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Abstract

:

In this paper, the mechanical properties of fiber-reinforced epoxy laminates are experimentally tested. The relaxation behavior of carbon and glass fiber composite laminates is investigated at room temperature. In addition, the impact strength under drop-weight loading is measured. The hand lay-up technique is used to fabricate composite laminates with woven 8-ply carbon and glass fiber reinforced epoxy. Tensile tests, cyclic relaxation tests and drop weight impacts are carried out on the carbon and glass fiber-reinforced epoxy laminates. The surface release energy GIC and the related fracture toughness KIC are important characteristic properties and are therefore measured experimentally using a standard test on centre-cracked specimens. The results show that carbon fiber-reinforced epoxy laminates with high tensile strength give high cyclic relaxation performance, better than the specimens with glass fiber composite laminates. This is due to the higher strength and stiffness of carbon fiber-reinforced epoxy with 600 MPa compared to glass fiber-reinforced epoxy with 200 MPa. While glass fibers show better impact behavior than carbon fibers at impact energies between 1.9 and 2.7 J, this is due to the large amount of epoxy resin in the case of glass fiber composite laminates, while the impact behavior is different at impact energies between 2.7 and 3.4 J. The fracture toughness KIC is measured to be 192 and 31 MPa √m and the surface energy GIC is measured to be 540.6 and 31.1 kJ/m2 for carbon and glass fiber-reinforced epoxy laminates, respectively.
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1. Introduction


Fiber-reinforced plastics (FRP) are used in many infrastructure and aerospace applications. These composites are usually used as laminates, which have higher specific strength and are lighter than standard metals. In terms of fracture behavior, these composites are classified as quasi-brittle materials. In the presence of holes and enlarged geometries, their behavior lies somewhere between brittle and ductile [1,2,3,4,5,6]. The mechanical properties of glass fiber-reinforced polymer (GFRP) structures were studied in [1,2,3,4] to understand the size effect produced by the hole under static loading. The mechanical behavior under impact loading was studied by Abdellah et al. [7]. The addition of a steel mesh between the fiberglass layers in a composite laminate increases ductility while decreasing fracture toughness and tensile strength and improving damage tolerance. Moreover, the steel mesh minimizes the size effect of the composite plate with an open circular hole [8]. The vibration behavior of such a composite was investigated [8]. The fracture toughness of glass fiber composites has been measured experimentally in many studies [2,9,10]. A work by Abdellah et al. [7] studied the impact and relaxation loading of glass fiber-reinforced composite laminates. Fouad et al. [9] measured the fracture toughness of epoxy resin reinforced with carbon fibers, Kevlar and glass fibers for biomedical applications. Delamination was considered as a damage type observed in composite laminates [11,12]. The study of delamination due to impact [12,13] has been strongly recommended to fully understand its behavior, especially in materials such as laminates that are considered to have low impact resistance and damage tolerance.



The basic concepts of the viscoelastic behavior of polymer composites under relaxation and creep were described by Papanicolaou and Zaoutsos [14]. Composites are considered as viscoelastic materials affected by fatigue [15] and even by creep [16]. The effect of short elastic fibers on the relaxation behavior of composites was studied analytically [17] and evaluated numerically using a Monte Carlo finite element analysis. It was found that stress relaxation is affected by the elastic and shear moduli of the matrix. George et al. [18] investigated a chemical surface treatment of fibers, which increased the interfacial bonding between the fiber and the matrix and resulted in a decrease in relaxation stress. The same chemical treatment results were observed by Pothan et al. [19]. An analytical study by Obaid et al. [20] was carried out on composites reinforced with short and randomly oriented fibers to understand the behavior and interfacial bonding during stress relaxation. A finite element model by Obaid et al. [21] provided a good description and explanation of the change in stress relaxation constant with the interfacial shear stress at the fiber-matrix interfaces. Further work reported that the chemical interaction between the fiber and the matrix largely affects the stress relaxation [22,23]. This interfacial reaction depends on the molecular structure [24,25,26]. In addition to the effect of chemical treatment at the fiber-matrix interfaces on stress relaxation, the effect of binder, degree of elongation, fiber loading, fiber orientation, and temperature have also been studied in short sisal fiber-reinforced natural rubber [27]. Saeed et al. [21] studied stress relaxation at the interfaces of glass fiber-reinforced high density polyethylene (HDPE). These results were compared with Cox’s analytical model of shear retardation. A study by Fathy et al. [28] investigated the stress relaxation behavior of composite materials used in underground pipelines.



As previously reported, much work has been done to investigate relaxation stress in relation to chemical treatment and interfacial debonding at fiber-matrix interfaces. The relaxation stresses are important to fully understand the behavior under different strain and loading conditions, as they help in predicting the dimensional stability of the load bearing capacity of composites and in determining the loading by modulus for composite-bolted joints [29]. Moreover, the stress relaxation study is important for the curing process of composite structures where dimensional stability over time is needed. Therefore, the present work has two objectives: (1) to study the effect of stress increases (central open holes) on stress relaxation and (2) to understand delamination damage during a drop-weight impact test. These properties require a complete description of the fracture toughness and tensile properties of glass- and carbon fiber-reinforced polymers (GFRP and CFRP).



The article is organized as follows: In the first part, the concepts of stress relaxation are explained; in the second part, the fabrication of GFRP and CFRP is discussed; in the third part, the tensile, notched bar impact, relaxation and drop weight tests are explained. In the last section, the results and discussion are presented.




2. Stress Relaxation


The applied stress is kept constant throughout the stress relaxation test, and the change in stress over time is observed. Under continuous stress, the stress level gradually decreases. At temperatures above Tg, the stress relaxation is significant, while at temperatures below Tg, it is negligible. For this reason, the stress relaxation test is performed at temperatures above and below Tg. The temperature in the chamber is kept at a constant level throughout the test. The stress relaxation test is performed under compression in the case of shape memory polymer foam. The test is performed using a tensile or compression testing machine when short term properties are being investigated. For the investigation of long-term properties, the test is performed with a constant displacement machine in a chamber with temperature control. Stress relaxation is automatically recorded during the test. In the stress relaxation test, the change in stress under constant strain e0 with time is recorded. The stress relaxation is monitored until time t1 is reached. In a cyclic stress relaxation test, the stress s0 is determined by applying strain e1 at time t1 and the stress response after t1 is recorded. These loading processes are repeated in a cyclic test, as shown in Figure 1 [30].



Under constant loading conditions, stress relaxation is a time-dependent decrease in stress. By applying a specific deformation to a specimen and measuring the stress required to maintain that deformation as a function of time, this particular polymer behavior can be studied. Stress relaxation data have proven valuable in a variety of practical applications. Figure 2 shows a typical stress–time curve. To achieve the desired strain, a uniform strain rate was applied to the sample at the beginning of the experiment. Once the sample reached the desired strain, the strain was held constant for a specified time. As a function of time, the stress drop that occurs due to stress relaxation is noted. The stress measurements are recorded at different time intervals and the results are plotted as a graph of stress versus time.




3. Materials and Methods


3.1. Hand Layup


Laminated composite structures are manufactured using a variety of complicated production methods. Therefore, the hand lay-up method [31,32,33,34,35,36], which is considered the cheapest and simplest, was recommended and chosen. In the fabrication of this method, processes with two-sided glass plates are used. One plate serves as a base and is waxed with a release agent to prevent sticking. Then, a single layer of epoxy resin (see Table 1 [32,37,38] for mechanical properties) is applied evenly to the entire base plate. Then, glass fibers are placed on top of the epoxy resin layer to build up another layer, and the process is repeated until all laminate layers are formed and completed according to the build-up sequence shown in Figure 3. As shown in Figure 3, each laminate has eight layers of woven glass fibers (S1) and eight layers (S2) of woven carbon fibers. The ASTM D3171-99 standard [39] allows the use of the ignition removal approach. The average thickness of the fabricated sheets for samples S1 and S2 was 3.4 mm and 1.7 mm, respectively. The volume fractions of the fibers were measured to be 65% for CFRP and 45% for GFRP.




3.2. Tensile Test


Tensile tests were performed on specimens of glass fiber-reinforced polymer. These tests were performed using a computer-controlled universal electromechanical testing machine (machine model WDW-100- Jinan Victory Instrument Co. Ltd., Jinan, China) [40], with a load capacity of 100 kN and a controlled speed of 2 mm/min, in accordance with ASTM D3039 [41], for tension. The typical specimen geometry for tension is shown in Figure 4.




3.3. Drop Weight Impact Test


Due to their high specific strength and modulus, low specific density, and corrosion resistance, fiber-reinforced polymers are widely used in aerospace, transportation, and construction applications. In order to achieve an optimal design of such a material, standard testing and determinations of mechanical properties are required. Toughness testing, like impact testing, is an important test of fiber-reinforced plastics that is used to determine the material’s ability to absorb energy. Although Izod and Charpy are the best known impact testing methods, they have significant drawbacks, such as the need for a notch in the specimen and limitations on the amount of load applied. For impact testing, another approach, drop weight impact testing (DWIT) [42], can be used. The energy absorption capacity of materials is measured by dropping a weight onto the specimen. Compared to metals, composites show different responses when subjected to impact loading. While metals show a rapid elastic response followed by protracted plastic deformation under impact loads, composites show an elastic response followed by a variety of failure modes such as delamination, cracking of the matrix, and fiber breakage. This could be due to the fact that the impact energy in metals is absorbed by plastic deformation, while the energy in composites is absorbed by different failure modes.



Figure 5 shows the test fixture. It consists of two 1000 mm long steel bars bolted to a rigid steel plate, with the upper ends of the bars restrained by a steel beam. A cross steel head connects the impactor to the two steel bars. The transverse steel head was designed to move over the two rods with the impactor, allowing the surfaces of the specimens to fall freely. The depth of the indentation caused by the penetration of the pin into the surface of the specimen is measured. The absorption of energy by the material is measured using the depth of penetration. The law of conservation of energy is used to calculate the velocity of the falling load and the impact time. The specimens were square, with an edge length of 30 mm made of the two materials under study, fiberglass cloth and carbon fiber with eight layers. The specimens were simply supported at the edge on the impact load cell, sinve clamping is not preferred, especially for ductile material, to prevent the buckling of the outer region of the specimen [43] For each load of 0.5 and 1 kg, three different heights were used: 0.5, 1 and 1.5 m.




3.4. Relaxation Test


Stress relaxation is defined as a noticeable reduction in tension in response to stress on the structure. This is because a structure held in a stressed state for an extended period of time will exhibit some plastic strain. Therefore, this concept is not inconsistent with creep, where increasing strain is associated with a continuous state of stress. Since relaxation causes a significant reduction in the stress level, it is reflected in the reduction in equipment response. Relaxation differs from cold spinning in that it occurs over a longer period of time; however, both have the same effect. The amount of relaxation that occurs depends on several variables, such as time, temperature, and load level. Therefore, the exact effect on the system is unknown, although it can be limited. When stress is sustained, stress relaxation shows how polymers can provide stress relief. Since polymers are viscoelastic and not subject to Hooke’s law, they behave nonlinearly [44]. Stress relaxation and a phenomenon known as creep define the aforementioned nonlinearity, which shows how polymers stretch under constant stress. At any point in the course of a constant strain rate or a creep test, a relaxation test can be performed. Ideally, the length of the specimen should be kept constant throughout. This will dissipate the stored elastic strain energy of the specimen through plastic deformation, resulting in a decrease in the determined value of the stress maintained by the specimen over time [45].



A simple digital spring balance with a maximum capacity of 50 kN was built to evaluate the relaxation response of such a material. It was coupled with robust steel beams. As shown in Figure 2, one end of a conventional flat tensile specimen was fixed in this balance with a designed coarse upper frame handle, while the other end was clamped to the second lower frame handle attached to the mechanical manual force screw (see Figure 6). To increase the gripping force at the ends of the specimen and prevent slippage from the rough handles, both ends are wrapped with emery paper.



The load is transferred to the specimen via a force screw until the balance reaches the prescribed load, which corresponds to the loads on the force–displacement curve of the basic tensile test. For all specimens measured, the load was set at 40 percent of the maximum load of the lowest strength to ensure that the higher strength specimens were safe, as measured by a basic tensile test.



The relaxation young modulus can be measured as follows:


   E r  =   σ  ( t )    ϵ  ( t )     



(1)







The cyclic slope (α) can be measured from the stress time curves, as shown in Figure 7. The slope of the curve α can be measured as follows:


  Cyclic   slope = α =    σ 0     t o      kW /  m 3     



(2)









4. Center Notch Specimen


The evaluation of fracture toughness is still very important in the application of composite laminates. This is because fracture toughness is a measure of a material’s ability to resist crack propagation. The center-cracked tension (CCT) specimen is a popular choice.



To calculate the surface release energy of such hybrid composites, Soutis et al. created a model [46] using quasi-brittle fabric laminates with center-cracked tension plate specimens. The cured plates were first cut to their nominal dimensions using a diamond-coated disk. After the specimens were machined to their final geometry, a pre-crack length of 10 mm was applied.



The geometry of the CCT specimens used is shown in Figure 8. For each case, five specimens with a length of 15 mm were prepared for the central crack (2a). The specimens were then subjected to tensile loading until they failed, with the load and displacement being recorded.




5. Results and Discussion


5.1. Tension Test


Figure 9 shows the relationship between stress and strain for the carbon fiber (red line) and glass fiber (blue line) reinforced epoxy laminates. Both materials behave elastically and linearly, but for the carbon fiber- reinforced material, failure is delayed for a while after the peak stress is reached and rapid failure begins, because the fibers still form a bridge and resist failure. The carbon fiber-reinforced specimens exhibited higher strength than the glass fiber-reinforced ones, with values of 600 MPa for the carbon fiber-reinforced epoxy laminates and 200 MPa for the glass fiber-reinforced laminates, which was due to the high strength and stiffness of the carbon fibers and the very high attachement with the ascended epoxy interfaces as compared to epoxy with glass fibers. This effect can be seen in Figure 10, as the fracture surface of the composite laminates reinforced with carbon fibers was not straight but was roughly graded on the light side (see Figure 10b), while the fracture surface of the specimens reinforced with glass fibers with greater thickness was almost straight (see Figure 10a). Moreover, severe delamination was observed throughout the thickness of the specimen, while this was not the case for the thin carbon fiber-reinforced specimens. This may explain the reason for the high strength of carbon fiber-reinforced epoxy laminates compared to glass fiber-reinforced laminates, apart from the higher specific strength and stiffness compared to glass fibers. The Young’s modulus was measured from the stress-strain diagram (Figure 9) as (68.7 and 29.5) GPa for CFRP and GFRP, respectively.




5.2. Center Crack Notch


Figure 11 shows the relationship between load and displacement for the mean crack notch. The average maximum loads measured are 80 kN and 25 kN for carbon and glass fiber-reinforced epoxy laminates, respectively. The average failure stress is 889 MPa and 138.8 MPa for carbon fiber (CFRP) and glass fiber-reinforced (GFRP) epoxy composite laminates, respectively. The loading behavior is uniform with a flat failure plateau for glass fiber-reinforced epoxy laminates. The failure modes are net stress modes with fiber bridging for both specimens (see Figure 12). The energy released at the fracture surface can be measured using Equation (3) considering the failure stress for each specimen and using the real dimensions of the specimen as follows [32]:


   K  I c   = σ   π a     s e c  (    π a  w   )     



(3)




where σ is the fracture stress, a is half the crack length, and w is the specimen width. The average fracture toughness (KIc) was measured as (192, 31) MPa√m for CFRP and GFRP, respectively. The average surface release energy GIC was measured as (540.6, 31.1) kJ/m2 for CFRP and GFRP, respectively. The large differences between the values of CFRP and GFRP can be attributed to the large difference in the stiffness and strength of carbon fibers compared to glass fibers. The large thickness of the laminates of glass fiber composites results in delamination through the thickness, while the cracks in the carbon fibers composites were almost like a tensile test, with two cracks on the two sides of the specimens. It was found that the maximum elongation reached 0.04 mm for GFRP, while it was 0.02 mm for CFRP. This was due to the greater thickness and amount of elastic epoxy in the glass fiber layers, where the epoxy volume fraction was 55%, while it was 35% for the carbon fibers. The volume fraction was measured using the ignition technique, according to the ASTM D3171-99 standard [39].




5.3. Relaxation Test


Figure 13 shows the stress as a function of time for CFRP. It can be observed that the diameter of the hole affects the curve trend. For the sample with increasing hole diameter of 12 mm, the stress was high and had a steep slope, as shown in Figure 13. The number of cycles was almost three, where the first and second cycles had the same duration of 20 min, while the last cycles were shorter. Towards the end of the first and second cycles, a wave kink was observed, which was due to the softening of the epoxy resin. For the first and second cycles, the cyclic slope increased with the hole diameter (see Figure 14). This was due to the decrease in strength with increasing hole diameter, leading to rapid failure, while the trend changed for the last few cycles as the epoxy matrix around the holes cracked. It was also important to observe that the lowest stress shifts with each cycle. This can be attributed to the fact that the load carrying capacity decreased as the cycle time increased. For GFRP, the same trend can be seen in Figure 15, but the first and second cycles have almost the same minimum stress, and the slope of the last cycle (see Figure 16) was also different from that of CFRP. For both materials, CFRP and GFRP, the unnotched specimens show an increasing cyclic slope, which was due to the high strength of the carbon and glass fibers, which increased the stress concentration near the machine gaps, and also to the changes in the stress distribution during manual testing. All failure modes were net stresses with coarse cracks on the surface. No delaminations were observed in the CFRP, while slight delaminations were observed in the GFRP. The failure mode in the case of unnotched GFRP was tearing, as the surfaces were destroyed (Figure 17 and Figure 18).




5.4. Drop Weight Impact Test


The drop weight impact test is illustrated in Figure 19 for both CFRP and GFRP. It can be observed that the indentations in the specimens reinforced with glass fiber composite laminates were larger than those of the specimens reinforced with carbon fibers in the range of impact energy from 1.9 to 2.7 J. This difference decreased in the range of impact energy from 2.7 to 3.4 J, which was due to the fact that, in this range, the impactor penetrates deep into the material and hits both the carbon and glass fibers, which have a high impact force. The indentations for all specimens are shown in Figure 20 and Figure 21 for the CFRP and GFRP, respectively. The depth of the indentation through the thickness increased with increasing velocity, which was due to an increase in the kinetic energy of the impact (𝑒 = 1/2 𝑚𝑣2), some of which was stored in the specimen in the form of crack depth, while the rest is dissipated was the form of impact noise and temperature. Depth increases more readily than velocity with increasing load, which may be due to the fact that energy changes only once with velocity. The depth of the indentation can be considered a measure of the energy stored in the material. The elastic response of metal under impact loading becomes short while the plastic deformation is long. On the other hand, the elastic response of composite materials results in softening, with various forms of failure such as delamination, bridging and cracking in the matrix. Therefore, the absorption of energy in metal is dissipated by plastic deformation, while in composites the energy has been observed in many failure modes.





6. Concussions


Composite laminates have many excellent and competitive properties. The tensile strength of CFRP and GFRP were measured, these two values were selected to determine the 40% relaxation stress for each sample. The relaxation behavior and cyclic slope were measured. It was found that both CFRP and GFRP with holes exhibited the same three relaxation cycles at the same percent stress, but with changing behavioral trends. The cyclic slope of relaxation increases with increasing hole diameter, but for composite specimens without notched, it decreases with time for both types of material. Glass fibers show better impact behavior than carbon fibers at impact energies of 1.9 J to 2.7 J, while the impact behavior was more similar at impact energies of 2.7 J to 3.4 J. The fracture toughness KIC was measured to be 192 MPa √m and 31 MPa √m, and the surface energy GIC was measured to be 540.6 kJ/m2 and 31.1 kJ/m2 for carbon and glass fiber-reinforced epoxy laminates, respectively.
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Figure 1. Cyclic stress versus time relation [30]. 
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Figure 2. Schematic drawing of a stress–time relationship. 
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Figure 3. A schematic of the different plies used in manufacturing S2. 
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Figure 4. Tensile test specimen geometry (dimensions in mm). 
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Figure 5. Simple drop weight impact tester. 
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Figure 6. Manual relaxation testing device. 
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Figure 7. Experimental cyclic slope. 
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Figure 8. Center-cracked tension (CCT) specimen geometry (dimensions in mm) [32]. 
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Figure 9. Stress versus strain ratio of tensile specimens. 
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Figure 10. Failure modes in tension tests of specimens reinforced by; (a) glass fiber, (b) delamination (c) carbon fiber. 
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Figure 11. Load versus displacement relationship for center crack notch specimen. 
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Figure 12. Failure modes for the center crack notch specimens; (a) glass fiber, (b) carbon fiber. 
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Figure 13. Relaxation stress and time curve of CFRP. 
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Figure 14. Cycle slope versus cycle number of CFRP. 
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Figure 15. Relaxation stress and time curve of GFRP. 






Figure 15. Relaxation stress and time curve of GFRP.



[image: Materials 14 07412 g015]







[image: Materials 14 07412 g016 550] 





Figure 16. Cycle slope versus cycle number of GFRP. 
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Figure 17. Failure modes in the relaxation test for CFRP with hole diameters (a) no notch, (b) 4 mm, (c) 8 mm, (d) 12 mm. 
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Figure 18. Failure modes in the relaxation test for GFRP with hole diameters (a) no notch, (b) 4 mm, (c) 8 mm, (d) 12 mm. 
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Figure 19. Depth of indentations in the drop weight impact test. 






Figure 19. Depth of indentations in the drop weight impact test.



[image: Materials 14 07412 g019]







[image: Materials 14 07412 g020 550] 





Figure 20. Tndentation though CFRP for (a) 1.9 J, (b) 2.7 J, and (c) 3.4 J. 
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Figure 21. Indentation though GFRP for (a) 1.9 J, (b) 2.7 J, and (c) 3.4 J. 
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Table 1. Mechanical and physical properties of E-glass fiber and epoxy resin [32,37,38].
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	Properties
	E-Glass
	Kemapoxy (150RGL)





	Density (kg/m3)
	2600
	1.2



	Tensile strength (MPa)
	3450
	85



	Tensile modulus (GPa)
	80
	2.5



	Passion ratio
	0.25
	0.35



	In plane shear modulus
	30.8
	1.24
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