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Fracture stress difference of notched 
polycarbonate between atmospheric pressure 
and a hydrostatic pressure 
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Experimental data on fracture stress of polycarbonate (PC) with and without various 
artificial notches have been obtained at atmospheric pressure and a high hydrostatic 
pressure (400 MPa). The difference in fracture stress, AaF, between both pressures was 
directly proportional to the intensity of pressure, P, and was inversely proportional to 
the stress concentration factor of the notch, Ken such that AOF = 0.17 P/Koo following 
the form of the Kaieda-Oguchi formula, A G  E = P/Ka. By using the combined stress 
concentration factor, Kanc, of superposed notch and craze, and by considering the 
change in elastic modulus due to pressure, the experimental data agreed with the 
modified Kaieda-Oguchi formula. The stress concentration factor of the craze was 
calculated by using the Dugdale model. 

1. introduction 
It has been shown, using maximum principal stress 
theory [1], that the fracture stress of brittle 
material increases with increasing pressure, i.e. 
e F p - - O F o  = AO F = P ,  where O-Fp and OF0 are 
fracture stresses under high pressure and at atmos- 
pheric pressure respectively, and P is an absolute 
value of pressure. ZSaF is named the fracture 
stress difference. However, it was experimentally 
found that the brittle fracture stress under hydro- 
static pressure was not always explained by the 
maximum principal stress theory if the sample 
was not coated appropriately [2]. This phenom- 
enon has been explained by linear fracture mech- 
anics as follows; the stress intensity factor, K, was 
not changed by pressure because the pressure 
transmitting medium penetrated to the surface 
flaw and balanced out the pressure acting on the 
surface of the specimen; therefore if the fracture 
toughness, Ke, under hydrostatic pressure is equal 
to that at atmospheric pressure, the fracture stress 

under hydrostatic pressure becomes equal to that 
at atmospheric pressure [2]. 

Recently Kaieda and Oguchi [3, 4] derived a 
simple formula relating the fracture stress differ- 
ence due to hydrostatic pressure, AoF, the inten- 
sity of pressure, P, and the stress concentration 
factor of  the surface crack,Ka, from the Griffith's 
fracture criterion. The formula is 

&OF = PIKer, (1) 

which agrees well with the experimental data for 
the intermetallic compound of the extremely 
brittle 100% e-phase Fe-Cr  alloy [3, 4] and 7- 
brass [5]. Moreover, when the blunting of the 
crack and the microplastic region at the root of 
the surface crack occurred, the formula was 
changed to 

AoF = PIKe, (2) 

where K~ is the plastic stress concentration factor 
of the blunted surface crack. 
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In polymers, Duckett [6] has also found the 
same formula as Kaieda and Oguchi. He found 
that the fracture stress ofpolymethylmethacrylate 
(PMMA) and polycarbonate (PC) increases linearly 
with increasing pressure. He explained the fracture 
stress increases in terms of  the stress concentration 
of  craze and the intensity of  pressure. 

PC, a glassy polymer, normally undergoes 
extensive deformation before fracture, However 
PC specimens of  the geometry used for this study 
(a thick film) behaved like a very brittle material 
when they were tested in a silicone oil environ- 
ment. No crazes were visible to the naked eye. It 
is well known that the stress-strain behaviour of  
the polymer is greatly affected by high hydro- 
static pressure [7].  The relationship between the 
fracture stress, the intensity of  pressure and the 
surface condition of  polymers has not been studied 
in detail. In the present paper, the authors present 
experimental and theoretical studies of  the factors 
influencing the fracture stress difference of  PC 
with and without various artificial notches, at 
atmospheric pressure and at 400 MPa. 

2. Theory 
The detailed theory of  brittle fracture stress under 
hydrostatic pressure is described elsewhere [3, 4] ,  
but a brief explanation is given here. A hydro- 
static pressure is a uniform compressive force 
acting perpendicularly on the surface of  a material, 
so that an isotropic material contracts elastically 
even though it may have a complicated shape. The 
stress distribution in the material under hydro- 
static pressure is uniform and the stress, o, equals 
- - P  in any direction. When there is an internal 
crack in the material which is isolated from the 
pressure transmitting medium, the pressure acts 

to close the crack, as shown in Fig. l a, because 
there is no force inside the crack to resist the 
pressure. If the crack has an elliptical shape of  
length 2c, and tip radius p, there is a stress con- 
centration at the tip of  the internal crack. The 
maximum stress, Omax, at the crack tip is 

Oma x = - -P(1  + 2 [c/Pl 1/2). (3) 

When there is a surface crack in the material which 
is penetrated by a pressure transmitting medium, 
as shown in Fig. lb, the outer pressure acts as if to 
close the crack and the same intensive pressure 
inside the crack acts as if to open the crack and 
therefore cancels out the outer pressure. There is 
no stress concentration and a uniform stress 
distribution, which is equal to - -P ,  is obtained 
everywhere in the material. 

When there is a crack, having a stress concen- 
tration factor of  K,,, perpendicular to the tensile 
axis in the sample under high hydrostatic pressure, 
- -P ,  and without applied load, the stress distri- 
bution ahead of  the crack is seen to be different, 
depending on the type of  crack, i.e., either an 
internal or a surface crack. In the case of  the 
internal crack, the stress concentration occurs 
ahead of  the crack tip. The maximum stress is 
- -KoP at the crack tip, and there is a uniform 
stress distribution of o = - - P  apart from the crack 
tip as shown in Fig. 2a. If, then, the material 
breaks from the internal crack, the applied stress 
required for fracture, OFl,, equals OFO + P, where 
aF0 is the fracture stress at atmospheric pressure. 

In the case of  the surface crack, there is a uni- 
form stress distribution of  o = - -P ,  ahead of  the 
crack under hydrostatic pressure as shown in 
Fig. 2b. The fracture occurs at atmospheric 
pressure in the stress distribution as shown in Fig. 
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Figure 1 Behaviour of materials which 
contain (a) an internal crack and (b) 
surface cracks to hydrostatic pressure. 
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Figure 2 Stress distr ibution in tensile specimens,  wi thout  
applied stress, under  a hydrostat ic  pressure, with (a) an 
internal crack and (b) a surface crack. 

3a and the applied stress is (~Fo. In the high hydro- 
static pressure, the stress distribution at fracture 
is as shown in Fig. 3b, and the applied stress is 

aFp = Ovo + P/Ka. 
If the surface crack is extremely sharp, then 

the fracture stress, aFp, under high hydrostatic 
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Figure 3 Stress distr ibution ahead o f  a surface crack tip 
when  fracture initiates f rom a surface crack at (a) atmos-  
pheric pressure and (b) at a high hydrosta t ic  pressure - -P .  

pressure is the same as the fracture stress at 
atmospheric pressure, i.e. OFp ----- fiFo. This is 
obtained from the Grifflth energy balance theory 

[2,31.  
The fracture stress difference between a high 

hydrostatic pressure and atmospheric pressure is 
AaF =OFp--CrFO =P/Ka when the cause of  
fracture is the surface crack. Act F varies with Ka 
as shown in Fig. 4; the sharper the crack is, the 
smaller the fracture stress difference becomes. If  
there is an internal crack and a surface crack in 
the same sample, fracture occurs from the surface 
crack because the applied fracture stress due to 
the surface crack is smaller than that due to the 
internal crack. 

3. Material and experimental procedure 
The material used in the present experiment was 
obtained from a commercial source (Lexan poly- 
carbonate, density = 1.2 g cm-3). Samples were 
machined, taking care not to heat the samples 
during machining, to the form of the straight flat 
specimens with threaded ends for tensile testing 
as shown in Fig. 5. Various notch sizes were 
introduced at both sides of  the central part of  the 
specimens, as shown in Fig. 5. 

The apparatus for tensile testing under hydro- 
static pressure consisted of  two interconnected 
thick-walled cylinders [7],  one used for testing 
and the other used for pressure compensation. 
The applied force was measured by a full-bridge 
strain gauge which was mounted within the tensile 
testing shaft, unexposed to the pressure medium 
and unaffected by friction in the pressure seals. 
The elongation of the specimen was detected 
externally by a linear variable differential trans- 
former. The tensile specimen was completely 
immersed in a hydrostatic pressure environment 
and the tensile stress was then superimposed. 
Testing speed was 0.02 mm sec -1, therefore the test 
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Figure 4 The change in fracture stress difference, ZXeF, 
due to pressure P against the stress concentration factor 
of a surface crack. 
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Figure 5 A specimen, and the shape and stress concentration factor of the notches. 

V ' d=O.8m m 

t 
p - - 0 . 0 0 4 5  mm 

was assumed to be quasi-static. The pressure 
medium used in the present experiment was a sili- 
cone oil. At least five samples were tested for each 
kind of  notched specimen at atmospheric pressure 
and at 400 MPa. 

4. Notch shape and stress concentration 
factor 

Notch shapes of  the specimens are shown in Fig. 5. 
Type A has no notch and Type B to Type G have 
notches of  0.8 mm depth, with various notch-root 
radii. The stress concentration factor was calcu- 
lated by the following experimental equation 
given by Heywood [8] from the results of  the 
photoelastic experiment. 

Ko = l + (  diP 3) n (4) 
1.55 B/b -- 1. ' 

where 

(Bib -- 1) + 0.5 [diP ] 2/2 
n = ( B / b  - 1) + [ a / p ] ' J 2  , ( 5 )  

and B, b, d and p represent geometric parameters 
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as shown in Fig. 5. The calculated values of  Ka 
from the above equations are also listed in Fig. 5. 

5. Results and discussion 
5.1. The relationship between fracture 

stress difference AOF, intensity of 
pressure and stress concentration 
factor of notch 

The tensile tests on the fiat specimens (A) without 
a notch were carried out at pressures ranging from 
atmospheric pressure to 400 MPa at intervals of  
100 MPa. The specimens were fractured at each 
pressure: the fractures were of  brittle type and 
exhibited straight stress-strain curves and no 
ductility. The fracture stress increased linearly with 
increasing pressure. Then tensile tests on the speci- 
mens with various notches and without notch 
(A to G) were carried out at 0.1 MPa and at 400 
MPa, at which pressures the minimum and maxi- 
mum values of  the fracture stresses were obtained. 
Every specimen underwent brittle fracture. The 
points marked in Fig. 6 are averaged values from 
at least five specimens tested at each pressure. 
There is some variation of  the values (~  15%) 
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Figure 6 Nominal brittle fracture stress 
at atmospheric pressure (open circles) 
and at 400 MPa (closed circles) against 
the stress concentration factor of  the 
notch. 

from specimen to specimen. It is obvious that the 
fracture stress decreases with increasing stress con- 
centration factor and the fracture stress difference 
decreases also with the stress concentration factor. 
The samples of  PC which fractured at both  pres- 
sures are shown in Fig. 7. 

The effect of  the stress concentration factor of  
the notches on the difference in fracture stress 

between atmospheric pressure and 400 MPa is 
shown in Fig. 8. With increasing stress concen- 
tration factor of  the notches, the fracture stress 
difference, AOF, between atmospheric pressure 
and 400 MPa gradually decreases. 

The data did not agree with the Kaieda-Oguchi  
formula [3, 4] ,  

AOF = P/Ken (6) 

Figure 7 Samples which fractured at atmospheric pressure 
and 400 MPa. 

but the fact that fracture stress is inversely pro- 
port ional  to the stress concentration factor of  the 
notch, Kon, agrees with the theory. A modified 
form of the Kaieda-Oguchi  theory is proposed as, 

AOF = c~P/Kon, (7) 

where c~ is a constant,  c~ was determined by the 
method of  least squares to be 0.17. Thus Equation 
7 becomes, 

AoF = O.17 P/K,rn. (8) 

The reasons that c~ = 0.17 for PC and c~ = 1 for 
brittle metals are that the elastic modulus of PC 
changes with pressure but little or no change in 
elastic modulus is observed for metals, and also 
that stress crazing is involved in PC. 

5.2. The effect of change in elastic modulus 
One of  the reasons that c~= 0.17 in Equation 7 
rather than c~ = 1 is the change in elastic modulus 
caused by applied pressure. The values of  the 
Young's modulus of the present material at 
atmospheric pressure and at 400 MPa are shown 
in Table I. Even a brittle PC sample underwent 
yielding in the stress field where there was no 
tensile component  but shear stress. The shear 
yield stress, ~-y, was 48 MPa at atmospheric pres- 
sure and 77 MPa at 400 MPa respectively. The 
values of  tensile yield stress, Cry, estimated from 
the shear yield stress by the theory of  Tresca at 
the same pressures as shown in Table I. 

The critical stress, oe, of PC is considered to 
be increased at the same rate as the increase in 
elastic modulus due to pressure. Since the elastic 
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modulus of PC is increased by pressure, the 
Equation 6 should be changed to, 

Ep P 
Acrr = - - x - -  (9) 

Eo Ko~ 

In the present experiment Ep/E o = 1.57 from 
Table I, therefore Equation 9 becomes 

AoF = 1.57P/Kon. (10) 

The effect of the change in elastic modulus due 
to hydrostatic pressure is incorporated in Equations 
9 and 10. However, Equation 10 does not account 
for the experimental data, but points to the oppo- 
site direction. 

5.3. The effect  of  the craze 
It has been shown by Kitagawa and Kawagoe [9] 
and Mackay et aL [10], that PC crazes when sub- 
jected to stress and that craze is the origin of 
fractures. In the present experiment, a craze was 
initiated, in the material, at the root of the notch 
where the maximum stress exists, as shown in 
Fig. 9. The fracture may initiate at the tip of the 
craze. The craze grows to a maximum length just 
before fracture initiates. 

T A B L E  I Values of Young's Modulus and estimated 
tensile Yield Stress of PC. 

Pressure (MPa) E (GPa) a y  (MPa) 

0.1 2.41 96 
400 3.79 154 
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Figure 8 Fracture stress difference, AcrF, 
between atmospheric pressure and 400 MPa 
against the stress concentration factor of the 
notch Kan. 
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The shape of the craze was clarified by Argon 
and Salama [11] as shown in Fig. 10. The craze 
has a very thin highly oriented porous structure 
and the fraction of craze matter tufts in the craze 
is small. Therefore the stress concentration factor 
of the craze can be expressed as follows, 

l 
0' 

l ttt 

2V(c) 

[ _ ~ . ~ ~  craze 

ff 

Figure 9 Schematic drawing of an artificial notch and 
craze. 
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Figure 10 Schematic drawing of a craze, showing (a) the 
outline of craze tip, and (b) the cross-section in the craze- 
plane across the craze matter tufts. (After Argon and 
Salama, 1977, courtesy of Taylor and Francis Ltd.) 

K* e = l + 2[l/p] m ,  (11) 

where l is the craze length and p is the tip radius 

which is approximaterly equal to the half of the 
craze thickness. Moreover, the effect of the craze 

may be considered as a combination of the craze 
and the notch as shown in Fig. 9. 
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Figure 11 Length l, opening displacement V(c) and stress 
concentration factor Kae of the craze against stress con- 
centration factor, Kon of a notch at atmospheric pressure 
(open symbols) and 400 MPa (closed symbols). 
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Figure 12 r:racture stress difference, AOF, against super- 
posed stress concentration factor, Kone, of notch and 
craze. 

5.4. Calculation of the stress concentration 
factor of the craze from the Dugdale 
model 

Graham et  al. [12] indicated that the relationship 

between the applied stress and the craze length 
was explained by the Dugdale model [13] which 
determined the plastic zone size at the root of the 
notch under tensile stress in a non-strain-hardening 
material. The present authors applied the Dugdale 
model to their experiment and calculated the 
stress concentration factor of the craze. The 
relationship [13] between the craze length, l, the 
notch length, c, the applied stress, o, and the yield 

stress, oy ,  is, 

where 

- cos (12) 
c + l  

The craze opening displacement, 2 V(c), is related 
to the craze length [14] by 

V(c) - 4~ , (14) 

and is a function of the applied stress, o, as 

V(c) - 4 o r e  In sec . (15) 
rrE 

From Equation 11 the stress concentration factor 
of the craze becomes 
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= 1 +  

K~ = 1 + 2[l/V(c)] 1/2 , (16) 

{ "E[secI-~ ~ ,20.] 11/o-lnisect2-'yJJ j 
(17) 

The maximum length of  the craze is obtained 
when o = or at both  pressures. The values of  l, 
V(c) and Ko at both  pressures, calculated by using 
the values of  Table I and the fracture stress at 
both pressures, are shown in Fig. 11. The stress 
concentration factor of  the craze is almost con- 
stant in the range of  the factor of  the notch 

Ken ~ 5 to 20, and I, V(e)andK~c increase steeply 
in the range ofKcre ~< 5. 

However, Bessonov and Kuvshinsky [15] have 
revealed that the craze thickness increases with 
craze length, therefore the stress concentration 
factor of  the craze is assumed to be almost con- 
stant. Then, the values of l, V(e) and K~e in the 
range of  small Kon do not increase significantly, 
but this means the Dugdale model  agrees well 
with experimental data in the case of  sharper 
notch. A stress concentration factor of  the craze, 
K~c = 10, is used in this paper. 

5.5. The effect of the stress concentration 
factor of the superposed notch and 
craze 

When there is a small notch at the root of  a large 
notch, the stress concentration factor of the 
superposed notch is in general the product  of  the 
factor of  each notch [16]. Then the superposed 
stress concentration factor, K*nc of  the notch and 
craze is expressed as 

K~nc ----- Ko-n x K ; e .  (18) 

The experimental values of  the fracture stress 
difference between 0.1 and 400 MPa with super- 
posed stress concentration fac to r ,K 'no  , are shown 
in Fig. 12, and the modified Equations 6 and 10, 
in which K~n is replaced by K--~ ,  are also drawn 
together in Fig. 12. In Fig. 12 the values of  the 
fracture difference against K~me agree quite well 
with the curve of  the Equation 10, i.e. 1.57P/K~nc. 
This result shows that the increase in fracture 
stress of  the notched PC under hydrostat ic  pres- 
sure is described by the intensity of  pressure and 
the superposed stress concentrat ion factor of  the 
notch and craze and the ratio o f  the elastic modu- 
lus at pressure Ee  to the elastic modulus at atmos- 

pheric pressure, Eo. This relation is expressed 
as 

Ep P 
O F  P - -  O'F0 = AOF m_ (19) Eo K~c 

6. Conclusion 
Fracture stress of polycarbonate with and without  
various artificial notches increased under high 
hydrostat ic  pressure. The fracture stress increase 
AoF was influenced by the intensity of pressure 
P, the ratio o f  the elastic constant changed by 
pressure Ep/Eo,  and the stress concentration fac- 
tor of the superposed notch and craze Konc, and 
was expressed as 

Ee P 
Acr~ - 

Eo K~nc" 
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