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Abstract

:

The longitudinal compressive behavior of the three-dimensional four-step braided composites after cyclic hygrothermal aging was investigated using a split Hopkinson pressure bar (SHPB) apparatus under high strain rates (1100~1250 s−1, 1400~1600 s−1, 1700~1850 s−1, respectively). The SEM micrographs were examined to the damage evolution of the composites after cyclic hygrothermal aging. A high-speed camera was employed to capture the progressive damage process for the composites. The results indicate that the saturated moisture absorption of the composites was not reached during the whole 210 cyclic hygrothermal aging days. The composites mainly underwent epoxy hydrolysis and interfaces debonding during continuous cyclic hygrothermal aging time. The peak stress of the composites still behaved as a strain rate effect after different cyclic hygrothermal aging days, but the dynamic stiffness modulus clearly had no specific regularity. In addition, the peak stress and the dynamic stiffness modulus of the composites after 210 cyclic hygrothermal aging days almost decreased by half when subjected to longitudinal compression.
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1. Introduction


Fiber reinforced composites (FRC) are widely applied in many engineering applications, such as aerospace, wind power and energy, due to their excellent mechanical properties in recent decades [1,2,3]. In particular, the laminated composites are more commonly used in aerospace. However, the traditional laminated composites have the disadvantages of relatively low fracture toughness in plane and delamination through thickness. In the recent decade, three-dimensional (3D) textile composites, e.g., weaving, knitting and braiding, have received extensive attention thanks to their excellent anti-delamination characteristics. Specifically, the 3D braided composites were generally recognized as the most promising textile composites, due to their excellent anti-delamination properties [4,5,6]. Composite structure in aircraft applications may be subjected to a large number of dynamic loads, e.g., bird strike, blade out and unexpected fragment impact [7,8]. Therefore, it is necessary and meaningful to understand their dynamic mechanical properties at high strain rates, to guide the design of composite structure that will be used under dynamic loadings in engineering applications.



Many efforts have been committed on the dynamic mechanical behavior of the 3D textile composites in recent years. Gu and Xu [9] conducted the ballistic perforation tests of the 3D four-step braided Twaron/epoxy composites, and adopted a “Fiber inclination model” to decompose 3D braided composites to geometrical modeling in FEM, proving that the analysis scheme in microstructures can work. Sun et al. [10,11,12] studied in-plane, out-plane compressive and uniaxial tensile mechanical behavior of the 3D four-step braided composites through a series of experiments at different strain rates and discussed its failure modes. The results revealed that the 3D braided composite is sensitive to strain rate and the higher strain rate, the higher failure stress and compressive stiffness. Walter et al. [13] presented dynamic indentation and small caliber ballistic impact tests for the 3D glass fiber composites; they concluded that the delamination damage at high strain rates was still a dominant failure mode in the 3D woven composites. Zhang et al. [14] reported the compressive mechanical performance and damage mode at quasi-static and high strain rates, based on a meso-structure model of the 3D four-step braided composites; the results proved the validity of meso-structure FEM model. Recently, Tan [15] experimentally studied dynamic compressive response of the 3D four-step braided composites in three directions (longitudinal, transverse and thickness, respectively), and the experiments of dynamic compressive tests revealed that with increasing the strain rate of composites, the compressive stiffness and failure stress both increased.



Most research on the above papers was focused on investigating the mechanical properties on compressive behavior in room temperature, not considering the impact of environment. However, composites structure, usually subject to long-term hygrothermal exposures during their service life, such as the aero-engine fan blade with carbon fiber reinforced polymer material, operating in the temperature and humidity environment, is continuously exposed to a hygrothermal environment. Epoxy in composites, as a typical thermoset resin, will absorb the moisture, inducing swelling and plasticization [16,17,18]. Composites’ mechanical advantages such as stiffness and strength will significantly be affected because of hygrothermal aging [19,20,21,22]. Yilmaz and Sinmazcelik [23] investigated the effects of moisture on thermal and mechanical properties and the moisture absorption of glass-fiber/polyetherimide (PEI) laminated composites, and the laminated composites were exposed to hydrothermal aging environment under two different temperatures and high moisture rates. The hydrothermal aging laminates comprised a large number of moisture, causing a decrease in the glass transition temperature and degradation in mechanical properties. Sun et al. [24] studied the hygrothermal aging properties of carbon fiber/bismaleimide (BMI) composites, and measured the water diffusivity through the three wet-dry cycles of BMI resin, reinforced with unidirectional carbon fiber CCF300/QY9511 composites. The results showed that the re-absorption of CCF300/QY9511 composites exhibit a higher amplitude of diffusivity but a lower saturated moisture content. Li et al. [25] extensively investigated the low velocity impact tests of laminated composites in an ambient hygrothermal environment, and the unidirectional and crossply glass fiber reinforced plastic (GFRP) laminates were placed in a conditioning chamber for a maximum of eight moisture cycles from 50 to 100 °C. The impact loading decreases and the deflection increases with cycling moisture levels. Liotier et al. [26] analyzed the micro-cracking of polymer matrix composites through using multiaxial multi-ply stitched carbon preforms, subjected to purely cyclic hygrothermal loadings. The specific cracks occurred within the resin transverse channels sur-rounding the stitches, showing that hygrothermal damage is different to that caused by the mechanical loadings [27]. Patel [28] designed a 24 h cyclic hygrothermal aging spectrum, containing cyclical variations between temperature and moisture, which aimed to simulate a mission environment for an advanced subsonic aircraft. Durability research on the hygrothermal aging material system was carried out. Experiments showed that the initial and residual tensile properties after hygrothermal aging were almost unaffected by hygrothermal aging. However, residual strength and dynamic stiffness were significantly decreased at high temperature. Recently, Liu et al. [29] experimentally investigated the high velocity impact performance of the T700/TDE85 carbon/epoxy composites after cyclic hygrothermal aging in an environmental chamber at a constant temperature and humidity (70 °C, 95%RH) for the first time. They found that the ballistic limit of a carbon/epoxy composite decreases after long-time hygrothermal aging. Zhang et al. [30] reported the thermal aging on the compressive behavior of pure epoxy and 3D braided composites, the epoxy, and the 3D braided composites were aged in air for 1, 2, 4, 8, and 16 days at 180 °C. The experiments and the micrograph of samples by using the scanning electron microscope (SEM) revealed that epoxy initiated degradation in regions close to the surface layer, and the compressive behavior degradation was mainly from interface degradation and crack propagation after high temperature aging. Song [31] carried out tensile tests of 3D four-step braided composite after heat accelerated aging under 150 and 180 °C for 60, 120 and 180 h. After aging, they found that the structure of braided composites still kept integrity, and the tensile performance degraded less. To our knowledge, much research has been focused on the mechanical properties considering the hygrothermal aging effects of resin-based laminated composites except the above two papers, with respect to 3D braided composites. There are even fewer articles on the 3D braided composite after cyclic hygrothermal aging. Therefore, it is of a certain significance to research the 3D braided composite after cyclic hygrothermal aging.



The objective of this paper is to investigate the dynamic compressive mechanical properties of the 3D four-step braided composites along the longitudinal direction after cyclic hygrothermal aging. All of the research in this paper can be divided into three stages: first, identify the moisture absorption of 3D four-step braided composites after cyclic hygrothermal aging, observe morphology evolution of the cross section for the 3D four-step braided composite by using SEM; then, quantify the dynamic mechanical property degradation caused by the cyclic hygrothermal aging effect; finally, evaluate the cyclic hygrothermal aging effects on the dynamic compressive mechanical performance of 3D four-step braided composites.



In this work, the 3D four-step carbon/epoxy (T700-12K/TDE-86) braided composites were exposed to cyclic hygrothermal environment. An accelerated hygrothermal aging spectrum for a military aircraft was applied. SEM was used to observe composites’ morphology changes at different cyclic hygrothermal aging days. A split Hopkinson pressure bar (SHPB) was employed to evaluate the dynamic compressive mechanical property along the longitudinal direction of the 3D four-step braided composites at various cyclic hygrothermal aging days.




2. Experimentation


2.1. Material and Specimens


The 3D performs of composites in this paper were manufactured by four-step 1 × 1 method, with 12K T700 carbon fibers (made by Toray Industries) as braiding yarns. The schematic of the four-step 1 × 1 braiding process can be found at Figure 1. During the braiding process, a perform for braiding was hung above the braided machine bed, on which yarn carriers were arranged in a preset style, in order to satisfy the cross-section shape of the braiding perform. More specifically, the first step involved the motion of yarn carriers in alternate rows, and the second step involved the motion of yarn carriers in alternate columns. The motion of yarn carriers in the third and fourth steps were similar to the first and second steps, respectively, except for the motion compared with the first and second steps in the opposite direction. The epoxy resin (TDE-86, from Tianjin Jingdong chemical composites Co., LTD of China, the epoxy value   ≥ 0.90 ± 0.02  ) was injected into the performs through vacuum assisted resin transform modeling (VARTM); the fiber volume fraction in the 3D four-step braided plate is 60  ±  2%. The specimens for measuring moisture absorption were cut from the nominal dimension of 380 mm (longitudinal direction) × 180 mm (transverse direction) × 4 mm (thickness direction) plate, with a braiding angle of 20°. Finally, the specimens were cut in the shape of 50 mm × 50 mm × 4 mm, as shown in Figure 2, according to the ASTM DD5229/D5299M standard [32]. As for the dimensions of specimens for SHPB tests is 10 mm × 10 mm × 10 mm, as shown Figure 3, further details about manufacturing or other related information can be found in our previous work [15].




2.2. Hygrothermal Cycling


Military aircrafts experience, during service, the following; pre-flight time of the aircraft on the ground, the takeoff, the combat air patrols, and finally, the landing [33]. During the flight cycle, the composites on aircrafts experience temperature and humidity circulations alternately, therefore, it is absolutely necessary to investigate the mechanical performance of composites in-service, under the specific hygrothermal aging condition.



The hygrothermal cycling tests took place in the LRHS-101D-LJS high and low temperature chamber, alternately. Before placing the specimens into the chamber, the specimens were all dried at 70 °C, until the variation of weight was just under 0.02% [32]. An accelerated hygrothermal aging spectrum first proposed by Li [34] was employed. Likewise, we investigated the inter-laminar shear property and high-velocity impact resistance of carbon fiber-reinforced epoxy polymer (CFRP) composites after cyclic hygrothermal aging for the first time, by the same aging spectrum as in our previous work [35]. Figure 4 illustrates the set points prescribed temperature and humidity profile of one hygrothermal aging cycling process, in which the lowest temperature is 70 °C, and the highest temperature is 110 °C. A hygrothermal aging cycling process continues for 1440 min (one day), and the highest temperature is 110 °C lower than the glass transition temperature of the epoxy resin; more details about description of this hygrothermal aging spectrum can be found in our previous works [35], which are not repeated here. The 14 cycles (same as 14 days) of accelerated hygrothermal aging represent the effects of natural aging for one year at the same environmental state.



Five specimens for moisture absorption were employed for the moisture absorption tests. The weight of these specimens were measured at intervals of 24 h (one hygrothermal aging cycle) by using an analytical balance (accuracy 0.1 mg). The weights obtained from the five specimens were averaged. All specimens for SHPB tests were divided into four groups, aged for 14, 70, 140, 210 days in the hygrothermal chamber, respectively. When the target aging time reached, the specimens were cooled down to room temperature and put into sealed plastic bags to prevent moisture absorption again.




2.3. Microscopy Observation


A scanning electron microscope (SEM, JapanElectron Optics Laboratory Co. Ltd.,Tokyo, Japan) was used to observe the morphologies of specimens after cyclic hygrothermal aging.




2.4. SHPB Tests


The SHPB apparatus [36] has been widely used to investigate the dynamic behaviors of materials at high strain rate (102–104 s−1). The SHPB apparatus consists of a strike bar, an incident bar, a transmission bar, an absorbing bar and a shock absorber. Figure 5 shows a schematic of SHPB apparatus for dynamic compressive tests. In this study, all bars have diameters of 14.5 mm, and the incident bar and transmission bar both have a length of 1.5 m. The striker bar is fired from the gas gun system, and then the striker bar impacts the free end of the incident bar. Upon impact, a longitudinal elastic compressive stress wave is created, which propagates along the incident bar toward the incident bar/specimen interface; once the compressive stress wave has reached the incident bar/specimen interface, and the compressive has been divided into two parts: one part is reflected back into the incident bar as a tensile stress wave, and the other part of the stress wave which is not reflected is transmitted into the specimen, and the wave that is transmitted into specimen propagates reaches the specimen/transmission bar interface along the loading direction of the specimen. When the wave reaches the interface between the transmission bar and the specimen, one part of the stress wave is reflected into the specimen, and the other part of the stress wave is transmitted into the transmission bar. Finally, the transmission bar along its axis displaces until the other end of it reaches the absorbing bar, and the stress wave is absorbed by the shock absorber. The stress wave within the specimen undergoes a complex reverberation, until the dynamic compressive strength of the specimen is reached. It should be noted that the dynamic deformation of 3D braided composites is in a longitudinal direction; more specific details are shown in Figure 13.



During dynamic compressive tests, two strain gauges, which were mounted diametrically opposite to each other on the incident bar and transmission bar to cancel any bending strains, were employed to measure the incident, reflect and transmit signals, respectively. The data were captured by using a high-speed data acquisition card, employing a sampling rate of 1 MHz. A high-speed camera was employed to capture the deformation and damage evolution process during impact. In this paper, we chose a resolution of 1792 × 448, and the sampling frequency was 20000 fps. Besides, two LED lights were placed on both sides of the high-speed camera to enhance the light on the specimen, in order to obtain clearer photos.



In this study, the strain signals from strain gauges were analyzed based on one-dimensional wave propagation assumption. The stress (   σ s   ), strain (   ε s   ) and strain rate (     ε ˙   s   ) could be obtained through the following equations, respectively [37]:


   σ s   ( t )  =    A 0     A s     E 0   ε T   ( t )  ,  



(1)






   ε s   ( t )   = − 2     C 0     l s       ∫ 0 t    (   ε I   ( t )     − ε   T   ( t )   )     dt ,  



(2)






     ε ˙   s   ( t )   = − 2     C 0     l s     (   ε I   ( t )     − ε   T   ( t )   )  ,  



(3)




where    C 0  =    E 0  ∕  ρ 0      is the longitudinal stress wave velocity in the bar,    E 0    is Young’s modulus of the bar,    E 0  = 206   GPa  ,    ρ 0    is density of the bar,    ρ 0  = 7850   kg ∕  m 3   ,    l s    is the length of the specimen,    A 0    and    A s    are the cross-sectional area of the bar and the specimen, respectively. Moreover,    ε I   ( t )    and    ε T   ( t )    are strain gauge signals of the incident and transmitted pules, respectively.




2.5. Experimental Procedure for SHPB


The different strain rates were obtained through adjusting the air pressure from 0.6 to 1.3 MPa. In order to reduce the friction between the bars and specimen, some Vaseline lubrication oil was adopted on the ends of bars. Then, the 3D four-step braided composites were imbedded between the incident bar and transmitted bar, ensuring the specimen was centered between the bars to enhance the reliability. The typical strain waves were measured by the stain gauges for the specimen after 210 cyclic hygrothermal aging days, at the strain rate 1845 s−1, which is shown in Figure 6. It can be seen that the incident wave is very close to a square wave, and the amplitude of the incident wave is a function of the impact velocity. The reflected wave represents the strain rate vs. time curve. The reflected wave is oscillating at a certain constant value when the maximum value is reached, which implies that the specimen satisfies the constant strain rate assumption. The stress vs. time curve is presented through the transmitted wave. In order to guarantee the repeatability of the tests, we carried out the repeatable tests. Figure 7 shows the contrast of the stress-strain curves for the specimens of 14 cyclic hygrothermal aging days under the same pressure, 0.6 MPa. It can be found that the stress-strain curves are almost identical, and the strain rates were similar, which is done to enhance the repeatability of the tests and to further ensure the reliability of the test data.



Figure 8 shows the strain rate history curves under dynamic loading for specimens after 14, 70, 140, 210 cyclic hygrothermal aging days (abbreviation, HA14, HA70, HA140, HA210, respectively.) under typical strain rate 1700–1800 s−1. It can be found that the curves of the strain rate vs. time under different hygrothermal aging days were similar at the air pressure 1.3 MPa (strain rate 1700–1800 s−1.). In this study, the average values of the plateau region highlighted by dot lines were adopted as strain rates, whose values were shown in corresponding boxes in Figure 8.





3. Results and Discussion


3.1. Moisture Absorption Behavior


The water content M defined as:


   M =       W − W   d     W d     × 100 %  ,  



(4)




where    W d    is the weight of the dry specimen and  W  is the weight of the specimen after hygrothermal aging. The weights and moisture absorption rates of the specimens can be found in Table 1.



The 210 days of moisture absorption of 3D four-step braided composite, as a function of square root of time (hour 0.5), is shown in Figure 9, and the moisture absorption of the T700/TDE85 laminated composite after cyclic hygrothermal aging by our previous work [35] was also added into Figure 9, in order to analyze contrastively moisture absorption behavior of 3D four-step braided composites more comprehensively. It can be found that the 3D four-step braided composite did not achieve the saturated moisture absorption, and the relationship between moisture absorption and aging time was almost linear; the maximum moisture absorption was 0.6944%. However, the T700/TDE85 laminated composite not only reached the saturated moisture absorption (1.261%, at 180 cyclic hygrothermal aging days), but also the maximum moisture absorption (1.261%) [35], which was almost twice that of the 3D four-step braided composite at the same cyclic hygrothermal aging days. In this study, the magnitude of the diffusion coefficient of the 3D four-step braided composite could not be computed, for the reason that the saturated moisture absorption was not reached under 210 cyclic hygrothermal aging days, according to the Fick law. The reason that the saturation moisture absorption of 3D four-step braided composites was not reached during this study, is that its spatial structure is more sophisticated, which may cause more porosity of the matrices that may act as secondary absorption locations and lead to deviations from the Fick diffusion behavior [38,39] compared with the laminated composites.



It is well recognized that the diffusion mechanism of water molecules with the polymer composites is obviously different from that in a pure polymer, because the interfaces between fibers and resin play a decisive role in the whole moisture absorption. The moisture absorption process of the composites mainly contains three phases: epoxy plasticization, epoxy hydrolysis and interfaces debonding (causing cracks). At the beginning, the water entered into the specimen from the specimen surface, then the water molecules diffused into the resin through microflaws (e.g., void or microcracks). With the absorption process of water molecules continuing, the epoxy had produced plasticization, this is because the weak interactions between water molecules and polymer chains inside epoxy ranged from Van der Waals bonds into single hydrogen bonds. In addition, the water molecules which entered into epoxy acted as a corrosion agent and promoted epoxy hydrolysis. The volume of epoxy increased with the increased polymer chain mobility and disruption of interchain Van der Waals, which produced differential swelling stresses (since the carbon fibers do not absorb water), that might drive the interfaces debonding between fiber and epoxy [18,40,41].



Figure 10 presents the damage evolution on the cross section of the 3D four-step composites after different hygrothermal aging days. Some broken fibers were observed on the surface of the composite, due to defects caused during the manufacturing process, as shown (Figure 10a). Before hygrothermal aging, the surface of epoxy was relatively smooth, except that there were some impurities. After 14 cyclic hygrothermal aging days, some potholes appeared on the surface of epoxy, with a length below 100    μ m   , which was the phenomenon after epoxy hydrolysis. During water absorption, both free and bound water molecules existed in the epoxy network, based on the formation of either one or two hydrogen bonds with polymer chains [42]. Two types between water molecules and polymeric chains are shown in Figure 11. The black lines stand for the backbone chains of epoxy, and the water molecules are represented in red color. Figure 11a,b explain the case of one hydrogen bond for water molecules, and two hydrogen bonds, respectively. Continuing hygrothermal aging days, some fibers were exposed when the area and depth of epoxy hydrolysis increased, as shown in Figure 10c. Later on in the cyclic hygrothermal aging days, the cracks in both Figure 10d,e can be found, and the cracks were on the junction of the braiding yarns and epoxy; differential swelling stresses can be employed to explain the phenomenon. The combined effects of epoxy plasticization, epoxy hydrolysis and cracks caused by interfaces debonding, contribute to a change in dynamic mechanical performance after cyclic hygrothermal aging.




3.2. Typical Dynamic Compressive Process for Braided Composites Captured by High-Speed Camera


Figure 12 shows the typical dynamical compressive process under strain rate 1845 s−1, after 210 cyclic hygrothermal aging days. From this figure, it can be seen that the 3D four-step braided composite mainly experienced matrix failure, braiding yarns kinking and finally disassembling when subjected to compression along the longitudinal direction. When the incident bar impacted the specimen, the surface of the specimen no longer remained intact and some surface braiding yarns [43] kinked, due to matrix failure under compressive stress wave propagation. At 0.1 ms, all surface braiding yarns kinked, the matrix could no longer maintain structural integrity of the 3D four-step braided composite, and the composite entered the phase of composite disassembly. From 0.125 ms, the braiding yarns struggled to get rid of the constraints of the matrix, and during this process, matrix failure was the most damaged mode, and the fibers in braiding yarns had almost no damage.



Figure 13 gives the typical fracture morphology for the 3D four-step braided composite under strain rate 1845 s−1 after 210 cyclic hygrothermal aging days. It can be found that the matrix failure was the main damage mode when the specimens were subjected to impact in the longitudinal direction. The yarns were scarcely damaged at the macro level. It is important to emphasize that the specimens for the SHPB tests were cut from the whole braided composite plate, which could decrease the strength and stiffness of the 3D braided composites due to the cut-edge effect. This may be also the reason that the specimens broken up when subjected to the longitudinal compression under high strain rates. There is no difference in the fracture morphology for the 3D braided composites between un-hygrothermal aging and hygrothermal aging, compared to our previous work [15].




3.3. Dynamic Mechanical Properties for Braided Composites with Different Hygrothermal Aging Days


Figure 14 shows the dynamic compressive stress vs. strain curves for different hygrothermal aging days. All stress strain curves, whether hygrothermaling aging or not, reveal that the 3D four-step braided composites almost behave in a linear response in the initial stage and have no significant yield in the impact process. However, the composites had non-linear behavior at the location close to the peak stress, and then the stress declined gradually beyond the peak stress. This is because the degradation of the matrix and debonding between yarns and the epoxy increase gradually, which exhibits a progressive loss of stiffness. It is worth noting that a plateau appears near the peak stress at the HA70 specimen under 1755 s−1, which meant that the stiffness loss of the HA70 specimen was progressive before the peak stress. The reason that this occurred is that the epoxy in the specimen endured plasticization, that enhanced the stiffness to a certain extent. Combined with Figure 15a, it can be found that with increasing strain rate, the peak stress shows a significant strain rate effect at different hygrothermal aging days. However, there is no obvious trend in the dynamic stiffness modulus, and no remarkable strain rate effect after hygrothermal aging in Figure 15b. From the above, we conclude that the peak stress of the 3D four-step braided composite is still sensitive after cyclic hygrothermal aging, when compressed in the longitudinal direction at high strain rates.




3.4. Hygrothermal Aging Effects for Braided Composites under High Strain Rates


In order to evaluate the hygrothermal aging effects of 3D four-step braided composites when compressed on the longitudinal direction under high strain rates, in this study, the difference of dynamic mechanical properties of the composites between hygrothermal aging and un-hygrothermal aging (abbreviation, UHA) at three high strain rates that correspond to 1100~1250 s−1, 1400~1600 s−1, 1700~1850 s−1, respectively. Due to the limit on the number of the specimens, the dynamic experimental results of the un-hygrothermal aging specimens are from our previous work [15]. However, the previous work lacked the experimental results under the strain rate 1400~1600 s−1, therefore, we did the SHPB tests of un-hygrothermal aging specimens under strain rate 1400~1600 s−1. It is important to emphasize that all specimens, whether they are the specimens in our previous work [15] or the specimens in this study, came from the same batch of 3D four-step braided composites. The validity and objectivity of the experimental tests can be guaranteed this way. Figure 16a, Figure 17a and Figure 18a present the stress vs. strain curves of the composites between hygrothermal aging and un-hygrothermal aging under three high strain rates. The stress vs. strain curves of un-hygrothermal aging specimens also present in a linear manner up to failure and have no clear yield at three high strain rates. The peak stresses are 345.1 MPa, 392.3 MPa, and 404.4 MPa, corresponding to the strain rates 1138 s−1, 1420 s−1, and 1847 s−1, respectively. The peak stress of 3D four-step braided composites without hygrothermal aging also behaves like the strain rate effect. It reveals that the experimental result of the un-hygrothermal aging specimen under the strain rate 1420 s−1 in this study is in accordance with the conclusion that peak stress has a strain rate effect in our previous work [15]. At the same time, it can obviously be seen that the peak stress and the dynamic stiffness modulus of un-hygrothermal aging specimens are both greater than that hygrothermal aging specimen. It can be concluded that the dynamic compressive strength in a longitudinal direction was weakened when subjected to cyclic hygrothermal aging. Figure 16b,c, Figure 17b,c and Figure 18b,c shows the effects of hygrothermal aging on the peak stress and dynamic stiffness modulus. It can be seen that no matter the peak stress or the dynamic stiffness, the moduli have both decreased significantly after cyclic hygrothermal aging. However, the peak stress and dynamic stiffness modulus have not shown any specific regularity from 14 to 210 cyclic hygrothermal aging days at three high strain rates. Although the peak stress of the specimens under strain rate 1100~1250 s−1 decreases with respect to the increase of cyclic hygrothermal aging days, the same value shows no obvious up or down trend with the increase of cyclic hygrothermal aging days under strain rate 1400~1600 s−1 and 1700~1850 s−1. In particular, the peak stress and the dynamic stiffness modulus reached a minimum value at 210 cyclic hygrothermal aging days, under three high strain rates. The peak stress decreased by 51.06%, 52.43%, 47.90%, compared with that without hygrothermal aging under the strain rate 1100~1250 s−1, 1400~1600 s−1, 1700~1850 s−1, respectively. The dynamic stiffness modulus decreased by 41.18%, 93.13%, 58.02% compared with that without hygrothermal aging under the strain rates 1100~1250 s−1, 1400~1600 s−1, and 1700~1850 s−1, respectively. All of these results demonstrate that the peak stress and the dynamic stiffness modulus of 3D four-step braided composites after 210 cyclic hygrothermal aging days almost decrease by half when subjected to longitudinal compression.





4. Conclusions


In this study, the 3D four-step braided composites were aged in a cyclic hygrothermal environment, and the microscopic damage morphologies of the composites were examined by SEM, to determine the damage evolution with cyclic hygrothermal aging days. A split Hopkinson pressure bar (SHPB) apparatus was employed, to determine the dynamic mechanical properties of the composites under three high strain rates, when subjected to the longitudinal compression. The main findings are summarized in the following:




	(1)

	
The saturated moisture absorption of 3D four-step braided composites was not reached over the full duration of 210 cyclic hygrothermal aging days, the maximum moisture absorption was 0.6944%, and the composites did not show very much non-linear moisture behavior, compared with the T700/TDE85 laminated composites in our previous work.




	(2)

	
The damage evolution of 3D four-step composites during the whole cyclic hygrothermal aging days mainly included epoxy hydrolysis and interfaces debonding.




	(3)

	
The dynamic compressive stress-strain curves for the 3D four-step braided composites both behaved in a similar way, whether cyclic hygrothermal aging or not, and a linear response in the initial stage had no significant yield before reaching the peak stress.




	(4)

	
The peak stress of the 3D four-step braided composites still behaved as a strain rate effect after cyclic hygrothermal aging, however, the dynamic stiffness modulus clearly had no specific regularity.




	(5)

	
The peak stress and the dynamic stiffness modulus of 3D four-step braided composites after 210 cyclic hygrothermal aging days almost decreased by half when subjected to longitudinal compression.
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Figure 1. Schematic of four-step 1 × 1 braiding process, (a) First step, (b) Second step, (c)Third step, (d) Fourth step. 
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Figure 2. Specimen of 3D four-step braided composite for measuring moisture absorption. 
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Figure 3. Specimen of 3D four-step braided composite for SHPB tests. 
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Figure 4. Accelerated hygrothermal aging spectrum for the 3D braided composites. 
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Figure 5. Schematic of SHPB(split Hopkinson pressure bar)apparatus. 
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Figure 6. Typical signals on the incident and transmission bars for 210 cyclic hygrothermal aging days under 1845 s−1. 
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Figure 7. Contrast of the stress-strain curves for the specimens of 14 cyclic hygrothermal aging days under the same pressure 0.6 MPa. 
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Figure 8. The strain rate history curves under dynamic loading for specimens after 14, 70, 140, 210 hygrothermal aging days under typical strain rate 1700–1800 s−1. 
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Figure 9. Contrast of moisture absorption between the 3D four-step braided composites and the T700/TDE85 laminated composites during 210 cyclic hygrothermal aging days. 
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Figure 10. Damage evolution on the cross section of the 3D four-step braided composites after different cyclic hygrothermal aging days, (a) 0 day, (b) 14 days, (c) 70 days, (d) 140 days, (e) 210 days. 
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Figure 11. Two types between water molecules and polymeric chains, (a) Type I bound water forming one hydrogen bond, (b) Type II bound water forming two hydrogen bonds [42]. 
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Figure 12. Typical dynamical compressive process for the 3D four-step braided composite under strain rate 1845 s−1, after 210 cyclic hygrothermal aging days. 
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Figure 13. The typical fracture morphology for the 3D four-step braided composite under strain rate 1845 s−1 after 210 cyclic hygrothermal aging days. 
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Figure 14. Dynamic compressive stress vs. strain curves for the 3D four-step braided composites after different hygrothermal aging days, (a) 14 days, (b) 70 days, (c) 140 days, (d) 210 days. 
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Figure 15. Dynamic mechanical property vs. strain rate for the 3D four-step braided composites under different hygrothermal aging days, (a) peak stress vs. strain rate, (b) dynamic stiffness modulus vs. strain rate. 






Figure 15. Dynamic mechanical property vs. strain rate for the 3D four-step braided composites under different hygrothermal aging days, (a) peak stress vs. strain rate, (b) dynamic stiffness modulus vs. strain rate.



[image: Applsci 10 02061 g015]







[image: Applsci 10 02061 g016 550] 





Figure 16. The effect of cyclic hygrothermal aging on the dynamic compressive properties under 1100~1250 s−1, (a) Stress strain curves, (b) Peak stress, (c) Dynamic stiffness modulus. 
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Figure 17. The effect of cyclic hygrothermal aging on the dynamic compressive properties under 1400~1600 s−1, (a) Stress strain curves, (b) Peak stress, (c) Dynamic stiffness modulus. 
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Figure 18. The effect of cyclic hygrothermal aging on the dynamic compressive properties under 1700~1850 s−1, (a) Stress strain curves, (b) Peak stress, (c) Dynamic stiffness modulus. 
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Table 1. Moisture absorption parameters of 3D four-step braided composites after different cyclic hygrothermal aging days.
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	Hygrothermal Aging Days
	Average Weight W (g)
	Standard Deviation
	Water Content (%)





	0
	15.6710
	0.0320
	0



	14
	15.7069
	0.0323
	0.2288



	70
	15.7267
	0.0348
	0.3550



	140
	15.7564
	0.0344
	0.5448



	210
	15.7799
	0.0343
	0.6944











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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