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Abstract: 

The solid solution strengthening introduced by Ca (0.6 and 0.9 at.%) and Sn (0.5 to 2.5 at.%) was 

studied through tensile, compression and stress relaxation tests at room temperature, 373K (100°C) and 

453K (180°C) on solution heat-treated and quenched specimens and compared with existing data for 

binary alloys containing Ca, Sn, Y, Gd, Nd, Zn and Al as well as for AZ91 alloy. At room temperature 

the solution-hardening rate introduced by Ca and Sn was much higher than that of Al, matching those of 

Y, Gd and Zn. Calcium also reduced the tension/compression asymmetry. At high temperature Ca 

effectively prevented stress relaxation, nearly matching Y, Gd and Nd. Tin was less effective, but still 

outperformed Al and AZ91 at low stresses. The effects at room and high temperature introduced by Ca 

and Sn appeared consistent with the presence of short-range order, in line with those introduced by Y, 

Nd, Gd and Zn. The larger than Mg atom size of Ca, Nd, Gd and Y can be expected to intensify the 

local order by strengthening the atomic bonds through its effects on the local electron density, 

accounting for their greater strengthening at high temperature. For given difference in atomic size, the 

effects on the local order are expected to be lesser for smaller sized atoms like Sn and Zn, hence their 

more subdued effects. 

Keywords: Mg-Ca alloys; Creep strength; Short Range Order (SRO); Mg-RE alloys; Stress relaxation, 

Solid solution hardening.  
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Introduction 

The design of creep resistant Mg alloys often aims at strengthening the α-Mg matrix by solid solution 

by, e.g., Al, and/or precipitation hardening via selected trace solute additions [1, 2]. In the Mg-Al 

system, examples of trace additions are Ca [3], Sr [4], RE [5], Si [6, 7], Sb [8, 9], Sn [10, 11].  

Calcium makes a most attractive option since it provides acceptable levels of castability, and increased 

corrosion and creep resistance at low cost [12] in comparison with the RE. Recent developments 

involving additions of Ca to Mg-Al resulted in the high pressure die casting MRI230D and AXJ350 

alloys [13, 14] (1.2 at.% in MRI230D and 2 at.% in AXJ530), both significantly more creep resistant 

than AE42 alloy, usually considered a standard [14-16]. The role played by Ca in increasing the creep 

strength, however, remains unclear. It has been claimed that Ca introduces a strong solid solution 

hardening [14], whereas the dislocation pinning by (Mg,Al)2Ca precipitates was credited for the 

decreased creep rate [13]. Alternatively, the increased creep resistance has been ascribed to the lower 

diffusion rate caused by the larger atomic size of Ca in comparison with Mg [2, 17, 18].  

No data are available for the strengthening introduced by Ca in solution in cast (i.e., texture-free) binary 

alloys, although data obtained from extruded Mg-Ca alloys suggests that the solid solution hardening 

rate is comparable to those of Y, Gd and Zn, and well above that of Al in solution, see ref. [19] for a 

detailed discussion. Against the claim of reduced diffusivity, it has been recently pointed out, based on 

published data on HCP-Zr, that the mobility of substitutional solutes is not necessarily related to the 

atomic size [19, 20]. 

The presence of Ca in solution in wrought alloys has also the rather peculiar effect of weakening the 

usual basal texture, similarly to what is observed in Mg-RE alloys [18, 21]. The texture weakening 

effect of Ca has also been ascribed to atom size driven segregation [21-23]. However, solute segregation 

in the form of dynamic strain aging (serrated flow) in AZ91 [24-26], and in several other alloys [1, 27-

30] is also normally reported but without any texture weakening effects, questioning the fundamental 

assumption of this claim. On a closer look, such degree of commonality of effects, i.e., strong solid 

solution hardening and texture weakening effects, points out to a deeper similarity between Ca and the 

RE, which are also known to increase the creep resistance even when present in very limited 

concentration [2, 19, 31, 32].  
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Mg-Sn alloys have also received considerable attention concerning room and high temperature (HT) 

applications [1, 2, 10, 11, 33, 34]. At room temperature (RT), recent experiments [35] on binary solid 

solutions suggested that Sn introduces a rather weak solid solution hardening in comparison with Zn, 

although those experiments were marred by a very large grain size that questioned whether the data 

were valid for polycrystals [19]. 

In more recent work involving dilute binary alloys [19, 31] it has been argued that short range order 

(SRO) is a dominant reason for the increased strength in comparison with Mg-Al (which represents 

random solid solution hardening [36]) at both RT and HT, of a wide range of multicomponent alloys 

containing Y, Gd, Nd, Zn, Ca and Sn.  The presence of SRO has been confirmed by diffuse x-ray 

scattering in binary solid solutions of Mg and Gd [37], Er [37], Sn [38, 39], Tb [40], In [41] and Bi [42]. 

SRO has been observed as well in liquid Mg-Zn [43] and in aged Mg-5at.%Gd [44].  

The tendency to develop SRO in Mg alloys has been justified from first principles by atomic level 

thermodynamics through the Miedema phenomenological scheme [19], illustrated by Fig. 1 and briefly 

described below.  

The scheme introduced in the 1970’s by Miedema et al. involves two parameters [45-52]: the work 

function, *, (closely related to Pauling’s electronegativity value), and the electron density at the 

boundary of the Wigner–Seitz (W-S) atomic cell,     
   

. The sign and magnitude of the enthalpy of 

formation, ∆H, of a metallic solution can be obtained based on these two parameters alone, anticipating 

the relative tendency to form either ordered (∆H < 0), random (∆H = 0) or immiscible solutions (∆H > 

0). For any given binary alloy, in both the solid and liquid state, when forming an equi-atomic 

compound, ∆H is given by [46-48, 53-56]:  

                                                      ∆H =                
   

     ,                              (1) 

where P and Q are constants related to each other as Q/P = 9.4 (eV)
2
(d.u.)

2/3
. Q/P is the slope of the 

straight line separating positive and negative ∆H-values (i.e., the line itself is the locus of alloys with 

∆H = 0, for which complete miscibility can be expected). The parameter R, called the hybridization 

term, enters the equation only when transition metals are alloyed with non-transition metals. R is small 

for Mg and has been neglected [46] for Fig. 1. The diagram of Fig. 1 sorts out the potential solutes 

according to whether they sit on the positive, or North/South, or the negative, or East/West sectors, 

where the positive/negative sign applies to the ∆H- values of the particular solute/host combination. 
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In Fig. 1 the solutes studied in the present work (Ca and Sn) are sorted out together with selected ones 

from prior work [19, 31] for reference. The solutes that belong to the South sector, i.e., the RE, Y and 

Ca, are more electropositive and larger than Mg, whereas the ones on the North are less so, but all of 

them mix with a negative ∆H-value, hence all of them have a tendency to develop order in solution 

solutions.  The phase diagram for solutes on the North or South sectors typically exhibits a high melting 

point intermetallic bounded by deep eutectics. Thorium and Mn exemplify solutes with a positive ∆H-

value, sitting on the West sector in this case, and are characterised by a tendency to phase separation and 

a single eutectic phase diagram.  

 

Figure 1. The Miedema scheme for Mg as a host, for selected solutes, created assuming R=0 in Eq. 1. 

Coordinates for the data points from [48]. 

 

The experimental results of a parallel study [31] on stress relaxation of binary alloys at high 

temperatures is much reduced for Y, Gd and Nd, i.e., for solutes sitting on the South sector of the 

Miedema diagram, than for Sn and Zn, which belong in the North sector. This was in spite of the fact 

that solid solution hardening introduced at RT by any one of them was of comparable in strength and 

consistent with the presence of SRO, see, e.g., Fig. 3 in [19]. Differences between calculated and 

experimental values of the enthalpy of formation in liquid alloys are attributed to ordering effects in the 

solid versions of the alloys [57], but in this case this would not explain the systematically lower HT 
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strength (or increased stress relaxation) of the elements sitting on the North in comparison with those on 

the South. A possible explanation for this inconsistency was put forward by Zhang and Liu [58] 

involving atomic sizes: an increased solute size should shift the electron clouds in the W-S cells further 

apart, increasing the binding energy with the host. For given atomic size difference, the intensity of the 

SRO should therefore be greater for atoms sitting on the South sector, i.e., bigger than Mg, than those 

sitting on the North sector, i.e., smaller than Mg. In simpler terms, solutes sitting in the South sector 

should result in greater creep resistance.  

Sn and Ca were selected for the present work in order to test the above hypotheses, i.e.: (i) the solid 

solution hardening rate introduced by both solutes should be consistent with SRO at RT, hence roughly 

equivalent, but, (ii) since Ca (1.97 pm) is larger than Mg (1.598 pm), whereas Sn is smaller (1.542 pm) 

(atomic radii data from [59]) the hardening due to SRO at HT  introduced by the former should be 

greater.  

Binary alloys with predetermined concentrations were cast and the solid solution hardening determined 

at room temperature and, through stress relaxation testing, at high temperatures (373K (100°C) and 

453K (180°C)). The results were compared with existing data for alloys of both Sn and Ca as well as for 

Y, Gd, Nd, Zn and Al, with especial attention to the alleged effects of atomic size on the local order.   

 

Experimental Procedure  

Binary alloys with nominal compositions 0.5, 1.0, 1.5 and 2.5 at.% Sn and 0.6 and 0.9 at.% Ca were 

produced by melting commercially pure Mg, Sn and a Mg-Ca master alloy (1:4 Ca:Mg) in a steel 

crucible coated with boron nitride, using an electric furnace. SF6+CO2 was used as protective 

atmosphere. The liquid was poured at 1008-1023K (735-750°C) under an argon atmosphere into 

cylindrical steel moulds of 70 mm length and 45 mm diameter, preheated to 473K (200°C). The cast 

cylinders were solution heat-treated under an Ar atmosphere according to the times and temperatures 

listed in Table 1, and quenched into water. Samples for metallography were prepared following standard 

procedures and etched using an acetic–picric acid mixture (20 ml acetic acid, 3 g picric acid, 20 ml H2O 

and 50 ml ethanol). The linear intercept method in accordance with ASTM E112-88 was used to 

determine the grain size, counting not fewer than 200 boundaries in each specimen. The grain size and 

compositions are also listed in Table 1. The lack of orientation texture on the cast grain microstructure 

was verified in a parallel study involving similarly produced  Mg-Gd binary alloys [60]. 
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Tensile testing at room temperature was carried out using cylindrical specimens, with a gauge length of 

24 mm and 6 mm in diameter, on a screw-driven machine at 0.2 mm/min crosshead speed. A 12.5 mm 

knife-edge extensometer was attached to the gauge length. Compression testing at 298K (25°C), 373K 

(100°C) and 453K (180°C) was performed on cylindrical specimens 18 mm in height and 9 mm in 

diameter. No extensometer was used and the compressive strain was calculated based on the crosshead 

displacement. Stress relaxation was carried out in compression at 453K (180°C), after deforming at an 

applied crosshead speed of 0.2 mm/min (initial strain rate = 1.85x10
-4

 s
-1

) up to a strain of 0.02 and the 

machine stopped for 1800 s (30 min).  

Table 1. Solute concentration of the binary alloys studied, as determined by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES); and the respective grain sizes and solution heat 

treatments (time and temperature) schedules. 

Solute content    

(nominal, at.%) 

Solute content    

(actual, at.%)
 
 

Grain size 

(µm) 

Time  

(h) 

Temperature  

K (°C) 

2.5%Sn 2.5%Sn 127 12 773(500) 

1.5%Sn 1.54%Sn 140 10 773 (500) 

1.0%Sn 1.1%Sn 150 8 753 (450) 

0.5%Sn 0.7%Sn 108 8 753 (450) 

0.9%Ca 0.82%Ca 120 12 773(500) 

0.6%Ca 0.56%Ca 130 8 773 (500) 
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Results 

Figure 2 shows the grain microstructures of the alloys tested.  

  

                   

                                      (a)                                                                                   (b) 

                  

                                     (c)                                                                              (d) 
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                       (e)                                                                                     (f)                    

        Figure 2. Optical photomicrographs of the alloys studied, in the solution heat-treated condition a) 

Mg-2.5Sn, b)Mg-1.5Sn, c)Mg-1Sn, d) Mg-0.7Sn, e)Mg-0.82Ca,  f) Mg-0.56Ca. 

The flow behaviour of the alloys of Table 1 is shown in Fig. 3. Flow curves for Mg-Y and AZ91 alloys 

are included for comparison in Figs. 3-b and 3-d. Fig. 3-c compares the compression behaviour of the 

most diluted and concentrated Mg-Sn alloys between 298-453K (25-180°C). 

At RT (Figs. 3-a and 3-b) both Mg-Sn and Mg-Ca exhibited a linear hardening regime up to 0.1 strain in 

compression and up to about 0.06 strain in tension (in the latter the tensile ductility was the limiting 

factor). Increasing the temperature (Figs 3-c and 3d) shortened the length and lowered the slope of the 

linear regime. 
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(a)         (b) 

      

(c)                                                                                   (d) 

Figure 3. The flow behaviour at room and high temperature of the alloys studied. The dashed lines 

indicate tensile testing.   

 

In Fig. 4-a the solid solution hardening at RT introduced by Sn (triangles) and Ca (circles) in the present 

experiments is compared with equivalent data from the literature. The solid and open diamonds 
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represent extruded and solution heat-treated Mg-Ca alloys, in tension and compression, respectively.
 1

 

The much finer grain size and orientation texture of those specimens account for their higher average 

flow strength in comparison with the current (texture-free) experiments.
2
 The crosses correspond to 

tensile yield strength of Mg-Sn specimens with extremely large grain size from ref. [26], hence the 

lower flow stress in comparison with the present values, as mentioned in the introduction. The 

comparison between tensile and compressive yield strength shows that while Ca virtually eliminates the 

t/c asymmetry, Sn has little or no effects upon it.  

 

In Fig. 4-b the comparison is extended to existing tensile data for Y, Gd, Zn and alloy AZ91 (all 

obtained using cast alloys, solution heat-treated and quenched). Although Ca hardens Mg more than Sn, 

both sets of data points are within the range defined by Zn, Y and Gd, and all well above that of Al (or 

AZ91) which represents random solid solution [36].  

 

                                                      

     (a)       (b) 

Figure 4: (a) The strength in tension and compression of Mg-Sn and Mg-Ca solid solutions (circles and 

triangles) for the present experiments and data from: [35](Mg-Sn, crosses), [21](Mg-Ca, open 

                                                           
1
 The open diamonds were mistakenly reported by the present authors as tensile data in Fig. 3 of ref. [19]. 

2
 The yield strength in the same experiments (open diamonds) was reported as independent of the Ca content in the original publication 

[21] but with little justification. 
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diamonds), [61]( solid diamonds). The data for pure Mg were taken from [62] (grain size 105 µm); (b) 

Comparison of the tensile data only with other cast binary alloys and alloy AZ91, sourced from:[62] 

(Mg-Zn and AZ91);[36] (Mg-Al);[63] (Mg-Gd); [29] (Mg-Y). The AZ91 alloy data points were plotted 

according to the alloy’s nominal Al content (7.7at.%).   

 

The stress relaxation behaviour, exemplified in Fig. 5 for an applied strain of 0.02, was closely 

consistent with the monotonic strength data of Fig. 4: the stress relaxation of Ca was comparable to that 

of Nd, Gd and Y. Sn relaxed faster than Ca, at a rate comparable with AZ91. 

 

 

Figure 5. Stress relaxation curves at 453K (180°C) at an applied strain of 0.02. The figure preceding 

each solute is its concentration in at.%. 

Figures 6-a through 6-c make evident the applied stress dependence of the strength-temperature 

relationship for each solute. Figure 6-a identifies an athermal regime at yield (applied strain = 0.005) 

extending beyond 453K (180°C) for all solutes save for Sn and especially less so for alloy AZ91. At 

higher applied strains, Figs. 6-b and 6-c, the athermal regime was preserved to 453K (180°C) only for 

Nd, Gd, Y and Ca, with the rest of the solutes exhibiting an increased loss of strength. 
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(a)          (b) 

 

 (c) 

Figure 6. The flow stress of the alloys as a function of the temperature, for applied compressive strains 

of (a) 0.005; (b) 0.02; (c) 0.05.  
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Discussion 

Room temperature strength 

From Fig. 4-b the close similarity in the hardening introduced by Ca, Sn, the RE, Y and Zn is evident. 

This similarity can be accounted for from first principles [19, 31, 62] through SRO, as already argued in 

relation to the Miedema scheme and Fig. 1. The linear strain-hardening regime exhibited by the RT 

deformation curves at low strains in Fig. 3 is an indication of athermal forest hardening stemming from 

a stable forest dislocation substructure, a conclusion consistent with the presence of SRO [31, 32, 64-

66]. Figures 3-c and 3-d show that some of the solutes, particularly Y, preserve the linear hardening 

regime up to 453k (180°C). Mg-Sn exhibits linear hardening at higher temperatures, but at a much 

reduced flow strength (Fig. 6-c), which accounts for the fast relaxation observed in Fig. 5 at a relatively 

high applied stress. 

Figure 4-a, on the other hand, shows that the effects of Ca and Sn upon twinning, manifest through the 

t/c asymmetry, are widely different: while Ca virtually eliminates the t/c asymmetry, it remains 

unchanged for Sn. As stated in the introduction, the strong effect of Ca upon twinning, which ultimately 

reflects on the weakening of texture, brings it closer to the other solutes sitting on the South sector of the 

Miedema diagram, i.e. the RE and Y. Reasons for this similarity are discussed next in connection with 

the HT behaviour in general. 

High temperature strength 

In previous work [31], following [62], a number of binary alloys were ranked based on the strength of 

the respective SRO according to the expression 

τSRO ~ [∆H*c(1-c)]
2
   ,

 
              

 
                           (2) 

where τSRO is the increase in the CRSS in the basal plane due to SRO, c is the solute concentration (see 

Table 1 in [31] for details concerning solutes other than Sn and Ca) and ∆H the enthalpy of solution 

calculated according to Eq. 1. The analysis indicated as the most effective solutes those combining a 

high ∆H-value with a relatively high solubility at the test temperature. 

Neither Eq. (1) nor Eq. (2) allow for atomic size effects. As mentioned in the introduction, Zhang and 

Liu [58] suggested that atomic size should be incorporated into the formulation. They did so through a 

pre-factor to Eq. 1 that increases the enthalpy of formation in proportion to both the difference in size 
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and the actual size of the larger atom involved. These assumptions have a rather dramatic effect, 

illustrated by Fig. 7, where the standard and size corrected Miedema ∆H-values are plotted. The 

standard ∆H values show no preferential behaviour as functions of the atomic size, unlike the corrected 

ones that do so. In more practical terms, the smaller atoms, i.e., those sitting on the North sector, of the 

Miedema scheme exhibit a reduced (size corrected) ∆H-value whereas the bigger ones exhibit a 

relatively larger one.  

 

 

Figure 7. The enthalpy of formation of Mg alloys as a function of the size of the solute atoms. The 

standard Miedema ∆H-values (squares), sourced from [45]; the values corrected for atomic size effects 

(circles) were obtained according to the model by Zhang and Liu [58], see Appendix A for details. The 

vertical line identifies the locus of Mg and separates the North sector from the South sector in the 

Miedema scheme of Fig. 1. 

 

The current results and equivalent data collected in the prior experiments of [31] are compared in Fig. 8 

with the predictions of Eq. 2 obtained using the ∆H –values corrected for atom size effects (a similar 

figure created using the standard (uncorrected) Miedema ∆H-values in Eq. 2 can be seen in ref. [31]). In 

Fig. 8 the experimental data are plotted as the reciprocal of the stress drop, (1/Δσrelaxation), during the 
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stress relaxation tests. The calculated (circles) and measured (diamonds) data generally match it other, 

strongly supporting the hypotheses behind Eq. 2, namely that SRO is a dominant strengthening 

mechanism when present. Figure 8 indicates that the best creep performance is to be expected for Y and 

Gd due to their strong SRO, whereas Ca should exhibit SRO at a level comparable to that of Nd. In 

general terms, all solutes should perform much better than Al, which represents a near random solid 

solution. Figure 8 also accounts for the fact that despite the high solid solubility of Al, hence its 

measurable strengthening effects at room temperature, the hardening does not extend to high 

temperatures. In practical terms, the high RT strength of AZ91 resulting from its extensive random solid 

solution hardening projects onto the high temperature behaviour only through a high yield strength, but 

necessarily with the poor creep performance of a random solid solution shown by Fig. 6-c, something 

repeatedly pointed out in the literature [67].  

The overall behaviour of the alloys of Fig. 8 provides strong support for the hypothesis concerning 

atomic size effects on SRO: atoms larger than the host can be expected to develop a relatively stronger 

SRO, whereas smaller ones will develop a relatively weaker one. The greater effect of Ca upon the t/c 

asymmetry in Fig. 4-a is similarly consistent with a stronger effect through its size-enhanced SRO upon 

{10-20} twinning, matching the effects of Gd, Nd or Y, as discussed in detail in [60] . 

The joint rationalisation through SRO (including the atomic size effects) of the increased creep strength 

and reduced t/c asymmetry introduced by Ca is made more significant by the fact that it dismisses 

unsupported claims in the literature aimed to account the effects through either a reduced diffusivity due 

to a larger atom size [2], the pinning of dislocations and grain boundaries by atomic size driven 

segregation [21-23] or unconfirmed valence mechanisms [68], as already discussed in [19]. 

 

  



 
 

16 
 

 

Figure 8. The predicted strength of SRO (circles, left-hand side y-axis) according to Eq.2 (using size 

corrected values for ΔH, see Appendix A) and stress relaxation data from Fig. 4-a (diamonds, 

right-hand side y-axis). The line suggests the trend discussed. The respective scales of the left 

and right hand side y-axes were adjusted for the data to fit within comparable spans. 

 

Conclusions 

Ca and Sn introduce a very strong solid solution hardening at room temperature, similar to that of  Zn, Y 

and Gd, and much greater than of Al. 

At high temperatures, Ca effectively prevents stress relaxation matching the effect of Y, Gd and Nd, in 

contrast with Sn and to a lower extent by Zn, which have negligible strengthening effects. 

The similar strengthening introduced at room temperature by Ca and Sn in comparison with Zn, Y and 

the RE is consistent with the presence of SRO, and distinguishes them from Al, which represents a 

nearly ideal random solid solution.  

At high temperature, SRO appears enhanced for atoms larger than Mg, namely: Y, Gd, Nd and Ca. The 

opposite effect, a relatively weaker than expected SRO, was observed for the solutes smaller than Mg, 

i.e., Sn and Zn. 
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Atomic size effects upon the strength of SRO are not very significant at room temperature but they do 

appear to determine the extent of the athermal regime, making them crucial for the high temperature 

strength.  
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Appendix A: 

Atomic size effects on the standard values of the Miedema energy of formation 

Zhang and Lui [58] use the following expression to include atomic size effects on the standard Miedema 

∆H values: 

∆H B in A =   
        

   

    
    

   

              
  

 

                            Eq A-1 

The prefactor S(c) is obtained from: 
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 are the surface area of solute and solvent atoms, respectively.   
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concentration of the solute and solvent surface area calculated from folowing equations: 
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Figure 6 and 7 were produced using above equations. 

 




