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FOREWORD

This Final Report presents the work accomplished during the period
February 15, 1975 through March 15, 1977 under USAF Contract FF33615-75-
C-5115 by Southwest Research Institute, P.O. Drawer 28510, San Antonio,
Texas 78284. Dr. N. J. Pagano (AFML/MBM) served as the Project
Engineer during this research effort.

o5 Dr. Philip H. Francis was the SWRI project manager. He was
closely assisted by Mr. D. E. Walrath in supervising the experimental
work, and Mr. D. N./Weed, who was responsible for all specimen fabrica-
tion. Mr. F. S. Campbell developed the experimental testing and replication
procedures, and conducted the mechanical test work.
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SUMMARY

S

This report presents results obtained primarily since the publication ;
of the first annual report on contract F33615-75-C-515. (1) Two experimental ‘
procedures were developed for determining first ply failure (FPF) on the
outer ply of [0/90] g and [#45] 4 tubes loaded in various combinations of axial,
torsional, and internal pressure loadings. One of these procedures, fluores-
cent dye penetrant, was soon abandoned as the replication technique proved 3
‘more reliable in detecting FPF phenomena early in the loading history. g
First ply failure envelopes were determined for the two aforementioned four =1
ply, thin wall tubes, and compared to ultimate strength envelopes. The FPF
envelopes also were compared to lamination theory predictions, using a
maximum strain criterion and accounting for initial stresses due to curing;
these comparisons showed rather good agreement.

Finally, preliminary experiments were conducted to determine the
influence of FPF on fatigue. Three groups of fatigue tests were conducted
on both layups, along various proportional biaxial load paths. Each group
consisted of two tests, both subjected to the same stress range, but in one
test the maximum cyclic stress was held within the FPF envelope, and in
the companion test the maximum cyclic stress was allowed to penetrate
through the FPF envelope.

viii




I. INTRODUCTION AND BACKGROUND

A. Research Objectives

Angle ply laminated composite materials exhibit very complex failure
patterns when loaded beyond ultimate strength, and therefore the development
of reliable strength theories is a difficult task. The overall objective of the
present research program has been to investigate experimentally the thresh-
. old of local ply failure, when the first ply (or plies) begins to develop micro-
cracks in the matrix under quasi-static loads. This concept of first ply
failure (FPF) has been proposed as a possible physical basis for laminate
strength theories, and therefore it is of interest to examine the relationship
of FPF to ultimate laminate strength.

The first goal of this program was to develop an experimental method
for detecting FPF on thin-walled laminated tubes loaded in-plane. This was
achieved by using replica techniques, which limited the investigation to
those stress states which would produce FPF on the outer ply. Using optical
microscopy, however, it was possible to identify the onset of matrix shear
and tensile cracks in [0/90] g and [+45] ; laminates, and to correlate these
findings with theoretically predicted FPF envelopes.

Following this, exploratory biaxial fatigue tests were conducted to
evaluate whether cycling across the FPF envelope is significantly more
deleterious to fatigue life than cycling at the same stress range but within
the FPF envelope. If, as postulated, FPF is a measure of irreversible
microstructural damage, fatigue life should be affected in some way by
cycling across the FPF threshold.

The detailed analytical and experimental findings are presented in
Sections II and III, respectively, of this report, and the major conclusions

drawn are set forth in Section IV,

B. Summary of Material Characterization

All tubular specimens manufactured and tested during the course of
this program were fabricated with Fiberite hy-E 1034C high-temperature’
graphite/epoxy prepreg tape. This prepreg system uses Union Carbide's
T-300 fiber, and is certified to meet the following Fiberite property speci-
fications:*

*These data were obtained by Fiberite from composites which were fabricated
by standard autoclave techniques using 100 psi augmented pressure, All
strength values are reported in X 103 psi units, all moduli are X 106 psi.




Table 1. Fiberite Specifications for hy-E 1034C (T300/934)
Graphite/Epoxy Material System

Prepreg Specifications Nominal Values
Resin Content 40%
Volatile Content 0.5%
Ply Thickness (cured) .005 inches

, Gel Time at 340°F 11 minutes
Composite Properties 75°F 350°F
Tensile Strength 235.0 200.0
Tensile Modulus 2305 23.5
Flexural Strength 270.0 220.0
Flexural Modulus 23.0 23.0
Short Beam Shear Strength 16.0 2.5
Specific Gravity 1. 60
Fiber Volume 65%

Early in the program this material system was characterized for its
elastic and strength properties by testing [0°] 4 tubes, loaded by axial tension,
internal pressure, or torsion. These results were compared to data devel-
oped from coupon type specimens, the results of which are summarized in
Table 2. Complete test results are given in Ref. 1. Shear strengths and
moduli were obtained from coupon tests using Rosen's analysis of [x45]
coupons together with the following expressions:(z)

T
b:4
G
Y Z(eg - ey)
ut
sus =_S_J_!_
Xy 2

As can be seen from the table, measured elastic coefficients are in close
agreement, but some discrepancy is noted in the transverse strength of [0°] 4
tubes as compared to tensile tests of [90°] o coupons. Thin walled [0°] tubes
are difficult to manufacture, and these lower strengths are probably due to a
fine network of longitudinal cracks formed during specimen fabrication. The
fragility problem in thin wall tubes disappeared, of course, when testing




Table 2. Comparison of Average Ply Properties
Measured Using Tubes and Coupons*

Property [0°]4 Tube Data Coupon Data i

B 19. 3 23.0
s -- 214 [0°1¢
Vxy 0. 35 0. 34 X ]
EYY 1.44 1.6

ut °
s 3.5 6.8 | [90°],
va 0.03 0.03
G 0.94 0.87

xy

5. } [=(Pas]
Sxy IRl 10.8

*All strength values are reported in ksi units, all moduli are 103 ksi.

[0/90], and [£45] _ tubes. Although these cross-plied tubes are fabricated
in essentially the same manner as [0°] tubes, hoop stiffening due to fiber
support greatly increases the durability of the specimen, making cross-plied
tubes less susceptible to damage during fabrication or from subsequent
handling.

C. Early Efforts at First Ply Failure Detection

Initial efforts at first ply failure detection were made using acoustic
emission monitoring. The system has been previously described. (1)
Basically, it made use of two piezoelectric ceramic PZT-5 transducers
employing spatial filtering to eliminate noise not originating in the gage
section of the specimen. Two tests were run oa [ 0/90] ¢ tubes, loading to
failure in axial tension. Although acoustic emission activity was noted at
approximately 50 ksi axial stress, no quantitative measurements were i
obtained, as acoustic activity did not take place between the sensors. Both H
specimens failed outside the gage section. All modes of first ply failure i
encountered in this research program were matrix-induced (either tension :
or shear). The Fiberite 934 epoxy prepreg resin system used in specimen |
fabrication is quite viscoelastic at room temperature, and the acoustic energy '
released during initial matrix crack development is presumed small and
proved difficult to detect. Although acoustic emission may yet prove to be a




valuable tool for FPF detection, it was decided at that point to investigate
alternative detection methods. All FPF measurements in this report were
made with dye penetrants or replication microscopy.




II. PREDICTION AND DETECTION OF FIRST PLY FAILURE

A, Analytical Predictions

A simple analytical scheme was implemented to enable predictions of
FPF to be made for balanced, symmetric angle ply laminates under states
of plane stress loading. No attempt was made to develop new analytical
models, but rather to establish how well conventional lamination theory
coupled with an appropriate failure criterion can foretell the onset of FPF as
as determined by experimental observations. Aside from its value in test- =
ing theoretical predictions of FPF, the model also was used to guide load
selections during the experimental portion of the project to insure that FPF
did not develop on interior plies inaccessable to the experimental techniques
used. Additionally, the model was useful in evaluating the sensitivity of
of FPF behavior to small variations in input quantities.

Lamination theory is now an accepted and widely used analysis/design
tool in composite structures technology, and need not be reviewed here in
any detail. However, it is important to include in the analysis the initial
state of stress induced in each laminae of an angle ply laminate by cooling
down from the cure cycle. These stresses originate from the anistropy of
thermal expansion and the constraint afforded by contiguous plies, and result
in tensile stresses tranverse to the fiber direction in each ply. These
stresses can be estimated from macromechanical theory using the concept (3-5)
of a stress free state at some stress free temperature Tg, where Tg < Tcure-
The initial stresses thus calculated depend upon the cure cycle, the thermo-
physical properties of the composite ply material, and the stacking sequence,
and can in certain cases be of significant magnitude.

The thermal expansion coefficients a; (i = 1,2) were derived from
data supplied by the material supplier, Fiberite Corp. (6) These data were
provided in the form of average values a; over a range of temperatures
T < TS Ty*:

Table 3. Thermal Expansion Properties of T300/934
Graphite/Epoxy Laminae

TN T, (*F) a, (x 109 a, (x 108)
-65 +67 0.18 13.1
+67 +260 0.54 16.9
+67 +358 0. 62 17.5

*d] is in the fiber direction and & is transverse to the fiber direction.

presy




As the laminate cools from the cure cycle full thermal contraction
is prevented due to the constraint imposed by adjoining plies, with the
result that tensile stresses are introduced into the plies transvers to the
fiber directions. To calculate these stresses, first the vector of thermal
strains of a single ply is calculated:

room
Lj 3 -
(e i) = f Q’I(T) dT = Q’i (Troom- TS)
T

'= 4 =0
i=1, 2,0'12

If the functional dependence of @; on temperature is known, e.g., as a poly-
nomial in T, this relationship can be substituted directly into the above
integral for evaluation of (¢{'). Otherwise, 2 (T) can be represented by an
average constant value @; on the interval [Tg, Troom)], as suggested above,
with little effect on the calculated value of (es?) In either event, the calcula-
tion depends directly on the value of Tg, the temperature (at or below cure
temperature) at which the resin is considered to be sufficiently rigid to intro-
duce thermal restraint stresses. Pagano and Hahn(3) have shown that a
laminate under cure is essentially stress free at some T considerably less
than Teyre-

In the present work, the stress free temperature was chosen as 250°F,
based on experience with the Fiberite 934 resin system. Thus, in the cal-
culations to follow AT = -180°F. Averaged thermal expansion data ¥ were
chosen from data shown in Table 3; these values resulted in thermal strain
values of e']i? = -9.7 x10-4; eE: -3.0x10-3; v Irz = 0. Specimen loading
referred to the specimen axes) due to differential thermal cooling can be
calculated as

r - = -

T T

cx Nx °’x
theg | = N | = @k ey | dT dz
] Y] T \eml

=1 & “lreT
-l (Q)k(T)k (€*) dz

.
S0 Y

e A 3 RS B P




In these expressions standard notation is followed(7 8), (Q)i are the trans-
formed reduced ply stiffness matrices, (T)y the transformation matrices |
carrying (x,y) components over to (1,2) components, t is the laminae thick-
ness, and the subscript k denotes the kth Ply. z is the thickness coordinate
referenced to the midplane (see Figure 1). The above calculation yields
negative values for the curing forces N'i, N;, N':I;y'

The ply forces J.\-Ix, N, ﬁxy are the sum of the curing forces calcu-

lated above and the forces Ng, Ny, ny due to direct mechanical loading:

&) ol B 1
oo of T % —

NY = NY + NY =t | v

- - .

S (R ) B ) B A

Then, using the laminate stiffness matrix [ A], the laminate midplane strains
are calculated by

Sx Ny
i -1 N
€& |= (a]™" Ny
N
Txy xy

The strains thus calculated are with respect to the cure temperature ply
state as being the natural (unstrained) state. These strains are easily
transformed over to the material frame of reference (1,2) axes as follows:

5 b i
€ € €] ?
=1 120 T |
j €, =[R][T][R] €y | -] €2 |
(o) d
Y Y 1
12) k xy o 3

’ where [ R] is Reuter's matrix. Again, these strains are referenced to the i
stress free state.

The remaining step in the analysis is to compute the stresses and |
strains in each ply under a given laminate loading condition, and compare
these stresses and strains to their critical values (failure criterion) to |
determine FPF laminate load envelopes. In the work described here the j
maximum strain criterion was used to determine FPF. This criterion is i
very similar to the maximum stress criterion in that neither accomodates ]
any interaction between strain (stress) components to influence failure. (8)
The strain criterion was chosen because it is somewhat more sensitive to
nonlinear stress-strain states than is stress, although this argument is not
a compelling one. Secant modulus values were used, referenced to the
strain at failure.

=




Individual ply properties used in these calculations are as follows:

E 19.5 x 10° pai

11 6
E,, =14.6 x10" psi
22 6
GIZ = 0.52 x 10” psi (secant modulus)
\le = 0.35
t = 0.005 inches.
Ply

" The following critical strain data for the unidirectional ply were used, drawn
from Reference (1):

e{ =9.30x%x10"3
efz =4.25%x10°3
) -2
7, 03X 10

These values are room-temperature failure strains as determined from uni-
directional tubular and flat coupon specimen tests.

The analytical approach required the inclusion of a simple search
scheme. The laminate is considered to be loaded with some forces P, and
the critical ply and failure mode is sought by searching all combinations of
failure modes and plies for the critical combination. The following calcula-
tion is made: .

X_Max {Ma.x (5_1_ b 712)}
" n plies | 3 modes e ST
e et L B

Assuming proportional loading and elastic behavior, the critical load corre-
sponding to predicted FPF is Pqr = P/X.

Figures 2 and 3 show the predicted FPF envelopes on the outer plies
for [0/90] g and [£45] ¢ Specimens, respectively, having the stiffness and
thermal properties given earlier and subjected to combined states of axial
and torsional stress with internal pressure (hoop stress) as a parameter.

In Figure 2, the horizontal lines represent matrix tension failure modes, and
the vertical lines represent in-plane matrix shear failures and are not affected
by hoop loading. Fiber tensile failure is not a predicted FPF mechanism.
Note that internal pressure raises the predicted axial failure load; the Poisson
effect provides greater axial load capacity before the critical matrix tensile
strain is reached. Figure 2 also shows the influence of curing strains on the
predicted FPF envelopes. Accounting for these initial strains reduces the
envelopes by approximately 16 %; the shear failure mode is independent of the
curing strain influence in this case, as the material and loading axes are




coincident. Due to the symmetry of the layup, the axial and hoop stress
coordinates can be interchanged without affecting the location of the FPF
envelopes.

Figure 3 presents the same results for the [+45] s laminate. Again,
axial and hoop values can be interchanged without change to the figure due to
symmetry. In the [£45] g case, the horizontal lines represent in-plane shear
failure and the diagonal lines represent matrix tensiie failure. Here again,
fiber tensile failure is not a predicted FPF mechanism. As before, account-
ing for cure-induced strains contracts the FPF envelope in the sense that the :
diagonal lines (tension failures) move inward but the horizontal lines (shear =
failures) are unchanged. Unlike the previous case, however, here internal
pressure hoop stress does influence the in-plane shear regionofthe failure
envelope. Thisis so since the material (1, 2) and the loading (x, y) axes are not
aligned, andhence the transverse matrixtensile straine¢? depends directlyonall
three applied stress components G, Gy, "xy through the transformation equations.

Figures 4 and 5 are presented to illustrate the sensitivity of the
predicted FPF envelopes to the input thermal expansion coefficient and
failure strain data. In these figures the FPF envelope for axial tension/
torsion loadings are repeated from Figures 2 and 3, and £10% variations
are given first to the average thermal expansion coefficient data a;, and then
to the matrix failure strains. As can be seen the envelopes are expected to
be much less sensitive to variations in average thermal expansion coefficient
data than to failure strains. Both the matrix tension and shear regions of the
FPF envelope are affected by changes in the input failure strains, although
variations in @; make no difference on the shear failure modes.

B. Experimental Procedures

Two FPF methods were developed to acquire the experimental data
during this program: fluorescent dye penetrant, and replication microscopy
techniques. Both methods were limited to failure detection on the outer ply
of the tubular specimen, therefore all loading sequences were designed to
produce expected FPF in the outer ply. The experimental procedure involved
first thoroughly examining the outer specimen surface under zero load for
any cracks that may be present, using fluorescent dye in one region of the
gage section, and making a plastic replica of the complementary region of
the gage section. Then the tube was loaded to a predetermined level, then
reduced while the dye penetrant and replication techniques were reapplied.
All replicas for a given test specimen were made while the load was held at i
the same constant value, which was 50% of the predicted FPF load. On the 3
first cycle the specimen was loaded to 50% of the predicted FPF load, then
held for replication, unloaded and reloaded to 60% of the predicted FPF load,
dropped to 50% for replication, and so on in 10% increasing load increments
to specimen failure. The load was reduced to 50% of predicted FPF load
prior to acquiring data records with the penetrant and replication techniques




because of the tendency of the specimen to creep under load, which tended in |
early experiments to cause the matrix cracks to extend during the data-taking
process. By dropping the load somewhat crack extension was inhibited, yet
the cracks still remained partially open. When the dye examination and |
replication procedures were completed, the specimen was unloaded completely,
then reloaded to a higher maximum load, and the process repeated. This pro- = |
cedure was continued until ultimate failure of the entire specimen occurred.

All specimens were tested under conditions of load control. Testing was con-

ducted under conditions of load rate control, whereby the internal pressure ,
or axial load was applied at a fixed rate, and the torsional load was coupled
in accordance with the stress vector path. Load rates were chosen for each
test so as to produce maximum load in approximately two minutes. Stress
rates T, for the [0/90]  tube tests varied from 66-365 psi/sec, and for the
[245] ¢ tube tests & varied from 66-329 psi/sec. Figure 6 shows a tubular
specimen mounted in the biaxial loading facility; particulars on the tube fabri-
cation process may be found in References 1 and 9. Details of the fluorescent
dye penetrant and the replication procedures are given below.

Fluorescent dye was applied by wiping the specimen with a saturated
gauze pad. The dye was allowed to set for five minutes, then wiped off with
a water-dampened gauze pad. The specimen was photographed under ultra-
violet illumination using high speed film and yellow filters. An example of
FPF detected with fluorescent dye penetrant in a [0/90]  tube is shown in
Figure 7. Although the dye could be used to detect FPF cracks, it was often
difficult to discriminate an emergent crack from general background visual
""noise'' caused by surface irregularities. Replication techniques proved
superior to penetrants for detecting FPF at somewhat lower loads, therefore
the use of dye penetrants was abandoned for later tests.

Two replicating systems were tried on the tubes: acetyl cellulose
tape with methyl acetate solvent, and acetate tape with acetone solvent.
Previous SwRI experience on replicating cracks in metals had shown the
acetyl cellulose/methyl acetate system to be easier to use, due to a shorter
hardening time. It was found, however, that methyl acetate chemically
attacked the epoxy matrix of the tubular specimens, causing surface marring.
To avoid damage caused by the replication, the acetate/acetone system was
used throughout this program.

The loading and observation sequences were the same for both dye and
replication techniques. At zero load, a replica was taken of the center 3inches
of the tube using a acetate strip one inch wide. Thus, the region of replica-
tion covered the center three inches along the tube length, and 1 inch around
the circumference (approximately one-third around the tube). This was done
by coating the acetate tape with acetone, partially softening the tape, which
was then applied to the surface of the tube. After about 10 minutes when the

*Uresco tracer tech penetrant.




tape had rehardened, it was peeled from the tube and labeled for later observa-
tion. After the baseline observations, the specimen was loaded to successively '
higher predetermined values, but the load reduced and held constant during ‘
the replication process, as previously described. In order to examine the
replica records under a microscope, they were first coated with a thin vapor
deposited layer of aluminum. Replicas for each specimen were examined =
with a stereo-optical microscope, beginning with the last replica just before
fracture, and working backwards in the replication sequence until cracks
present in the last replica disappeared altogether. In this way an upper

. bound on the load corresponding to FPF could be established. Photomicro-
graphs were taken of all replicas in which emergent or developed cracks
were found. Figures 8 and 9 show cracks detected with replication micros-
copy of a [#45] , and a [0/90]  tube, respectively.

i - ki

The technique just described presumes that FPF develops more or
less homogeneously over the ply under conditions of uniform stress, so that
records taken over a small region characterize the entire ply behavior. In
order for this assumption to be valid under laboratory test conditions, the
tubular specimen must have high tolerances of wall thickness, roundness,
and fiber volume, and the gage section must be isolated from grip effects.

All tubes were instrumented with strain gages to obtain strain records
during the load sequence. It was thought that these curves might provide
some indication of the onset of first ply failure. Although no useful FPF
correlates were obtained from these hysteresis curves, an interesting
phenomenon was noted when the applied loading on a tube caused in-plane
shear stress on the outer laminae, i.e., torsional loading of the [0/90] g
tubes or axial loading of the [£45] ; tubes. As described previously, the
loading sequences consisted of loading the tube to some level, then reducing
and holding load at some constant value while replicating the specimen sur-
face, followed by unloading, and reloading to a higher peak value. A constant
load hold normally lasted approximately 8 minutes. Figure 10 shows typical
hysteresis curves for a [0/90] g tube loaded in torsion. The initial linearly
elastic component of the strain response was subtracted out electronically to
increase resolution. Thus, had the material been ideally linearly elastic a
cycle of load would have produced a strain record that would appear as a
single vertical line.

It is of interest to notice that just past the peak load of both curves
the strain continued to increase even as the load was decreasing. This
"overshoot' phenomenon is characteristic of creep behavior, enhanced in the
present case by the low stress rate (66 psi shear/sec). At lower values of
peak load (curve on left in Figure 10 ) creep occurred as load was held constant
during the replication process. At higher values of peak load, however, the
creep process reversed itself, and strain decreased under constant load, as
shown in the curve on the right in Figure 10. This sequence of creep and
"reverse creep'' events was found consistently in the testing of both [£45] s

11




and [0/90] ; tubes during uniaxial and biaxial loading, so long as one loading
mode produced in-plane shear on the outer ply. During loading sequences
producing no in-plane shear, strain records showed only a very slight
anelastic behavior, as the material responded in a basically linear elastic

manner to failure.
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III. EXPERIMENTAL RESULTS

A. First Ply Failure Under Quasi-Static Loading

To measure first ply failure experimentally, tubular specimens of
two different fiber orientations were loaded in incremental load sequences
to failure. As was previously described, each specimen was loaded propor-
tionally in the stress plane to some peak value, then the load was reduced
(again, along a proportional path) and held at some lower value of load. At
this time a replica was taken of the specimen surface for later examination
to detect FPF cracks. Increasingly higher peak loads were applied until
ultimate failure of the specimen resulted. A total of 27 quasi-static FPF
tests were run during this program, thirteen [0/90] g tubes, and fourteen
[£45] g tubes. Summaries of these results are listed in Tables 4 and 5;
photographs of the broken specimens are shown in Appendix A. Figures ll
and 12 show plots of the FPF and ultimate strength measurements in stress
space as well as the predicted FPF failure envelopes developed using lami-
nation analysis.

It should be clear that one of the shortcomings of the replication
technique as used here to detect FPF is the fact that the specimen was sub-
jected to as many as about ten cycles of load. It is quite likely that though

Table 4. First Ply Failure Results for [0/90] ; Tubes

Ultimate Strength FPF Strength Stress

Specimen (ksi) (ksi) Ratio Failure Location
No. ’y TXY — Txy OylTtxy and Type
123 Tle 7 - 61.7 — o= seam/tension
126 80.2 - - — - seam/tension
42 113. 8 - 31.0 " - gage/tension
41 115.4 11.5 54.0 5.4 10 seam/tension
45 69. 4 13.9 30.8 6.2 5 shear/1" from tab
44 48.2 15.9 - - 3 shear/gage
18 31.0 15.5 - — 2 shear/1" from tab
121 32.2 16.1 29.7 14.9 2 shear/gage
37 19.0% 19.0 1.9 17.9 1 shear/gage
124 (% 15.4 7.4 14.9 1/2 shear/tab
43 < 14.8 - - 1/4 shear/1" from tab
36 - 15.6 - — - buckle
40 o~ 15.8 - - - buckle

%0y, as loading was axial tension. From symmetry of loading and material
axes, Ty should be interchangable with o, in this case.
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Table 5. First Ply Failure Results for [45] ; Tubes

Ultimate Strength FPF Strength Stress

Specimen (ksi) (ksi) Ratio Failure
No. Tx Txy Tx Txy T/ Txy Location
48 25.5 - 19.0 -~ - 1" from tab
32 31.2 - 29.5 - - gage
47 40. 4% - 34, 5% - — gage
119 32.0 5.3 31.9 5.3 6 gage
92 32.9 8.5 25.5 4.2 6 gage
96 38.2 9.6 32.9 8.2 4 gage
89 27.3 13.6 24.0 12.0 2 gage
106 31.8 31.8 29.7 29.7 1 gage
93 23:5 35.3 20.7 3%. 1 2/3 gage
88 13.3 39.9 )1 35.2 1/3 gage
90 6.7 40.2 - = 1/6 gage
52 - 5.3 — — o gage
21 - 35.8 = = -~ gage
107 - 41.6 - - - gage

*r_, as loading was internal pressure. From symmetry of loading and

material axes, ¢, should be interchangable with O'Y in this case.

few in number, the stress ranges involved were rather high and some low
cycle fatigue effects may inadvertently have been produced. The extent to
which this specimen cycling influenced the FPF thresholds found experi-
mentally is unknown.

Looking first at Figure 1l for the [0/90] 4 test results, it can be seen
that some of the data points are somewhat scattered, particularly along the
vertical axis representing transverse stress ¢, imposed by internal pressure
loading. Data presented in Table 4 have been organized to show points on
the graph moving out from the origin, then clockwise around the graph from
the vertical (o) axis. Therefore, uniaxial ultimate strengths of 71.7, 80.2,
and 113.5 ksi are listed for tube numbers 123, 126, and 42, representing the
ultimate strength points on the Ty axis, moving vertically from the origin.
The failure envelopes were more or less arbitrarily drawn, taking into
account the type of failure evident. Because tube numbers 123 and 126 failed
along the spiral lap junction of the 90° plies, indicating possible fabrication
deficiencies, these results were discounted (see the specimen photographs
in Appendix A). Failure in tube number 42 occurred along a vertical line,
not in the spiral lap junction, therefore this result was considered valid.

All three specimen failures resulted from tension caused by the internal
pressure loading. Two FPF data points were detected with replicas at
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31.0 ksi for tube number 42 and 61. 7 ksi for tube number 123. It is inter-
esting to note the lowest recorded FPF strength under uniaxial oy stress was
exhibited by the tube with the highest ultimate strength for this loading mode.
Because the 61. 7 ksi FPF strength of tube #123 is so much higher, it was
thought the true first ply failure event may not have been a strongly dominant
crack within the replicated area, and therefore may have been missed. The
failure envelope was therefore drawn to weight lower FPF points more heavily.

Tube number 41, tested with a stress ratio & = 10, is the first
biaxial point moving clockwise around the graph in F};gure 11 from the vertical.
An ultimate strength of 115. 4 ksi tension, 11.5 ksi shear was measured for
this tube, with failure occurring along the spiral seam of the (internal)

90 degree plies, as caa be seen in the photograph in the Appendix. Final
failure resulted from torsional stresses which sheared the specimen off at
the tab. No FPF point was measured for this tube.

In-plane shear appeared to be the failure mode of tube #45, loaded
with a & /‘r ratio of 5. FPF cracks were detected after an applied stress
of oy g’O 8 and Txy = 13.9 ksi. Contrast the appearance of tube #45 with its
ma.ny longitudinal cracks, to tube #42 with only one major longitudinal crack.

With the exception of two tubes, the remaining [0/90] ; specimens
tested with load ratios of increasing torsion showed failures w1th many longi-
tudinal cracks, as shown in the photographs for the six tube numbers 44, 18,
121, 37, 124, and 43. Tube #37 was loaded with axial tension and torsion,
along a 0y /T4, ratio of 1; calculations indicated FPF would be due to shear
caused by the torsional loading. Many vertical cracks were evident in the
failed specimen indicating FPF was probably due to shear. Although a FPF
point was detected at 17.9, this point appears to be somewhat high. Actual
first ply failure was probably missed by the replica. The failure envelope
was drawn in this region with more emphasis on the lower FPF points.

Failure of tube #121 occurred in the center of the specimen. Tabs
were later cut away to make visual inspection under the microscope easier.
Only two FPF points were measured for the aforementioned six tubes (Nos.
44, 18, etc.), as detecting cracks with replication during torsional loading
was difficult. Shear cracks tended to be more tightly closed than tensile
cracks, therefore more difficult to detect.

The final two tubes, numbers 36 and 40, were tested with uniaxial
torsion. Failure apparently was caused by torsional buckling (see Figure 13 ).
Upon removal of load these specimens both reverted back to their original ‘
shapes, and retained most of their original stiffness. This behavior was
surprising, since earlier theoretical and experimental work with [0] 4 tubes
showed them to have torsional failure strengths well below torsional buckling
strengths. (1)
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Of the 13 tests run on [0/90] g tubes, only 6 tests resulted in clearly
detectable first ply failure measurements. Although these points do not fall
exactly where predicted, the general agreement is fair and the shape of the
failure envelope determined by four of the points does closely resemble the
rectangular sharp-corner shape of the predicted FPF envelope. The biggest
margin of error appears to be in placement of the right hand region of the
predicted failure envelope, which is largely determined by the shear modulus
of the material. The predicted FPF envelope was produced using a secant
modulus value of Gy = 5.5 X 105 psi to describe the in-plane laminae shear

- properties. One would expect that the '"effective'' shear modulus relevant to

this type of approximate analysis would properly lie between the secant and
tangent moduli for the ply failure strain 712+ aud indeed this conjecture was
confirmed by varying the input parameters in the analysis. However, the
purpose here was not to '"curve fit" the predicted FPF envelope to the data,
but rather to demonstrate that the computations based on measured ply
properties and accounting for curing strains produce acceptable predictions
of FPF behavior. It seems reasonable that improved predictions could be
made using a nonlinear laminate analysis accounting for the true Ti2 Y12
relation.

First ply failure data for [+45] ; tubes were generated using various
combinations of axial tension and torsion. Results listed in Table 5 are
plotted in Figure 12 in the same manner as previously described for [0/90] "
tubes. Points plotted along or near the vertical ¢y axis, as before, are quite
scattered. This portion of the graph corresponds to in-plane shear failure
in the material. The predicted FPF envelope is represented as a horizontal
line in this region. Three tubes, numbers 48, 32, and 47 were tested under
uniaxial stress: tubes 48 and 32 were tested with axial tension, while tube
number 47 was tested with internal pressure loading. Results from tube
number 47 have been included on this graph along with those from specimens
48 and 32 because the stress states in these specimens are the same, if tube
curvature effects are discounted as small. Three FPF points were generated,
ranging from 19.0 ksi for tube number 48 to 34.5 ksi for tube number 47.
Ultimate strengths ranged from 25.5 ksi to 40. 4 ksi. Many cracks along the
fiber axis were noted on all three failed specimens (see Appendix A). Speci-
mens tested to failure with axial tension did not exhibit failure features differ-
ent than those specimens tested to failure with torsion. Visual evaluation
could not verify that a [£45]  tube failed due to in-plane shear rather than
matrix tension, although laminate calculations of FPF should provide reliable
predictions as to FPF mode.

Moving clockwise around the plot from the vertical axis, four tubes
were tested with oy Txy ratios greater than one, placing data points in the
region predicted to represent in-plane shear failure. Tube numbers 119 and
92 were tested along a load ratio line ¢_/r__ = 6, with tube numbers 96 and
89 tested along o-x/.,— paths of 4 and 2 respectively. Again, data points are
somewhat scattered so that locating the failure envelope is to some extent
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judgemental. All four of these biaxial tests did produce FPF values found
with the replication technique, however.

The remaining tubes were tested with increasing torsional load com-
ponents, including 3 tubes tested in pure torsion. Tubes 106-107 inclusive
(see Table 5) all were predicted to produce matrix tensile failures in the
material. Data points for these tests are much less scattered, making esti-
mation of failure envelopes much more reliable. Note, however, detection
of FPF cracks with replicas during predominately torsional loading was not

-achieved, even though this predicted to be a matrix tensile mode of failure.

Out of 14 tests conducted on [£45] g tubes, FPF results were obtained
from 10 tests. First ply failure envelopes were estimated from these data,
although some points corresponding to predominantly axial (ry) loading were
quite scattered.

B. Influence of First Ply Failure on Fatigue Life

In order to determine what effect FPF may have on fatigue life of
composite laminates under biaxial loading, six sets of two fatigue tests each
were conducted, three sets of two tests on each layup used in the FPF
characterization part of the program. The objective in conducting these
fatigue tests was to learn whethe r ¢ycling within the FPF envelope produces
significantly less damage/cycle than cycling across or above the FPF enve-
lope. The approach was to cycle a pair of identical specimens along a pro-
portional load path; a constant value of ¢y /T4y for [0/90] g tubes and a constant
°'x/"'xy for [£45] " tubes. One member of the pair was to be cycled with a
peak stress outside the FPF envelope, and the other specimen to be cycled
entirely within the FPF envelope. The stress range was held coastant for
both members of specimens tested along a given stress vector, but the stress
range did vary somewhat across specimen pairs due to the fact that the speci-
men failure envelope varied in proximity to the FPF envelope for the various
stress vectors. Note also that while the stress range was fixed for specimen
pairs, the "load ratio'" R = minimum stress in cycle/maximum stress in
cycle necessarily was different. All fatigue tests were conducted under
conditions of load coatrol, using a sinusoidal signal.

Fatigue test results for [0/90] tubes are shown in Table 6. Peak
stress values have been plotted in Figure 14 , in which the experimental and
analytical FPF results have been superimposed to show the stress ratios
and the relationship of peak stress levels to the FPF envelope. Three stress
ratios G’Y/-r = 3, 5, and 10 (imposed by combined torsion and internal pres-
sure) were conducted. Tube number 120 was cycled between 7y = 20, Txy =
6.7 ksi and ¢y = 40, Ty, = 13.3 ksi and failed after 4 cycles. Later examina-
tion of the replicas showed the tube had cracked during the first cycle of load.
The second specimen, tube number 130, was cycled along the same stress
path, but at a lower peak stress value with approximately the same stress

17
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Table 6. Fatigue Results for [0/90] 4 Tubes

Specimen ¢ max/min T, max/min FPF on
No. (ksi) (ksi) Ty /Ty Cycles 1st Cycle
120 40/20 13.3/6.7 3 4 Yes
130 20/0. 3 6.7/0.1 3 100, 000 (runout) No
45, T* 15. 2%

122 50/25 10/5 5 11,061 Yes

127 25/1.0 5/0.1 5 113,000 (runout) No
66. 6% 13. 3%

125 50/25 5/2.5 10 101, 000 Yes
75.8% 7. 6%

*Residual strength.

range. This specimen endured 105 cycles of loading without failing. In the
interest of time, 105 cycles was defined as runout; the specimen was then
loaded to failure along the same stress ratio recording a residual strength
of oy =45.7, Ty = 15.2 ksi. No FPF crack was detected on the first cycle
replica. All [Ox/}‘;O] s fatigue specimens were cycled at a rate of 0.5 Hz, this
being a limitation of the machine when internal pressure loading is used.

Tube numbers 122 and 127 were cycled along a stress ratio of 5 with
similar results. Tube number 122 failed after 11,061 cycles, while tube
number 127 "ran out'. A residual strength of o, = 66.6, Tx, = 13.3 ksi was
recorded for tube number 127. Again, the tube cycled above FPF showed a
crack on the first cycle replica while the tube cycled below FPF did not.

Tube number 125 was cycled along a stress ratio of 10 with a peak
stress above the FPF envelope. This specimen also ''ran out' and was tested
to failure. A residual strength of ¢y = 75.8, Ty = 7.6 ksi was recorded.
Because a tube cycled below the FPF point would also be expected to runout,
the second test was not run in order to save some time. To cycle a specimen
103 times at 0.5 Hz required over 55 hours.

Tube numbers 120, 122, and 127 all showed evidence of FPF follow-
ing the first cycle of loading. This was to be expected since the loading
was intended to exceed the measured FPF envelope, and serves to engender
confidence in the measured FPF surface for [0/90]s laminates.




Axial tension and torsion were imposed on the six [£45] ¢ tubes tested
in fatigue along stress paths of °'x/"'xy =1/3, 2/3, and 1. These results are
shown in Table 7, and the stress trajectories are plotted in Figure 15. As
indicated by the Figure, the stress range the same for each member in a
pair of specimens loaded along a common stress path. Testing rate was a
problem for these tests, initially a cyclic rate of 5 Hz was used, but failure
was found to be occurring on the first cycle. The decision was then made to

Table 7. Fatigue Results for [£45] ; Tubes

Specimen ¢y max/min T4, max/min FPF on
No. __ (ksi) (ksi) ox/Tzy = Cycles  1lst Cycle
154 12. 3/1.6 37/4.9 1/3 4,053 No
148 11/6.3 33/0.9 1/3 74,832 Yes
141 22/3.3 33/4.9 2/3 271 Yes
149 19/0.3 28.5/0.5 2/3 4, 640 Yes
147 27/4.5 27/4.5 l = *

144 23/0.5 23/0.5 1 913 No

*Broke on first cycle

conduct the initial 10-20 cycles at a rate of 1 Hz, after which the rate was
increased to 5 Hz. This approach eliminated problems with failure during
the first cycle, but again demonstrates the strain rate dependence of this
matrix material. None of the [£45] ; specimens survived 103 cycles.

First ply failure cracks were not detected as expected during any of
these tests. No crack was detected on the replicas for tube number 154,
which was cycled above the FPF envelope along the pathog/r, . =1/3. A
crack was detected, however, in tube number 148, which was fested at lower
stress values. The FPF envelope had been considered to be well defined in
this region of stress space, and for this reason peak stresses were chosen
so as to cycle one tube just above and one just below the envelope. Perhaps
the reversal of expected replication results stems from minor irregularities
in the specimens which may have or maynothave caused FPF outside the replica-
tion region in the case of specimen 154, Despite this apparent contradiction in FPF
results, it is important to note that specimen 148, cycled at what might be
considered to be below the FPF threshold, endured considerably more load
cycles than specimen 154, cycled further into the FPF regime.

[




Replicas from both tubes tested on the stress ratio of 2/3 showed
cracks, again indicating the exact position of the FPF envelope was not
known. Rate effects may well have had some effect, as the loading rate used
on the first cycle of fatigue loading (1 Hz), was different from that used during
FPF measurement. Of the tubes tested along the stress ratio line of 1, tube
number 147 broke on the first cycle. Tube number 144, tested at lower stress
values, failed after 913 cycles and showed no FPF crack after the first cycle.

In summary, in five pair of tests where comparative fatigue lives

- could be determined, each showed the fatigue life to be considerably reduced
when the stress range spanned the FPF limit as compared to a test at the

same stress range but with the peak stress within the FPF limit. Undoubt-
ably part of the reason for this can be attributed to the higher cyclic stresses
in the former case. However, the decided contrast in the cyclic values
suggests that part of the reason is due to microstructural damage induced in
penetrating the FPF envelope.

The fatigue data can be examined in light of the accepted "S-N'"' rela-
tion omax = AN-B where omax is the maximum stress per cycle, N the
cycles to failure at that cyclic stress, and A and B are positive constants.
Then,

d(fn Tmax)
d(fn N)

showing that in this log-log linear relation B is the (negative of the) slope of
the fn o vs. fn N graph. Applying this fatigue relationship to each of the
five pair of test data, the coefficient B is found to average about 0.045. This
value is very nearly the same as established by SwRI in other program work
for the cyclic fatigue behavior of the same material system having a circular
hole. The coefficient B for unnotched tubes is much less, indicating that the
effect of cycling across the FPF envelope as compared to cycling inside the
envelope is approximately the same as a stress concentration factor of two
or three. While this argument is far from conclusive, it does support the
notion that FPF mechanisms aggravate fatigue life, over and above the effect
of the stress level.
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IV. CONCLUSIONS

An experimental technique using an acetate/acetone replicating
plastic in conjunction with optical microscopy afforded a means of observing
and measuring FPF cracking on the outer surface of tubular specimens
maintained at constant load. By making a sequence of such replicas at suc-
cessively higher load levels it is possible to determine retrospectively the

onset of the FPF eveant.

First ply failure appears to develop rather uniformly over the critical
ply, so that a three inch square replica usually was sufficient to capture FPF
features characteristic of the entire surface. Difficulties were encountered
in a relatively few cases where tube failure evidently was due to a fabrication
defect.

" "Lamination theory incorporating the effects of initial stresses due to
curing can be used to construct an analytical model of FPF that correlates
reasonably well with observed FPF values. The model indicates that FPF
predictions are relatively insensitive to the average thermal expansion
coefficient data used as model input, but highly sensitive to the ultimate
strain failure data used.

For the [0/90] ; and [#45] ; G/E laminates investigated during this
program, FPF was always due either a matrix shear or a matrix teasion
mechanism; fiber tension was not a FPF mechanism.

The ultimate failure envelope for G/E material samples loaded in
combined axial and shear loading lies well outside the FPF envelope (from
15% to 400%; depending on the mode of loading). Therefore, structural design
based on FPF would appear to be quite conservative.

The cyclic life of specimens loaded in biaxial fatigue was decreased
considerably when the stress range spanned across the FPF threshold, as
compared to loadings where the (same) stress range was entirely within the
FPF envelope. This consistent decrease in fatigue life maybe attributed in
part to higher peak stresses encountered when crossing the FPF envelope,
and in part to the micromechanical damage introduced when exceeding the
FPF limit. The number of observations was insufficient to allow a more
definite statement to be made.
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[0/90], LAYUP [+45] LAYUP

(1,2) ARE MATERIAL AXES
(x,y) ARE SPECIMEN AXES
3and z ARE AXES NORMAL TO PLIES

Figure |. Coordinate Systems for Material and Specimen Axes
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Figure 6. Tubular Specimen Mounted
in the Biaxial Machine
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Penetrant in [0/90] ¢ Tube.
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Figure 8. FPF Detected by Replication f1
Techniques in a [£45] ¢ Tube 1
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Figure 1l . Experimental FPF Measurements on (0/90)g Tubes
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APPENDIX A

FPF CHARACTERIZATION SPECIMENS
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