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BEHAVIOR OF KEVLAR .49 FABRIC/EPOXY LAMINATES
" -SUBJECTED TO PIN BEARING LOADS

Ronald E. Allred
Composite Materials Development
‘Division 5844

ABSTRACT

The low compressive strength of Kevlar reinforced
composites causes concern about the ability of
these materials to withstand bearing loads in
bolted joints. This paper presents .the results
of an experimental investigation of the pin
bearing load-deflection response of [0/90/+45],
[0/90] and [+45] Kevlar 49 fabric/epoxy laminates.
Laminate thicknesses from 0.075 in. to .0.300 in. -
were examined for pin diameters ranging from .
0.125 .in. to 0.500 in. Results of this study
revealed three significant points: (1) a syner-
gistic effect takes place in the [0/90/%45] ply
‘stacking sequence which results in higher yield
and ultimate strengths than the [0/90] and [145]
laminates; (2) bearing strength varies inversely
with pin diameter, probably .due to the statistical
strength behavior of these materials; and (3)
nominal bearing yield strengths are very low
(10-20 ksi).. It is, concluded that joint designs
should incorporate local reinforcement in bolted
or pinned areas.

e vepont —— NOTICE

Tt was prepared as an account of
s:ons;re'd by the United States Government. Ne‘i‘:::
t‘c nited States nor the United States Energy

/
D, .
’ Besearct al;: A , nOY any of
mployees, nor any of their
(s

contractors,

;| subcontractors, or their emplovers, makes any

warranty, express or implied

fiability or resp , O assumes any tegal

ility for the
or full of any inf i
process disclosed, or represents ;ha i

M : - ' t
infringe privately owned rights, ns

» Product or
use would not

3

WISTRIBUTION OF Tills bagUaeng i e

vebun ol B !

1

LI ‘r..
LTRN - PR
.



I. INTRODUCTION
The design of structures which
incorporate high performance
composite materials is often
limited by the properties of
the structural'Joints. Pinned
or bolted joints in composite
materials are subject to com-
posite bearing or shear-out
failures as well as tensile
fajilure 6f the éomposite or
bolt.(l—u) In the case.of
Kevlar 49-reinforced composite
materials, the probability of
failure.in bearing is enhanced
by the low compressive '
strength of the Kevlar 49
(5:6) 1t is desir-
able to obtain not only the

filaments.

‘ultimate bearing strength of
these materials but also the
entire load (stress)-deflection
curve. The material yield
‘strength from such a curve

' provides a better design allow-
able than the bearing ultimate
strength often‘reporfed.' This
is especilally sighificant:for
structures subjected to re-
peated loadings. '

This paper presents the results
‘'of '‘an experimental study to
determine the bearing load- ~
deflection behavior of Kevlar
49 fabric/epoxy laminates. A

fixture was designed which
allowed deflections of the
laminates. to be measured with
a strain gage extensometer.
Both quési—isotropic [0/90/+45]
and aligned [0/90] fabric laml-
nates were examined.

II. EXPERIMENT |
Laminates used in this study
were fabricated from Dupont .
ptyle 181 Kevlar 49 fabric
(50 x 50 yarns/in. 380
denier, 8 harness satin weave)
preimpregnated with U.S. Poly~-
meric E-781 epoxy resin. The
E-781 system is believed to be
a diglycidyl ether of bis-
phenol A type epoxide cured
with a BF3-monoethyl amine .
complex. The laminate cure
cyele was carried out by
matched die melding in A hot
press. The prepreg plies were
heateéd at a rate of 1°F/min.

‘under contact pressure to

300°F, compressed -to stops,
heated to 325°F and held 1
hour, cooled under pressure to
120°F and then removed from
the press. The lamindtes were
subsequently post cured in air
4 hours at 350°F and slow
cooled.



Laminates of two different ply
stacking sequences :were fabri-
cated, viz. quasi-isotropic:
and allgned. The quasi-
isotropic laminates were con-
structed of alternating 0-45°
plies balanced about the mid
plane. The other stacking
sequence consisted of all warp-

aligned plies which resulted in

a {0/90]_layup."der'quasia
isotropic laminate thicknesses
were fabricated: (1) 0.075 in.,
(2) 0.150 in., (3) 0.225 in.
and (4)-0.300 in. A single
laminate 0.150 in. 1n thickness
of the [0/90] construction was
prepared. - Samples of 1.50 in.
width were cut,with the speci-
men axis in the 0° direction
of the quasi-isotropic lamina-
tes and in the 0° and 45°
directions of the allgned
laminate. Holes of diameter
0.125 in., 0.250 in., 0.375 in.
and 0.500. in. were drilled in
the quasi-isotropic samples

‘'with diamond tooling. :The

aligned samples were,prepafed
only wilth 0.250 in. diameter

holes. A distance of 0.75 1in.
was maintalned between the,end
of the specimen and the hole.-

~around the pinned.hole.

‘Specimen width and end distance

were chosen such that they did
not influence the stress-state

)

" Five specimens were prepared

for each thickness-hole size-.
direction combination. - Hole
dilameters were machined to. a
tolerance of plus 0.002 in. of
the diameter of the pin to be
used in testing. ‘The Specimens

‘were compressed between ‘two

sacrificial Al plates during -
drilling to prevent distortion
of the surface plies. I

Prior to testing, Al doublar
tabs were bonded to.the speci-
men end to be clamped in-the

wedge action grips. A thread-

ed rod was bOnded to the
opposite end for attachment of
the extensometer fixture. The

. rest of the test fixture in-

cluded a clevisg through which
the specimen was pinned wilth

a hardened steel dowel, and a
sleeve which fit over and
bolted to the clevis. A speci-
men and clevis are’ shown in
Figure 1. The assembled test
fixture 1is shown mountea'in the
testing machine in Figure 2. -



The fixture i1s so designed that
deflectionS‘under the pin are
the deflections being pre-
dominately measured. Deforma-
tions attributable to stress
acting in the material away
from the hole are assumed
negligible. Load was applied'
at a cross-head ratelpf 0.02
in./min. All of the samples
examined were characﬁerized by
classical bearing failures with
the top layers on each surface
delaminating, splitting and
being pushed outward. No
shearout or net section ten-
sile failures were'observed
until considerable bearing
-deformations had occurred. The
appearance of a'typical fallure
surface 1s shown in Figure 3.

III. RESULTS AND DISCUSSION
The composite bearing load-
deflection (P-8) response was

similar for all the conditions
examined. This behavior may
be broken down into five dis-
tinct reglons as represented
schematically in Figure 4. As
‘the pin seats into the hole,
the initial portion of the
curve, labeled I in.Figure y,
is nonlinear. The extent of
~region I 1is determined by the

tolerances of the loading pin

'and the machined hole. Once

contact is established along
the pin-laminate interface,
the P-§ curve enters a linear
elastic region, II, charac-
terized by a slope P/§. 1In
reglion IiI, the lamlnate has
begun to yield and pilcks up
some additional load with in-
creasing deflection until the

- ultimate 1load, P,» 1s reached,

Yield is defined in this study
as the first deviation from
linearity in region II.

After the ultimate load 1is
reached, the material under

the pin begins to crush-up; -
this is accompanied by large
deflections and no additional
load bulldup (region IV). The
compression of the composite

in region IV is nof accompanied
by filament breakage but rather
by debonding and splitting
parallel to the filaments.‘
Eventually, the filaments are
compacted to ‘the pdint where
they Begin to carry lncreased
loads and the curve enters
region V. The deflection at
this point is generally 0.150-
0.200 in. The typical appear-
ance at this point is shown in



Figure 3. Once the laminate
P8 curve has entered region V,
further applicétion of load
eventually results in’éither
pin failure or net seétion-ten-
;sile failure of the laminate
across the hdle.

It should be noted that,:
before a curve of‘the type

seen in Figure 4 can be
bbtainéd; the clevis must be
wide enough to permit lateral
deformation of the domposite.

A constrained bearing load-
"‘defléctlion curve will exhibit
region III behavior until fail-
ure of the ﬁin, or untlil ten-

sile failure or cracking of the

laminate takes place. Such a
situation is probably charac-
‘teristic of a bolt-washer
joint with a degree of torque
on the bolt. Stockdale and
Matthews S
that ultimate bearing loads are

have demonstrated

increased 40 to 100 percent.in
glass-reinforced laminates by
such application of clamping
pressure. :

The ultimate bearing stress,
defined as the ultimate load
divided by the projected area,
i.e., Pu/td,(d = pin diameter,
t = laminate thickness) vs

laminate thickness for the

quasli-isotropic stacking
sequence laminates 1s gilven

in Figure 5. The data indi-
cate that a plane stress-=plane
strain transition takes place
at a laminate thickness of
about 0.200 in. In laminates
less than 0.200 in. thickness,
the outer plies are unable to
constrain the lnner plies and

“all the layers peel back under

the pin force. The ultimate
strength for the plane stress
case 1s determined by the

force necessary to deform the
plies in such a manner. Once
the inner plles are constrained
at laminate thicknesses
greater than 0.200 in., the
ultimate strength is determined
by the force necessary to crush
the laminate and the strength

- becomes independent of thick-

ness. Such behavior is not
seen in Flgure 5 for the 0.125
in. diameter pin because of pin
failures in the thicker lami-
nates. If the pins had not

‘failed, one would also expect

to see a similar transition
with the 0.12% in. diameter

pins. Micrographs of the

0.150 in. and 0.300 in. lami-
nates after being loaded to



their ultimate bearing strengths
are shown in Figure 6. The

effect of constraint on failure

mode 1s seen by the 1lncreased
evidence of filament buckling
by the center blies of the
0.300 in. laminate (Figure 6b).
" The pin bearing yiéld strength
vs thickness behavior for the
same material is given in
Figure 7. As would be exbegted,
pin bearing yield strength,
“which 1s related to the yield
properties -of thevconstituent-
materials, is independent of
thickness. The large amount of
scatter seen in Figure 7 for
the 0.125 in. pin is due to the
difficulty in reading the P-§
curves for those samples and
the senéitivity of yield stress
"to load for such a small area.
The relative position of the
curves in Figures 5 and 7 in
terms of pin‘diametervindicate
that an increasing stress
concentration effect is occur-
ring with increasing pin
diameter. A simllar effect has
been noted by Waddoups,
Eisenmann and Kaminski(g) for
the tensile strehgth of lami-
nated composites cqntaining |

a circular hole. The appear-
ance of the failled surfaces in

pPresented by Whitney,

thls study. and the work of

Althof and Mueller,”’ make it
unlikely that the stress con-
centration seen 1s due to edge

effects. Rather, in the manner
(10) the

.concentration effect may be due:

to the larger volume of ma-
terial exposed to a high stress
with the larger pins and the
concurrent higher probability
of having a large flaw in the
highly stressed region.

The warp-aligned laminate,
[0/90], exhibited P-§ curves

similar to the curve shown in

Figure 4 for the quasi-isotropic
laminates. In the warp direc- '
tidn, Oo,-an average yield‘
stress of 10.1 ksi and ulti-
mate stress of 25.2 ksi were
determined..- For the 45°
specimens, these values were
14.1 and 25.1 ksi respectively.
These results compare to yield.
and ultimate values for the
comparablelquasi—isotropic
laminate-hole size combination
of- 16.7 and 27.3 ksi. On the
surface, one might expect that
the yield strength of the
quasi-isotropic plate be an
average of ‘the [0/90] and

[+ 45] laminates. That the
quasi-isotropic material 1is



" stronger than 1ts components
suggests a synergistic mecha-
nism which utilizes the posi~
tive features of both the

[+ U5] and [0/90]_laminates.

A clue to sugh a mechanism,
which reflectsvrelative fiber
loading efficiencies, 1s seen
in the slopes of the stress-
deflection curves of the three

laminates.

The [t45] layup is the most
stiff at 7.4 X~106 lb/in.,
followed by the quasi-isotropic
at 6:0 x 10° 1b/in. and the
(0/90] at 3.8 x 10° 1b/in. The
roughly double slope of the

[+ 45] comparéd to the [0/90]
indicates that, in toto, the,
filaments in the [%45] are
loaded nearly as efficlently

as only the axial filaments in
the [0/90]. 1In the [0/90] 1ay-
up, the axial fiiaments pick up
the majority of the load in
compression and buckle at a

low value of bearing stress.
Onée initiatéd, the buékling;
mode'predominates to large
deflections as seen in Figure
8. The fllaments in the [t45]
laminate do not see direct com-
pressive loads.” Yield in such
a geometry 1s controlled by the

resin, which resists the fila-
ments from beling spread apart
in a sissors-like fashion. As
such, a ﬁicrograph of the bear-
ing failure surface of a [tMS]
laminate is for the most part
nondescript as seen in Figure
9. When the two different ply
sequences are combined to form
a qdasi—isotropic laminate, the
filaments at 45° share the load

, with the 0° filaments, thereby
reducing the stress on the 0°

filaments and, consequently,
suppressing the buckling mode.
The reduced amount of bﬁckling
in the quasi-isotfopic lami-

‘nate compared to the 0°direc-

tion of the [0/90] layup may be
seen by comparing Figures 6a
and 8. While the 0° filaments
are'preventéd’from buckling,
the 90°.f11aments.supppess the
resin yield mode seen in the
[iQS} laminate by sustaining
transverse loads. The result
is that the material yield
strength 1s raised in the
quasi—isotropic laminate by
delaying the normal yield
modes of the [0/90] and [thS]
laminates.

Even with the 60 percent in-
crease in yleld strength



exhibited by the quasi-iso-
tropic stacking»sequenée,:the'
bearing yield and ultimate
strengths of Kevlar fabric
~ laminates are much lower than
seen 1n other high performance

composites such as boron and

(3)
(1-4) ‘

graphite. Because of the

- low bearing strength, design’

with bolted or pinned joints -

in highly loaded Kevlar-re-

inforced composite structures "
should incorporate local joint
reinforcements such as busn-
‘A lightweight alterna-

tive to bushings which consists

ings. (4)
of local ply reinforcement with

boron film has been demon-

(11) + These

methods should circumvent the

strated by Padawer.

bearing problem while retaining
the desirable properties of
Kevlar-reinforced laminates.

IV. CONCLUSIONS

‘The results of this experimen— (5)
" tal study on the bearing re-
sponse of Kevlar 181 fabric/
epoxy laminates lead to the

following conclusions:

(1) Bearing yield in these
materials. occurs sub-
stantially below the
ultimate bearing strength.

(2)

The yield strength in -

bearing is very sensitive

to ply stacking sequence,

" with the quasi-isotropic

configuration [0/90/:45]

.Zexhibiting the highest
"strength of those tested.
Ultimate bearing strength

is not sensitive to
stacking sequence, but

~ does exhibit a plane

stress-plane strain tran-
sition at a laminate
thickness of approximately
0.200 1n. .
Both ultlmate and yield
strengths in bearing
exhiblt an increasing.
stress concentration
effect with increasing

pin diameter. It 1s _
believed that this pheno-
menon is due to the sta-
tistical strength behavior
of composite materla]s
Bearing strengths of these
materials are substantial-
ly. below . those reported
for other high performance
For this

it 1s recommended

composites
reason,
that local reinforcement

‘be 1noorporeted into the
Jjoint area when designing
- with Kevlar-reinforced

composite materials.
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Figure 1. Fixturing for pin bearing test - (1-r)
composite test specimen, sleeve extensometer
mount, hardened steel clevis.



Figure 2.

Assembled pin bearing test

setup.
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Figure 3. Surface appearance‘ ul’ bearing failure
in quasi-isotropic Kevlar 181 fabric/epoxy laminate
loaded with a 0.250 in. pin.



ST

PIN BEARING LOAD, P

e J_"_-""_/ ______ \/\/
Pyl - T SERR
II
P/é
I I
/]
DEFLECTION, 4
Figure 4. Schematic pin bearing load-deflection curve for Kevlar

49 fabric/epoxy laminate.
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PIN BEARING ULTIMATE STRESS, ksi
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Figure 5. Ultimate pin bearing strength of
quasi-isotropic Kevlar 49 fabric/epoxy as a
function of laminate thickness and pin diameter
(sample width = 1.5 in.).
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(a) (v)

Figure 6. Micrographs of bearing failure surfaces in 0/90/#45 Kevlar 181
fabric/epoxy laminates. (a) 0.150 in., (b) 0.300 in. (10X). Constraint of
the inner plies in the thicker laminate is evidenced by increased
buckling of the inner plies in 6b.
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Figure 7. Pin bearing yield strength of

quasi-isotropic Kevlar 49 fabric/epoxy as

a function of laminate thickness and pin
(sample width = 1.5 in.).




Figure 8. Micrograph of bearing
failure surface in %0/90] Kevlar
181 fabric/epoxy laminate loaded
at 0° showing buckling mode of 0°
filaments. (10X)

Figure 9. Bearing failure sur-
face micrograph of [+ ’45] Kevlar
181 fabric/epoxy laminate. (10X)
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