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Abstract:



Magnesium alloy QE22 (nominal composition 2 wt % Ag, 2 wt % mixture of rare earth elements, balance Mg) was reinforced with 5 vol % Saffil fibers and 15 vol % SiC particles. The hybrid composite was prepared via the squeeze cast technique. The microstructure of the monolithic alloy and composite was analyzed using scanning electron microscopy. Elastic modulus was measured at room temperature and modeled by the Halpin–Tsai–Kardos mathematical model. The strengthening effect of fibers and particles was calculated and compared with the experimentally obtained values. The main strengthening terms were determined. Fracture surfaces were studied via scanning electron microscope. While the fracture of the matrix alloy had a mainly intercrystalline character, the failure of the hybrid composite was transcrystalline.
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1. Introduction


Cast magnesium alloys based on the Mg–Al–Zn–Mn system are designed for applications at ambient temperatures because the mechanical properties of these alloys rapidly deteriorate at elevated temperatures (above 120 °C) [1,2]. Among alloys for application at higher temperatures, the commercial QE22 is one of the most frequently used. Improvement in mechanical properties can be achieved using a proper thermal treatment [2] or, improving thermal stability as well, using various reinforcements that exhibit different mechanical and physical properties. Magnesium matrix composites show better wear resistance, enhanced strength, and creep resistance. Furthermore, they retain low density and good machinability [3,4]. Appropriate materials for the reinforcing phases are ceramics: oxides, nitrides, borides, carbides, carbon nanotubes (CNT), or intermetallic compounds [5,6,7,8,9,10,11]. The behavior of composites depends on the content, geometry, and physical and mechanical properties of the reinforcing phases. Metal matrix composites (MMCs) with long fibers, originally used to strengthen a plastic metallic composite matrix, exhibit several disadvantages, such as high anisotropy and low mechanical stability, since fibers are pulled out from the matrix under loading. Extremely high anisotropy is partially suppressed in composites reinforced with short fibers or whiskers [12,13,14,15,16,17]. This anisotropy may vanish in composites reinforced by particles [18]. On the other hand, mechanical properties of the particle-reinforced composites are inferior compared with fiber-reinforced composites. Using a combination of fibers and particles has proven to be a convenient compromise [19,20,21,22,23,24]. Reinforcing fibers/particles increases stiffness [25], improves mechanical and creep properties [19,20,21,22,23,24], and decreases the thermal expansion [26] of the composite. Nanocomposites with a reinforcing phase size of up to 100 nm have been intensively studied in the last decade [27,28,29,30,31]. Magnesium-alloy-based (nano)composites have been considered a material suitable for biomedical applications in the last few years [32]. Al2O3 ceramic Saffil fibers and SiC particles (SiCp) are commonly used reinforcements for Mg alloys. A combination of both materials, where Saffil fibers are replaced by cheaper SiC particles, may deliver a material with excellent strength, acceptable plasticity, improved creep properties, and enhanced wear resistance when compared to a mere fiber-reinforced composite with an Mg matrix. If composites are prepared via the hot extrusion technique, mechanical and physical properties are also influenced by the material texture [26]. Bonding between the metallic matrix and the reinforcing phase significantly affects the resulting properties of MMCs [33]. The presence of fibers/particles may also influence the precipitation processes in the metallic matrix during the composite preparation [34]. The chemical composition of magnesium alloys can be chosen according to the required mechanical properties of the composite matrix, considering the strengthening effect of the reinforcing particles/fibers. Rare earth element (RE) additions increase the strength of magnesium alloys at elevated temperatures and reduce weld cracking and casting porosity. The relatively weak tensile properties of Mg–RE–Zr alloys can be improved by an addition of Ag, which results in enhanced thermal treatment possibilities and age hardening processing of the alloy and final composite. QE22 is a widely used Mg–Ag cast alloy, where the content of silver below 2% allows for the formation of Mg–Nd precipitates similar to the Mg–RE alloys; the addition of silver also refines the precipitate size [2].



In this complex study, the elastic modulus and the plastic and fracture properties of the QE22 hybrid composite containing Saffil fibers and SiC particles were investigated with the aim to better understand the factors and processes influencing the resulting composite properties. In addition, the monolithic QE22 alloy was also studied in this work as a reference material.




2. Experimental Material and Procedure


Commercially available cast QE22 magnesium alloy (nominal concentration in wt %: 2 Ag, 2 mischmetal mainly Nd-0.4 Zr, balance Mg) was used as the composite matrix material. The alloy was reinforced with 5 vol % Saffil® (97% δ-Al2O3, 3% SiO2) fibers and 15 vol % SiC particles using a preform consisting of fibers, particles, and a binder system (Al2O3 and starch). The orientation of fibers in the preform was planar, with a random orientation of fibers in the plane. Squeeze casting technology (ZFW, Clausthal-Zellerfeld, Germany) was used for the infiltration of liquid Mg alloy into the preform preheated to 1000 °C. Two-stage pressure of 80 and 150 MPa was applied in order to ensure that the resulting hybrid composite contains no pores. Saffil fibers exhibited a mean length of 78 ± 16 µm and were 3 µm in diameter (measured after squeeze casting). Nearly equiaxial SiC particles of an irregular shape were about 9 µm in size.



A scanning electron microscope (SEM) (ULTRA PLUS, Carl Zeiss GmbH, ‎Oberkochen, Germany) equipped with a dispersive X-ray spectrometer (EDS) (X-MAX, Oxford Instruments, Abingdon, England) was used for the microstructure characterization and analysis of the fracture surfaces of the prepared composite. An Everhar–Thornley-type secondary electron (SE) (Oxford Instruments, Abingdon, England) detector and a four-quadrant silicone back-scattered electron (BSE) (Oxford Instruments, Abingdon, England) detector were used to reveal material structural features. Geometry of the samples and the testing procedure corresponded to the EN ISO 6892-1 standard. Samples were not thermally treated preliminarily. Samples for deformation tests were cut from the cast ingot so that the stress axis was parallel to the fiber plane, as indicated in Figure 1. Flat specimens used for the tensile tests had an active length of 30 mm, a width of 8 mm, and a thickness of 3 mm. Cylindrical specimens for compression tests were prepared to have a diameter of 8 mm and a length of 12 mm. Before the compression tests, the grip heads of the testing machine were lubricated with MoS2. For both tensile and compression tests, three samples were used. Mechanical tests were carried out at room temperature (23 ± 2 °C) in a Zwick Z250 PC controlled testing device (Zwick GmbH & Co., Ulm, Germany) with a constant cross head speed of 1 mm⋅min−1, giving the strain rate of 5.5 × 10−4 s−1 (tension) and 1.4 × 10−3 s−1 (compression). True stress–true plastic strain curves were computed. Characteristic tensile/compression yield stress (TYS/CYS) and ultimate tensile/compression strength (UTS/UCS) were estimated together with the strain-to-fracture, εf.


Figure 1. Sample positions in the casting.
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The resonant frequency and damping analyzer RFDA HT650 (Integrated Material Control Engineering, Genk, Belgium) was used for the Young’s modulus measurements. Samples had a shape of bending beams (l = 23 mm, w = 3.6, t = 3.2 mm) with the longest axis either parallel (L-samples) or perpendicular (T-samples) to the fiber plane. Samples were mechanically excited into vibrations and the resonant frequency was determined. The Young’s moduli were calculated for both types of samples using the resonant frequencies.




3. Results and Discussion


3.1. Microstructure Analysis


The QE22 magnesium alloy used in this study contained 2.59 wt % Ag and 1.47 wt % mischmetal (mainly Nd, with Pr, Ce, and La). The microstructure of the QE22 magnesium alloy shown in Figure 2a,b is composed of α grains consisting of a solid solution of alloying elements in Mg and precipitates situated at the grain boundaries. The elements analysis (EDS results) introduced in Figure 2c shows that particles at the grain boundaries are Mg3(Ag,RE) (63.6 wt % Mg, 17.9 wt % Ag, and 18.5 wt % RE) eutectics [22].


Figure 2. Back-scattered electron (BSE) scanning electron micrograph of the QE22 alloy (a); a closer view of the precipitates (b); the distribution of main alloying elements in the alloy determined by EDS (c).
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The microstructure of the hybrid composite is shown in Figure 3a,b. It is obvious that the distribution of SiC particles is not uniform; particles formed small clusters in the vicinity of fibers. Bright small needles visible in Figure 3 are the edges of dielectric SiC particles, which were charged with electrons during scanning. Kiehn et al. [34] found that the matrix in the QE22 alloy reinforced with Al2O3 fibers changed its chemical composition due to an increased content of Al introduced into the matrix from the inorganic binder in the preform. Al substitutes Ag in the precipitates which remains dissolved in the matrix. The grain size of the QE22 alloy was estimated to be (45.4 ± 0.8) µm and for the composite (6.2 ± 0.8) µm. The grain size was estimated using a linear intercept method from the light micrographs.


Figure 3. The microstructure (BSE mode) of the hybrid composite (a); a closer view of a fiber surrounded by SiC particles (b).
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3.2. Elastic Properties


Unidirectionally continuous fiber-reinforced MMCs have shown a linear Young’s modulus increase with increasing fiber volume fraction in the fibers direction [11]. A Young’s modulus increase in the fibers direction is in agreement with the rule of mixtures, while a modulus increase in the transversal direction is very low. Particles in MMCs affect the modulus much less than predicted by the rule of mixtures. Experimentally determined Young’s modulus values for the hybrid L-sample, [image: ] = 74.5 GPa, and the T-sample, [image: ] = 71.2 GPa, are reported in Table 1. By comparing the experimental modulus values with the values obtained using the rule of mixtures ([image: ]), we can see that the measured moduli are substantially lower and exhibit certain anisotropy. The modulus measured on the L-sample is higher than that of the T-sample.



Table 1. Experimental moduli values of the matrix (Em), fibers (ESaffil), particles (ESiC), hybrid L-sample [image: ], and hybrid T-sample [image: ]. Calculated moduli values for Mg + Saffil in the L direction [image: ], Mg + Saffil in the T direction [image: ], and theoretical values of the hybrid moduli in both directions, [image: ] and [image: ], data from [35,36,37].







	
Em

	
ESaffil

	
ESiC

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
[image: ]

	
EH(ROM)




	
GPa

	
GPa

	
GPa

	
GPa

	
GPa

	
GPa

	
GPa

	
GPa

	
GPa

	
GPa






	
44.1

	
300

	
410

	
61.42

	
48.6

	
76.5

	
61.5

	
74.5

	
71.1

	
118.5




	
[35]

	
[36]

	
[37]

	
-

	
-

	
-

	
-

	
-

	
-

	
-










For material exhibiting certain anisotropy, the self-consistent Halpin–Tsai–Kardos model, originally developed for polymer composites, is more suitable [38,39]. Calculation of Young’s moduli for the hybrid composite samples according to the Halpin–Tsai–Kardos model can be divided into two steps. In the first step, the Young’s modulus, EC, of the fibers composite QE22 + 5 vol % Saffil (and for both orientations of the fiber plane) is calculated. The Young’s modulus of the hybrid composite, EH, with short fibers and SiC particles is computed in the second step. The modulus in the longitudinal direction (fiber plane is parallel to the longest sample axis) may be expressed as:


[image: ]



(1)




where Em is the modulus of the QE22 matrix alloy, Ef the modulus of the Saffil fibers, L the length, and d the diameter of the reinforcing fibers; νf is the volume fraction of the fibers. The transversal modulus (perpendicular to the fiber plane) can be determined as:


[image: ]



(2)







Calculated values of both moduli, [image: ](th) and [image: ](th), are reported in Table 1 together with the experimentally obtained values of the matrix and Saffil moduli. Anisotropy of the material is reflected by different values calculated for longitudinal and transversal moduli. Calculated moduli, [image: ](th) and [image: ](th), were used for estimation of hybrid composite moduli according to following equations:


[image: ]



(3)




and


[image: ]



(4)




where Ep is the Young’s modulus of SiC particles, and νp their volume fraction.



By comparing the calculated moduli of the hybrid composite, [image: ] and [image: ], with the experimentally obtained values, [image: ] and [image: ] it is obvious that the agreement is much better than in the case of the rule of mixtures. The agreement of the measured values with the theoretical predictions is not ideal, because the real composite does not fully comply with the theoretical assumptions: fibers are not aligned in one direction (fibers have only planar isotropic distribution), particles are not regularly distributed in the matrix, and fiber length is not uniform. The model, however, depicts the experimentally observed composite anisotropy very well. Generally, it is possible to conclude that the transversal modulus, compared with the longitudinal modulus, is less influenced by the presence of reinforcing fibers. This result is in agreement with the results obtained on Al–Li composites reinforced with short fibers reported by Chawla [11].




3.3. Plastic Deformation


True stress–true strain curves measured in tension for the monolithic QE22 alloy and hybrid composite are presented in Figure 4a. The tensile yield stress and the ultimate tensile strength values are reported in Table 2. A much greater amount of stress is necessary for the plastic deformation of the hybrid composite compared to the monolithic alloy. Furthermore, the work hardening coefficient θ = dσ/dε is higher for the composite.


Figure 4. True stress–true strain curves of the QE22 matrix alloy and the hybrid composite in tension (a) and compression (b).



[image: Metals 08 00133 g004]






Table 2. Characteristic stresses and the strain-to-fracture ratio obtained in tension and compression.







	
Material

	
TYS

	
CYS

	
UTS

	
UCS

	
εf

	
εf




	
MPa

	
MPa

	
MPa

	
MPa

	
Tension

	
Compression






	
QE22 alloy

	
108.3

	
100.5

	
151.4

	
260.3

	
0.02

	
0.22




	
composite

	
207.6

	
243.4

	
247.3

	
431.4

	
0.006

	
0.06










True stress–strain curves obtained in the compression test are given in Figure 4b. Again, a big difference between the hybrid composite and the unreinforced alloy is clearly observed. Characteristic stresses estimated for both materials in compression are shown in Table 2, together with the plastic strain-to-fracture ratio, εf.



The plasticity of the alloy and the composite in tension was found to be very low, which is often observed in cast magnesium alloys [40]. Note also the anisotropy observed for both materials: the yield stress found in tension and compression are different. While the CYS estimated for the matrix alloy is lower than the TYS, the CYS in the hybrid composite is higher. These differences may be ascribed to the different deformation and strengthening mechanisms operating in the composite and the matrix alloy in tension and compression. The observed asymmetry of the TYS and CYS estimated for the matrix alloy is typical for magnesium alloys. Máthis et al. studied acoustic emission signals during the deformation of magnesium samples with different grain sizes. They found strong asymmetry in acoustic emission at temperatures lower than 200 °C corresponding to the activity of twin formation [41]. They concluded that different deformation mechanisms are active in tension and compression. While mainly dislocation glide facilitates plastic deformation in tension, mechanical twinning at the beginning of plastic deformation is the controlling mechanism in compression. This asymmetry depends also on the microstructure: it diminishes with increasing grain size. Twin boundaries that readily form during the compression test are impenetrable obstacles for dislocation motion. Therefore, twin formation contributes to an enhanced strain hardening of the material loaded in compression.



The presence of fibers or particles in a composite material influences the microstructure and straining via different mechanisms, which are summarized in Table 3. Usually, there is a large difference between the thermal expansion coefficient (CTE), α, of the metallic matrix and the ceramic reinforcement. The cooling down from manufacturing to room temperature generates thermal stresses in the composite. In this manner, the yield stress can be achieved in the matrix, and new thermal dislocation loops are punched [42]. Because of the incompatibility of the metallic matrix and the ceramic reinforcing phase, dislocations geometrically necessary are created during plastic deformation and contribute to the enhanced dislocation density [43]. The stress increase, ΔσD, due to increased density of thermal dislocations, 𝜌T, and dislocations geometrically necessary, 𝜌G, may be calculated using the known Taylor formula. The load transfer mechanism may be considered an important reinforcing mechanism. The stress increase due to load transfer, ΔσLT, was theoretically treated by several authors [44,45,46,47,48]. Nardone and Prewo [48] calculated the stress increase due to load transfer, σLT, for the aligned short fibers in the matrix, respecting the fact that fibers with the higher aspect ratio L/d contribute more to the composite strengthening; on the other hand, anisotropy of the material increases. Because not all fibers are oriented into the stress axis (but only the fiber plane) in the studied hybrid composite, it is necessary to calculate the load transfer component of the stress, β.ΔσLT, where β = 0.6 is the mean value of the direction cosines. For uniaxial particles, the load transfer value is ΔσLT = 0.5σmνp [49]. Discontinuously reinforced MMCs typically exhibit a finer grain structure compared with the unreinforced matrices [50]. The contribution of this refinement to the yield stress can be estimated using the Hall–Petch relationship [51]. Moreover, Orowan strengthening is also present as a result of the elastic behavior of dislocation segments passing stiff, closely spaced particles [52,53]. In MMCs, where distances between particles are of the order of µm, this mechanism usually plays only a marginal role. Newly created dislocations in the matrix partially accommodate thermal stresses. However, some tensile residual stresses remain in the matrix and either decrease (tension) or increase (compression) the stress necessary for plastic deformation [54].



Table 3. Individual contributions to strengthening following from the presence of the reinforcing phase.







	
Mechanism

	
Equation

	
Symbols






	
Increased dislocation density due to thermal strain ΔαΔT

	
[image: ]

	
b Burgers vector of dislocations,

B = 12 (p) B = 10 (f),

t minimum size of (f) or (p)




	
Dislocation geometrically necessary

	
[image: ]

	
εp plastic strain, νf,p volume fraction of fibers/particles




	
Enhanced dislocation density

	
[image: ]

	
α1 constant, m Taylor factor, G shear modulus




	
Load transfer

	
[image: ]

	
L fibers length,

d fibers diameter




	
Hall–Petch strengthening

	
[image: ]

	
d1, d2 grain sizes,

Ky Hall–Petch constant




	
Orowan strengthening

	
[image: ]

	
Λ distance between particles or fibers ends




	
Residual thermal stresses

	
[image: ]

	
σm yield stress in matrix










Individual strengthening terms were calculated using constants introduced in Table 4 and are reported in Table 5.



Table 4. Constants used for calculations of the strengthening terms, data from [55,56,57,58,59,60].







	
α (QE22)

	
α (Saffil)

	
α (SiC)

	
Ky (Mg)

	
α1

	
G

	
b

	
m




	
K−1

	
K−1

	
K−1

	
MPa⋅mm1/2

	
-

	
GPa

	
m

	
-






	
26 × 10−6

	
6 × 10−6

	
6.6 × 10−6

	
10

	
0.35

	
17

	
3.2 × 10−10

	
4.5




	
[55]

	
[56]

	
[57]

	
[58]

	
[59]

	
-

	
-

	
[60]










Table 5. Individual contributions to strengthening of the hybrid composite.







	
Deformation

Mode

	
YS (A)

	
YS (M)

	
ΔσLT

	
ΔσD

	
ΔσOR

	
ΔσGS

	
<σm>max

	
σtot

	
YS (ex)




	
MPa

	
MPa

	
MPa

	
MPa

	
MPa

	
MPa

	
MPa

	
MPa

	
MPa






	
tension

	
108.3

	
144.2

	
29.2 + 10.8

	
35.9

	
2

	
25.2

	
-

	
202.4

	
207.6




	
compresion

	
100.5

	
136.4

	
27.6 +10.2

	
35.9

	
2

	
25.2

	
26.9

	
229.3

	
243.4










In Table 5, YS (A) represents the yield stress of the unreinforced alloy, YS (M) is the yield stress in the matrix of the composite, and σtot is the calculated theoretical value for the hybrid composite yield stress. From Table 5, it is obvious that the main strengthening contributions in the hybrid composite are the load transfer, the increased dislocation density, and the small grain size of the composite matrix.



The load transfer term was obtained experimentally by Farkas et al. using neutron diffraction in situ measurements [61]. The authors found a load transfer value of about 100 MPa for the AX61 composite containing 26 vol % Saffil fibers. Taking into account the lower volume fraction of the strengthening fibers/particles and the lower strengthening contribution of particles to the load transfer, the calculated value ~30 MPa seems to be a good approximation of the load transfer real value for the studied composite. Mean residual stresses in the matrix were measured in magnesium-based MMCs by Farkas et al. ex situ [62] and in situ using neutron diffraction [61,63]. They found a higher <σm>max than that of the calculated estimation according to the equation reported in Table 3. In fact, in the first approximation, the difference between the TYS and CYS can be considered the residual thermal stress (RTS), as is schematically depicted in Figure 5. Difficulties with the appropriate combination of individual strengthening terms were solved by Lilhold [64] and Clyne and Whithers [65]. The stress contributions, which act more or less uniformly throughout the matrix, may be superimposed linearly. It follows from Table 5 that a simple sum of the strengthening terms gives a good approximation for the composite offset yield stresses.


Figure 5. Schematic explanation of the composite tension–compression anisotropy.
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3.4. Fractographic Analysis


The fracture surface of the matrix alloy after the tensile test is shown in Figure 6a. The fracture mechanism is intercrystalline; the crack propagated along the grain boundaries. Eutectics situated at the grain boundaries in the naked crystal planes are more visible in Figure 6b (taken in back-scattered electron mode). Secondary cracks along the grain boundaries document that the eutectics present at the grain boundaries reduce their cohesive strength. Broken eutectic particles act as the crack initiation sites and the grain boundaries become a favorable path for the crack propagation. This is also the reason for the low ductility of this alloy. In Figure 6a, the twin boundary fracture is visible in several places. Twin boundary fracture is a typical failure mechanism in the QE22 magnesium alloy [66].


Figure 6. Scanning electron micrograph of the alloy fracture surface after the tensile test (a) the same location taken in BSE mode (b).
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The scanning electron micrographs of the composite fracture surface are reported in Figure 7a,b. Uncovered fibers and particles are characteristically observed. A transcrystalline fracture mechanism can be seen in the case of the hybrid composite. Broken Saffil fibers and SiC particles are visible on the fracture surface shown in Figure 7. The bright needles discernible in the BSE representation are the edges of SiC particles charged in the microscope via the applied electron field. No pulling out of fibers and SiC particles from the matrix alloy due to applied tensile loading was observed on the composite fracture surface after the failure. This gives evidence of a strong bonding between the matrix alloy and the reinforcing fibers and particles. No traces of twinning were observed in the matrix areas of the fracture surface. A smaller grain size of the composite matrix reduces twinning [41], and only a transcrystalline fracture can take place. Besides reinforcement strengthening (presented in the form of increased dislocation density, a load transfer change, and Orowan strengthening), grain boundary strengthening (i.e., the Hall–Petch mechanism) was revealed by the hybrid composite’s fracture surface characteristics. The results of the fractographic analysis are, therefore, in agreement with the theoretically obtained results.


Figure 7. Fracture surface of the hybrid composite after straining in the tension test (a); the same location taken in BSE mode (b).
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4. Conclusions


The elastic, plastic, and fracture properties of a MMC consisting of a QE22 magnesium alloy matrix reinforced with Saffil fibers and SiC particles were studied at room temperature. The following conclusions may be drawn based on the obtained results:

	
Young’s modulus measurements exhibited anisotropy owing to the 2D fiber distribution.



	
The Halpin–Tsai–Kardos self-consistent model was successfully used to model the Young’s modulus anisotropy, and the results are in good agreement with the experimentally obtained data.



	
The presence of reinforcing fibers and particles substantially increased both tensile and compression deformation flow stresses.



	
The ductility of the hybrid composite was radically decreased compared to the cast matrix alloy.



	
The load transfer, the increased dislocation density, and the Hall–Petch strengthening are the main reinforcing mechanisms in the case of studied hybrid composite.



	
Fracture of the matrix is mainly intercrystalline due to brittle eutectics present at the grain boundaries.



	
Fracture of the hybrid composite is transcrystalline; no pulling out of the reinforcing fibers or particles was observed.
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