastic zone G, is also presented for comparison.
The theoretical curve obviously overestimates the
energy release rate, although qualitatively it resembles
the experimentally obtained data. This qualitative
agreement justifies extrapolation to assess the critical
energy release rate value. Fourth-order polynomial fit
was determined to be appropriate for this task.

It should be noted that the measured energy release
rate contains the energy released due to active zone
translation which coincides with J;, and the energy
released due to active zone deformation. Thus, to
distinguish between the total energy release rate and
the conventionally used translational energy release
rate J,, we assign the former as 4, [6].

Table I summarizes values of 4, for different load-
ing conditions. Obviously, the critical energy release
rate varies more than a factor of three for an approxi-
mately 60% increase in o,,,. Thus, such a parameter
may not be considered as a material parameter.

TABLE I Total critical energy release rate (4,.) experimentally
evaluated at different loading conditions

Omax (MPa) 30 35 40 48 30 30
O min/Tmax 0.1 0.1 03 0.5 0.1
Frequency (Hz) 0.1 0.1 1.0 0.1 0.00
A, (kIm™?) 101 166 229 351 101 102 105 110 101 194

3.3. Evaluation of resistance moment

In general, the resistance moment R, is defined as the
amount of damage formed per unit crack extension
[4]. In cases where the damage species encountered are
discrete discontinuities, such as microcracks, its den-
sity g is readily measured as the area of middle crack
plane per unit volume. When damage consists of
crazes, a similar measure of ¢ can be introduced as the
area of middle craze plane per unit volume [10, 11]. R,
is expressed by the following integral over the trailing
edge of the active zone I'V:

R = | emdl (3)

where #, is the projection of the unit normal vector on
the tangent to the crack trajectory at the crack tip [4].
Thus, for the case in which active zone damage con-
sists of microcracks, R, is expressed as the amount of
microcrack surfaces per unit crack extension (m’ m~2).
The corresponding energy release rate units are Jm 2,
Of course, knowledge of the volume fraction of the
fibrillar material within the craze and its average open-
ing enables the conversion of the dimensionality of R,
into volume of transformed material per unit crack
extension (m®m~?) [11]. Consequently, the corre-
sponding energy units are Jm ™3,

In the present case, “damage”, i.e., material trans-
formation within the active zone, consists of homo-
geneous yielding. Thus, R, can be measured simply as
the volume of transformed material per unit crack
extension. In view of the fact that yielding is practi-
cally uniform over the entire crack layer width (Fig. 3),
the volume of transformed material was calculated
from the areal increment of the side view of the active
zone (Fig. 2a) and the thickness of the layer measured
from the fracture surface (Fig. 2b). Subsequent to an
initial stage of non-linearity, R, increased linearly with
crack length. An example of this behaviour under
different maximum stress levels is shown in Fig. 5.
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Figure 5 Evolution of the crack layer resistance moment (R, ) under
different stress levels at (@ 48 MPa, B 40 MPa, O 35 MPa, x 30 MPa)
at a frequency of 0.1 Hz and load ratio of 0.1.
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TABLE II Total critical resistance moment (R.) experiment-
ally evaluated at different loading conditions

TABLE III The specific enthalpy of damage (yielding) cal-
culated as y* = A, /R,

Omax (MPa) 30 35 40 48 30 30
G min/ Fmax 0.1 0.1 03 0.5 0.1
Frequency 0.1 0.1 1.0 0.1 0.01

R (mm’m=?) 24 31 46 58 24 19 20 24 24 35

Orag (MP2) 30 35 40 48 30 30
G oin/Fonae 0.1 0.1 03 05 0.1

Frequency 0.1 0.1 1.0 0.1 0.01
v* (calg™') 8.3 10.6 9.8 11.8 83 10.6 103 9.1 83 109

Observed linearity of the R, — [ relationship permits
evaluation of R, by simple extrapolation. Table IT sum-
marizes the critical values of R, for all loading con-
ditions. Within this range of loading conditions, R,
varies roughly by a factor of three.

3.4. Specific enthalpy of damage

As alluded to earlier in the introduction, crack layer
propagation in SEN specimen under fixed sinusoidal
loads satisfies condition 2 of instability prior to con-
dition 1. Accordingly, the specific enthalpy of damage
(vielding in the present case) can be evaluated from
conditon 1, ie., y* = 4,//R,, Jm~?). The date in
Tables I and II are used for this calculation. In view of
the fact that specific enthalpy is usually reported in
calories per unit mass, the units Jm™’ is converted to
calg™' (lcal = 4.184]) employing the measured
density of transformed material (1.213 gcm —*). Results
of these calculations are shown in Table III. The
average specific enthalpy of damage is 9.8 cal g~' with
a standard deviation of 1.4calg™'. Fluctuation of the
reported values lies within reasonable range of the
expected experimental errors.

4. Concluding remarks

The results demonstrate that the critical energy release
rate associated with the transition from slow to fast
(uncontrolled) crack propagation varies significantly
and cannot be considered as a material parameter.
Dependence of the resistance moment upon loading
conditions is basically responsible for the noted vari-
ations in the critical energy relase rate. At the same
time, the specific enthalpy of damage is practically
constant. Accordingly, the fracture toughness of a
material can be completely characterized by the
specific enthalpy of damage and an equation for the
resistance moment evolution in terms of loading
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history. A thermodynamic argument to construct such
a constitutive equation has been recently presented [6].
It should be emphasized that fracture toughness
should be characterized by a material constant which
would reflect the failure mechanism together with an
equation describing the response of material to stress
level and rate of stress application.
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