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Abstract—The transition from brittle to ductile failure is realized by varying the size of polymer
specimens. The related variation of the most utilized fracture mechanics parameters is analyzed and
explained on the base of physical similitude and dimensional analysis concepts.

1. INTRODUCTION

THE PROBLEM of size effects on material strength becomes particularly important when laboratory
data are to be translated to structural prediction. The question vexing material scientists and
structural engineers is to what extent are the laboratory measurements valid in order to obtain a
correct prediction of macroscopic failures. Up to now it is possible to say that, when the specimen
failure is relatively brittle, LEFM is able to give sufficiently certain predictions for the mechanical
behaviour of large-sized bodies, at least when a condition of plain strain occurs[1].

On the other hand, when the laboratory behaviour of the material is ductile and the size for
which a sudden and incontrollable fracture will take place is unknown, it is nearly impossible to
utilize LEFM.

In the writers’ opinion, two questions are fundamental:

(1) What is the critical structural size for fracture from stable to become unstable and what
is the relation between such a size and test geometry?

(2) To what extent is it possible to design against catastrophical failure by means of data
coming from ductile failures?

These quite general questions are valid even in the case of polymers, for which sometimes
considerable quantities of resources are spent to improve their impact strength without considering
them.

It has been proved by Fernando and Williams[2] as well as by Chan and Williams[3], that the
size effect assumes a great importance in evaluating fracture mechanics parameters.

In the present paper the transition from ductile to brittle failure has been realized by varying
the size of polymer specimens. In relation to this transition, the variation of the most utilized
fracture mechanics parameters has been analyzed.

2. EXPERIMENTAL PROCEDURE

The experimental material is polypropylene Moplen® D 60 P, originally provided in slabs
100 x 200 x 4 cm. The main properties of the material are:

Melt flow rate: 0.46 g/10” (ASTM, D 1238-73)
Young’s modulus: 1400 MN/m? (ASTM, D 790-71)
Yield strength: 33 MN/m? (ASTM, D 638-77)
Density: 0.912 g/cm® (ASTM, D 1505-68).

Three point bend specimens have been obtained from these slabs. Specimens maintained the
original thickness of slab (4 cm), but their width w and length L have been varied so that the
constant ratio L/w =4 always resulted. Figure 1 shows the different size-scales of the tested
specimens. The following values of width w have been chosen: 0.5, 1, 2, 4, 8, 12 cm, which nearly
constitute a geometric progression. The bending tests have been performed by a displacement
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controlled Instron machine. Thus the loading velocity was controlled so that all the utilized sizes
were subjected to the same strain rate, by applying the formula[3]:

. 6V w
Nz

where: V= velocity of the point of load application. Such a formula is strictly applicable to
unnotched specimens. The strain rate was ¢ ~ 0.001 sec~'. In the case of polymers it is important
to work with constant strain rate, to avoid effects on yield strength and fracture mechanics
parameters.

For every value w of the specimen width, five different relative crack depths have been utilized:
alw = 0.1, 0.2, 0.3, 0.4, 0.5.

The tests were carried out at 23°C.

3. EXPERIMENTAL DETERMINATION OF FRACTURE TOUGHNESS PARAMETERS
3.1 J-integral

In Table 1 the J-integral critical values have been reported, obtained by the Begley and Landes
method[4], varying the specimen width w and the crack depth a. The J{ values relating to single
depths a/w have been computed as ordinates of the points with abscissa é. (deflection under
maximum load) lieing on the curves J(6). Such values have then been averaged and reported—as
a function of w—in the diagram of Fig. 2, where the vertical segments represent the range from
the minimum to the maximum value by varying a/w.

Table 1. Experimental fracture mechanics parameters
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Fig. 1. Different size-scales of the tested specimens.

Fig. 10. Different ratios between ductile and cleavage fracture when the specimen width varies.



266 A. CARPINTERI et al.

50
——@—— Begley&Landes Method [4]
40 -
L ~
30 .
—
-
-
-

~—~ /
} 20 |
5
=
S ~ - -
3 ~
g 10 | 1
s
>
8 — — — — Rice, Paris & Merkle Method [5]
5 a/W=0.5

g 1 L 1 1 1 1

0 2 4 6 8 10 12

specimen width w (cm)

Fig. 2. Critical value J. vs specimen width w (Begley and Landes’ method[4]).

As Table 1 and diagram of Fig. 2 make evident, J¢2 shows a clear trend to increase by increasing
size w, and a smaller trend to decrease by increasing the notch depth a/w.

In the second column of Table 1 the J-integral critical values have been reported, obtained in
this case by Rice, Paris and Merkle’s method[S], varying width w and notch depth a:
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Fig. 3. Critical value J;c vs specimen width w (Rice, Paris and Merkle’s method[5]).
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Such values, as the preceding ones, have been averaged and reported—as function of w—in the
diagram of Fig. 3, where the vertical segments represent the range by varying a/w.

Even in this case J@ shows a clear trend to increase with w and to decrease when the crack
to width ratio increases. The spread of the results by varying a/w is higher than in the preceding
case. It is then important to observe that, whereas the J2 values (Rice, Paris and Merkle’s method)
obtained by considering all the depths a/w -from 0.1 to 0.5- are on the average 17.5%; higher than
the J® values (Begley and Landes’ method), the J@ values obtained by considering only the deepest
notches—a/w = 0.5-are on the average 22.5% lower than the J{¢values (see broken line of Fig. 2).

3.2 Stress-intensity factor
In the third column of Table 1 the critical values of stress-intensity factor K; have been reported,
computed as a function of J@ and bending Young’s modulus E:

K2 = VIRE. @

In the diagram of Fig. 4 such values have been plotted against the specimen width w. While in
the case of J@ a nearly linear increase occurs, for K2, obviously, a nearly parabolic increase is
obtained, the two parameters being connected by the quadratic relationship (2). In the fourth
column of Table 1, the critical values of K, have been reported, obtained by the well-known
ASTM-formula[6] and assuming the maximum load as fracture load. Again in the diagram of Fig.
4, such values have been plotted as a function of w. By varying a/w they show a spread, which
is very low if compared with the corresponding spread of K2; moreover, they show a regular trend
to increase with w.

It is interesting to observe that the ratio K;o/K®@ is nearly constant by varying w (Fig. 4: mean
value = 0.63; standard deviation =7%) and the energy method always overestimates fracture
toughness. If a fictitious Young’s modulus E* < E is chosen, such that:

K
«/E*/E=K—§2§=0.63. (3)

the statical parameter K and the energetic one K@ would substantially coincide. In other words,
relationship (2) provides values in accordance with the ASTM code, if a degraded elastic modulus

@ Rice, Paris & Merkle Method [5]
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Fig. 4. Critical value K. vs specimen width w.
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E* ~0.4E is considered. It is of fundamental importance to remember that expression (2) has been
obtained in [7] for linear elastic (up to the softening stage) materials. In the practical case examined
in the present paper, it is therefore evident that a non-linear strain-hardening behaviour of the
material occurred out of the process zone (Fig. 5). The ratio E*/FE thus could represent the decrease
of the tangent modulus due to the damage of the material in the vicinity of the crack tip[8].

4. PHYSICAL SIMILITUDE TO EXPLAIN THE TRANSITION FROM
BRITTLE FRACTURE TO PLASTIC COLLAPSE

In the diagram of Fig. 6, the K, critical values from ASTM-formula[6] have been represented,
as a function of the crack depth a/w and by varying the specimen size w. As has been said
previously, they vary with a/w very little and increase with w. More precisely, the K,.-a/w diagrams
show a slight increase for a/w < 0.25 and decrease for a/w > 0.25. Such a variation, more than
to statistical fluctuation seems to be due to a systematic error. In fact, whereas brittle fracture is
governed by a generalized force having the physical dimensions [F][L]~3? (stress-intensity factor
K)), plastic collapse is governed by a generalized force having physical dimensions [F][L] 2 (stress).

Size effect in fracture mechanics[9] rise from this co-existence of different structural crises and
from the finiteness of specimen: (1) increase of K. (or J;c) with w; (2) increase and then decrease
of K;c (or Jyc) with a/w; (3) variation of K;c (or Jyc) with test geometry. As the diagram of Fig.
7 shows, the plastic collapse has always the priority on the separation mechanism, when the
dimensionless number:

K
s=—" @

oW

results to be higher than 0.72.
Brittle fracture is then inhibited by small structural sizes, and this is valid for all the geometries.
On the other hand, when sizes are more relevant (s < 0.72), brittle fracture is in conflict with plastic
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Fig. 5. (a) Constitutive stress—strain law; (b) stress distribution at the crack tip.
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Fig. 6. Critical value K. vs crack depth a/w.

collapse, especially for non-intermediate crack depths (Fig. 7). In fact, it is necessary to observe
that the transition between the two crises of a different nature is not really so sharp as Fig. 7
suggests. The two crises are not independent and the two parameters K; and ¢ always interact.

The transition in the tests carried out by the authors is described by the experimental points
of Fig. 8. The fictitious critical value K, tends to the true value. On the other hand, if the two
potential crises are considered as independent, acting one at a time according to the scale w, the
ratio between fictitious and true value of K, varies as shown by the thick line of Fig. 8, as a function
of the ratio between real size w and reference size w,. Size w, is related to the brittleness number
so=0.72, for which the fracture curve is tangent to the plastic flow curve (Fig. 7):

2
Wy = <§’5> = 5.6cm.
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Fig. 7. Interaction between crack propagation and plastic hinge formation at the ligament.
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Fig. 8. Fictitious K, value vs specimen width.

The ascending branch of the thick curve (fictitious K -/real K, =./w/w,) represents K- values
computed when a plastic flow at the ligament occurs (w < w,), whereas the horizontal branch
represents constant K, values obtained when a brittle separation occurs (w > w,). The experimental
points of Fig. 8 fall above the thick curve only for sizes w < w', with w' = 0.3 wy = 1.68 cm.
Experimental points falling below the thick curve (for w > w’) means that the interaction between

Table 2. Types of experimental curves
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Fig. 9. Sharp crack obtained as a material addition.

the two potential crises produces a decrease of the strength if compared with the more dangerous
crisis. On the other hand, experimental points falling above (for w < w”) is more difficult to be
explained. A first reason, however, can be that the yield strength o, really never coincides with the
ultimate strength, and then plastic hinge is a conservative model. A second reason of more
fundamental nature could be that, if the plastic flow crisis has clear priority, the traditional laws
of Plasticity can be correctly applied to the cracked body. So the material not corresponding to
the ligament could be considered as an addition which increases the ultimate strength of the cracked

specimen in comparison with the uncracked specimen with cross-section equal to the ligament (Fig.
9).

5. CONCLUDING REMARKS

(a) Recalling the diagram of Fig. 6, it is possible to assert that, if specimens with a/w < 0.1
and a/w > 0.5 had been tested, the experimental points in all probability would have provided
bell-shaped curves, with K;-—0 for a/w —-0* and a/w—1~. On the other hand, the maximum for
all the sizes w tested is localized around the value a/w =0.25, for which the fracture curve
s =5, =0.72 is tangent to the plastic flow curve (Figure 7).

(b) Although the ASTM-formula[6] has been applied to ductile fractures in a not correct way
(see case A of Table 2 and the upper specimens of Fig. 10), when fracture is brittle (e.g., w = 12 cm;
a/w = 0.1) relation (3) is still valid.

(c) While the fictitious K. values are provided by an application of the ASTM-formula, the
real K, is assumed through an extrapolation of the fictitious values for the specimen size tending
to infinity.
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