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Abstract

:

Lightweight structural materials are increasingly sought after in the automotive and aerospace industries for their potential to improve fuel efficiency. Magnesium-based metal-matrix composites are potential candidates for these kinds of applications. The use of recycled carbon fibres offers further energy and cost savings. The recycled carbon fibre composites were manufactured by stir casting with high-dispersion shearing, then were extruded and subsequently heat treated. The compressive deformation mechanisms of the composites compared to AZ91 were investigated using in situ synchrotron radiation diffraction. An increase in ultimate compressive strength was achieved in the composites compared to AZ91. The deformation mechanisms active in the composites were similar to those in AZ91. Magnesium alloys in compression typically show extensive twinning; this was observed in AZ91 and the AZ91 composites. The stress required for twinning onset was increased in the composites, and the twin volume fraction at failure was decreased compared to AZ91.
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1. Introduction


Sustainability has become an important consideration for manufacturers in recent years. One method of improving sustainability in the automotive and aerospace industries is improving fuel efficiency by using lightweight materials. Magnesium is a promising candidate for these applications—it is lightweight, has a high strength-to-weight ratio, and good machinability and castability. Alloying additions can further improve these properties as well as improving corrosion resistance and ductility. However, Mg alloys generally suffer from poor creep resistance, making them unsuitable for high-temperature applications. Common alloying additions used for room-temperature applications are aluminium–manganese (AM50 and AM60 commercial alloys) and aluminium–zinc (AZ31 and AZ91 commercial alloys). Currently, metal-matrix composites (MMCs) using a Mg alloy matrix are a subject of interest. They may offer improved mechanical properties, whilst retaining Mg alloys’ light mass [1]. As well as structural applications, Mg alloys are also favoured for medical applications as a biodegradable implant material [2,3,4].



Previous work on Mg composites includes additions of ceramic particles or fibres [5,6,7], carbon nanotubes [8,9,10], and carbon fibres (CFs). The interface between the matrix and the reinforcement phase in composites is crucial for maintaining strength, toughness, and fatigue resistance. Various authors have investigated the CF-Mg alloy interface of coated and uncoated CFs [11,12]. Different manufacturing techniques have also been trialled: squeeze casting [11,13,14], gas pressure infiltration [15,16], friction stir processing [17], stir casting [18], and stir casting using shearing [19]. It is generally accepted that reducing the formation of brittle aluminium carbide precipitates at the interface improves mechanical properties. However, some surface reactivity is desirable for a strong bond between matrix and fibre for load transfer [1], which can be promoted by the addition of Al as an alloying addition [20].



Sustainability can also be considered when choosing a reinforcing addition. Kandemir et al. [19] investigated cast AZ91 composites reinforced with recycled carbon fibres (rCFs). Recovered from carbon-fibre-reinforced polymers (CFRPs), these maintain many of the mechanical properties of virgin CFs, but are cheaper and less energy intensive to produce [21]. Finding uses for rCFs will also encourage more commercial recycling of carbon fibre reinforced composite materials [22,23].



The compressive deformation mechanisms of extruded composites using the same rCF-reinforced AZ91 cast material as Kandemir et al. [19] were studied. The composites were heat treated, then deformation processes were investigated using in situ synchrotron radiation diffraction. This technique can extract detailed information on the active deformation mechanisms as a sample is deformed. It has excellent time resolution, allowing deformation to be measured before relaxation occurs [24]. Lattice strain can be evaluated by considering shifts in diffraction peaks and using Bragg’s law. Twinning can be observed by simultaneous intensity changes of reflections from the lattice planes of the parent and daughter crystallites [24]. In situ neutron diffraction experiments use the same principles as synchrotron diffraction, being able to achieve better sampling statistics at the expense of time resolution. Neutron diffraction has been used extensively to study deformation in Mg [25,26]. Synchrotron radiation diffraction has been used to study deformation in Mg alloys with special attention to the effect of precipitates [27,28]. Garcés et al. [5,6,7] undertook a series of in situ studies using AZ31 and SiC as a reinforcement. Meixner et al. [29] also investigated an Mg composite with ceramic reinforcements. To the authors’ knowledge, this work is the first investigating the deformation mechanisms of a CF-reinforced Mg alloy using an X-ray diffraction technique. The aim of this study was to understand how the heat treatments and CF reinforcement affect twinning and slip in composite materials. These insights may then be used to develop high-performance composites.




2. Materials and Methods


2.1. Sample Preparation


Three samples were prepared, AZ91, AZ91 with 5 wt % rCFs with a 100 µm average length (denoted AZ91/C100/5f), and AZ91 with 5 wt % rCFs of 500 µm average length (denoted AZ91/C500/5f). The rCFs had an average diameter of 6 µm. Further details can be found at https://www.carbonxt.de/en/products/ (accessed 1 August 2022). The rCFs were first baked at 400 °C to remove any polymer remnants and adsorbed gasses, then placed in aluminium foil bags to be added into the melt. A commercial AZ91 alloy was heated to 719 °C under a protective atmosphere of Ar with 1% SF6. The composition of the alloy was measured using spark spectrometry (Spectrolab M9, Ametek-Spectro, Kleve, Germany) and is given in Table 1. Each type of rCF was added to a melt, which was sheared at 2000 rpm by a shearing device (Zyomax Ltd., Uxbridge, UK) for five minutes. Previous work has shown this to be effective at dispersing particles and fibres in a melt [19,30,31].



The melts were then cast in cylindrical steel moulds preheated to 500 °C with a diameter of 100 mm and 200 mm height. Each mould contained 3 kg of alloy at 670 °C. These were lowered into a room-temperature water bath at 100 mm/min, ensuring controlled solidification.



The three different materials (AZ91, AZ91/C100/5f, AZ91/C500/5f) were machined to produce billets 150 mm long and 50 mm in diameter. These were preheated to 300 °C for an hour, then extruded indirectly to form bars of 10 mm in diameter using a 2.5 MN extrusion press (Müller Engineering GmbH and Co. KG, Berlin, Germany). The extrusion ratio was 1:25 with a ram speed of 1.4 mm/s. For each of the unreinforced, C100, and C500 extruded bars, three samples were produced. One set had no further heat treatment; one set was annealed at 413 °C for 20 h (T4); and one set, following T4, was aged at 170 °C for 16 h (T6).




2.2. Microstructural Investigation


The samples were prepared for microstructural investigation via mechanical polishing using SiC paper and a final polishing using OPS water-free solution and 0.25 µm diamond suspension solution.



The microstructure was first investigated using an optical microscope, Olympus BX53 (Olympus Europa SE and Co. KG, Hamburg, Germany). Average grain sizes for each sample were obtained by etching the material using AC2 Struers solution. The microstructure was then imaged via polarised light in order to clearly see the grains. A line intercept method was used on an average of 100 grains to determine the average grain size. This was performed three times per sample, and the average result was recorded.



The microstructure of these samples was further investigated using a Tescan Vega scanning electron microscope (SEM) (Tescan, Brno, Czech Republic) set at 15 kV and 15 mm working distance. The micrographs were recorded using backscattered electrons (BSE), and energy-dispersive X-ray spectroscopy (EDX) was used for compositional analyses.




2.3. Synchrotron Diffraction Measurements


For the in situ compression experiments, cylindrical specimens were machined from the extruded bars longitudinally with a diameter of 5 mm and length of 10 mm. The in situ synchrotron radiation diffraction was performed at the P07 beamline of PETRA III, DESY (Deutsches Elektronen-Synchrotron). A monochromatic beam with the energy of 100 keV (λ = 0.0124 nm) and with a cross section of 1 × 1 mm2 was used. Diffraction patterns were recorded with a PerkinElmer 1622 flat panel detector with a pixel size of (200 µm)2, which was placed at a sample-to-detector distance of 1555 mm from the specimen (calibrated with a LaB6 standard powder sample). The acquisition time for each image was 0.1 s. The specimens were placed in the chamber of a dilatometer DIL 805A/D (TA Instruments, New Castle, DE, USA). The specimens were compressed at room temperature with an initial strain rate of 1.0 × 10−3 s−1. The tests were terminated at fracture.



The morphology of the Debye–Scherrer rings was then analysed using the Fit2D® software. A Gaussian peak-fitting script was written in Python and used to extract peak position and to calculate the intensity from the area under each peak.



The strain on each lattice plane was calculated using Bragg’s law:


  d =   h c   2 sin θ E   ,  



(1)







The strain on a given lattice plane is [32]


   ε i  =    d i  −  d 0     d 0    =   sin  θ 0    sin  θ i    − 1   .  



(2)







The initial    θ 0    value was the value measured at the start of the deformation experiment, and thus all strains observed were relative to the initial strains within the sample.



The intensity of the {10.0} and {00.2} peaks was measured in arbitrary units corresponding to the area under each peak. The simultaneous increase in {00.2} intensity and decrease in {10.0} intensity was a result of extension {10.2}   ⟨ 10.1 ⟩   twinning as the lattice was reoriented by 86°. This resulted in an increase in {00.2} planes that fulfil the diffraction conditions [26].





3. Results


3.1. Deformation Behaviour


The deformation curves of the nine samples are shown in Figure 1. The highest ultimate compressive strength (UCS) was the as-extruded AZ91/C500/5f sample. The ductility of each T4 (annealed) sample was improved in comparison to the as-extruded and T6 samples of the same composition. The proof stress, stress for 0.2% deformation, and the UCS of each sample are presented in Table 2. An increase of 41 MPa in UCS was seen between the as-extruded AZ91 and AZ91/C500/5f samples, and an increase of 32 MPa between AZ91 and AZ91/C100/5f.



The shape of deformation curves can also provide information about the deformation mechanism; a sigmoidal shaped curve is indicative of deformation via twinning. This is investigated using diffraction data.




3.2. Microstructure


Figure 2 shows BSE micrographs of the samples; the extrusion direction is horizontal. After extrusion, optical and SEM microscopy on all samples showed elongated Al-rich precipitates, labelled 2, and small spherical Mn-rich precipitates, labelled 3, 4, and 5 in an Mg-based matrix, labelled 1. The samples containing CFs showed a fairly even distribution of CFs, mostly orientated with their long axis along the extrusion direction. Microscopy shows that the fibres measured less than their original lengths after sample preparation; this could have been due to breakage during extrusion or shearing [19]. There was also the formation of an Al-rich region at the fibre-matrix interface, labelled 7. The compositions of the labelled regions from EDX are provided in Table 3.



The average grain sizes are provided in Table 4. T4 heat treatment led to significant grain growth, whereas there was no further significant grain growth after T6 heat treatment. The composite samples showed some grain refinement. After T4 heat treatment, significantly fewer precipitates were observed in the matrix, indicating that it was predominantly a solid solution, although an interfacial layer remained visible. Growth of the Mn-rich precipitates can also be observed.



After T6 heat treatment, the Al-rich layer at the matrix–fibre interface remained in the C100 and C500 samples. There was some growth of precipitates, which is the desired result of the ageing process. In the unreinforced AZ91 sample, dark spots were visible on the SEM image, with these being artefacts of sample preparation.




3.3. Synchrotron Diffraction


The results from the in situ synchrotron radiation diffraction tests during compression are shown in Figure 3, Figure 4 and Figure 5 of AZ91, AZ91/C100/5f, and AZ91/C500/5f, respectively. They each show three plots for the as-extruded, T4, and T6 samples. Each plot had three sub-plots with a common true stress axis, from left to right: the macroscopic deformation curve, the strain on individual lattice planes, and the intensity of the {10.0} and {00.2} planes. The axial diffraction results are shown; previous work has shown the information gathered from radial and axial detection is identical, so all results presented here are axial measurements [7].



General features of the graphs are an initial linear elastic region demonstrating Mg’s elastic isotropy [1,29]. Below the stress required for macroscopic yielding, the onset of microyielding of the pyramidal {10.1}, {10.2}, and {10.3} planes was observed as a reduction in strain on these planes. A shallower gradient of the {10.0} and {11.0} was also seen after microyielding. In the as-extruded samples, this occurred at a stress of approximately 120 MPa, and in the heat-treated samples, it occurred between 70 and 90 MPa. At macroscopic yielding, a sudden increase in {00.2} and decrease in {10.0} intensity was seen. This coincided with a reduction in strain of the {00.2} planes.



Figure 6 is a comparison of the normalised intensity of {00.2} planes of the as-extruded samples. It shows the stress at the sharp increase in {00.2} intensity, indicative of the onset of twinning, was increased in the composites compared to AZ91. Figure 7 shows the effect of heat treatments on the stress for the onset of twinning by comparing the normalised {00.2} plane intensity of the AZ91 samples.



The twin volume fraction (TVF) of the matrix of each sample at various strains was calculated using the normalised azimuthal intensity distribution of the {00.2} planes. The TVF is the area between the initial intensity distribution and the distribution at failure, before a texture specific crossover point, 54.5°, for the samples used [33]. Figure 8 shows the evolution of the azimuthal intensity distribution function of as-extruded AZ91. It is reflective of the general change in intensity distribution of the {00.2} peaks with compression. The TVF fractions at failure are provided in Table 5, and the evolution of the TVF with strain is shown in Figure 9. TVFs of 0.5–0.7 are commonly reported for Mg alloys [33,34,35,36].





4. Discussion


AZ91 alloys are typically found to contain the intermetallic β-Mg17Al12 which can precipitate continuously or discontinuously [27,33,37]. Precipitation of various aluminium carbides at the fibre–matrix interface of uncoated and AZ91 has also been observed [20]. SEM and EDX analysis of our own samples showed β-Mg17Al12 precipitates distributed throughout the Mg matrix for the as-extruded samples and some growth of them for the T6 samples; further investigation would be required to determine the precipitation mechanisms. EDX did not detect significant quantities of carbon at the interface, excluding the presence of large quantities of carbides. Kandemir et al. [19] note the formation of the Al-rich region at the fibre–matrix interface, suggesting that Al may accumulate at the solidification front due to temperature differences between the melt and fibres during manufacturing. This is supported by the results shown in Table 3, where the interfacial layer, labelled 7, was shown to be majority Al. Brittle Mn-rich intermetallics are also seen in the sample, as shown in Figure 2e, where the precipitate was cracked.



The T4 heat treatment was designed to dissolve the secondary phases to reach a solid solution. The temperature required for this can also lead to some recrystallisation and grain growth (Table 4). The T4 heat-treated samples displayed the best ductility; the reduction in brittle [38] β-Mg17Al12 precipitates and an increase in grain size allow for easier dislocation motion, and thus an increase in plastic deformation before failure. Stanford et al. [39] also found solution-treated AZ91 to be the most ductile in their study of rolled and aged AZ91. However, these same factors lower the UCS of unreinforced T4 AZ91. Successful age-strengthening of AZ91 has been achieved in various studies [27,28,33,40]. Authors have attributed this to a combination of an increase the CRSS of basal slip and extension twinning, inhibition of twin growth, and load sharing between the matrix and precipitates [6,28,39,41]. There remains some uncertainty in terms of the details of these strengthening mechanisms and their relative importance. The T6 heat treatment used was not effective in strengthening the samples compared to their as-extruded condition, suggesting that the applied heat treatment conditions resulted in under-aged samples.



Figure 2 shows that the fibres break during manufacturing, either during shearing or extrusion. Further work is required to determine the cause of breakage and the lengths of the fibres in the extruded products. In Figure 2, the AZ91/C100/5f and AZ91/C500/5f appear to have fragments of a similar range of lengths, and the distribution of lengths cannot be determined from the micrographs alone. The similarity in fibre fragments explains observations of similar properties in the two reinforced samples.



Understanding the active deformation mechanisms during the compression of Mg alloys and composites can inform and enhance the design of future materials. The two deformation mechanisms with the lowest CRSS at room temperature were basal slip and extension twinning. Both of these mechanisms were seen to be active in the diffraction data. Figure 3, Figure 4 and Figure 5 show that basal slip occurred on the {00.2}, {10.1}, {10.2}, and {10.3} planes at well below the proof stress in all samples. This phenomenon is commonly observed in diffraction investigation of compression of Mg alloys [6,27,28,32,40,41,42,43]. The shallower gradient of the prismatic {10.0} and {11.0}, planes seen after the onset of microyielding shows that these planes bore increased strain as they were poorly oriented for basal slip. After yielding, at high stresses, non-linear behaviour was seen on the {10.0}, {00.2}, and {10.1} planes. This was a result of the activation of non-basal slip. Pyramidal slip including <c+a> slip occurred after the exhaustion of extension twinning; this was the only deformation mechanism that could accommodate strain on the c-axis.



The basal texture of the extruded alloys and composites means that there were very few grains oriented without their c-axes perpendicular to the compression direction and were thus able to slip on {10.1} and {10.2} planes. Although plastic deformation occurs below the proof stress, it does not cause macroscopic yielding. Figure 3a, Figure 4a, and Figure 5a show a sudden change from elastic to inelastic behaviour that coincided with an increase in {00.2} and a decrease in {10.0} intensity. Macroscopic yielding was caused by mechanical extension twinning once the applied stress reached the required CRSS. Figure 6 shows that the rCFs increased the stress for twinning onset by about 30 MPa for C100 and 35 MPa for C500. Load sharing between the fibres and matrix mean a higher compressive stress must be applied for the matrix to reach its CRSS [7]. The composites also showed some grain refinement, as displayed in Table 4, which could impede slip and twinning [44]. Residual stresses generated during manufacturing from the difference in the coefficient of thermal expansion (CTE) of the rCFs and AZ91 could also increase the applied stress required for twinning. The matrix would be put into tension while the reinforcement phase would be in compression [7,45].



The heat treatment also affected the stress for twinning onset. Figure 7 shows that T4 heat treatment reduced the stress by about 50 MPa, which may have been due to an increase in grain size [44] and a reduction in precipitates [46]. The applied T6 heat treatment can then increase it, compared to T4, by about 20 MPa. Kada et al. [28] and Stanford et al. [39] investigated the ageing of rolled AZ91 alloys and found maximum increases in the macroscopic yield stress of 50 MPa. Both concluded that the ageing process increased the CRSS for basal slip by approximately 5 MPa and caused a larger increase CRSS for extension twinning.



The heat-treated samples, and especially the heat-treated composites (Figure 4b,c and Figure 5b,c), showed a more gradual transition from elastic to plastic behaviour and more gradual intensity changes. This suggests that, while extension twinning is still crucial for significant macroscopic yielding, dislocation slip had a larger effect on macroscopic plasticity in these samples. The stress for the onset of microyielding was lowered in the heat-treated samples by 30–50 MPa. This was unsurprising for the T4 heat treatment that reduces barriers to dislocation motion, and, as discussed earlier, the T6 heat treatment used was not effective to a full extent.



A simultaneous reduction in compressive strain on the {00.2} planes and an increase in {00.2} intensity demonstrated that twins nucleate in a relaxed state [7,35,43]. The reorientation of the lattice by 86° during twinning puts these grains into a crystalographically ‘hard’ orientation where they are poorly orientated for further slip or twinning, and thus at high stresses, they rapidly accumulate strain [6,25,35,42,47]. At failure, the reinforced samples’ highest strain was generally seen on the {00.2} planes, this was observed in extruded AZ31 by Muránsky et al. [47]. The strain and intensity of the AZ91 samples, shown in Figure 3a–c, above about 300 MPa became unreliable due to reduction in {10.0} plane reflections. Similarly, no results for {00.2} strain and intensity at low stresses were obtained for AZ91 T4 (Figure 3b) and AZ91/C100/5f T4 (Figure 4b) due to a low number of reflections from {00.2} planes.



The TVFs at failure are presented in Table 5, and Figure 8 shows the change in azimuthal intensity distribution of the {00.2} planes of the AZ91 as-extruded sample. Initially, the intensity was concentrated at high angles approaching 90°; this corresponded to basal poles perpendicular to the extruded direction as expected for extruded rods. As the sample was compressed and twinning was activated, the 86° lattice rotation shifted the basal poles to close to 0° to be aligned with the extrusion and compression directions.



Figure 9 shows the change in TVF with strain for the samples. TVF was affected by both the reinforcement phase and heat treatment. Figure 9 shows that heat treatment appears to have had a small effect on the TVF. This is supported by the literature, which notes that precipitation generally promotes twin nucleation and inhibits twin growth, resulting in little change in overall TVF [25,33,34]. The rCF reinforcements reduced the TVF compared to AZ91, subject to the same heat treatment, by about 15% for C500/5f and 10% for C100/5f. The inclusion of rCFs could affect the texture of grains in the vicinity of fibres as they could provide a nucleation site for grain growth during recrystallisation. This may result in more grains nucleating in a favourable orientation for slip, resulting in a reduction in TVF [6]. The inclusion of rCFs generates high local stresses at their boundaries which could promote twin nucleation. The fibres act as physical barriers to twin propagation and thus inhibit twin growth.




5. Conclusions


The deformation of heat-treated recycled carbon fibre AZ91 composites was investigated using in situ synchrotron radiation diffraction. The following conclusions can be drawn:




	
Two AZ91 rCF composites, with reinforcements of 100 µm and 500 µm, were manufactured with 32 and 41 MPa increases in UCS compared to AZ91, respectively. This was achieved through the addition of 5 wt % rCFs to the melt followed by high dispersion shearing, casting, and extrusion. The T6 heat treatment used was not successful at improving UCS, and it is suggested that it resulted in under-ageing.



	
In situ synchrotron diffraction was used to investigate the active deformation mechanisms in the magnesium-based matrix. The deformation mechanisms in the heat-treated alloys and composites were similar. Extension twinning was found to be significant in both, although the TVF of the matrix was lower in the composites compared to unreinforced AZ91. The stress at the onset of twinning was increased by approximately 30 MPa in the composites compared to AZ91.



	
Basal slip appeared to have had a larger impact on the macroscopic deformation in the composites and heat-treated alloys and composites. The onset of microyielding in heat-treated alloys and composites was lowered by 30–50 MPa.
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Figure 1. Compression curves showing true stress against true strain of AZ91 (left), AZ91/C100/5f (centre), and AZ91/C500/5f (right). 
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Figure 2. BSE micrographs of the samples, taken with the extrusion direction horizontal across the page: (a–c) AZ91, as extruded, T4, T6; (d–f) AZ91/C100/5f as extruded, T4, T6; (g–i) AZ91/C500/5f as extruded, T4, T6. The composition of the numbered positions is provided in Table 2. 
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Figure 3. Plots showing macroscopic true strain (left), strain on lattice planes (centre), and intensity (right) against true stress for (a) AZ91 as extruded; (b) AZ91 T4; (c) AZ91 T6. 
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Figure 4. Plots showing macroscopic true strain (left), strain on lattice planes (centre), and intensity (right) against true stress for (a) AZ91/C100/5f as extruded; (b) AZ91/C100/5f T4; (c) AZ91/C100/5f T6. 
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Figure 5. Plots showing macroscopic true strain (left), strain on lattice planes (centre), and intensity (right) against true stress for (a) AZ91/C500/5f as extruded; (b) AZ91/C500/5f T4; (c) AZ91/C500/5f T6. 
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Figure 6. True stress against normalised intensity of the {00.2} planes for the as-extruded samples. 
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Figure 7. True stress against normalised intensity of the {00.2} planes for unreinforced AZ91. 






Figure 7. True stress against normalised intensity of the {00.2} planes for unreinforced AZ91.



[image: Crystals 12 01502 g007]







[image: Crystals 12 01502 g008 550] 





Figure 8. The azimuthal distribution function at different strains for AZ91 as extruded. The units of intensity are multiples of random distribution. 
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Figure 9. TVF of matrix against true strain for AZ91 (left), AZ91/C100/5f (centre), and AZ91/C500/5f (right). 
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Table 1. Chemical composition of AZ91 alloy (wt %).
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	Mg
	Al
	Zn
	Mn
	Nd
	Si
	Ca
	Cu
	Fe





	Bal.
	8.73
	0.67
	0.21
	0.019
	0.019
	0.0014
	0.0027
	0.0013
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Table 2. Ultimate compressive stress and an estimate of the proof stress of samples (stress for 0.2% yielding). The proof stress was determined graphically using the deformation curve.
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	Sample
	UCS (MPa)
	Proof Stress (MPa)





	AZ91 as extruded
	387
	190



	AZ91 T4
	349
	135



	AZ91 T6
	368
	162



	AZ91/C100/5f as extruded
	419
	217



	AZ91/C100/5f T4
	384
	153



	AZ91/C100/5f T6
	377
	157



	AZ91/C500/5f as extruded
	428
	219



	AZ91/C500/5f T4
	418
	176



	AZ91/C500/5f T6
	397
	184
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Table 3. Composition from EDX analysis of positions marked on Figure 2.
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Element

	
Concentration (wt %)




	

	
1

	
2

	
3

	
4

	
5

	
6

	
7






	
C

	
4.1

	
4

	
5.1

	
6.6

	
3.2

	
74.3

	
8.2




	
N

	
-

	
-

	
-

	
-

	
-

	
-

	
9.5




	
O

	
1.3

	
1.3

	
-

	
8.1

	
2.5

	
1.4

	
1.2




	
Mg

	
88.8

	
55

	
36.1

	
6.3

	
17.1

	
22.8

	
25.6




	
Al

	
5.4

	
37.1

	
38.3

	
35.2

	
49

	
-

	
55.3




	
Si

	
-

	
-

	
0.6

	
0.7

	
0.2

	
-

	
0.2




	
Ca

	
-

	
-

	
-

	
0.4

	
-

	
1.5

	
-




	
Mn

	
-

	
-

	
19.9

	
42.7

	
28.1

	
-

	
-




	
Zn

	
0.3

	
2.7

	
-

	
-

	
-

	
-

	
-
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Table 4. Average grain size of samples in µm.
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Sample

	
Average Grain Size (µm)




	
As Extruded

	
T4

	
T6






	
AZ91

	
7.6 (±2.2)

	
19.0 (±4.1)

	
19.4 (±9.8)




	
AZ91/C100/5f

	
5.2 (±0.4)

	
16.3 (±5.1)

	
13.5 (±2.2)




	
AZ91/C500/5f

	
5.5 (±0.4)

	
11.1 (±1.6)

	
12.6 (±3.5)
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Table 5. TVF of the matrix at failure strain.
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	Sample
	TVF





	AZ91 as extruded
	0.62



	AZ91 T4
	0.64



	AZ91 T6
	0.62



	AZ91/C100/5f as extruded
	0.54



	AZ91/C100/5f T4
	0.59



	AZ91/C100/5f T6
	0.57



	AZ91/C500/5f as extruded
	0.52



	AZ91/C500/5f T4
	0.54



	AZ91/C500/5f T6
	0.53
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