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Figure 20. iypical stages of brittle Figure 21. Influence of
fracture crack growth in a plane local stress on crack
specimen. propagation in acrylon

specimen.

i — initigl eracks; 2, 3
— direction of primary
is valuable In the aspect that we can and secondary cracks.

kinetics. The study of fast fractures

u
study better than in static tests the
fluence of various factors on the fracture process of a material in
the glassy state. Study of brittle fracture mechanics makes it possitble
determine more accurately the material resistance to brittle frac-

ture. he basic hypotheses of the subject problem zre as follows:

1, The onset and growth of the fast fracture crack in a flat
plate made from a brittle material can be subdivided into several
€s whose importance for the fracture process depends on the stress
level, nature of the initial defect, plate dimensiocns, and the tech-
nigue for loading the plate edges. In the macro:scopic study case, we
can identify five fracture growth stages (Figure 20).

The first stage 1s characterized by the onset of a crack capable
of propagating from the edge of the initial defect. In the second
stage, the crack growth accelerates, with the crack propagating along
the shortest path, determined by the principal tensile stress. The
influence of the initial defect and the crack growth initiztion con-
ditions weakens and then disappears completely. The third stage is
defined as the stage of crack propagation with practically constant
velcclity in the uniformly distributed nominal stress field. At the
enc of the stage, we observe microbranching and then macrcbranching

¢f the crack, accomparied by marked changes of the crack prcpagation
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Figure 22. Form of crack in Figure 23. Variation of crack propa-
plane acrylon specimen with gation velccity obtainec as result
presence of compressive stress of impact for very lov nominal ten-
Zones. sile stress level in the specimen

O < 0g).
( n S 90)

as not reached and crack brenching was not observed.
sequent tests, compression stress centers were formed by
he specimen using a screw clamp with circular inserts. The
ressure on the specimen surface was 50 be/bu . A tangential
tensile stress field (Figure 24) arises near the compression stress
center. The influence of the center 1 (see Figure 21), located ahead
of the initial crack edge leads to a situaticn in which, after the
subsequent impact on the wedge, introduced into the notch, two new
cracks develop and propagate perpendicular to the direction cf the
initial crack. After this, the clamp was shifted from point I to
point II. After a new impact on the specimen, a third crack — which
in this case again took a position tangent to the compressive stress
region II — propagated from the smooth crack surface (not from its
end). At the crack edge we observed a tendency tc turn 45° prelative
to the initial plane. In this reglon, characterized by very low
crack propagation velocity, the shear stress apparently plays an im-
pcrtant role and the edge structure has consideratle complexity. In
igure 22 we see that, in the case of complex local residual stress
one Gistribution in the body volume, the crack may propagate along
a sinucus path, the tangent to which at each point is perperdicular

to the direction of the maximum tensile stress at the given peint

L
)

Another example is shown in Figure 25: the crack tranches and by-passt

the compression zone on both sides.
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Figure 35. Stress field around uniformly growing brittle fracture
craci after Rolf, Lyman, and Hall (o = 13.4 kgf/mm?*).
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Figure 36. Isochromes of stress Figure 37. Distribution of prin-
field near edge of growing crack cipal tensile dynamic stress com-

in plane ebonite specimen for ponent for different values of
four crack edge locations (after brittle fracture crack prcpagation
Wells). velocity.

Smith's data is shown in Figure 37. The crack can branch for a
propagation velocity greater than 0.6 Cyqe The stress dynamic com-

ponent decreases with increasing distance from the maximum point and
approaches the static value. With increase of the growth rate, the
intensity of potential strain energy release at the propagating crack
decreases while the kinetic energy changes become larger.

To verify all these hypotheses, tests were made of thin plane
specimens of rectangular form made from acrylon and epoxy resin for
different stresses, nature of the fracture, and technigues for ob-
taining initial crack. Measurements were made of the average crack
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Figure 38. Form of notch and

wedge for obtaining initial

crack in specimen. Figure 39. Frame and loading device
for studying brittle fracture
mechanies of plane specimens.

1imits of the wire spacing was

no less than 10%. We could also observe crack advance by continuous
measurement of the dynamic stress which arises near the edge of the
propagating crack. For this purpcse, we used resistance strain gages
bonded in regular rows to the specimen surface at a distance of 10 mm
from the assumed line of main crack propagation. The electrical
signals obtained during the measurements were recorded on an oscil~-
lograph. The wire indicators were connected to a voltage divider
whose output voltage was recorded by a cathode ray oscillograph 1n
the form of a stepped diagram, each step of which corresponded to
breaking of the next wire.

Synchronization of oscillograph startup with the moment of crack
onset was provided by a special electronic triggering device. This
device was controlled from a sensor mounted in the immediate vicinity
¢f the notch edge and triggered several oscillographs, eliminating
the possibility of repeated or improperly timed startup. Some of the
recording channels were used to record the dynamic strain waves which
arise as the crack advances, using strain gages as Sensors. Prior to
the measurements, the time scalling was established so that the overall
diagram length corresponded to 1000 psec, which for the selected
specimen size corr¢§ponds to an average crack propagation velocity
of no less than 300 m/sec. The ordinate axls scale made it possible
to record a dynamic stress of about 100 kgf/cm?.
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Figure 46. Poisson's ratio for
epoxy resin as function of stress

Figure 45. Isochromes showing and temperature.
stress distribution near edge ° o ~
: E — e 2 - 40° C; . ° (.
~f hole in specimen loaded 1 25% C; 0° C; 3 50° C
radially
lever mechanism, a special loading device was used to create addition-

al blaxlal stresses near the assumed fracture surface. This loading

device consisted of a 36 mm diameter split steel cylinder which could
be expanded by an internal conical core. After creating — with the
aid of this device — a uniformly distributed pressure at the surface
~f a hole in the specimen, the stress distribution was verified by
the photoelastic method (Figure 45). It was found to be necessary

to introduce a thin rubber ring to equallze the strain distribution
between the expandable cylinder and the specimen materlal in order
to ensure a secondary stress distribution which is symmetric relative

~enter. In some of the specimens, there was only a single

«
(@)

-
-

secondary stress center, in others there was a whole series of such
centers, located along the assumed crack propagation line. The same
secondary stress level at all the centers was achieved by tightening
up the conical cores of the split cylinders and verifying the stress

magnitude by the photoelastlc method.

The tests associated with study of crack propagation in plane
specimens were conducted at a temperature of about 25° C. The proper-
ties of acrylon under these conditions were described above. The
epoxy resins were cast into glass forms and then the specimens were
taken out and cooled slowly. In order to eliminate residual stresses,

the specimens were annealed several times in a glycerine bath. The
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Figure 48. Crack shape 1n square acrylon specimen tested with uniform
tensile stress distribution o = 62.5 kgf/cm?.

(Figure 48). The crack length as
a function of time 1is shown in
Figure 49. The nature of the
curves shown in these figures
agrees well with the theoretical

200}

conclusions presented in §3.
Differentiation of the curves of
crack propagation velocity vari-
Figure 49. Crack length versus ation with time shows that the
time for brittle fracture. initial acceleration of a crack

%l—_ iqga;ec;?rilos ggegiaz?/cmz),arising under the influence of

i ’ ® b
2 i: rectangularnepoxy resin local tensile stress depends on
specimen (Zcr = 1.3 cm, e " the magnitude of o for a low stress

40 kgf/em?); 3 — square acrylon " ' !

- 2 ) = level ) w e
specimen (lcr 2 emy o b
41.5 kgf/cm?); 4 — square epoxy
resin specimen (lcr = 15 cm; The square epoxy resin
o, = 9.8 kgf/cm?). specim?n test results permit

drawing the same concluslions as
in the acrylon specimen tests. The dependence of crack propagation
velocity on crack length in the first stages of specimen fracture
growth for uniformly distributed tensile stress is shown in Figure 50.
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Figure 52. Crack branching Figure 53. Crack branching during
during test of square €epoxy test of square epoxy resin specimen
resin specimen with nominal with nominal stress o_ = 75 kgf/cmz.
stress o = 67.7 kgf/cm?. -

) a — nature of branching; b —
a — nature of branching; quantitative cdata.
b — quantitative data.

velocities v; and v, of both crack branches. Scme of the diagrams
show only the velocity of the one branch which propagates with the
higher velocity (main crack). We note that the initial crack velocity
at the branching point can be measured only on the basis of dynamic
strain recording. We can assume that the actual velocity values at
the branching point may be somewhat lower than shown in the figures;

| o

however, crack growth does not terminate in any of the cases.

For the higher values of the crack propagation velocity, we note
prior to the branching point traces of tearing out c¢f material par-
1

is reminiscent of

ticles and microbranchings, and the surfac
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chevron fracture. Beyond the branching point,
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Figure 65. Location in specimens Figure 66. Crack in type g
of holes playing role of local specimen (Figure 65).
stress zones.

With a nominal stress of O ™ b kgf/cmz, considerable disruption of

the initial uniform tensile stress distribution extends to a distance
on the order of 50 mm from the edge of the hecle. If the crack passes
at a distance of more than 20 mm from the edge of the hole, the crack
deflection does not bring it to the edge of the hole (Figure 66).
Change of the crack direction is obrerved for the given type of stress
state disturbance only to a distance of no more than 50 mm from the

edge of the crack.
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The crack propagates perpendicularly to the directicn
maximum tensile stress and its velocity of advance depends on the
stress level (Figure 67). If there were no secondary stress zone,
the crack advance acceleration would be zero and the crack would
propagate as shown by the dashed curve. In this case,the crack doces
not branch, although its propagation velocity reaches a quite high
local value. The reason for this lies in the fact that the maximum
tensile stress direction is not distorted significantly by the dynamic
effects at the propagating crack edge. Under these condit

several equivalent tensile stress directions are not cbtalned.



r . Crack (a) in type a specimen (Figure 65) and crack
pagation veloclity prior to reaching edge of hole (b).

proof of the single-vealued influence of the local stress field on the

=

direction, veloc 7, and nature of crack propagation 1in a brittle

¥
material is given by the results of tests of specimens with a seriles
£

of secondary stress zones.

Six secondary stress zones, whose {sochromes obtained by the
photoelastic method are shown 1n Figure €8, were created in a square

epoxy resin speclmen. Al example of crack propagation in this com-

plex stress field is shown 1n Figure 69. The nominal stress o =

20 kgf/em?. In the materlal web between the first two holes, the
stress from the external load decreased to less than 5 kgf/em?. In
addition, a I gh, ponuniformly distributed tensile stress directed
along the tangent to the hole contour was added; this stress was
bout 30 kgf/cm? at the middle of the web, and 90 kgf/cm? near the
edge of the hole. In exact correspondence with the resultant stress
field, the crack suddenly altered its direction by 90°, without
branching, however. Conversely, in the material web between the
first and second holes of one row, there is a high tensile stress
from the external lcad. The second crack, after beginning from the
surface defect of the first hole, accordingly propagated with high
velocity cn the order of £0 m/cec and branched in the uniformly dis-
tributed tensile stress fleld between the two holes. In thils case,
the crack branch growth either quickly terminated or the branches

quickly altered thelr jirection in accerdance with the local stress
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Figure 3. Schematic of experi-
mental set up for studying
plastic fatigue.
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Figure 4, Fixture for simultanecus
testing of a large number of
specimens with

The basic cnaracte
the

the following

specimen materials

table:

—

Characteristic

Polycarbtonate

”"crclm; S3000

Polystyrene
Edistor FA

e

50 M 0
Cu ¥ @
2

— =
(

i weight

¢ modulus E in kgf/cm?
working section in mm
g point e
emperature in ° C
ction pressure when
specimens in kgf/cm?

w'vi

bt

casting

200 000 27 000

27 960 18 060

16 410
200 D08
50 90

30 80

(@ o)
\O

constant deformation.






—

specimen with
2

deformation x2

— & 4 min;
— t = 42 min;
f — t = 24 1}

Oy ¥
311 fraction C
¥l 2 4+ 34
Y ck initl1atlol
specimen is Ve

zone propaga




atin

e

QL

r

vl

o

pap'

B N
—.3 | no oYX
o E |

| N A b
S . . . .

T ¥
( ”
| Ta1lUX

17 e

L g

FEEEREE

U
IS

Ol

e \

h

+










Figure 12. Cracks

shown in Figure 11 (x 101

Figure 13. Simultaneous growth of
zones on surface and at o

X 202). in polycarbonate specin D) {y =
1.32 mm; t = 288 hours; RIS

developed damage zones Figure 14, ks in polycarbonat
in the viecinity of the specimen (x '
notch after long-terr

specimen deformation is shown in Figure i14. The growing cracks

I I'orm of sharp wedges and are definitely open, at least at some
depth bel the material surface (Figure 15).
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In addition tc the
filamentary and wedge-like
ecracks, in certain cases,
we encounter open cracks
of small length with rounded
edges as a result of large

1 ¢ deformations (Fig-
, which upon further

loading, behave like an

artificial notch wit

rounded bottom. Typical

Figure 1 Wedge-1ike cracks outside .

e b 1 for the specimens examin
notch zone in specimen shown in . pecimens examined
Figure 14 (x 133) are easily visible lines

in the lateral directions
around the notch, whose
nature depends on the

directions of the neighbor-

ing zones, and growth of

'3 - new zones from the rounded
\ edge of the old zone
¢ . (Figures 17 and 18). These
" data show that if the
Figure 16. Open cracks with blunt edge damage reaches in its
P mhnanols on (v BG _©
}; ;'5f22‘m;?d{t=¢ggciZ§§S;LTbZ'f;o ). growth a stronger material

zone before the critical

magnitude is reached, its
nature may change. Hence,
we alsc see how important

is the statistical inter-

pretation of the charac-

iy % NS teristics of resistance to
s ® % ¥ , :
T Bl X *--- —$ v orittle and fatigue fracture
e T w il e AP -
- for the subject materials
{28, 101]. Similar to the
Figure 17. )pen crack with rounded nge situation observed in
n polycarbonate specimen (X 66.5) (y = . ~
o m N0 ) testing specimens wi
1,32 mmy; ¢t = 189 hours; T = 22° C). estlng speclmen th

-
96



artificial notches, with
the development of defects

of the type being consid-

ered and further loading

cf the specimen, the speci-

. - o men does not fail in any
———— .- . e g - - case as a result of crack
——— ™ S - ¥ S . <L B N
= -2 e propagation from this

= ol sohmipa g — » defect.

Figure 18. Appearance of crack shown
in Figure 21 after increasing The V-shaped cracks
deflection to the value y = 2.4 mm

with velocity dy/dt = 0.135 mm/min. grov fastest and therefore,

they determine the specimen
fracture conditions. The
transition of the open

_,? crack which arises in the

| damage zone to the wedge-
— like transition zcne is a
gradual process. In view
of this,the breaking of

; the molecular bonds takes

place gradually, and the

TP R sharp nature of the defect

Figure 1G. Tension diagram of poly- it petzined 1F au cbsbRole

carbonate specimens recorded on an in the form of a region of

TRs TT—
Instron TT-DM machine. high strength material is

— specimen without notch, cross
section area F = 0.394 cm?; 2 —

-

not encountered alcng the

specimen with notch 0.1 mm deep and defect propagation path.
bottom rounding radius p = 0.001 mmj

F = 0.392 cm?; 3 — specimen sub-

jected to prestrain for 24 hours There is & connection
(y = 1.32mm3; T = 22° C; F = o AP —
0.389 cm?). between the appearance of

damage zones which are

visible under the microscope and increase of the material's brittleness.

In all cases of damage zcne appearance in a specimer subjected to
long-term constant deformation, filamentary or wedge-1like cracks
which are visible under the microscope develop and further deformation

leads to fracture of the specimen at a stress lcwer than the value

97
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Figure 20. Decrease of
fracture strain y_ of
P Figure 21. Surface defects in polycarbonate
specimen detected with maximum reduction of
plasticity under the influence of long-term
exposure in the strained state. (x 66.5)
I — g~ 438 (y = 0.57 mm; t = 337 hours).

polycarbonate specimens
after preliminary expo-
sure in bent ccndition.

corresponding to the 1limit Ops which agrees well with brittle fracture

resistance theory. Figure 19 shows the characteristic curves corre-
sponding to the tension diagrams of an undamaged specimen, an initial
specimen with artificial notch, and a specimen subjected to static
damage during long-term constant deformation. The notched specimens
which were subjected to long-term constant deformation did not fail
along the notch in any of the 60 cases. During the bending tests,
fracture occurred at a distance of 5 - 10 mm from the notch, frequently
at the location of a processing defect.

The influence of loading duration and prestrain magnitude on
reduction of the material ductility shows up very clearly. The
brittieness increase and decrease of the local value of K in the case
of long-term loading tc relatively small deformation are most impor-
tant. Under these conditions, we obtain the lowest value of the
brittle fracture resistance and material deformation in the fracture
process (Figure 20). The cracks may not be visible to the naked eye
and are seen only under the microscope (Figure 21). Local orientation
of the molecular chains is not observed; however, rupture of the

98
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Schematic of
testing machine.
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8.5 kgf/cm?

Fatigue crack growth
was easily noted. Appear-
ance of the crack was pre-
ceded by the appearance of
a narrow whiteish strip

below the root of the notch.

After growth of this
strip to a depth of 1 - 1.5
mm, the initial crack of
length 0.5 - 1 mm suddenly
appeared. In view of this,
we take hereafter 7o = 1 mm.
In spite of the fact that
the stress at the root of
the notch was high, the
crack length found indi-
cates that the local duc-
tility K in the zone in
guestion decreased as a
result of the local fatigue
process by an order of mag-
nitude in comparison with
the value obtained in
strength tests of the basic
material subjected to fast
single-cycle loading. In
all cases, the initial
crack propagated from the
root of the notch along
the white strip perpendi-
cular to the direction of
the maximum tensile stress.
Microscopic study showed
that a dense system cf
parallel narrow zones

arose first at the root



Figure 34. Fracture surface in the case of fatigue fallure of
ductile polystyrene specimens.

g == 6, = 78.5 kgf/cm®*; b — o, = 85 kgf/cm?.

of the notch, and these zones expanded as the number of lcading cycles
was increased. At that instant when they merged and the length of

the whiteish strip reached about 1 mm, a fatigue crack, observed on
both sides of the specimen, suddenly appeared. Study of the fracture
type (Figure 33) showed that several parallel cracks developed through
the thickness of the specimen below the bottom of the notch, and these
cracks expanded with the formation of a wedge-like zone. At a depth
on the order of 1 mm, the disruption of material integrity extended

to the entire specimen thickness, and a single fatigue crack front
formed. Of all the initial cracks, those on the specimen faces

began to grow first of all.

In plotting the dlagrams presented of crack growth variation in
the limits 71, - Zcr with number of loading cycles we used the arith-
metic average value cf the crack lengths on both faces of the specimen.
When studying specimen fracture (Figure 34), the traces of crack growth
by stages were clearly visible. The results of crack edge displacement
measurement for a low loading frequency also confirm the existence of
stages. The higher the stress level, the more monotonic and uniform
is the crack growth and the less marked are the stoppage traces. The
final failure of the remaining part of the section is characterized
by high crack propagation velocity in accordance with brittle

fracture theory.
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Figure 45. Specimen fracture surfaces after fatigue testing with
constant and variable stress amplitude.

and crack length 1.5 em. Figure 44 shows the results of tests of

three specimens which were first loaded by a stress with amplitude

+85 kgf/cmz. After the crack reached the length 7 = 1 cm, the stress
amplitude in one specimen was reduced to the lower limiting value

oo = 44,1 kgf/cm?; in the second specimen, the stress was established
at o = 56,7 kgf/cm?; and in the third, it was increased to :107 kgf/
em?. In the first case, after a very long interruption in crack growth,
unsteady and very slow crack growth analogous to that shown in Figure

38 again started.

Photographs of the fracture surface obtained in the described
tests are shown in Figure 45. The fatigue crack growth in the cases
associated with the curves described above actually takes place non-
uniformly, and in the photographs we see clearly the traces of the
individual stages. For the high stress level (90 - 110 kgf/cm?), the
traces can be noted only in the beginning of the growth. For the low
stress level, the crack growth stages last longer and their traces on

the surface are spaced at larger distances, but the stages shorten



with increase of the stress.
At an average amplitude level
on the order of 60 kgf/cm?,
the distance between adjacent
crack stoppage traces 1is

l] - 2 mm. As the crack grows
into the depth of the specimen
material, this distance

increases; however, this does
not denote a corresponding

Figure 46. Propagation of secondary

cracks from fracture surface in the increase of the crack "jumps,"
£ 'th

cafehcf fast growth of main fatigue sinnE VIR AREREEEE Dt he

ecrack (x 300).

stress the growth stages
become less well defined because of area reduction of the remaining
portion of the section.

After reaching a length of about 30 mm, i.e., as the crack edge
approaches the midpoint of the specimen width, it grows nearly con-
tinuously and the stoppage traces on the fracture surface disappear.
The existence of secondary cracks (Figure 46) was established in
studying the fracture surface of specimens with fast fatigue crack
growth.

Fatigue Cracks in Acrylon and Suspension PVC Specimens

In addition to the tests of specimens made from ductile poly-
sytrene, we made similar studies of more brittle materials. 1In
these tests we noted first of all considerable scatter of the experi-
mental data for the variation of crzck length with number of loading
cycles. Figure 47 shows the results of PVC specimen tests for a
constant variatbtle stress amplitude *72.8 kgf/cm2 and loading frequency
750 cpm. The final brittle fracture of acrylon specimens, for which
the critical crack length at a stress of 100 kgf/cm? is only a few
millimeters, occurred so fast that it was not possible to record the
fatigue growth stage. The specimen life was essentially defined by
the number of cycles required for the formation of the material damage
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stress state of the matrix between the fibers is determined by
erposing the diagrams for the case of reinforcing by single fibers

Figure 2). With reduction of the distance between the fibers, the

ual influence effect increc:

s, which is confirmed by the lsochromes

a2 model with four reinforcing elements (Figure 3).

The model parameters were selected to simulate glass-reinforced-

) ») fiber content by volume. For
model (Figure 3a, b, ¢) the matrix stress-straln state is charac-
r

ghly stressed 1is the seg-


























































































































































Figure 44. Structural voids in GRP.

a — large voids; b — voids in resin between fibers.

In determining hard polymer lifetime the condition of relative
lifetime summation 1s valid

\\ v, =l
| —

o
i

where Ari is the time of action of the stress 045 T, is the lifetime
v

e

for fixed o which indicates the irreversible nature of the failure
1

| 44

Examination of {he model of an idealized composite material
consisting of co-.%.n ous reinforcing fibers and monclithic polymer
material showed that material failure takes place as a result of
fiber breaking and failure of the binder because of local tangentlal
3

stress concentration. Defects cf processing origin have a marked
c

tnfluence on composite strength and its varian

mong the most frequently encountered matrix defects are oids,
which have a considerable influence on composite material strength.
The void dimensions in glass-fiber composites vary over wide limits.

2

Figure Ul4a shows voids whose dimensions exceed by many fold the fiber
5 J

dimensions; in Figure 44b the void dimensions are limited to the
space between the fibers [118]. The void shape 1s quite varled and
if they have small radiil some of them are sources cf high stress
concentration, capable of fracturing the matrix or disrupting the

adhesive bond between the fibers and the matrix.
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Figure 4 Types of GRP failure.
a — brittle fracture; b — delamination in composit: structure as
a resx1t of random kinking of fibers; ¢ — fibrous isacture.

Fibers which do not coincide in direction with the acting force
cause significant strain concentration in the binder, whose level 1s
determined by the ratio of the elastic moduli of the fiber and resin
and the fiber packing density. In this case, the fracture in layers
with cross reinforcement takes place at deformations significantly
less than the breaking deformations for the pure binder, since the
polymer binder volume capable of localizing large local deformations
decreases. Figure U4Bb shows how a sharp corner formed when two flbers
contact can serve as a crack site. The direction of a crack which
passes through the entire section (Figure 48c) depends on the arrange-
ment of the fibers and weak spots and also disruption of the adhesive
bond. In the case of a good adhesive bond between the fibers and
matrix and high fiber stiffness, periodic local stress and strain con-
centration develops through the entire volume of the composite, which
is a source for crack formation in the matrix. In the case of a pocor
adhesive bond, concentration takes place at defect locations, so that
in both cases, the presence of the reinforcement in compecsite materials
reinforced by parallel fibers does not prevent crack propagation

parallel to the fibers
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figure 21.

igure 20. Typical specimen
fracture in compression (a)
and shear (b).

Typical specimen
fracture in tension (a),

simultaneous
and shear

torsion (b), and
action of tension
stresses (c).

Coo

333

strength theories. For the
in question, taking into
its equiaxial orthotropy, it

is necessary to determine four
strength characteristics.
strength 1imit in

compression in the

tion and the strength 1imit in
shear are obtained in the
measurements described above.

In addition, we also need to

know the strength

the material 1s loaded by a
shearing stress acting at a 45°
angle to tne basic coordinate
system. This characteristic
was determined under the san

conditions used in te

sting
specimens under simultaneous

compression and torsion (Table

4, Figures 20 and 21).
Let us examine the results
of strength characteristic
measurements for the laminated
plastics under combined loadin
We assume that there were no
factors causing systematic
errors in the measurements.
Then the distribution of the
lues

stress limit va should be

normal, which makes it poessible
to establish the magn de of
the permissible stress which the
material can withstand with

given probability.
















































4, Upon failure of part of the reinforcing fibers, the length
of the latter will usually be sufficient for transmiscsion of the
stresses to some distance from the location of the failure. This
condition will not be satigfied only for very short fiber length or
comparatively high density of the defects or fiber damages.

Results of specimen tests show that the laminated plastics have
low notch sensitivity. In the process of loading parts made from
such materials, particularly in the presence of creep, the stress
peaks rapidly equalize. In a material with a weak bond between the
filler and the binder, typlcal representatives being the GRP, there
is partial or complete delamination in the most highly stressed zone
prior to failure. In this case the material loses the properties of
a continuous medium, for which the theoretical formulas were derived.
The nature of specimen fracture for the different stress state types
is shown in Figures 34 - 35. 1In
accordance with the nature of the
material behavior prior to fracture,
the stress in the concentration zones
increases to a certain level, at
which the born.d between the glass-cloth
fibers and resin begins to fail.
Typically, the material failure

process during specimen tests is
accompanied by characteristic crack-
ing (Tables 5 and 6). At the edge

of a hole, there can act only a

Figure 34. Typical fracture of normal stress (Table 7), which
specimens with figure-eight
cutouts (¢ = 0°) in tension
(a) and torsion (b) and simul- strength 1limit in tension or compres-
taneous tension and torsion (c).

usually corresponds to the material

sion in the corresponding directions.
Deviation from this relationship was noted only in the case of speci-
mens with figure-eight cutouts oriented perpendicular to the specimen
longitudinal axis, during the testing of which it was apparently nct
possible to note material fracture initiation. The low values of
the 1limit tensile stress for specimens with figure-eight cutouts

oriented parallel to the specimen longitudinal axis can be explained

349



Figure 35. Typical fracture of Figure
specimens th figure-eight specimens
cutouts ( 45°) in tension cutouts (
(a), tor: (b) and simul- (a), tor
taneous tension and torsion taneous
(e). (c).

TABLE 6
TEST RESULTS SPECIMENS WITH
Loading Nominal Stress
Duration Failure in
Load t ki f/om?
Mode - ? s {m
Fracture
o T
in min b b
= e —

Tension 6 rin2
n
: 1.0 43 1124 172
o -

s -1 37 13 971 349

Shear 3 425

by the that the approximate cutout contour ha

at the ical section, which corresponds

calculat ress concentration factor.
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Necminal Stress at

Delamination
Initiation
in kgf/cm?
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