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Abstract

The purpose of this study was to generate the material database for carbon and glass
composite panels created by the SCRIMP process. The materials tested were
glass/polyester composites, two types of carbon/polyester composites, and carbon and
glass hybrid composites. The differences between the two types of carbon/polyester,
which we call Type 1 and Type 2, are the ply thickness (.037"/ply and .048"/ply) and
dightly different treatment of polyester resin. The tests that were performed for this study
are four-point-bending tests, tension tests, panel warping tests, and beam bend-twist
coupling tests. The materia properties of interest were basic longitudinal and transverse
stiffness and strength, residual stress due to curing, and the effect of bend-twist coupling.
The bend-twist coupling is a feature that can be added to the composite laminate or
structure, such that when it is bent, it will also twist.
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I ntroduction

SCRIMP is alow-cost, large-scale manufacturing process of composite materials that has
been used for various applications from boats, trains, buses, and wind turbine blades.
This is a patented process of TPl Composites, Warren, RI. The intended application of
this database is the design of carbon and glass hybrid composite wind turbine blades.

Currently post-curing is not performed in SCRIMP, which may or may not lead to
increased performance. The effects of post-cure on the stiffness and strength were studied
in this report using typical coupon test and panel warping tests.

Another effect studied was the bend-twist coupling of the hybrid laminate. The bend-
twist coupling is a feature that can be added to the composite laminate or structure, such
that when it is bent, it will also twist. This feature can be used as the passive control of
the blade pitch.



1. Bending Tests

The purpose of the bending tests was to evaluate the basic material properties at both
virgin and post-cured conditions. The post-cure is known to affect both the stiffness and
the strength for the material systems that are not fully cured. The tested material systems
were all room temperature cured, and thus certain effects of post-cure were expected.

1.1 Test Configuration

The four-point-bending tests were performed on three material systems, namely the
glass/polyester composite, and two types of carbon/polyester composites. The differences
between the two types of carbon/polyester, which we call Type 1 and Type 2, are the ply
thickness (.037”/ply and .048"/ply) and dlightly different treatment of polyester resin.

The virgin materials were impregnated with polyester resin using the SCRIMP process
and room temperature cured. The post-cure was performed in two different
configurations. In one case, the post cure temperature was gradually increased up until
100°C, and in the other case kept constant at 60°C. 60°C was chosen since it is possible
to heat large structures up to this temperature without using an oven or an autoclave.

The tests were performed in both the longitudinal and transverse directions. Figure 1
shows the test configuration of the four-point-bending tests.
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Figure 1 4 point bending test configuration

The flexural moduli were obtained from the initial slope of the stress-strain curve, and the
strengths were calculated from the maximum stresses at failure. The measurable strength
for each material and test configuration is determined by the failure modes and is
summarized in Table 1.



Table1l Failure modes and measured strength

VaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYVaYaYaYaYaYaYaYaYaYaYaYaYaYa

Material Configuration Failure mode Measured strength
YaYaYaYaYa Y0¥ YaYaYaYaYaYaYaYaYaYaYaYVaYaYaYVaYaYa Yoo Va0 Ya YoV Y2V YaYVaYaYaYa
Glass/Polyester Longitudinal  Compression Longitudinal compression X’
Transverse Tension Transversetension Y
YaYaYaYaYaYaYaYaYaYaYaYaYaYaYVaYaYaYa VoY Yo YVaYa Y0 Yoo VsV YaYaYVaYaYa Y0 VsV Ya
Carbon/Polyester Longitudinal  Inter-laminar shear Shear S
Transverse Tension Transversetension Y

YVaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYaYVaYaYaYVaYaYaYaYaYaYaYaYaYaYaYaYaYa

1.2 Test Results

Table 2 shows the test results of the four-point-bending tests of three types of materials.
The moduli were calculated by ignoring the effect of the shear deformation, which can be
significant for a thick specimen with relatively low shear modulus. This was the case for
the Type 2 carbon/polyester composites. Ex and E, are the longitudinal and transverse
moduli, respectively. X, X', Y, Y, and S are the longitudinal tensile, longitudinal
compressive, transverse tensile, transverse compressive, and shear strengths, respectively.

(See Appendix A for detailed test results.)

Table 2 Bending test measurements

Material ltems Virgin material Post-cured material**
measurement  specimens measurement specimens  change
E-glasgpolyester Ex (msi) 5.62 4 5.58 3 -1%
Ey (ms) 115 5 1.39 3 21%
X (ks) 86.3 4 89.5 3 4%
Y (ks) 3.16 5 3.36 3 6%
S (ks) >3.25 4 >3.36 3
Carbon/polyester Ex (msi) 105 1 114 1 *2
(Typel) Ey (ms) 0.75 3 0.88 3 17%
X (ks) >92.6 1 >106 1
Y (ks) 4.29 3 3.90 3 -9%
S (ks) 5.14 1 5.81 1 *2
Carbon/polyester Ex (msi) 8.61 5
(Type 2) Ey (msi) 0.76 5
X (ks) >44.1 5
Y (ks) 4.24 5
S (ks) 3.29 5

* 1 Post-cure was performed at 60°C for 8 hours.
*2 Insufficient numbers of specimens



1.3 Effect of the Post-Cure

The most significant effect of the post-cure was on the transverse modulus, which
increased about 20% after 8 hours of exposure at 60°C for both material systems. For the
glass/polyester composites, small increases in the longitudinal compression and
transverse tension strengths were observed, but no clear increase in the longitudinal
modulus was observed. For carbon/polyester composites, the number of specimens was
insufficient to reach a conclusion of the effect of the post-cure.

We have also observed that the post-cure has an effect on the residual stress, which is
summarized later in Section 5.4. The conclusion is that the post-cure will increase the
residual stressin alaminate with pliesin two or more directions.

Performing a post-cure will inevitably lead to increased manufacturing cost. Whether the
observed changes in the performance can justify this cost increase will depend on each
application. Therefore, we will not attempt to conclude whether the post-cure is necessary
or not.



2. Tension Tests

The purpose of the tension tests was to obtain more information on the basic material
properties of the Type 2 carbon/polyester composites. The material properties measured
from the tension tests and bending tests are known to be different, which was the case in
this material also.

2.1 Test Configuration

The tension tests were performed on the Type 2 carbon/polyester composites in both the
longitudinal and transverse directions. The test specimens for both tests are shown in
Figure 2. The test specimen was attached to the test machine using the hydraulic grips on
both ends, which were reinforced with the bonded GFRP tabs.
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Figure2 Tension test specimens

The strain was measured using the extensometer, and the stress was calculated from the
applied load divided by the cross section area. The longitudinal and transverse moduli
were obtained from the initial slope of the stress-strain curve, and the strengths were
calculated from the maximum stresses at failure. Unfortunately, the longitudinal tensile
strength X could not be measured since all the longitudina test specimens failed
prematurely at the tab due to the out-of-plane compression force from the hydraulic grip.
The transverse test specimens failed in tension, and therefore the transverse tensile
strengths Y could be measured.



2.2 Test Results

Table 3 shows the results of the tension tests of the Type 2 carbon/polyester composites.
(See Appendix A for detailed test results.)

Table3 Tension test measurements

Material Items Virgin material
measurement  specimens
Carbon/polyester Ex (msi) 12.6 5
(Type 2) Ey (ms) 0.92 6
X (ksi) N/A
Y (ks) 1.76 6
S (ksi) N/A

2.3 Comparison

The tension tests are considered to be more accurate than the bending tests in measuring
the modulus and the strength. Compared to the tension tests, the results from the bending
tests showed lower modulus and higher transverse tensile strength. It is common to have
lower modulus measurements from the bending tests, which is called the “flexural
modulus’. The lower modulus may be attributed to the shear deflection of the specimen
and the local deflection at the load points, both ignored in the calculation.

The difference in the measured transverse tensile strengths can be related to the initial
flaws in the test specimens. In tension tests, the specimen will fail from the weakest link,
which can be located anywhere in the specimen. In four-point-bending tests, the region of
high stress is limited to the lower surface between the two loading points. If the flaws
were randomly located, the strength measurements from the tension tests are more likely
to be lower. By the same reason, the strength of a three-point-bending test data should be
the highest having a line load where the failure occurs, as compared with a surface or
body failure sites for the four-point-bending and tension tests, respectively.
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3. Warping Tests

The purpose of the warping test was to determine the residual stress due to cure and to
estimate the thermal coefficient of expansion of the material. The tests were performed
on the glass/polyester composite and two types of carbon/polyester composites.

3.1 Test Configuration

The panel specimens were intentionally manufactured in an asymmetric layup, [0s/903].
When cured, the difference in the contractions in longitudina and transverse directions
creates significant residual stresses. If the panel is not constrained, these stresses will
warp the panel into either the anticlastic shape (al'so known as “saddle shape”) shown in
Figure 3, or the cylindrical shape depending on the dimension of the panel.
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Figure3 Warping test configuration

Commonly, this residual stress is attributed to the curing temperature of the composites,
and therefore no residual stress was expected for the panel cured at room temperature. To
our surprise, we observed significant warp on the room-temperature-cured panels,
indicating the presence of significant residual stress. We suspect two sources of shrinkage
that lead to this residua stress. One is the natural shrinkage of the resin during the cure
process, which is independent of the curing temperature. Another source is the thermal
expansion due to the elevated temperature caused by the exothermal condition during the
cure, which is common in typical epoxy and polyester resins. In other words, although no
additional heat was added, the resin heated up during the cure process and hardened at
this elevated temperature. When the panel cooled down to room temperature, the resin
contracted and contributed partly to the residua stress.

The warp can be minimized or eliminated by using the symmetric layup instead of the

asymmetric layup, but this will not reduce the residual stress. In fact, the plies are forced
to be flat, which leads to significantly larger residual stress.
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3.2 Test Results

Table 4 shows the test results for the first type of warp test that was performed to observe
the effect of post-cure on the residual stresses. The value of the warp is the average of the
eight measurements for each condition. The residual stress at flat condition is calculated
using the following equation.

8
SR=5 57— W 1
i tzl—z(du' d12) ( )
where t is the thickness, L is the length and the width of the panel, wis the average value
of the warp at the corner. di; and d;» are the components of the flexural compliance
matrix [d], with aunit of [1/bf-in] or [1/psi-in’]. (See Appendix B for more details.)

In addition to the post-cure, the panels were soaked in 60°C water for 100 hours to
observe the change in residual stress at saturated condition. The moisture is known to
expand the material and compensate for the thermal shrinkage. The effect was observed,
but to a smaler degree than expected. The carbon panel showed smaller moisture
absorption compared to the glass panel, and thus less reduction in the residua stress.

Table4 Warp test measurements (Post-Cure Effect)

Specimen Conditioning Measured Warp Residual stress*  Note

at (in) (relative) (ksi)
Glass none RT, Dry 0.30 1.0 0.6
Panel 1 60Cx.5hrs RT, Dry 0.43 15 0.9
+ 80Cx.5hrs RT, Dry 0.59 20 12
+ 80Cx.5hrs RT, Dry 0.78 2.6 16
+ 100Cx.5hrs RT, Dry 0.81 2.7 17
Glass none RT, Dry 0.33 1.0 0.7
Panel 2 60Cx4hrs RT, Dry 0.57 17 12
60Cx8hrs RT, Dry 0.64 19 13

Soak 60Cx100hrs  RT, Wet 0.49 15 1.0 weight gain of 2.5%
Carbon (Typel) none RT, Dry 0.15 1.0 0.5
Panel 2 60Cx4hrs RT, Dry 0.33 21 12
60Cx8hrs RT, Dry 0.40 2.6 14

Soak 60Cx100hrs  RT, Wet 0.36 2.3 1.2 weight gain of 0.28Y%

* Theresidua stressis calculated at the flat condition

Figure 4 shows the change in the residual stress of the glass and carbon composite panels
after severa steps of post-cure at 60°C. We observe that the residual stresses in carbon
and glass panels are similar. Typically, glass composites have less residua stress since
the glass fibers adso expand with temperature, while carbon fibers are known to show
very small expansion or even shrinkage at elevated temperature.
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Figure4 Effect of post cure on the residual stress

Table 5 shows the second type of warp test, where we attempt to measure the coefficient
of thermal expansion (CTE). This can be done by measuring the warp at elevated
temperature and comparing the value with the original warp at room temperature. This
test was complicated by two problems. The first problem was that each time the
temperature was increased the effect of post-cure increased the warp and therefore
changed the baseline. Another problem was that since the panel cooled down quickly
during the measurements, only the first few measurements were accurate. In order to
solve these problems, the room temperature measurements after each post-cure was used
as the baseline of comparison, and only the first measurements at each condition were
used. We can observe that the measured values of warp per elevated temperature are
almost constant. The CTEs can be calculated from these values, which will be shown in
the next section.

Table5 Warp test measurements (High temperature)

Specimen Conditioning Measurement 1 ~ Measurement 2 Difference
Temp Warp Temp Warp DT  Warp/DT
©  (in ©  (n (©  (inQ

Glass none 23 0.32
Panel 1 60Cx.5hrs 23 0.46 60 0.27 37 -0.0054
+80Cx.5hr 23 0.57 80 0.17 57 -0.0069
+80Cx.5hr 23 0.82 80 0.47 57 -0.0061
+100Cx.5hrs 23 0.83 100 0.31 77 -0.0068
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Table 6 shows the third type of warp test, in which the material is cooled down rather
than heated. As mentioned above, heating up the panel effectively post-cures it and
affects the warp measurement. No post-cure effect from cooling the panel is expected,
and thus the baseline value of the warp should not change. The panel was cooled in the
freezer to achieve —14°C, and dry ice was used to achieve —78°C. Only the first two
measurements were used for each condition for the same reason as before.

Table 6 Warp test measurements (Low temperature)

Specimen  Conditioning Measured Warp Warp/DT Residual stress*

Temp (C) (in) (relative) (in/C) (ksi)

Glass none 23 0.48 1.0 1.0

Panel 3 none -14 0.69 14 -0.0057 14

none -78 0.87 1.8 -0.0039 1.8

Glass none 23 0.44 1.0 0.9
Panel 4 none -14 N/A

none -78 0.84 1.9 -0.0040 1.8

Carbon (Type2) none 23 021 1.0 12

Panel 1 none -14 0.40 19 -0.0051 2.2

none -78 0.49 2.3 -0.0028 2.7

Carbon (Type2) none 23 021 1.0 12
Panel 2 none -14 N/A

none -78 0.52 2.5 -0.0031 2.9

* The residua stressis calculated at the flat condition

The measured warp per change in temperature of the glass panel at —14°C issimilar to the
value observed in the previous test shown in Table 5. The CTEs are known to change
with temperature, which is presumably why the warp per change in temperature is lower
at —78°C.

It isinteresting to note that cracks were observed in the glass panels after they were
cooled down to —78°C. Theresidual stressis reduced but still exists at the warped
condition, which will be calculated in the next section. (See Appendix A for detailed test
results.)

3.3 Analysis
Warping of the asymmetric laminate can be calculated by the lamination theory as shown

in Appendix B. In this section, we will use the derived equation to calculate the
coefficient of thermal expansion (CTE) and the stress free temperature.
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The residual stress in the flat condition can be calculated from the CTEs in the
longitudinal and transverse directions, a, and ay, respectively.

Qxeyy - ny

S‘R:Qxx+2Qxy+ny b, -a.Jor @

By combining Equations (1) and (2),

_Qu+t2Q,+Q,, 8
b, -a,)-

Q.Q,, - Q3 t?L*(dy - dy,)DT W @

where Qj;; are components of the stiffness matrix [Q] of the unidirectional lamina

Note that we can only calculate the difference between the two CTEs. Calculating the
individual values of the CTE requires precision measurements of the expansion in the
longitudinal and transverse directions. Instead, we will use the longitudinal CTE ay taken
from atextbook [1].

Another important value that can be calculated from these results is the stress-free
temperature. This is the temperature were the residual stress becomes zero, which is
related to the curing temperature. This value can be measured experimentally by
observing the temperature in which the warped panel becomes flat, or by using the
following equation.

Wer

T .. =T. -
R w/DT

s free

(4)

where Tgr is the room temperature and Wiy IS the measured warp at this temperature.

The calculated values of CTEs and the stress free temperature for the glass/polyester and
Type2 carbon/polyester are summarized in Table 7. In this calculation, material
properties from the bending tests were used for the glass composites. For Type 2 carbon
composites, material properties from the tension tests were used since they are considered
to be more accurate.

Table 7 Coefficients of thermal expansion and stress-free temperature

Material Warp per temp CTE [e-6/C] Stress-free temp
w/ DT ay'ax ax* ay Ts-free
Glass -0.00618 14.8 8.6 234 97
Carbon (Type2) -0.00514 34.3 0.02 34.3 64

* Values from atextbook
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Next, we will calculate the residual stress of the warped panel using the equations derived
in Appendix B. The residual stress of the warped panel is a combination of the residual
stress at the flat condition plus the stress due to the warp. Table 8 shows the residual
stress calculated based on the warp measurements at low temperature. The stress in the 0°
ply is along the fiber and that in the 90° ply is transverse to the fiber. Due to the
symmetry, these stresses are equivalent to the longitudinal stress of the 90° ply and the
transverse stress of the 0° ply, respectively.

Table8 Residual stressin the warped condition

Material Temp Warp Longitudinal stressin0[ksi]  Transverse stressin 90 [ksi]

[C] [in] top average middle middle average bottom
Glass 23 0.46 15 -0.4 -2.2 0.7 0.4 0.1
-14  0.69 2.3 -0.5 -3.3 1.0 0.5 0.1
-78  0.86 2.8 -0.7 -4.1 12 0.7 0.1
Carbon (Type2) 23 0.21 31 -0.7 -4.4 0.9 0.7 0.5
-14 040 5.9 -1.3 -8.4 17 13 0.9
-78 051 7.4 -1.6 -10.6 2.1 1.6 1.1

The compressive and tensile strengths are much higher than the observed longitudinal
stresses in the 0° ply, and therefore the 0° ply will not fail.

The bending test result of glass/polyester shown in Table 1 and 2 indicates that the
transverse tensile strength of glass is Y=3.16ksi, which is higher than the measured
transverse stress of 1.2ks at —78°C. Cracks were observed in the glass panel at this
temperature, which suggests that the surface stress exceeded the transverse tensile
strength.

One effect that can contribute to the higher surface stress is the transient thermal effect
due to the mismatch of the temperatures at the surface and within the laminate. The
complex effect of transient thermal stress will not be addressed here, but we can calculate
the first order effect using the results from Tables 2 and 7. When the panel was cooled
down to —78°C using dry ice, it is reasonable to assume that the surface cooled down
rapidly while the interior cooled down more gradualy due to the low thermal
conductivity in the thickness direction. Assuming a worst case where the laminate
remains flat and unchanged at room temperature, while the local surface contracts
completely at —78°C, the maximum residual stress can be approximated by

S rioca = - Ey@,DT =2718ps = 2.72ks (5)
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This stress is much higher than the residual stress at the warped condition and is close to
the transverse tensile strength measured from the bending test. In redlity, there will also
be high level of shear stressinvolved, which was ignored here.

For the carbon/polyester (Type2), the transverse tensile strength is Y=4.24ks from the
bending test and Y=1.76ks from the tension test. The transverse tensile stress at —78°C
was 2.1ksi, which is less than the bending test result and higher than the tension test
result. Cracks were not observed in the carbon panel, which either means that the actual
transverse strength was higher than 2.1ksi, or that the microcracks were confined to the
small region of high local stress and were not observed from the outside.

Assuming the same worst case as above, the residual stress at alocal surface can reach
S rioca = - E,@,DT =2632ps = 2.63ksl (6)

This stress is till below the transverse tensile strength measured from the bending test
and above that from the tension test.
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4. Bend-Twist Coupling Test

The purpose of the bend-twist coupling tests was to evaluate the predictability of the
bend-twist analysis of the carbon and glass hybrid composite beam, based on the
separately measured material properties of the carbon and glass composites. The analyses
were performed both analytically and numerically using the commercial finite element
anaysis code ANSYS.

4.1 Test Configuration

The effect of the bend-twist coupling was measured using the special hybrid laminate
with three layers of glass fibers in 0°, and three layers of carbon fibers in —30°. This
layup is neither symmetric nor balanced, and the stretch, shear, bending, and twist are all
coupled.

In the test, the loads were applied as concentrated loads at the tip or on a crossbeam
attached to the tip of the beam. The concentrated load applied on this crossbeam can be
considered as a combination of the vertical load P and torque T applied at the tip, as
shown in Figure 5.

b Bend-twist coupling
? dueto vertical load

Figure5 Bend-twist coupling test configuration

4.2 Test Reaults
The test results are shown in Tables 9 and 10. Table 9 shows the results from the test

where only the downward (negative) tip load was applied and no torque. Note that the
beam twists proportionally to the vertical deflection showing the bend-twist coupling.
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The deflection in the table is the average value of the two measurements at both ends of
the crossbeam. The twist is calculated from these two measurements by the following
eguation.

_DB- DA
q_—

| (7)

where DA is the change in the measurement A, DB is the change in B, and | is the length
of the crossbeam.

Table9 Bend-twist test results (Tip load only)

Baseline Tip Load Pz
Self Weight Casel Case?2  Case3
Tipload (Ib) 0 -0.43 -0.88 -1.10
Torque  (Ib-in) 0 0 0 0
A (in) 12.9 12.1 11.2 10.8
B (in) 11.0 9.6 7.9 71
DA (in) 0.0 -0.9 -1.8 -2.2
DB (in) 0.0 -14 -3.1 -39
deflection (in) 0.0 -11 -24 -3.0
twist (radian) 0.000 -0.021  -0.055 -0.070

Table 10 shows the results from the test where the tip was supported vertically. In this
condition, the tip will experience a reaction force from the support. (See Appendix A for
detailed test results.)

Table 10 Bend-twist test results (Supported at tip)

Baseline Torque
Supported Cased

Tipload  (Ib) 0 0.092
Torque (Ib-in) 0 5.2
A (in) 14.33 13.88
B (in) 13.63 14.20
DA (in) 0.00 -0.46
DB (in) 0.00 0.57
deflection (in) 0.00 0.06
twist (radian) 0.000 0.043

4.3 Analysis

The bend-twist coupling of the [0°gass/-30°cabon] laminate was calculated analytically
from the material properties obtained by the bending and tension tests. The derivation of

19



the equations is shown in Appendix B. The sign convention used for the analytical
calculation is shown in Figure 6.

To supplement the anaysis, a finite element analysis was performed using the
commercia code ANSYS. The material properties were the same as those used in the
analytical calculation. Other hypothetical test configurations, such as the tension-twist
coupling, were calculated analytically and numerically.

Vertical load P,
Displacement w

Axid load P,
Displacement u

Figure 6 Sign convention for the applied loads and displacements

Table 11 shows the comparison of the analytical and numerical predictions and the test
measurements. We observe good agreements between the analytica and numerical
results and the test measurements.

Table 11 Bend-twist coupling calculation

Tip Load Torque Theoretica
Casel Case? Case3 Cased Caseb Caseb Case7

Tipload (Ib) -0.43 -0.88 -1.10 0.092 1 0 0
Torque  (Ib-in) 0 0 0 5.2 0 1 0
Axia load (Ib) 0 0 0 0 0 0 1
Deflection (in)

Test -11 -2.4 -3.0 0.060 N/A N/A N/A

Analytical -1.13 -2.28 -2.86 0.0078 2.62 -0.063  0.00098

FEM -1.13 -2.28 -2.86 0.0064 2.57 -0.062  0.00096
Twist (10 radian)

Test -21 -55 -70 43 N/A N/A N/A

Analytical -29.6 -59.9 -75.0 28.6 68.7 -7.16 0.0531

FEM -29.5 -59.8 -75.0 34.2 67.2 -8.20 0.0532
Stretch  (10°in)

Test N/A N/A N/A N/A N/A N/A N/A

Analytical -0.46 -0.93 -1.16 0.145 1.07 -0.0531  0.0296

FEM -0.45 -0.91 -1.14 0.148 1.05 -0.0532  0.0297
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5. Conclusion

The material properties of the panel fabricated by the SCRIMP process were comparable
to those from other low-cost composite manufacturing process. The carbon/polyester
composite showed about twice the stiffness in the fiber direction compared to those of
glass/polyester composites.

Another important finding is the significant level of residual stress although the panel
was cured at room temperature. We suspect two sources of shrinkage that lead to this
residual stress. One is the natural shrinkage of the resin during the cure process, which is
independent of the curing temperature. Another source is the thermal expansion due to
the elevated temperature caused by the exothermal condition during the cure, which is
common in typical epoxy and polyester resins. In other words, although no additional
heat was added, the resin heated up during the cure process and hardened at this elevated
temperature. When the panel cooled down to room temperature, the resin contracted and
contributed partly to the residual stress.

We have demonstrated how residual stress and stress-free temperature can be measured
from the warping test of asymmetric panels. These values are valuable in the analysis and
design of composite structures.

We were also able to demonstrate that the bend-twist coupling of the carbon and glass
hybrid composite beam can be analyzed both numerically and analytically using the
lamination theory. Analytical equations are more useful than the numerical results for the
parameter study and design optimization of the hybrid composite structures. For wind
turbine applications, we can design hybrid composite blades that have a built-in passive
control of the blade pitch,
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Appendix A Detailed Test Results

Table A-1

Bending test results (Glass/Polyester)

Material Direction | Postcure || Specimen Width | Thickness| Span P/disp Failure Load Failure Mode Modulus Strength Stress at Failure
(in) (in) (in) (Ibffin) (Ibf) Ex (msi) X' (ksi) ty (ksi)
E-glass/ || longitudinal none G-LT-2 0.490 0.150 4/2 1176 312 compression 5.69 84.9 3.22
polyester bending G-LT-3 0.490 0.150 42 1167 320 compression 5.65 87.1 3.27
G-LT-4 0.492 0.150 4/2 1160 328 compression 5.59 average|| 88.9 averagel| 3.33 average
G-LT-5 0.489 0.150 4/2 1141 309 compression 5.53 5.62 84.3 86.3 3.16 3.25
60Cx8hrs [ PG-LT-1 0.489 0.150 4/2 1070 313 compression 5.19 85.3 3.20
PG-LT-2 0.486 0.150 4/2 1180 338 compression 5.76 average|| 92.7 averagel| 3.48 average
PG-LT-3 0.488 0.150 4/2 1190 331 compression 5.78 5.58 90.4 89.5 3.39 3.36
Material Direction | Postcure || Specimen Width | Thickness| Span P/disp Failure Load Failure Mode Modulus Strength
(in) (in) (in) (Ibffin) (Ibf) Ey (msi) Y (ksi)
E-glass/ || transverse none G-TT-1 0.484 0.150 42 239 12.0 tension 1.17 3.29
polyester bending G-TT-2 0.490 0.150 42 251 12.8 tension 1.23 3.54
G-TT-3 0.490 0.150 42 229 11.2 tension 1.14 3.12
G-TT-4 0.492 0.150 4/2 207 9.6 tension 1.00 average| 2.60 average
G-TT-5 0.489 0.150 4/2 239 11.6 tension 1.19 1.15 3.25 3.16
60Cx8hrs || PG-TT-1 0.489 0.150 4/2 286 12.6 tension 1.40 3.46
PG-TT-2 0.486 0.150 4/2 290 12.2 tension 1.43 average| 3.39 average
PG-TT-3 0.488 0.150 4/2 268 11.6 tension 1.33 2.81 3.23 4.15
Table A-2 Bending test results (Carbon/Polyester Typel)
Material Direction | Post cure || Specimen Width | Thickness| Span P/disp Failure Load Failure Mode Modulus Strength Stress at Failure
(in) (in) (in) (Ibffin) (Ibf) Ex (msi) S (ksi) Sx (ksi)
carbon/ || longitudinal none C-LT-1 0.482 0.222 4/2 6946 733 interlaminar shear 10.5 5.14 92.6
polyester bending | 60Cx8hrs || PC-LT-1 0.495 0.220 4/2 7494 843 interlaminar shear 11.4 5.81 105.6
Material Direction | Postcure || Specimen Width | Thickness| Span P/disp Failure Load Failure Mode Modulus Strength
(in) (in) (in) (Ibffin) (Ibf) Ey (msi) Y (ksi)
carbon/ transverse none G-TT-1 0.490 0.220 4/2 528 35.2 tension 0.79 4.37
polyester bending G-TT-4 0.494 0.220 4/2 477 32.6 tension 0.71 average| 4.02 average
(Typel) G-TT-5 0.493 0.220 4/2 508 36.4 tension 0.75 0.75 4.49 4.29
60Cx8hrs | PG-TT-1 0.490 0.220 4/2 599 31.0 tension 0.92 3.92
PG-TT-2 0.485 0.220 4/2 573 31.2 tension 0.89 average| 3.99 average
PG-TT-3 0.492 0.220 4/2 542 30.0 tension 0.83 4.38 3.78 3.79
Table A-3 Bending test results (Carbon/Polyester Type2)
Material Direction | Post cure || Specimen Width | Thickness| Span P/disp Failure Load Failure Mode Modulus Strength Stress at Failure
(in) (in) (in) (Ibf/in) (Ibf) Ex (msi) S (ksi) Sx (ksi)
carbon/ longitudinal none LB-1 0.488 0.299 4/2 12632 518 interlaminar shear 7.75 2.66 35.6
polyester bending LB-2 0.497 0.300 4/2 14438 753 interlaminar shear 8.61 3.79 50.5
(Type2) LB-3 0.485 0.294 4/2 14858 682 interlaminar shear 9.64 3.59 48.8
LB-4 0.497 0.298 4/2 14452 731 interlaminar shear 8.79 average|| 3.70 average|| 49.7 average
LB-5 0.491 0.290 4/2 13616 531 interlaminar shear 8.28 8.61 2.69 3.29 36.1 44.1
Material Direction | Post cure || Specimen Width | Thickness| Length P/disp Failure Load Failure Mode Modulus Strength
tension (in) (in) (in) (Ibffin) (Ibf) Ey (msi) Y (ksi)
carbon/ transverse none TB-1 0.454 0.292 4/2 1232 -58.0 tension 0.87 4.49
polyester bending TB-2 0.461 0.296 4/2 1147 -57.4 tension 0.77 4.26
(Type2) TB-3 0.480 0.297 4/2 1076 -61.4 tension 0.68 4.35
TB-4 0.489 0.292 4/2 1170 -56.6 tension 0.77 average|| 4.07 average
TB-5 0.490 0.294 4/2 1110 -56.8 tension 0.71 0.76 4.02 4.24
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Table A-4 Tension test results (Carbon/Polyester Type2)

Material Direction | Post cure || Specimen Width | Thickness| Length P/disp Failure Load Failure Mode Modulus Strength
tension (in) (in) (in) (Ibffin) (Ibf) Ex (msi) X (ksi)
carbon/ |[ longitudinal none LT-1 0.476 0.280 5946 premature 11.80 >44.6
polyester tension LT-2 0.474 0.281 5078 premature 12.00 >38.1
(Type2) LT-3 0.486 0.287 N/A N/A 12.49
LT-4 0.483 0.290 N/A N/A 12.96
LT-5 0.470 0.301 N/A N/A 13.58  12.57
Material Direction | Post cure || Specimen Width | Thickness| Length P/disp Failure Load Failure Mode Modulus Strength
tension (in) (in) (in) (Ibf/in) (Ibf) Ey (msi) Y (ksi)
carbon/ transverse none TT-1 0.985 0.289 523 tension 0.925 1.85
polyester tension TT-2 0.981 0.290 494 tension 1.74
(Type2) TT-3 0.995 0.286 511 tension 1.80
TT-4 0.988 0.287 501 tension 1.77
TT-5 0.985 0.291 493 tension 1.72  averac
TT-6 0.995 0.287 485 tension 1.70 1.76
Table A-5 Plate warping test results (Post-cur e effect)
Specimen Post Cure Measured at Measurements (in) Average || Res Stress
glass [0/90] -1 none RT, Dry 0.32 0.33 0.30 0.33 0.32 0.30 0.24 0.24 0.30 0.62
60Cx.5hrs RT, Dry 0.46 0.46 0.41 0.43 0.44 0.43 0.43 0.41 0.43 0.91
+ 80Cx.5hrs RT, Dry 0.57 0.57 0.51 0.55 0.61 0.69 0.64 0.64 0.59 1.25
+ 80Cx.5hrs RT, Dry 0.82 0.82 0.82 0.85 0.73 0.70 0.77 0.75 0.78 1.64
+100Cx.5hrs RT, Dry 0.83 0.81 0.87 0.88 0.82 0.81 0.74 0.74 0.81 1.70
glass [0/90] -2 none RT, Dry 0.42 0.42 0.40 0.39 0.24 0.25 0.28 0.27 0.33 0.70
60Cx4hrs RT, Dry 0.57 0.57 0.58 0.57 0.58 0.56 0.57 0.55 0.57 1.19
60Cx8hrs RT, Dry 0.60 0.59 0.62 0.60 0.67 0.64 0.71 0.70 0.64 1.35
Soak RT, Wet 0.49 1.03
Soaked at 60C for 100 hours, weight gain of 2.5%
Specimen Post Cure Measured at Measurements (in) Average || Res Stress
carbon [0/90] -2 none RT, Dry 0.13 0.16 0.16 0.17 0.17 0.17 0.16 0.13 0.15 0.55
(Typel) 60Cx4hrs RT, Dry 0.36 0.35 0.31 0.31 0.36 0.36 0.32 0.29 0.33 1.17
60Cx8hrs RT, Dry 0.42 0.42 0.41 0.39 0.37 0.36 0.41 0.38 0.40 1.39
Soak RT, Wet 0.36 1.25

Soaked at 60C for 100 hours, weight gain of 0.28%

Table A-6 Plate warping test results (High temperature)

Specimen Post Cure Measured at Measurements (in) Calculations
Wy W, Ws Wy DT Dw, w/DT
glass [0/90] -1 none RT, Dry 0.320 0.334 0.302 0.325
60Cx.5hrs 60C 0.265 0.340 0.280 0.316 37 0.199 0.0054
RT, Dry 0.464 0.464 0.410 0.426
60+80Cx.5hr 80C 0.173 0.210 0.275 0.202 57 0.393 0.0069
RT, Dry 0.566 0.567 0.509 0.548
60+80Cx1hr 80C 0.468 0.496 0.550 0.633 57 0.347 0.0061
RT, Dry 0.815 0.815 0.817 0.845
60,80+ 100C 0.305 0.370 77 0.525 0.0068
100Cx.5hrs RT, Dry 0.830 0.809 0.869 0.884
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Table A-7 Plate War ping test results (L ow temperature)

Specimen Post Cure Measured at_[| Average measurements (in) Residual Stress (ksi)
glass [0/90] -3 none 23 0.48 1.01
none -14 0.69 1.45
none -78 0.87 1.83
glass [0/90] -4 none 23 0.44 0.92
none -14
none -78 0.84 1.76
Specimen Post Cure Measured at Average measurements (in) Residual Stress (ksi)
carbon [0/90] -1 none 23 0.21 1.16
(Type2) none -14 0.40 2.21
none -78 0.49 2.71
carbon [0/90] -2 none 23 0.21 1.16
(Type2) none -14
none -78 0.52 2.88

Table A-8

Beam bend-twist coupling test results

Basdline | Tip Load Basdine || Torque

Self Weighf|  Casel Case2 Case3 Self Weighf]  Cases
Tipload (Ib) 0 043 0.88 1.10 Tipload (Ib) 0 -0.09
Torque  (Ib-in) 0 0 0 0 Torque  (Ib-in) 0 5.16|
A (@in) 12.94 12.06) 11.19 10.75) A (@in) 14.33] 13.88
B (in) 11.00) 9.63 7.94 7.13 B (in) 13.63] 14.20,
DA (@in) 0.00 -0.88 -1.75 -2.19 DA (@in) 0.00 -0.46
DB (in) 0.00 -1.38 -3.06 -3.88 DB (in) 0.00 0.57
deflection (in) 0.00 -1.13 -241 -3.03 deflection (in) 0.00 0.06
twist (radian) 0.000] -0.021] -0.055 -0.070 twist (radian) 0.000] 0.043

24




Appendix B Analytical Calculation
1. Lamination Theory

In the lamination theory, the strains are defined as functions of the mid-plane strains €°
and the curvature k.

‘|e +k zl'J
§—|e2+k zy (B1)
e6 +k Zp

The mid-plane strains and curvature of a composite laminate under given load and
moment can be calculated by the following matrix equation.

I NY & Bd'eOP
—y= q .y (B2)
im}, &8 D&k
or in inverse form,
0 b B¢
Ie P a8 0I NU 0 I NU (B3)
}‘; & dql\/lg §B Dy

where N is the applied load per unit width and M is the applied moment per unit width.
The A, B, and D matrices are calculated from the components of the ply stiffness matrix.

A=80h-h)

3, =4 QLo B4
D;k a ij h 3h :

The mid-plane strains and curvatures can be related to the displacements with the
following equations.
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where x-axis is along the length, y—axis is aong the width, and z-axis is aong the
thickness. Similarly, the displacements u, v, and w are along the x, y, and z axes,
respectively.

2. Warping dueto the Thermal Expansion

In the warping test of a square plate, no external loads N or M are applied, and the
warping is due solely to the difference in the therma expansion in the 0° and 90°
directions. The curvatures can be measured easily from the warp. The mid-plane strains
are hard to measure but also exist. We will use the indices x and y to represent the 0° and
90° directions, respectively.

The thermal strains are a function of the temperature difference DT, and the coefficients
of thermal expansion (CTE) ax and ay.

e); =a DT
o _ (B7)
e, =a, DT

In unconstrained condition, the plies will expand freely with no stresses. In the case of a
laminate with plies in two or more directions, the expansions of the plies are constrained
by each other, which leads to the residual stresses in the plies. If a laminate is not
symmetric, these residual stresses can make the laminate warp. A symmetric laminate
will not warp, but will experience higher residual stresses.

Let us calculate the residual stress of a square [0,/90,] asymmetric laminate. First, let us
assume that the laminate is constrained such that it will not warp. The thermal strains
apply only to the normal strains and thus we have the following relations between the
thermal strains er and the residual strains ex.
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e =el +el,
0 - A0 0
€ =€ +eyR (B8)
0 _
e, =0
k,=k, =k, =0
Theresidual strainswill create the following residual stresses
S 1k = Quir T Queyr (B9)

— 0 0
S y,R Qxyex,R +nyey,R

The total mid-plane strains in the 0° and 90° directions are equal since the plate is
constrained from warping. Also, the residual stresses are equal and opposite from the
equilibrium. Therefore,

e, =e)°e’
(B10)
Sx,R:'Sy,ROSR
Solve these two equations to obtain
+
=g ?gQ Q:VQ @,-a,)or
* o XiQ Y (B11)
eyr =- =Y (ay-ax)DT
Qu t2Q, +Q,,
2
Ry~ Qy @,-a,)oT (B12)

SR:QXX+2QXy+QW

These equations are also true for any symmetric cross ply laminate with equal numbers of
0° and 90° plies. Typically, CTE of unidirectional laminates in the transverse direction,
ay, is larger than that in the fiber direction, ay, and thus the residual stresses are positive
in the 0° plies and negative in the 90° plies.

In the case of an asymmetric laminate, the moments required to keep this laminate flat
are,

2 9 t?
|V|1=-SX,RQ ZdZ'SyRQ,ZZdZZ'ZSRO M (B13)
M,=-M
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Apply these moments to Equation (B3) to calculate the mechanical normal strains €y
and curvatures K.

iejyu o8, a, O b, 0 04 0

teSyl @ a 0 0 -b, 040!

feeuf €0 0 a 0 0 03 0

':'klMIy_gbll 0 0 dy, dp 0 _': M ?/

oyl g0 by O dy dy 0T-MI

tKom b §0 0 0 0 0 dggd Op

el(\)/I © e]?M :egM :bllM

Com = (B14)
kM © klM = kZM :(dll' dlZ)M

k =

Note that the 6 6 stiffness matrix for the [0°y/90°,] laminate has many zero and common
components.

In the warping test, the amount of warp was measured as the deflection of the two corners
of the plate when the other two corners were fixed. Using Equation (B6) the deflection w
and the curvature k can be related by the following equation.

w=-KkL*/2 (B15)
where L is the length and the width of the square plate.

The residual stresses at this warped condition can be calculated considering only the
residual and mechanical strains.

S n(2) = Qulelh +e5 +k\ 2)+ Q€0 +e -k 2)

i Q. lel.+el +k, z)+Q (€0, +ef -k, z) (0£zE£t2)
4 ) xXy\"Yy,

=1 (B16)
1Q, (€0 el +k, 2)+Q, (el +ed - k,z) (-t/2£2£0)
:TSR+(QXX+QW)G&+(QXX-QW)<MZ (O£z£t/2)
-se+(Q,+Q, )kl +(Q, - Q Ky 2 (-t/2£2z£0)
Similarly,
i-set(Q,vQ k0 - (Q, - Qukaz (0£2£12)
2l _+S R +(Qxx +WQXy)eX§4 - (Qxx -WQXy):Tnz (-t/2£2z£0) (B18)
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3. Bend-Twist Coupling of Unbalanced Laminate

In this section, we will demonstrate how we can calculate the deflections and the twist of
a hybrid composite beam. The loads that were considered here are axial load Py,
concentrated vertical load at the tip P, and the torque T. These loads are converted to
loads per unit width with the following equations.

N, =P, /b
P=P,/b (B19)
M,=-T/2b

The reason for the factor of two in the last equation is not trivial, but is due to the
difference in the definition of the torque T and twisting moment Me. The torque is applied
on one edge, and the opposite edge experiences an equal and opposite torque as a
reaction. On the other hand, the twisting moment is defined as the moment applied on
four edges of the plate, which effectively becomes half of the torque.

The applied loads N; and Mg are constant along the length, but the constant load P create
axia bending moment that is afunction of the location x.

M,(x) = P(x- L) (B20)

The mid-plane strains and curvatures due to the combinations of N;, M;, and Mg can be
calculated using Equation (B3).

}_ ef :J ?11 a, & by b, by C_J: N, :J
I eg, i Gz 8p Ay b, b, Dy N 0 T
|, eg :|: ga16 Ay Qg D by by :|, 0 :|,
: Kk 1%/ B gbu b]2 b16 d11 d12 dl6 _':' M 1%/
: Kk 2: b, b, by dy, dy d26;J 0 :
tKe b ébus be bg dig dy degM 6p

e](.) :allNl+bllMl+bl6M6

k](.) :bllNl+dllMl+dl6M6 (821)
k](.) :bl6Nl+dl6Ml+d66M6

e, =es =k, =0

Note that the 6" 6 stiffness matrix is fully populated since this laminate is neither
symmetric or balanced.

These mid-plane strains and curvatures are related to the deflections by Equations (B5)
and (B6). By integrating these values with appropriate boundary conditions, we can
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calculate the deflection and the twist of the composite beam. In the case of the cantilever
test, the boundary conditions are the following.

vertical displacement : w(0) =0
vertical dope: w() =0
axid displacement:  u(0) =0
twist : g0 =0

(B22)

Axia deflection due to the axial load per width N;, concentrated load per width P, and
twisting moment per width Mg are,

Uy (X) =a;, N x
u,(x) =h,P(x*/2- LX) (B23)
Uy (X) =bgMgX

Vertical deflection due to the same loads per width N3, P and Mg are,

wy, (X) =-b,;N,x*/ 2
w,(x) =- d,P(x*/6- Lx*/2) (B24)
Wy, (X) =-d,Mx* /2

Twist due to the same loads per width N1, P and Mg are,

An (X) =-bN;x/ 2
0,(X) =- dP(x*/4- Lx/2) (B25)
Oy (X) = - dggM X/ 2

30



