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ABSTRACT

The U.S. Army Vehicle Technology Centre (VTC) at NASA Langley, has successfully used
interlaminar fracture mechanics analysis on rotor craft structures to predict delamination
initiation. The structure was analysed to determine the values of strain energy release rate (G)
at critical locatlons in the structure. These predictions were compared with structural test data
runmng out to 10’ cycles. However, in reality these structures may experience between 10® and
10° cycles in service at a frequency of 5Hz. Hence, the aim of this work was to develop an
accelerated and cost effective method of generating these long term fracture data for the
analysis. Two materials were used in this project. These were S2/8552 and S2/F584, both
glass epoxy systems. Delamination onset was monitored at both 5Hz and 20Hz and no
difference in cycles to delamination onset was identified. It was concluded that longer term
tests could be run at between 15 and 20Hz to represent structural tests at SHz. A multi-station
fatigue machine was modified to allow up to six composite DCB test pieces to be tested. Each
station had its own instrumentation to monitor individual specimens for compliance changes.
This machine operates electro-mechanically and hence is less expensive to run than the
conventional servo-hydraulic fatigue machmes The multi-station machine was used to
generate delamination onset data up to 10° cycles at 17Hz for both materials. For both materials
a consistent decrease in the values of G between 10° and 10° cycles was observed. It is
estimated that the increase in frequency and the use of an electro-mechanical multi-station
fatigue machine, reduces the cost of generating long term fatigue data to under 5% of that using
conventional testing approaches. This allows additional data to be generated giving greater
confidence.

KEY WORDS

accelerated test, delamination onset, double cantilever beam, fatigue, frequency effect,
interlaminar fracture, mode I delamination, multi-station.
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1.0 SYNOPSIS

Composite material bearing less rotor hubs are subject to high cycle tensile, bending and
torsion loads. These structures are designed with increased thickness at the ends for mast and
blade attachment and reduced thickness between these attachment points to increase the
bending flexibility. The change in thickness is obtained by terminating internal plies. Stress
concentrations arise where the plies terminate that may act as sites for delaminations to initiate.
The U.S. Army Vehicle Technology Centre (VTC) at NASA Langley, has successfully used
interlaminar fracture mechanics analysis on such structures to predict delamination initiation.
The structure was analysed to determine the values of strain energy release rate (G) at critical
locations in the structure. These values of G were compared with generic materials fracture
data to predict if a delamination will initiate. These predictions were compared with structural
test data running out to 10" cycles. However, in reality these structures may experience
between 10® and 10° cycles in service at a frequency of 5Hz. It is not feasible to test the
structures out to these number of cycles. Hence, it is proposed to generate the materials
fracture data out to this number of cycles and extend the current analysis to allow longer term
delamination initiation predictions to be made. Hence, the aim of this work was to develop an
accelerated method of obtaining these long term fracture data. To achieve this, an acceptable
increase in frequency for mode I double cantilever beam (DCB) testing must be found that does
not influence the results. Further a multi-sample testing approach should be used with multiple
replicate tests, to address the scatter inherent in fatigue behaviour.

Two materials were used in this project with a third being removed early on. These were
$2/8552 and S2/F584, both glass epoxy systems. Fatigue tests were conducted on the S2/8552
at different frequencies to identify if any heat arose at the delamination front with high
frequency testing. The tests were run up to 30Hz and no heat rise was detected. Further,
delamination onset was monitored for shorter term fatigue tests (<106 cycles) at both SHz and
20Hz and no difference in cycles to delamination onset was identified. It was concluded that
longer term tests could be run at between 15 and 20Hz to represent structural tests at 5Hz. A
multi-station fatigue machine existed at MERL for testing four elastomer test pieces, each with
its own instrumentation for stiffness measurement. This design was modified to allow up to six
composite DCB test pieces to be tested. Each station had its own instrumentation to monitor
individual specimens for compliance changes. This machine operates electro-mechanically and
hence is less expensive to run than the conventional servo-hydraulic fatigue machines.

The multi-station machine was used to generate delamination onset data up to 10° cycles at
17Hz for both materials. The data, when plotted on a log-log plot gave no obvious indication
of reaching a fatigue limit and a linear fit to the data was given. This result highlights the
importance of generating the long term data rather than assuming a threshold or no growth limit
based on data generated out onlgl to 10° cycles. For both materials a consistent decrease in the
values of G between 10° and 10° cycles was observed.

It is estimated that the increase in frequency and the use of an electro-mechanical multi-station
fatigue machine, reduces the cost of generating long term fatigue data to under 5% of that using
conventional testing approaches. This allows additional data to be generated giving greater
confidence.
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2.0 INTRODUCTION

For laminated polymeric matrix composites, the first damage event is often a single matrix
crack resulting as a fibre matrix interface failure or a failure in the polymeric resin. The crack
may appear across a lamina as a translaminar crack or between the laminae as an interlaminar
crack or delamination. The latter is a far more critical damage mode. A delamination may
occur from interlaminar stresses arising from an impact event or from geometric or material
discontinuities resulting from design features, such as an edge, a hole, a dropped ply, etc. The
delamination will go through an initiation and growth phase. During these phases damage may
initiate in another part of the structure leading directly to failure of the part.

One composite material structure that may experience delamination type damage is a bearing
less rotor hub. These structures have internally dropped plies to reduce the thickness for
bending flexibility and increase the thickness at the ends for mast and blade attachment. The
hubs typically rotate at 5 cycles per second (Hz) and may experience a combination of tension,
bending and torsion loads.

The Vehicle Technology Centre (VTC) within the Army Research Laboratory (ARL) at NASA
Langley, has (at the time of this work) two Co-operative Research and Development
Agreements (CRDAs) on composite material rotor systems. One is with McDonnell Douglas
Helicopter Systems (MDHS) (now Boeing Helicopters) and the other with Bell Helicopters
Textron, Inc. (BHTI). The CRDA with MDHS is investigating delamination in flat laminates
that are subjected to tension/torsion loads using S2/F584 glass epoxy. The CRDA with BHTI is
investigating delamination in tapered flex beams that represent a critical section of the hub.
These laminates are subjected to axial tension and bending loads and are fabricated from
S2/E7T1 or S2/8552 glass toughened epoxies.

The methodology for predicting durability and
damage tolerance in both these CRDAs is based on
interlaminar fracture mechanics. The relevant
laminate or structure is analysed to determine the
values of strain energy release rate (G) with
different delamination lengths at critical locations.
These values of G are compared with generic
materials fracture data to predict when and to what
extent a delamination will initiate and grow [1-3].
To determine if the composite rotor hubs will
delaminate in fatigue, flex beams (the tapered region
of a hub) have been tested at VTC for up to 10,000,000 (107) cycles. However, because of
stroke and frequency limitations on typical hydraulic load frames and the cost of operation, it is
not feasible to fatigue test the flex beam laminate beyond 10’ cycles even though rotor hubs
may easily experience between 10° and 10° cycles in service. Furthermore, should the design
change, the fatigue tests would have to be repeated. Hence, it is proposed to use analysis and
long term materials fracture data as a design evaluation tool to predict delamination onset in
structures such as the flex beam after long term fatigue.

Figure 2.1 Double cantilever beam
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The generic material fracture data required for such analysis includes fracture initiation data
from tension or peel forces, mode I and from shear forces, mode IT and mode III (perpendicular
shear forces acting in the interlaminar plane). In reality the peel and shear forces may be
present together causing a mixed mode, e.g. modes I and II fracture. The specimens to
characterise these delamination modes are the double cantilever beam (DCB) specimen for
mode I, Figure 2.1; the end-notched flexure (ENF) specimen or the newly developed four point
bend end-notched flexure (4ENF) for mode II; the edge cracked torsion specimen (ECT) or the
modified split cantilever beam (SCB) for mode III; and the mixed mode bending (MMB)
specimen from mode I/Il. A review of these test methods is given in Reference 4. To provide a
comparison for many different structural applications, the material’s delamination onset criteria
must be generated both under quasi-static conditions and in fatigue for a range of fracture
modes. An example of the data to be generated is shown in Figure 2.2. On the traditional
x-axis is the number of cycles to delamination onset. On the traditional y-axis is G,, the total
cyclic strain energy release rate. On the z-axis is the mode ratio. When G/G, is zero, this is an
all mode II test, or an ENF specimen. When G/G, is 1, it is a pure mode I test or a DCB
specimen. The data shown terminates at 10 cycles. However, for rotor systems the data must
be extended beyond 10° cycles.

The data shown in Figure 2.2 is for the initiation or onset of delamination. There are different
methods for handling delamination growth. The same specimens described above may be used
to measure the rate of fatigue crack growth (da/dN) with the strain energy release rate. In many
works [e.g. 4], it has been shown that once the fatigue crack has begun to grow that it grows
very rapidly. For structures where the values of G increase with delamination growth, then the
delamination growth phase is short and can be neglected. Hence, the design and the prediction
approach taken at the VTC is that the delamination should not be allowed to initiate. Hence, no
delamination growth work is included in this study.

G/G 2% To generate data out to 10 cycles requires
long term tests and dedicated equipment.
The cost and time to generate such data is
largely proportional to the frequency used.
Therefore, if the frequency can be

G, (Jim?) ‘ increased there is a linearly proportional
1000 X z"‘i‘ decrease in test time. However, increasing
)' 16950, LAY 2oy . the frequency to accelerate the test ma
! LXK g M AAM quency ; Y
w0 4"'"0"(?,{3"&%‘2':.:,7 have an effect on the physics of the fatigue
2 tests effecting the results. The
) Y .0 29, o e g

information on what frequency is
7 acceptable for testing is vital to the
N, cycles 10 reduction of cost to generate these long
term data.  Further, because of the
inherent scatter with fatigue data, it is
necessary to test several specimens at the
same load level to determine the scatter
and allow a statistically accurate fit of the data to be performed. Hence, running several
specimens for long duration becomes an even costlier exercise. At MERL, a unique multi-

Figure 2.2 Mixed mode fatigue fracture data
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station fatigue machine has been designed and built. Each station on the test machine has its
own instrumentation allowing individual stiffnesses to be monitored during the test. The
machine was developed for large displacement elastomer testing. Composite specimens
undergo smaller displacements in fatigue, hence modification to the design would need to be
made to allow composites to be tested with the result of greatly reduces the cost and time for
long term data generation. Hence, the aim of this work is to identify the optimum frequency
and employing the multi-station testing approach for mode I DCB testing This approach would
then be used to generate the mode I delamination initiation criteria for two rotor craft
composite materials out to 10® cycles. Because mode I is the critical delamination mode, the
" use of a mode I delamination criteria allows conservative predictions to be made when other
loading modes are present in the structure. Identification of the frequency effects for the other
“delamination modes is an area for further work.

Initially, the two materials intended for the project were S2/E7T1 (of interest to BHTI) and
S2/F584 (of interest to MDHS). A panel of S2/E7T1 was supplied to MERL. However on
testing it was identified as containing a woven glass ply on the delamination plane. Asno more
of this material was readily available, this material was changed to S2/8552 (also of interest to
BHTI) part way through the project. However, initial results on the woven panel were
generated and are presented.
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3.0 LITERATURE SURVEY ON FREQUENCY EFFECTS

The underlying theme to this work is the development of a method for accelerated testing to
generate long term delamination characterisation data. One method is the utilisation of the
multi-station testing approach already utilised by MERL. The other is the increase of test
frequency. However, to identify what work had been done in this area before, a literature
review was undertaken.

Most of the references found described frequency effects on laminate failure rather than
delamination initiation. Also, many references investigated the effect of lowering frequencies
to include time dependent effects rather than increasing the frequency to accelerate the test.
However, a few references addressed delamination issues. Subramanian and Chan (5]
conducted delamination onset tests on IM6/3501-6 [(30/-30),/30/90], laminates at frequencies
of 0.1, 1 and 10Hz. As the frequency was increased, the cycles to onset of delamination and
the delamination growth rate increased. Adams et al [6] also investigated the frequency effect
on edge delamination in carbon/epoxy laminates. They found no effect between frequencies of
5 and 10Hz, within the ranges of frequencies of interest in this work. Saff [7] found an effect
of laminate failure between frequencies of 0.1 and 10Hz and surmised that the sensitivity to
load frequency is a function of the stress state of the matrix. Other papers have investigated the
effect of frequency and dynamic heating on fatigue life of laminates. Sun and Chan [8] looked
at the effect of frequency on notched +45 laminates and found that an increase in temperature
around the hole was responsible for the decrease in fatigue life with increase in frequency (1 to
10Hz). However, if the frequency range being studied is less than 1Hz, such as down to 0.01,
then fatigue life is lessened at the lower frequencies because of time dependent damage
initiation and growth [9,10].

Hojo et al [11] investigated the effect of low frequencies of delamination growth rates in DCB
specimens. As the frequency rate was lowered below 5Hz, the crack growth rate was
accelerated. This arises from a fatigue/creep interaction. In the work under this contract, the
frequency will be raised above 5Hz and so the effect may not be clear. In conclusion, no
relevant work was found on the influence of raising frequency on the initiation of delamination
in DCB samples.
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4.0 TEST MACHINE DEVELOPMENT

The original MERL multi-station fatigue machine, in its present design, presents a low cost
option (when compared with servo-hydraulic test equipment) for the performance of low load,

Figure 4.1  The re-designed multi-station machine

displacement controlled, long term fatigue tests. This machine provides a range of operation,
in terms of amplitude, from 2.5 to 20mm. Below 2.5mm amplitude levels the accuracy and
control of displacement applied to test pieces becomes unreliable. Double Cantilever Beam
(DCB) test piece geometry can require cyclic displacements in the order of 1.0mm for long
term fatigue tests, much smaller than that available from the present machine.

A design review phase was carried out to establish the necessary operational requirements for a
modified machine to be able to test composite DCB specimens. Following preliminary design
requirement discussions, two design (modification) concepts were developed. These were
further refined with respect to the test requirements of the project and one concept further
developed to a working design.

The chosen concept provided six instrumented test stations operating over a number of,
discreet, amplitude ranges. This allowed three specimens of each material to be run together
for the 10° cycle test. The resulting machine is illustrated in Figure 4.1. Each station allowed
different amplitudes (within certain conditions) to be applied at different stations. Each load
cell had a 1kN dynamic load cell. For each station, the data acquisition consisted of digitally
recording the load and displacement data. Periodically, the slope of the loading and unloading
curve was calculated to determine the specimen compliance. To improve accuracy of this
measurement, the frequency of the test was reduced to 1Hz for a short period while the slope
was being measured. The frequency was then returned to its original level until the next
measurement. The periodicity of the measurements was a user input. The values of
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compliance are plotted versus cycles on the screen and stored to disc with other test
information. A typical screen output is illustrated in Figure 4.2.

I Mk R DCB test vi
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Figure 4.2  Typical screen from data acquisition
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5.0 TEST METHODS

5.1 Quasi-static interlaminar fracture toughness tests

These tests were performed on a screw driven test machine at a constant displacement rate
according to ASTM D5528. All tests were conducted with delamination from the insert. No
unloading cycle was performed after delamination growth from the insert. Four test pieces
were selected at random from each batch of material. The S2/8552 specimens for both static
and fatigue tests were delivered with MS20001-6 extruded aluminium alloy hinges already
attached. The adhesive was not known. For the S2/E7T1 and the S2/F584 specimens,
MS20001-6 hinges were bonded on at MERL using Redux 420A/B. The adhesive was cured at
70°C for 2 hours. The thickness and width of each test specimen was measured at three points
along the length and the average value determined and used for the calculations of G;.. The
edge of each test specimen was then coated in water-based typewriter correction fluid and a
grid marked starting with the first line at a, (the end of the insert). Lines were then marked at
lmm intervals for the first 10mm and subsequently at Smm intervals to a crack length of at
least 90mm.

For all specimens, the hinge was clamped firmly in the test grips and the specimen aligned.
Load was then applied at a rate of 0.5mm/min. As the load increased the delamination length,
a, was measured on one side of the test specimen using a microscope at approximately X25
magnification. At relevant intervals of delamination length, the load and the deflection were
noted. Throughout the test, the load/deflection trace was stored in the computer.

The results of all the static tests were calculated using the different methods given in ASTM
5528. However, the tables and plots within this report are all calculated using the modified
beam theory, where the compliance is determined from Equation 5.1 and the interlaminar
fracture toughness from Equation 5.2.

C=mla+A) (5.1

P
3FO. (5.2)

G =%
fe 2b(a + A)

The values of m and A are determined from a linear fit of the cube root of the compliance, c”?,
plotted against the delamination length, a.

5.2 Effect of frequency on temperature in the DCB

As identified in the literature survey, laminates that undergo high degrees of strain during a
fatigue tests may experience a rise in temperature that effects the fatigue life. To determine if
this was so with the DCB fatigue tests, a study was conducted to determine the effects of
frequency on the heat build up with the S2/8552 specimens. A thermal camera was used that
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could determine the local heat in a region 2-3mm in diameter (larger areas were also possible).
The thermal camera was capable of detecting a £0.2°C change in temperature. The heat built
up during fatigue should be a function of frequency, amplitude, R-ratio, damping properties of
the material, and time. Hence, a specimen was fatigue tested at different frequencies and at
different amplitudes for different durations as shown in Table 5.1 (the results are discussed in a
later section). The camera was placed approximately 3mm from the crack tip on one specimen
located in an MTS servo-hydraulic machine.

Opmax Frequency | Cycles Time Specimen
(Hz) (000s) Elapsed | Temperature
(mins) (°C)
1.75 5 12 40 25.2-25.3
2.5 5 20 67 25.6-26.2
3.5 5 60 200 25.6-25.9
3.5 10 50 83 25.0-25.6
3.5 20 250 50 25.4-25.6
3.5 30 59 140 25.1-25.2

Table 5.1 Summary of heat build up tests

5.3 Fatigue delamination initiation

The longer term fatigue tests (>10 cycles) were conducted on the new multi-station fatigue
machine. Shorter term (<10 cycles) tests were performed on a servo-hydraulic MTS test
system. These tests utilised a specialist fixture that allows four DCB test specimens to be
cycled together with load monitoring on each station. A typical set-up is shown in Figure 5.1.
This fixture allows accurate alignment of the test specimen with the load. Each station is
monitored using a load cell giving accurate measurements of the load applied to each specimen.
The outputs from each load cell are monitored using the same software as for the multi-station
machine described above.

. T The fatigue tests were conducted
Individual . g according to the procedures in
load cells ASTM D6115. DCB specimens

were cycled between a minimum
Environmental and maximum displacement, &,
chamber and 8,,,,. For linear elasticity and
small deflections (6/a<0.4) the
displacement ratio, O8.;/Omaxs 1S
identical to the R-ratio. A
displacement ratio, &.;r/Omax, Of
0.1 was specified for this series of
tests. The frequency used on the
multi-station machine was 17 Hz
for the long term tests On the

DCB specimens

Figure 5.1  Four station multi-station fixture for

attachment to servo-hydraulic test stand
Final Report
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MTS machine a frequency of 5 and 20Hz was used. The two frequencies were used to make a
comparison. Either three or four specimens were tested at four different cyclic displacements
to allow a G-N curve to be generated as in ASTM D6115. The tests were run until a 5% (or
more) change in compliance was obtained or until a test was stopped as a run-out.

The maximum mode I cyclic strain energy release rate, G, was calculated using the
modified beam theory as above and in Equation 5.3. To run the test, an average value of A
from all four static tests was used to identify the applied level of Gj,,,. Once the fatigue test
was complete, a compliance calibration for the individual specimen was conducted to
determine the actual values of m and A for that specimen, this is an extra procedure not yet
included in ASTM D6115. The post fatigue test compliance calibrations were not conducted
on the S2/E7T1 specimens.

Imar = O (5.3)
2b(a + A)
Final Report
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6.0 TEST RESULTS

The static and fatigue data are presented in full in the appendices and summarised within the
body of the report. The raw-data are supplied on the enclosed discs as Excel files. The files are

filed under:

e MATERIAL NAME 8552
E7T1
F584
e DATA TYPE compcal (compliance calibration)
fatigue (compliance versus cycles data)
static (reduced quasi-static data)
e SPECIMEN NUMBER

6.1 Frequency Effects

For all tests conducted, see Table 5.1, even at 30Hz at amplitudes sufficiently close to static
toughness to cause crack growth, no significant temperature rise was detected. The ambient lab
temperature was approximately 24°C. The temperature of the test specimens was 1-2°C higher
over the whole specimen (caused by radiated heat of the servo-hydraulic test stand) with no
increase in temperature at the delamination tip region. In conclusion, because of the small area
of the composite that is loaded ahead of the crack tip and the lack of friction or any other heat
raising mechanism, heat build up in the unidirectional S2/8552 DCB specimens does not occur
within the parameters tested. The comparison of G-N data generated at SHz and 20Hz is
discussed below. In summary, the long term tests of DCB specimens may be conducted at
frequencies up to 30Hz with no significant heat build up effects.

6.2 Static Results

The data sheets for all the static tests are given in Appendix 1. This consists of the following:

e The load displacement curve
e Table of data and data reduction
e R-curve.

6.2.1 S2/E7T1 (with fabric layer)

A typical load displacement curve is shown in Figure 6.1. Although these specimens contained
a fabric layer, the curve had no signs of crack growth jumping across the weaves (observed as a
ratchetting effect) but did show evidence of fibre bridging (load still increases after
delamination initiation) [12]. Fibre bridging is evident on examination of the delaminated
surfaces, Figure 6.2, where the bridged fibres appear lighter in colour. The R-curve for the four
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S2/E7T1 (with fabric layer) specimens is shown in Figure 6.3. The scatter between the four
samples tested is low. The data has the classical increase in crack growth resistance from the
effects of fibre bridging. This increase occurs over the first 5-10mm of delamination growth
where the values reach a plateau approximately twice that at initiation. The actual loads and
values are given along with the fatigue data in the section 6.3.

S2/E7T1 (fabric layer)
400

350 AN

300 / \

250 / —
ol
100 /
50 /

0 2 4 6 8 10
Displacement (mm)

Load (N)

Figure 6.1  Typical Load Displacement Curve for Figur 6.2 Dlgital scan
S2/E7T1 with a fabric layer of failure surface

S2/E7T1 (fabric layer)

1200 5
1000 -
O O
o O O \V/
800 - ﬁﬁg@ﬁ@ﬁx%
< 0 Y 0 O or
S 600 - R
o ]
o
400 - @7 ™M
200
0 | I T T | I
20 30 40 50 60 70 80 90

Delamination length (mm)

Figure 6.3 R-Curve for S2/E7T1 Material (with fabric layer)
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6.2.2 S2/F584

A typical load displacement curve for the S2/F584 is shown in Figure 6.4. The actual values are
given in Appendix 1. The G values are given along with the fatigue data in section 6.3. The
loading portion is linear but at the point of initiation, there was a jump in the load displacement

100 S2/F584
MW
80 Wl
W
3 s /
20
0
0 2 4 6 8 10 12 14 16
Displacement (mm)
j } ) i ":r
Figure 6.4  Typical Load Displacement Curve Figure 6.5  Digital scan of
for S2/F584 failure surface
S2/F584
800
GNL V) ¢
700 - A B Haso
Yo| ¥ 0 < A
D S~
600 - O o O - 100 =
o
_ 500 —r— 7 50 3
e 50 51 52 53 54 55 56 % O
= 400 ~ a (mm)
2 JA'AN
O 300 A
s
200 - G 8
100 @
0 T T T I |
40 50 60 70 80 90 100

Delamination length (mm)

Figure 6.6 R-Curve for S2/F584 Material
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curve, indicating unstable growth. This jump is a result of a thick insert being used creating a
blunt crack. This results in artificially high values of G,. According to ASTM 5528 these
values are invalid. The magnitude of the jump was similar for all four specimens. On further
delamination growth, the load continues to increase indicating substantial fibre bridging. Fibre
bridging is evident on examination of the delaminated surfaces, Figure 6.5 where the bridged
fibres appear lighter in colour. The R-curve for the S2/F584 is shown in Figure 6.6. The
scatter between the four samples tested is low. The data shows the classical increase in crack
growth resistance from the effects of fibre bridging. This increase occurs over the first 5-10mm
of delamination growth where the values reach a plateau. The inset graph in Figure 6.6 shows
the higher values of G, at the insert.

6.2.3 S2/8552

A typical load displacement curve for the $2/8552 is shown in Figure 6.7. The G~ values are
given along with the fatigue data in the fatigue section below. The loading portion is linear and
once the crack initiates the load continues to increase for a substantial amount of delamination
growth. This is indicative of fibre bridging occurring. Fibre bridging is evident on examination
of the delaminated surfaces, Figure 6.8. The R-curve for the S2/8552 is shown in Figure 6.9.
The scatter between the four samples tested is low. The data increases from the initial values
and appears to be approaching a plateau value. After 50mm of delamination growth, the values
of G, are seven times larger than that at initiation from the insert. the classical increase in crack
growth resistance from the effects of fibre bridging.

$2/8552

250

200 — e

100 //

50

Load (N)

0 2 4 6 8 10 12 14 16 18 20
Displacement {mm)

Figure 6.7  Typical Load Displacement Curve
for S2/F584 failure surface

Final Report
USARDGSG-UK Contract Number N68171-96-C-9061




Accelerated Methods for Long Term Properties of GRP for Rotor Craft Applications 15

$2/8552

1600

1400

1200

1000 -

0 T T I 1 T !
50 60 70 80 90 100 110 120

Delamination length (mm)

Figure 6.9 R-Curve for S2/8552 Material
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6.3 FATIGUE RESULTS

The fatigue results are shown as measured compliance versus cycles monitored during the
fatigue tests in Appendix 2. The number of cycles to delamination onset, taken as a 5%
increase in compliance, are given in the subsequent tables and plots. The number of cycles to
give a 5% increase in compliance was obtained graphically as illustrated in Figure 6.10.

0.030

0.028

o

Q

]

o
1

0.024

o
Q
¥,
N

Compliance (mm/N)

b3

0.020 - o o]

0.018 4—— v LA A

T T ooy T N T
10! 102 103 10* 105 108
Cycles

Figure 6.10 Determination of cycles to onset after a 5% increase in
compliance for a S2/8552 DCB specimen

6.3.1 S2/E7T1 (with fabric layer)

The cycles to delamination onset for the S2/E7T1 specimens are shown in Figure 6.11 and
Table 6.1. The data are plotted on a log-log scale with the quasi-static data ( G plotted at
10° cycles. A linear fit to all the data is shown. Because of the fabric layer in the DCB
specimens, the fatigue data had limited use, hence, these tests were not taken beyond 10°
cycles. Also, post fatigue compliance calibrations for the fatigue specimens were not
conducted and the average value of A from the four static tests were used to calculate G,
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500 :
R=0.1 f=5Hz
400
300
T
)
% 200
E
0]
100 ! , 1 : :
100 101 102 103 10% 105 108
Cycles (N)
Figure 6.11 G-N curve for S2/E7T1 with a fabric layer
Sample | Width Crack f P... . Gy N°"
(mm) Length | (Hz) N) (mm) (J/m”%)
(ag) (mm)
4A 25.36 30.0 - 2733 1.14™ | 425.7™ | static
7A 25.80 30.0 - 269.3 " 1.18™ | 394.4™ | static
8B 25.84 30.0 - 260.0" .00 | 376.6"- | static
9A 25.85 31.0 - 237.4™ 1.2 [ 3554™ | static
1B 25.07 32.4 5 175 0.77 154.2 | 600,000
9B 25.81 27.5 5 221 0.77 208.5 40,700
11B 25.51 29.0 5 195 0.77 180.6 94200
10A 25.50 28.9 5 209 0.77 193.9 22,900
2B 25.35 28.0 5 203 0.74 185.4 7,600
3A 25.19 26.6 5 225 0.74 213.0 5,500
6B 25.63 24.7 5 248 0.74 241.6 23,100
8A 25.7 26.2 5 226 0.74 211.6 6,500
6A 25.49 27.1 5 272 0.95 323.3 180
5B 25.40 29.3 5 210 0.94 236.7 11,500

Table 6.1 Quasi-static and fatigue results for S2/E7T1 specimens
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6.3.2 S2/F584

The cycles to delamination onset for the S2/F584 specimens are shown in Figure 6.12 and
Table 6.2. The data are plotted on a log-log scale with the quasi-static data (G, ) plotted at
10° cycles. These data were taken out to 10® cycles. A linear fit to all the data is shown. Post

fatigue test compliance calibrations were conducted and the value for A from individual
specimens used to calculate Gy,,,. Note: the longer term tests were conducted at 17Hz because

the fatigue machine was less resonant than at 20 Hz.

G, ., (J/m?

10 - R=0.1 -
8 1 Bax=0-67mm @ =
6 - I
4 3 ax=0-45mm o =
2 | U static

O  f=5Hz

® f{=17Hz
1 T | T T I T T ]

100 10° 102 103 104 10° 108 107 108
Cycles (N)

Figure 6.12 G-N curve for S2/F584
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Spec b A m a f Omax | Pmax Co Glmaj( N5%
# | (mm) | (mm) | x10° [ (m) | (Hz) | (mm) | ) | (um/N) | (/m)
13 20.05 | 29.44 4.70 52.0 - 2.60 | 56.0 - 133.6 static
14 20.05 | 22.43 5.01 51.5 - 2.20 52.0 - 115.7 static
17 20.06 | 19.96 5.16 51.5 - 2.50 | 60.0 - 156.8 static
22 20.01 | 30.02 4.47 51.5 2.50 60.0 - 137.8 static
01 20.25 | 22.25 4.79 51.0 1.60 | 46.1 0.034 74.6 2,800
03 20.20 | 26.24 4.68 51.0 1.60 50.6 0.036 77.8 2,000
10 19.98 | 35.42 4.33 51.0 1.60 [ 45.6 0.037 63.4 1,600
12 20.06 | 19.85 5.08 51.0 1.60 51.2 0.033 86.5 10,100
05 20.24 | 27.58 4.56 52.0 1.20 | 42.5 0.034 47.5 30,000
08 20.19 | 23.50 4.88 51.0 1.20 | 40.5 0.035 48.5 24,000
09 20.16 | 22.87 4.79 52.0 1.20 | 40.0 0.035 47.7 38,000
11 20.16 | 22.69 4.96 51.0 1.20 - - - lost data
02 20.29 | 27.25 4.73 52.0 1.00 - - - lost data

1.00 | 289 0.036 27.9 800,000
1.00 | 29.8 0.035 28.5 1,000,000
0.80 | 30.4 | 0.035 23.7 200,000
0.80 | 29.0 | 0.034 21.3 2,300,000
0.80 | 22.8 0.041 16.8 2,300,000
0.80 | 25.2 0.037 21.1 2,300,000
0.43 11.1 0.038 4.86 | 108,000,000
0.67 12.5 0.048 8.64 | 108,000,000
0.67 19.0 | 0.031 12.02 5,000,000

06 20.01 | 27.54 4.66 50.0
07 20.16 | 25.87 4.66 52.0
15 20.12 | 24.50 4.84 52.0
19 19.72 | 30.64 4.53 52.0
2] 20.12 | 28.81 4.68 52.0
24 19.93 19.80 5.11 52.0
26 20.00 | 21.67 5.09 52.0
29 20.04 | 20.53 5.14 52.0
30 20.15 | 26.82 4.58 52.0
underlined indicates a run out
Table 6.2 Quasi-static and fatigue results for S2/F584 specimens

ey by fecy S B P R AV (O AR LR LV (VR (V.3 (VR (VR (O] A I

6.3.3 S2/8552

The cycles to delamination onset for the S2/8552 specimens are shown in Figure 6.13 and
Table 6.3. The data are plotted on a log-log scale with the quasi-static data (G plotted at

10° cycles. These data were taken out to 10° cycles. The tests conduced at 5 Hz are shown as
open symbols. The tests conducted at higher frequencies (20Hz on MTS machine and 17Hz on
multi-station machine) are shown as solid symbols. Because the two sets are largely
coincident, then it can be concluded that within this range the frequency does not have an effect
on the number of cycles to delamination onset. For the three specimens undergoing the long
term tests, one station developed a fault during the test. The data were not recovered. On
another specimen very early on in the test, the hinge pin came out. This was replaced and the
test restarted. For this specimen a 5% change in compliance was achieved at approximately 10®

cycles determined graphically. For the third specimen, the compliance fluctuates up and down.
The cause for this was not identified but possibly caused from the fixture becoming loose
during the fatigue test. However, because the overall compliance does not increase this test is
considered a run out.
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A linear fit including the static and run out data is shown. Post fatigue test compliance
calibrations were conducted and the value for A from individual specimens used to calculate

GImax'
D 0
300 H _ static
R=0.1 O f=5Hz
® f=20Hz
200
E
< 100
3
E 80
(V)
60 1 Run out 5. =1.2mm
50 H s max =1+
=
40 Run out
30 T T T I ] T T I T
100 101 102 103 10% 10° 108 107 108

Cycles (N)

Figure 6.13 G-N curve for S2/8552
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Spec b A m a f Smax Prax Co GImZE( N5%
# (mm) | (mm) x107 (mm) | (Hz) | mm) | (N) (mm/N) | (J/m")
05 25.40 | 20.86 | 3.47 | 62.0 1 2.80 | 130.0 - 259.3 1
12 2540 | 1994 [ 3.51 | 62.5 1 2.80 | 123.0 - 246.0 1
16 | 2539 | 2148 | 342 | 64.0 1 290 | 129.0 - 258.4 1
21 2537 | 2091 | 3.52 | 62.5 1 2.90 | 128.0 262.9 1
08 25.40 | 31.07 | 3.18 | 62.0 5 2.00 | 86.2 0.023 109.4 65,000
11 25.40 | 33.60 | 3.19 | 62.0 5 2.00 | 97.0 0.020 119.8 3,500
19 25.40 | 28.36 | 3.26 | 62.0 5 2.00 | 94.2 0.021 123.1 18,000
02 25.4 26.63 | 3.32 | 62.0 5 1.80 | 87.1 0.021 104.5 200,000
09 25.40 | 25.56 | 3.25 | 62.0 5 1.80 82.5 0.021 100.2 1,000,000
10 2540 | 2092 | 3.43 | 62.0 5 1.80 86.0 0.021 110.2 200,000
15 2540 | 1474 | 344 | 62.0 20 1.85 97.3 0.020 138.5 2,000
20 2540 | 14.28 | 3.53 | 62.0 20 1.85 87.3 0.023 125.0 108,000
3 2540 | 2820 | 3.23 | 62.0 20 1.85 94.7 0.020 114.7 3,500
01 25.40 | 25.24 | 3.34 | 62.0 5 1.50 | 61.3 0.023 62.2 1,260,000
14 | 2540 | 2539 | 3.30 | 62.0 5 1.50 [ 65.5 0.022 66.4 1,260,000
18 2540 | 24.64 | 3.36 | 62.0 5 1.50 | 62.1 0.024 63.5 1,260,000
6 2540 | 26.81 | 3.19 | 62.0 20 1.55 79.9 0.023 84.4 1,264,000
13 25.40 | 33.63 | 3.16 | 62.0 20 1.55 69.5 0.026 66.5 1,264,000
22 2540 | 28.18 | 3.22 | 62.0 20 1.55 80.7 0.022 81.9 1,264,000
04 2540 | 29.04 | 3.21 | 63.0 17 1.24 | 56.2 0.022 44,7 108,000,000
07 25.40 | 40.67 | 2.98 | 62.0 17 1.24 | 55.3 0.021 39.4 108,000,000
17 25.40 | 32.21 | 3.02 | 62.0 17 - - - - -

underlined indicates a run out

Table 6.3 Quasi-static and fatigue results for S2/8552 specimens
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7.0 DISCUSSION

Although a direct comparison of the materials is not an objective of this work because it is
useful to compare the relative fatigue performance with respect to the quasi-static performance.
A comparison of the G-N curves is shown in Figure 7.1.

A S2ETT1
O  §2/8552
0 S2/F584

1 I T I T T | T I T
100 10° 102 103 104 10° 108 107 108
Cycles (N)

Figure 7.1 Comparison of delamination onset

For each material the decrease in G, for delamination onset from the quasi-static value (plotted
at 10°) is of a similar degree as evident by the slopes of the curves in Figure 7.1. The slope of
the linear fit in the F584 curve appears steeper, but is influenced by the run out tests. The
numerical expression for this curve is given in Equation 7.1 and the values of the constants in
Table 7.1

GImax = lor (Nonset)s (71)
Material r S
S2/E7T1 -0.0655 2.189
S2/F584 -0.1528 2.250
S2/8552 -0.0890 2.431

Table 7.1 Linear fit to fatigue data
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The data represented in Figure 7.1 does not give any indication of turning to reach a fatigue
limit below although several of the specimens were run outs. It is often the approach to plot
fatigue data assymptoting to a lower bound. However, by actually generating the data to the
typical duration of rotor craft structure, as in this work, an actual value of Gy, can be
determined as the true fatigue limit such that no delamination will initiate within the life of the
structure.
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8.0 CONCLUDING REMARKS

This work has illustrated that the combined use of a multi-station electro-mechanical fatigue
machine and an increase in test frequency can be used to generate mode I interlaminar fracture
fatigue data cost effectively. This work identified that increasing the frequency to 20Hz from
the typical 5Hz had no effect on DCB delamination onset. This is largely because there is no
temperature rise at the crack tip and the effect of time at load does not play a significant role
with the small amplitudes and increase in frequency. Increasing the frequency to 20 Hz from
5Hz, reduces the test time four times. By testing all the required replicates, say four, at same
time reduces the test time again by four times. It estimated that an electro-mechanical machine
is at most 50% of the cost to operate a servo-hydraulic machine. Therefore, in total this
approach in generating long term data is less than 5% of the costs of generating these data using
conventional equipment.

The generation of a mode I interlaminar fatigue delamination critetia up to 10° cycles, offers
the ability to make predictions of fatigue loaded structural parts with lives up to the same
number of cycles. This must be based on a total G criteria where the individual modes are
summed up and compared with the mode I fatigue and quasi-static properties. This enables a
conservative prediction to be made if the delamination within a structure is also driven by shear
loads. To further improve the failure criteria, a combination of mode I and II and ultimately
mode III should be developed. Before this can be achieved, it is necessary to determine if the
tests for mode II (4ENF) and mixed mode /Il (MMB) can be operated at 20 Hz or a higher
frequency with no adverse effects on the data. This is research proposed for future work.
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Accelerated Methods for Long Term Properties of GRP for Rotor Craft Applications

APPENDIX B

FATIGUE COMPLIANCE RESULTS

Final Report
USARDGSG-UK Contract Number N68171-96-C-9061
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