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Abstract

:

AX61 magnesium alloy was reinforced with short Saffil fibres using squeeze cast technology. Samples were cut from the casting in two directions: parallel and perpendicular to the fibre plane. Samples were deformed in compression at various temperatures from room temperature to 300 °C. Various strengthening mechanisms such as load transfer, increased dislocation density, Orowan and Hall–Petch strengthening were analysed. During deformation, the stress relaxation tests were subsequently performed. The relaxation curves were evaluated with respect to Li and Feltham equations with the aim to find stress components in matrix and parameters of the thermally activated process(es).
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1. Introduction


In the last few decades, magnesium alloys have been the focus of designers because of their high specific stiffness, strength and wear resistance [1]. The Mg-Al-Ca (AX) alloys were developed as creep-resistant alloys designated for applications at elevated temperatures. Ca serves as a cheaper substitute of rare earth elements and for microstructure refinement [2,3,4,5,6,7,8,9,10,11,12]. Good thermal stability of the second phase particles is the main reason for the good mechanical properties at higher temperatures. Microstructure and phase selection depend on Ca/Al mass ratio. If this ratio Ca/Al < 0.8, formation of Mg17Al12 with the low eutectic temperature of 437 °C is supressed and good mechanical properties at elevated temperatures may be ascribed to the (Mg, Al)2Ca particles with an eutectic temperature of 517 °C and melting point of 710 °C [4,13,14,15]. Recently, Elamami and co-workers studied microstructure and phase selection in Mg-Al-Ca-Mn cast alloys with Ca/Al ratios from 0.58–0.91 [8]. The detailed analysis showed that Mg-Al-Ca alloys contain various second phases of Laves type depending on Ca/Al ratios and thermal treatment [16]. Further improvement of mechanical properties is possible using some method of severe plastic deformation [17,18,19,20]. These methods, such as equal channel angular pressing (ECAP), high pressure torsion (HPT) or repetitive corrugation and straitening (RCS), are not yet able to prepare bigger work-pieces of a material. The addition of ceramic, graphite or metallic micro- and nano(particles/fibers/whiskers/tubes) as reinforcement into ductile matrix may significantly improve module, strength or fatigue resistance [21,22,23,24,25,26,27]. On the other hand, the ductility of such composites rapidly decreases with increasing volume fraction of the reinforcing phase. The possible use of other strengthening procedures, such as severe plastic deformation, is, in the case of metal matrix composites (MMCs) based on magnesium alloys, strongly limited [28,29,30,31]. Deeper understanding of strengthening mechanisms and behaviour of dislocations in the composite matrix can help to extend applications opportunities of magnesium-based metal matrix composites.



The strengthening effect of fibres, i.e., the difference between the stress necessary for deformation of the composite and the unreinforced matrix alloy, is a complex magnitude containing various contributions:




	
load transfer of the applied stress to the well bonded fibres (ΔσLT) [32];



	
generation of thermal dislocations due to a significant difference between the thermal expansion coefficient (∆α) of metallic matrix and ceramic fibres (ΔσCTE) [33];



	
dislocations geometrically necessary that are crated in order to accommodate large strain gradient and allowing compatible deformation (ΔσGEO) [34];



	
Hall–Petch strengthening due to finer grain structure in the composite compared with the unreinforced alloy (ΔσHP);



	
Orowan strengthening (ΔσOR) [35];



	
residual thermal stresses in the matrix (ΔσTH) [36].








In a composite material, plastic deformation occurs in the matrix while particles or fibres of the second phase deform only elastically. The resolved shear stress in response to plastic deformation is related to densities and interactions of dislocations with obstacles existing in the slip plane. The stress necessary for dislocation motion in the slip plane, τ, can be divided into two components:


τ = τi + τ*,



(1)




where τi is the internal (athermal) stress, the critical resolved shear stress needed to move dislocation through the stress field of long range obstacles, which represent dislocations in various slip systems


   τ i    =    α 1  Gb  ρ t  1 / 2   ,  



(2)




where α1 is a constant reflecting interaction between dislocations, G is the shear modulus, b is the magnitude of Burgers vector and ρt is the total dislocation density. τ* is the effective (thermal) stress necessary to overcome local obstacles with the help of thermal activation (due to lattice vibrations). If mobile dislocations with a density of ρm move through local obstacles in slip plane with an average velocity,   v ¯  , a strain rate,   γ ˙  , may be expressed according to Orowan [37] as


   γ ˙  =  ρ m    v    ¯    b ,  



(3)






  with    v ¯  =    γ ´   0  exp  [  −    Δ G   (   τ *   )    k T    ]  ,  



(4)




where     γ ˙  0  = β b v   with the model dimensionless constant β, ν is an attempt frequency and kT has its usual meaning. The Gibbs free enthalpy depends on the effective stress τ* = τ−τi and its simplest form is:


ΔG(τ*) = ΔG0 −Vτ* = ΔG0 – V(τ − τi),



(5)




where ΔG0 is the Gibbs free enthalpy necessary for overcoming a short-range obstacle without the stress and V is the activation volume. In polycrystalline materials, the applied stress σ is related to the resolved shear stress τ and its corresponding components by the Taylor factor M: σ = Mτ. Then, the applied stress, σ, necessary for deformation of polycrystals is usually divided into two components:


σ = σi + σ*.



(6)




Correspondingly,


   ε ˙  = 1 / M  γ ˙   



(7)







Decomposition of the flow stress into two components may be performed experimentally. The activation volume, V, may be expressed as V = bdℓ, where d is the obstacle width and ℓ effective length of dislocation segments between local obstacles. The product A = dℓ, is an activation area overlapped with the dislocation segment of the length, ℓ, after successful activation.



In this study, an analysis of the thermally activated processes was performed using stress relaxation testing was performed with the aim to find the main thermally activated processes occurring during plastic deformation of an AX61 magnesium alloy reinforced with 26 vol% of short Saffil fibres. The reinforcing effect of fibres was analysed and the main strengthening mechanism evaluated.




2. Materials and Methods


AX61 alloy (nominal composition: 6 wt.% Al-1 wt.% Ca-balance Mg) was used as the matrix alloy. The alloy was reinforced with δ-Al2O3 short fibres (Saffil) with a mean diameter of 3 μm and a mean length about 87 μm (measured after squeeze casting). MMC was prepared by the squeeze casting method. The preform consisting of Al2O3 short fibres and showing a planar isotropic fibre distribution and a binder system (containing Al2O3 and starch) were preheated to a temperature higher than the melt temperature of the alloy and then inserted into a preheated die to 360 °C. The preform was preheated to a temperature higher than the melting temperature of the alloy (to avoid solidification during the infiltration process). The melt was superheated to between 700 and 720 °C and poured over the preform. The vertical stamp squeezes the melt with a pressure of approximately 60 MPa into the preform and the solidification takes approximately one minute. After the infiltration, the solidification process occurs under the pressure which leads to the fine microstructure without porosity and residual gases. The two-stage application of the pressure resulted in MMCs with a fibre volume fraction of 26 vol.% fibres. The real content of fibres was estimated by the hydrostatic weighting to be in the range of 25.7–25.9 vol.% of Saffil.



Samples for deformation tests with the geometry of 5 × 5 × 10 mm3 were cut from the composite casting so that the stress axis was either parallel (par) or perpendicular (per) to the fibres plane. Samples of both orientations were deformed in compression in an Instron 1186 machine with an initial strain rate of 2.4 × 10−5 s−1 at temperatures from room temperature to 300 °C. The true stress–true plastic strain curves were calculated from force-shortening dependences. For compression tests, three samples were used. Stresses were measured with the standard deviation of 5%. Sequential stress relaxation (SR) tests were performed so that the sample was deformed to a certain stress, σ0, and then the machine was stopped and the stress decrease depending on time was recorded. Subsequently, (after 300 s) the specimen was reloaded and deformed to a higher stress (strain) and the relaxation was repeated.



The SR experiment allowed us to estimate the activation volume, V. In the literature, there are various possibilities of how to calculate the activation volume [38,39] from the SR. For our experiments, the Feltham equation [39] was the most suitable; the stress decrease with time during the SR can be described as


Δσ(t) = σ(0) − σ(t) = α2ln(βt + 1),



(8)




where σ(0) ≡ σ0 is the stress at the beginning of the stress relaxation at time t = 0, α2 = kT/V and


  β =   S  ε ˙   ( 0 )   α  ,  



(9)




where S is the machine stiffness and    ε ˙   ( 0 )  =  γ ˙   ( 0 )  / M   is the plastic strain rate at the beginning of the relaxation. The SR tests enabled us to estimate to separate the internal stress, σi, and effective stress, σ*. The SR curves were fitted to the power law function in the form [40,41]


  σ −  σ i  =    [  a  (  m − 1  )   ]    1 / 1 − m      (  t +  t 0   )    1 / 1 − m   ,  



(10)




In Equation (10), a, m and t0 are the fitting parameters.




3. Results


The microstructure of the squeeze cast matrix alloy is shown in Figure 1. Due to the low solubility of Ca, particles of the second phase are formed mainly in the grain boundaries. Chemical analysis revealed that these precipitates are Al2Ca intermetallic compounds.



Figure 2 shows fibre distribution in the section parallel to the fibres plane (Figure 2a) and perpendicular to the fibres plane (Figure 2b). The fibres distribution is not ideal. During the squeeze casting, the planar random distribution was partially destroyed.



The stress–strain curves of samples with parallel orientation of the fibres plane were estimated at various temperatures (Figure 3a). Corresponding curves found for samples with the perpendicular orientation are shown in Figure 3b. Deformation stress of both sample orientations decrease with increasing temperature. Note that in this case, no SR tests were performed during the deformation test. It is evident that deformation stresses estimated for samples with parallel orientation are much lower compared with ones found for samples with perpendicular orientation. On the other hand, the ductility of perpendicular samples is higher.



The temperature dependences of the yield, σ02, and maximum, σmax, stresses are displayed in Figure 4. For comparison, values for unreinforced alloy were added. It is obvious that the strengthening effect of fibres is huge, especially for samples with the parallel orientation.



Examples of the SR curves obtained at 100 °C for samples of both fibre orientations are shown in Figure 5a,b. The curves in Figure 5 are normalized, i.e., σ(t)/σ(0) values are plotted against time, t.




4. Discussion


4.1. Strenghtening Influence of Fibres


The yield stress values obtained for both fibre orientations decrease with temperature up to 250 °C relatively slowly. This result is beneficial for the high-temperature application of these composites. The reinforcing effect of fibres is obvious from Figure 4 comparing the temperature dependence of the yield stresses obtained for the unreinforced alloy and the alloy with fibres. From Figure 4 it is clear to see that the reinforcing influence of fibres is more effective for the composite with the parallel orientation of the fibres plane. The fibres effect on strengthening is affected by the geometry of fibres and their orientation to the stress direction. The yield stress increases, (ΔσC = σC(par) − σA, σA is the alloy yield stress), exhibiting ~230 MPa at room temperature compared with the unreinforced alloy prepared with the same technology, i.e., squeeze casting. The reinforcing effect of fibres decreases with increasing temperature up to 140 MPa at 300 °C.



The relationships which may be used for calculations of individual strengthening terms are summarized in Table 1. The meaning of quantities used in equations reported in Table 1 are explained in Table 2.



Various contributions to the composite strengthening were calculated for the yield stress, measured at room temperature, and introduced in Table 3. Parallel orientation of the fibre plane was considered for the estimation of the load transfer. For the calculations, the parameters shown in Table 4 were used. Note that σm in Table 3 is the sum of σA and the contribution resulting from the increased dislocation density in the matrix due to generation of thermal and geometrically necessary dislocations.



The stress increase due to the load transfer in the case of perpendicular orientation of the fibres plane is negligible ΔσLT(per) = 5.6 MPa. Note that the relationship for the load transfer stress is constructed for the case where all fibres are parallel to the load direction. The AX61 composite exhibits 2D arrangement of fibres, i.e., only the fibre plane is parallel (or perpendicular) to the load direction. For the estimation of σLT, only a part of the calculated value ησLT = 88 MPa was considered. Parameter η = 0.6 is the mean value of the direction cosines. Farkas et al. studied lattice microstrains appearing during the deformation of a similar composite, as in this study, using neutron diffraction [47]. They evaluated the load transfer from the matrix to fibres ΔσLT~100 MPa by measuring the applied stress dependence of the {10.1} lattice strain. This is close to calculated value    σ  L T   t h e o     = 95 MPa. Note that relationships stated in Table 2 are constructed for the perfect bonding between the matrix and reinforcing phase. Although this condition is not fulfilled in all cases, the bonding between magnesium and Al2O3 fibres may be considered as strong [48,49].



The authors of [47] measured in situ residual thermal stresses in the matrix using neutron diffraction. They estimated relatively high value of ~100 MPa. Residual thermal stresses have tensile character and are reason for the tension compression asymmetry observed in composites [50]. In the compression test applied stress has to overcome residual tensile stresses existing in the matrix and then compressive deformation is realised. On the other hand, it is not possible to calculate the load transfer difference between the yield stresses obtained for tension and compression, because of distinct deformation mechanisms. Jiang and co-workers [51] developed an analytical model for the estimation of the yield stress in a composite reinforced with aligned short fibres. They found that the plastic deformation under tensile loading starts in the matrix around the fibres and the yielding is achieved at smaller stress. On the other hand, in compression, the composite yields early in the vicinity of fibre ends overall at higher stress. The residual stress significantly reduces the tensile yield strength.



The theoretical stress, necessary for compressive deformation, σtheor, was calculated as a simple sum of individual strengthening terms. The question of how to combine these contributions was solved in several studies. Clyne and Whitters [52] and Lilhold [53] suggested that the stress contributions, which act more or less uniformly throughout the matrix, may be superimposed linearly.



With increasing temperature, the stress in the matrix decreases and thereby the load transfer and residual thermal stresses. At temperatures higher than 200 °C, recovery mechanisms in the matrix may cause a decrease in the dislocation density and the deformation stresses. A decrease in the thermal dislocation density in magnesium alloys was experimentally observed in internal friction experiments [54].




4.2. Hardening in the Matrix


The observed decrease in the fibres strengthening effect with increasing temperature may have several reasons. Thermal stresses in the matrix decrease with increasing deformation temperature, thermal dislocations can be partially erased at elevated temperatures. Likewise, the bonding between the matrix and reinforcing phase, at room temperature strong, may be partially released at higher temperatures, as well. The thermally activated processes play an important role at elevated temperatures. Therefore, the stress necessary for composite deformation, σC, can be expressed as


   σ C  =  σ  L T   +  σ  m i   +  σ m *  ,  



(11)




where    σ  m i     ,    σ i *    are internal and thermal (effective) stress in the matrix and σLT is contribution of the load transfer. Decomposition of the matrix stress into two components    σ  m i     ,    σ m *    was performed by fitting of experimental estimated stress relaxation data to Equation (10). Examples of such stress decomposition are shown in Figure 6a (parallel orientation) and b (perpendicular orientation) for curves obtained at 100 °C. A part of the stress–strain curve obtained for composite was divided into three curves: stress in the matrix,    σ m    vs. strain, internal stress in the matrix,    σ  m i    , vs. strain and thermal stress in the matrix  ,    σ m *   , vs. strain. From Figure 6 it is evident that the load transfer plays in the case of perpendicular orientation of the fibres plane only negligible role.



Curves for both types of samples in Figure 6 are similar but some differences between them are obvious. Strain to fracture was found to be higher in samples with the perpendicular orientation of the fibre plane, the stress in the matrix is higher in the composite with the parallel orientation. Máthis et al. studied deformation mechanisms in magnesium samples with different grain sizes [55]. They found using acoustic emission measurements that mechanical twinning is a significant deformation mechanism, especially at the beginning of plastic straining.



Composite deformation starts in the matrix by massive twinning [56]. The authors of [56] measured acoustic emission (AE) during compressive deformation of two magnesium alloy-based composites reinforce with Saffil fibres. They estimated two pronounced AE maxima in the early stages of plastic straining. The first peak may be described to the formation of    {  10  1 ¯  2  }  〈 10  1 ¯  0 〉   twins. The second peak came from the twins’ production in the system    {  10  1 ¯  1  }  〈 10  1 ¯  2 〉   and generation of dislocations in the vicinity of the yield point. Farkas et al. [47] estimated that the twinned volume at the beginning of plastic deformation was smaller in the sample with the parallel orientation. The twin’s boundary is an impenetrable obstacle for dislocation motion [57]. It is very probably the reason for observed higher deformation stresses and strain hardening in the matrix observed in the samples with the parallel orientation.




4.3. Thermally Activated Processes


In the stress relaxation experiments of polycrystalline materials, time dependence of applied (or matrix) stress is observed and so only apparent activation volume may be estimated. This apparent activation volume V is related to the dislocation activation volume, VD, (measured in monocrystals) as V = (1/M)VD, considering the mobile dislocation density and the internal stress constant. The values of the activation volume are usually presented as a dimensionless quantity, V/b3. The estimated activation volumes V/b3 for all samples and temperatures are reported in Figure 7a depending on the thermal stress in the matrix    σ m *   . It can be seen that all values follow one “master curve”.



In thermodynamics, the dislocation (true) activation volume VD is done by the derivative of the Gibbs free enthalpy:


   V d  =    (    ∂ Δ G   ∂  τ *     )    T , s   = k T    (    ∂ l n (  γ ˙  /   γ ˙  0  )   ∂  τ *     )    T , s   =  1 M  k T  (    ∂ l n  (    ε /   ε ˙  0   ˙   )    ∂  σ *     )  ,  



(12)




where the subscripts T and s indicate that both the temperature and the dislocation microstructure (especially the mobile dislocation density) must be constant during the test.



Kocks et al. [58] suggested an empirical equation between the Gibbs enthalpy, ΔG, and the thermal stress, σ*, in the following form:


  Δ G = Δ  G 0     [  1 −    (     σ *     σ 0 *     )   m   ]   n   



(13)




where    σ 0  *      is the stress necessary for dislocation motion through field of local obstacles without the assistance of thermal energy. From (3), (4) and (13), it follows:


   σ *  =  σ 0 *     [  1 −    (    kT      Δ G   0    ln        ε ˙   0       ε ˙     )    1 / m    ]    1 / n   ,  



(14)




where m and n are phenomenological parameters described the shape of obstacles. The possible ranges of values m and n are limited by the conditions 0 < m ≤ 1 and 1 ≤ n ≤ 2. Ono [59] and Kapoor [60], suggested that Equation (13) with m = 1/2, n = 3/2 describes a barrier shape profile that fits many predicted barrier shapes. Equation (14) may be rewritten


   ε ˙  =   ε ˙  0    e x p  [  −   Δ  G 0    k T      (  1 −    (     σ *     σ 0 *     )   m   )   n   ]   



(15)




and for the activation volume one obtains:


  V = k T   ∂ l n  ε ˙  /   ε ˙  0    ∂  σ *    =   Δ  G 0  m n    σ 0 *       [  1 −    (     σ *     σ 0 *     )   m   ]    n − 1      (     σ *     σ 0 *     )    n − 1    



(16)




The values of the activation volume should follow the curve given by Equation (16).



Using binominal expansion in Equation (16), the activation volume should depend on the effective stress as V ∝ (σ*)−p. Estimated values of the activation volumes plotted in bilogarithmic scale are shown in Figure 7b. The slope of this dependence was found to be −1.1. Generally, the values of the power exponent found in the literature vary from −0.5 to −1 [58]. The activation enthalpy ΔH = ΔG − TΔS (ΔS is the entropy) is done by


  Δ H = − T V  (    ∂ σ   ∂ T    )  .  



(17)







The activation enthalpy calculated according to (15) for 150 °C gives (1.08 ± 0.05) eV for parallel orientation and (0.94 ± 0.05) eV. High temperature creep was studied on polycrystalline magnesium by McG. Tegart at various stresses and temperatures [61]. He found that the activation energy in a temperature range from room temperature up to 0.6Tm (Tm is the melting point in K) is independent of temperature and slightly dependent on the applied stress. Several authors studying thermally activated processes in magnesium and magnesium alloys found activation enthalpy −1 eV [62,63,64,65].



The parameters of the thermally activated process (activation enthalpy and activation volume) are typical for certain barriers. Note that their experimental estimation gives the possibility to identify the main barrier relevant for dislocation motion [66]. Magnesium and hexagonal close packed magnesium alloys deform on many several slip systems with dislocations of Burgers vector <a> =   1 / 3  [  11  2 ¯  0  ]    in basal, prismatic and first kind pyramidal planes and dislocations of Burgers vector <c + a> =   1 / 3  [  11  2 ¯  3  ]    in first and second pyramidal planes. The main deformation mode in magnesium is basal slip of <a> dislocations. Screw dislocations of Burgers vector   1 / 3  [  11  2 ¯  0  ]    may glide in nonbasal planes (prismatic and pyramidal of the first kind). Couret and Caillard performed an in situ TEM study of magnesium monocrystals [67,68]. They estimated that the mobility of screw dislocation segments is much lower compared with edge dislocations and their motion is thermally activated. A single controlling mechanism has been identified as the Friedel–Escaig mechanism. This mechanism assumes a dissociated dislocation on a compact plane (0001) that joints together along a critical length Lr producing double kinks on non-compact plane. The activation energy for this process is


U = 2UK + 4UC + 2UR



(18)




where 2UK, 4UC and 2UR are the formation energies of the kink pair, of the four constrictions and of the two recombined segments, respectively. The theoretical prediction leads to a value of 2UK superior to 1.2 eV. The activation volume, V, is of the order of d2b to a few times d2b, where d is, in this case, the width of the dissociated dislocation [69]. The athermal temperature for this process is estimated as being higher than 700 K. Measurements of temperature relaxation spectrum of internal friction in magnesium showed an internal fiction peak at ~100 °C. This peak was described to screw dislocation motion in non-compact planes [70]. The estimated activation energy ΔH = (1.16 ± 0.05) eV was close to that found in this study. Note that the activation volume of ~17b3, determined in [69], was estimated for pure magnesium. In an alloy, solute atoms may segregate in the stacking fault and change the width of the dislocation dissociation and so the obstacle width and also the activation volume.





5. Conclusions


Magnesium alloy AX61 reinforced with Saffil short fibres was prepared by squeeze casting into the preform with a 2D fibre array. Deformation and stress relaxation tests performed at elevated temperatures helped us to identify strengthening mechanisms of fibres and thermally activated processes occurring in the deformed matrix. The following conclusions from this complex study can be drawn:




	
Saffil fibres reinforced the alloy significantly when the fibre plane was parallel to the stress axis.



	
The load transfer (when the fibres plane was parallel to the stress axis) is a significant strengthening mechanism.



	
The dislocation density increase due to a significant difference in the thermal expansion coefficient of the matrix and ceramic reinforcement is also important contribution to the strengthening.



	
Components of the stress acting in the matrix were estimated at three temperatures.



	
All values of the activation volume follow one “master curve” independently on the stress, temperature and orientation of the fibres plane.



	
Values of the activation volume of units and tens of b3 and activation energy of ~ 1 eV indicate that the main thermally activated process is very probably dislocation motion in non-compact planes.
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Figure 1. Electron micrograph of the AX61 alloy showing particles in grain boundaries. 
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Figure 2. Light micrograph showing Saffil fibres: (a) section parallel to the fibre plane; (b) section perpendicular to the fibre plane. 
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Figure 3. Stress–strain curves obtained at various temperatures estimated for (a) samples with parallel orientation and (b) for samples with perpendicular orientation. 
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Figure 4. Temperature dependence of the (a) yield stress and (b) maximum stress obtained for samples with both fibre orientations. 
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Figure 5. Sequence of stress relaxation (SR) curves estimated during deformation at 100 °C of (a) parallel and (b) perpendicular fibres orientation. 






Figure 5. Sequence of stress relaxation (SR) curves estimated during deformation at 100 °C of (a) parallel and (b) perpendicular fibres orientation.



[image: Crystals 10 00466 g005]







[image: Crystals 10 00466 g006 550] 





Figure 6. Parts of the stress–strain curves divided into three components estimated for (a) parallel and (b) perpendicular orientation of the fibres plane. σC—deformation stress, σm—stress in the matrix, σmi—internal stress in the matrix, σm*—effective stress in the matrix. 
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Figure 7. Activation volume, V, in b3 units depending on the thermal stress in the matrix,    σ m *   : (a) linear scale, (b) bilogarithmic scale. 
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Table 1. Individual contributions to strengthening following from the presence of the reinforcing phase.
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	Mechanism
	Relationship





	Load transfer
	    σ  L T   =  σ A   [  1 +    (  L   +   t  ) χ    4 L    ]  f +  σ A   (  1 − f  )    



	Thermal mismatch
	    ρ T  =   B f Δ α Δ T   b  (  1 − f  )       1 t    



	Enhanced dislocation density
	ΔσD =α1 ψGb(ρT + ρG )1/2



	Geometrical dislocations
	    ρ G  =   f 8  ε p    b t     



	Orowan strengthening
	   Δ  σ  O R   =   G b  Λ  +  5  2 π   G f  ε p    



	Residual stresses
	   〈  σ m  〉    m a x     =  2 3   σ y  I n  (   1 f   )   1  1 − f     



	Hall-Petch strengthening
	    σ  G S   =  K y   (   d 2  − 1 / 2   −  d 1  − 1 / 2    )    
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Table 2. Meaning of the quantities introduced in Table 1.
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	σLT
	ρT
	ρG
	σOR
	<σm>max
	ΔσGS
	G





	L fibre length, t fibre thickness, σA alloy stress, χ = L/t
	b Burgers vector,

B = 10 for fibres,

ΔαΔT thermal strain
	εp plastic strain

f volume fraction of fibres
	Λ distance between fibres
	σy yield stress in the matrix
	Ky Hall-Pech constant, d grain size
	shear modulus
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Table 3. Individual strengthening terms calculated for the yield stress.
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	σLT

(MPa)
	ρT

(m−2)
	ρG

(m−2)
	ΔσD (MPa)
	σOR (MPa)
	<σ>max (MPa)
	ΔσGS (MPa)
	σm(MPa)
	σexp (MPa)
	σtheor

(MPa)





	95
	4.8 × 1013
	4.3 × 1012
	63.3
	3
	48
	20.4
	153.3
	322
	320
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Table 4. Parameters used for calculations according Table 2.






Table 4. Parameters used for calculations according Table 2.














	α (AX61) (K−1)
	α (Saffil) (K−1)
	G (GPa)
	b [m)
	Ky

(MPam−3/2)
	Taylor Factor M
	α1





	26 × 10−6
	6 × 10−6
	17
	3.2 × 10−10
	10.5
	4.6
	0.35



	this study
	[42]
	
	
	[43,44]
	[45]
	[46]
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