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Abstract

:

The use of aluminum alloys for external strengthening of reinforced concrete (RC) beams has been capturing research interest. Exposure to harsh environmental conditions can severely impact the strengthening efficiency. This works aims to investigate the degradation in the mechanical properties of aluminum alloy AA 5083 plates when exposed to temperatures ranging from 25 to 300 °C. Quasi-static Isothermal tensile experiments were conducted at different temperatures. It was observed from the experimental results that the yield strength remained constant in the temperature range of 25–150 °C before starting to drop beyond 150 °C, with a total reduction of ≈ 40% at 300 °C. The elastic modulus was temperature sensitive with about 25% reduction at 200 °C before experiencing a significant and pronounced reduction at 300 °C. The percentage drops in stiffness and yield strength at 300 °C were 62.8% and 38%, respectively. In addition, the Mechanical Threshold Strength Model (MTS) parameters were established to capture the yield strength temperature dependence. Two analytical models were developed based on the experimental results. Both models can reasonably predict the elastic modulus and yield strength of AA 5083 plates as a function of temperature. It was concluded that AA plates should be properly insulated when used as externally bonded reinforcement to strengthen RC beams.
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1. Introduction


In regions with humid environments, many reinforced concrete (RC) structures suffer from deterioration. This is due to a phenomenon called rust expansion which accelerates the rate of corrosion of steel reinforcement and simulates the cracking and peeling of the protective concrete cover; eventually, leading to structural failure [1]. One approach to recover and retrofit buildings and structures exposed to humid/coastal environments is to use natural fibers as a reinforcement element in mortars. This approach proved to reduce concrete cracks and increase the ductility and stiffness of the treated structural members. However, due to variations between the composites and mortars, there is an issue of interfacial adhesion between the reinforcement and cementitious matrix [2]. Another viable solution to enhance the structural performance of deteriorated structures is to externally strengthen the RC members with metal or composites plates/sheets. Some metals and composites are used in external strengthening applications such as steel, aluminum, and composite fiber reinforced polymer (FRP) laminates.



Aluminum alloys (AA) are increasingly being considered in various applications due to their desirable mechanical properties, lightweight, and good corrosion resistance [3,4,5,6]. Despite the wide adoption in many industries, the interest in using aluminum all-oys (AA) as external strengthening materials for RC structures is recent [7,8]. Traditionally, steel plates have been used to externally strengthen RC structures. However, its heavy weight and poor corrosion resistance properties have made it an unviable material in strengthening applications. More recently, fiber reinforced polymers (FRP) were applied as externally bonded reinforcement to strengthen RC members. Despite its numerous advantages, such as high strength to weight ratios and corrosion resistance, FRP materials lack ductility [9,10]. The utilization of aluminum alloys as externally bonded strengthening material can address these limitations. However, the degradation of properties at elevated temperatures poses a fire resistance concern. When structural members are exposed to high temperature levels, the overall stiffness significantly reduces as a result of degradation in the mechanical properties of the materials, which results in overall structural failure [11]. Under such conditions, full assessment of mechanical properties, particularly yield strength and stiffness, are advantageous for design engineers to help minimize the risk associated with accidents involving fire and high temperatures. This work addresses these issues by conducting an experimental study dedicated to quantify the degradation in mechanical properties of AA 5083 at elevated temperatures. In addition, analytical models providing predictive capability of the temperature dependent yield strength and elastic modulus are evaluated.



AA5083-H111 marine-grade aluminum alloy is primarily used in the fabrication of ships, water vehicles, and vessels. In recent works, researchers have experimentally and numerically explored the use of this alloy in external strengthening of RC beams in shear [12,13,14,15] and in flexure [16,17,18]. Recently, AA bars have been used successfully as a Near Surface Mounted (NSM) flexural strengthening material for reinforced concrete beams [19,20,21]. The utilized AA plates and bars have similar yield strength, tensile strength, and ductility to that of steel plates, and comparable high corrosion resistance to that of FRP laminates. Test results have shown a significant enhancement in the strength of strengthened RC beam specimens, up to 40% in flexure and 89% in shear. In addition, the beams’ ductility significantly surpassed that of carbon fiber reinforced polymers (CFRP) laminates. Most of the aforementioned experimental investigations were conducted at room temperature. The performance of AA5083 plates as a strengthening material exposed to elevated temperature has not been investigated. However, before implementing this material in the construction and strengthening market, the relevant mechanical properties of AA5083 plates such as tensile strength, modulus of elasticity, and elongation need to be investigated at elevated temperatures. This paper examines these mechanical properties of AA5083 plates at temperature ranging between 25 and 300 °C.



Various aspects of the high-temperature performance of this alloy have been investigated in previous studies [22,23,24,25,26,27,28,29]. Summers et al. [22,23] studied post-fire residual mechanical properties of 5083-H116, 6082-T651, and 6082-T6 aluminum alloy extrusions. After exposing the alloys to elevated temperatures, tension tests and Vickers hardness measurements tests were performed to determine the mechanical response of the alloys and quantify the time and temperature-dependent behavior. Chen et al. [24] investigated the hot deformation resistance of an AA5083 alloy under high strain rate. They made quantitative analyses over the effects of temperature, strain rate, and work hardening behavior on the flow curves and developed a modified constitutive equation for prediction of hot deformation resistance of the AA5083 alloy at high temperatures and high strain rate. Summers et al. [25] developed a comprehensive model to predict the residual constitutive behavior of AA5083-H116 at room temperature following fire exposure. The predictions of the residual yield strength and strain hardening of the developed constitutive model showed good agreement with that of the experimental results. Free et al. [26] carried an experimental investigation to study the change in microstructure and mechanical properties of six different 5000 series aluminum alloys following a simulated fire exposure. Guo et al. [27] studied the mechanical properties of certain brands of aluminum alloys (AA6061, AA6082, AA6N01, AA7020) at temperatures that ranged from −100 to 300 °C. They concluded that the AA strength and ductility improved at low temperatures and their mechanical properties (elastic modulus, ultimate strength, nominal yield strength) dropped rapidly at high temperatures. In addition, they observed clear changes in the deformation mechanisms of AA at extreme temperatures [27]. Huda et al. [28] investigated the hardness behavior of aluminum alloy 2024-T3 through microstructural characterization and heat treatment experiments (temperature effects) involving annealing in the temperature range of 100–250 °C for a time duration of 2–22 h. They concluded that the 2024-T3 aluminum alloy revealed a multiphase microstructure and showed no softening at short time of annealing (10 h) and low temperatures (100 °C). On the other hand, they observed that it showed softening with longer time-durations of exposures to the temperature and initial hardening followed by rapid softening at higher temperature (200 °C). At the highest annealing temperature (250 °C), the material first softened rapidly, and then the rate of softening decreased with the increase in time of exposures to temperature [28]. Prakash et al. [29] carried out an experimental investigation on the deformation behaviors of the aluminum alloy Al5052-H32 under tensile, compressive, and flexure loads at different strain rates and different temperatures (25, 250, 350, and 450 °C). They concluded that under quasi-static tensile loads, the flow stress of the alloy decreases but its ductility increases with increasing temperature. In addition to that, it was observed that the alloy has mixed brittle–ductile fracture at high temperatures (350 and 450 °C) [29]. Although there are other investigators who embarked on studying the behavior of aluminum alloys at elevated temperatures; however, to the authors’ knowledge, the literature is lacking full experimental assessment of the mechanical properties of AA5083 at elevated temperatures along with predictive models capable of capturing the temperature degrading effects on the elastic modulus and the yield strength. This limitation will hinder the wide-spread use and application of AA 5083 plates as external strengthening materials in the construction market, especially when the effect of temperature has to be taken into consideration.



To predict the degrading temperature effects on the yield strength, a constitutive model that is valid at various temperatures is needed. The physically-based Mechanical Threshold Strength Model (MTS) provides the capability to capture the constitutive response over a wide range of temperatures and strain rates [30,31]. Successful utilization, with good predictive capability, of the MTS model has been reported for various metallic alloys such as AISI 4340 steel [32], AA 5182 [33], AA 6061 [34], and AA5083 [35] aluminum alloys. Ma et al. [35] investigated the influence of fire exposure on mechanical properties of AA5083 using experimental and finite element simulations. They utilized the MTS model for defining the properties of AA5083 before and after exposure to fire. However, the model parameters have not been well established for the AA 5083-H111 alloy. The model can be calibrated using stress–strain data collected at different temperatures and strain rates. The final outcome is a rather simple equation that can predict the flow stress as a function of temperature, strain rate, and deformation history. In this work, the aim is to get a good estimate of the temperature effects on the flow stress at a constant, quasi-static strain rate, and no plastic strain history. This will yield the temperature dependent yield strength which describes initial yielding at different loading temperatures. Providing predictive capability, through physics-based modeling, is advantageous for design engineers considering this alloy for strengthening applications.



In summary, this work aims to investigate experimentally and analytically the degradation in mechanical properties of AA plates, type 5083-H111, when subjected to temperatures ranging from 25 to 300 °C. The experimental results and the calibrated predictive models are of practical importance and can assist in the analysis and design of RC members externally strengthened with such aluminum alloy plates in shear and flexure when subjected to elevated temperatures.




2. Materials and Methods


AA 5083-H111 aluminum sheets (3 mm thickness) were used in this study. The initial microstructure of the rolled alloy was characterized using electron backscatter diffraction (EBSD) as shown in Figure 1a. A region of ≈3000 × 2300 µm2 was scanned using a step size of 2 µm. The grain orientation map and pole figures of the scanned area are shown in Figure 1b,c. The average grain size (diameter) of the material was ≈33 µm as extracted from the grain size distribution shown in Figure 1d.



Dogbone tension samples with 8 × 3 mm2 gauge section, schematically shown in Figure 2a, were machined from the as-received sheets. To allow for full-field strain measurements using digital image correlation (DIC), the surface of each sample was polished using SiC grinding paper (up to 1000 grit) to remove any surface scratches. The speckle pattern for DIC was subsequently applied to the surface using high-temperature black paint. The quality and stability of the DIC pattern were suitable for the temperatures considered in this work (up to 300 °C) with no noticeable pattern degradation during the span of each experiment. DIC reference and deformed images were captured using a high-resolution optical camera with an imaging resolution of ≈140 pixels/mm.



Isothermal tension experiments were conducted using an Instron servo-hydraulic load frame equipped with an environmental chamber (i.e., heating furnace). Samples were installed in load control (set to zero load after gripping the sample) to prevent deformation during heating inside the oven (i.e., due to thermal expansion). Once the desired temperature was reached, and to assure uniform temperature distribution, 45 min heating time elapsed before mechanical loading was started. Tensile loading was conducted in displacement control at a rate of 1 mm/min which corresponds to an average strain rate of 3 × 10−4 s−1 (established subsequently from DIC mean strains along the loading direction). During loading, deformed images were captured every 2 s. A data acquisition system was used to collect and save the applied force and displacement data at the moment each of the optical images were captured. All samples were loaded to fracture, however, DIC data were collected for about 6% strain which was sufficient to extract the parameters of interest in this work (elastic modulus and yield strength).



All correlations were based on a region of interest (ROI) of ≈7.25 × 13.25 mm with a DIC subset size of 55 pixels (≈0.4 mm) and 5-pixel subset spacing. A representative ROI is shown in Figure 2b with the corresponding subset size used in this work. Full field contour plots of the normal εyy, εxx, and εxy strains can be generated from each of the deformed images. A sample contour plot for the normal strain field is shown in Figure 2c. The mean strain can be calculated for each image/contour plot. Calculating the mean strain along the loading direction, mean εyy, is analogous to what can be obtained using an extensometer. All the DIC strains reported in this work represent field averages obtained from the εyy full field data.




3. Results and Analysis


3.1. Isothermal Tension Experiments


Isothermal tension experiments were conducted at room temperature (RT ≈ 25 °C), 75, 100, 150, 200, 250, and 300 °C. Figure 3 shows representative stress–strain curves for selected samples (others omitted from the figure for clarity). The reported strains were obtained from full-field mean averages as explained previously. An obvious degradation in the modulus and yield strength can be observed from the reported results, particularly at 300 °C. As noted previously, loading was conducted to failure although DIC strain data were only collected up to about 6%. To construct the full stress–strain curve, a correlation is established between the measured strains, using DIC, and the reported load frame displacements for every prescribed temperature.



Figure 4 shows a sample plot of DIC strains versus load frame displacement. A linear fit to the results yields a factor that can be multiplied by the machine displacement to estimate the corresponding normal strain εyy. For the data reported in Figure 4, a factor of 1.6927 was calculated. A similar analysis was conducted for each of the samples reported in this work. Stress–strain curves generated using this technique are reported in Figure 5 for selected temperature conditions. A typical increase in ductility and reduction in the hardening rate, and even softening at 300 °C, is observed with temperature increase.



This work is primarily concerned with the elastic modulus and yield strength changes as a function of temperature. Those parameters are required in the analysis and design of reinforced concrete beams and slabs externally strengthened with such AA plates. These magnitudes were extracted from the stress–strain curves (DIC strains) using the slope of the elastic region for the elastic modulus E and the standard 0.2% offset for the yield strength σy, as shown in Figure 6. These magnitudes are reported for the 75 °C case in Figure 6 and for the rest of the temperature conditions in Table 1.



A plot of the elastic modulus, normalized by the modulus obtained at RT, versus temperature is shown in Figure 7. A clear drop can be noticed in the elastic modulus at temperatures exceeding 100 °C. Further, and a more significant reduction in stiffness was measured at 300 °C. The Eurocode EN1999-1-2 [36] listed stiffness for aluminum alloys at elevated temperatures is also shown in Figure 7. Despite the similarity in the general trend, it is noted that the 5083-H111 alloy considered in the current study exhibited a more pronounce degradation in stiffness, in particular around 300 °C. Accounting for this variation in stiffness is important in external strengthening applications, as the aluminum alloys may be subjected to elevated temperatures in the case of fire exposure.



The yield strength normalized plot is shown in Figure 8. It is clear from Figure 8 that the normalized yield strength was constant up to 150 °C, after which it started to experience degradation in its magnitude with further temperature increase. At 300 °C, the alloy retained about 60% of its original strength which is significantly higher than the ≈20% lower limit listed in EN1999-1-2 [36]. The delayed drop in strength is obviously advantageous for the considered structural strengthening applications.




3.2. Predictive Modeling Using the Mechanical Threshold Strength Model


The mechanical threshold strength model (MTS) defines the constitutive material response as a function of strain rate and temperature [30,31]. This physically based model was developed to capture the thermally activated interactions between dislocations and obstacles. Successful calibration of this model for similar 5-xxx series (Al-Mg), which is solid solution strengthened, has been reported in the literature [33]. To the best of the authors’ knowledge, MTS model parameters specifically for AA 5083-H111 have not been established and therefore, it will be conducted in this work.



Based on the MTS model, the strain, temperature, and strain rate dependent flow stress is given using the following Equation (1):


   σ y     ϵ p  ,  ε ˙  , T   =  σ a  +    S i   σ i  +  S e   σ e      μ  T     μ 0     



(1)







The flow stress captures the deformation history (   ϵ p   ), strain rate (  ε ˙  ), and temperature impact (T) on the flow stress. The athermal parameter (   σ a   ) is typically a function of the material microstructure such as grain size and dislocation density. As all samples were made from the same material, thus having an identical structure,    σ a    is assumed constant and independent of temperature. The thermal term    σ i    describes the yield stress while    σ e    is the strain hardening component of the flow stress (captures the evolution of structure beyond initial yielding),    μ 0    represents the shear modulus at 0 K. The factors    S i    (yielding) and    S e    (hardening) are defined using the following Equations (2) and (3):


   S i     ε ˙  , T   =     1 −       k   T    g  0 i    b 3  μ  T    l n     ε ˙   0 i     ε ˙        1   q i           1   p i       



(2)






   S e     ε ˙  , T   =     1 −       k   T    g  0 e    b 3  μ  T    l n     ε ˙   0 e     ε ˙        1   q e           1   p e       



(3)




where   b     is the burgers vector,  k  is the Boltzman,   ε ˙   is the deformation strain rate (constant in this work),     ε ˙   0 i     and     ε ˙   0 i     are reference strain rates (fitting constants),      q i  ,  p i  ,  q e  ,  p e      are constants,      g  0 i   ,  g  0 e       are the normalized activation energies (for dislocation glide), and   μ  T    is the temperature dependent shear modulus.



As this work emphasis is on establishing the yield strength and not the full constitutive behavior, the thermal component of the flow stress that captures the hardening response can be set to zero (i.e.,    σ e  = 0   in Equation (1) as the plastic strain is zero), then initial yielding (yield strength) can be written as follows:


   σ y     ε ˙  , T   =  σ a  +       1 −       k   T    g  0 i    b 3  μ  T    l n     ε ˙   0 i     ε ˙        1   q i           1   p i           σ i    μ  T     μ 0     



(4)







The parameters listed in Equation (4) can be determined experimentally from the collected stress–strain data, at different temperatures, in this work.




3.3. Determination of the MTS Model Parameters


The thermal parameter    σ a      in Equation (4) is constant as all samples were made from the same material and have an identical structure. Therefore, the magnitude of this component is temperature independent and will be less than the lowest yield strength determined experimentally for all the samples (<σy @ 300 ºC = 87 MPa). A value of 80 MPa resulted in a good fit with the experimental data.



The temperature dependent parameter   μ  T    represents the shear modulus of the alloy. For cubic materials, the shear modulus is related to the elastic modulus and Poisson’s ratio using Equation (5):


  μ =  E  2   1 + υ      



(5)




where  E  is the elastic modulus, and   ν = 0.33   is the Poisson’s ratio. Using Equation (5) and the experimentally determined elastic modulus at different temperatures, the shear modulus at each temperature was calculated. The following commonly used empirical relation was used to fit the data as presented by Varshni [37].


  μ  T  =  μ 0  −    D μ    e x p      T  0 μ    T    − 1    



(6)




where    μ 0    is the shear modulus at zero K (constant),    D μ      and    T  0 μ     are fitting constants. By fitting to the experimental data, the constant in Equation (6) were determined as shown below:


  μ  T  = 40811   M P a −   3173   M P a   e x p     83  T    − 1    



(7)







To find the remaining MTS model parameters in Equation (4),   y =        σ y  −  σ a    / μ  T       p i      was plotted versus   x =       k   T   μ  T   b 3      l n       ε ˙   0 i     0.0003          1   q i       . With the correct selection of the constants    p i  ,    q i  ,   a n d     ε ˙   0 i    , all the data points from different temperatures will unify on a straight line as shown in Figure 9. The reference strain rate,     ε ˙   0 i    , takes values between   1 ×   10  5    and   1 ×   10   10      s  − 1    . A value of   5 ×   10  8     s  − 1     has been suggested for A 5183 aluminum alloy [35]. For the material investigated in this work, a value of   5 ×   10  6     s  − 1     was found to better fit the experimental data. As for    p i    (typically 1 or   1 / 2  ) and    q i    (≥1), typical values for A 5183 are in the range of   1 / 2   and   3 / 2  , respectively. A good fit with the data for AA 5083 was obtained with    p i  = 1  , and    q i  = 3 / 2  . It should be noted that the data were fitted in the range of 150–300 ºC is shown in Figure 9. The yield strength displayed no change at temperatures below 150 ºC. The selected values for    p i  ,    q i  ,   a n d     ε ˙   0 i     have clearly unified the data point into a single straight line.



By fitting a straight line to the data plotted in Figure 9, the final parameters of the MTS model (i.e.,    σ i    a n d    g  0 i    ) can be determined. For clarity, Equation (4) can be rearranged to the following form:


  y =        σ y  −  σ a   μ       p i    =        σ i     μ 0         p i    −        σ i     μ 0         p i         1   g  0 i          1   q i              k   T   μ  b 3      l n       ε ˙   0 i     0.0003          1   q i       



(8)




from the linear fit in Figure 9,          σ i     μ 0         p i    =        σ i     μ 0       1  = 0.0069  . Additionally,          σ i     μ 0         p i         1   g  0 i          1   q i      = 0.0122   Consequently,    g  0 i   = 0.425  . A summary of all the model parameters is given in Table 2. The final form of Equation (4) giving the yield strength as a function of temperature is given using:


   σ y   T  = 80   M P a +     1 −       k   T   0.425    b 3  μ  T    l n   5 ×   10  6    0.0003        2 3        0.0069 μ  T   



(9)







The final result presented in Equation (9) has been calibrated between 150–300 °C at a constant strain rate of   3 ×   10   − 4      s  − 1    . Between RT (≈25 °C) and 150 °C, the yield strength is constant. Comparison between experimental data and model prediction results is provided in Section 3.5.




3.4. Elastic Modulus Temperature Dependence


The magnitudes of the experimentally measured elastic moduli revealed degradation in E with temperature increase (as shown in Figure 7) and a pronounced sudden drop at the highest temperature considered in this work (i.e., 300 °C). The empirical relation introduced by Varshni [37] has been typically used to capture the elastic constants temperature dependence of metals due to its simplicity and ability to adequately capture experimental data [38,39,40]. The model takes the following form:


  E  T  =  E 0  −    D E    e x p      T  0 E    T    − 1    



(10)




where T is the temperature in K and,    E 0    is the elastic modulus at zero K,    D E    a n d    T  0 E     are constant. By fitting to the experimental data, the model parameters can be determined, as presented in Equation (11):


  E  T  = 109.1   G P a −   7.28   G P a   e x p     71.4  T    − 1    



(11)







It should be noted that the data point at 300 °C has been omitted from the fit reported in Equation (11) due to the significant drop in the magnitude of the elastic modulus at this temperature. This potentially points to changes in the microstructure such as recrystallization which the model cannot account for. A comparable trend with pronounced reduction in the elastic modulus magnitude has been reported by others on a similar 5083 alloy (AA 5083-H116) at a temperature around 250 °C [41]. The model provided here is therefore valid for temperatures up to 250 °C. A comparison between model prediction and experimental data is provided in the next section.




3.5. Comparison between Experimental Results and Model Predictions


The MTS model predictions for the yield strength (σy) as a function of temperature is shown in Figure 10 along with the experimentally determined values. The model prediction is in very good agreement with the experimental results (150–300 °C). At temperatures between 25 and 150 °C, a constant yield is observed and thus the model was not applied to that range. It is noted that similar trends in the yield strength for other aluminum alloys have been reported in the literature. For example, a constant yield up to ≈100 °C was shown for AA 5083-H116 followed by a degradation at higher temperatures [41]. Full statistical analysis of the model predictions and the accuracy of the model are provided in Table 3. A small Normalized Mean Square Error (NMSE = 0.04), Mean Absolute Percent Error (MAPE) ranging between 2.40% and 5.27%, and correlation coefficient (R) of 0.98 were calculated. The results demonstrate the ability of the model to capture the obtained experimental data.



The elastic modulus model prediction (Equation (11)) versus temperature is plotted in Figure 11. Good agreement with the experimental data was obtained as shown in Figure 11. Table 3 lists the results of the statistical analysis comparing the model predictions to that of the experimental data. A Normalized Mean Square Error (NMSE = 0.22), Mean Absolute Percent Error (MAPE) ranging between 0.59% and 8.88%, and correlation coefficient (R) of 0.90 were calculated. Thus, the fitted model can reasonably predict the elastic modulus of the AA 5083 plates as a function of increasing temperature.





4. Discussion


In this work, a strong temperature dependence in the yield strength was observed in the temperature range of 150–300 °C, dropping by about 40% at 300 °C. The constant yield strength at temperatures <150 °C has been experimentally observed for various aluminum alloys. For example, 5083-H116, 5083-H321, and 5082 [33,41]. Chen et al. [33] investigated this aspect in a 5182 aluminum alloy, where they discussed three different regimes of deformation at different temperature and strain rate levels. The thermally activated process of dislocation accumulation and recovery becomes significant at higher temperatures and results in temperature dependence in the yield stress. It is in this thermally activated region that the deformation response can be described using the MTS model. The stress–strain curves shown in Figure 5 clearly show a change in deformation mechanism; at RT, strain aging was observed (serrated flow) with positive strain hardening compared to no serrated flow and a reduction in the hardening rate at elevated temperatures. These changes at high temperatures are indicative of a thermally activated process which would, consequently, explain the lack of temperature dependence in the yield strength initially.



The MTS model has been used effectively to predict the experimentally computed yield strength in the temperature range where thermal effects became significant. Despite the fact that the final outcome (Equation (9)) is rather simple, the model is physically based and capable of capturing the thermally activated process affecting the flow stress at temperatures below 300 °C. At temperatures beyond the explored range in this work (>300 °C), a careful assessment must be conducted to check if the model can be extrapolated to higher temperatures. Based on data available in the literature, it is expected that changes in the deformation mechanisms and creep rates at temperatures beyond 300 °C would hinder the ability to use the MTS model [41,42]. It should be also noted that the models presented in this study are a result of calibration on the provided experimental data. Hence, the consistency and accuracy of the models are dependent on the given geometrical and test conditions. According to Montuori et al. [43], many doubts arise from the accuracy of any proposed constitutive law due to simplifying and eliminating possible sophistications that hinders the fitting of the test results. Therefore, it is important to verify how much this variability is important in terms of determining the mechanical properties of the investigated material. It is finally worth noting that, although outside the scope of this work, the MTS model can also be fitted to capture the hardening response and strain rate sensitivity of the material. Additional experimental data at different strain rates will be needed to accomplish this task.



The experimentally determined elastic modulus experienced a sharp transition between 250 and 300 °C. As discussed above, this is the temperature range where recrystallization and recovery processes are triggered. In addition, the creep behavior has been reported to transition from having initial primary creep (<250 °C) to primarily secondary, steady-state, creep at higher temperatures [44].



The use of AA strengthening plates has been proven to improve the shear and flexural capacity of RC beams. In this work, additional insight, experimentally and through predictive models, into the degradation of mechanical properties of the strengthening material with temperature, is provided. However, the direct impact on strengthening effectiveness has not been explored. A full quantitative assessment dedicated to measure the strengthening effectiveness as a function of stiffness drop and yield strength reduction is worth exploring. It should be pointed out, however, that the use of AA-5083 is not recommended at temperatures exceeding 65 °C for an extended time [45,46]. Despite the many desirable characteristics that include its exceptional performance in extreme and harsh environments (e.g., high resistance to attack by saline seawater and industrial chemicals), the presence of more than 3.5% of magnesium content (Mg) renders this alloy susceptible to stress corrosion cracking, and accordingly limits the operational temperature range. Since the use of AA-5083 as a strengthening material for RC beams is unlikely to involve exposure to high temperature for an extended period, such limitation may have little, if any, effect on performance.




5. Conclusions


This paper experimentally investigated the degradation in the mechanical properties of aluminum alloy AA 5083 plates when exposed to temperatures ranging from 25 to 300 °C. Analytical models for the elastic modulus and for the yield strength of AA 5083 plates, as a function of temperature, were developed based on the obtained experimental results. Both analytical models showed reasonable accuracy in predicting the elastic modulus and the yield strength at the specified temperature range from 25 to 300 °C.



The work supports the following conclusions:




	
The AA 5083 aluminum sheets displayed degradation in the elastic modulus with temperature increase. Up to 250 °C, the total reduction in the modulus was less than 25% compared to the RT value. A huge drop was observed beyond this temperature range, reaching ≈60% reduction at 300 °C. An empirical model fit to the experimental data (up to 250 °C) resulted in good predictive capability in the temperature range considered.



	
At low to moderate temperatures, the yield strength was constantly experiencing no change up to 150 °C. With further temperature increase, reduction in the yield strength is triggered, resulting in a total reduction of 40% at 300 °C. The yield strength in the region/temperature range experiencing degradation was captured using the MTS model with good accuracy.



	
Based on the fact that significant reduction in the elastic modulus occurs above 250 °C, it is not recommended to use this alloy in that temperature range. From a strength perspective, temperatures below 150 °C assure no reduction in the load capacity before plastic deformation commences. In practical strengthening applications under normal conditions, 150 °C provides a good margin of safety against loss of strength and plastic deformation. However, it is conceivable to reach higher temperatures in abnormal circumstances such as fire exposure. To provide additional margin before strengthening failure, it is recommended to provide insulation to the externally bonded AA plates to prevent a significant spike in temperature under such conditions.
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Figure 1. Characterization of AA 5083-H111 aluminum sheets. (a) SEM micrograph showing the initial microstructure of the AA 5083-H111 rolled aluminum sheet; (b) Grain orientation map of the region shown in (a); (c) Pole figure; (d) Histogram showing the grain size distribution in the scanned area. 
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Figure 2. (a) Dogbone tensile sample schematic; (b) A representative region of interest for DIC correlations; (c) Full field contour plot of the normal strain field along the loading direction taken at 2.6% during loading (all dimensions are in mm). 
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Figure 3. Stress–strain curves at different temperature conditions, representative cases. The reported strains were obtained from DIC full field averages as shown in Figure 2c. 
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Figure 4. DIC mean εyy strain versus load frame displacement. A linear fit establishes the coversion relation between these parameters. 
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Figure 5. Stress–strain curves at different temperature conditions, representative cases. The reported strains were obtained from the load frame displacements and the conversion relations established in Figure 4 for one of the cases. 
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Figure 6. Stress–strain curves 75 °C. The elastic modulus, E, was calculated using the slope of the elastic region and the yield strengths using the 0.2% offset. 
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Figure 7. Normalized elastic modulus versus temperature (normalized by the RT elastic modulus). 
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Figure 8. Normalized yield strength versus temperature (normalized by the RT yield strength). 
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Figure 9. Yield strength and MTS model fit for temperature range 150–300 °C and constant strain rate of   3 ×   10   − 4      s  − 1    . Model parameters are given in Table 2. 
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Figure 10. Yield strength MTS model prediction versus temperature (150–300 °C). 
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Figure 11. Elastic modulus versus temperature. Experimental data and model prediction. 
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Table 1. Yield strength and elastic modulus at different temperatures.
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	Temperature (°C)
	Yield Strength σy (MPa)
	Elastic Modulus E (GPa)





	RT (≈25)
	140
	86



	75
	140
	86



	100
	138
	71



	150
	140
	66



	200
	130
	65



	250
	110
	62



	300
	87
	32
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Table 2. MTS model parameters.
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	MTS Model Parameter (Equation (4))
	Value
	MTS Model Parameter (Equation (4))
	Value





	  μ  
	    μ 0  −   3173   M P a   e x p     83  T    − 1     
	    μ 0    
	40,811 MPa



	    σ a    
	80 MPa
	    p i    
	  1  



	     ε ˙   0 i     
	   5 ×   10   6      s  − 1     
	    q i    
	    3 2    



	    g  0 i     
	0.425
	      σ i     μ 0      
	0.007



	    k b    
	   1.38064852 ×   10   − 23   J / K   
	b
	   2.86 ×   10   − 10   m   
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Table 3. Performance of model’s prediction compared to experimental results.
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	Performance Criterion
	RMSE

(MPa)
	NMSE
	MAE

(MPa)
	MAPE (%)
	Minimum Absolute Error (MPa)
	Maximum Absolute Error (MPa)
	Correlation Coefficient

(R)





	Yield Strength σy
	3.87
	0.04
	3.72
	3.17
	2.40
	5.27
	0.98



	Elastic Modulus E
	4.58
	0.22
	3.84
	5.05
	0.59
	8.88
	0.90







RMSE—Root Mean Square Error; NMSE—Normalized Mean Square Error; MAE—Mean Absolute Error; MAPE—Mean Absolute Percent Error; R—Correlation Coefficient.
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