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Abstract

:

While the mechanical strength of 3D-printed composites is an area of active research, few studies have considered their application to the marine industry. In particular, the role of wall layers is an issue because of their lack of the contribution to the mechanical strength although they help prevent water penetration. In this study, experiments were performed to investigate the effects of salt spray exposure on the mechanical strength of continuous fiber 3D-printed composites with and without the wall layer. Specimens were printed using continuous fiber filaments in the same direction as the loading direction with and without a wall layer. The period of salt spray exposure was set to 15 and 30 days, and the saltwater absorption rate was calculated for each specimen. Tensile tests were performed to determine the effect of the exposure period on the tensile modulus and strength. The results showed that the tensile strength decreased with an increasing exposure period and that the presence of the wall layer reduced the rate of decrease in the mechanical strength. The results confirmed that a wall layer prevents the penetration of saltwater, which may facilitate the potential application of 3D-printed composites in the marine industry.
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1. Introduction


The development of three dimensional (3D) printed composites, which combine composite materials with 3D printing technology, has been drawing attention as an important material in various industries such as shipbuilding, marine, and defense because of the various advantages offered by composite materials, such as resistance to salt and moisture and high specific strength and stiffness [1,2,3]. Because 3D printing uses additive manufacturing instead of cutting to process metallic materials, it does not require additional processes to fabricate structures, which makes designing structures with complex geometries easier than other methods [4,5,6]. However, because 3D-printed structures are typically fabricated from plastic materials without any reinforcement, their mechanical strength is limited. High-performance 3D-printed composites can be fabricated using continuous fibers to achieve high-strength reinforcement and compensate for the shortcomings of typical 3D-printed structures [7,8,9,10,11,12]. Therefore, 3D-printed composites possess the advantages of traditional composites, such as good mechanical strength and lightweight performance, and 3D printing technology, such as ease of design and fabrication of complex structures, and consistent production quality. Consequently, research and development is actively ongoing for the application of 3D-printed composites in various industries [13,14,15,16,17,18].



Li et al. [7] conducted a bending test to determine the mechanical performance of continuous carbon-fiber-reinforced PLA composites printed under a vacuum. They found that 3D printing under a vacuum reduced the degree of porosity in the specimen from 13.93% to 4.18% and increased its bending strength and bending modulus by 24.51% and 8.35%, respectively. Altug et al. [10] evaluated the mechanical performance of 3D-printed continuous fiber-reinforced thermoplastic composites (CFRTP) according to the fiber fraction. Increasing the fiber fraction in the specimen from 22% to 40% increased the tensile and bending strengths by 60.61% and 21.74%, respectively. Rashid et al. [12] evaluated the tensile strength of 3D-printed short carbon-fiber-reinforced composites according to the infill pattern and density. Their results showed that specimens with a hexagonal pattern had greater mechanical performance–weight ratio than specimens with other patterns when the density was kept constant.



While shipbuilding and offshore structures require sufficient structural strength and stiffness, they also require resistance to saltwater and ultraviolet radiation. Therefore, the effects of a saltwater environment must be investigated to realize the application of 3D-printed composites in shipbuilding and offshore industries. Various studies have focused on understanding the changes in the mechanical performance and saltwater absorption rates of conventional composite specimens after exposure to a saltwater environment [19,20,21,22,23,24,25]. Wei et al. [21] exposed glass-fiber-reinforced plastic (GFRP) and basalt-fiber-reinforced plastic (BFRP) to an artificial seawater environment (6 wt% salt) and calculated the saltwater absorption rates on Day 0, 10, 20, 30, 60, and 90. They found that the saltwater absorption rate converged on Day 30 and that the tensile strengths of the GFRP and BFRP specimens decreased after 30 days of exposure to saltwater by approximately 20% and 23%, respectively, compared to pristine specimens. Libo et al. [25] examined the tensile and bending strengths and moduli of flax fabric/epoxy composite specimens after 1 year of exposure to a saltwater environment. The tensile strength and modulus decreased by 28.3% and 27.1%, respectively, and the bending strength and modulus decreased by 18.3% and 23.5%, respectively.



For the fabrication of continuous fiber 3D-printed composites, Markforged recommends including at least two wall layers to prevent water penetration into the structure in case of exposure to moisture [26]. However, because this wall layer uses plastic filaments rather than reinforcement filaments, it does not contribute to mechanical performance. In other words, the fiber volume fraction (FVF) is lower for a specimen with a wall layer than a specimen without it. Because decreasing the FVF reduces the mechanical performance of a structure [9,10,11], including a wall layer can be considered unnecessary. However, the wall layer is necessary in the design of marine structures because it can reduce the influence of environmental conditions such as saltwater on specimen performance. Currently, the role of the wall layer in 3D-printed composites in a saltwater environment has not been sufficiently studied. However, the role of the wall layer can be predicted based on the results of other studies on its resistance against water in existing composites [27,28,29,30,31].



In this study, 3D-printed composites were tested for their mechanical strength upon exposure to saltwater. Specimens were fabricated with and without a wall layer and were then exposed to a salt spray for 15 or 30 days. The specimens were weighed to check the saltwater absorption rate, and tensile tests were carried out to determine the changes in mechanical performance. The results were used to evaluate the relationship between the decrease in mechanical performance and saltwater absorption rate and to compare the resistance of specimens to saltwater exposure with and without a wall layer.




2. Experiments


2.1. Specimen Preparation


Specimens were prepared using the X7TM 3D printer from Markforged, which uses fused deposition modeling (FDM) to melt and deposit continuous filaments and plastic filaments (Figure 1). The print bed moves in the Z-axis direction, and the nozzle moves on the XY plane according to the printing direction. The continuous fiber filaments and plastic filaments enter the heated nozzle, and they are laminated on a heated print bed in a semi-liquid state to produce composite specimens. The applied filaments for making specimens were carbon fiber continuous filament and onyx plastic filament. Onyx plastic filament is a nylon filled with micro carbon fibers. Table 1 summarizes the physical properties of carbon fiber and onyx.



Specimens were fabricated according to the ASTM D 3039 standard [33], and Figure 2 shows their shape and dimensions. An FDM-type 3D printer naturally fabricates a wall layer on the free edge of the specimen for surface finishing and fiber arrangement. In this study, two types of specimens were prepared to clarify the usefulness and mechanical behavior of the wall layer. At this time, nine specimens were prepared for each type. For type 1 specimens, the wall layer was retained, while for type 2 specimens, the wall layer was completely removed via post-processing. Both specimen types had an overall length (L) of 250 mm, width (W) of 15 mm, thickness (T) of 2 mm, and tab length (Ltab) of 56 mm. The printing direction was 0°, which was the same as the loading direction (Table 2), and 16 layers were laminated. For type 1 specimens, the wall layer was a single layer (0.4 mm) on the free edge. Type 2 specimens had an original width of more than 15.8 mm, and a part of the specimen including the wall layer was removed using a water jet to adjust the width to 15 mm (Figure 3). Figure 4 shows the cross-sections of the fabricated specimens.




2.2. Salt Spray Test


The fabricated specimens were exposed to saltwater to examine the effects of a marine environment. A salt spray test was performed using a CT-ST 600 device made by CORETECH Korea according to the ASTM B 117 standard [34]. The solution for the salt spray test was prepared with a NaCl concentration of 5% ± 1% (pH 6.5–7.2). The specimens were exposed to saltwater in the salt spray chamber, which was maintained at an internal temperature of 35 ± 2 °C.



To choose an appropriate salt spray period, the water absorption rate of conventional composite specimens exposed to a saltwater environment was analyzed [19,20,21,22,23,24,35,36]. The results of previous studies [19,20,21,22,23,24,35,36] indicated that the water absorption rate of various composite specimens converged at a critical period rather than continuously increasing with the period of exposure to freshwater/saltwater (Table 3). Water absorption was observed as most active between days 10 and 30. Thus, 15 and 30 days of exposure to saltwater were considered sufficient. In this study, the salt spray test was conducted with 15-day increments to determine the effect of the exposure period. In other words, the effects of saltwater were observed through comparing specimens before and after exposure to saltwater for 15 or 30 days. Specimens that underwent the salt spray test were labeled as Type No.-Saltwater exposure period-Specimen No. The saltwater absorption rate (W) of 3D-printed composite specimens exposed to saltwater was calculated according to the ASTM D 570 standard [37]:


  W  ( % )  =    W t  −  W 0     W 0    × 100  



(1)




where    W t    is the weight of a specimen exposed to a saltwater environment for the period t and    W 0    is the weight of the specimen before it was exposed to the saltwater environment.




2.3. Tensile Test


A tensile test was performed according to the ASTM D 3039 standard [33] to evaluate the tensile strength of the specimens after exposure to the saltwater environment. The tensile test was performed using the universal testing machine (UTM) DTU-900MH from Daekyung Tech, which has a load cell capacity of 300 kN. The displacement speed was 2 mm/min, and the test continued until a specimen fractured. Three groups of specimens were tested at a laboratory temperature of 24–26 °C and were divided according to the period of saltwater exposure: 0 days, 15 days in the salt spray test, and 30 days in the salt spray test.





3. Results


3.1. Saltwater Absorption Rate


The weights of the 0-day (i.e., dry) specimens were used to calculate the saltwater absorption rates of the specimens after 15 and 30 days of saltwater exposure according to Equation (1). The results are summarized in Table 4. The weight of specimens exposed to saltwater increased with the exposure period, regardless of the specimen type. This is because saltwater penetrates the voids created during the fabrication of the specimen and the cracks created during post-processing at the macro level, as shown in Figure 5a,b [24,38]. This result can also be attributed to saltwater invading the interlaminar separation zone caused by the decrease in interfiber adhesion strength, as shown in Figure 5c,d [21,25]. As the exposure period increased, more saltwater penetrated the space created by molecular penetration [21,24,25,38]. However, as the specimens continue to absorb more saltwater, they are eventually saturated. Therefore, this phenomenon causes the saltwater absorption rate to converge at a critical exposure period.



Figure 6 shows the saltwater absorption rates of specimens according to exposure period and specimen type. At 15 days of exposure, the saltwater absorption rates of the type 1 and 2 specimens were 2.52% and 2.56%, respectively, which is a negligible difference. At 30 days of exposure, the saltwater absorption rates were 2.85% and 3.17%, respectively. The difference was approximately 0.3%, which was eightfold greater than the difference observed between specimens with 15 days of exposure. Although saltwater did penetrate the wall layers of the type 1 specimens, the increase in the saltwater absorption rate was negligible because the wall layers prevented further penetration. On the other hand, the type 2 specimens lacked a wall layer, which allowed saltwater to penetrate the cracks and voids between the layers more actively.




3.2. Tensile Properties


3.2.1. Tensile Strength


Figure 7 presents the tensile behaviors of the specimens when exposed to saltwater for different periods. Both types of specimens demonstrated the same linear behavior until fracture, and specimens not exposed to saltwater showed the highest tensile strength. The tensile strength decreased as the exposure period increased. These results indicated that the saltwater environment influenced the tensile strength of the specimens. Figure 8 compares the experimental results of type 1 and 2 specimens (i.e., with and without a wall layer, respectively) when exposed to saltwater for the same period. Before exposure, the type 1 and type 2 specimens had tensile strengths of 447.48 and 530.77 MPa, respectively (Figure 8a). Thus, the type 2 specimens were 119% stronger than the type 1 specimens were. After 15 days of exposure, the tensile strengths were 444.01 and 485.29 MPa, respectively (Figure 8b). Thus, the type 2 specimens were 109% stronger than the type 1 specimens. These results can be attributed to the difference in the FVFs of the two types. A higher FVF means that more fibers are available to support the load. Therefore, a specimen with a higher FVF has more tensile strength [9,11]. The type 1 specimens had an FVF of 47%, while the type 2 specimens had an FVF of 50%, which explains why the latter had a higher tensile strength. However, after 30 days of exposure, the type 1 and type 2 specimens had tensile strength of 408.34 and 386.33 MPa, respectively (Figure 8c). Unlike the previous results, the type 2 specimens had 94.6% of the tensile strength of the type 1 specimens. This indicates that the applied wall layer contributes to mechanical performance more critically than FVF after a salt spray test.



Figure 9 shows the change in mechanical performance of specimens according to the saltwater exposure period. Saltwater exposure decreased the mechanical performance of the specimens with and without the wall layer. The tensile strength and modulus of the type 2 specimens (i.e., without the wall layer) decreased more than those of the type 1 specimens (i.e., with the wall layer). The difference in tensile properties was smaller between specimens exposed to saltwater for 15 days than between those before exposure. After 30 days of exposure, the type 1 specimens showed greater tensile strength than the type 2 specimens, which is in contrast to the previous results. The presence of the wall layer may be an important factor for explaining the difference in mechanical performance degradation during the same period of saltwater exposure. As shown in Figure 5, saltwater penetrated the cracks and voids between the layers of the specimens upon exposure. However, the effects of saltwater were reduced in the type 1 specimens because the wall layer prevented further penetration. The type 2 specimens were more affected because there was no wall layer to prevent saltwater penetration between the onyx and carbon fiber layers.




3.2.2. Relationship between the Saltwater Absorption Rate and Tensile Strength


Table 5 summarizes the results of the salt spray test and tensile test. For both types of specimens, increasing the saltwater exposure period increased the saltwater absorption rate and decreased the tensile modulus and strength. The coefficient of variation (CV) was greater for the type 2 specimens than for the type 1 specimens, which can be attributed to the damage occurred to the former during post-processing. Among type 2 specimens, the CV decreased upon 30 days of exposure of saltwater, which is because the damage caused by the saltwater exposure affected the test results more than the damage caused by the post-processing. Especially, the failure near the tab was investigated in type 1 specimens. Table 6 exhibits the comparisons of the average tensile strength between all specimens and the specimens without tab failure for type 1. When examining these values, the difference in tensile strength is only 0.24% to 1.24%. In the case of specimens that failed near the tab, cracks started near the tab due to stress concentration, and the final fracture occurred as the crack propagated as the tensile load was applied [39,40]. Figure 10 shows the relationship between the tensile strength and saltwater absorption rate, which was different among the specimen types. For the type 1 specimens, increasing the saltwater exposure period resulted in a relatively small increase in the saltwater absorption rate and a negligible decrease in the tensile strength. For the type 2 specimens, increasing the saltwater exposure period resulted in a relatively high saltwater absorption rate and a noticeably larger decrease in the tensile strength. These results confirmed that saltwater exposure decreased the tensile strength and modulus of the specimens, but the extent of the decrease depended on the presence of a wall layer.



A saltwater environment can have a range of effects on specimens made of composite materials [21,24,25,38,41]. The mechanical performance degrades from plasticization of the matrix, deterioration of the chemical and physical properties of the fibers and matrix, generation of swelling and internal stresses, enlargement of voids and cracks due to water and molecular penetration, and debonding phenomena due to decreased bond strength between the fibers and matrix. In saltwater, NaCl exists in cationic (Na+) and anionic (Cl−) states, which penetrate the composite together with water molecules (H2O) and damage the matrix, fibers, and fiber–matrix interface [24,38].



In the present study, saltwater penetrated the voids and cracks generated from the fabrication and post-processing of specimens, as shown in Figure 5a,b. Saltwater penetration adversely affected the mechanical properties of the specimens [38,41] and caused more physical and chemical degradation as the exposure period increased [21,38]. The infused saltwater settled and the saltwater dried and crystallized inside the specimens. Crystals formed inside generate internal tensile stresses, which expanded the voids and cracks as shown in Figure 5c,d to degrade the bonding strength of the fiber–matrix interface [25] and cause debonding.



Figure 11 shows that the saltwater penetrated the specimen and expanded the voids and cracks, which provided additional space for the saltwater to penetrate. Thus, the saltwater absorption rate increased with the saltwater exposure period. As the size of the voids and cracks increased, the bond strength between the fibers and matrix at the fiber–matrix interface decreased. The decreased bond strength caused delamination in the specimens, which reduced the tensile strength. Because the type 1 specimens had a wall layer, penetration of saltwater was poor, and the degradation of the tensile properties was not large. In contrast, the type 2 specimens had no wall layer, so the penetration of saltwater was easier, yielding a relatively large degradation of the tensile properties. Thus, the presence of a wall layer affected the saltwater absorption rate, which had a major impact on the degradation of mechanical properties.





3.3. Failure Mode


The failure modes of the specimens in the tensile test were analyzed to determine the impact of the saltwater environment. Specimens exposed to a saltwater environment can experience a change in failure mode. Table 7 presents the codes for various failure modes as specified in the standard ASTM D3039 [33]. The codes comprise three characters, where the first character represents the failure type, the second character represents the failure area, and the third character represents the failure location. The failure type is the most important piece of information about the specimen and is related to the mechanical performance. A lateral (L) failure occurs when the fibers break because they cannot support the applied tensile load [42]. An angled (A) failure occurs when a specimen subjected to a tensile load is fractured at an angle due to shear stress [43]. The crack caused by the tensile load propagates and causes a displacement difference between layers. An edge delamination (D) failure is caused by the debonding from this displacement difference, which leads to a final fracture [44,45,46]. A grip/tab (G) failure occurs when the adhesive used to attach the specimen and tab cannot withstand the tensile load, which leads to a phenomenon such as slip [33]. An explosive (X) failure occurs with stepwise debonding between the fibers, matrix, and fiber–matrix interface, leading to the failure of fibers [42].



Figure 12 shows images of considerably damaged specimens after the tensile test. Also, as seen in Figure 13, the three significant failure types were investigated using a microscope. The effects of saltwater were analyzed through examining the failure modes of the specimens. The type 1 specimens mainly had L or A failure types regardless of the duration of saltwater exposure. These failure types occur when the fibers fail under a tensile load or the specimen fractures at an angle due to shear stress. The type 1 specimens retained 99.2% of their initial strength after 15 days of saltwater exposure (0.8% decrease) and 91.3% after 30 days of exposure (8.7% decrease). The degradation of tensile strength is trivial compared to that of the type 2 specimens, which can be attributed to the wall layer preventing penetration of saltwater. For the type 2 specimens, the main failure type changed from L to D upon saltwater exposure. As shown in Figure 5, the type 2 specimens developed cracks during post-processing performed for the removal of the wall layer. The exposure to saltwater contributed to the propagation of the cracks. In addition, application of a tensile load caused debonding owing to the displacement difference between the layers. This explains the change in failure type from L to D. The type 2 specimens retained 91.4% of their initial strength after 15 days of saltwater exposure (8.6% decrease) and 72.8% after 30 days of exposure (27.2% decrease), which can be attributed to the easier penetration of saltwater owing to the absence of a wall layer. Consequently, expanded voids and cracks weakened the adhesion of fibers, matrix, and the fiber–matrix interface.





4. Conclusions


This study evaluated the usefulness of a wall layer in 3D-printed composites for applications in a saltwater environment. Two types of specimens were fabricated—with and without a wall layer. The effects of the duration of saltwater exposure on the saltwater absorption rate, tensile strength, and failure mode were evaluated through experiments.



	
Type 1 specimens showed a smaller increase in the saltwater absorption rate than the type 2 specimens. The difference in saltwater absorption rates was negligible at 15 days of exposure but was substantial at 30 days of exposure.



	
For a given specimen type, the tensile strength decreased as the duration of saltwater exposure increased. The decrease in tensile strength was less for the type 1 specimens than for the type 2 specimens.



	
A faster saltwater absorption rate resulted in more degradation of tensile strength. The tensile strength degradation was less for specimens with 15 days of saltwater exposure than for those with 30 days of saltwater exposure.



	
The type 1 specimens mainly demonstrated A and L failure types regardless of the duration of saltwater exposure. Pristine type 2 specimens before any saltwater exposure also demonstrated the L failure type. However, saltwater exposure to type 2 specimens changed their failure type to D.






The results demonstrated that increasing the duration of saltwater exposure decreased the tensile strength of the specimens, but the presence of a wall layer effectively mitigated the effects of saltwater penetration. Thus, the wall layer should be retained in 3D-printed composite materials for fabricating structures that are expected to be exposed to a saltwater environment such as ships and offshore structures.
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Figure 1. Schematic of 3D printing using the fused deposition modeling (FDM) method. 
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Figure 2. Dimensions of a 3D-printed composite specimen. 
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Figure 3. Markforged S/W Eiger images of specimens: (a) type 1 and (b) type 2. 
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Figure 4. Cross-sections of 3D-printed composite specimens: (a) type 1 and (b) type 2. 
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Figure 5. Microscopic view of specimens’ sides: (a) type 1 and (b) type 2 before the salt spray test; (c) type 1 and (d) type 2 after 30 days of the salt spray test. 
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Figure 6. Comparison of saltwater absorption rates for different specimens and exposure periods. 
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Figure 7. Tensile stresses of specimens according to exposure period: (a) type 1 and (b) type 2. 
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Figure 8. Tensile stresses of specimens according to type: (a) 0 days, (b) 15 days, and (c) 30 days. 
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Figure 9. Changes in mechanical performance of type 1 and type 2 specimens: (a) tensile strength and (b) modulus. 
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Figure 10. Relationship between the saltwater absorption rate and tensile strength. 
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Figure 11. Schematic of expansion of cracks and voids. 
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Figure 12. Failure modes of 3D-printed composite specimens. 
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Figure 13. Microscopic image of significant failure types: (a) lateral failure type, (b) angled failure type, and (c) edge delamination failure type. 
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Table 1. Material properties [32].
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	Property
	Carbon Fiber
	Onyx





	Tensile modulus (GPa)
	60
	2.4



	Tensile strength (MPa)
	800
	40



	Tensile strain (%)
	1.5
	25



	Test (ASTM)
	D 3039
	D 638










[image: Table] 





Table 2. Laminate information of 3D-printed composite specimens.
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Type

	
Material

	
Printing Direction

	
Total Layer NO.

	
Total Layer Thickness (mm)






	
Type 1

(With wall layer)

	
Onyx

	
[±45°]2

	
4

	
0.5




	
Carbon fiber

	
[0°]8

	
8

	
1.0




	
Onyx

	
[±45°]2

	
4

	
0.5




	
Onyx(Wall layer)

	
-

	
16

	
2.0




	
Type 2

(Without wall layer)

	
Onyx

	
[±45°]2

	
4

	
0.5




	
Carbon fiber

	
[0°]8

	
8

	
1.0




	
Onyx

	
[±45°]2

	
4

	
0.5
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Table 3. Summary of critical periods.
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Concentration of Solution

	
Conditioned Temperature (°C)

	
Material

	
Critical Period (Days)

	
Ref.






	
Water

	
25, 60

	
GF/pCBT composite

	
25

	
[19]




	
Seawater

	
60

	
GFRP composite

	
10

	
[20]




	
Artificial seawater

(6 wt.% salt)

	
25

	
BFRP, GFRP composite

	
30

	
[21]




	
3.5% NaCl

	
35

	
Vinylester-based composite

	
12.5

	
[22]




	
5% NaCl

	
1, 10

	
CF/PEEK composite

	
25

	
[23]




	
35

	
Flax–Basalt FRP composite

	
25

	
[24]




	
35

	
Flax–Basalt FRP composite

	
25

	
[35]




	
35

	
CF/Vinylester composite

	
17

	
[36]
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Table 4. Summary of salt spray test results.
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Type

	
Exposure Period

(Days)

	
Weight (g)

	
Weight Variation

(g)

	
Saltwater Absorption

Ratio (%)




	
Before

	
After






	
Type 1

(With wall layer)

	
0

	
8.87

	
8.87

	
0

	
0




	
15

	
8.88

	
9.10

	
0.22

	
2.52




	
30

	
8.89

	
9.15

	
0.25

	
2.85




	
Type 2

(Without wall layer)

	
0

	
9.00

	
9.00

	
0

	
0




	
15

	
9.00

	
9.23

	
0.23

	
2.56




	
30

	
9.04

	
9.33

	
0.29

	
3.17
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Table 5. Summary of experimental results.
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Type

	
Exposure Period

(Days)

	
Saltwater Absorption

Ratio (%)

	
Tensile Modulus

(GPa)

	
CV

(%)

	
Tensile Strength

(MPa)

	
CV

(%)

	
Tensile Strain

(-)

	
CV

(%)






	
Type 1

	
0

	
0

	
37.05

	
1.48

	
447.48

	
1.42

	
0.0125

	
3.68




	
15

	
2.52

	
36.76

	
1.40

	
444.01

	
1.03

	
0.0127

	
0.86




	
30

	
2.85

	
30.69

	
1.05

	
408.34

	
1.87

	
0.0132

	
3.36




	
Type 2

	
0

	
0

	
39.94

	
6.68

	
530.77

	
8.26

	
0.0138

	
11.64




	
15

	
2.56

	
38.02

	
8.66

	
485.29

	
5.25

	
0.0133

	
3.99




	
30

	
3.17

	
29.96

	
3.88

	
386.33

	
4.11

	
0.0127

	
0.04











[image: Table] 





Table 6. Comparison of tensile strength between all specimens and the specimens without tab failure for type 1.
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Type

	
Exposure Period

(Days)

	
Tensile Strength (MPa)

	
Difference

(%)




	
All Specimens

	
Specimens without the Tab Failure






	
Type 1

	
0

	
447.48

	
451.96

	
1.00




	
15

	
444.01

	
449.51

	
1.24




	
30

	
408.34

	
409.30

	
0.24
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Table 7. Tensile test failure code [33].






Table 7. Tensile test failure code [33].





	
First Character

	
Second Character

	
Third Character




	
Failure Type

	
Code

	
Failure Area

	
Code

	
Failure Location

	
Code






	
Angled

	
A

	
Inside grip/tab

	
I

	
Bottom

	
B




	
edge Delamination

	
D

	
At grip/tab

	
A

	
Top

	
T




	
Grip/tab

	
G

	
Gage

	
G

	
Left

	
L




	
Lateral

	
L

	
Multiple areas

	
M

	
Right

	
R




	
Multimode

	
M

	
Various

	
V

	
Middle

	
M




	
Splitting

	
S

	
Unknown

	
U

	
Various

	
V




	
eXplosive

	
X

	

	

	
Unknown

	
U




	
Other

	
O
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