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Abstract

:

In the current study, Twin Parallel Channel Angular Extrusion (TPCAE) as a developed SPD processing technique is used to improve the hydrogen storage properties of AZ91 cast alloy. The processing is conducted at different temperatures, ranging from 340 °C down to 200 °C. The hydrogen absorption and desorption tests are conducted kinetically at three different temperatures, using a Sievert-type apparatus. Remarkable improvement in the absorption kinetic is achieved as a result of the TPCAE processing. A maximum absorption capacity of 6.1 wt.% within a time span of 2000 s is achieved for the sample with three passes of processing complemented at 250 °C. Also, the kinetic of dehydrogenation is improved significantly and complete desorption at 350 °C is achieved for all the processed samples within a time span of maximum 2500 s. By calculating the activation energy of hydrogenation and evaluating the microstructure changes, it is found that implementing sufficient thermomechanical work level along with applying the last pass of the process at lower temperature results in a reduction of the activation energy and improvement of the hydrogenation kinetic.
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1. Introduction


Nowadays, fossil fuels have caused significant problems, including global warming and climate change. Hydrogen can be considered as an alternative energy resource, especially in the automotive industry and future energy systems due to its safety, abundance, and cleanness [1]. However, extensive use of hydrogen is hindered by its storage difficulties. Storage in the solid state via metal hydrides presents advantageous features, such as high gravity storage capacity and safety [2]. Mg is an attractive material in new research areas such as the ion battery, hydrogen storage, and biomaterials due to the lightness, recyclability, corrosion resistance, and low cost [3]. In the case of hydrogen storage, Mg has a high gravimetric capacity (7.6 wt.%) and has the potentiality to be used for onboard vehicular applications [1]. Nonetheless, there are major problems with the vast mobile application of MgH2, including poor kinetics of absorption/desorption of hydrogen and high stability of MgH2, leading to increase its dissociation temperature [1]. The poor kinetics are mainly due to the low diffusivity of hydrogen in the Mg crystalline lattice and the presence of thick surface oxide layer hindering H2 dissociation and penetration of H atoms into the bulk [4].



In this regard, research works have been performed to improve the hydrogenation performance of Mg. From the thermodynamic viewpoint, alloying with other elements, such as Al, decreases the hydrogen binding energy [5,6]. Although Al does not participate in the hydrogen absorption, it can destabilize MgH2 and improve desorption efficiency [7]. Catalytic additions (Pd, Fe, V, Ni, Ti, and Nb2O5) to the Mg matrix have been reported to enhance H2 dissociation and improve hydrogenation kinetic [8]. Moreover, the kinetic of hydrogen storage can be improved significantly by refining the microstructure and producing a high fraction of structural defects, such as vacancies, dislocations, and grain boundaries with low activation energy of diffusion [9]. These defects, especially high angle grain boundaries, can act as straightforward paths for diffusion and absorption of hydrogen atoms into the Mg bulk [10].



High energy ball milling (HEBM) [1,11] is a conventional method used vastly to make nanostructure materials consisting of ultrafine grains and lattice defects, which can significantly improve the hydrogenation kinetic. However, HEBM has some limitations, including high contamination, intensive air reactivity causing fire hazard, and high energy consuming and/or high cost for production of small quantities [12]. From this perspective, these limitations would be addressed by bulk processing using severe plastic deformation (SPD), in which intensive strain is accumulated by repetition of plastic deformation [13]. By applying SPD, ultrafine grain (UFG) structures are obtained in favor of the diffusion of hydrogen atoms, which in turn avoids contamination and fire risk.



Mg and its alloys are of limited workability due to the lack of sufficient active slip systems in the hexagonal structure and their SPD processing is challenging. Nonetheless, some strategies can be considered to overcome these challenges. Some of these include applying SPD at high temperatures to activate the pyramidal slip systems, increasing the die angles to reduce the strain localized points, and using backward pressure [14]. Also, some other works such as prestraining or developing a texture have been conducted to improve the formability and mechanical behavior of Mg alloys [15]. Recently, investigations were conducted to study the ability of various SPD techniques, including equal channel angular extrusion (ECAE) [7,16,17,18], high-pressure torsion (HPT) [19,20], and accumulative roll bonding (ARB) [21] in improvement of the hydrogen storage properties of Mg-based alloys. Skripnyuk et al. pioneered the use of ECAE for the purpose [22,23]. They also investigated a combination of the ECAE and HEBM processes to improve the kinetic properties of the ZK60 alloy and achieved the absorption capacity of 6.2 wt.% at 300 °C [23]. Asselli et al. [24] used both ECAE and ARB to improve the hydrogenation behavior of ZK60 alloy, on the increase of the maximum storage capacity from 4.77 wt.% (by only ECAE processing) up to 6.4 wt.% (by combination of ECAE and ARB processing). Botta et al. [25] investigated the processing effect of HPT and cold rolling, separately, to improve the absorption properties of bulk Mg samples. They were also successful in increase of maximum absorption capacity of pure Mg ribbons produced by melt spinning for almost 65% due to the formation of a strong (0001) texture during cold rolling. Texture effects, formed during rolling, on the improvement of hydrogenation kinetics of pure Mg and its alloys, AZ91 and AM60D, were also reported in other studies [21,26]. Furthermore, Huot et al. [27] have reported the different effects of ECAE processing routes in improving hydrogenation kinetics of Mg alloys. In this regard, using processing route of A (in which the sample is pressed repetitively without rotation) in ECAE delivers a very marked texture for AZ31 Mg alloy, while using route Bc (in which the sample is rotated by 90° in the same sense between each pass) prepares more grain refinements with random texture. Both processing routes deliver samples with the ability to uptake hydrogen up to 7.6 wt.%. However, the samples processed by route A show an incubation time before start of hydrogenation, while the ones processed by route Bc start the hydrogenation readily without any incubation time.



The main drawback of SPD processing is that they have not been industrialized so far. The current study addresses the feasibility of using a novel developed SPD technique, named twin parallel channel angular extrusion (TPCAE), which is one step closer to be industrialized in comparison to the conventional SPD ones, especially in the hydrogen storage application. TPCAE is a developed technique of ECAE in parallel channels, in which less energy per volume of material is consumed, while the tool has much more stability [28]. As cast AZ91 alloy was selected as the hydrogen storage material due to the existence of Al which decreases the hydrogen binding energy and destabilizes the MgH2 hydride phase. Considering a solution treatment and quenching in water as a preliminary step, TPCAE at a temperature higher than 300 °C was started and continued for several passes by a step-by-step reduction of temperature to 200 °C in different ways. Then, hydrogenation kinetics were measured for different processing conditions. Moreover, the effect of processing route and thermomechanical work level on the hydrogen storage properties of AZ91 alloy were evaluated considering the activation energy concept.




2. Materials and Methods


For TPCAE processing a commercial cast AZ91 Mg alloy was used with the chemical composition illustrated in Table 1.



Prior to the processing, a solution heat treatment consisting of homogenization at 430 °C for 10 h and quenching in water was conducted. Afterward, the TPCAE processing in six different configurations, summarized in Table 2, was conducted.



Dislocation density was evaluated based on the modified Williamson–Hall approach, using X-ray diffraction (XRD) patterns of the processed samples. Mean grain size and volume fraction of precipitates were calculated using ImageJ software [29]. More detail on the material, the processing, and the calculations can be found in Ref. [30], published by the current authors.



One of the key factors to improve the hydrogenation properties of Mg alloys is to enhance the area-to-mass ratio of the material to facilitate the H2 dissociation and penetration of H atoms into the bulk of material [31]. As a result, powders of the processed samples were needed for the investigations. Therefore, the samples were made into powder using a filing process under controlled argon atmosphere to prevent the formation of the thick surface-oxide layer on the powder surface. The activation process was conducted with the following details:




	
For each test, 0.22 g powder was placed in the reactor and washed with hydrogen gas, followed by vacuuming to 10−2 mbar. The washing process was repeated three times.



	
Afterward, it was placed under a highly enhanced vacuum condition with a pressure of 10−5 mbar. Then, the temperature was increased up to 150 °C. As the temperature increased, followed by the increase in the pressure, the vacuum pump worked for one hour to achieve the pressure of 10−5 mbar at 150 °C.



	
Similar procedure was repeated as the temperature increased from 150 °C to 250 °C and from 250 °C to 350 °C, respectively, and the pressure was maintained at 10−5 mbar at the end of each temperature-rise step.



	
Afterwards, hydrogen gas was injected into the sample at 350 °C under 30 bar pressure, and kept for 15 h.



	
In the last stage, the sample powder was placed again under a vacuum of 10−5 mbar at 350 °C.








After the activation process, the kinetic measurement of absorption was started at 350 °C by the injection of hydrogen gas at 30 bar following by the desorption measurement at a pressure of 10−1 mbar. To perform the test at 300 °C, there was a need to ensure that all the hydrogen atoms are brought to the gas phase. Thus, the vacuum pump worked to lower the pressure down to 10−5 mbar, while the reactor temperature was set to 300 °C. Then, the absorption/desorption measurements were repeated at this temperature in a similar condition to that of 350 °C. The same procedure was repeated for the temperature of 250 °C. Hydrogenation and dehydrogenation measurements were conducted according to the same procedure for all samples obtained through the different TPCAE processing conditions, as specified in Table 2. The analysis of XRD was performed after hydrogenation and dehydrogenation, using Cu-Kα peak with the wavelength of 0.154056 nm, a time scale of 1 s, a length scale of 0.05° and an angle range of 20–100°.




3. Results


3.1. Microstructure Evolution


Thermomechanical processing of the solution heat-treated AZ91 alloy results in a remarkable microstructure evolution. Table 3 illustrates the variation of mean grain size, dislocation density, and volume fraction of precipitate (β-Mg17Al12 phase) during different conditions of processing. The determinations can be found elsewhere [30].



The primary as cast grain size is reduced via one pass of processing at 340 °C. It should be mentioned that recrystallization and precipitation happen simultaneously during plastic deformation [30]. Precipitation occurs during the processing, owing to the fact that the β phase was eliminated through the solution treatment before the processing, resulting in a supersaturated microstructure. Therefore, there is a potential for precipitation of β phase through the TPCAE processing [33].



By lowering the temperature of the second pass down to 300 °C (S2 sample) and 250 °C (S3 sample), more grain refinement is achieved and precipitation of β phase is enhanced, while the dislocation density is reduced, indicating the dominance of recrystallization. Moreover, at lower temperature the diffusion rate decreases, leading to the prevention of grain growth and retard of precipitate coarsening. Thereby, the fine and dispersed precipitates prevent growth of new recrystallized grains via the pinning effect mechanism [34]. By reducing temperature of the second pass to 200 °C (S4 sample), recrystallization is replaced by twinning, which occurs in the un-recrystallized grains remaining from the first pass of processing at 340 °C [35]. In this condition, the dislocation density increases by one order of magnitude, as compared to the S3 sample.



By increasing level of the thermomechanical processing applied through the step-by-step reduction of the processing temperature, the mean grain size decreases to its lowest size of 2.19 µm (S5 sample). Besides, the volume fraction of β-phase precipitate increases in comparison with the S3 sample and reaches the level of 15.4%. The observed increase of β phase by increasing the accumulative strain is in accordance with the previous report of Huang et al. [7], on the improvement of the hydrogenation behavior of AZ61 alloy by ECAE.



Interestingly, by comparing S5 and S6 samples, an increase in the grain size is observed. The reason is the coarsening of the of the small precipitates due to the further thermomechanical processing which in turn, would lead to the grain coarsening because of the slight weakening of the pinning effect mechanism [33]. On the other hand, the fraction of β-phase precipitate remains almost constant in S4, S5, and S6 samples, indicating that the subsequent thermomechanical processing does not have any significant effect on the fraction of the precipitates after the second pass of the TPCAE; instead, more dispersion of this phase occurs, resulting in a more uniform distributed microstructure [30,33].




3.2. Hydrogen Absorption and Desorption Properties


The absorption and desorption kinetic measurements at 350 °C, 300 °C, and 250 °C are shown for the cast sample in Figure 1. The maximum absorption capacity is about 2.5 wt.%. The hydrogenation kinetic becomes slower by decreasing the temperature. The dehydrogenation is incomplete at all temperatures. However, dehydrogenation kinetic at 350 °C is significantly better, as compared to the lower temperatures.



Hydrogenation and dehydrogenation behaviors for the S1 and S2 samples are illustrated in Figure 2. As shown in Figure 2a, a single pass of the TPCAE improves the maximum absorption capacity at 350 °C significantly from 2.5% to 4.8 wt.%, as well as a significant enhancement in the hydrogenation kinetics. In addition, for the S1 sample, the hydrogenation trend at 300 °C tends to get considerably close to that at 350 °C, but the kinetic is not as fast as that. Thermomechanical processing does not improve the absorption trend at 250 °C. From Figure 2b it is obvious that a single pass of TPCAE was enough to ensure the complete desorption at 350 °C with a suitable kinetic. However, the dehydrogenation kinetics are significantly slower at lower temperatures. The improvements in absorption could be associated with the considerably lower grain size and the higher dislocation density of the sample after a pass of TPCAE at 340 °C.



After the second pass of TPCAE at 300 °C, the maximum absorption capacity reaches the level of 5.5 wt.% at 350 °C (see Figure 2c). The maximum absorption decreases to about 4.6 wt.% by decreasing the hydrogenation temperature to 300 °C. However, the kinetic of absorption within the first 250 s is higher at 300 °C. Furthermore, a second pass of TPCAE improves the absorption behavior at 250 °C, it can be realized by comparing the absorption behavior of S1 and S2 samples in Figure 2a,c, respectively. The desorption behavior of the S2 sample has a similar trend and kinetic to the S1 (Figure 2d), so that a complete desorption is achieved at 350 °C, while for the lower temperature the kinetics are still very poor.



Hydrogenation and dehydrogenation kinetics for the S3 and S4 samples are illustrated in Figure 3. Clearly, lowering the second pass processing temperature from 300 °C to 250 °C, makes a huge improvement in hydrogenation by equalizing the hydrogenation trend for all the three temperatures while still the maximum absorption of 5.5 wt.% is achieved at 350 °C. Whereas the maximum absorption at 250 °C for the S2 sample was 3.4 wt.%, it is 4.3 wt.% for the S3 sample, which shows almost 27% increase in the maximum absorption for the lowest hydrogenation temperature. Considering Figure 3b, the dehydrogenation of S3 sample at 350 °C is fully complemented below 1000 s which is much shorter time in comparison with S1 and S2 samples. Comparing the dehydrogenation kinetic of S2 and S3 samples (see Figure 2d and Figure 3b), it is clear that the dehydrogenation kinetic at 300 °C is improved slightly in S3 sample, while at 250 °C no significant improvement is observed. The improvement of hydrogenation/dehydrogenation behavior of the sample processed by two passes of TPCAE in lower temperature is attributed to the higher level of recrystallization occurring at the lower temperatures during the processing, which leads to the formation of a highly refined microstructure with higher fraction of sub-structures and grain boundaries.



Further reduction in the TPCAE processing temperature to 200 °C (S4 sample), does not have any effect on the maximum absorption capacity at 350 °C (see Figure 3c) and it is almost same as what is achieved for S3 sample. In addition, the hydrogenation trend of S4 sample at 300 °C is comparable to that of 350 °C. Nevertheless, unlike S3 sample, the hydrogenation trend of S4 sample at 250 °C suffers from a considerable drop. Comparing the dehydrogenation of S4 sample at 350 °C (Figure 3d) with S3 sample (Figure 3b) shows a considerable increase in the complementation time. The weakening of hydrogenation and dehydrogenation for the sample having a lower TPCAE processing temperature can be described by the existence of a bimodal microstructure [30] originated from activation of twinning mechanism instead of recrystallization in the second pass of the processing at lower temperatures. It is concluded that, for the second pass of the TPCAE, processing at 250 °C (in which recrystallization is the dominant mechanism) results in the best absorption and desorption behavior.



To investigate the effect of hydrogenation and dehydrogenation on the phase transformation, XRD patterns of S4 after hydrogenation and dehydrogenation at 350 °C are illustrated in Figure 4, as examples. New diffraction peaks corresponding to MgH2 phase are observed after hydrogenation, indicating the formation of a hydride phase. Also, peaks of aluminum appear after hydrogenation, as a result of transformation of the Mg17Al12 phase to Mg2Al3 and MgH2, following by a transformation of Mg2Al3 to MgH2 and Al [36,37]. Since still small Mg peaks exist, it shows the hydrogenation process is not completed (Figure 4a). On the other hand, as seen in Figure 4b, almost all of MgH2 peaks disappear after desorption that indicates the approximately complete dehydrogenation at this temperature. Because of the reverse reactions, including the transformation of Al and MgH2 to Mg2Al3, and then, Mg2Al3 and MgH2 to Mg17Al12 phase, there are no Al peaks after dehydrogenation.



The hydrogenation and dehydrogenation behaviors for the samples processed by three and four passes of TPCAE are illustrated in Figure 5. After the third pass of TPCAE, the maximum absorption capacity reaches its highest value of 6.1 wt.% (Figure 5a). Looking at the existing literature, reaching a level of 6.1 wt.% absorption capacity in this alloy using only a single SPD method is a significant achievement. For example, in 2017, Jorge et al. [21], has achieved a much lower amount of 4.5 wt.% by means of a combination of the ECAE and ARB processes without sample powdering. In another research, Floriano et al. [38] have managed to increase the hydrogen absorption capacity to 5.5 wt.% by performing low temperature rolling. The closest achieved maximum absorption capacity to the current research, has been reported by Amira et al. [39] in 2012, where the same level of hydrogen absorption capacity (6.1 wt.%) has been attained by a high energy ball milling.



The hydrogenation kinetic for the S5 sample at 300 °C and at 350 °C is similar. At 250 °C, the maximum absorption after the third pass of TPCAE is about 3.3 wt.% which is lower than that 4.3 wt.%, which was achieved after the second pass of TPCAE (S3 sample), but the three passes deformed sample reaches its maximum capacity more quickly, which confirms the enhanced kinetic of the hydrogenation process at 250 °C. After the third pass of TPCAE (Figure 5b), full desorption of the sample is achieved at 350 °C with a longer time span in comparison to the sample after the second pass of TPCAE at 250° C (Figure 3b). By comparing the dehydrogenation kinetic of S5 sample (Figure 5b) with S4 sample (Figure 3d), it is obvious that the trend is almost identical at all temperatures.



As seen in Figure 5c, the fourth pass of the TPCAE (S6 sample) decreases the absorption capacity of the sample at 350 °C while it improves the hydrogenation kinetic at 300 °C. However, the maximum absorption capacity at 250 °C is improved after the fourth pass of TPCAE and reached to the best achievable one which was observed in S3 sample (compare Figure 5c with Figure 3a). Likewise, the dehydrogenation kinetic of S6 sample (Figure 5d) is close to that of S3 (Figure 3b).



It can be said that in all the processed samples, a significant improvement for hydrogenation behaviors, especially at 350 °C and 300 °C, and dehydrogenation behaviors at 350 °C is achieved, in comparison to the as cast sample. This is due to the increase of internal defects, especially grain boundaries, during TPCAE processing which act as the pathways for diffusion of hydrogen atoms and nucleation sites for hydride phase transformation. As mentioned in Table 3, the mean grain size is reduced from 550 µm for the as cast sample to the range of 2.19-13.54 µm for the TPCAE processed samples.



It is worth noting that twin boundaries cannot be as effective as grain boundaries for the diffusion of hydrogen atoms due to the lack of amorphous regions at the twin planes [40]. Therefore, the twinning mechanism is not beneficial as much as recrystallization for hydrogenation and dehydrogenation behaviors.





4. Discussion


To comprehensively evaluate the effect of TPCAE processing routes on the Hydrogenation of the AZ91 alloy, it is important to consider the kinetic of hydrogenation thoroughly, in respect of the nucleation and the growth of the transformed hydride phase. Generally, the formation of a hydride phase from a metal base is a complex process. Typically, it can be divided into four simplified reactions [41]: (i) dissociation/adsorption of the H2 molecules; (ii) surface penetration of the H atoms; (iii) bulk diffusion of the H atoms; (iv) hydride formation. In this regard, Johnson–Mehl–Avrami (JMA) equation has been proven very versatile in explaining the hydrogenation kinetic of a variety of metal-hydrogen systems. Considering this approach, the transformed fraction of hydride phase ( α ) is given vs. time ( t ) as:


  α = 1 − exp  {  −    (  k t  )   n   }   



(1)




where  k  is the kinetic rate constant (nucleation and growth rates) and  n  is referred to as the Avrami exponent describing the type of nucleation and the growth dimensionality [42]. By taking the natural logarithm of both sides of Equation (1), it becomes:


  l n  [  − l n  (  1 − α  )   ]  = l n k + n   l n t .  



(2)







Considering   l n   k   as the intersection of a linear curve with the vertical axis, the kinetic rate constant can be obtained. The kinetic rate constant varies with temperature in the Arrhenius form, as [21]:


  k =  k o  e x p  (  − Q / R T  )   



(3)




where  Q  is the apparent activation energy,  T  is the temperature,  R  is the gas constant, and    k o    is a constant independent from temperature. By plotting the   l n k   versus   1 / T  , the apparent activation energy is found from the slope of linear regression. The calculations for S4 are illustrated in Figure 6, as an example.



The kinetic parameters obtained by the JMA equation using the kinetic data are given in Table 4 and Table 5 for all tested samples.



As shown in Table 4, the values of  n  are around 0.5, denoting that the growth process is one dimensional while the rate limiting step is the diffusion of hydrogen [43]. The obtained values are consistent with that of reported by Andreasen [42], who calculated the kinetic parameters for the hydrogenation of ball-milled MgH2-10wt.%Mg17Al12 composite. Since the  n  value is almost the same for all the processing conditions and there is not any considerable difference between the  n  values, it seems that the rate-limiting step does not change with increasing the TPCAE passes and/or processing temperature.



The calculated kinetic rate constants (Table 5), are quite consistent with those calculated by Jorge et al. [21] for an AZ91 Mg alloy after processing by ECAP under different conditions.



By increasing the kinetic rate constant of the JMA model, a higher rate for nucleation and growth of transformed hydride phase is expected [21]. For the as cast sample, the kinetic rate constant decreases by one digit per each 50 °C of temperature reduction. This shows that the temperature reduction has an inverse effect on the hydrogenation kinetic for the cast alloy. For the TPCAE processed samples (with an exception of S6 sample), the kinetic rate constants for the hydrogenation at 350 °C and 300 °C, are in the same order of magnitude with a small difference, indicating that nucleation and growth rates at 300 °C are comparable to those at 350 °C, which conforms the success of TPCAE processing, to moderate the effect of lowering temperature on the nucleation and growth rates. The kinetic rate constant of hydrogenation at 300 °C for the S6 sample (fourth pass of TPCAE at 200 °C) is one order of magnitude higher than that at 350 °C, approving the effectiveness of the processing route of S6 for improvement in the hydrogenation kinetic at 300 °C. For the hydrogenation at 250 °C, S3 and S5 samples have the highest kinetic rate constants, which is attributed to the occurrence of recrystallization during the TPCAE processing that results in the grain sizes lower than 3 µm (see Table 3). Besides, for both S3 and S5 samples, the last pass of the TPCAE processing was performed at 250 °C (see Table 2), showing that the optimum TPCAE processing temperature to have an acceptable hydrogenation kinetic at low temperature is 250 °C.



In terms of the activation energies in Table 5, it is obvious that the highest amount corresponds to the cast sample. This is consistent with the obtained value of 81 kJ/mol by Andreasen [42], on the hydrogenation activation energy of ball-milled MgH2-10 wt.%Mg17Al12 composite. The range of activation energy from 27 to 55 kJ/mol for the TPCAE processed samples shows a significant improvement in comparison to the range of 90-140 kJ/mol usually reported for the activated Mg powders [42,44], and 72 kJ/mol reported for the Mg thin films in the literature [45]. The values at the upper bound of the range correspond to the S1 and S4. The lowest activation energies are related to S5 (third pass) and S6 (fourth pass) that have the highest amount of thermomechanical processing. As mentioned, the internal defects such as the grain boundaries, the dislocations, and the precipitate interfaces facilitate the diffusion of the hydrogen atoms through the material bulk and provide nucleation sites for the formation of hydride phase, leading to the reduction of the activation energy. Therefore, the activation energy variations can be interpreted by the microstructure evolution during the TPCAE processing.



Considering all the aforementioned parameters, the highest activation energy is expected for the as cast sample, due to its largest grain size and its lowest dislocation density. After a first pass of TPCAE, grain size decreases significantly, a huge number of dislocations generate in the microstructure, and initial β-phase precipitates start to appear (Table 3), so a lower activation energy is observed.



By further processing the sample (the second pass of TPCAE), grain size decreased and the volume fraction of precipitates increased that result in a further decrease in the activation energy. However, the lowest activation energy for the second pass samples is achieved at the processing temperature of 250 °C (S3 sample) due to its lower processing temperature than the S2 sample (second pass of TPCAE at 300 °C) in which the grain growth is hindered by the lower diffusion rate of Mg atoms, and due to the more homogenous microstructure than the S4 sample (second pass of TPCAE at 200 °C), more detail of the microstructural investigations can be found in Section 3.1. By continuing the TPCAE processing to the third (S5 sample) and fourth pass (S6 sample) of the process, a finer microstructure, and a higher amount of β-phase precipitates are observed (see Table 3). A higher volume fraction of β-phase precipitates with fine dispersion, results in the higher contribution of interfaces in the diffusion of the hydrogen atoms into the material bulk [21], which would improve the diffusion of hydrogen atoms and reduction of the activation energy. Additionally, the β-phase precipitates, acting as a catalyst, reduce the H2 dissociation energy [46], and may act as nucleation points for the hydride phase [39]. From all the above, it is expected to have a lower activation energy for the samples that have higher thermomechanical works and have their last pass of the TPCAE process at lower temperatures.



However, on the contrary to the S2 and S3 samples, the S4 sample, with the second pass of processing at 200 °C, has a relatively high activation energy as S1. The reason is that, although the processing at a low temperature of 200 °C may lead to a high amount of precipitation and dislocation density, such a sudden reduction of temperature causes a more bimodal and non-homogenous microstructure, as mentioned before, which is not effective for the reduction of activation energy. In fact, implementing a sufficient thermomechanical work while there is a step-by-step temperature reduction throughout the passes leads to form a finer microstructure with a homogenous distribution of the precipitates, playing the major role in reducing the activation energy and improving the hydrogenation kinetic. This explains the lowest activation energies for S5 sample (third pass of TPCAE at 250 °C) and S6 sample (fourth pass of TPCAE at 200 °C).



Generally, considering the absorption and desorption behavior of different samples with different conditions, it could be stated that the TPCAE processing has made a remarkable improvement on the kinetics of hydrogenation and dehydrogenation of cast AZ91 alloy, specifically when the gradual reduction of processing temperature is applied during the implementation of sufficient thermomechanical work level.




5. Conclusions


In comparison to the cast condition, significant improvements are obtained via TPCAE processing in terms of both increasing the storage capacity and kinetics of absorption/desorption. For hydrogenation, a significant improvement is achieved at 350 °C and 300 °C, but to a lower extent at 250 °C. The hydrogenation behavior at 300 °C becomes closer to the behavior at 350 °C. On the other hand, the improvement in dehydrogenation is made particularly at 350 °C. Applying sufficient level of thermomechanical work during the step-by-step temperature reduction results in the formation of a homogenous and fine-grained microstructure, including fine dispersion of β-Mg17Al12 precipitates. Therefore, due to the increase of the internal defects, which are appropriate for diffusion of hydrogen atoms, remarkable results are obtained, as below:




	
The maximum storage capacity of 6.1 wt.% is obtained at a time span below 2000 s.



	
The activation energy for hydrogenation is reduced from 82.9 kJ/mol to the range of 27–54.9 kJ/mol. The results show that the TPCAE processing is capable of reducing the activation energy to lower than 30 kJ/mol.



	
The complete dehydrogenation is done at 350 °C in a time range of 1000 s up to maximum 2500 s.
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Figure 1. Kinetic of hydrogenation and dehydrogenation for as cast AZ91 alloy at different temperatures: (a) Hydrogenation at pressure of 30 bar; (b) Dehydrogenation at pressure of 10−1 mbar. 
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Figure 2. Hydrogenation kinetics at 30 bar and dehydrogenation kinetics at 10−1 mbar for different temperatures. (a,b) S1 sample (a pass of TPCAE at 340 °C), (c,d) S2 sample (second pass of TPCAE at 300 °C). 
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Figure 3. Hydrogenation kinetics at 30 bar and dehydrogenation kinetics at 10−1 mbar for different temperatures: (a,b) S3 sample (second pass of TPCAE at 250 °C); (c,d) S4 sample (second pass of TPCAE at 200 °C). 
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Figure 4. XRD diffraction patterns for S4 sample (second pass of TPCAE at 200 °C): (a) after hydrogenation; (b) after dehydrogenation. 
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Figure 5. Hydrogenation kinetics at 30 bar and dehydrogenation kinetics at 10−1 mbar for different temperatures: (a,b) S5 sample (third pass of TPCAE at 250 °C); (c,d) S6 sample (fourth pass of TPCAE at 200 °C). 






Figure 5. Hydrogenation kinetics at 30 bar and dehydrogenation kinetics at 10−1 mbar for different temperatures: (a,b) S5 sample (third pass of TPCAE at 250 °C); (c,d) S6 sample (fourth pass of TPCAE at 200 °C).



[image: Crystals 12 01428 g005]







[image: Crystals 12 01428 g006 550] 





Figure 6. Determination of apparent activation energy ( Q ) for S4 sample (second pass of TPCAE at 200 °C): (a) plotting   l n  [  − l n  (  1 − α  )   ]    vs.   l n t   at different temperatures; (b) Arrhenius plot of the kinetic rate constants. 
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[image: Crystals 12 01428 g006]







[image: Table] 





Table 1. Chemical composition of the AZ91 alloy in wt.%.
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	Mg
	Al
	Zn
	Mn
	Fe
	Si
	Cu
	Ca





	Base
	8.9
	0.85
	0.338
	0.01
	0.08
	0.004
	0.04










[image: Table] 





Table 2. Different processing route for SPD of AZ91 alloy by TPCAE method.
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	Sample
	Pass 1
	Pass 2
	Pass 3
	Pass 4





	S1
	340 °C
	-
	-
	-



	S2
	340 °C
	300 °C
	-
	-



	S3
	340 °C
	250 °C
	-
	-



	S4
	340 °C
	200 °C
	-
	-



	S5
	340 °C
	300 °C
	250 °C
	-



	S6
	340 °C
	300 °C
	250 °C
	200 °C
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Table 3. Microstructure evolution for the TPCAE processed samples of AZ91 alloy via different processing routes [30].
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	Sample
	Mean Grain Size (µm)
	Dislocation Density (×1014/m2)
	Volume Fraction of β-Phase Precipitate (%)





	As cast
	550
	0.1 [32]
	-



	S1
	13.54
	2.73
	3



	S2
	4.29
	1.33
	8.7



	S3
	2.39
	0.36
	13.3



	S4
	5.67
	4.1
	15.3



	S5
	2.19
	0.61
	15.4



	S6
	3.66
	3.28
	15.6
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Table 4. Avrami exponent of the JMA model during hydrogenation of different samples at various temperatures.
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	Sample
	     n  250      
	     n  300      
	     n  350      





	As cast
	0.73
	0.48
	0.39



	S1
	0.52
	0.55
	0.40



	S2
	0.72
	0.4
	0.66



	S3
	0.57
	0.58
	0.46



	S4
	0.56
	0.57
	0.47



	S5
	0.58
	0.67
	0.59



	S6
	0.6
	0.28
	0.59
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Table 5. Kinetic rate constants of the JMA model for the hydrogenation at different temperatures and apparent activation energy of the hydrogenation for different samples.
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	Sample
	k250 [10−2 s−1]
	k300 [10−2 s−1]
	k350 [10−2 s−1]
	Apparent Activation Energy (kJ/mol)





	As cast
	0.08
	0.69
	1.7
	82.9



	S1
	0.8
	1.7
	5.4
	51.2



	S2
	0.2
	4.3
	1.2
	48.2



	S3
	1.2
	1.4
	4.2
	34.2



	S4
	0.6
	1.7
	4.3
	54.9



	S5
	1.1
	1.4
	2.9
	27



	S6
	0.6
	15.9
	1.6
	29.8
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