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ABSTRACT

Aerospace-grade carbon fiber reinforced polymer composite plates with four different fiber orientations 0°, 30°, 45°and 60° is
produced with the autoclave curing method and subjected to tensile testing. The stress-strain curves of the composite specimens
are compared with Hooke’s law. It is observed that Hooke’s law coincides precisely with the experimental results for samples
containing fibers parallel to the loading direction. However, it does not coincide with samples where the fibers make a certain
angle with the applied load direction. Moreover, it is reported that Hooke’s law converges the experimental results for small
strain values but diverges significantly from the experimental results at higher strain values.
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1. INTRODUCTION

Laminated composites gained attention in major industries such as aerospace, defense, and automotive
due to their versatile design, flexible manufacturing methods, and high strength-to-weight ratio. The
usage of laminated composite makes the structure of the vehicle lighter and provides a longer range with
the same amount of fuel. In order to use the laminated composite structure reliably within these
industries, their modeling should be well understood and analyzed. If their modeling is well understood
and precisely fits with the experimental finding, the need for mechanical characterization in the
component development stage can be eliminated. The elimination of the mechanical characterization for
laminated composite helps engineers to shorten component development time, thus reducing the costs.

Several experimental studies have been conducted to understand the experimental behavior of laminated
composites [1-10], and finite element analyses are performed to simulate the behavior of laminated
composites under certain loading conditions [11-13]. In addition to pure experimental or numerical
studies, several studies present the correlation and validation to understand better the mechanical
performance and failure behavior of the laminated composites[14-18].

A laminated composite can be modeled from two perspectives: micromechanics and macro mechanics.
As per the micromechanics of a composite, a laminate consists of fiber and matrix. If the mechanical
properties of fiber and matrix are known, then the whole laminate can be modeled by using these
properties. In macro mechanics, a laminate is constructed from different laminae where each lamina can
have a different fiber orientation. This difference in the orientation of fibers affects the mechanical
properties of the laminate. The mechanical properties of laminate can be predicted by applying Hook’s
law to Classical Lamination Theory (CLT). CLT assumes that a laminate consists of different laminae
and considers the angle of each lamina. It can be seen in the open literature that there are several studies
that both use Hooke’s law and CLT [19-22]. Since a laminate consists of several laminae, the application
of Hooke’s law should be well analyzed, validated, and understood in the lamina order.
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Hooke’s law can be applied to lamina from a macro-mechanic perspective to explain the effect of
varying fiber angles on stiffness in many textbooks [23-25]. These textbooks explain the application of
Hooke’s law for unidirectional and angle ply lamina and relate stress with strain. However, when the
literature is investigated, it is seen that there is a lack of validation of Hooke’s law with experimental
data for angle ply composite lamina.

This research is an effort to fill the gap for a better understanding of whether Hook’s law is confidently
applicable for angle ply lamina or not. For that purpose, four different directions of carbon fiber reinforced
polymeric lamina are produced through the autoclave curing method and then tested under tensile loading
up to the failure point to acquire stress-strain data, which is then compared with Hooke’s law.

2. MATERIALS AND METHODS
2.1. Materials and Sample Preparation

Carbon fiber prepreg, with a trading name of AX-6201XL-C, is obtained from Kordsa. The prepreg
consists of unidirectional fibers with an aerial fiber weight of 300 gsm. Before laying up, the carbon
fiber prepreg is cut with a dimension of 300x300 mm by using ZUND G3-L.3200 Digital Ply Cutter with
desired fiber orientations. Four different composite plates are manufactured by an autoclave curing
method. First, prepreg stacks are placed on a pre-treated steel plate with Axel Xtend 838 mold release
agent. Two thermocouples (TC1 and TC 2) are attached to two different prepreg stacks with a heat-
resistant tape called Flash Breaker. These thermocouples are used to monitor the temperature of prepreg
stacks during autoclave curing. Prepreg stacks are covered with Airtech WL5200 release film, Airtech
N10 breather fabric, and Airtech WL 7400 vacuum bag. The vacuum bag is sealed with Airtech AT
200Y sticky tape. Here, breather fabric is used for air evacuation inside the bagging, and release film
prevents the sticking of breather fabric to prepreg stacks. Once the prepreg stacks are bagged, the
vacuum leak test is performed for two minutes. At the end of the vacuum leak test, no vacuum leak is
observed. Once every necessary step is completed for a secure autoclave run, a recipe is created in the
autoclave software based on the prepreg manufacturer’s recommendations. The autoclave is pressured
with Nitrogen gas. The curing process parameters of four different prepreg stacks are depicted in Figure
1. Autoclave gage pressure (Pressure), autoclave temperature (AirTC), and part temperatures (TC1 and
TC2) can be seen in Figure 1 (a), and the vacuum gage pressure inside the bag can be seen in Figure 1 (b).
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Figure 1. Curing condition for prepreg stack (a) Air temperature (AirTC), thermocouples attached to prepreg stacks (TC1 and
TC2) and gauge pressure in the autoclave (Pressure), (b) gage vacuum inside the bagging
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Once the autoclave cycle is completed, composite plates are carefully removed from the bagging
materials. In order to prevent the composite plates from mixing with each other, the plates are
immediately marked with their codes and fiber directions after they are cleared of the bag materials

A visual inspection is performed to check for any production imperfections. It is observed that composite
plates are produced of good quality. The produced composite plates are then taken into dimensional
quality inspection in order to check the homogeneity of thickness over the plates. It is seen that each
composite plate has a homogeneous thickness of 1.2 mm. Once the quality of the composite plates is
assured, they are sent to the tabbing station. The stacking sequence of composite plates and their codes
along with their measured strength are given in Table 1.

Table 1. The configuration of plates and their code

Configuration Code Strength (MPa)
[0], CY0 2112
[30], CY30 70
[45], CY45 58.6
[60], CY60 41

The produced plates are tabbed with glass fiber reinforced polymer tabbing material for the tensile test.
Glass fiber tabs are adhered to the produced test plate with 3M AF 163-2k adhesive film. The curing of
the adhesive film is performed in a vacuum oven, and it is described in a previous publication [26]. First,
the extraction of test coupons from the composite plates is attempted with the Poysan 3-axis router, and
it is successful for the CY0, CY45, and CY60. However, it is seen that the CY30 test plate is so brittle
that it is impossible to cut tensile test coupons with the router. Therefore, tensile test coupons from the
CY30 plate are cut with a water jet (KUKA KR16 equipped with KMT Neoline 40i OEM water
pressurizing system 3000 bar speed 250 mm/min). The tabbed tensile test coupons extracted from CY60
and CYO test plates can be seen in Figure 2 (a &b), respectively. The dimensions of all test coupons are
chosen per the ASTM D3039 standard and can be seen in Table 3.

2.2. Mechanical Testing

All mechanical tests are performed with a Universal Test Machine (UTM) (Instron 8803) equipped with
a load cell of £250 kN under the crosshead displacement of 2 mm/min. Axial strain data is recorded
with a video extensometer (AVE 2.0), and transversal strain data is recorded with a mechanical
extensometer (Epsilon 3542).

In order to analyze the reliability of Hooke’s law for angle-ply lamina, material constants of the
unidirectional lamina, namely, elastic modulus in the direction of fiber (E;,), elastic modulus in the
perpendicular direction to fiber (E,,), the major Poisson’s ratio, and in-plane shear modulus are needed.
Among these material constants of the unidirectional lamina, E;4, E,,, and v, ,, are measured by applying
the principles of ASTM D 3039 Standard Test Method for Tensile Properties of Polymer Matrix Composite
Materials [27] and G, is measured by following the ASTM D 3518 Standard Test Method for In-Plane
Shear Response of Polymer Matrix Composite Materials by Tensile Test of a +45° Laminate [28]
standards. The material constant measured by following these standards is given in Table 2.

Table 2. Material constants of unidirectional lamina

Material constant Value Standard
Ei1 128 GPa ASTM D 3039
E,, 17.7 GPa ASTM D 3039
Ugp 0.289 ASTM D 3039
Gy 14.4 GPa ASTM D 3518
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Figure 2. Tensile test coupons ready to test, (a) CY60 coupons, (b) CYO coupons

Table 3. Dimensions of coupons

Code Gage length Tab length Width (mm) Overall length
(mm) (mm) (mm)
CYO0 138 56 15 250
CY30 150 50 25 250
CY45 150 50 25 250
CY60 150 50 25 250

2.3. Hooke's Law

A plane stress assumption can be made if a thin plate experiences only in-plane loads. A thin plate has
a relatively small thickness compared to its width and length. Therefore, a composite lamina can be
treated as a thin plate. Under a plane stress assumption, three stress terms, a3, 31, 0,3 are zero and
the 3D stress-strain equation can be reduced to a 2D stress-strain equation. This two-dimensional stress-
strain relation can be expressed with Equation (1)

01 Qi1 Q2 O &
[02] = [Q12 Q2 O ] [52 ] 1)
T12 0 0 Q66 Y12

In Equation (1), the direction of fibers is assumed as direction 1, while the direction perpendicular to
fibers is referred to as direction 2.
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Figure 3. (a) Global axes and material axes, (b) alignment of fiber for four different sets of the test sample

In an angled lamina, the stresses are applied at a certain angle with respect to the fiber direction. For
angle ply lamina, stress is applied in accordance with the global coordinate system. The direction of
load is referred to as the X-axis and the direction perpendicular to the load is referred to as the Y-axis..
(Figure 3 (a)). The angle between material and global axes is denoted by 6 and is chosen as positive as
the fiber turns out in a counterclockwise direction. The direction of fibers for four different sets of
samples can be seen in Figure 3 (b). When stress is applied in global axes, the relation between stress
and strain is given by Equation (2).

Ox Qi1 Q12 Qi6 Ex
Uy] = 612 sz 626] [‘gy] @
Txy Q16 Q26 QoclVx

Here [Q ]are the transformed, reduced stiffness matrix and each element of [Q ] can be calculated by
Equation (3)

Q11 = Q11¢* + Q225* + 2(Q12 + 2Qg6)s%c?,

Q12 = (Qu1 + Q22 — 4Qg6)s*c? + Q12 (s* + %),

Q22 = Q115™ + Qa2¢™ + 2(Q12 + 2Q66)s%c?,

Q16 = (Qu1 = Q12 — 2Q66)c>s — (Q22 — Q12 — 2Qe6)5°c, 3)
Q26 = (Q11 — Q12 — 2Qe6)cs® — (Q22 — Q12 — 2Qe6)s°C,

Qos = (Q11 + Q22 — 2Q22)5%c? + Qo5 (s* + ¢*),
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Here it can be seen that each element of the transformed, reduced stiffness matrix is related to four
stiffness elements (Q11, @12, @22, @s¢) and the constants ¢ = cos 8 and s = sinf. The four stiffness
elements are functions of four engineering constants (E, E,, v15,V,4) and can be seen in Equation (4).

__ B
Q11 T 1-vp015
_ Uk
Qiz = 1-v21V12’
4)
__ E
Q22 = 1-v21V12
Qs6 = G12,
3. RESULTS

In order to see the response of Hooke’s law on a lamina, first, CY0 samples are tested and analyzed with
Hooke’s law. Since CYO0 samples are only composed of fibers parallel to the applied load, Hooke’s law
and experimental results are expected to converge to each other better when compared to angle ply
lamina. Indeed, the results obtained to confirm this assumption. The experimental stress-strain curves
and the response of Hooke’s law for CY0 samples can be seen in Figure 4.
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Figure 4. Experimental and Hooke’s law stress-strain curve for CY0 samples.

Once it is confirmed that Hooke’s law converges for the lamina with fibers aligned only in a direction
parallel to load, Hooke’s law is applied to the angle-ply laminate. The first angle ply lamina that the
appropriate response of Hookes’ law is examined to experimental results is the CY30. Although six
different coupons are prepared for the test of CY 30, only two of them are being tested successfully. The
underlying reason behind this problem is the brittleness of CY30 samples. As mentioned in the
“Materials and Sample Preparation section,” the CY30 samples are so brittle that the extraction of
samples is being done with a water jet. That brittleness also does not allow to conduct of tensile tests
successfully. The stress-strain curves produced with Hooke’s law and experiment can be seen in Figure
5 for CY30. Although Hooke’s law produces results that agree with the experiment for CYO, the
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situation is entirely different for CY30 samples. Hooke’s law produces relatively close results with the
experiment for small strain values while significantly deviating from experimental results for the high
strain values. These relatively small strain values do not make sense in applying Hooke’s law to the
angle ply lamina. These small strain values are mostly not applicable, and an angle ply lamina can

undergo higher strain values than Hooke’s law.
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Figure 5. The comparison of stress-strain curves with Hooke’s law for CY30 samples

Test coupons with 45 ° fibers, CY45, are tested to see that the error observed in CY30 specimens can
be reduced. When the results obtained by Hooke’s law and experiments are compared for CY45, it is
clearly seen that in Figure 6, Hooke’s law does not correlate with the experimental finding. Even though
five different specimens are tested experimentally, and all indicate the same stress-strain curve, Hooke’s
law finding deviates from all the experimental stress-strain curves.
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Figure 6. The comparison of stress-strain curves with Hooke’s law for CY45

The last attempt is made with CY60 samples to see whether Hooke’s law applies to the angle ply lamina.
As shown in Figure 7, Hooke’s law does not converge the experimental stress-strain curves for CY60
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specimens. However, it can be seen from Figure 7 that Hooke’s law produces better results for CY60
samples when compared to those of CY30 and CY45.
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Figure 7. The comparison of stress-strain curves with Hooke’s law for CY60

Four types of samples are being tested in this study, and their fracture images are taken and depicted in
Figure 8. It can be seen from Figure 8 (a) that samples containing fibers parallel to load failed as if fibers
exploded due to extensive splitting, and it is observed that the fibers are fringed. It is not possible to
observe a clear fracture plane as can be observed from the other fractured samples. Figure 8 (b), (c), (d)
represent the failed specimens from the CY30, CY45, and CY 60 batch, respectively. CY30, CY45, and
CY 60 specimens indicate clear fracture planes and fracture angles based on the direction of fibers. It
can be seen from Figure 8 (b-d) that as the angle of fibers with respect to load increases, the angle of the

fracture plane also increases.

(b)

Figure 8. Fractured samples after tensile test; (a) CYO0, (b) CY30, (c) CY45, (d) CY60
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4. DISCUSSION

Herein, four different aerospace-grade angle ply laminates are produced with an autoclave
manufacturing method, tested experimentally in ISO 17025 and AS 9100 certified laboratories, and the
application of Hooke’s law to the experimental results is analyzed. It is found that the correlation of
Hooke's law with experimental results is very well for a laminate composed of only unidirectional fibers.
When Hooke’s law is applied for an angle ply lamina, there is a significant amount of deviation from
the experimental stress-strain curves.

The autoclave used in test plate production is located at Advanced Composite Manufacturing (ACM)
laboratory at Sabanci University Integrated Manufacturing Research and Application Center (SU IMC).
The vacuum, pressure, and thermocouples found on the autoclave have all the annual calibrations and
verifications, and the ACM is an AS 9100-certified laboratory. Technical personnel produces the test
plates based on the written order, and all the technicians have the necessary training and at least two
years of lamination experience to complete the given jobs accurately.

The Universal Testing Machine (UTM), mechanical and optical extensometers used in the mechanical
testing of test coupons are also located Mechanical Testing laboratory at Sabanci University Integrated
Manufacturing Research and Application Center (SU IMC). The UTM machine and extensometers also
have annual calibration and verification after every six months. The mechanical testing laboratory is
ISO 17025 and AS9100 certified. All the technical personnel who contribute to mechanical tests have
the necessary training and experience.

Even though all the manufacturing and testing are done by qualified personnel and calibrated equipment
in certified laboratories, the significant amount of divergence results produced by Hooke’s law
compared with the experimental results indicates the insufficiency of the theorem. According to obtained
results for angle ply lamina, Hooke’s law always overestimates the experimental results. This
overestimation behavior of Hooke’s law can be attributed to its linear elastic estimation of the relation
between stress and strain. For the angle ply lamina, as the stress increases, the linear relationship
between the stress and strain diminishes due to increased shear stress. The reason behind the deviation
between Hooke’s law predicted results and experimental results is the factor of an interface failure,
which Hooke’s law does not account for in the calculation.

5. CONCLUSION

Herein, the applicability of Hooke’s law to the angle-ply laminate is analyzed. First, four different
materials constants for unidirectional lamina, namely longitudinal elastic modulus (E;;), transverse
elastic modulus (E5,), in-plane shear modulus (G ,), and major Poisson’s ratio (v,,) are measured. Then
these measured material constants are fed into Hooke’s law to investigate the appropriateness of Hooke’s
law for angle ply lamina. The following conclusions are drawn in this study:

1) The stress-strain curve produced by Hooke’s law agrees well with the experimental stress-strain
curve for unidirectional lamina.

2) However, the results generated by Hooke’s law do not coincide well with the experimental
results for angle ply lamina.

3) Hooke’s law approaches the experimental stress-strain curve only for relatively small strains.

4) Therefore, the reliability of Hooke’s law should be questioned for the angle-ply lamina, and this
reliability problem should be considered when Hooke’s law is taught in composite material
courses at undergraduate and graduate levels.
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