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Abstract

:

This paper presents results of specific cases of sequential exposure of wet layup ambient cured carbon/epoxy composites to thermal aging and immersion in deionized water. Thermal aging is conducted at temperatures between 66 °C and 260 °C for periods of time up to 72 h whereas immersion is up to 72 weeks. Effects are characterized in terms of moisture kinetics using a two-stage diffusion model, and through short beam shear (SBS) strength. The response is characterized by a competition between the mechanisms of postcure, which results in increased polymerization and increases in SBS strength and glass transition temperature; and thermally induced microcracking and polymer degradation as well as moisture-induced plasticization and hydrolysis accompanied by fiber-matrix debonding, which results in deterioration. Thermal aging by itself is not seen to negatively impact SBS strength until the highest temperatures of exposure are considered in the investigation. However, the subsequent immersion in deionized water is seen to have a greater deteriorative effect with the period of post-thermal aging immersion being the dominant deteriorative factor.
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1. Introduction


Because of their tailorability, high specific performance attributes, light weight, ease of fabrication and placement in the field, corrosion resistance, and relatively high comparative durability, fiber-reinforced polymer (FRP) composites are used in a range of structural applications in the aerospace, marine/naval, automotive, and civil infrastructure areas. Historically, carbon fibers have often been preferred in high-performance applications such as in the aerospace sector due to the high axial stiffness attributes, relatively higher strength characteristics, lack of susceptibility to moisture uptake and deterioration at the fiber level, resistance to creep and stress-rupture under sustained loading, and significantly better fatigue resistance when used in the form of unidirectional composites. Based on cost considerations, their use in offshore, marine/naval, and civil structural applications is predicated on the use of non-autoclave cure, wet layup, and infusion-based processes. These, generically, have a lower level of initial polymerization and slower cure progression, fiber content, and greater variability in properties [1] than prepreg-based autoclave cured aerospace composites. Due to this, the extensive set of data and specifications from the aerospace sector are not directly applicable. Historically, the use of these non-aerospace composites has been accompanied by excessively conservative, and high, factors of safety [2,3] leading to the use of composites being not as cost-effective as otherwise possible. There is, thus, a continuing need for focused studies related to the durability of ambient- and moderate-temperature cure, non-automated process-based composites [4,5,6,7] under a wide range of environmental conditions including solution and heat exposure over extended periods of time to develop a more comprehensive understanding of deterioration over time and better factors of safety.



While carbon fibers are inert to most environmental exposure conditions likely to be faced in such applications, they do oxidize at elevated temperatures exceeding 500 °C [8,9,10,11]. Some studies have shown oxidative degradation in air in the 430–760 °C range. While fibers having higher nitrogen content have been reported to degrade at lower levels [12], research on carbon-fiber-based rocket nozzles indicates negligible decomposition until about 700 °C [13]. The integrity and performance of the composite, however, depends intrinsically on the matrix and the fiber-matrix interface, both of which are affected by moisture and temperature. The effects of moisture uptake include degradation of the polymer itself through interruption of hydrogen bonds by water molecules [14,15,16], decreases in strength characteristics [16], swelling [17], and increased interfacial deterioration [1,4,18,19]. Nogueira et al. [16] showed that moisture uptake decreased with an increase in the degree of cure due to the higher crosslink density of the resulting polymer network which caused a decrease in the presence of molecule-sized holes in the network structure, leading to lower levels of free volume. Glass transition temperature (Tg) is known to decrease with an increase in moisture content [20,21,22]. This is, however, complicated by the effect of curing [23] and the progression of cure due to immersion in aqueous solutions [24,25]. Cure progression, and hence increases in levels of Tg of ambient temperature cured composites, have been noted to be accelerated under conditions of immersion in water at elevated temperatures [26,27]. The effects of moisture uptake, both under ambient conditions and as a result of immersion at elevated temperatures, on mechanical properties of carbon-fiber-reinforced composites fabricated using ambient temperature cure and non-automated processes for infrastructure and naval/marine applications have been extensively reported on [27,28,29,30,31], including as related to the effect of marine environments and exposure to seawater and simulated seawater solutions [4,32,33,34,35].



Exposure to elevated temperature regimes can be of concern for these materials since polymer matrix composites are susceptible to thermooxidative degradation at temperatures between 100–350 °C, with the effects being accelerated as the glass transition temperature is reached and exceeded. The effects can include those of reversible thermal aging which results in decreased molecular mobility and an increased evolution of strain and damage. In addition, as temperature levels and time of exposure are increased, irreversible volumetric-based chemical aging occurs which includes chain scission reactions and additional crosslinking, both of which can result in changes to the surface diffusion response. Thermal aging in air can lead to superficial oxidation which results in cracking without application of the load [36,37,38]. This furthers the diffusion of oxygen into the material resulting in additional deeper oxidation reactions and damage [39]. The yield strength of the resin and the interface bond between the resin and the fiber decrease with an increase in temperature [40], with shear stiffness and interfacial shear strength decreasing as a function of temperature in epoxy-based composites [40,41]. Wimolkiatisak and Bell [42] noted that the stiffness of the resin was initially reduced by exposure to an elevated temperature, giving fibers freedom to move which could result in further degradation of even fiber-dominated characteristics. Given the importance of these phenomena on the stability and durability of polymer composites in the civil, marine, and naval areas, there has been extensive study of composites exposed to fire [8,43,44,45,46,47,48,49]. While a significant body of work exists for autoclave-cured, aerospace-grade carbon fiber composites, significantly less is known about these materials as fabricated through wet layup and non-autoclave-cured processes [50], especially as related to the competing effects of initial cure progression and the deteriorative effects at temperatures lower than Tg and/or where the effects are due to radiant heat rather than actual contact with the flame.



Beyond the effects of temperature through direct contact with flames, it is critical to understand materials-level processes and characterize the residual performance attributes of composites after thermal exposure in cases where the composites are routinely, or on occasion, as in the case of industrial processes or gas flares, exposed to elevated temperature regimes for extended periods of time between a few hours to a few days [47,51]. It should be noted that such events also occur when flammable liquids with vapor pressure at levels greater than atmospheric are released from pressurized storage [52] and in cases of deflagration events from waste transport and storage [53]. In the offshore area, composites are increasingly used on oil rigs and platforms and may face events of high temperature radiant heat requiring assurances of post-incident structural integrity [54]. In the offshore environment, fires, though rare, can continue for extended periods of time [46,55,56,57,58], exposing structural elements located outside the direct influence of the fire—but close enough for radiant heat exposure—to high temperature levels for extended periods of time. In addition, fires adjacent to FRP cladding can also result in such exposure conditions [46]. In marine/naval and offshore applications, the structure and FRP materials used therein are exposed to conditions of immersion and moisture exposure, and are expected to continue to perform as designed after such events.



Thermal aging can affect not just residual properties but also subsequent moisture uptake, which in turn would further affect performance characteristics. The effect of thermal spikes and prior thermal conditioning of aerospace prepreg-based, autoclave-processed composites on moisture uptake has been shown to result in a larger reduction in Tg and greater uptake levels [59,60,61,62]. However, relatively little is known about the moisture kinetics of ambient cured carbon/epoxy materials after extended periods of heat exposure that may exceed the glass transition temperature. Lu et al. [63] reported on the effects of prior thermal aging on subsequent water uptake behavior of pultruded BFRP plates in one of the only reports on non-autoclave composites, reporting that prior thermal exposure resulted in both the postcure and deterioration of the fiber-matrix bond, resulting in increased diffusion coefficients and lowered activation energies. Hamidi et al., based on research conducted on non-autoclave-cured composites, emphasized that very little was known about the effects of prior thermal history on moisture absorption dynamics of such materials that have a greater susceptibility to environmental exposure faced during service [64].



The current investigation focuses on the assessment of moisture kinetics and effects on short beam shear (SBS) strength performance as a result of immersion in water after thermal exposure for periods of up to 72 h at temperatures between ambient and 260 °C, representative of the cases described earlier of extended periods of high heat/thermal energy. To assess residual performance characteristics, short beam shear tests are conducted following specific periods of immersion, up to 72 weeks, in deionized water. This study is expected to provide insight into post-event stability and operational feasibility of structural components formed from wet layup ambient cure-based carbon/epoxy composites and is part of a larger study aimed at the characterization of the long-term response of these materials.




2. Materials and Methods


2.1. Material System


The carbon-fiber-reinforced polymer composite consisted of a unidirectional carbon fabric of an aerial weight of 644 g/m2, with carbon fibers having a nominal tensile strength, modulus, and density of 3.79 GPa, 230 GPa, and 1.74 g/cm3, respectively. The resin was a difunctional Bisphenol A/epichlorohydrin-derived liquid epoxy (Epon-828-based) with an epoxide equivalent weight of 185–192 g/cc and a number average molecular weight of about 700. A polyetheramine-modified polyoxypropylenediamine curing agent with an average molecular weight of about 400 was used to derive a resin system with a viscosity of 600–700 cps at 25 °C, and a pot-life of 3–4 h with a cured density of 1.15 g/cm3. Both the fibers and resin were representative of systems already being used in the field in applications similar to those addressed by the current investigation. Epoxy resins are preferred here due to their higher toughness and better long-term performance characteristics under conditions of ambient temperature cure and subsequent thermal loading. Composite specimens were fabricated with two layers of the carbon fabric using the wet layup process using only manual roller-based pressure without the use of vacuum bags to simulate field conditions. Panels were cured under controlled conditions of 23 °C and 30% relative humidity for seven days after which they were postcured for 72 h at 60 °C to enable a uniform level of cure progression. The fiber mass fraction was determined using acid digestion procedures to be 60% (i.e., a fiber volume fraction of 49.8%) with a standard deviation of 2–2.5% over all specimens.




2.2. Specimens, Exposure Conditions, and Test Methods


2.2.1. Specimens


The current investigation focuses on two aspects of post-exposure, response-moisture uptake and kinetics and short beam shear (SBS) strength characteristics. The former was assessed using specimens of nominal size of 25.4 mm × 25.4 mm cut from plates. Five specimens were used for each measurement. Mechanical characteristics were assessed using short beam shear specimens of 6 mm × 18 mm size cut from the same plates. The choice of SBS specimens was based on the expected deteriorative effects of thermal aging and the subsequent immersion in solution on the interfaces between layers of reinforcing fabric and at the fiber-matrix interface. The short beam shear test has been shown previously to be a powerful tool for the assessment of effects of moisture-associated durability of composites [65,66] since interlaminar shear strength is often the limiting factor for composites because the through thickness characteristics, and overall integrity, are matrix dependent.




2.2.2. Exposure Conditions


After cutting specimens to size and inspecting them for surface defects and edge voids (the presence of which resulted in rejection of specimens), the specimens were stored in a humidity chamber at 23 °C and 30% RH for two weeks prior to further exposure. Specimens were then subjected to a set of exposure conditions as detailed in this section and shown schematically in Figure 1. A set of SBS specimens were tested under ambient conditions as a baseline. Additional specimens were thermally aged at temperatures between 150 °F and 500 °F at intervals of 50 °F, i.e., at 66 °C, 93 °C, 121 °C, 149 °C, 177 °C, 204 4 °C, 232 °C, and 260 °C for periods of time ranging from 1 to 72 h. In each case, the specimens were placed in a furnace that was already at temperature, then maintained at the specified temperature for the assigned period of time, removed, and then allowed to cool back to 23 °C before further action. Specimens for moisture uptake were then placed in deionized water baths maintained at 23 ± 1 °C for periods up to 72 weeks. SBS specimens were carefully inspected for outliers that showed excessive deterioration in terms of delamination due to local defects and were divided into three batches. The first set was tested for residual properties. The second set consisted of specimens thermally aged for 8 h over the range of temperatures, and the third set consisted of specimens exposed to a temperature of 232 °C over a range of exposure periods. The latter two sets and a set of unexposed specimens (i.e., not subject to any thermal aging) were placed in the water baths for further exposure through immersion in deionized water. The non-thermally aged specimens provided a baseline for comparison of the individual and combined exposures (thermal aging followed by immersion in deionized water).




2.2.3. Test Methods


Short beam shear tests were conducted following ASTM D 2344 [67] at a crosshead speed of 1 mm/min with the load being applied until failure. In the case of thermally aged specimens, testing was conducted after cooling back to 23 °C under ambient conditions to obtain residual properties. Data analysis for outliers was conducted by inspection and in accordance with MIL-HDBK-1F procedures [68]. In the case of specimens immersed in deionized water, specimens were removed periodically using padded tweezers to ensure minimal pressure and no transfer of oil or substances from human hands that could inadvertently contaminate the specimens and or the deionized water bath, patted dry with tissue paper, and then weighed to measure uptake after which they were reinserted into the baths. The time period for the operation was standardized for consistency and to avoid effects of varying levels of evaporation through the specimens.



To characterize the effects of thermal aging on the cure and glass transition temperature of the specimens, tests were also conducted using differential scanning calorimetry (DSC) following ASTM D3418 [69]. Specimens of 10–15 mg mass were heated at a rate of 10 °C/min from 0 to the final temperature of 160 °C in a controlled nitrogen environment at a flow rate of 10 mL/min.






3. Results and Discussion


Results of the investigation are reported in this section initially as related to moisture uptake and kinetics and then as related to the short beam shear tests. Tests related to moisture uptake were conducted on specimens after thermal aging between 23 °C and 260 °C for periods of time ranging between 1 and 72 h, followed by immersion in deionized water for periods up to 72 weeks. SBS tests were conducted on specimens exposed to four sets of conditions: (a) prior to thermal aging, (b) after thermal aging between 23 °C and 260 °C for periods of time ranging between 1 and 72 h, (c) after thermal aging for eight hours over the range of temperatures followed by immersion in deionized water for periods up to 72 weeks, and (d) after thermal aging at 232 °C for periods of time between 1 and 72 h followed by immersion in deionized water for periods up to 72 weeks. The first two sets provide the unexposed and residual properties after extended periods of thermal exposure whereas the other two sets provide insight into continued performance in aqueous environments after exposure to heat.



3.1. Moisture Uptake and Kinetics


While the Fickian model [70,71] is commonly used to describe diffusion in composites, it does not, as such, address aspects of chemical interaction between the solution molecules and the polymer network, nor the relaxation and deterioration that is often seen as moisture ingress progresses. Two-stage models have been shown to better represent this, especially as related to systems having both an initial concentration gradient-driven diffusion process and a time-dependent process based on relaxation and deterioration that lead to a slower approach to an equilibrium uptake level [72,73]. In wet layup composites, the situation is further complicated by competing effects of cure progression (which in the case of ambient cure can be accelerated by water uptake) and the deteriorative effects of irreversible matrix microcracking and fiber-matrix debonding. The present study uses the two-stage model proposed by Bao et al. [73] wherein uptake is described by


     M t     M  e q     =   1 + k  t      1 − e x p   − 7.3       D t    h 2        0.75        



(1)




where Mt is the moisture uptake at any time t, Meq and D are the equilibrium moisture uptake level (also termed the transition level since it represents the transition between the two stages) and diffusion coefficient associated with stage one uptake, respectively, h is the specimen thickness, and k is the time-dependent coefficient characteristic of the rate of polymer relaxation and damage due to water absorbed. When k = 0, equation 1 reverts to the Fickian form of diffusion modeled by Shen and Springer [71]. It is noted that in the current study, specimens aged at the highest temperature of exposure, 260 °C, showed significant surface deterioration and severe debonding between fibers and resin for aging periods exceeding 8 h, resulting in large drops in SBS strength. The level of surface damage and the creation of additional paths for wicking of water due to fiber-matrix debonding results in excessive, and rapid, water uptake with subsequent loosening of resin particles. This level of deterioration makes the study of water uptake and the resulting residual strength impractical and hence, tests were only conducted on specimens aged between 1 and 8 h at 260 °C.



Moisture uptake is seen to follow a two-stage process. The first stage is concentration gradient controlled and predominantly Fickian, showing initial rapid diffusion. The second slower, and significantly longer, stage is associated with relaxation and deteriorative processes. In the second stage, there is both a rearrangement of polymer chains as the water molecules penetrate [73] and the filling of the new free volume created by the reactions with these molecules, resulting in a slower process as depicted by the lower slope. As seen from the representative moisture uptake traces, an ultimate equilibrium concentration is not approached, even asymptotically, over the 72-week period, indicating that the time scale for the second stage is much longer than that of diffusion, with extremely long relaxation regimes of the resin and interface regions in the glassy phase. As seen in Figure 2 for all temperatures of exposure, the diffusion parameter, D, increases with time of prior thermal aging until the 16 h level for all temperatures up to 204 °C. This increase is in line with the effect of postcure which results in an increase in free volume as crosslink density increases [23,74,75,76]. It should be noted that an analogy can be drawn with earlier results that reported the dependence of the diffusivity coefficient on the hydrothermal aging temperature [71]. In that case, an increase in the temperature of the solution in which the specimens were aged caused acceleration in the Brownian motion of the water molecules, resulting in an increase in the rate of diffusion. In the current case, the previous history of elevated temperature exposure affects the potential for pathways of ingress and reactivity within the resulting polymer network, and in the composite. While it is not clear if the results of prior temperature exposure followed by immersion in a solution are similar to those of simultaneous immersion in higher temperature solutions, there is a level of similarity to the phenomenon of increases in diffusion in moisture uptake through thermal spikes [59,60,61,62]. It should be noted that in the current case, there are multiple competing phenomena at play, including postcure, resulting from the exposure to elevated temperature, the effect of thermal exposure itself on the free volume and structure the polymer network, and deterioration of interfacial bonds due to microcracking between fabric layers within resin-rich areas and in the fiber matrix interfacial regions at the highest level of exposure where the greatest deterioration is likely to take place. As seen in Figure 2, specimens thermally aged for 1–8 h at 260 °C show an exponential increase in the diffusion coefficient due to wicking into the microcracks and gaps between the fiber and matrix, with the value of the diffusion coefficient for specimens exposed to 8 h at 260 °C being three times that of the unexposed (i.e., no thermal aging) specimens.



It is of interest to note that for all temperature levels except 93 °C and 232 °C, the diffusion coefficient decreases after the 16 h level, with diffusion coefficients remaining lower than the peak level. This is indicative of the decrease in reactivity of epoxy groups once crosslinking has peaked. For specimens thermally aged at 93 °C, the levels of the coefficient of diffusion are the highest at 24 h and then decrease but remain above the 16 h peak level. In the case of 232 °C, the diffusion coefficient continues to increase, which is indicative of the deterioration in the bulk resin and the fiber matrix interface which results in greater wicking along these microstructural defect areas in an auto-accelerative manner noted earlier by Marom [77] and Woo and Piggott [78] and is similar to the behavior seen from specimens exposed to the highest temperature level of 232 °C. These levels of dramatic increase due to damage would indicate substantive decreases in interfacial shear strength, which is confirmed, as will be described later, though SBS testing. It should be emphasized that values of D for all levels of thermal aging and exposure are higher than those of the non-thermally aged specimens.



While fairly clear trends are noted for the relationship between the coefficient of diffusion, D, as a function of previous temperature of thermal aging and time of exposure, the same is not true of the coefficient representative of relaxation/deterioration, k. This is due to the more complex interactions that characterize the processes taking place over the longer time scale that are related to plasticization, and to structural reordering and redistribution of the free volume elements [79], which is further complicated by the lock-in effects of extended periods of elevated temperature exposure followed by immersion in deionized water. Overall results, normalized by the value of the time-dependent relaxation coefficients for specimens immersed in deionized water but not subjected to thermal aging, k = 1.76 × 10−3 mm2/s, are shown in Figure 3. It is noted that while there is significant variation in values at lower time periods of thermal aging, the range narrows with an increase in time of exposure, as would be expected of relaxation-type phenomena. The highest levels of coefficients are seen after 1 and 2 h of thermal aging at 177 °C, which corresponds to the region where the glass transition temperature, Tg, as measured by DSC, of specimens after thermal aging was the highest. Specimens aged at the highest temperature of exposure, 260 °C, as expected, show an increase in the value of k, which is representative of relaxation/deterioration mechanisms, with a rapid increase up to 4 h after which any further increase was very small.



The two-stage diffusion response is characterized by a transition from the relative rapid diffusion-based regime to the slower relaxation/deterioration-dominated regime [27,63,73]. The moisture uptake level associated with stage one uptake is significantly lower than the maximum moisture uptake level, Mmax, recorded at the end of the period of immersion of 72 weeks. It is thus of interest to further study key points of moisture uptake as related to the prior effects of the level of thermal aging as seen in Figure 4a–c. As seen in Figure 4a, the level of moisture uptake, representative of the peak uptake rather than just the uptake at the end of the period of immersion, shows a general trend of increasing with the temperature of thermal aging for the same period of time for temperatures up to 177 °C for times up to 16 h, and for temperatures up to 204 °C for times between 24 and 72 h. These trends are in line with the expected increase in uptake with prior thermal aging. The drop at the two highest levels can be associated with decreased free volume due to changes in polymer network structure at these levels. It is noted that the experimental values for the peak moisture uptake varied within sets by less than 2.5%.



In comparison, the level of transition, representative of the point of change in uptake from a diffusion-dominated first stage to the slower second stage of uptake due to polymer relaxation and damage, increases with the temperature of aging for the same period of time for all times of thermal aging until 149 °C, as shown in Figure 4b. After this temperature, there is variation based on time of exposure due to the changes in network structure and overall damage in the composite. The initial trends are in accordance with earlier results related to moisture absorption and temperature related to the degree of cure attainment reported by Tang and Springer [80]. This is also in accord with results by Chatterjee and Gillespie [81] that the first stage of the moisture uptake ends later as the degree of polymerization increases since the extended periods of temperature exposure result in increasing polymerization of the wet layup ambient cured composites considered in the current investigation. It is noted that as the degree of polymerization increases, the free volume increases [74,75], but simultaneously, water molecules need greater energy to diffuse across the network and fill the free volume [82]. When seen in light of the ratio of uptake prior to the transition to the peak uptake level, as in Figure 4c, it is of interest to note trends of an initial increase followed by a decrease, indicating that the effects of relaxation/deterioration on moisture uptake increase as a function of temperature to a greater extent than due to the time of aging. This has important ramifications for post-event assessment as related to structural effectiveness. It is also noted that at the longest period of exposure of 72 h, the ratio for the three highest temperatures of aging fall within a very narrow band of between 22.5% and 26.2%, indicating a similarity of overall response.




3.2. Short Beam Shear Strength after Thermal Aging


In this section, the effects of thermal aging on residual SBS strength are discussed first, followed by the effects of post-aging immersion in deionized water. While most previous studies on the effects of temperature prior to immersion in solution have been due to thermal shock regimes [59,60,61,62], the case considered herein is of extended, rather than extremely short, periods of thermal aging followed by immersion, which is more representative of the combinations likely to be seen in naval/marine and civil infrastructure elements.



Thermal aging at all temperatures except the two highest levels resulted in SBS strength values higher than those at the initial unexposed level as shown in Figure 5. This indicates that postcure processes have a greater positive effect than that of deterioration due to aging except at temperatures of 232 °C and 260 °C. It is of interest to note that while the unexposed specimens show an increase of 7.6% in SBS strength over the 72 h period under consideration, thermal aging resulted in an increase of 21% at 93 °C and 177 °C and 23.4% at 149 °C. When viewed in terms of the overlap due to scatter, these are essentially similar. At 66 °C, the maximum increase in residual strength is the lowest at 17.7% and at 260 °C, it is the highest at 27.1%. The maximum degradation in SBS strength is noted at the highest temperature of thermal aging of 260 °C with the decrease occurring within three different regimes of 4–8 h (at a rate of 11.4% per hour), 8–24 h (at a rate of 4% per hour), and from 24–72 h where the decrease was the slowest at a rate of 1% per hour. As seen in Figure 5, all temperatures of thermal aging result in an increase in residual SBS strength followed by a decrease over longer periods of exposure in line with results reported earlier by Zavatta et al. [83]. As mentioned earlier, the increases are due to posture through exposure to elevated temperatures which results in an increase in the degree of cure as reported by Vora et al. [84]. It is thus of interest to assess the level of increase in SBS strength, and the time taken to achieve the peak as a function of temperature of aging keeping in mind the competition between mechanisms of cure progression and thermal deterioration. Figure 6 shows the comparison indicating that as temperature increases, the time taken to attain peak SBS strength decreases, with the maximum being reached after 4 h of exposure at 260 °C. At 232 °C, the same time period of aging results in a peak that is 4% lower. Peaks attained after 8 h for temperatures between 121 °C and 204 °C result in the SBS strength increasing only from 47.93 MPa to 48.08 MPa, well within scatter bounds, over with this range. The initial mode of failure is one of interlaminar fracture, as would be expected of SBS specimens, with a transition to one dominated by fiber-matrix debonding and interlayer separation with increasing levels of thermal aging, as was also noted by Akay et al. [85]. The transition can be seen through a comparison of SEM images of failure for unexposed specimens (Figure 7a), where there is good bonding between the fiber and matrix; to one where debonding has been initiated but hackles are still seen in the matrix with a bond between the fiber and matrix, as noted for specimens after 48 h of thermal aging at 177 °C (Figure 7b); to one where there is extensive debonding with fiber surfaces in the pullout zones not having a significant matrix or adhering to them (Figure 7c). The latter is representative of results of thermal aging at 232 °C for 48 h and above, and at 260 °C at 8 h and above.



As noted earlier, thermal aging results in a competition between an increase in SBS strength as a consequence of increased polymerization due to the exposure to elevated temperature, and a decrease due to deterioration as a consequence of microcracking due to mismatch between the thermal expansion coefficients of the carbon fiber and the epoxy resin as well as surface cracking, crazing, and deterioration due to extended periods of exposure to elevated temperatures. It is thus of interest to assess, at least on a comparative basis, the actual level of overall change as measured by the difference between the level that might have been attained through the progression of postcure without the effects of deterioration, and the performance level measured through testing after each period of thermal aging (as shown in Figure 5). As a first approximation, this can be estimated through the identification of the peak level of overall SBS strength, of 50.13 MPa after 4 h of thermal aging at 260 °C, and assuming it to be the maximum level of performance increase attainable due to postcure alone; and then using a power law fit at each temperature of aging for SBS strength until the peak to assess deterioration. The use of a power law has its basis in the description of creep [86], which is relevant here due to the effects of postcure and relaxation within the competing phenomena. Results of this can be seen for each temperature of aging in Figure 8, from which it can be noted that the difference between the thermal aging curves and the postcure curves is a comparative assessment of deterioration due to thermal aging, which is obscured when the results of just Figure 5 are assessed since the effects of the competing phenomena are not separated. This shows that at the longest period of aging, 72 h, deterioration is noted even at the lowest temperatures of aging and is 7.8%. In comparison, levels at 93 °C, 121 °C, 149 °C, 177 °C, 204 °C, 232 °C, and 260 °C are 7.5%, 6.2%, 5.4%, 13.9%, 14.4%, 22.3%, and 91.2%, respectively. The initial decrease in levels between 66 °C and 149 °C emphasizes the increasing positive effect of postcure and strength over that of deterioration as a consequence of thermal aging, while the increase after that point indicates a transition to increasing dominance of thermal-aging-based deteriorative mechanisms. This subtle difference from the conclusions that might otherwise be drawn solely based on Figure 5 is critical.




3.3. Effects of Aqueous Immersion after Thermal Aging


As discussed earlier, there are a number of cases where structures and components subjected to thermal aging are subsequently exposed to moisture/solution. To assess the effects of this combination of exposures, two specific sets of thermal aging conditions prior to aqueous immersion were considered: (a) 8 h of thermal aging over the range of temperatures considered in this study, and (b) a range of exposure periods at 232 °C. The two cases were specifically chosen to highlight effects of sequential thermal and aqueous exposures under key transitional conditions that would help explain overall trends from a more limited set of tests. The 8 h level of thermal aging represents both a transition in relaxation as noted from the moisture kinetics data through the relaxation coefficient and a transition in mechanical response after thermal aging as seen in Figure 5 and Figure 6. The second case, at the 232 °C level, is representative of the highest temperature, at which changes even over the longest period of aging did not result in SBS strength decreasing below the initial unexposed control. Decreases of 18.9% and 22.3% are, however, noted from the peak SBS strength and assumed postcure levels of SBS strength, respectively.



The effect of immersion in deionized water on specimens thermally aged for 8 h over the range of temperatures on SBS strength is shown in Figure 9, from which it can be seen that immersion results in a decrease for all specimens, with the general trend being an initial rapid decrease followed by a largely asymptotic region between 12 weeks and 48 weeks followed by a second period of rapid decrease. For purposes of clarity in seeing data, standard deviations are not shown in Figure 9 but are listed in Table 1, from which it can be seen that for all sets except the two highest levels of thermal aging, the range of standard deviations is less than 10%. Specimens that were previously thermally aged at 232 °C show this range until the 48-week level when the standard deviation was 13.9% and at the 72-week level when it increased to 18%. For specimens aged at 260 °C, however, standard deviations with the exception of the 16 h level are all above 10%, with the maximum being for specimens at the end of the immersion period of 72 weeks at 31.6%. It should be noted that as described earlier, thermal aging at this temperature resulted in excessive surface and internal cracking, resulting in non-uniform and excessive water uptake for specimens beyond 8 h of thermal aging, which results in even further damage in local areas resulting in the excessive variation in results. Nonetheless, it is clear that the maximum deterioration is seen in the specimens thermally aged at 260 °C for 8 h, with the level of decrease from the initial level (i.e., prior to immersion in deionized water) being 49.3%. In comparison, the level for the specimens aged at 232 °C was 35.9% and that for those at 66 °C was 28.1%. It is of interest to note that specimens that were not thermally aged (i.e., were maintained at room temperature, 23 °C) prior to immersion in deionized water for 72 weeks showed a decrease of 25.3%.



While the thermally aged specimens at all temperatures of aging showed a three-stage deterioration trend, the non-thermally aged specimens showed a gradual, but continuous, decrease with minor variation in levels from the beginning, as has been seen previously for SBS strength decrease due to hydrothermal exposure [87,88,89]. While fibers add to the strength and stiffness of the in-plane properties, the out-of-plane characteristics are often the limiting factor for laminate composites because they are dependent on the matrix. Resin characteristics, and hence those of the composite, such as toughness and interlaminar shear properties, are susceptible to rapid changes due to elevated temperatures, and even further on moisture uptake [90]. It is of interest to compare results of the sequential exposures considered in the current study with results of previous studies focused on hydrothermal exposure. Botelho et al. [91] reported decreases of about 28% in interlaminar shear strength of unidirectional carbon/epoxy prepreg-based composites after conditioning at 80 °C and 90% RH until moisture equilibrium was attained. Almudaihesh et al. [87] reported a reduction of 24.5% after immersion of prepreg-based, autoclave-cured carbon/epoxy in water at 90 °C for 43 days. In comparison, in the current study, a decrease of 12.5% in SBS strength was recorded after a similar period of immersion of 8 weeks after thermal aging for 8 h at 93 °C, indicating that the sequential exposure may have lower deteriorative effects than the simultaneous exposure to temperature and moisture (such as through elevated temperatures of immersion). It is noted that an equivalent level of reduction to the 24.5% reported [87] is only attained between 48 and 72 weeks of immersion in the current case, with 31.5% reduction being attained after the full period of 72 weeks of immersion.



Although the thermally aged specimens show significant overlap in performance, as seen in Figure 9, the specimen response can be divided into three groups, with the first being for thermal aging between 66 °C and 149 °C, the second being for those between 177 °C and 232 °C, and the third being specimens aged at 260 °C. Table 2 shows decreases from the initial level (i.e., after 8 h of thermal aging) to that determined after 72 weeks of immersion in deionized water, at the end of each of these stages, i.e., 4 weeks of immersion, 48 weeks of immersion, and 72 weeks of immersion. Taking into consideration the range of scatter in data, it can be seen that at the 48 and 72 h levels, deterioration generally increases with temperature of prior thermal aging. There is an initial increase at the 4-week level followed by a decrease and then an increase, mirroring effects of continued postcure. It is also worthwhile to note that with the exception of specimens aged at 260 °C at the 48-week level, the effect of prior thermal imaging results in a lower, or equivalent, level of deterioration than specimens immersed in water without aging, indicating that structures that have sufficient residual SBS strength after thermal aging could continue to perform similar to those just immersed in water. This is important from the perspective of assessing post-thermal event viability of continued use.



Given the previous discussion regarding competing effects of enhancing and deteriorative mechanisms resulting from thermal aging, it is important to note that previous studies on ambient cured wet layup composites have identified similar competing mechanisms resulting from immersion in water. Short periods of immersion have been noted to accelerate postcure mechanisms, resulting in an initial increase in mechanical characteristics with longer-term immersion, in turn resulting in decreases due to effects of plasticization and hydrolysis. In the current investigation, immersion was restricted to specimen specifically aged at temperature for 8 h only, and hence, the effect on the full range of levels cannot be clarified from this set. In contrast, the second case considered in this study of specimens thermally aged at 232 °C over the range of time periods up to 72 h prior to immersion in the aqueous solution, enables this effect to be further clarified. As seen in Figure 10, while the thermally unaged specimens show small levels of increase in SBS strength after immersion between 4 and 12 weeks followed by a decrease in line with earlier reported results for mechanical performance [16,31,92], the thermally aged specimens show a general decreasing trend with increases in the period of immersion except for specimens aged at 48 h and 72 h, where postcure effects are only seen between 4 and 8 weeks of immersion. For the range of 2–24 h of thermal aging, the drop in performance with time of immersion is gradual until the 48-week level, which is followed by a steep drop to about the same final level of SBS strength of between 29.95 MPa and 31.07 MPa, i.e., a decrease in that time period of 18.5 and 22.5%. A similar final level of strength and drop between the 48- and 72-week periods of immersion are seen, suggesting that the effects of immersion in water at longer periods of immersion are more dominant than the effect of temperature of prior thermal aging. This is an important finding when viewed in concert with the occurrence of the peak in SBS strength due to thermal aging at this temperature between 2 and 4 h as well as a fairly close level of the relaxation parameter, k, within this range, suggesting the existence of a threshold for drop in performance due to the second stage of immersion that may be independent of time of aging past a specific point represented by the initial point of maximum postcure. In light of this, it is illuminating to compare final levels of deterioration of SBS strength due to post-thermal aging immersion for 72 weeks as determined using both the initial non-thermally aged strengths and the level of maximum postcure determined as 50.13 MPa shown in Figure 8. When compared to this level, the percentage deterioration after 72 weeks of immersion in deionized water is the lowest after 1 h of previous thermal exposure at 34.8%, with all others being within a narrow band between 38.02–40.14 MPa with the levels increasing with the time of pre-immersion thermal aging.



While this investigation considered only two specific cases of immersion after thermal aging it is beneficial, even to a limited extent, to understand the relative effects of the major factors under consideration: temperature of thermal aging, time of thermal aging, and time of immersion, following the averaging method used by Baghad et al. [93]. For the purposes of this analysis, only results from exposure were considered, i.e., all results from unexposed specimens or unaged specimens were not included. Using their approach of averaging across the extremes and assessing the differences between the maximum and minimum values of residual performance, overall trends can be determined for conditions related to the two cases considered herein, i.e., (a) thermally aged for 8 h over a range of temperatures followed by immersion in deionized water for 72 h, and (b) thermally aged at 232 °C for a range of times followed by immersion in deionized water. In the first case, the overall change due to the period of immersion across all temperatures of thermal aging was −25.41%, whereas that of thermal aging temperature across all periods of immersion was −27.04%., indicating that for a specific period of thermal aging, the effects of temperature of thermal aging were only a bit greater than that of immersion time. In contrast in the second case, the overall change due to the period of immersion across all periods of thermal aging at 232 °C was −26.01%, whereas that of time of thermal aging across all periods of immersion was +3.8%, indicating the significantly greater effect of time of immersion. This further emphasizes the earlier discussed findings that effects of prior thermal aging at levels below 260 °C may not significantly hinder subsequent use/operation for fairly long periods of time under conditions of immersion as long as the residual SBS strength after thermal aging remained above the design threshold.





4. Summary and Conclusions


The effect of sequential thermal aging followed by immersion in deionized water on the durability of carbon/epoxy composites was investigated in this paper. Effects are determined using SBS strength for characterization of mechanical characteristics and moisture kinetics through a two-stage diffusion model that incorporates a diffusion coefficient associated with the first stage of uptake and a time-dependent coefficient characteristic of the rate of polymer relaxation and damage due to water uptake representative of the second stage.



Thermal aging at all temperatures between 66 °C and 204 °C results in increases in SBS strength, indicating that postcure processes have a greater positive effect than that of deterioration due to thermal aging. SBS strength is seen to decrease after 24 h of aging at 232 °C and after 8 h at 260 °C, at which point the highest value of SBS strength is also attained. When effects of full postcure are included, all specimens, however, show deterioration from the peak value over extended periods of thermal aging. Subsequent immersion in deionized water leads to a decrease in SBS strength for all specimens aged for 8 h, with the response being an initial decrease followed by an intermediate period between 12 and 48 weeks of immersion during which there is insignificant change in SBS strength, which is followed by a second period of rapid decrease. The maximum change is noted for specimens aged at 260 °C, with a decrease over the 72-week period of immersion being as high as 49% in comparison with a level of 28% for specimens at 66 °C and an average of 34.6% (with a standard deviation of 2.2%) for specimens between 93 °C and 232 °C, within which range the effects at the end of the 72-week period were similar.



For specimens aged at 232 °C and then immersed in water, the period of immersion is noted to have a substantially greater overall effect than the time of thermal aging, with the maximum decrease at the end of 72 weeks being 35.9%. A study of moisture kinetic characteristics shows that the diffusion coefficient increases with time of prior thermal aging for all temperatures up to 204 °C until the 16 h level, indicating effects of postcure which results in an increase in free volume as crosslink density increases. At 232 °C and above, the diffusion coefficient continues to increase, indicating deterioration in the bulk resin and the fiber-matrix interface and resulting in greater wicking along these microstructural defects in an auto-accelerative manner. The competition between the postcure and relaxation/deteriorative phenomena is also noted through the variation in the values of the relaxation coefficient. Trends in moisture uptake levels, both at the transition point and the maximum levels, are in accord with earlier results that link them to the degree of polymerization. Based on these tests, it is concluded that the effects of prior thermal aging at levels below 260 °C may not significantly hinder subsequent use/operation for fairly long periods of immersion time as long as the SBS strength after thermal aging prior to immersion remain above the design threshold values for continued use.
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Figure 1. Schematic of exposure conditions. 
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Figure 2. Diffusion coefficients as a function of time and temperature of prior thermal aging. 
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Figure 3. Normalized relaxation coefficient as a function of time and temperature of prior thermal aging. 






Figure 3. Normalized relaxation coefficient as a function of time and temperature of prior thermal aging.



[image: Jcs 06 00306 g003]







[image: Jcs 06 00306 g004a 550][image: Jcs 06 00306 g004b 550] 





Figure 4. (a): Level of maximum water uptake as a function of time and temperature of prior thermal aging. (b): Level of water uptake at the transition point as a function of time and temperature of prior thermal aging. (c): Ratio of water uptake at the transition point to the maximum uptake as a function of time and temperature of prior thermal aging. 
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Figure 5. Residual SBS strength as a function of time and temperature of thermal aging. 
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Figure 6. Comparison of peak SBS strength and time to attain the peak as a function of temperature of thermal aging. 
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Figure 7. (a) SEM image of fracture of an unaged specimen. (b): SEM image showing debonding along with hackles on the matrix for a specimen subject to 48 h of thermal aging at 177 °C. (c): SEM image showing debonded areas with gaps between the fiber and matrix and clean fiber surfaces. 
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Figure 8. Comparison of effects of thermal aging with predicted postcure levels as a function of time and temperature of aging. 
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Figure 9. SBS strength as a function of time of immersion in deionized water and temperature of prior thermal aging for 8 h. 
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Figure 10. SBS strength as a function of time of immersion and period of prior thermal aging at 232 °C. 
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Table 1. Standard deviations of short beam shear strength for specimens immersed in deionized water after regimes of thermal aging.
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Time of Immersion (Weeks)

	
Temperature of Thermal Aging for 8 h (°C)




	
23

	
66

	
93

	
121

	
149

	
177

	
204

	
232

	
260






	
0

	
1.41

	
2.25

	
1.12

	
1.50

	
1.51

	
1.62

	
0.60

	
2.66

	
2.46




	
4

	
3.08

	
0.90

	
3.48

	
1.25

	
1.59

	
2.84

	
1.20

	
2.23

	
1.85




	
8

	
2.29

	
1.67

	
1.16

	
0.63

	
1.17

	
2.22

	
2.52

	
1.79

	
5.23




	
12

	
2.35

	
2.51

	
1.40

	
1.74

	
1.20

	
1.50

	
2.29

	
3.28

	
5.61




	
16

	
1.59

	
1.74

	
0.47

	
3.03

	
0.41

	
1.54

	
2.56

	
2.67

	
2.31




	
24

	
1.97

	
2.22

	
0.62

	
2.92

	
2.74

	
2.32

	
3.19

	
1.58

	
5.96




	
36

	
2.50

	
1.81

	
1.81

	
2.06

	
1.08

	
1.90

	
1.77

	
1.41

	
5.86




	
48

	
2.22

	
1.44

	
2.38

	
2.27

	
1.83

	
2.94

	
0.64

	
5.15

	
3.48




	
72

	
2.45

	
1.89

	
2.97

	
2.67

	
2.24

	
3.21

	
1.21

	
5.41

	
5.98
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Table 2. Level of deterioration in SBS strength due to immersion in deionized water.
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Period of Immersion

(Weeks)

	
Temperature of Thermal Aging (°C)




	
Unaged

	
66

	
93

	
121

	
149

	
177

	
204

	
232

	
260






	
4

	
8.2

	
8.4

	
11.5

	
16.2

	
13.0

	
12.0

	
15.1

	
14.5

	
15.0




	
48

	
21.4

	
13.2

	
16.4

	
20.2

	
21.5

	
21.4

	
22.4

	
20.7

	
26.1




	
72

	
25.3

	
28.1

	
31.5

	
33.3

	
33.4

	
36.1

	
37.3

	
35.9

	
49.3
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