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Abstract 

Peak-aged Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn (wt.%) alloys have been characterised mechanically 

using micro-pillar compression and microstructurally using TEM. These alloys contain more than one type 

of precipitate. A modified Orowan equation is proposed to quantify the strengthening behaviour of the 

containing multiple precipitate types. The as-estimated values agree adequately with the experimental results.  

1 Introduction 

Magnesium alloys have attracted wide attention for their high specific strength. The most commonly 

applied Mg alloy system is the AZ series, which is a precipitation hardenable alloy strengthened by an 

Mg17(Al,Zn)12 phase. Due to the low melting point of the Mg17(Al,Zn)12 phase, AZ series alloys do not 

possess reliable properties at elevated temperatures[1]. The Mg-RE series alloys, on the other hand, have 

better performance at elevated temperatures due to a much better resistance to grain boundary sliding, which 

contributes 80% of the creep deformation[2], [3]. The high cost of rare earth elements, however, has limited 

the application of Mg-RE systems. The Mg-Sn alloy system also possesses reasonable performance at 

elevated temperature and is relatively low in cost[4]. Mg-Sn based alloys have the potential to provide a 

practicable alternative to Mg-RE in certain circumstances.  

Mg2Sn phase (fluorite structure, space group Fm3̅𝑚, a=0.674nm) with a melting point of ~770 oC [5] 

is the main hardening phase in Mg-Sn alloys. This phase has complex morphologies and orientation 

relationships (OR) with the Mg matrix, depending on heat treatment and alloy composition[6]. In 1962, 

Henes and Gerold reported that 4 types of ORs exist in a Mg-3.75Sn (wt.%) binary alloy. OR1: (110)𝑀𝑔2𝑆𝑛 ∥

(0001)𝑀𝑔, [001]𝑀𝑔2𝑆𝑛 ∥ [112̅0]𝑀𝑔  and OR2: (110)𝑀𝑔2𝑆𝑛 ∥ (0001)𝑀𝑔, [11̅1]𝑀𝑔2𝑆𝑛 ∥ [112̅0]𝑀𝑔 appear 



within the temperature range of 160 oC-200 oC, while OR3: (111)𝑀𝑔2𝑆𝑛 ∥ (0001)𝑀𝑔, [21̅1̅]𝑀𝑔2𝑆𝑛 ∥

[112̅0]𝑀𝑔  and OR4: (111)𝑀𝑔2𝑆𝑛 ∥ (0001)𝑀𝑔, [11̅0]𝑀𝑔2𝑆𝑛 ∥ [21̅1̅0]𝑀𝑔  appear at ageing temperatures 

from 200 oC to 300 oC. The habit planes of the precipitates also vary from (0001)𝑀𝑔 to (101̅1)𝑀𝑔 to 

(101̅2)𝑀𝑔 [7].  

The competition between the different orientation relationships and habit planes of Mg2Sn precipitates 

is quite complex. As summarized by Liu et al., 14 types of orientation relationship had already been observed 

in different Mg-Sn alloys up until 2018[6]. As non-basal precipitates are expected to promote effectively 

resistance to basal slip, which is the most important deformation mechanism in Mg, formation of these 

precipitates in the Mg-Sn alloys is desirable[8], [9]. Various alloying attempts have been made to promote 

the formation of non-basal precipitates: for example, it has been widely reported that the addition of Zn 

promotes the formation of non-basal precipitates[10]–[13]. Although Al is not as popular as Zn as a ternary 

addition, Elsayed et al. and some others have reported that the addition of Al also leads to the formation of 

non-basal precipitates[14]–[16]. The reason that certain alloy elements are capable of promoting the 

formation of non-basal precipitates is not fully understood although some suggestions have been proposed. 

Liu et al. observed interphase boundary segregation of Zn in a Mg-Sn-Zn alloy and suggested that the 

presence of Zn may have altered the interfacial energy[17]. A phase-field simulation by Zhang et al. modelled 

the competition between chemical free energy and elastic strain energy and their respective effects on the 

phase transformation driving force. However, none of the above provides an adequate explanation of habit 

planes in Mg-Sn alloys.  

Non-basal precipitates in Mg-Sn alloys are expected to block basal slip, but existing studies of the 

mechanical performance of Mg-Sn alloys either focused simply on hardness tests [11], [14], [18], [19], or 

employed macroscopic tensile tests on a polycrystal sample[10], [12], [20], [21]. The details of the 

deformation behaviour, on the other hand, are less well studied and the strengthening by non-basal 

precipitates, although this is predicted to be generally more effective than that of basal precipitates, has not 

been extensively analysed.  

In this study, the basal slip behaviour of a binary Mg-6Sn (wt.%) alloy and ternary Mg-6Sn-3Al and 

Mg-6Sn-3Zn alloys has been analysed. Micro-pillar compression has been applied to analyse the effect of 

non-basal precipitates on basal slip. A general model based on the Orowan equation has been proposed to 

estimate the contribution to strength of the different precipitate types in Mg-Sn alloys.  



2 Experimental 

Three Mg-Sn alloys were prepared by sand-casting, with their nominal and actual chemical 

compositions (measured by SEM-EDS) listed in wt.% in Table 1. The raw materials used for casting were 

pure Mg (99.9%), pure Al (99.9%), pure Zn (99.9%) and pure Sn (99.95%). The ingots were cut into bars 

and solution treated at 500 oC for 48h in an argon filled quartz tube, to dissolve any precipitates and to 

homogenise the alloys. The samples were quenched into water and then aged at 200 oC until peak hardness 

was reached. The age hardening curves of the alloys were acquired using a Mitutoyo MVK-H1 Vickers 

hardness tester with a load of 50g. 10 measurements were recorded and averaged for each sample. For TEM 

analysis of the precipitates, samples were made by twin-jet polishing using a solution which consisted of 

10g lithium chloride, 22g magnesium chloride, 200ml butoxyethanol and 1000ml methanol, used at -20 oC 

to -30 oC [22]. Some other TEM samples and the micro-pillars for compression experiments were prepared 

using an FEI Helios G4 C Xe plasma FIB. Microstructural observations were performed using an FEI Talos 

F200 TEM operated at 200kV and an FEI Tecnai F30 TEM operated at 300kV. The pillar compression 

experiments were carried out on an Alemnis indentation system installed in the Helios plasma FIB. Micro-

pillars with a diameter of 10μm and a height of 20μm were prepared and compressed to a strain of 10% with 

a 10-3/s strain rate. 

Table 1 Nominal and actual chemical compositions of Mg-Sn alloys. The actual compositions were 

measured via SEM-EDX. 

Alloy Mg/wt.% Sn/wt.% Al/wt.% Zn/wt.% Others 

Mg-6Sn Nominal 94.00 6.00 0 0 Bal. 

 Actual 93.47 6.25 0 0 

Mg-6Sn-

3Al 

Nominal 91.00 6.00 3.00 0 

 Actual 89.96 6.78 2.89 0 

Mg-6Sn-

3Zn 

Nominal 91.00 6.00 0 3.00 



 Actual 90.30 5.89 0 3.32 

3 Results 

3.1 Age hardening response and microstructural characterisation 

The 200 ˚C age hardening curves for the three Mg-Sn alloys are shown in Figure 1. The binary Mg-6Sn 

alloy did not reach a peak hardness within 300h whereas the other two alloys peaked at 72h ageing. The 

highest hardness value measured from the Mg-6Sn binary alloy was ~55±2HV, while the peak values of the 

Mg-6Sn-3Al alloy and the Mg-6Sn-3Zn alloy were ~70±3.5HV and ~72±1.5HV, respectively. Thus the 

increment of peak hardness for both ternary alloys compared with that measured from the binary Mg-6Sn is 

around 15HV.  

 

Figure 1 Vickers micro-hardness acquired from the Mg-Sn alloys with a 50g load 

 

The precipitates in the Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn alloys were characterised by TEM. In 

the different alloys, the precipitates exhibit different morphologies and crystallography. TEM analysis has 

confirmed two types of Mg2Sn precipitates in the Mg-6Sn alloy, four types of Mg2Sn precipitate in the Mg-

6Sn-3Al alloy and two types of Mg2Sn and two types of MgZn2 precipitate in the Mg-6Sn-3Zn alloy. The 

precipitate types, along with their morphologies and orientation relationships, are listed in Table 2. Statistics 

of the dimensions and percentage occurrences of various precipitate types can be found in Table 3, Table 4 
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and  

Table 5. The detailed characterisation of the precipitates can be found in the supplementary material.  

Table 2 Precipitate types and their respective morphologies and ORs in the three Mg-Sn alloys. The Mg2Sn 

precipitates have been numbered 

Alloy Precipitate type Morphology OR 

Mg-6Sn    

 Type 1 Basal lath with long 

axis along 〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥

[001]𝑀𝑔2𝑆𝑛 (OR1) 

 Type 2 Basal lath with long 

axis along 〈101̅0〉𝑀𝑔 

(0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥

[11̅1]𝑀𝑔2𝑆𝑛 (OR2) 

Mg-6Sn-3Al    

 Type 3 Basal rod with long 

axis along 〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔 ∥

(111)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥

[11̅0]𝑀𝑔2𝑆𝑛 (OR4)  Type 4 Basal plate 

 Type 5 c-axis rod 

 Type 6 Pyramidal lath with a 

habit plane of 

(11̅01)𝑀𝑔 

No specific OR 

Mg-6Sn-3Zn    

 Type 2 Basal lath with long 

axis along 〈101̅0〉𝑀𝑔 

(0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [21̅1̅0]𝑀𝑔 ∥

[11̅1]𝑀𝑔2𝑆𝑛 (OR2) 

 Type 7 Prismatic lath with 

long axis along 

〈112̅0〉𝑀𝑔 

(0001)𝑀𝑔 ∥

(110)𝑀𝑔2𝑆𝑛, [112̅0]𝑀𝑔 ∥

[001]𝑀𝑔2𝑆𝑛 (OR1) 

 MgZn2 wide rod c-axis rod 



 MgZn2 narrow rod c-axis rod (0001)𝑀𝑔

∥ (112̅0)𝑀𝑔𝑍𝑛2, [112̅0]𝑀𝑔

∥ [101̅0]𝑀𝑔𝑍𝑛2 

 

Table 3 Dimensions and percentage occurrences measured for the precipitates in the Mg-6Sn alloy 

Precipitate type Dimension Average value/m Standard deviation Percentage 

Occurrence 

Type 1 basal lath Length 0.888 0.27 21.70% 

 Width 0.076 0.02  

 Thickness 0.059 0.01  

Type 2 basal lath Length 0.700 0.17 78.30% 

 Width 0.140 0.01  

 Thickness 0.069 0.02  

 

Table 4 Dimensions and percentage occurrences measured for the precipitates in the Mg-6Sn-3Al alloy 

Precipitate type Dimension Value/m Standard deviation Percentage 

occurrence 

Type 3 basal rod Length 1.131 0.28 48.10% 

 Diameter 0.039 0.01  

Type 4 basal plate Length 0.188 0.05 37.80% 

  Width 0.118 0.04  

 Thickness 0.071 0.02  

Type 5 c-axis rod Length 0.245 0.08 6.50% 

 Diameter 0.072 0.02  

Type 6 pyramidal 

lath 

Length 1.241 0.20 7.60% 

 Width 0.169 0.07  

 Thickness 0.041 0.01  

 

Table 5 Dimensions and percentage occurrences measured for the precipitates in the Mg-6Sn-3Zn alloy. 



The narrow MgZn2 rods are excluded as they do not participate in Orowan looping 

Precipitate type Dimension Value/m Standard 

deviation 

Percentage 

occurrence 

Percentage 

occurrence 

without the 

MgZn2 

narrow rods 

Type 2 basal lath Length 0.391 0.08 10.50% 48.83% 

 Width 0.136 0.03   

 Thickness 0.050 0.01   

Type 7 prismatic 

lath 

Length 0.705 0.08 2.30% 10.70% 

 Width 0.129 0.02   

 Thickness 0.079 0.02   

MgZn2 wide rod Length 0.322 0.12 8.70% 40.47% 

 Diameter 0.070 0.02   

MgZn2 narrow 

rod 

Length 0.681 0.22 78.60%  

 Diameter 0.013 0.01   

 

3.2 Pillar compression tests 

An example of a peak-aged Mg-6Sn pillar before and after compression is shown in Figure 2. The alloys, 

along with their respective loading directions and highest Schmid factors for basal slip, are listed in Table 6. 

The stress-strain curves for all three alloy samples are shown in Figure 3.  

 

Table 6 Mg-Sn alloy micro-pillars with loading directions and highest Schmid factors for basal slip 

 

Alloy Loading direction Schmid factor 

Mg-6Sn [011̅1]𝑀𝑔 0.4321 

[1̅21̅2̅]𝑀𝑔 0.4984 



Mg-6Sn-3Al [1̅32̅2̅]𝑀𝑔 0.4634 

[1̅87̅9̅]𝑀𝑔 0.4560 

Mg-6Sn-3Zn [1̅87̅6̅]𝑀𝑔 0.4397 

[257̅6]𝑀𝑔 0.4828 

 

 

Figure 2 A Mg-6Sn micro-pillar (a) before and (b) after compression. For this specific sample, the TEM 

foil has a foil normal of [12̅10]𝑀𝑔 

 

Figure 3 Three examples of stress-strain curves for the three Mg-Sn alloys. The respective loading 

directions for Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-3Zn are [011̅1]𝑀𝑔, [1̅32̅2̅]𝑀𝑔 and [1̅87̅6̅]𝑀𝑔 

 

The yield strengths were measured as the 0.2% proof stresses. For Mg-6Sn, Mg-6Sn-3Al and Mg-6Sn-
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3Zn, using the Schmid factors given above, the CRSSs for basal slip are 13.22 MPa, 21.34 MPa and 29.92 

MPa. The slip planes and directions were identified by SEM; TEM specimens were FIB machined from the 

as-compressed pillars to confirm the slip system activated during compression and to analyse the interaction 

between precipitates and dislocations. The TEM images taken from the as-compressed pillars are shown in 

Figure 4. Dislocations can be seen in all three alloys. With g= 0002 , no dislocations are visible in the 

samples. Dislocations appeared visible with g=101̅0 or g=112̅0 types. This confirms that the dislocations 

activated during the compression are basal <a> dislocations. For the Mg-6Sn and Mg-6Sn-3Al alloys, 

because no precipitate shearing was observed, Orowan looping is expected to be the dominating interaction 

mechanism between the precipitates and the dislocations. For the Mg-6Sn-3Zn alloy, shearing of the MgZn2 

precipitates is observed. Figure 5 shows a TEM image of the sheared precipitates. The slip bands have clearly 

penetrated the precipitates.  



 

Figure 4 TEM images taken from the as-compressed Mg-Sn samples indicating invisibility and visibility of 

basal a dislocations: (a) dislocations invisible in Mg-6Sn, (b) dislocations visible in Mg-6Sn, (c) 

dislocations invisible in Mg-6Sn-3Al, (d) dislocations visible in Mg-6Sn-3Al, (e) dislocations invisible in 

Mg-6Sn-3Zn, (f) dislocations visible in Mg-6Sn-3Zn 



 

 

Figure 5 TEM image of sheared prismatic MgZn2 precipitates viewed along [11̅00]𝑀𝑔 with (a) g = 0002 

and (b) g = 112̅0. Dislocations are visible and penetrate the precipitates as marked by the dashed lines.  

 

Although Orowan looping is expected to take place in all three alloys, dislocation loops were not 

observed in the samples using a series of different imaging conditions. This does not mean Orowan looping 

has not taken place. A simulation study by Vaid et al. of the Mg17Al12 precipitates suggests that Orowan loops 

may collapse into the matrix-precipitate interphase boundary and therefore become extinct[23]. Similar 

behaviour may have taken place in these Mg-Sn alloys.  

3.3 Evaluation of Orowan strengthening 

The increase in strength results mainly from the presence of non-basal precipitates and the increased 

number density of precipitates driven by micro-alloying. Generally, the strength provided by Orowan looping 

is straightforward to calculate using the Orowan strengthening equation: 

 

𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝑀𝐺𝑏

2𝜋√1 − 𝜈

1

𝜆
ln (

𝑑𝑝

𝑟0
) (1) 

 

where M is the Taylor factor, G the shear modulus of Mg, b the Burgers vector of the dislocations, 

ν Poisson’s ratio. λ and 𝑑𝑝 are respectively the mean spacing and diameter of the particles in the slip 

plane and 𝑟0 is the cut-off radius of the dislocation core and is normally taken equal to b [24]. Therefore, 

for a certain alloy system with a certain type of precipitate, Orowan strengthening will be straightforward to 



quantify knowing λ and 𝑑𝑝.  

For the Mg-Sn alloy systems, it is however complex to apply the general Orowan strengthening 

equation as multiple precipitate types are present. One particle spacing and particle size will not represent 

the various precipitate distributions in the system. Nie has developed a series of approaches of calculating λ 

based on different precipitate morphologies [25]. On this basis, λ for the basal plate precipitates and the c-

axis rods observed in this study is then  

λ = 𝐿𝑝 − 𝑑𝑝 =
1.075

√𝑁𝐴

−
𝜋𝑑𝑡

4
= (

0.779

√𝑓
− 0.785) 𝑑𝑡  (2) 

Substituting this in the Orowan equation will give 

𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1 − 𝜈 (
0.779

√𝑓
− 0.785) 𝑑𝑡

ln
0.785𝑑𝑡

𝑏
 (3) 

For the prismatic and pyramidal laths, λ will be 

λ = 𝐿𝑝 −
𝑑𝑝

2
−

√3𝑡𝑝

2
= 0.825√

𝑑𝑡𝑡𝑡

𝑓
− 0.393𝑑𝑡 − 0.866𝑡𝑡 (4) 

Substituting in the Orowan equation  

𝜎𝑂𝑟𝑜𝑤𝑎𝑛 =
𝐺𝑏

2𝜋√1 − 𝜈 (0.825√
𝑑𝑡𝑡𝑡

𝑓
− 0.393𝑑𝑡 − 0.866𝑡𝑡)

ln
0.886√𝑑𝑡𝑡𝑡

𝑏
 (5) 

We use the total volume fraction of all precipitates in a specific Mg-Sn alloy, as this reflects the actual 

spacing between precipitates, regardless of their morphology. Then, a certain type of precipitate, when 

considering its contribution in isolation, contributes to the Orowan strengthening behaviour such that 

𝜎𝑖 = 𝜎(𝑑𝑖) =
𝐺𝑏

2𝜋√1 − 𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
) (6) 

With more than one type of precipitate present, the contribution of a specific precipitate type is 

determined by its respective fraction in the alloy, where 

𝜎𝑖 = 𝜎(𝑑𝑖 , 𝑓𝑖) =
𝑓𝑖

𝑓

𝐺𝑏

2𝜋√1 − 𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
) (7) 

Therefore, the total contribution of all precipitate types in a certain alloy will be 

𝜎𝑂𝑟𝑜𝑤𝑎𝑛 = ∑ 𝜎(𝑑𝑖 , 𝑓𝑖)

𝑛

𝑖=1

= ∑
𝑓𝑖

𝑓

𝐺𝑏

2𝜋√1 − 𝜈

1

𝜆
ln (

𝑑𝑖

𝑟0
)

𝑛

𝑖=1

 (8) 

This approach determines the mean particle spacing in a proper manner, and then weights the 

contribution of different precipitates by their respective volume fractions.  



The size and number density of the precipitates were determined by TEM observations. The dimensions 

of the different types of precipitate can be found in Table 3, Table 4 and Table 5. The thicknesses of the TEM 

foils were measured by CBED and number densities can then be determined as 14.14/m3
 for Mg-6Sn, 

31.26/m3 for Mg-6Sn-3Al and 37.66/m3 for Mg-6Sn-3Zn. The overall volume fractions of precipitates in 

the different Mg-Sn alloys are therefore 8.95% for Mg-6Sn, 6.33% for Mg-6Sn-3Al and 9.23% for Mg-6Sn-

3Zn (MgZn2 narrow rods included). 

Based on the approach explained above, the respective contributions of the different precipitate types, 

along with their overall contributions towards Orowan strengthening, can then be calculated. Using the 

precipitate dimensions measured by TEM, the calculation details of the various precipitate types are listed 

in Table 7: 

Table 7 Orowan strengthening contribution of different precipitate types in Mg-Sn alloys 

 

Alloy Precipitate type Volume fraction/% Strength contribution/MPa 

Mg-6Sn    

 Type 1 1.46% 0.59 

 Type 2 7.49% 7.32 

 Total 8.95% 7.91 

 Experimental  13.22 

Mg-6Sn-3Al    

 Type 3 2.15% 5.69 

 Type 4 1.89% 3.79 

 Type 5 0.19% 0.49 

 Type 6 2.10% 5.65 

 Total 6.33% 15.62 

 Experimental  21.34 

Mg-6Sn-3Zn    

 Type 2 4.54% 6.26 

 Type 7 2.72% 4.24 

 MgZn2 wide rod 1.30% 2.75 



 Total 8.56% 13.25 

 Experimental  29.92 

 

It can be found from the results that the Orowan strengthening contributions in the Mg-6Sn and Mg-

6Sn-3Al alloys are around 75% that of the CRSSs measured experimentally. This is due to the strength of 

pure Mg and the strength from solid solution strengthening not being included in the calculation. For the 

Mg-6Sn-3Zn alloy, for example, the as-calculated strength is around half that of the actual CRSS. 

In order to determine the total contributions of different strengthening mechanisms, solid solution 

strengthening and shearing of the MgZn2 precipitates also need to be quantified. For solid solution 

strengthening, a widely applied approach is that of Caceres and Rovera [26]: 

𝜎𝑠 = 𝐶𝑋𝑛                   (9) 

where C is the solid solution strengthening rate with respect to solute concentration and n is either ½ or 

2/3. The solid solution strengthening rate selected in this study is 13MPa/% for Sn, 9.9MPa/% for Al and 

10.8MPa/% for Zn based on a few existing studies [26]–[29].  

The chemical composition of the matrix was determined by TEM-EDS and is shown in Figure 6. Based 

on this matrix composition, the contributions to solid solution strengthening of the different elements in the 

three Mg-Sn alloys can then be calculated and are listed in Table 8.  



 

Figure 6 Atomic concentrations of alloying elements in the matrices of peak aged Mg-Sn alloys measured 

by STEM-EDS 

 

Table 8 Contribution of basal slip CRSS from solid solution strengthening in Mg-Sn alloys 

Solid solution 

strengthening 

contribution 

Mg-6Sn/MPa Mg-6Sn-3Al/MPa Mg-6Sn-3Zn/MPa 

Sn 1.66 1.49 1.55 

Al  2.77  

Zn   1.18 

Total 1.66 4.26 2.73 

 

For the particle shearing, a simplified approach due to Schuh is applied to calculate the contribution of 

shearing towards strength [30]:  

∆𝜏𝐴𝑃𝐵 =
𝜋

2𝑏
𝛾𝐴𝑃𝐵𝑓                        (10) 
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where b is the magnitude of the Burgers vector, 𝛾𝐴𝑃𝐵 is the anti-phase boundary energy and f is the 

volume fraction of the MgZn2 narrow rods. The contribution of the shearing of the MgZn2 narrow rods can 

then be calculated as 6.57MPa. 

Therefore, based on all the calculations above, the strength contributions to basal slip in Mg-Sn alloys 

can be estimated and are listed in Table 9. The base CRSS of basal slip in pure Mg used here is 2MPa 

according to the existing literature [31], [28], [32], [33]: 

 

Table 9 Total strength of basal slip in Mg-Sn alloys contributed by different strengthening mechanisms 

Strengthening 

mechanism 

Mg-6Sn/MPa Mg-6Sn-3Al/MPa Mg-6Sn-3Zn/MPa 

Base strength 2 

Solid solution 

strengthening 

1.66 4.26 2.73 

Orowan strengthening 7.91 15.62 13.25 

Particle shearing 

strengthening 

  6.57 

Total 11.57 21.88 24.55 

Experimental 13.22 21.34 29.92 

For the Mg-6Sn and Mg-6Sn-3Al, the as-estimated strength has an adequate agreement with the 

experimentally measured strength. For the Mg-6Sn-3Zn alloy, the as-estimated strength is slightly lower 

than the actual strength. This could possibly be due to the stress accumulation effect and is discussed later. 

4 Discussion 

4.1 Shearing of MgZn2 precipitates in the Mg-6Sn-3Zn alloy 

It is generally accepted that the boundary between Orowan looping and precipitate shearing is 

determined by a critical particle size, where the dislocations tend to form a loop around the particles which 

are larger than the critical size and shear through the particles which are smaller than the critical size [34]. 

Currently, there are no experimental measures to determine this critical size in Mg alloys. Hutchinson 



estimated the critical size by balancing the stress introduced by a bowed dislocation around the precipitate 

bent to a specific radius (normally taken as the precipitate size) R:  

𝐺𝑚𝑏

𝑅
=

𝐺𝑝

15
                        (11) 

Based on this estimate, the critical size to shear the Mg17Al12 precipitates is around 3 nm [35]. For 

simplicity, this equation is applied directly to the Mg-Sn alloys in this study. For the Mg2Sn precipitates in 

the Mg matrix, the critical size for particle shearing is 3.14 nm. For the MgZn2 precipitates in the Mg matrix, 

the critical size for particle shearing is 2.74 nm. As all the precipitates in this work are larger than 20 nm, it 

is expected that all the precipitates in the three Mg-Sn alloys will not be sheared during the motion of basal 

𝐚 dislocations.  

However, the actual experimental observation shows exactly the opposite results for the MgZn2 

precipitates. Most of the MgZn2 precipitates were sheared, as shown previously in Figure 5, whereas the 

Mg2Sn precipitates are not sheared. By measuring the distance that the precipitates have sheared, it can be 

estimated that ~150 dislocations have cut through the MgZn2 precipitates after 10% compression strain.  

Some recent studies also suggest that dislocations have sheared through precipitates that are obviously 

larger than the estimated critical size. Liao et al. predicted by computational modelling that the Mg17Al12 

precipitates in AZ91 can be sheared by prismatic dislocations [36]. Cepeda-Jimenez et al. reported shearing 

of precipitates in AZ91 and Mg-11Nd (wt.%) alloys after tensile strain [37]. Solomon et al. reported β’ 

precipitates in Mg-Y alloys can be sheared by both basal 𝐚 slip and 𝐜 + 𝐚 slip, while β’’’ precipitates in 

Mg-Nd alloys can be sheared only by basal 𝐚 slip [38]. A pillar compression study by Wang and Stanford 

reported the same MgZn2 shearing behaviour in a Mg-5Zn (wt.%) alloy; they suggested that the shearing 

behaviour is probably due to good lattice parameter matching [39].  

To explain the precipitate shearing, the overall precipitation sequence is reviewed here: at the beginning 

of precipitation, a structure which is rich in solute atoms, but maintaining the same crystal structure as the 

matrix, will appear. These precipitates are called G.P. zones [40]. The G.P. zone then develops into a phase 

with a new crystal structure which will begin to grow larger. During this process, the coherency of the 

precipitate-matrix interface will begin gradually to be destroyed. Due to the similarity of the structures of 

matrix and precipitate in the early stages of precipitation, certain dislocations tend to shear through the 

particles. When the size of the new particle exceeds a critical value, the remaining coherency of the interface 

will not sustain dislocation shearing which will therefore transfer to Orowan looping.  



Hence, the essence of the transition from shearing to looping is influenced by the coherency of the 

interphase boundary. For the MgZn2 precipitates in Mg-Sn alloys, the orientation relationship determined in 

this work is [0001]𝑀𝑔 ∥ [12̅10]𝑀𝑔𝑍𝑛2 ,  [101̅0]𝑀𝑔 ∥ [0001]𝑀𝑔𝑍𝑛2 ,  [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2 . On the 

(11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2  interphase boundary, [112̅0]𝑀𝑔 ∥ [101̅0]𝑀𝑔𝑍𝑛2 . Regarding the lattice 

parameter, there seems to be a large mismatch between the magnitude of [112̅0]𝑀𝑔  (3.19Å) and 

[101̅0]𝑀𝑔𝑍𝑛2 (9.09Å). An image illustrating the orientation relationship between the Mg matrix and MgZn2 

precipitates viewed along [0001]𝑀𝑔 ∥ [12̅10]𝑀𝑔𝑍𝑛2  has been constructed using CrystalMaker[41] and is 

shown below in Figure 7.  

 

Figure 7 An illustration of the Mg-MgZn2 interface reconstructed by CrystalMaker. Note the 2-D view of 

the crystal structure does not reflect the actual chemical composition of the MgZn2 precipitate as some 

 

 

 



atoms are obscured 

 

However, the exact crystal structure of MgZn2 reveals that there are two Mg atoms near the 

(0001)𝑀𝑔𝑍𝑛2 plane which are close enough to be on the interphase boundary. With these two Mg atoms, 

the atom spacing along [101̅0]𝑀𝑔𝑍𝑛2 will then reduce to 3.03Å, resulting in a good registry between the 

two structures. In this case, as the magnitude of the Burgers vector in the Mg matrix (~3.2 Å) will be close 

to that in the MgZn2 (~3.03Å), this will lead to a semi-coherent, or even a constrained coherent interphase 

boundary with only 5.3% mismatch with the Mg matrix. An illustration of the similarity of crystal structures 

in the matrix (left column of atoms) and the precipitate (right column of atoms) in the [112̅0]𝑀𝑔 ∥

[101̅0]𝑀𝑔𝑍𝑛2 direction is shown below in Figure 8.  

 

Figure 8 Schematic illustration showing the similarity of crystal structure between [112̅0]𝑀𝑔 and 

[101̅0]𝑀𝑔𝑍𝑛2. With a suitable elastic strain, the interphase boundary could be semi-coherent or even 

coherent. The Burgers vectors are marked in the respective phases. 

 

In order to show the interface in Figure 7 (which is (11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2) more clearly, Figure 9 

is reconstructed with the viewing direction along [11̅00]𝑀𝑔 ∥ [0001]𝑀𝑔𝑍𝑛2  . The Mg atoms in the Mg 

matrix are coloured blue to enhance the contrast. With the Mg atoms near the (0001)𝑀𝑔𝑍𝑛2 plane on the 

interface, ordered periodic near-coincident sites (marked with red circles) can be found throughout the 

 

 

 

 



interface, which indicates that the crystal structures of the two phases on the interface are very similar.  

 

Figure 9 An illustration of the (11̅00)𝑀𝑔 − (0001)𝑀𝑔𝑍𝑛2 interface. The near-coincident sites are marked 

with red circles. The Mg atoms in the Mg matrix are coloured blue for better contrast 

 

In addition, it should be noted that 
1

3
〈112̅0〉𝑀𝑔 (𝑏1 in Figure 8) is a perfect vector in Mg, but the 

similar vector 
1

6
〈101̅0〉𝑀𝑔𝑍𝑛2 (𝑏2 in Figure 8) is not a perfect vector in MgZn2. The motion of a single 

dislocation with the Burgers vector 𝑏2 in MgZn2 will create an APB behind it, requiring a group of three 

 

 

 



together to maintain the crystal periodicity. 

Therefore, with a semi-coherent or coherent interphase boundary, the Burgers vector of the basal 𝐚 

dislocations will remain nearly the same throughout the matrix and the MgZn2 precipitate. On the other hand, 

with a similar shear modulus to that of MgZn2 but with a much higher mismatch on the interface, c-axis 

Mg2Sn rods in the Mg-6Sn-3Al alloy were not sheared. This again supports the idea that the coherency of 

the interphase boundary plays an important role in the transition from precipitate shearing to Orowan looping. 

Therefore, basal dislocations will face less resistance travelling into the precipitate, which could be the 

reason for the MgZn2 precipitates being sheared.  

4.2 Work-hardening in the Mg-6Sn-3Zn alloy 

It can be found for the Mg-6Sn-3Zn alloy that, even considering all the strengthening mechanisms, 

including solid solution strengthening, Orowan strengthening and precipitate shearing, the estimated strength 

is still lower than that of the actually measured 29.92MPa. In addition, pillar compression tests have revealed 

an enormous work-hardening rate in the Mg-6Sn-3Zn alloy compared with Mg-6Sn and Mg-6Sn-3Al. The 

average work-hardening rates of 10% strain from all three Mg-Sn alloys are shown in Figure 10: 

 

Figure 10 Work hardening rates of three Mg-Sn alloys with their respective loading directions 
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Work hardening is the increase in strength of metal due to blocking or cross slipping of dislocations 

preventing further dislocation motion [42]. For a precipitate strengthened alloy, the work hardening will be 

related to its precipitates. Assuming precipitates do not exist in the alloy, dislocations may glide freely within 

the alloys in groups and eliminate on the sample surface forming slip bands. With the existence of 

precipitates, the leading dislocations will be stopped at the precipitates which serve as a barrier. Therefore, 

succeeding dislocations will then pile up behind the leading dislocations and result in work hardening [43].  

The high work-hardening rate from the Mg-6Sn-3Zn alloy is contributed by both the Mg2Sn and the 

MgZn2 precipitates. For the Mg2Sn precipitates, comparing the Mg-6Sn and Mg-6Sn-3Al alloys, as indicated 

by Figure 10, the non-basal precipitates (Type 5 and Type 6 in Mg-6Sn-3Al) have increased the work-

hardening rate due to more basal 𝐚  dislocations being blocked and piling up at the precipitate-matrix 

interface which therefore resists further dislocation motion and promotes buckling and cross slip. The non-

basal Mg2Sn laths (Type 7 prismatic laths) will exhibit the same behaviour as the non-basal precipitates in 

the Mg-6Sn-3Al alloy. This would contribute to part of the strengthening and work hardening.  

The MgZn2 precipitates which are sheared during the slip are believed to be another main contributor 

to work hardening in the Mg-6Sn-3Zn alloy, which is different from Mg-6Sn and Mg-6Sn-3Al. As suggested 

by Alizadeh and Llorca, basal 𝐚  dislocations have to pile up at the MgZn2 precipitate-matrix interface 

before they can shear through the precipitate[44]. First-principles simulations of precipitates in Mg-Al alloys 

of the stacking fault energy indicate that a high stress is required to promote dislocation slip through the 

Mg17Al12 [45]. With multiple dislocations piling up prior to the dislocations penetrating the precipitates, 

stress is accumulated. This is also confirmed by Huang et al. on the shearable 𝛽1 precipitates in Mg-RE 

alloys along with the simulation of Esteban-Manzanares et al. of the Mg-Al alloy system[46], [47]. The main 

reason for the enormous work hardening in the Mg-6Sn-3Zn alloy may lie in the finely distributed c-axis 

MgZn2 narrow rods with a very high number density (contributing 78.60% of the entire precipitate 

population) and aspect ratio (~ 50:1). Therefore, fine and homogeneously distributed dislocation barriers 

will be present in the alloy. These barriers will then prevent further dislocation motion and lead to a great 

contribution to work hardening.  

Hence, the high strength and work hardening of the Mg-6Sn-3Zn alloys are contributed by the stress 

accumulation from both the Orowan looping around the non-basal Mg2Sn precipitates and the shearing of 

the MgZn2 precipitates; the MgZn2 precipitates are believed to be the main contributor.  

 



5 Conclusion 

In summary, a general modification of the Orowan strengthening equation has been proposed as an 

attempt to quantify accurately the contribution of different precipitate types to the CRSS of basal slip in 

multiple precipitate type systems. The modified Orowan model has been applied to the precipitate 

strengthening in the Mg-6Sn, Mg-6S-3Al and Mg-6Sn-3Zn alloys with multiple precipitate types. Although 

does not represent an exact solution, the suggested approach does appear to predict the strengthening in the 

three alloys we have studied sufficiently well, while retaining the simplicity and directness of earlier 

formulations (e.g. [25]). 

Micro-pillar compression tests designed to activate basal slip have determined the CRSSs of the Mg-

6Sn, Mg-6S-3Al and Mg-6Sn-3Zn alloys as 13.22MPa, 21.34MPa and 29.92MPa, respectively. Taking into 

account the basic strength of Mg, the contribution from Orowan strengthening, the solid solution 

strengthening and the precipitate shearing, the as-estimated CRSSs are 11.57MPa, 21.88MPa and 24.55MPa. 

For the Mg-6Sn and the Mg-6Sn-3Al alloys, the estimated results agree adequately with the experimental 

values. The gap between the as-estimated results and the experimentally measured result in Mg-6Sn-3Zn 

could be caused by stress accumulation from the precipitates.  
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