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FOREWORD

This report was prepared in the Mechanics and Surface Interactions
Branch (AFWAL/MIBM), Nonmetallic Materials Division, Materials
Laboratory, Air Force Wright Aeronauticsal Laboratories, Wright-Patterson
Air Force Base, Ohio. The work was performed under the support of
Project Number 2419, "Nonmetallic Structural Materials”, Task Number
241903, “"Composite Materials and Mechanics Technology."

The fractography was conducted while the author was a visiting
researcher at the Link®ping University Institute of Technology,
Linkdping, Sweden. A JEOL JSM- 15 Scanning electron microscope there was

used for this study.

Sections of this report are to appear in the journal Composites.
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SECTION 1

INTRODUCTION

The past several years have shown an increase in understanding the
factors involved in composite damage befvre final failure [1, 2]. Damage
growth in composites falls into several main categories., The first of
these is the development of intralaminar transverse cracks.

Delamination, another form, 1s the development of cracks running in
planes parallel to and between the lamina. Fatigue loading, transverse
impact loading, and free edge stresses are several sources of these types
of damage. Both types involve mostly matrix fracture, little fiber
breakage occurs. The problem is aggravated by the brittle nature of
current epoxy systems. Full exploitation of the high fiber stiffness and
strength is often not obtained due to fracture mechanics considerations
of thc ply cracking and delamination phenomena.

The ability of & material to resist crack growth is its fracture
toughness. Methods of characterizing fracture toughness in composites, as
well as the search for tougher composite materials, is therefore an
important issue.

In this study, transverse ply cracking under combined Mode I (crack
opening) and Mode II (forward shearing) will be examined using the
off-axis tension and notched three rail shear test. Although
delamination occurs on planes orthogonal to the matrix cracking plane,
the ply transverse cracking toughness can also yield some insight into a
material's delamination toughness [3].

The fracture surfaces from graphite/epoxy (T300/1034C) and graphite/-

thermoplastic (APC-1) composites will be compared. Gross deformation, at
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100X, and detailed deformation, at 800X, will be examined to determine

matrix deformation and fiber breakage patterns.
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SECTION IT

FABRT1CATION AND TESTING

Fight ply unidirectional panels of Fiberite T200/1034C were layed-up
and cured follewing the manufacturer's recommendations. The panels were
not post-cured. FEight ply unidirectional APC-1 PFFK panels were supplied
already fabricated by Imperial Chemical Industries. Care was taken in
specimen design that no fibers ran from one grip area to the opposite
grip. Three specimens of cach material at each orientation were tested.

Tn—plane cracks were formed by drilling a 0.381 mm (0.015 in)
diameter pilot hole in the center of the specimen. A 0.127 mm (0.005 in)
diameter diamond impregnated wirc was fed through the hole, then used to
extend the crack length to a total Jeungth of, typically, 5.08 mm (0.2
in). The cracks were cut parallel to the fibers. Typewriter correction
fluid was applied to the crack tips before sharpening. Crack tips were
then sharpened using a scalpel. After sharpening, magnification showed
that a natural crack did extend slightly beyond the actual razor notch.
The final specimen configuration is shown in Figure 1.

Specimens were tested at a crosshead speed of 0.762 mm/min (0.03
in/min). No rate effec. was studied, Stress-straiu responses were
linear until unstable crack growth occurred. The cracks always ran from
the crack tip, parallel to the fibers and the saw cut. The only
deviation from this failure pattern were the PFFK compression specimens.
In these specimens, loading was linear until a point at which the
material, by plastic deformation, closed-up the gap made by the saw cut.
The load dropped about 9% during this deformation. The unnotched

specimen sreas lying in the region between the end of the saw cut and the
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Figure 1. Unidirectional, Notched Off-axis Specimen
Configuration
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edge of thc specimen buckled slightly as the crack closed. After the saw
cut closed, the load picked up again, made up the lost 9% and failed at
an additional 1%. The final stress-strain curve had an unusual “S"
shape.

As the off-axis orientation angle, £, approaches zero in the off-axis
tensile test, Figure 1, the Mode TI component of crack tip forces also
approaches zero. Another test configuration is therefore required to
obtain the pure Mode II properties. A modified three rail shear test was
suggested by Whitney [4] and verified numerically by Lakshminarayana [5]
using finite element techniques. Fxcellent test results were then
obtained using the specimen as shown in Figure 2. The test consisted of
a flat unidirectional panel, bolted between three rajls. The side rails
are fixed, the center rail is movable and is loaded vertically downward,
thus producing a state of in-plane shear in the two unclamped specimen
areas. Exact specimen and fixture dimensions can be found in Reference
6. This test was originally used as a method to characterize in-plane
shear modulus and strength., However, Mode II values can be determined by
oricenting the fibers parallel to the y—axis, then adding a notch at the
center of the unclamped region, parallel to the tiber direction. Notches
in the experimental program were cut and sharpened as described in the
off-axis tensile test. The data presented was taken using the
configuration shown in Figure 2, with the notch in the center of one open
area and strain gages in the opposite area. Absolute symmetry, however,
would be guaranteed if both areas were notched. Total cracks lengths of
5.08 mm (0.2 in) were used on T300/1034C specimens. A 25.4 mm (1 in)
crack was required for the PEEK specimens to avoid premature transverse

tensile failure.
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Material toughness, given in terms of stress intensity factors,

for the two material systems are plotted in Figure 3. Note the

increased toughness of the thermoplastic system over the reinforced
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epoxy system. It is hoped the fracture surfaces may provide some
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explanation for this.

The unusually high Mode II for the APC-1 may be an artifact

ma s A e e

of the test (a much longer crack length was required to induce
failure). A K valve of about 6.5 MPa vm would be consistent
c

with the mixed-mode data shown in the figure.
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SECTION IV

FRACTOGRAPHY PREPARATION

Sections near the crack tip of selected specimens were cut out,
mounted, and gold coated for scanning electron microscope examination.
. Immediately before gold coating and before inserting the specimens in the
microscope, the specimens were dusted using a can of compressed
photographer's air. Therefore all debris seen on the surfaces were well

adhered to the surface and are not due to dust or other contamination.

v

All specimens were photographed at an angle of 30 degrees off the ncrmal

from each surface.
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SECTION V

CRACK TIT' STRESSES

The orientation of the fracture sections with respect to the overall
specimen geometry was carefully qoted when mounting the fracture
surfaces. This is because the surface orientation determines the sign of
the shear component in the non-ninety degree specimens.

The fracture morphology depends on the state of stress near the crack
tip and the response of the fiber/matrix system to these =iresses. The
graphite/epoxy material provides a straight-forward opportunity to
examine these stresses and how they correspond to the appearance of the
actual fracture surface. The epoxy is & brittle material and will be
assumed to fail due to large principal tensile opening stresses. All
further discussion regarding failure in this section will be for the
epoxy system. The descriptions of stress, however, are general and apply
to the PEEK composites as well.

The quantitative description of the stress state ahead of the crack
is complicated by such factors as crack tip damage, crack singularities,
material anisotropy, and fiber spacing. Qualitatively, however, the
stresses arc cimple to trace.

Figure 4 shows a crack advancing between fibers towards point A.
Point A will experience normal and shear stresses due to the global
stresses and due to the presence of the crack. These stresses can be
transformed into their principal, shear free components. This principal
orientation (1'-2') is at an angle 8 with respect to the fiber-fixed

(1-2) system.
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Figure 4. Stress State in Matrix at a Point Ahead of the Crack Tip
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The Mode I case is depicted in Figure S5(a). The first column
represents the stresses in the fiber-fixed co-ordinate system. In this
case there is only 9. The next column shows the standard Mohr's circle
depiction of the stress transformation from the fiber-fixed co-ordinates
(shown as a heavy dot) into the principal components o and o171 All
stress states are rotated from the fiber-fixed stresses (1-2 axes) to a
state where T 0 (1'-2' axes). The 180° clockwise rotation to the
principal axes on the Mohr's circle corresponds to a 90° counter-
clockwise rotation for a positive "I The tensile 9 is assumed to cause
local matrix fracture due to its brittle nature. Therefore, the fracture
plane should be normal to the 1' axes. 1In this trivial example, the 2
and 1' axes correspond, as expected. Physically, the crack should
proceed cleanly and easily through the matrix between fibers.

The addition of shearing forces with the opening forces are depicted
in Figures 5(b) and 5(c). It can be seen that the principal tensile
forces act at an angle with respect to the fibers. The closer point A in
Figure 4 is to the crack front, the higher the magnitude of these
stresses due to the crack sinqularity effect., The result, then, is a

series of angled cracks, between fibers, ahead of the crack itself.

Researchers such as Purslow [7], Bradley [8], and Davidovitz [9] have

observed these angled cracks ahead of the main crack. As the main crack
o progresses forward, the material left between these smaller cracks

9 remains attached to the split surfaces. These remaining pieces are the

hackle formations seen in failures involving shear [10}. A reversal of

the direction of the shear load reverses the orientation of the hackle

tilt, shown as the difference between Figures 5(b) and 5(c).
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The removal of the tensile opening load, leaving only the eshear load,
is shown in Figures 5(d) and 5(e). The hackles should form at 45°,

As shown in Figures 5(f) and 5(g), compressive, or crack closing
forces, combined with shear should cause the hackles to "raise up”.

These trends can be related to the test methods shown ir Figures 1
and 2, and, it 1s hoped, ultimately to the appearance of the fracture
surfaces. When fB= 90 (Figure 1), the area fcrward of the crack
experiences stresses as shown in Figure 5(a). A continuous crack should
occur, as explained previously. As Bbecomes less than 90°, the
state-of-stress in Figure 5(c) results. The hackles should be laying
nearly flat. As Bapproaches zero, the hackles should progressively

raise to nearly 45°.
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tion the Hackle-Forming Cracks would be if Produced by
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SECTION VI

PHOTOGRAPHS

The photographs in this section are divided into two main groups:
the graphite/epoxy and the graphite/PEEK specimens. Within each of these
groups are four photos of each specimen. The first twe photos are the
low magnification (100X) shots. This magnification is useful for
observing the amount and direction of fiber breakage, the amount and
direction of fiber or fiber group pull-up, the amount of irregularity in
the cress section, and the amount of debris. Since the specimens were
center-notched, four fracturc surfaces result from the failure: top and
bottom, left ané right, depicted as surfaces A and B in Figure 6. HNote
that in surfaces A ané B the direction of shear is the same, but the
crack direction is different (right to left in A, left to right in B).
The low magnification shots show a smooth area corresponding to the saw
cut, then a rarrow band that was the razor-sharpening.

The second two photos of each section are 800X%. These provide useful
information such as the pattern of matrix fracture, the look of the
broken fiber ends, and the amount of resin debris,

Photographs of off-axis specimens, graphite/epoxy only, and not
including the rail shear surface, are given in References 10 and 11.

1. GRAPHITE/EPOXY

rigure 8, £= 90°, KI only.

The 800X views show the matrix has failed in a smooth cleavage
fashion. Very many long matrix wedges are visible. These result

from the resin areas between fibers. (See Figure 7).
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Figure 6. One-half of Fractured Specimen with Shear Forces and
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Figure 7. C(Cross-Section of Fracture Surface. Top Part is the o

Actual Fractured Surface Area. Drawing Shows where o
Wedges and Hackles Form in the Matrix Areas
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Note the clean fiber breaks. Some matrix lacerations, or hackles as they
are sometimes called, are seen in the grooves of the missing fibers.
These are likely due to local shearing along the side walls of the fiber
as it was pulled away.

Figure 9, = 45°, KI/KII = 1.0.

The 100X magnification shows a roughly equivalent number of fiber
breaks in each direction on each surface. The first 800X photo (9)
shows a large number of fairly small hackles, evenly spaced and lying
nearly flat. Matrix wedges are still visible. There were some bands
with no hackles, as shown in Figure 9(d). Note the hackles form in the
resin areas between fibers, as depicted in Figure 7. The fibers
boardering the hackles may still be in place, 9(d), or missing, 9(c).

Figure 10, 8 = 30°, KI/KII = 0.58.

The 100X photos show there are still many broken fibers in both
directions, although there are more pointing to the left. Figqure 6 shows
that fibers on both surfaces experience a force to the left due to the
global shear force. If the fibers break more easily in tension than
compression, one would indeed expect more broken fibers pointing left.
The 800X views show the hackles have become more raised than in the 45°
specimen, as expected in the discussion earlier. Also visible are large
hackles, formed in an area with more space between fibers.

Figure 11, # = 15°, KI/KII = 0.27.

By now, nearly all of the fiber breaks point left, as shown in the
100X photos. The 800X shows the hackles are nearly vertical - more than
expected from the stress analysis. Their spacing has become very
irreqular. The fiber breaks clearly show the effects of shear direction.

Rroken fibers pointing to the left have failed in tension. Broken fibers
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pointing to the right show a compression mushrooming type of failure. An
increase in resin debris, as reported by Hahn and Johannesson [11] is
apparent.

Figure 12, B= 10°, KI/KII = (.18,

Fibers broken in temsion, 12(d), and compression, 12(¢), clearly show
shear direction. The hackle spacing 1s more lrregular.

Figure 13, Rail Shear, KII

The fiber breaks continue their failure pattern. Some have even

only.

segmented and are wedged with resin debris, 13(d). The matrix hackles
have become very block-like (they are referred to by Purslow [7] as
cusps), and exist only in the deep crevices between fibers. Their
spacing is very intermittent. Exposed fiber surfaces are stripped clean.

Figure 14, B = 15° compression, KI/KII = -0.27.

Tn these photos, the shear direction is opposite to that shown in
Figure 6. Note the large amount of resin debris remaining on the
surface. Some areas, 14(c), show segmented fibers. The surface has a
general ground down appearance, as expect=d due to friction between the
upper and lower surfaces during fracture.

In general, the 90 degree fracture surface remained very planar from

the saw cut to the specimen edge. As the KI component increased,

I
however, the curfaces became increasingly more irregular in
cross-section. The increase in hackle formation, resin debris, and

surface roughness obviously requires more energy than the clean Mode I

cleavage fracture. This accounts for the much higher toughness as Mode

11 loading 1s introduced. Another interesting point is that surfaces A

RS

and B, as shown in Figure 6, both have the same general appearance for a

A R B e ataT et . M A s 0 8 7 1)t Bl "B B Bl o Ba a8 4s 4 A e BB A Pl e SR B Al v 8 A A S e R . S AR A o maln t. v . _ e —— R 4 & e & & _sas—————

- 23

- S . N . - -
..........

.
. - -
e e o e e e RN e T N e, AT - . . BN

Pl o) Uy .s'~ S a® A td ‘- - '._ "- {" a ey Lo al o LR, T WS '.A_".; !_.L' 5:A * i‘- Sea '.- l." - as 5 “A PR 1';_._‘" ..‘.A-. '_‘._1_‘_1. ‘. .A ':L..-I‘L‘_w Y LY 'A_l-I-.A“I.-A-L“-

e T e e T e e e e T e e T T e T W \;~_\.i3




S APARMARIRY [ AGVSCMIEICH DR SRIRICSENDY M 20MP CUNI 195 DEREMPEACINN B absbracychcics S LSO SR SAROSOON B CANEMNMES PR DUDCERIN
‘
9
.
3
p
]
| .
a : -.
4 #
: 4
y :
: .
s :
w A
: ..
4 g
' ‘.
V- -
v < o
“ ~T .
ped
‘ c
y s |
g : E
. = .
: A
4 : .\.
V_ L]
p ]
v- —
. 1’4
~
‘ —
: f < I
L - o ,
e "
. Q p
< .
: .
| o AW Sy et o < .
l ’ ”ﬁ é . T « .\A
: PR I g ’ " A
% aﬂ.A& ) ‘t&:~ ) ., . ’ o U ¥
2 ; v ” : ]
| .-
r l \...“
2 g ;
» “ QQ.IA
ﬁ. MR
. - : .
NECURLY & 28 ) T ...m
N el oy Y o . . ] ...\&_
5 BRI § ‘ -
| . . AW s . o
r W “" ‘ " . . et ¥ @ ~ . ~. ‘o
| U i w0
. _ | . .
SRTIIS ‘.«" WY ) A 3
r e e Y e .G.A o ' . . %
| . Lo _ , .
: - & . - R e . n ,\.A
b RN , —,\.. u\) w. M . \ o
r. on tt\\\; ¥ P Ak _
. - B L} *-!“.\.LAs\. ..‘..
| : oo T ¥ Lt kO R L1 T o
ﬁ o
. "4




T300/1034c

nlv,
It .

25

£V
.
~
@
v
7
—
-
=

13.

re

Fis

e Syl _‘Ils 3 s - ety
- g A S p~
e v .QL“! RSN i tax




e T e TV TRV A ik e a% n ad Rl il uif |
e et RN T - MO Ja LRI -* m. . \.!.4.-.#3 T e - AN -A. A ... .-u -u-u @l ,..-.-. 5
B L_IJ ....... ....A.__-.. KRN I T REVCRREN I PR AN Y ) i A R L et . — ...L
. . '8
b ....,¢
.. . . --
[
P X
o
3 ., ....
T .- -.
~-‘.
. >
c.~ 4
p. L
‘- --4-
| ]
X
. R
) ......_
] 1 .-
-. n'-A
] 4 ul.-l
b A ey
3 = .....-L
1)
p: < ... o)
-. = -.-..
1 Nt a
1 ~ e d
--. = ..- ..A
~ e
{ ~ ....;
’ iy el
. h "7, 4
> a! L
k
. " _.\..
p _ )
p — ... n-.
. x 1
g — ¥ 1
. w r-y
[ 8
ﬁ a
; -
A g
‘ lﬂ l..'
. w vy .
g @ ~ !
: £
's m S
9
e
L
©
s e
¥, b
. ]
< <
. b
’ )
=
il
1 .
] =
I-
! I
4 =
1 =
y N
o o
3
-3
1
by
b
b
.
9
1
;
{]
p
4
(]
3
1
b
)




W M Lkt s A aid i~ ol ol S ol i i o it et e/ At iase e Shal Joub Bave B Shait gt el AN AN AP A S AR it Bl B il ~ ] i A

fixed orientation. Hackle direction and fiber breaks were identical, and

e 2B ' a4

were detcrmined by the state of shear, which was the same in both

E surtaces. This investigation showed no evidence, except in the pure Mode
I case, to indicate crack propagation direction (right to left in surface

A, Jeft to right in surface BR), an important tool in post-mortem
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2. GRAPHITE/PEFK ")
Figure 15, 8= 90°, KI only. 23

9

I Ca b e an s ageagdyiedrign

Even at 100X it is obvious that much more energy went into the

fracture than into the equivalent epoxy specimen. The surface is very

A s s

v
!

i uneven, and some groups of fibers have been pulled up. Higher

magnification shows large amounts of resin adhered to the fibers.

'ﬁf.L:ffT"ﬁ

Figure 16, B= 45°, KI/KII = 1.0.

S

The 100X photos show that most broken fibers point to the left on

both surfaces. The 800X shots show rough, thick hackles. Figure 16(c)

shows tensile, and 16(d), compressive evidence to show shear direction in

the graphite/PEEK. This direction agrees with the hackle orientation.

Figure 17, B= 15°, KI/KII 0.27.

A series of pointed spike formations are present in the region of the
crack tip. Note they point in the direction of the applied shear stress.
These spikes appcar as though formed by crazing [12]: As the opposing
fracture surfaces displaced under opening and shear forces, the spikes
necked down in a ductile manner until they broke off at the mid-section.

Figure 18, £= 10°, KI/KII 0.18.

The spike formations are still prevalent. Figure 18(c) shows tensile

and compressive fiber fallures. Figure 18(d) shows a rare feature found

27
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on the surface: sheaths from around the fibers pulled-up almost

cobra-like.

Figure 19, Rail Shear, K.. only.

11
The spikes in Figure 19(c) are well developed and leaning strongly imn

the shear direction. Tensile and compressive fiber breaks can be seen in

Rl TR
Ak ¥ 3

this photograph. There are also smooth bands on the fracture surface, .

shown 1in Figurc 19(d) at 800X. Compressive fiber failures can be seen in

T
i B B ol

this photo.

R s W

Figure 20, B= 15° compression, KI/KII = -0.27.

The surface at 100X shows the specimen buckling that occurred in
compreasion. The suriace had several zones. One type, as shown in
Figure 20(c), was mottled and had much debris. The second type was
smoother and darker, 20(d).

In general, the graphite/PEEK specimens did not show as dramatic a
change in surface morphology from 15° to rail shear as the graphite/epoxy

showed. As with the epoxy, both left and right fracture surfaces (A and

B in Figure 6) at cach orientation looked similar, even though the crack
propagation direction was different in each. The sign of the shear
component of stress was responsible for the orientation of the surface

features.
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SECTION VII

CONCLUSIONS

The reason for the increased amount of energy required to fracture
composite specimens under increased Mode IT loading is clear upon
examination of the fracture surfaces. In graphite/epoxy, increased shear
loading leads to extensive matrix cracking between fibers, debris
formation, compression fiber failure, and surface irregularity. In the
thermoplastic, much ductile matrix deformation occurs. The more brittle
epoxy and tougher thermoplastic showed very dissimilar fracture surfaces
under equal mixed mode ratios. In both material systems, the surface

morphology is strongly dependent upon the direction of the applied Mode

I1 shear load. Direction of hackle tilt and type of fiber failure

(tensile or compressive, facing left or right) indicate the direction of

the applied shear load. No indication could be seen, except in the Mode

I .aphite/epoxy, to indicate the direction of crack propagation.
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