Fracture Behavior of Advanced Composite Material
Y. H. Kim* - Y. S. Kim*

SmtE & bkl BRI )

Key words : Fracture Behavior(5}3] 7 %), Composite Material(&2& 4 &), Static Strength(% &
%), Fatigue Strength(3] 2 7} %), Successive Observation(¢d £ 3 3), Stress
Concentration(-$-3 %! ), Linear Notch Mechanics(A! & - 3] ¢ &})

to

9_}:

AAG F2E 9o hPEL RS NP og sof Bas] Yo ABREAE
A2 ARHAAE FAH 2 AEa7] A M e 24F 2hstol AojH FEEA S
A& o3 Z 83t}

2 AT e A E Ze EFARE ol 83td ATz M BEEAHIEE S P
o, delzl A% E FFekW g3 Lok

(D) HEEIAE =2 o] #MEE ks BAIgle] wavhA pitel] oef) A5 &
HA R EH Omay L S BRI TN M atgE ch

(2) Bl Ry FMiTE o M ol 3488 o8k S A4 Kohe] gAloll 2ol A, ool #tol Ko

Jesh e Bo] Boja 3 e ¥ Ko pARel A9l 2o Hn Qe e s el 5
$e wa o) MHTY EE JBRMAE S ol 2t NE AL s 2ldh %, B H

29} 7 23 33 9] Fapol vl st
(3) PENSA DA A%, A2aduye dags 2ddol Ahey sl ofa) 2ujsm,
3ol B, FAAY L Aol el gl F,

@) BBLYRAHRGARE] S, A2TFLE A fsel 2o YFo) WEd Yoz y
SN A o5 e A7) o) MYHAT, A F7E A 2FLA A chol AR Z o)) Eol o F
SEEEELEY
(5) i 9 2 FL LA hA A £ R 4ol 38 2o10Ad Aead @
B Ai&%ﬂiﬂmﬂHLEA”ﬁ&£°i

(6) Bet2d 8 PENo| 28H02 9laf 344 uoh s2zwel o 2 43538 zage

.'..

* Y, gzt n Areosd

(302)



Fracture Behavior of Advanced Composite Material 53

£
r »
ot
H
_z.l_:
22
_QLA
1o
=
ol
rlo

1. Introduction

Composite materials are useful for structural
applications where the high specific modulus
are required. Aircraft and spacecraft are typi-
cal weight - sensitive structures in which com-
posite materials are cost - effective'. For this
reason, many studies on the fatigue and static
fracture of continuous fiber reinforced compos-
ites have been conducted to keep structures
working safely”. However, there are a few stud-
ies concerning the fatigue mechanism of short

36

fiber reinforced composites® ® because of the
complexity of fatigue phenomenon due to the
source of stress concentration such as fiber end
or fiber —~ matrix interface.

The thermoplastic resin polyethernitrile
(PEN), which has excellent properties at high
temperature is a crystalline polymer which pos-
sesses good environmental and chemical cesist-
ance. The studies conducted by Nisitani et al’ *
regarding the effect of a notch on the static ten-
sile strength of polycarbonate and polycarbon-
ate - matrix composite has led the conclusion
that the fracture development of these materi-
als is only directly related to the elastic maxi-
mum stress, 0,,..., and notch root radius, p. Th-
ere are few studies, however, on the investiga-
tion of the static and fatigue strength characte-
ristics of PEN and PEN - matrix composite.

In this study, the static and fatigue tests for
PEN and PEN - matrix composite were carried
out to investigate the static and fatigue charac-
teristics of plain and notched specimens. The
static and fatigue mechanisms were clarified
through successive surface observation using
the replica method and the notched fatigue str-

ength was discussed based on linear notch
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mechanics.

2. Linear Notch Mechanics

In most cases, the failure or fracture of mach-
ines and structures are brought on by the local-
ized damage of the part where the stress con-
centration due to the existence of a crack or a
notch occurs. On the other hand, it is well kno-
wn that the elastic maximum stress o, is not
enough to predict the failure or fracture. There-
fore, it is very important to evaluate the severi-
ty of the part having a crack or a notch.

Concerning a crack, linear fracture mechan-
ics” can play an important role to predict the
fracture or yield in the neighborhood of a crack
tip. That is, stress intensity factor is the effec-
tive measure of severity controlling the local-
ized damage in a crack. However, concerning a
notch, the concept corresponding to linear frac-
ture mechanics is not discussed fully until now.

In general, a crack appears necessarily be-
fore any kind of fracture.

Therefore, it may be considered that linear
fracture mechanics is sufficient in treating all
kinds of fracture problems. However, many no-
tch problems' can not be treated correctly wit-
hout considering the characteristics of notches.
Linear notch mechanics" ' should be defined
as an engineering method which treats the no-
tch problem by elastic stress fields alone. Simi-
larly, linear fracture mechanics is defined as an
engineering method which treats the crack pro-
blems by elastic stress fields alone. If the val-
ues of K| in two cracked bodies are equal to ea-
ch other, the elastic stress fields near the crack
tips are equal to each other in two cracked bod-

ies, independent of crack size or the other geo-
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metrical conditions [Fig. 1(a)]. There is a sim-
ilar situation for notches. That is, if the values
of the elastic maximum stress o,,, and notch
root radius p in two notched bodies are equal to
each other respectively, the elastic stress fields
near the notch roots are equal to each other in
the two notched bodies, independent of notch
depth or the other geometrical conditions [Fig.
1(a), Fig. 2].

The same elastic stress fields do not neces-
sarily assure the occurrence of the same local-
ized damage, because the localized damage
(fatigue crack initiation, brittle fracture, local
yields etc.) is usually accompanied by plastic
deformation and the same elastic stress fields
do not necessarily assure the occurrence of the
same plastic deformations(the same elastic -

plastic stress fields).

7 nax2

Tmaxl =

K controls elastic stress field. o,,, and p control elastic
stress field

(a) Condition for the same elastic stress fields in two
cracked bodies or two notched bodies.

Geometric condition near Geometric condition near no-
crack tips controls response. tch roots controls response.

(b) Condition for the same responses against plastic defo-
rmation in two cracked bodies or two notched bodies.

Fig. 1 Same elastic stress fields and same respons-
es in the cracked members or two notched
members.

The reason why the same elastic stress fields
assure the occurrence of the same localized
damage is that the conditions for the same
elastic stress fields include the condition for
the same responses against plastic defor-
mation, as shown in Fig. 1(b). The same
responses against plastic deformation mean
the occurrence of the same additional stress
fields due to a given amount of plastic deforma-

tion at a given place in two cracked or two

(a) Elliptic hole
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Fig. 2 Elastic stress field near the notch roots is
mainly determined by the values of 0,,,, and
p alone.
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notched bodies. The situations are shown
schematically in Fig. 1(b). The same elastic
stress fields and the same responses against
plastic deformation assure the occurrence of
the same elastic - plastic stress fields, in two
cracked bodies or in two notched bodies. The
same elastic — plastic stress fields assure the
occurence of the same localized damage. The
interrelation of these facts is shown in Fig. 3.

From the above discussion, it is concluded that

g

mazl™ 9 maz2

P1=P2
(Notch)

7N

(1) Same
Elastic
Stress field

(2) Same

Responses

A

Same
Elastic-Plastic
Stress fields

Satne

Localized Damages

Fig. 3 Condition for the same phenomena occuri-
ng in two cracked members or two notched
members.(The same elastic stress fields and
equivalence of responses assure the same
elastic - plastic stress fields. The same elas-
tic - plastic stress fields assure the same
phenomena in two cracked members or two
notched members.)

the measure of severity controlling the local-
ized damage is the value of K| in a crack and
the value of omax and notch root radius p in a
notch. The former is the measure of severity in
linear fracture mechanics which should be
called linear crack mechanics and the latter is
the measure of severity in linear notch
mechanics.

That is, linear notch mechanics is defined as
an engineering method which treats the notch
problems by elastic stress fields(represented by
Ona and p) alone, similarly as linear crack me-
chanics is defined as an engineering method
which treats the crack problems by elastic
stress fields(represented by stress intensity
factors) alone.

Based on linear crack mechanics and linear
notch mechanics, the conditions for causing the
same localized damage in two cracked bodies or
two notched bodies are shown in Fig. 3. In this
figure, only the case of mode I is treated, beca-
use the case of the other mode is similar to the

case of mode L.

3. Materials and Experimental
Procedure

The materials used are polyethernitrile(PE-
N), manufactured by Idemitsu Kosan Co. Ltd.,
Japan and fiber reinforced polyethernitrile
(CFRPEN). The melting temperature and glass
transition temperature of PEN are 340C and
145°C respectively. The fiber reinforced poly-
ethernitrile contains 15 and 30 percent by
weight of randomly oriented short carbon fibers
with a diameter of 7um and a mean length of
100pum.

Photo. 1 shows the microstructure a polished
CFRPEN. Fig. 4 shows the specimen configura-
tion of plain and notched specimens. In order to

detect the starting point of fracture and ob-
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100um

Photo. 1 Microstructure of CFRPEN

——

(b) Notched specimen

Fig. 4 Specimen configurations

serve the fatigue processes successively, all sp-
ecimens were polished with fine emery paper,
alumina and diamond paste, and the testing
machine was stopped several times at appoint-
ed number of cycles. The plastic replicas were
taken under the unloaded state. The replicas
were examined with the optical microscope

after coating with gold in vacuum.

Tensile tests of center notched plates for PEN
and CFRPEN were carried out for four differ-
ent notch root radii and two different notch de-
pths under the conditions of constant specimen
thickness. It was performed at room tempera-
ture under a constant cross head speed of
0.5mm/min.

Fatigue tests of PEN and CFRPEN notched
specimens were carried out for four different
small hole sizes(d=0.6, 1.1, 4 and 6mm) under
the condition of constant specimen thickness.
The loding condition was given by the stress
ratio of R=0.05. Fatigue tests were performed
at room temperature by survo - pulser(EHF -
FBI - IOLA type, capasity : dynamic+1 ton, st-
atic+ 1.5 ton) fatigue testing machine.

4. Results and Discussion

4. 1 Static strength of PEN and CFR-
PEN

Fig. 5 shows the tensile stress - strain curves
of PEN(Carbon fiber=0%) and CFRPEN(Car-
bon fiber=15% and Carbon fiber=230%). The
material property data extracted from tensile
tests are shown in Table 1.

By reinforcing PEN with the short carbon fi-

bers, the static tensile strength and the elastic

250 -

C 50%
C 15%
200 F
©
=2 150 L
= 150 C 0%
kA 100
L
]
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O 1 1 1 1
0 1 2 3 4
Strain [ % ]

Fig. 5 Stress Strain curves of PEN and CFRPEN
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Table 1 Mechanical properties

osMPa) | E(GPa) 5(%)
0% T R 38
5% | 216 | 141 18 |
30% 225 250 | 14 |

os : Ultimate tensile strength
E : Young's modulus
5 : Elongation

modulus of CFRPEN increases respectively,
However, the elongation at fracture decreases
on the contrary. This implies that by adding fi-
bers reduces the degree of ductility in PEN.

Fig. 6 shows the relation between the stress
causing brittle fracture o, and the stress con-
centration factor K, in the PEN and CFRPEN
specimens having two different notch depths
and four different notch root radii. The relation
of o, K, are to be classified into two parts,
namely, a part where o, decreases with increas-
ing K, and a part where o, is nearly constant
independent of K, as shown Fig. 6.

A similar phenomenon can be seen in notch-
ed specimens under fatigue tests' '*. It
suggests that the fracture in the notch root is
not governed by the o.. However it is evident
that the elastic maximum stresses at fracture
for PEN and CFRPEN having a constant notch
root radil are nearly constant, independent of
the notch depths, as depicted in Fig. 7.

According to the concept of linear notch me-
chanics, there should be one to one correspon-
dence between o,,,, and 1/p, independent of the
value of notch depth and the other geometrical
conditions. Fig. 7 support it clearly. Fig. 7 show
the relation between the critical elactic maxi-
mum stress, and the reciprocal of the notch
root radius, 1/p. It can be seen from Fig. 7 that
all experimental data fall approximately on a
unique characteristic curve, independent of the
notch depths. Therefore, it can be concluded
from the above results that the occurrence of
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Fig. 6 Relation between the stress for causing
brittle fracture, g, and the stress concen-
tration factor, K,.
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Fig. 7 Relation between the critical elastic maxi-
mum stress, Og,, and 1/p, the reciprocal of
the notch root radius, 1/p.

fracture in PEN and CFRPEN is only related to
the critical elastic maximum stress omax and
the notch root radius p alone, independent of
the other geometrical conditions. By using Fig.
7 as the master curves for the brittle frature of
these materials, we can predict the limiting st-
ress for the brittle fracture an arbitrarily
shaped plate specimen having the same thick-
ness. This proves the usefulness of linear notch

mechanies.

4.2 Fatigue strength of CFRPEN in
comparison to PEN

Fig. 8 shows the S - N curves of the fatigue
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tests of PEN and CFRPEN(Carbon fiber=30%)
including plain specimens and specimens with
a notch of 1.1mm in diameter. As shown in
Fig. 6, the fatigue strength of CFRPEN is
approximately 2 times of that of PEN in both
plain and notched specimens. That is, the ratio
of the fatigue strength of matrix resin to the
one of CFRPEN is a little higher than the ratio
of the tensile strength.
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Fig. 8 Comparison of 8 - N curves of PEN and
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Fig. 9 Fatigue crack propagation curves of PEN
and CFRPEN with a small hole of diameter
1.1lmm

Fatigue crack propagation curves of PEN and
CFRPEN with a small hole of 1.1mm in diame-
ter are shown in Fig. 9. It is clear from this fig-
ure that the crack propagation rate PEN fatig-
ue life is very high relatively. In addition, the
duration of crack propagation was found to be
extremely short in comparison to the total fati-

gue life. Therefore the fatigue life of PEN is co-

1LE> 17

INE Rl

1810

19%10°

Fig. 10 Change in the surface state of PEN speci-
men small hole of diameter 1.lmm under
fatigue
(0, - 20MPa, N;=1.97 < 10" cycles)
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ntrolled mainly by the life of crack initiation.

Fig. 10 shows the change in the surface state
of PEN specimen with a small hole having a
diameter of 1.1mm due to the repetitions of the
stress whose fatigue life is 1.97 x 10° cycles.
This figure indicates that the fatigue crack ini-
tiation of PEN is of the point - initiation type
and the fatigue crack propagates in a straight
line. This fact supports the author's previous
findings regarding the fatigue strength for
polyetheretherketone®.

1.6 kN

100/m

Ll
Fig. 11 Change in the surface state of PEN speci-
men with a small hole of diameter 1.1mm
under static tension
(Ps=1.7KN, Notch depth=4mm)

(309)

In the case of the static tension, on the other
hand, at the very early stages of loading, dam-
age in the form of crazes nucleates and grows
in the vicinity of the notch prior to crack initia-
tion(as shown in Fig. 11). At first, crazes app-
ear at the notch root. While their density and
size increase, new arch shaped crazes form.
When the crazes density reaches a critical lev-
el, crack nucleates and the specimen fails imm-

Fig. 12 Crack initiation and propagation process
of CFRPEN specimen with a small hole of
diameter 1.1mm under fatigue
(6a=40MPa, Nr=3.66 x 10° cycles)
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ediately after crack initiation.

Fig. 12 shows the crack initiation and propa-
gation processes of CFRPEN due to the repeti-
tions of the stress whose fatigue life is 3.66 X
10° cycles. In the case of the CFRPEN, the fati-

gue crack initiates generally from near the fib-
er end early as a result of stress concentration,

but propagates very slowly owing to the pre-
sent of fibers. The fibers do not break under
this stress level.

During its propagation stage the crack goes a-
round fibers and coalescence with other cracks.

On the contrary to what has been observed in
PEN, the crack propagation life of the CFR-
PEN is extremely long compared with the total
life. This means that short carbon - fibers in
the CFRPEN specimens give rise to a negative
action against fatigue crack initiation and ma-
ke a positive action against fatigue crack prop-

agation.

4.3 Fatigue Strength of Notched CF-
RPEN Specimens

Fig. 13 shows the S - N curves of the notched
CFRPEN specimens having a diameter of
O.Gmm: 1.1mm, 4mm, and 6mm. Based on the
examination of the successive surfacereplica-

tion, it was found that for the specimens with a
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10 10° 0° 107
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Fig. 13 S - N curves of notched CFRPEN specimens

notch radius of 0.3 and 0.55mm a non - propa-
gating crack developed only after 107cycles(as
shown in Fig. 13).

The relation between o,; and g, as a func-
tion of the stress concentration factor, K, is gi-
ven in Fig. 14. The limiting stress for macrocr-
ack initiation, o,;, was defined oringinally as
the maximum nominal stress under which a
macrocrack does not appear along the notch
root, but it is difficult to discriminate the macr-
ocrack initiation in this composite. Thereupon,
0,1 is defined in this paper as the assumed lim-
iting stress from Fig. 14 and experimental obs-
ervation. On the other hand, o,, is defined as
the threshold nominal stress under which the
crack developed at 107 cycles are the non — pro-
pagating crack. The notch root radius at the
branch point between o, and oy, po, can be
assumed to be about 1.5mm. This value is
much higher than that of typical annealed car-
bon steel. On the other hand, it is clear that the
fatigue strength of CFRPEN is very sensitive
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Av4 6 mm
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Fig. 14 Relation between dwl or 0y, and Kt
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to a notch because the line of o, lies in close
proximity to the K, =K; line.

The plot of K0, and K0, against 1/p for
CFRPEN based on linear notch mechanics is
shown in Fig. 15. Based on the author's previ-
ous results, it can be considered that the fatigue
strength of an arbitary notched plate specimens
of CFRPEN can be estimated from Fig. 15 rear-

ranged based on “linear notch mechanics.”
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Fig. 15 Relation between K0, or K,o,, and 1/p
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Photo. 2 Fractre apearance

Photo. 2 Shows the fracture appearence of

notched CFRPEN specimen(d=1.1mm). The
matrix resin in this photograph is elongated

and the fibers are covered with matrix resin.

5. Cconclusions

Static and fatigue tests of polyethernitrile
(PEN) and CFRPEN specimens in which the
short carbon - fibers were combined in the
matrix resin with a fiber content of 15% and
30%, by weight, were carried out to investigate
the static and fatigue characteristics of plain
and notched specimens at room temperature.
The fatigue mechanisms in the composite
material were clarified through the successive
surface observations using the plastic replica
method. The results obtained can be summa-
rized as follows.

(1) The occurrence of fracture in PEN and CF-
RPEN is directly related to o,,, and p alone in-
dependent of the other geometrical conditions.

(2) The relation of o, - K, are to be classified
into two parts, namely, a part where o, decreas-
es with increasing K, and a part where o, is ne-
arly independent of K,. A similar phenomenon
can be seen in notched specimens under fatigue
tests.

(3) In the case of the PEN, the fatigue crack
initiation is of the point — initiation type and
the fatigue crack propagation life is fairly short
compared with the total life.

(4) In the case of the CFRPEN, the fatigue cr-
ack initiates generally from near the fiber and
early as a result of stress concentration at the
fiber end, but propagates very slowly owing to
the contribution of the fibers.

(5) Short carbon - fibers give rise to a nega-
tive action against fatigue crack initiation and
does a positive action against fatigue crack pro-
pagation in the CFRPEN.

(6) The ratio of the fatigue strength of matrix
resin to the one of CFRPEN is a little higher
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than that of the tensile strength. And the fati-
gue strength of CFRPEN is very sensitive to a

notch.
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