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Abstract

:

In recent decades, the construction of statistically similar representative volume elements (SSRVEs) of materials for use in numerical analyses has been accomplished utilizing various methods, tools, and frameworks. Such a framework is introduced in this work, where the creation of 3D SSRVEs of metal matrix composites was investigated to assess their mechanical properties with reference to the material’s microstructure. The material studied was a composite based on AA7075 alloy reinforced with carbon fibers, with volume fractions of 0%, 4%, 8%, and 12%. The statistics of the alloy’s microstructure were extracted by segmenting an SEM image and fitting the precipitate particles’ sizes with respect to a lognormal distribution. The open-source software DREAM.3D was used to construct 3D ensembles and the Abaqus FEA software was employed for the mechanical testing simulations. By plotting the tensile stress–strain curves for the composites, it was found that the elastic modulus increased with the fibers’ volume fraction, obeying the rule of mixtures for discontinuous fibrous composites. The fiber efficiency factors were also calculated. The yield stresses of the composites were found and compared to the ones expected according to the shear-lag model, indicating major differences.
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1. Introduction


When designing heterogeneous materials, it is of great importance to take the microscale geometric arrangement of their constituents into consideration, in order to make confident assumptions about their macroscopic mechanical performance. During the last few decades, the practice of building digital 3D representative volume elements (RVEs) has been employed for the consideration of the microstructure of polycrystals (alloys [1,2,3,4,5,6,7,8,9] and ceramics [10]), polymer matrix composites [11,12,13,14], metal matrix composites [15,16,17,18,19], and ceramic matrix composites [20,21,22,23].



In many instances, and especially for metals and alloys, experimental methods are used to obtain information on the microstructure of the material, primarily electron backscattering diffraction (EBSD) and scanning electron microscopy (SEM). However, the use of pure experimental data regarding the geometry of the specimens may result in severe numerical drawbacks during the simulation of the RVEs. This occurs as these data exhibit geometrical complexity and, consequently, an extremely high number of degrees of freedom (DOFs) [24]. Therefore, the construction of RVEs is commonly accomplished by resorting to alternative methods, such as Voronoi diagrams [3,15,16,17,25,26,27] or by applying statistical simulations (e.g., Monte Carlo) [11,14].



The utilization of simpler RVEs in terms of geometry, which, despite their simplicity, represent the material’s microstructure and respond adequately to simulations in terms of the material’s macroscopic properties, is also desirable [24]. These elements, often referred to as statistically similar RVEs (SSRVEs), are obtained by minimizing the differences in statistical and mechanical behavior compared to the actual microstructure [24,28]. This optimization process is executed to ensure statistical similarity, as well as to render the SSRVEs and the real microstructure comparable, in terms of mechanical properties. The performance of SSRVEs may vary depending on the statistics used and on the parameterization of the microstructure. It is also important for the efficient construction of SSRVEs to retrieve the statistics in a reasonable time frame and provide sufficient and valid information about the actual microstructure [28]. One way to construct SSRVEs is to segment images obtained by a microscopy technique (e.g., SEM, TEM, tomography) based on the brightness of its segments. These segments depict different phases of the material and segmentation is used to obtain information about the statistics of each phase [24,29].



The objective of this study is to establish a framework for constructing 3D digital volumes that simulate, based on microstructure statistics, a complex material. These volumes can be used to perform simulations of mechanical loading to evaluate their macroscopic mechanical properties. The framework is designed by employing experimental data of the microstructure of its individual phases and their mechanical properties. Having developed such a framework, one can design novel materials and predict their mechanical performance at the macroscale by combining different constituents (matrix and reinforcing phases) and by altering the parameters that describe the microstructure, such as volume fractions, size distributions, particle geometry, and inter-phase interactions. The benefit of replacing experimental mechanical testing (e.g., tension, compression, hardness measurements) with simulation analyses lies in the significant cost reduction in the material design process.



The present study was performed, as a first step, on a metal matrix composite (MMC), namely the aluminum alloy composite AA7075 with a T700S-type carbon fiber reinforcing phase. This alloy was chosen as it is one of the most studied alloys, with applications in fields where high mechanical stresses are applied (e.g., aerospace, aeronautics, machinery, pressure vessels) [4,30,31,32,33]. Moreover, its microstructure is relatively simple in terms of the number of phases present and the shape of the particles. A clear understanding of the alloy’s microstructure is essential for predicting its mechanical behavior. For the material under study, the volume fractions and the distribution of precipitate particles significantly affect its mechanical properties. Variations in tensile strength and hardness of AA7075 have been observed with fluctuations in the alloy microstructure, as a consequence of variations in solution heat treatment times and temperatures [34,35]. As far as the microstructure of an MMC with respect to the reinforcing phase is concerned, the variations in mechanical properties depend on numerous factors, such as the shape, size, and, in the case of fibrous composites, orientation of the reinforcing particles [36,37,38].




2. Materials and Methods


2.1. Material Statistics


In order to develop a computational framework to numerically generate material volumes with identical microstructural properties, a reference material with a simple and very well-specified microstructure was needed. Additionally, for each distinct phase, there should exist available data regarding their mechanical properties, e.g., elastic constants and stress–strain curves of the constituents. In this work, the AA7075 aluminum alloy was selected, as its microstructure has been thoroughly studied in previous works [34,39,40,41,42]. As the AA7075 alloy contains various alloying elements, mainly Zn, Mg, Fe, and Cu, the phases occurring after the precipitation hardening process may also vary [41,42]. Nonetheless, in its simplest form, the alloy can be considered to contain three main phases: one matrix α-phase, consisting predominantly of Al (~94% at.), in which η- and η′-phase (MgZn2 or of similar chemical type) nanosized particles are dispersed; two precipitate phases, one of which is Fe-bearing (Al7Cu2Fe) and the other is Si-bearing (Mg2Si). The volume fractions of the two precipitate phases are 1.29% and 0.34% for Al7Cu2Fe and Mg2Si, respectively [39,43].



For the proposed framework, the objective was to employ image data of the material’s microstructure, obtained by imaging techniques, such as SEM, TEM, or tomography. With proper processing, it is possible to calculate volume fractions as well as size distributions of the different phases. The latter may be used to statistically describe the equivalent sphere diameter (ESD) of each precipitate phase, which denotes the diameter of a sphere with a volume equivalent to those of the randomly shaped precipitates.



The first step was to utilize an SEM image of AA7075 alloy as a starting point, shown in Figure 1a. This image was segmented into three parts, as can be seen in Figure 1b, so that each grayscale color may represent the three different phases of the alloy. Next, by utilizing ImageJ software, each of the two segmented parts referring to the precipitates with a circularity between 0.20 and 1 was selected, and the particle areas were collected (Figure 1c,d).



From the ImageJ analysis, results were obtained for both the surface area fraction of each phase and the distribution of their sizes. The as-measured surface area fractions of the precipitate phases (   f  A  l 7  C  u 2  F e     and    f  M  g 2  S i    , respectively) are presented in Table 1 and compared with the volume fractions from the literature, to determine whether the image satisfactorily reflects the microstructure statistics. Relatively small differences are observed, probably due to the assumption that the surface fractions also correspond to the actual volume fractions of the bulk material.



A significant error of 59% appears for the volume fraction of the Mg2Si phase, due to the small number of available particles to be measured, compared to the Al7Cu2Fe phase. This error is non-negligible considering the phase fraction per se; however, it is negligible considering the material in its entirety, as the volume fraction of this phase is about 0.3%. For the purposes of this work, this difference is not expected to seriously affect the results.



The analysis also provided the areas ( A ) of all particles, in units of μm2, which were converted into diameter values (   d A  =   4 A / π    ) assuming that the particles were spherical in shape. Next, the particles’ diameter distribution was fitted with a lognormal distribution, as this distribution is often used in materials science, especially for the interpretation of grain size distribution in a polycrystalline material [44,45]. It has also been applied though for precipitates’ size distribution interpretation [46].



The probability density function (PDF) of a lognormal distribution is given by:


  f  ( x )  =  1    2 π    σ  L N     exp  [  −  1 2     (    ln x −  μ  L N      σ  L N      )   2   ]  , 0 < x < ∞  



(1)




where    μ  L N     is the mean value and    σ  L N     is the standard deviation, which, as a function of the respective values of the normal distribution (   μ N   ,    σ N   ), are given by [47]:


   σ  L N   =   ln  [     (     σ N     μ N     )   2  + 1  ]     



(2)






   μ  L N   = l n  μ N  −  1 2   σ  L N  2   



(3)







In total, 35 and 17 precipitate particles of the Al7Cu2Fe and Mg2Si phases, respectively, were retrieved from Figure 1. In order to build the PDF of the precipitates’ diameter, the values of    μ N    and    σ N    were calculated with respect to these measurements, as shown Figure 2. It is important to note that several diameters with lower values were eliminated in order to achieve better fitting, without anticipating that this removal would have a significant impact on the outcomes.




2.2. 3D Elements Building


The DREAM.3D open software package by BlueQuartz [48] was used for the development of the 3D ensemble objects (SSRVE), which represent the AA7075 alloy microstructure. Although this package is primarily utilized synergistically with EBSD data, it is possible to manufacture less detailed objects, which may serve as input for finite elements software, such as Abaqus [49]. In detail, the pipeline executed is shown in Figure 3. The “StatsGenerator” filter in the beginning of the pipeline is where the data retrieved from the previous step were inserted, i.e., the value pair (   μ  L N   ,  σ  L N    ) = (0.864, 0.674) for the Al7Cu2Fe phase and the value pair (   μ  L N   ,  σ  L N    ) = (0.791, 0.934) for the Mg2Si phase, considering that the mean values are in μm. Additionally, the volume fractions obtained were also inserted, equal to 1.19% for Al7Cu2Fe and 0.54% for Mg2Si.



As far as the volumes for the composite materials are concerned, for the definition of the carbon fibers (CFs) dispersed within the alloy matrix, no similar statistical parameters’ estimation procedure was followed. Instead, the desired fiber geometry was accomplished by selecting the pair (   μ  L N   ,  σ  L N    ) = (1.95, 0.01), to create fibers of 7 μm in diameter and 30 μm in length. The aforementioned diameter value was chosen according to the T700S fiber filament diameter and the aforementioned length according to the average length of the fibers manufactured by Wu et al. [38]. With the “Initialize Synthetic Volume” filter, an ensemble of 40 μm × 40 μm × 100 μm was selected. Next, with the “Establish Shape Types” filter, an ellipsoidal shape for the precipitates and a cylindrical one for the CF were chosen.



By adjusting the fraction ratios of the CF, in addition to the pure AA7075 alloy, SSRVEs for AA7075/CF MMCs with volume fractions equal to 4%, 8%, and 12% were created, again in accordance with Wu et al. [38]. The created ensembles for the alloy and the MMCs were observed with Paraview 5.10.1 (Figure 4). By modifying the CF dimensions ratio, ensembles with different aspect ratios were generated, namely with the same diameter as previously and lengths of 15, 30, and 45 μm. This modification was conducted for 8% MMCs and the corresponding ensembles are shown in Figure 5.




2.3. Finite Element Analysis Simulations


Abaqus FEA input files were generated as a result of the DREAM.3D pipeline execution. The element type created for all input files was the general-purpose C3D8 with 8 integration points and each ensemble consisted of 160,000 such elements, given that the chosen dimensions were 40 × 40 × 100. In order to perform tensile test simulations on the created SSRVEs, a designation of the mechanical properties of each phase was necessary. For the three AA7075 phases, the stress–strain curves obtained by Singh et al. [40] were employed. In that work, micropillar compression experiments were conducted for each phase. In the present work, the mechanical properties of each phase were obtained from the corresponding stress–strain curves (elastic modulus, yield stress, strain hardening modulus). For CF, the mechanical properties were taken from [50,51]. For all materials, a Poisson’s ratio of 0.3 was assumed. The mechanical properties used in the simulations are presented in Table 2. It is worth noting that the Al7Cu2Fe precipitate phase and the CF have brittle mechanical behavior, in contrast to the alloy matrix and the Mg2Si precipitate phase. This is an important note for the framework performance because, for large deformations, the FEA model may malfunction and eventually crash.



Both elastic and plastic behaviors were evaluated. For the elastic region, an isotropic linear model was selected, as very low deformations were to be applied. No dependency on temperature or other variables was incorporated. For the plastic region, an isotropic hardening law was selected, again not including any additional dependencies. Regarding contact properties between the phases, the default contact property model was selected, which assumes zero friction and no thermal interactions.



For the pure alloy samples, an elongation up to 3.0% was applied. For the 30:7 MMC samples with  f  equal to 4%, 8%, and 12%, elongations up to 2.0%, 1.6%, and 1.4%, respectively, were applied. This difference was due to simulation errors occurring with increasing CF content, possibly, as was mentioned, due to their brittle behavior. For 8% MMC samples with different CF aspect ratios, an elongation up to 1.2% was applied. Four samples were used for each type of MMC. By dividing each loading simulation in 8 different steps and by plotting the corresponding reaction force of each step as a function of elongation, corresponding stress–strain curves were obtained. The computational times of the simulations were typically between 2 and 4 h.





3. Results


3.1. Elastic Moduli Dependence on CF Content


In continuous fiber composites, the contribution of the reinforcing phase is initially reflected on the change in the elastic modulus, which varies linearly with respect to the corresponding moduli of the alloy and the reinforcement, according to the rule of mixtures. This rule also serves as the theoretical foundation according to which the drawn results are evaluated. In composites with unidirectional fibers, the elastic modulus varies with the stress direction. Thus, for a stress applied in the direction of the fibers, the modulus of elasticity of the composite (   E  c t    ) is expressed as:


   E  c t   =  E m   (  1 − f  )  +  E f  f  



(4)




where  f  stands for the fiber volume fraction and    E m  ,  E f    stand for the elastic moduli of the alloy and the fibers, respectively. For stress applied normal to the direction of the fibers,    E  c t     is expressed as:


   1   E  c t     =   1 − f    E m    +  f   E f     



(5)







Figure 6a depicts the tensile stress application along and perpendicularly to the direction of the fibers. Figure 6b shows a fibrous composite with discontinuous fibers and a random directional distribution. In this configuration, a linear relationship holds again, taking into account a fiber efficiency parameter,  Κ , according to the relation:


   E  c t   =  E m   (  1 − f  )  + Κ  E f  f  



(6)







Parameter  Κ  (Krenchel parameter) is less than 1, usually between 0.1 and 0.6. Its value strongly depends on the geometry and orientation of the amplifying phase [52].



A typical 160,000-element ensemble with features representing the precipitates and the CF is shown in Figure 7 for an MMC with  f  = 12% as an example. The tensile stress simulation of the same sample results in the deformed shape shown in Figure 8, with regard to the total strain (Figure 8a) and von Mises stress averaging at 75% (Figure 8b).



Figure 9 shows the stress–strain curves of the four types of MMCs tested, for elongations of up to 1.4%. In total, 16 simulations (four for each volume fraction  f ) were carried out. It is noted that with increasing CF volume fraction, the elastic modulus also increases. Comparing the results of the simulation with those of [38], it is concluded that there is no close match for room temperature; a higher elastic modulus value for pure AA7075 is found and almost the same value is found for the three MMCs with  f  = 4%, 8%, and 12%. Nevertheless, the present results match more closely with those of [38] for 100 ℃, as well as those by Quadros et al. [53], who found that with increasing CF content, the elastic modulus increases almost linearly.



The elastic moduli that correspond to the curves of Figure 9 are shown in Figure 10. On the same plot, the values expected from uniaxial tensile stress in the longitudinal and transverse direction for the continuous-fiber-reinforced composite are presented, as described by Equations (4) and (5). In these equations,    E m    was considered to be equal to 45.8 GPa, which is the slope of the elastic part of the pure alloy curve in Figure 9. Theoretically, the conducted results should be between the curves corresponding to these two equations and, more specifically, match Equation (6), as the MMCs are considered discontinuous, with their length-to-diameter ratio being less than 100 [37,54]. Indeed, this trend is followed and, using Equation (6), the values of  K  are estimated as 0.59, 0.56, and 0.59 for 4%, 8%, and 12% MMCs, respectively.




3.2. Yield Stress Dependence on CF Content and Aspect Ratio


In MMC mechanics, there are numerous mechanisms via which an increase in yield stress may take place, including load transfer, dislocation strengthening due to thermal expansion mismatch, thermal residual stress, grain refinement, and Orowan strengthening [37,38,55]. In this work, the assessment of the influence of the most important factor, the load transfer mechanism, was attempted. This mechanism has been described by several models, the most common of which is the shear-lag model, according to which it is presumed that there is a perfect connection between the matrix and the fiber ends as well as a single orientation. In this case, the increase in yield stress is given by:


  Δ σ =  σ M   [  1 +    (  L + t  )  A   4 L    ]  f +  σ M   (  1 − f  )  −  σ M  =  σ M  f   A + 1  4   



(7)




where  L  is the fiber length in the stress direction,  t  the fiber size perpendicular to the stress direction,  A  the aspect ratio (  L / t  ), and    σ M    the alloy yield stress [38].



At first, the 0.2% offset yield stress values of the composites were calculated from the corresponding curves of Figure 9, equal to 428, 451, 473, and 496 MPa for the 0%, 4%, 8%, and 12% MMCs, respectively. The results are displayed in Figure 11, compared with the ones predicted by Equation (7), assuming that    σ Μ    is equal to 428 MPa. There is a deviation from the model’s predictions, which is reasonable due to the random arrangement of CFs. The deviation increases with an increase in the volume fraction of CFs.



The next step was to examine whether the  A  ratio affects the yield stress of the composites, again according to the same model, and whether this can be observed through the framework. Thus, by performing tensile simulations on specimens of the same volume fraction ( f  = 8%), same fiber diameter ( t  = 7 μm), and different fiber lengths ( L  = 15, 30, and 45, respectively), the results are plotted in Figure 12a. As can be seen, these curves show no noticeable difference, but only a minimal difference in the slope of the strain hardening curves. Zooming in on the yield stress region for  ε  = 0.2% (Figure 12b), it is observed that the yield stress increases slightly with increasing  A . The increasing trend is expected based on the shear-lag model; however, the values expected from the model differ significantly from the ones calculated, a reasonable difference due to the random arrangement of CF in the matrix. Figure 13 shows the values of the shear stress as found from the Abaqus FEA analysis and the corresponding values as predicted by the shear-lag model. An increase in the difference with increasing CF volume fraction is observed, as in the previous case.





4. Conclusions


The present work introduced a computational framework that aims to make use of data regarding the microstructural characteristics of composite materials and the mechanical properties of each phase, in order to predict the composite’s macroscopic mechanical behavior. Overall, the framework is able to:




	
Extract statistical data describing the microstructure of AA7075 alloy and match the extracted surface fraction with the volume fraction of each phase;



	
Build 3D SSRVEs by employing the DREAM.3D package, representing the two precipitate phases present in the alloy;



	
Insert carbon fibers with the desired volume fraction and shape morphology, to mimic the microstructure of a randomly oriented MMC with discontinuous fibers;



	
Perform tensile testing simulations with Abaqus FEA to these SSRVEs having appropriately adjusted the mechanical properties of each phase;



	
Assess the macroscopic mechanical behavior of MMCs with respect to the volume fraction and the aspect ratio of CF by comparing this performance with that theoretically expected from fiber composite mechanics.








Starting from the statistics retrieval stage, it becomes apparent that more than one microscopy image is required to precisely represent the statistics of the material. The procedure outlined for obtaining the statistics, namely the SEM image segmentation, the color-based thresholding of each phase, the particle discretization, and, finally, the particle size measurement, is suggestive of yielding satisfactory results, close to the expected ones, even assuming that the surface coverage fractions of the image correspond to the volume fractions of each phase. Certainly, by employing a larger number of images, more reliable data will be obtained for both the volumes and the statistics of each phase.



The process of building 3D digital data with DREAM.3D by utilizing the statistical parameters for the microstructure is highly efficient, as it was possible to convert 2D data into 3D data in a relatively fast and automated way. It was shown that inclusions of various shapes and sizes can be included within the ensemble and, thus, represent various types of particles, whether they are precipitates of alloys, which are the result of heat treatment, or whether they are reinforcing phases. Different types of reinforcing phases, either fibrous or shaped otherwise, such as particles or platelets, can also be introduced. In addition, it is also possible to simulate other types of composites, such as polymer or ceramic matrix composites or even structural materials (concrete).



Finally, it was shown that the mechanical properties of MMCs as a function of the volume fraction and aspect ratio of CFs seem to confirm, up to a certain extent, the expected mechanical behavior of real fibrous composites. In particular, the validity of the rule of mixtures for the elastic modulus was shown, as well as an indication of the validity of the shear-lag model. As the micromechanical phenomena governing fibrous composites are quite complex, no further study of them was attempted in this work but, with appropriate use of the tools described, a more thorough investigation could be attempted.
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Figure 1. (a) SEM imaging acquired by Singh et al. (Reprinted/adapted with permission from [40]). (b) Segmentation for the depiction of each phase. (c,d) Selection of Al7Cu2Fe and Mg2Si precipitate phases. 
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Figure 2. Lognormal fitting for ESD distribution of (a) Al7Cu2Fe and (b) Mg2Si precipitate phase in a AA7075 alloy. 
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Figure 3. DREAM.3D pipeline for the generation of 3D SSRVEs and corresponding Abaqus FEA input files. 
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Figure 4. SSRVEs for AA7075/CF MMCs with CF aspect ratio of 30:7 and volume fraction equal to (a) 0%, (b) 4%, (c) 8%, and (d) 12%. 
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Figure 5. SSRVEs for AA7075/CF MMCs with CF volume fraction of 8% and aspect ratio equal to (a) 15:7, (b) 30:7, and (c) 45:7. 
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Figure 6. (a) Elastic moduli in the longitudinal and transverse fiber direction of composites with continuous fibers; (b) Elastic modulus of fibrous composite with discontinuous fibers and random directional distribution. 
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Figure 7. Abaqus model of a 12% AA7075/CF MMC, with the corresponding elements representing (a) Al7Cu2Fe, (b) Mg2Si, and (c) CF phases. 
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Figure 8. Deformed MMC sample after 1.4% elongation and distribution of (a) total strain and (b) von Mises stress in MPa. 






Figure 8. Deformed MMC sample after 1.4% elongation and distribution of (a) total strain and (b) von Mises stress in MPa.



[image: Applsci 13 04989 g008]







[image: Applsci 13 04989 g009 550] 





Figure 9. Stress–strain curves from tensile test simulation in Abaqus FEA for AA7075/CF MMCs with varying volume fraction. 






Figure 9. Stress–strain curves from tensile test simulation in Abaqus FEA for AA7075/CF MMCs with varying volume fraction.



[image: Applsci 13 04989 g009]







[image: Applsci 13 04989 g010 550] 





Figure 10. Elastic modulus dependence on CF volume fraction compared with rule of mixtures. 
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Figure 11. Yield stress of AA7075/CF MMCs with different volume fractions compared with shear-lag model. 
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Figure 12. (a) Stress–strain curves for 8% AA7075/CF MMCs with different aspect ratios and (b) a close-up around yield points. 
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Figure 13. Yield stress of 8% AA7075/CF MMCs with different aspect ratios compared with shear-lag model. 
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Table 1. Measured surface fractions of precipitates and comparison with literature volume fractions.
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	ImageJ Analysis

Surface Fraction
	Literature Volume

Fraction [39,43]
	Differences (%)





	    f  A  l 7  C  u 2  F e     
	1.19%
	1.29%
	8



	    f  M  g 2  S i     
	0.54%
	0.34%
	59



	    f  A  l 7  C  u 2  F e     +    f  M  g 2  S i     
	1.73%
	1.63%
	6



	      f  A  l 7  C  u 2  F e      f  A  l 7  C  u 2  F e   +  f  M  g 2  S i       
	0.69%
	0.79%
	13
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Table 2. Mechanical properties of AA7075 phases and CF.
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Elastic Modulus (GPa)

	
Poisson’s Ratio

	
Yield Stress (MPa)

	
Strain Hardening Modulus (MPa)






	
Matrix

	
44

	
0.3

	
400

	
0




	
500

	
0.011




	
600

	
0.036




	
Mg2Si

	
102

	
0.3

	
1650

	
0




	
1950

	
0.036




	
Al7Cu2Fe

	
132

	
0.3

	
2500

	
0




	
CF

	
230

	
0.3

	
4900

	
0
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