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DEFORMATION 
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This thesis presents a systematic study on evolutions of microstructure, microhardness and 

superplasticity of a Pb-62% Sn alloy processed by both equal-channel angler pressing 

(ECAP) and high-pressure torsion (HPT) and the subsequent self-annealing process at 

room temperature (RT).    

The Pb-Sn alloy exhibits characteristics with significant grain refinement after processing 

by ECAP and HPT but with a reduction in the hardness values by comparison with the 

initial as-cast condition.  For HPT processing, it is shown that there are generally smaller 

grains at the edges of the discs by comparison with the disc centres.  The hardness results 

are different from those generally reported for conventional single-phase materials where 

a hardening trend was commonly observed after HPT processing.  The significance of this 

difference is examined.  

The microstructures of the alloy after HPT were repeatedly investigated during the course 

of self-annealing by scanning electron microscopy (SEM), electron backscatter diffraction 

(EBSD) and scanning electron microscopy (TEM). A significant grain growth combined 

with increase of microhardness was observed. It was demonstrated that there was a large 

fraction of twin boundaries with a twin relationship of 62.8°<100> in the microstructure 

for the as-cast condition. Owing to the presence of high pressure, the mobility of Ʃ21 

boundaries at 71° was greatly favoured during processing by HPT. But the mobility of the 
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dislocation-twin boundary near 62.8°<100> was favoured during self-annealing at RT once 

the high pressure was removed. The HPT processing significantly increased the solubility 

of Sn in Pb phase. This supersaturated state of Sn in Pb is, however, not stable at RT 

during self-annealing and therefore a decomposition of Sn from Pb-rich phase was 

observed after 16 days of storage. Lattice diffusion should be considerable as the main 

mechanism for the decomposition. Moreover, abnormal grain growth was observed to be 

greatly favoured during self-annealing when the introduced strain was relatively low, i.e. 2 

passes by ECAP and the centre region of a HPT-processed disc after one turn. 

Consequently, a series of HPT-processed samples with different storage time was tested in 

tension at RT and at 1.0 × 10
-4

 - 1.0 × 10
-1

 s
-1

.  The results demonstrated that, despite the 

storage time, all processed alloy exhibited excellent RT superplasticity at 1.0 × 10
-4

 s
-1

 and 

the highest elongation of 630% was recorded in the processed alloy after storage for 4 days 

at RT.  The detailed investigation showed, due to the high strain rate sensitivity of the 

processed alloy, a transition strain rate of ~1.0 × 10
-2

 s
-1

 was observed in which stain 

softening with ductile behaviour is apparent due to active GBS below the transition point 

but high strength is observed because of grain boundary strengthening above the transition 

during plastic deformation at RT in the Pb-Sn alloy after HPT. 

Nanoindentation tests were then performed applying both indentation depth-time (h-t) 

relationship at holding stage and the hardness, H, at various loading rates to explore the 

evolution of strain rate sensitivity (SRS), m. The results obtained by both tensile test and 

nanoindentation show that the relatively fast self-annealing of the HPT-processed Pb-62% 

Sn eutectic alloy is occupying by an unambiguous changing-tendency of strain rate 

sensitivity. The results confirm the validity of using nanoindentation for measuring strain 

rate sensitivity. 
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Chapter 1 Introduction 

 

Many critical properties of polycrystalline materials such as strength and resistance to 

plastic flow are decided by the grain size. According to the Hall-Petch relationship, 

polycrystalline materials with small grain sizes have higher strength and a potential for use 

in superplastic forming operations at elevated temperatures. There are, in general, two 

approaches to achieve ultrafine-grained materials (UFG) which are termed the “bottom-up” 

and “top-down” procedures [1]. In the “bottom-up” procedure, the bulk solids are 

fabricated through the assembly of individual atoms or nanoparticulate solids.  This 

procedure has the capability of producing materials with exceptionally small grain sizes 

but it also has disadvantages such as contamination introduced during processing. On the 

other hand, the “top-down” approach avoids the introduction of either contaminants or 

porosity by taking a bulk solid with a relatively coarse grain size and then processing it to 

refine the grain size to at least submicrometer level. Processing by severe plastic 

deformation (SPD) is an important “top-down” approach for producing UFG materials 

using bulk solid with a relatively coarse grain sizes. It is usually achieved through heavy 

straining in order to introduce a high density of dislocations whose movements and re-

arrangement in location help to form an array of grain boundaries. By using conventional 

procedures, such as rolling and extrusion, work-pieces either reduce the cross-sectional 

dimensions as the process continues or exhibit low workability at room temperature and 

relatively low temperatures. Thus, an exceptionally high strain cannot be imposed due to 

the limitations. As a result, attention has been focused on developing alternative processing 

techniques which are capable of introducing extremely high strains at relatively low 

temperatures but without changing the cross-sectional dimensions of the samples [2], and 

therefore many different SPD processing techniques have been developed during past few 

decades. Among these various techniques, equal-channel angular pressing (ECAP) [3-6] 

and high-pressure torsion (HPT) [7-9] are especially attractive and became well-
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established methods for producing UFG materials. The following chapter will be devoted 

to discussing the basic principles of ECAP and HPT techniques.   

The Pb-62% Sn eutectic alloy is a classic superplastic material exhibiting a record 

superplastic elongation of 7550% [10] and therefore it is often used as a model material to 

study superplasticity. Although the Pb-Sn alloy and its superplasticity were well studied in 

the past, in this new era of materials science with many new technologies becoming 

available, it has been realised that there are very limited reports concerning the superplastic 

properties of this particular type of alloy processed using SPD and its microstructure and 

flow behaviour characterized by relatively recent means such as electron backscatter 

diffraction (EBSD) and nanoindentation. In order to produce very fine grains, the Pb-Sn 

alloy is processed with both ECAP and HPT at room temperature. However, it should be 

noted that the very low melting point (Tm) of this alloy which is equal to 456 K (183 °C) 

leads to room temperature (RT) as >0.6 Tm and it is well above the recrystallization 

temperature for the Pb-Sn alloy. Accordingly, the aim of this investigation was to examine 

the influence of SPD processing on the microstructure of the Pb-Sn alloy as well as its 

thermal stability at RT, and on the flow characteristics and superplastic property. 

It is now well established that the variation of hardness with equivalent strain introduced 

by SPD depends upon the nature of recovery in the material [11-14]. In general, there are 

three representative hardness modes for most of the metallic materials in response to SPD. 

First, the hardness increases initially with the increase of equivalent strain and then 

saturates at a reasonably high strain. This type of hardness mode can be found in many 

commercial metals such as Cu and Cu alloys [15-17] which exhibit strain hardening with 

little or no recovery during straining. Second, the hardness mode follows an initial increase, 

a subsequent decrease and thereafter leading to an essentially saturated value with the 

increase of straining. For this condition, the stacking fault energy is normally very high and 

cross-slip occurs easily to give rapid microstructural recovery. This type of hardness 

variation is common in materials such as high-purity Al [13,14,18,19] and high-purity Mg 

[20]. Finally, as will be demonstrated in this investigation, the hardness of the Pb-Sn alloy 

is significantly reduced by SPD compared with the initial unprocessed condition despite 

the fact that the grain size is reduced by SPD. This effect was reported in another two-

phase alloy which is Zn-22% Al eutectoid alloy [11,12]. However, this unusual 

phenomenon is not associated with the use of two-phase alloys because it was also shown 

recently that the hardness increased after SPD for the Al-33% Cu eutectic alloy [21]. The 
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possible explanations responsible for this strain softening effect in the Pb-Sn alloy is 

therefore worthy of examination in this investigation. 

 

To summarize, the aim of the present investigation was to gain information on the 

microstructural evolution of the Pb-62% Sn eutectic alloy processed by both ECAP and 

HPT. The processed alloy was then subjected to superplastic tensile test and 

nanoindentation creep tests in order to study the flow behaviour of the alloy after SPD. 

The main objectives of this investigation are listed as follows: 

 Investigate the evolution of the microhardness homogeneity in the Pb-Sn alloy 

processed by SPD. 

 Perform microstructural investigation on the Pb-Sn alloy processed by SPD and 

investigate thermal stability of the microstructure after processing.  

 Examine the strain softening effect and anneal strengthening effect on the Pb-Sn 

alloy processed by SPD. 

 Investigate superplasticity and flow behaviour of the Pb-Sn alloy processed by SPD.  
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Chapter 2 Literature review 

 

2.1 Principles of severe plastic deformation (SPD) 

The definition of severe plastic deformation (SPD) is given as any method of metal 

forming under an extensive hydrostatic pressure that may be used to import a very high 

strain to a bulk solid without the introduction of any significant change in the overall 

dimensions of the sample and having the ability to produce exceptional grain refinement. 

Accordingly, the shape of the working piece is confined in SPD processing by use of tool 

geometries which will generally prevent free flow of the material and thus produce a 

considerable hydrostatic pressure which then leads to grain refinement [8].   

Most SPD methods are capable of producing ultrafine-grained materials which have very 

small grains with an average grain size of less than 1 µm. As a result, SPD processing 

produces equiaxed microstructures with a majority of grain boundaries having high angles 

of misorientation which will then introduce advanced and unique properties to materials 

[22]. The commonly known SPD techniques which attract most attention at the present 

time are equal-channel angular pressing (ECAP) [5], accumulative roll-bonding (ARB) [23] 

and high-pressure torsion (HPT) [6].  Nevertheless, there are other SPD methods that have 

been developed and are available such as the conshearing process [24,25], repetitive 

corrugation and straightening (RCS) [26], twist extrusion (TE) [27] or further development 

of HPT and ECAP such as continuous HPT [28] and back-pressure ECAP [29] to solve 

existing issues in SPD processing such as limited sample size and low processing 

continuity. Nevertheless, since the current work will be only focused on ECAP and HPT, 

the detailed information of these two methods will be given in the following sections. 

2.1.1 Equal-channel angular pressing (ECAP)  

ECAP first emerged in the 1970s and 1980s and was introduced by Segal and his co-

workers in order to impose high strains to metal billets by simple shear [30,31]. It was soon 
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discovered that this particular type of technique had great potential in advance of other 

methods for producing UFG materials.  

The basic principle of ECAP is illustrated schematically in Fig. 2.1 [32] where the die is 

designed with a bent channel cut inside. The angle of the channel, Φ, equal to 90° in Fig. 

2.1 and there is another angle, Ψ, equals to 0° which donates the outer arc of the curvature 

where the channel bends. The sample is machined in a shape of a bar or rod in order to fit 

into the channel and it is then pressed through the die using a plunger. Three orthogonal 

planes are defined in Fig. 2.1: the X plane which is perpendicular to the flow direction, the 

Y plane which is parallel to the side face at the exit of the die and the Z plane which 

parallels to the top surface at the exit of the die, respectively. As the sample passes through 

the die, the shear in the form of the imposed strain is introduced as shown in Fig. 2.2 [33]. 

The shear plane is shown between the two elements labelled 1 and 2 within the sample 

where these elements are deformed by shear which is also shown in the lower part of the 

diagram. The cross-sectional dimensions remain unchanged after processing despite a very 

intense strain which has been introduced to the sample.   

 

 

 

Fig. 2.1. A typical ECAP facility showing with the X, Y and Z planes representing the 

transverse plane, the flow plane and the longitudinal plane, respectively [32]. 
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Fig. 2.2. The shearing plane during ECAP [33]. 

2.1.1.1 The strain introduced in ECAP 

The strain imposed on a sample during ECAP may be estimated using a method based on 

the various die configurations shown in Fig. 2.3 [34], where the channel angle, Φ, and the 

arc of the curvature, Ψ, are denoted. Three different situations are illustrated as:  Ψ = 0° in 

Fig.  2.3 (a), Ψ = (π − Φ)° in Fig.  2.3 (b) 0°< Ψ < (π − Φ)° in Fig. 2.3 (c). The strain is 

estimated without any friction between the sample and the die. 

For the situation where Ψ = 0°, the shear strain, γ, is given by  

                                                                 𝛾 = 2 𝑐𝑜𝑡  (
𝛷

2
)                                     (2-1) 

For the situation where Ψ = (π − Φ)°, the shear strain, γ, is given by 

                                                                  𝛾 =  𝛹                                                (2-2) 

From inspection, the shear strain, γ, when 0°< Ψ < (π − Φ)° is given by  

                                    𝛾 = 2 cot (
𝛷

2
+  

𝛹

2
) +  𝛹 𝑐𝑜𝑠𝑒𝑐 (

𝛷

2
+ 

𝛹

2
)                       (2-3)    
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As a result, the equivalent strain after N passes, 𝜀𝑁, can be expressed in a general form as 

[34]:  

                            𝜀𝑁 =  
𝑁

√3
 [2 cot (

𝛷

2
+ 

𝛹

2
) +  𝛹𝑐𝑜𝑠𝑒𝑐 (

𝛷

2
+  

𝛹

2
)]                     (2-4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.3. The angle of intersection of the two channels, Φ, and the angle of the outer 

curvature, Ψ: (a) Ψ = 0, (b) Ψ = π – Φ, (c) an arbitrary value of Ψ lying between Ψ = 0 and 

Ψ = π – Φ [34]. 

 

There are model experiments that were conducted to examine the use of Eq. (2-4). As a 

result, the experimental data were in excellent agreement throughout 85% of the billet 

although there was a region of non-uniformity taking only ~15% of the total area which is 

located near the lower surface of the billet [35,36].  It is generally recognised that the arc 

of curvature, Ψ, has less effect on the equivalent strain in comparison with the channel 

angle, Φ [37].  



 

9 
 

2.1.1.2 Fundamental parameters of ECAP 

The microstructures produced by ECAP are significantly different using four basic 

processing routes from which different slip systems are introduced [38-40]. The four basic 

processing routes are shown schematically in Fig. 2.4. It should be noted in route C, the 

shearings continue on the same plane in each pass but the direction of shear is reversed. It 

is obvious that in route BC, slip in the first pass is cancelled by slip in the third pass and 

slip in the second pass is cancelled by slip in the fourth pass. On the contrary, there are two 

independent shearing planes intersecting at an angle of 90° in routes A and four different 

shearing planes at angles of 120° in route BA, therefore there is a cumulative building up of 

extra strain on each pass. 

 

 

 

 

 

 

 

Fig. 2.4. The four basic processing routes in ECAP [33]. 

 

The channel angle, Φ, which decides the total strain imposed in each pass is the most 

important experimental factor and thus has a strong influence on the microstructure 

obtained after ECAP. An example is given in Fig. 2.5 which shows resultant 

microstructures with selected area electron diffraction (SAED) patterns in pure aluminium 

using a series of dies having different channel angles of 90°, 112.5°, 135° and 157.5°. 

Billets were pressed through these dies at room temperature using route BC. By adjusting 

the numbers of passes for each die, the total imposed strains were controlled at ~4 for each 

sample. Accordingly, the samples were pressed through 4, 6, 9, and 19 passes 

corresponding to total strains of 4.22, 4.27, 4.21 and 4.33 for dies having angles, Φ, of 90°, 

112.5°, 135° and 157.5°, respectively. It is obvious that ultrafine equiaxied grains were 

attained using a die of 90°. This is further proven by inspecting the SAED pattern where 

discontinuous rings were formed suggesting microstructure was separated by high-angle 
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boundaries [41]. On the contrary, the microstructure became less regular as the die angle 

increased and the SAED patterns also show there were higher fractions of boundaries 

having low angles of misorientation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.5. Microstructures and SAED patterns obtained from pure Al using dies with 

different channel angles [41]. 

 

It can be concluded based on these results that channel angle has a major impact on the 

microstructure obtained by ECAP and at least for Al alloys it is more important to impose 

a very high strain on each separate pass in determining the microstructure in ECAP rather 

than the total cumulative strain in order to obtain more high angle grain boundaries. 

The processing temperature is another key factor of ECAP as it can be easily practiced. In 

order to ensure the temperature within the die is correct and stable, a thermocouple is often 

inserted into a small hole which is designed close to the shearing plane. There is a detailed 

report based on using this device which investigated the influence of the temperatures from 

room temperature to 573 K and involved samples of pure Al, an Al-3%Mg alloy and an 
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Al-3%Mg-0.2%Sc alloy [42]. The results are shown in Fig. 2.6. It was confirmed in this 

investigation that larger grains were more likely to form at the higher processing 

temperatures. On the contrary, a higher fraction of high-angle grain boundaries is much 

easier to be obtained at the lower temperatures [43-46].  From all these results, it can be 

concluded that although it is experimentally much easier to process samples at high 

temperatures, microstructures with ultrafine-grain will be achieved only when the 

processing is operated at the lowest possible temperature in which any significant 

segmentation will not be introduced to the billets.   In summary, the smallest possible 

equiaxed grains and the greatest fraction of high-angle boundaries can be achieved by 

utilizing a low processing temperature.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. Grain size after ECAP versus the pressing temperature for pure Al, Al-3%Mg and 

Al-3%Mg-0.2Sc alloys [42]. 

2.1.1.3 UFG microstructure introduced by ECAP  

It is evident that the microstructure produced in pure aluminium by ECAP becomes 

essentially homogeneous after four passes using route BC [47]. Furthermore, experimental 

results concerning an Al-3%Mg-0.2%Sc alloy processed by ECAP demonstrate that the 

tensile properties of miniature specimens which are cut from the as-pressed billets with 
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their tensile axes oriented parallel to the orthogonal directions, X Y and Z are essentially 

identical [48].  Thus, it is sensible to make a conclusion that no obvious anisotropy is 

introduced by ECAP. There is another report concerning commercial-purity aluminium 

compressed at room temperature using high strain rates from 1.0 × 10
-1

 to 2.2 × 10
2 

s
-1

 

which developed arrays of subgrains having sizes between ~1.00-1.13 µm [49].  These 

grain sizes are essentially very close to the equiaxed grain size of ~ 1.2-1.3 µm produced in 

pure aluminium by ECAP at room temperature [50,51].  This similarity suggests that 

ECAP is more capable of introducing much larger strains compared with conventional 

metal-working processing. The significant feature of ECAP is that the sample remains the 

same in terms of cross-sectional area after each individual passage such that repetitive 

pressings are possible. Therefore, materials processed by ECAP may be deformed to very 

high strains whereby the subgrain boundaries evolve into high-angle boundaries through 

the absorption of dislocations. As a result, arrays of ultrafine grains separated by high-

angle grain boundaries are produced.  

The average grain size for high purity aluminium processed by ECAP after 8 passes is 

around ~1.3 µm which is large by comparison with most materials processed by ECAP. It 

is possible to achieve much finer grain sizes by alloying but the production of equiaxed 

grains may require continuing pressing to a large number of passes. For example, a report 

concerning Al-Mg solution alloys processed by ECAP exhibits that the average grain size 

is reduced to ~ 0.45 µm after 6 passes in an Al-1%Mg alloy and to ~ 0.27 µm after 8 

passes in an Al-3%Mg alloy. The two microstructures are shown in Fig. 2.7 along with the 

SAED patterns in which the presence of high-angle boundaries is confirmed [52].   

 

 

 

 

 

Fig. 2.7. Microstructures in Al-1%Mg after ECAP for 6 passes and Al–3%Mg for 8 passes 

[52]. 
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Combining processing by ECAP with some other post-ECAP procedure has a great 

potential for further decreasing the grain size. For example, a Cu-0.1 wt.% Zr alloy was 

processed following a procedure with a combination of ECAP and HPT [53].  

Representative crystal orientation images for two samples which were processed by 4 

passes of ECAP followed by 5 turns of HPT and 8 passes of ECAP followed by 5 turns of 

HPT are shown in Fig. 2.8 and the distributions of misorientation angles are given in Fig. 

2.9. Well equiaxed grains and a reasonably random distribution of grain orientations are 

achieved by combination processing. It can be seen that the occurrence of a continuing 

evolution even up to 8 passes of ECAP and 5 turns of HPT. In addition, it is apparent from 

Fig. 2.9 that there is no significant difference in the distributions of the misorientation 

angles at the centres and the edges of these samples and the fractions of high-angle grain 

boundaries are very similar at ∼63% in Fig. 2.9(a) and ∼66% in Fig. 2.9(b). These results 

demonstrate that a reasonable level of microstructural homogeneity may be achieved in the 

Cu-0.1% Zr alloy by a combination of ECAP and HPT processing. 

 

 

Fig. 2.8. OIM maps of a Cu-Zr alloy after processing for (a) ECAP 4passes + HPT 5 turns 

and (b) ECAP 8 passes + HPT 5 turns [53]. 
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Fig. 2.9. The distribution of boundary misorientation angles after processing for (a) ECAP 

4 passes + HPT 5 turns and (b) ECAP 8 passes + HPT 5 turns: separate distributions are 

shown for the centre and edge positions [53]. 

 

Back pressure can be applied if the processing material has poor room temperature 

workability. A magnesium alloy Mg–3Al–1Zn (wt.%) was successfully processed by 

ECAP at room temperature with the application of a back-pressure three times larger than 

the yield stress in a 90° die [54]. Compared with FCC metals such as Al alloys, Mg alloys 

exhibit poor formability at room temperature due to their high critical stress for non-basal 

slip and twinning. However, by applying a back-pressure, non-basal <c+a> slip can be 

activated therefore leading to efficient grain refinement [55]. The initial twin-roll casting 

AZ31 alloy was homogenized at 470 °C for 2 h and therefore resulted in an average grain 

size of 10 µm. The billet of the solution heat-treated AZ31 was processed for one pass in a 

90° die using a back-pressure of 16 tonnes  (400 MPa). The microstructure of the deformed 

billet was examined by EBSD at the upper, central and bottom positions on the Y plane. 

The representative microstructures are shown in Fig. 2.10 where (a) is the initial state prior 

to ECAP and (b), (c) and (d) are top, centre and bottom parts on Y plane, respectively. 

Close inspection of Fig. 2.10 suggests the microstructure changes significantly during 

ECAP and the EBSD maps show a large reduction in grain size depending on the 

geometrical location on the specimen. The top part shows a large fraction of twins. This 

region is deformed essentially only by twinning because the strain introduced by ECAP is 

smaller here than in the lower regions. In the middle region the distribution is still bimodal 

but the relative population of small grains is smaller. Finally, at the bottom part the 

bimodal structure is not evident, although banding is still visible in the OIM map in Fig. 

2.10 (d). This work demonstrates that by using a back-pressure three times larger than the 
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yield stress, it is possible to process AZ31 alloy by 90° with ECAP at room temperature. 

The grain size was reduced from 10 µm in the cast alloy to ~3.7 µm after one-pass ECAP. 

 

 

Fig. 2.10. Orientation map in AZ31: (a) as-received; (b) the top surface on Y plane; (c) the 

centre part on Y plane; and (d) the bottom surface on Y plane [54]. 

 

2.1.1.4 Processing two-phase alloys by ECAP  

Numerous reports have been published describing evolution of microstructures produced 

by ECAP on two-phase alloys. This includes alloys such as Pb-Sn alloys [56,57] and Zn-Al 

alloys [58,59]. These alloys contain binary structures with secondary phases distributed 

randomly in the microstructure without any preference in terms of orientation in space. 

However, processing by ECAP often introduces grain refinement as well as redistribution 

of second phase particles, e.g. second phase particles tend to be elongated and distributed 

along the shear stress introduced by ECAP.  

The evidence of this redistribution can be seen in Fig.2.11 where the left column is the Pb-

62% Sn alloy under (a) cast condition and (c) processed by T-shaped ECAP for four passes 

and the right column is a Zn-Al (ZA-12) alloy containing 10wt.%Al-0.84wt.%Cu-

0.25wt.%Mg under (b) cast condition and (d) processed by ECAP for one pass. It should 

be noted that rather than having a L-shaped channel in ECAP die, T-shaped ECAP has a T-
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shaped channel in ECAP die where material is placed in one end of the channel and 

pressed to exit from the two channels down blow without any change in the cross-section 

of the sample [57]. It is evident to see in Fig. 2.11 that the secondary phase of Pb-rich 

phase and Al-rich phase are homogeneously distributed and there are appearances of 

dendritic structures in as-cast conditions. Processing by ECAP introduces significant grain 

refinement and the dendritic structures of secondary phases are broken apart and aligned 

with shearing stress.  

 

Fig. 2.11. Microstructures of the Pb-62% Sn and ZA-12 samples (a and b) under cast 

condition and processed by ECAP after (c) 4 pass and (d) one pass, respectively [57,59]. 

On the other hand, mechanical properties often behave unexpectedly for these alloys, e.g. 

most metals exhibit strengthening with grain refinement after processing by ECAP but the 

Pb-Sn and Zn-Al alloys exhibit significant softening with grain refinement after ECAP 

which is completely opposite to the Hall-Petch relationship. The evidence of this strain 

softening effect can be seen in Fig. 2.12 where stress is plotted against strain for the (a) Pb-

62% Sn alloy and (b) the Zn-22% Al alloy processed by ECAP with different numbers of 

passes. One of the most obvious tendencies revealed by these plots is that the strength 

decreases significantly after ECAP and it further decreases as the numbers of passes 
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increase. All of these reports are not designed to focus on this strain softening effect, 

nevertheless there are some explanations given such as recrystallization, breaking up of 

elongated grains [56] and inverse dependence on grain size during flow at elevated 

temperature since low melting points mean room temperature is elevated temperature for 

these alloys [58,60]. It should be noted that the strain softening effect will be studied and 

explained in detail during this investigation.  

 

Fig. 2.12. Tensile tests performed on (a) Pb-62% Sn alloy and (b) Zn-22% Al alloy 

processed by ECAP [56,58]. 

2.1.2 High-pressure torsion (HPT) 

The concept of HPT was first introduced by Bridgman. Different from the modern HPT we 

know today, he used a bar in his work. The two ends of the bar were held rigidly and there 

was a centre piece located in the middle section of the bar which can rotate with respect to 

the ends and the two small machined sections with reduced radii experienced a torsional 

strain. Nevertheless, the pressure introduced by this method was up to ~1 GPa which is 

very close to the magnitude to the lower pressures used in modern HPT testing. [61].   

2.1.2.1 The strain introduced in HPT 

The fundamental principles of modern HPT processing are illustrated schematically in Fig. 

2.13 [62]. The disc sample is placed between two anvils and subjected to a compressive 

pressure, P and it is then subjected to a torsional strain, which is imposed through rotation 

of the lower anvil. The processing can be carried out both at room temperature or at an 

elevated temperature and proceeds under a quasi-hydrostatic pressure because the disc is 
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deformed by shear from surface frictional forces.  By inspection of Fig. 2.14 [63], the shear 

strain, 𝛾, can be calculated by 

𝛾 =  
2𝜋𝑁∙𝑟

ℎ
,               (2-5) 

where N is the number of revolutions, r is the radius of the disc and h is the thickness of 

the disc. Thus, the equivalent von Mises strain is then deduced using the relationship [64-

66]: 

𝜀 =  
𝛾

√3
⁄              (2-6) 

 

 

 

 

 

 

 

 

 

Fig. 2.13. Schematic illustration of HPT processing [62]. 

 

 

 

 

 

 

 

Fig. 2.14. Parameters used in estimating the total strain in HPT [63]. 
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The total strains imposed on discs processed by HPT may be estimated by preceding 

equations. For example, in Fig.2.15, the accumulated strains are calculated using Eq. (2-5) 

for the conditions where the radiuses of the discs are 10.0, 5.0, 1.0 and 0.1mm, respectively; 

meanwhile, the thickness is fixed at 0.1 mm, and the estimated equivalent strains are 

plotted against the numbers of revolutions [67]. It should be noted that the curves in all 

conditions reach a quasi-saturation after about 2 revolutions and thereafter the accumulated 

strains remain almost unchanged between selected points at the edge of the disc and near 

the centre of the disc at r = 1.0 mm.  

 

 

 

 

 

 

 

 

Fig. 2.15. Equivalent strain plotted against the number of revolutions for different 

distances from the centre of the HPT discs [67]. 

2.1.2.2 Fundamental parameters of HPT 

In practice, there are at least three different types of HPT processing which are 

schematically illustrated in Fig.2.16 as unconstrained, constrained and quasi-constrained 

HPT, respectively [67].  

In unconstrained HPT, the sample is located on the lower anvil and subjected to an applied 

pressure as shown in Fig.2.16 (a). The material, under this condition, is allowed to flow 

outwards and only a small back-pressure is imposed due to the frictional forces acting 

between the sample and the two anvils [67]. 

In constrained HPT, the specimen is fitted into a cavity in the lower anvil which is shown 

in Fig. 2.16 (b) and the load is applied so that there is no outward flow of material during 

processing. It is, however, generally difficult to achieve an idealized constrained condition 

and constrained HPT is often conducted under a quasi-constrained condition as illustrated 



 

20 
 

in Fig. 2.16 (c) where the sample is confined within the cavity between the two anvils but 

with the occurrence of some limited outward flow during processing [67]. In this 

investigation, the quasi-constrained HPT was used for processing the samples.  

 

 

 

 

 

 

Fig. 2.16. Schematic illustration of HPT for (a) unconstrained, (b) constrained and (c)  

quasi-constrained conditions [67]. 

 

One of the important features in processing with HPT is that the introduced strain changes 

across the discs and theoretically it is reduced to zero at the centre of the disc. As a result, 

the microstructures produced by HPT will be considerably inhomogeneous. However, 

numerous reports concerning many materials processed by HPT suggest that there is a 

potential for obtaining a gradual evolution of a fairly homogenous microstructure. Much of 

the data available on the presence or absence of homogeneity was achieved by measuring 

local microhardness and then associating a selected set of these hardness values with 

microstructural observations. 

In practice, the variation of homogeneity is detected through taking measurements of the 

microhardness values across diameters of the discs after HPT processing. The first attempt 

to measure the microhardness across the surface of an HPT disc was carried out in 

experiments on high purity Ni [68]. Specifically, the microhardness values shown in 

Fig.2.17 were taken along eight separate points on the diameters oriented at angular 

increments of 45° around each disc where Fig.2.17 (a) shows the variation of Hv values 

across two specimens processed using different applied pressure, P, and Fig.2.17 (b) gives 

the average values of Hv taken in the centre and at the edge of discs using a range of 

different P up to 9 GPa. By inspection of Fig. 2.17 (a), it can be concluded that all of the 

microhardness values are higher than for the unprocessed nickel however at lower P of 1 

GPa. There is a non-uniform distribution of microhardness values across the disc diameter 
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with considerably lower values in the centre and higher values at the edge of the disc, 

whereas under the condition of P = 9 GPa there is a minor increase in Hv at the edge of the 

disc but an obvious increase in the centre which indicates an increased uniformity in Hv 

with increasing P at the edge of the disc.  

 

 

 

 

 

 

 

 

Fig. 2.17. Microhardness values of nickel processed by HPT at room temperature for 5 

turns (a) at two different applied pressures and (b) the average microhardness at the central 

and edge regions as a function of the applied pressure [68]. 

 

TEM images were taken from the two specimens processed at two different applied 

pressures of 1 and 6 GPa near both the centre and the edge of each disc. Examples of 

microstructures along with the corresponding selected area electron diffraction (SAED) 

patterns at the centre and edge regions of the disc processed at 1 GPa are shown in Fig. 

2.18  (a) and (b), and edge region of the disc processed at 6 GPa is shown in Fig. 2.18 (c). 

It can be concluded from inspection that microstructural refinement is greater near the edge 

region than in the centre of the disc in Fig.2.18 (a) and (b). In addition, the SAED pattern 

in Fig. 2.18 (c) contains many spots located around circles revealing the presence of 

boundaries having large misorientation angles in the edge region. The measured average 

grain size in the centre region in Fig. 2.18 (a) is ~ 2 times larger than that at the edge 

region Fig. 2.18 (b) and the SAED pattern consists of separate spots indicating the 

presence of a large fraction of grain boundaries with low angles of misorientation. On the 

contrary, the microstructures for the specimen processed at 6 GPa were reasonably similar 

at both the centre and the edge of the disc and the SAED pattern consists of rings 

indicating the presence of boundaries having high angles of misorientation. The measured 
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average grain size for this condition was ~ 0.17 µm for both the centre and edge of the disc 

[68].  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.18. Microstructures of HPT nickel for (a) the central part of the disc after 5 turns at 1 

GPa, (b) the edge of the disc after 5 turns at 1 GPa and (c) the edge of the disc after 5 turns 

at 6 GPa [68]. 

 

The results demonstrate that HPT holds the potential to produce ultrafine-grained 

microstructures in high purity nickel, however, homogeneity across the disc requires an 

applied pressure greater than ~6 GPa and revolutions of more than 5 turns when the 

processing is conducted at room temperature. Therefore, it is reasonable to conclude from 

this investigation that processing parameters of strain and applied pressure, P, are equally 

very important in determining the extent of microstructural refinement and the increase of 

microhardness after HPT.  

The applied pressure, P, is one of the important processing parameters in determining the 

homogeneity of microstructures and mechanical properties of samples processed by HPT. 

In Fig. 2.19, a complete description of the influence of P is illustrated for Ni discs 



 

23 
 

subjected to 5 whole turns under applied pressures of (a) 1 GPa, (b) 3 GPa, (c) 6 GPa and 

(d) 9 GPa [63]. The local hardness values are plotted in the form of three-dimensional 

contour meshes coded using different colours. It is obvious in Fig. 2.19 that all measured 

microhardness values are larger than the unprocessed condition where the hardness is only 

~1.4 GPa.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19. Three-dimensional colour coded contour meshes of microhardness in nickel 

processed by HPT as a function of the applied load: (a) 1 GPa, (b) 3 GPa, (c) 6 GPa and (d) 

9 GPa [63]. 

 

 

In addition, the microhardness values are distributed non-uniformly across the diameters of 

the discs where there are low hardness values in the centres of the disc and high values 

near the edges of the discs. It should be noted that an increase in P from 1 to 9 GPa gives 



 

24 
 

an overall increase in the values of Hv for all discs. However, the non-uniformity in terms 

of hardness values is gradually removed as P increases until P = 9 GPa, where the hardness 

values are reasonable homogeneous. This particular effect of the increase in the average 

microhardness with increasing applied pressure may be due to the higher microhardness 

values sweeping from the edges of the discs across the whole discs to ultimately provide a 

more homogeneous distribution which is especially obvious in Fig. 2.19 (d) at an applied 

pressure of 9 GPa. 

Examples of TEM images are shown in Fig. 2.20 for three discs processed at 1, 3 and 9 

GPa for 5 turns where the upper row corresponds to the centres of each disc whilst the 

lower row represents the edges of the discs. There are a few characteristic features revealed 

from inspection of Fig. 2.20. First, the average grain size at the centres of the discs is much 

larger than in the edge regions and the largest difference in grain size between these two 

regions appears at the smallest applied pressure of 1 GPa where the subgrains in the central 

region are ~2-3 times larger than at the edge. This can be confirmed by observing the 

SAED patterns of discontinued and elongated spots, which also suggests the presence of 

high internal stresses. Elongated grains appeared at the centre of the disc processed at 3 

GPa which suggest the processing condition is not sufficient to form a homogeneous 

microstructure, but the grains are reasonably equiaxed at the periphery and show less 

difference compared with the central region in terms of grain size. By contrast, the 

microstructures are reasonably similar both in the centre and edge of the disc processed at 

9 GPa which indicates a homogeneity across the disc.  

The number of revolutions is also an important factor in processing by HPT. Examples of 

Ni subjected to an applied pressure of 6 GPa are shown in Fig. 2.21 where microhardness 

values are plotted in colour coded contour meshes of discs processed through (a) 1/2, (b) 1, 

(c) 3 and (d) 7 turns [63]. Inspection of all the discs shows microhardness values are again 

lower in the centre and higher at the edge of the discs, especially for the disc after one 

whole turn. However, the regions with high microhardness values initially located at the 

edge of the discs seem to move inwards towards the centre of the discs as the number of 

revolutions increased and at its maximum at N = 7 revolutions the values of Hv are fairly 

homogeneous across the disc.  
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Fig. 2.20. The TEM microstructures of nickel processed by HPT through N = 5 turns at 

pressures of 1, 3 and 9 GPa: the upper row corresponds to the edge of the disc and the 

bottom row corresponds to the centre [63]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.21. Three-dimensional colour coded contour meshes of microhardness in nickel 

processed by HPT as a function of the number of turns at a pressure of 6 GPa: (a) N = 1/2 

turn, (b) N = 1 turn, (c) N = 3 turns and (d) N = 7 turns [63]. 
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2.1.2.3 Processing two-phase alloys by HPT  

HPT has the capacity to introduce significantly large straining into the processing materials. 

However, different materials will exhibit different strain behaviors when subjected to HPT. 

For two-phase alloys, at the present time there are two opposite types of hardness variation 

modes which have been discovered and they are strain hardening and strain softening with 

grain refinement. In the following section, examples of these two different modes will be 

illustrated. 

Strain hardening 

A typical Cu-Ag eutectic alloy exhibits strain hardening after processing by HPT [69]. The 

values of the Hv recorded across the diameter of each disc are plotted against the distance 

from the centre in Fig. 2.22, where each datum point is an average of eight values recorded 

at the same distance from the centre with the standard deviation. It is evident that the 

microhardness increase considerably throughout the disc after one revolution. However, 

there is a strain gradient from the edge to the centre of each disc where hardness is lower 

near the centre and higher at the edge of each disc. This is very common for most of metals 

processed by HPT because the strain introduced by HPT gradually reduce to zero when the 

location is at the centre of the disc. After a disc is processed after 20 turns, the results show 

that the microhardness increases to a higher level, and a saturation hardness value is 

obtained. The microhardness values recorded in the three discs processed to different 

numbers of revolutions are then plotted as a function of the equivalent strain in Fig. 2.23 

and the results give a typical strain hardening tendency where microhardness increases 

significantly when the introduced strain is small and it then reaches to a saturation point 

after large numbers of revolutions when the introduced strain is very large. Close 

inspection of Fig. 2.23 reveals that the Hv values increase continuously in relation to the 

equivalent strain over a wide range, and it is not saturated until the equivalent strain 

approaches to about 120 which is a strong indication that the eutectic Cu-Ag alloy 

possesses a stronger strain hardening ability than pure metals during HPT processing [15]. 

It is equally apparent that the strain threshold for a saturation micohardness is much larger 

than in single-phase metals and alloys [12,14,16,70].  
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Fig. 2.22. Variation in the average Vickers microhardness of a Cu-Ag alloy recorded 

across the diameter of the HPT discs after different numbers of turns: the broken line 

indicates the average Vickers microhardness of the as-received material [69]. 

 

 

Fig. 2.23. The average Vickers microhardness of a Cu-Ag alloy plotted against the 

equivalent strain for different numbers of turns [69]. 

 

After processing by HPT for a different numbers of turns, microstructures of the discs are 

shown in SEM images to demonstrate the plastic flow of the material. The summarized 



 

28 
 

results are shown in Fig. 2.24 where deformed microstructures of the selected areas of the 

discs processed after 1, 5 and 20 turns are given. After one turn, there is a limited strain 

which has been introduced to the centre of the disc. By contrast, both Cu and Ag phases 

are deformed and elongated more along the torsional strain after 5 turns than after 20 turns 

whereas the microstructure near the centre region is similar to after 5 and 20 turns. A strain 

gradient is, therefore, revealed throughout the discs with relatively low strain at centre and 

very large strain at the edge of the discs and this is in excellent agreement with the 

microhardness results. Inspection of Fig. 2.24 shows that at the peripheral of the discs, the 

shear strain is much higher than at both the centre and mid-regions and a greater 

refinement is achieved. After one turn, both coarse and fine eutectic phases can be easily 

identified and the grains are much finer at the edge area. After 5 turns, it is almost 

impossible to distinguish the coarse eutectic phase and some shear bands also appear in the 

microstructure. Finally, both the coarse and fine eutectic phases are fully refined and 

distributed homogeneously after 20 turns [69].  It is therefore evident to see that for the 

Cu-Ag ally, microhardness increases as grain size is reduced which is accompanied with 

the increase of strain introduced by HPT.  

 

 

 

Fig. 2.24. Microstructures of a Cu-Ag alloy taken from the selected positions on the 

transverse sections of the HPT discs after straining through (a1–a3) 1 turn; (b1–b3) 5 turns 

and (c1–c3) 20 turns [69]. 
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Strain softening 

It was demonstrated recently in an investigation that a Zn-22% Al eutectoid alloy has a 

significant strain softening effect accompanied with grain refinement after processing by 

HPT [11].  Microhardness values of the Zn-Al alloy were recorded after processing by 

HPT following a rectilinear grid pattern on each disc. The contour maps are shown in Fig. 

2.25 for samples processed with various experimental conditions. For all discs, it is 

obvious that Hv values are higher in the centres and lower at the edges but the area 

occupied by these higher values decreases with increasing rotational speed and with 

increasing numbers of turns. Fig. 2.26 shows the hardness datum points collected across 

the diameters of each disc as the Hv values against the calculated equivalent strain. The 

initial annealed condition is indicated by the black broken line. Inspection of Fig. 2.26 

shows there is an excellent agreement between the various datum points and therefore 

confirms that there is a significant strain softening effect occurred during HPT processing  

 

 

Fig. 2.25. Color-coded contour maps showing the distributions of values of the Vickers 

microhardness over the surfaces of discs of a Zn-Al alloy processed by HPT under five 

different conditions [11]. 
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Fig. 2.26. The Vickers microhardness values plotted against the equivalent strain for the 

five experimental conditions: the level for the unprocessed annealed condition is indicated 

[71].  

 

 

Fig. 2.27. Micrographs taken on a disc processed by HPT for 1 turn: (a) near the edge of 

the disc and (b) near the centre of the disc [71]. 

where higher strains will lead to lower microhardness. As in normal HPT processing there 

is a tendency to achieve a saturation condition after a sufficient number of turns. In Fig. 

2.27, representative microstructures are shown for a disc processed by HPT after 4 turns at 
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6.0 GPa using a rotation speed of 1rpm with separate displays showing near the edge of the 

disc and at the centre of the disc. It is evident that the grains are generally refined. At the 

edge of the disc, the Zn and Al grains are clearly seen and they are basically equiaxed in 

shape and there is no evidence of lamellar structure and the microstructure shows an 

inhomogeneous distribution of the Zn and Al grains in agglomerates which follow the 

direction of torsional straining around the edge of the disc. By contrast, at the centre of the 

disc microstructure is very similar to the initial annealed condition where there are both 

regions of fairly equiaxed grains and regions having lamellar structure. Accordingly, the 

results demonstrate exceptional grain refinement around the edges of HPT discs of the Zn-

Al alloy. Although the grain is reduced by HPT, the measured hardness values after 

processing are lower than the initial annealed condition. In this investigation, the reason 

responsible for the strain softening effect is associated with a significant reduction in the 

distribution of rod-shaped precipitates of Zn which are visible within the Al-rich grains 

[72,73], but there is no direct evidence for HPT processed samples. It is now clear that the 

strain softening is not associated with the use of two-phase alloys since the Cu-Ag alloy 

exhibits strengthening rather than softening after processing by HPT and the softening 

mechanism for some two-phase alloys is still unclear. Therefore, it is the aim of the current 

work to investigate this strain softening effect. Also, there is limited information about the 

Pb-62% Sn alloy processed by HPT, therefore investigating the microstructure and 

microhardness evolution of the Pb-Sn alloy processed by HPT is also very important.  

2.1.3 Different models of hardness evolution in UGF materials processed by HPT 

As explained by Eq. (2-6), torsional straining by HPT has a radial symmetry across any 

randomly selected diameter of a disc. Therefore it is possible to measure the hardness 

values across the disc diameter and the correlation between hardness and torsional strain 

can be easily established using Eq. (2-6). This means that the hardness evolution, namely 

deformation mechanism of various polycrystalline materials introduced by HPT can be 

systematically investigated. So far the hardness evolution by HPT processing was 

examined for many difference simple metals and alloys and the summary of this point can 

be found in two recent reports [74,75]. However, of all these metals and alloys, there are 

three hardness models can be concluded which will be discussed in details as following 

section. 
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2.1.3.1 Microhardness with hardening 

Most metals tend to show the results where there is higher hardness at the edges and lower 

hardness at the centres of the discs in the early stage of processing, but thereafter the low 

hardness in the centre region increase with increasing numbers of turns. A typical example 

is given in Fig. 2.28 where (a) shows microhardness variation across the diameter of a  

 

 

 

 

Fig. 2.28. Microhardness with hardening: (a) shows microhardness variation across the 

diameter of a CP Al processed by HPT at 1 GPa up to 8 turns and (b) shows hardness 

plotted again equivalent strain calculated by Eq. (2-6) for an Al-0.6% Mg-0.4% Si alloy 

processed by HPT for up to 20 turns [76,77]. 
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commercial purity (CP) Al processed by HPT at 1 GPa up to 8 turns [76] and (b) shows 

hardness plotted again equivalent strain calculated using Eq. (2-6) for an Al-0.6% Mg-

0.4% Si alloy processed by HPT for up to 20 turns [77]. It can be seen from (a) that 

hardness in centre region is significantly lower after 1 and 2 turns and after 4 turns it 

becomes similar to the edge region. It is also evident from (b) that the values of Hv 

increase rapidly in the early stages of processing and, ultimately, there is a reasonable 

saturation when hardness at Hv equals about 158 at equivalent strains above ~100. It 

should be noted that with this mode, there is no sign of any softening or weakening and the 

Hv after HPT processing always stays above the unprocessed condition which is denoted 

by the red dashed line in Fig. 2.28 (a). This particular hardness mode can also be seen in 

Cu-Ag alloy in Figs. 2.22 and 2.23.  

2.1.3.2 Microhardness with initial hardening and softening 

There are reports concerning high-purity (99.99%) aluminium processed by HPT at room 

temperature with an imposed pressure of 6 GPa and the results showed in the disc that the 

Hv was initially higher in the centre region and lower around the edge in Fig. 2.29 (a) 

[19,80]. Additionally, Hv decreases as the numbers of turns, N, increase untill it become 

similar with that at the edge region. Inspection of (a) shows the Hv after 1/2 and 1 turn are 

exceptionally high in the centre of the disc over an area with a diameter of ~6 mm, but this 

area is reduced to less than 1 mm after 5 turns. It should be noted that despite the decrease 

in Hv in centre region the microhardness after HPT is still significantly higher than prior to 

HPT which is shown by the black dashed line in (a). This initial increase of Hv due to 

straining and decrease as the imposed strain increases is particularly obvious when the Hv 

is ploted against the equivalent strain in Fig. 2.29 (b) where high-purity (99.99%) 

aluminium is processed by HPT at an imposed pressure of 1 GPa for up to 1 turn [79]. It is 

evident that the peak of the hardness value present at a rather early strain is close to 3 and 

thereafter Hv values start to drop till it reaches a saturation at a Hv of about 35. 
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Fig. 2.29.  Microhardness with initial hardening and softening: (a) microhardness 

distribution of high-purity (99.99%) aluminium processed by HPT for up to 20 turns and 

(b) Hv plotted against equivalent strain for high-purity (99.99%) aluminium processed by 

HPT up to 1 turn [19,78,79]. 

2.1.3.3 Microhardness with strain softening 

In contrast with the metals and alloys exhibiting a hardness mode where the hardness for 

HPT processed samples is always higher compared with unprocessed samples, the third 

hardness mode involves alloys with their microhardness reduced to a lower value than the 

unprocessed state after HPT processing. A good example is shown in Fig. 2.30 (a) where a  
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Fig. 2.30.  Microhardness with weakening: (a) microhardness distribution of Zn-22% Al 

alloy processed by HPT for 1 turn and (b) Hv plotted against equivalent strain for the same 

alloy processed by HPT for 1, 2 and 4 turns [11]. 

disc of a Zn-22% Al alloy was processed by HPT for one turn and (b) the Hv is plotted 

against equivalent strain for disc process by HPT after 1, 2 and 4 turns at an imposed 

pressure of 3.0 and 6.0 GPa [11]. It is evident from (a) that a significant decrease in the 

measured microhardness compared with the anneal condition can be seen. The average 

microhardness value prior to HPT was ~68 and this value was reduced to ~30 at the edge 

of the disc after HPT. Also, the microhardness is significantly higher in the centre of the 

disc compared with the edge of the disc. In (b), the microhardness values decrease 

significantly with an increasing of equivalent strain prior to achieving a saturated hardness. 

It is clear that microhardness values of all the samples processed at different processing 

conditions fall into a consistent trend where the Hv starts to decrease as soon as the strain 
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is introduced and as the strain increases the Hv tend to saturate at a stable value which is 

about 25 in (b).  

The Pb-62% Sn alloy may exhibit similar hardness mode with Zn-22% Al alloy as they 

both have a low melting point. The mechanism of the softening hardness mode as the strain 

increases for pure metals such as pure Al can be explained by the high stacking fault 

energy which will then lead to easy cross-slip and rapid recover and this will result in the 

bell-shaped relationship between the hardness values and the equivalent strain as shown in 

Fig. 2.29 (b). However, it is still not clear what is responsible for the weakening hardness 

mode which is one of the main subjects that will be investigated in this work.   

2.2 Electron backscatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a scanning electron microscope (SEM) based 

technique which has become a powerful and flexible experimental method for materials 

scientists and other scientists and engineers. It allows the measurement of microtexture 

(texture on the scale of the microstructure), microstructure quantification, grain and phase 

boundary characterization, phase identification and strain determination in crystalline 

multiphase materials of any crystal structure [80-85]. It has now been more than twenty 

years since the introduction of the concept where EBSD is attached as an add-on facility to 

the capabilities of a SEM. Following commercialisation of the product at an early stage, 

EBSD has attracted increasing interest in SEM user communities, and key publications 

have highlighted its development [86]. At the present time, EBSD systems exist worldwide 

with two main manufacturers plus a few smaller specialist companies. 

2.2.1 The basic principle of EBSD 

EBSD is based on the acquisition and analysis of Kikuchi diffraction patterns from the 

surface of a sample in a scanning electron microscope (SEM). The term of orientation 

imaging microscopy (OIM) has been used to describe the area scans of a sample [87], but 

the terms of orientation map or EBSD map are also commonly used in literature. A 

relatively recent innovation has been the use of EBSD combined with field emission gun 

scanning electron microscopes (FEGSEM) [88], and as a consequence the increase of 

resolution has further expanded the applications of EBSD. However, the basic 

requirements for performing EBSD measurements are a scanning electron microscope and 

an EBSD system. The EBSD acquisition system generally includes a sensitive charge-

coupled device (CCD) camera, and an image processing system for pattern averaging and 
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background subtraction. Fig. 2.31 shows a schematic drawing of the main components of 

an EBSD system [89].  

The functions of EBSD acquisition software are data acquisition, solving the diffraction 

patterns and storing the data. Additional software is required to analyse and display the 

data. In order to obtain an EBSD diffraction pattern, a beam of electrons are diffracted at 

crystal lattice planes, according to Bragg’s law. The fraction of diffracted backscattered 

electrons which escape from the specimen surface is maximized by tilting the sample so 

that it makes a small angle. In practice, a sample is normally tilted between 60° to 70° from 

the horizontal direction. The sample is often mounted so that the surface is perfectly 

perpendicular to the electron beam, which is the optimum position for acquiring 

backscattered electrons. Following such operation the sample may then be tilted to the 

EBSD operating position. If a backscattered image is required from the tilted sample, 

additional backscattered electron detectors must be used [90] and these detectors are 

normally positioned close to the transmission phosphor screen. 

 

 

 

Fig. 2.31. Schematic diagram of a typical EBSD installation [89]. 
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The diffraction patterns yield crystallographic information which can be related back to 

their position of origin on the sample axis. Fig. 2.32 (a) shows a typical processed Kikuchi 

pattern from an austenitic steel (FCC). Evaluation and indexation of the diffraction patterns 

is performed automatically as shown in Fig. 2.32 (b) and the data can be exported in a 

variety of both statistical and pictorial formats.  

 

 

Fig. 2.32. Typical processed EBSD diffraction pattern from an austenitic (face centred 

cubic) steel: (a) original and (b) with simulated bands added as part of the calibration 

routine [91]. 

The most common usage of EBSD is to determine the local relationships between 

microstructure and crystallography, e.g.  a direct correlation between the orientations of the 

grains in which some particular event may occur, such as, precipitation, oxidation or 

recrystallization, or correlation between grain boundary crystallography and properties 

such as boundary mobility, diffusivity, resistance to corrosion, mechanical properties. In 

this work, EBSD is heavily used for describing the grain structure of the Pb-Sn alloy after 

processing by both ECAP and HPT. The grain boundary information for the SPD-

processed alloy during self-annealing at RT is also studied by EBSD.     

2.2.2 Data acquisition  

2.2.2.1 Specimen preparation  

As discussed above, EBSD diffraction patterns are produced from a few nanometers of the 

sample surface, and thus diffraction pattern quality is significantly influenced by the 

condition of this surface layer. Any residential stress must be removed from the surface 

layer by appropriate sample preparation. Most metallic samples are prepared by the regular 
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metallographic preparation methods of grinding and polishing to produce a flat surface. 

However, electro-polishing is normally used as a final preparation step despite for some 

metals careful polishing with etching may also produce acceptable results as the final 

etching can remove the deformation layer which is applicable in current investigation with 

the Pb-Sn alloy. Ion milling, on the other hand, may be used for materials which are not 

suitable for routine metallography [92].  Optimum sample preparation is a crucial 

requirement for an EBSD measurement. Poor sample condition will result in degraded 

Kikuchi patterns which ultimately lead to loss of data quality.  

2.2.2.2 The speed of data acquisition 

The duration of time for acquiring a data point during a measurement depends on the most 

time consuming of three operations. First, the time required acquiring a Kikuchi pattern 

that can be recognised by the system depends mainly on the surface condition and SEM 

operating conditions which is typically 0.05 to 0.2 s. Second, the time required for 

analysing the pattern which depends on the processing speed of the computer, the speed of 

the pattern-solving algorithm and the number of lines in the pattern required for a solution, 

and is typically 0.1 to 0.5 s. And finally, the time to reposition the beam or stage in which 

the time for beam scanning may be ignored but stage scanning may take greater than 1 s. It 

should be noted that some crystal structures require measurement of more Kikuchi lines for 

the purpose of accurate indexing and this increases the overall time for data processing. If 

checking solutions against more than one possible phase is needed in the material then 

again this slows down the calculation [89]. 

2.2.2.3 EBSD step size  

If grain/subgrain sizes are to be measured by EBSD then pixel step size in relation to the 

grain size must be considered. The best accuracy should be obtained if the step size is 

small. As the step size is increased, there is an increasing possibility of missing datum 

points and the measured grain size may be larger than the actual grain size. The data loss 

due to step size can be investigated experimentally from a series of EBSD maps from the 

same sample with different values of step size. However, in order to minimize any 

sampling errors which may occur between the different OIM maps, a large map with a very 

small value of step size can be obtained. Therefore from these data, smaller maps with 

larger step sizes may be obtained by removing datum points and thus constructing maps of 

the same area but with larger step sizes. The results of such an operation are shown in Fig. 

2.33 where data from a single-phase aluminium alloy containing grains of equivalent circle 
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diameter (ECD) ∼30 μm is displayed. The errors in both mean linear intercept grain size 

and ECD are plotted. It is evident that in order to obtain an accuracy of 10% at least 5 

pixels per grain are required and for an accuracy of 5% a minimum of ∼8 pixels per grain 

are required. It should be noted that a normal 10 pixels per grain is recommended for most 

of EBSD measurements [89].  

 

 

 

 

 

Fig. 2.33. The effect of pixel step size on the accuracy of grain size measurement using 

line-scan and grain reconstruction [89]. 

 

 

2.2.3 Non-indexed data points and wrongly indexed data points 

Each point on the sample where a diffraction pattern is collected may not produce useful 

data because the pattern quality may be too poor to analyse with the software, i.e. a 

severely deformed region, an inclusion or defects such as a pit cannot be indexed. 

Moreover, the software may not be able to distinguish between overlapping patterns at all 

boundaries. For example, in Fig. 2.34 some of the datum points are not recognizable at 

grain boundaries. If the number of such non-indexed points is large, namely a 

microstructure containing a large volume of boundaries, then it may be difficult to obtain 
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high quality microstructural data. But if the number of non-indexed points is small then the 

data may be cleaned by assigning the orientation of a neighbouring point to the non-

indexed point which is known as the “clean-up” procedure. It should be noted that non-

indexing is a particular problem with small grain or subgrain sizes [89].  

 

 

 

Fig. 2.34. Part of an orientation map. (a) Euler contrast in which the red, green and blue 

intensities are proportional to the three Euler angles defining the pixel orientation. Non-

indexed points are black. (b) Pattern quality map of the same area. Boundary regions 

exhibit lower pattern quality due to pattern overlap [89]. 

 

There is a possibility that the acquisition software may wrongly index a pattern. This is 

very likely if the Kikuchi pattern is symmetrical or if the pattern quality is poor. Indexation 

errors in cubic metals is rare for a well calibrated system and wrongly indexed points often 
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appear as isolated pixels on an OIM map and they are often highly misoriented to the 

adjacent pixels which can normally be recognised. The software used for analysing and 

displaying EBSD data usually allows such points to be removed. The problem is 

minimized by the use of good quality patterns, accurate calibration and the use of a large 

number of bands for pattern solution. 

2.2.4 Data processing  

2.2.4.1 Noise reduction  

The ‘clean-up’ or ‘noise reduction’ options in commercial EBSD software are designed to 

allow the removal of both non-indexed data points and wrongly indexed data points. The 

points that are removed are fixed by replacing with assigning orientations of neighbouring 

points.  

In Fig. 2.35, a series of pattern quality maps from alpha brass are shown which 

demonstrates the effects of diffraction pattern quality, indexing and data clean-up. The 

maps are shaded grey according to diffraction pattern quality which means light grey 

shading is associated with the best pattern quality and the dark grey shading is associated 

with poor pattern quality. Zero solutions are shown in black. Pattern quality is always more 

unclear at a defect than within the lattice, and therefore grain boundaries are delineated 

with darker shading than within grains. Fig. 2.35 (a) shows the unprocessed map with 5% 

of zero solutions. These unsolved pixels occur as isolated pixels within grains, at grain 

boundaries, at surface defects and they are often extensively within just a few grains. Fig. 

2.35 (b) and (c) shows the effect of clean-up to leave 2% and 0.5% unsolved pixels, 

respectively. Evidence of scratches lines corresponding to poorer pattern quality can still 

be seen. Fig. 2.35 illustrates the right use of clean up routines which retain the integrity of 

the data. Excessive clean-up can distort the grain structure in study and therefore clean-up 

routines must always be used with caution [91]. 

2.2.4.2 Microstructure characterization 

The most important application of EBSD is to depict both microstructure and microtexture 

on the same map. The meaning of orientation mapping suggests that quantitative 

microstructural depictions are produced on top of the general depictions of the 

microstructure. The use of EBSD for texture determination is still an important area in 

materials science.  
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EBSD has become the regular tool for the determination of grain size distribution and 

provides a method to analyse such as grain axis ratio and microtexture according to grain 

size.   

 

 

 

Fig. 2.35. Sequence of pattern quality maps from alpha-brass, illustrating the effect of data 

clean-up [91]. 
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However, it is equally important that small grains are recognised clearly in OIM maps, and 

that the option of achieving this is to determine the lower limit of grain boundary 

misorientation to define a grain. Fig. 2.36 (a) shows a simple example of grain size 

determination by EBSD in Ni. Grains are showed in random colours and boundaries, 

including annealing twins which are in black lines. From observation of the grain colours, 

it demonstrates that in this case annealing twins have been ignored for grain size 

determination. The grain size distributions are shown in Fig. 2.36 (b). Twin boundaries 

have been deleted from the sample population and thus the average grain size is 141 μm 

[91]. 

 

Fig. 2.36. OIM map from annealed nickel wherein (a) grains are shown in random colours 

and all boundaries are black and (b) grain size histogram [91].  

2.2.4.3 Grain boundary information    

EBSD data may be processed so that the boundaries character can be displayed. 

Distribution of boundary misorientation and fraction of high angle boundaries may be as 
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associated with the properties of the material as grain size may be and EBSD allows such 

fundamental parameters to be accurately measured. It is also possible to detect and measure 

boundaries which have special orientation relationships, such as coincidence site lattice 

(CSL) boundaries, also known as sigma boundaries [93] in which there is good matching 

of atoms across the boundary and a large fraction of the atom sites are matched to both 

crystals therefore low grain boundary energy is expected. The reciprocal of the ratio of 

atom sites which overlay to both crystals is denoted by ∑. 

2.2.5 EBSD work performed on a two-phase alloy 

At the present time, there is very limited work in literature concerning the Pb-62% Sn alloy 

processed by SPD techniques and analysed using EBSD. However there are reports 

concerning several Sn alloys subjected to thermal cycles and their microstructures studied 

using EBSD. Such investigations often give insight for people who focus on the 

superplasticity of this alloy in terms of the complexity of the microstructure. 

A typical example of the investigation mentioned above is shown in Fig. 2.37 where solder 

joints with a size of 0.5 mm were formed by reflow soldering different solder bumps with 

commercial solder which is the Pb-62% Sn alloy [94]. All samples were thermally cycled 

within a temperature range from 0 °C to 100 °C before they were removed for 

microstructure examination after up to 3000 thermal cycles. As shown in Fig. 2.37 (a), an 

as-reflowed sample consists with grains showing similar colors in OIM map. It is evident 

from the inserted pole figures that all these grains have similar crystallographic 

orientations. It is therefore interesting to note that the solidification of Sn phase was not 

significantly affected by the existence of Pb phase. However, significant anisotropy has not 

been seen in reports concerning with similar Sn phase orientations in the solder bulk. The 

possible cause is that Pb phase is fully dispersed in the microstructure which can 

accommodate strain due to its inherent soft property and thus making the solder joint 

behaves isotopically [95]. Cracks were initiated and propagated near the top side of the 

solder joint in Fig. 2.37 (b). OIM map shows the evident alternation of orientations of Sn 

grains. The large Sn grains with similar orientations essentially disappeared from the top 

and centre region of the solder joint where the stress and strain are most likely to 

concentrate near the substrate, and fine grains are found with very different orientations. 

These fine grains with sizes ranging from 3 to 25 µm are recrystallized Sn grains and the 

recrystallized grains are essentially unchanged in terms of size after 3000 thermal cycles 

which can be seen in Fig. 2.37 (c). Nevertheless, the orientation of the recrystallized grains 
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seems to be more randomly distributed as thermal cycling proceeds. It is evident from the 

SEM images that the Pb phase significantly coarsened in the recrystallized region after 

thermal cycling. As a consequence, the spacing between Pb-rich phases was widened [94]. 

 

 

Fig. 2.37. OIM maps, pole figures and SEM images of the Pb-Sn solder interconnects: (a) 

as-reflowed, (b) after 1400 thermal cycles and (c) after 3000 thermal cycles [94]. 

2.3 Fundamentals of Pb-Sn alloys 

Soldering is a well-established metallurgical joining method which uses a filler metal, the 

solder, with a melting point normally below 425 °C [96,97]. In practice, most 

microelectronic assemblies use Sn based solders for interconnection. With the 

development of chip scale packaging technologies, the usage of solder connections has 

increased. The most widely used Pb-Sn solder has the eutectic composition which is often 

written as the Pb-62% Sn alloy. However, due to the emerging environmental regulations 

worldwide and the inherent toxicity of Pb, most notably in Europe and Japan, the 

elimination of the use of Pb in electronic assemblies was targeted. Therefore “Pb-free” 

solders have been proposed to replace conventional solders with Pb content which leads to 
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a less effort in researching the Pb-Sn alloys in recent years. However, apart from being 

used as solders, Pb-Sn alloys have another attractive property of an exceptional 

superplasticity which is often ignored but worthwhile to be further investigated. The Pb-Sn 

eutectic alloy is a classic superplastic material often exhibiting very large elongation to 

failure. The reason for this exceptional elongation is that in two-phase eutectic or eutectoid 

alloys grain growth is limited by the presence of two separate phases. At the present time, 

however, only very limited results are readily available which are relevant to the 

superplastic properties of this type of alloy processed by using SPD techniques such as 

ECAP and HPT.  

2.3.1 Characteristics of Sn and Pb elements in the Pb-Sn alloy  

Sn and Pb are group IV elements on the periodic table, Pb is face-centred cubic (FCC) 

while α-Sn is diamond cubic and β-Sn as shown in Fig. 2.38 is body-centred tetragonal 

(BCT) which is the form that normally exists in Pb-Sn alloys at RT. On the other hand, the 

Pb-rich phase normally has a spheroidal or lamellar shape depending on the cooling rate 

during solidification and heat treatment history. Sn has extremely anisotropic elastic and 

thermal expansion properties. Despite the fact that the melting temperature of Sn is about 

100 °C which is lower than lead, the more complex crystal structure of Sn results in plastic 

anisotropy and creep rates that are serval orders of magnitude slower than lead [98].  

The solder used in the past is mainly eutectic composition (Pb-62%Sn) or near eutectic 

composition (Pb-60%Sn). With a melting eutectic temperature of 183 °C, the Sn-Pb 

system allows soldering conditions that are compatible with most substrate materials and 

devices. As one of the primary components of eutectic solders, Pb provides many 

advantages: first, Pb reduces the surface tension of pure tin and lower surface tension of 

Pb-62%Sn solder which facilitates wetting; second, as an impurity in Sn, even at levels as 

low as 0.1 wt.%, Pb prevents the transformation of white beta β-Sn to gray alpha α-Sn 

upon cooling past 13 °C. The transformation results in a 26% increase in volume and 

causes loss of structural integrity to the Sn [99]; and finally Pb serves as a solvent metal 

which enables the other joint constituents such as Sn and Cu to form intermetallic bonds 

rapidly by diffusing in the liquid state.  

2.3.2 Phase diagram of Pb-Sn system  

The binary Pb-Sn phase diagram which is given in Fig. 2.39 has been studied for over 100 

years and is a classic eutectic. At room temperature, there is almost no solubility of Pb in 



 

48 
 

Sn (<0.3 wt.%) and at the eutectic temperature, 183 °C, there is a maximum solubility of 

2.5% Pb in β-Sn whereas the solubility of Sn in Pb is much greater: 1.3 wt.% at RT and 

19.2 wt.% at 183 °C [100]. The eutectic reaction, L↔ α-Pb + β-Sn, occurs at 61.9 wt.% Sn 

and at 183 °C. 

 

 

 

 

 

 

 

 

Fig. 2.38. A tetragonal unit cell of β tin, a = 5.8317Å, c/a = 0.5456 [98]. 

 

 

Fig. 2.39. The binary Pb-Sn phase diagram [101]. 
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2.3.3 Twin boundaries in Sn alloys 

Special boundaries are very likely to form during solidification in Sn based alloys. 

Especially, sixfold cyclic growth twinning is favoured during solidification in alloys such 

as SnAg, SnCu and SnAgCu [102,103]. Cyclic twinning is, however, not generally 

observed in pure Sn [102]. Despite the popularity of this particular type of twinning in 

tetragonal and orthorhombic minerals, it is less frequent in metal and alloy systems. When 

the sixfold cyclic twins present in SnAg, SnCu and SnAgCu, it shares similarity in respect 

to that observed in minerals [104]. Aragonite and chrysoberyl are two minerals very well 

known for their striking 60° rotational cyclic twins which is also known as trilling. 

However, in Sn based alloys, twinning is commonly observed to occur on {101} and 

{301} planes with twin angles of 57.2° and 62.8°, respectively. During solidification, a 

critical solid nucleus forms and it grows very fast so that the whole environment heats up 

significantly, thus suppressing additional nucleation sources. Accordingly, the first few 

nuclei have the best opportunity to grow. The sixfold cyclic Sn twinning formed by this 

way in Sn based alloys often results in crystal orientations that are correlated. Since all of 

the crystal segments of a cyclic twinned crystal have a common crystal axis, these 

segmental groups may respond mechanically as a single crystal on that twinning axis and a 

multi-crystal along other orientations [105].  

An example of the presence of the sixfold cyclic twin is given in Fig. 2.40 in a Sn-Ag 

alloy. Fig. 2.40 (a) shows a OIM map of three primary Sn grain orientations. The {100} 

and {001} pole figures in Fig. 2.40 (b) confirm that the Sn grain are generally orientated in 

one of three main orientations with [100] direction shared by all Sn grains, and the Sn unit 

cells are at about 60° in respect to the shared [100] twinning axis. Fig. 2.40 (c) shows that 

the change in orientation between any two of these three main orientations is very close to 

60°.  

Given the common observation of twins in Sn based alloys, an interesting point can be then 

led to where the construction of a rudimentary model of nucleation and growth in these 

alloys should be achieved. Since most of the cyclic twins are consistent with {101} twins 

having twinning angles at 57.2° and twinning axis at <100> and {301} twins having angles 

at 62.8° and twinning axis at <100>. Thus, it is concluded that the sixfold cyclic twinned 

β-Sn are {101} and {301} twins.  
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Fig. 2.40. EBSD measurements on a selected area of a Sn-1Ag sample: (a) orientation map; 

(b) pole figures; (c) misorientation angle distribution [105].   
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A rudimentary sixfold cyclic twinned multi-crystal model is shown in Fig. 2.41. In this 

{101} sixfold cyclic twinned structure, a two-layer representation of the Sn unit cell is cut 

along two {101} planes to make a triangular piece which is replicated and rotated 60° 

around [010] rotation axis. Thus a repeating operation completes the sixfold twin. It should 

be noted that the {101} and {10-1} planes form a 57.2° angle to each other in Fig. 2.41 (a) 

and therefore the selection of 60° rotations results in an obvious misfit between each 

segments. This is consistent with observations of the low-angle grain boundaries (LAGBs) 

that are commonly seen in cyclically twinned Sn based alloys.  

 

 

 

Fig. 2.41. (a) Projection view of Sn lattice onto the (010) planes, showing a basic {101} 

twin segment and a {101} cyclic twin nucleus and (b) perspective view of {101} cyclic 

twin nuclease faceted on {110} planes [105].  

In Fig. 2.42, another model is shown based on twinning on {301} Sn planes proceeds in 

the same manner as shown for the {101} model. Fig. 2.42 (a) illustrates a {301} basic twin 

segments and the replication and rotation of this segment to form a complete {301} cyclic 

twin model with the {301} twin angle at 62.8°. Once again, misfit is required at the 

boundaries between each segment and the misfit should be accommodated by formation of 

microstructure with a large fraction of LAGBs.  

As mentioned earlier, the twinning structure is unlikely to form in pure Sn, e.g. sixfold 

cyclic twinning is not observed in pure Sn [102]. This may be due to the misfit which can 

be effectively accommodated by incorporation of impurity atoms to in alloys, such as Ag, 

Cu and Pb, which may also induce microstrain and misfit dislocations.  
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Fig. 2.42. (a) Projection view of Sn lattice onto the (010) planes, showing a basic {301} 

twin segment and a {301} cyclic twin nucleus and (b) perspective view of {110} cyclic 

twin nuclease faceted on {001} planes [105].  

2.3.4 Superplasticity of the Pb-62% Sn eutectic alloy 

2.3.4.1 Tensile test  

Superplasticity refers to the exceptionally high neck-free elongations attained in some 

materials when testing in tension at elevated temperatures. Experiments show that 

excellent superplasticity requires small grain sizes, typically less than 10 µm [106], and 

these are normally achieved using suitable thermomechanical treatments. At the present 

time, superplastic metals are used in industrial forming operations for the production of 

sheet components, as in automotive and aerospace applications which require smooth and 

well-defined curvatures. 

Pb-62% Sn eutectic has been extensively used as a model material to investigate the 

features of superplastic deformation as it is a typical two-phase alloy and it contains a fine 

dispersion of a second phase to restrict grain growth [56]. The representative results in 

recent years concerning the characteristics for the superplasticity of the Pb-62% Sn eutectic 

alloy are summarized in Table 2.1 where multiple processing techniques were used to 

process the alloy before superplastic tensile testing was conducted in order to make sure 

the final grain size is close or below 10 µm. It should be noted that among all the 

processing techniques in Table 2.1, HPT is not seen in the literature and therefore it is one 

of the motivations for the current investigation where the superplasticity of HPT-processed 

Pb-62% Sn alloy will be studied.  
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Table 2.1. Elongations to failure for the Pb-62% Sn alloys 

Processing method d (µm) T (°C) Strain rate (s
-1

) ΔL/L0 Reference 

ECAP  

 
6.0 

RT 

1.0 × 10
-2

 50% 

El-Danaf  

et al. [56] 

5.0 × 10
-3

 80% 

1.0 × 10
-3

 170% 

5.0 × 10
-4

 310% 

1.0 × 10
-4

 610% 

5.0 × 10
-5

 490% 

50  

4.0 × 10
-3

 150% 

1.0 × 10
-3

 330% 

4.0 × 10
-4

 500% 

2.0 × 10
-4

 660% 

1.0 × 10
-4

 530% 

75  

4.0 × 10
-2

 210% 

1.0 × 10
-3

 370% 

4.0 × 10
-4

 790% 

1.0 × 10
-4

 320% 

 

T-Shaped ECAP 

 

6.9 

RT 5.0 × 10
-4

 

120% 
Rao  

et al. [57] 
6.4 150% 

5.2 230% 

ECAP 

9.2 

140 

1.0 × 10
-2

 370% 

Kawasaki 

et al. [107] 

3.3 × 10
-3

 620% 

1.0 × 10
-3

 1530% 

8.4 

1.0 × 10
-2

 500% 

3.3 × 10
-3

 1010% 

2.0 × 10
-3

 1800% 

1.0 × 10
-3

 3000% 

2.0 × 10
-2

 510% 

6.3 × 10
-3

 1360% 

2.0 × 10
-3

 1820% 

1.0 × 10
-3

 3060% 

ECAP 

6.1 

150 

1.0 × 10
-1

 220% 

Kawasaki 

et al. [108] 

1.0 × 10
-2

 440% 

1.0 × 10
-3

 510% 

1.0 × 10
-4

 370% 

5.7 

1.0 × 10
-1

 150% 

1.0 × 10
-2

 860% 

1.0 × 10
-3

 2670% 

1.0 × 10
-4

 1060% 

6.0 

1.0 × 10
-1

 110% 

1.0 × 10
-2

 1580% 

1.0 × 10
-3

 2660% 

1.0 × 10
-4

 1400% 

5.5 

1.0 × 10
-1

 200% 

1.0 × 10
-2

 2130% 

1.0 × 10
-3

 2290% 

1.0 × 10
-4

 1430% 

ECAP + Cold rolling 5.9 RT 

1.0 × 10
-2

 20% 
Lugon et al. 

[109] 
1.0 × 10

-3
 60% 

1.0 × 10
-4

 190% 

Cold rolling 

(gauge width:10 

mm) 

11.6 
140 

2.1 × 10
-2

 630% 

Ma  

et al.[10] 

5.3 × 10
-3

 2800% 

1.1 × 10
-3

 4600% 

2.1 × 10
-4

 7550%* 

10.5  2.1 × 10
-4

 5460% 



 

54 
 

Cold rolling 

(gauge width:5 mm) 

11.6 2.1 × 10
-4

 4460% 

10.5 2.1 × 10
-4

 4000% 

Hot extrusion + 

Annealing 

2.2 

RT 

1.3 × 10
-2

 40% 

Soliman 

[110] 

1.3 × 10
-3

 190% 

6.6 × 10
-4

 300% 

3.3 × 10
-4

 500% 

1.3 × 10
-4

 1610% 

1.3 × 10
-5

 830% 

3.3 

1.3 × 10
-3

 130% 

3.0 × 10
-4

 270% 

1.3 × 10
-4

 550% 

1.3 × 10
-4

 680% 

5.3 × 10
-4

 1340% 

1.3 × 10
-5

 770% 

6.0 

1.3 × 10
-3

 90% 

3.3 × 10
-4

 110% 

1.3 × 10
-4

 190% 

4.0 × 10
-5

 370% 

1.3 × 10
-5

 600% 

8.5 

1.3 × 10
-3

 50% 

3.3 × 10
-4

 60% 

1.3 × 10
-4

 90% 

4.0 × 10
-5

 290% 

1.3 × 10
-5

 880% 

* The elongation of 7,550% appears to represent a world record for tensile superplasticity 

Careful inspection of Table 2.1 suggests that there are many factors that are associated 

with the final elongations obtained and these factors are summarized and discussed in 

details as follows as well as some aspects that are not generally considered by these earlier 

investigations.  

Grain size has a major impact on the elongations obtained from tensile testing. For 

example, in Rf. [57] with the same strain rate of 5.0 × 10
-4

 s
-1

 and same testing temperature 

at RT the elongation obtained increased from 120% to 230% as the average grain size 

decreased from 6.9 to 5.2 µm. Grain size is an important factor in determining the behavior 

of superplastic flow. However, for all the investigations listed in Table 2.1, most of the 

grain sizes were measured in a manner where each individual phase is considered as one 

grain which is not in agreement with the observations where there are grains in Sn phase 

and many of them have twin relationship under cast condition which is explained in the 

above section. Additionally, there may also be grains within Pb-rich phase. Therefore, 

when the claimed grain size which is actually measured as phase size is used for describing 

superplastic flow, further analysis such as the construction of deformation maps, boundary 

sliding between different phases will only be considered in which case boundary sliding 

between grain boundaries within the same phase, i.e. Sn grains in Sn phase, will be 
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neglected. This, however, does not match the experimental observation where significant 

boundary sliding is observed within Sn phase along Sn grain boundaries [111].    

An elevated testing temperature can greatly increase elongation and this can be seen in Rf. 

[56]. When the strain rate is, for example, fixed at 1.0 × 10
-3

 s
-1

, and the elongation 

increases from 170% to 370% as the testing temperature increases from RT to 75 °C. Also, 

it is evident to see that the peak of elongation achieved in tensile tests moves towards fast 

strain rate region, i.e. the peak of elongation moves from 1.0 × 10
-4

 s
-1 

to 4.0 × 10
-4

 s
-1

 as 

the testing temperature increases from RT to 75 °C. 

The high temperature behavior of polycrystalline materials may, in general, arise from 

operation of different deformation mechanisms that act either independently or a sequential 

manner where the fastest controls the deformation behavior for independent processes and 

the slower controls the behavior in sequential processes. On the other hands, superplastic 

flow [106] is a diffusion-controlled process operating within the regime of high 

temperature deformation and therefore it requires a relatively high testing temperature 

typically at or above ~0.5Tm, where Tm is the absolute melting temperature of the material.  

Because the Pb-62% Sn eutectic alloy has a very low melting point, it is reasonable to 

predict that this type of alloy will self-anneal after processing as it is stored at RT and the 

microstructures will also alter. However, of all the investigations listed in Table 2.1, only 

one work [57] mentioned that the samples used in tensile testing were stored at RT for 8 

days. Others failed to give information about the storage time prior to superplastic tensile 

testing. Therefore, this could result in a false comparison i.e. the gap time between 

investigation of microstructure where the average grain size is acquired and the subsequent 

tensile test, which means the measured average grain size is not necessarily consistent with 

the actual grain size when the tensile test is conducted owing to grain growth which may 

occur during self-annealing at RT. The significant self-annealing effect is also an important 

topic which will be discussed in detail in later chapters.   

In Rf. [10], two types of specimens with the same gauge thickness (2.54 mm) but different 

gauge widths of 5 and 10 mm were tested at various strain rates. A very obvious tendency 

can be seen where specimens with larger gauge width, in general, appear to have larger 

elongations when tested under the same strain rate.  To check the effect of gauge width on 

the overall elongation, two annealed specimen with a gauge width of 5 mm were pulled to 

failure at the optimum initial strain rate of 2.1 × 10
-4

 s
-1

. These specimens failed after 

elongations of 4000 and 4460 %, respectively which by comparison with the specimen 
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with a gauge width of 10 mm, an elongation of 7,550% was achieved thereby suggesting 

that significantly higher elongations may be achieved by increasing the gauge width and/or 

thickness of the samples.  

In addition, it is expected to obtain much larger elongations through ECAP as the grain 

size will be significantly refined after processing by ECAP. In practice, however, ECAP 

processed samples in general show much smaller elongations compared with the results in 

Rf. [10] where rolling was used. This may be explained by the effect of gauge width on the 

overall elongation where for ECAP processed samples, the gauge width is normally limited 

to a much smaller size than the rolled samples in [10]. For example, in Rf. [107] and [108] 

the gauge width is a mere 3 mm. 

It is apparent in Rf. [107] the elongations to failure are significantly higher than in Rf. 

[108]. These larger elongations are not due to the small difference in the testing 

temperature between the two sets of experiments or the processing route (route BC for [107] 

and route A for [108]). Instead, the difference is attributed to the variation in the purity 

levels between the two alloys because the alloy in Rf. [108] contained 160 ppm of Sb 

whereas the alloy used in Rf. [107] contained a total of less than 8 ppm of impurities. 

The presence of Sb in the alloy in Rf. [108] has three important impacts. First, Sb is a 

strengthening additive so that strain rates are lower than other results. Second, the presence 

of Sb is effective in inhibiting grain growth so that the grain size of 5.5-6.1 µm which is 

significantly smaller than the measured grain size of 8.4-9.2 µm in Rf. [107] after 

processing by ECAP at room temperature. Third, the presence of a higher impurity content 

limits the ability for flow by grain boundary sliding and, as anticipated from theoretical 

consideration, which will then limit elongation [112,113]. 

The strain rate in the superplastic region is controlled by a relationship which may be 

expressed as [114,115]: 

𝜀̇ = 
𝐴𝐷𝐺𝒃

𝑘𝑇
 (

𝒃

𝑑
)

𝑃

(
𝜎

𝐺
)

𝑛

         (2-7) 

where D is the appropriate diffusion coefficient [=Do exp(-Q/RT), where Do is a frequency 

factor, Q is the activation energy, and R is the gas constant], G is the shear modulus, b is 

the Burgers vector, k is Boltzmann’s constant, T is the absolute temperature, d is the grain 

size, r is the applied stress, p and n are the exponents of the inverse grain size and the 

stress, respectively, and A is a dimensionless constant. In practice, therefore, the various 

potential creep mechanisms are dictated by the appropriate values for Q, p, n, and A. The 
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strain rate in the superplastic region is consistent with an exponent for the inverse grain 

size of p = 2 [116]. This led to the conclusion that a decreased grain size by an order of 

magnitude, i.e. from ~ 1 µm to ~ 100 nm, should increase the range of strain rates 

associated with superplasticity by two orders of magnitude [117]. This means it may be 

possible to use SPD processing methods in order to achieve high strain rate superplasticity 

which is defined as superplastic flow occurring at strain rate at and above 10
-2 

s
-1

.  

From inspection of the table 2.1, however, none of the samples show obvious high strain 

rate superplasticity. In order to explain most of the largest elongations appearing at low 

strain rates, one possibility should be considered. That is, most of the investigations failed 

to mention the storage time where the samples were stored at RT before tensile testing. 

This is crucial for explaining the reason why high strain rate superplasticity did not occur 

as the alloy may self-anneal at RT therefore after a period time the fine grain structure may 

become coarse due to recrystallization/ grain growth.  

It should be noted that HPT is capable of introducing even larger strain to materials by 

comparison with ECAP therefore it is more likely to obtain fine grains with potentially 

improved superplasticity at high strain rates. Several reports are now available 

documenting the occurrence of true superplastic elongations in disc samples processed by 

HPT: examples include ~620% in a magnesium AZ61 alloy [118], ~750% in an Al-1420 

alloy [119], 810% in an Mg-9% Al alloy [120] and ~1800% in a Zn-22% Al alloy [121]  . 

There is also a report of a tensile elongation of 1510% in a specimen of an Al-3% Mg-0.2 

Sc alloy cut from an HPT ring sample [70].  

However, at the present time no investigation was performed on the superplasticity of the 

Pb-62% Sn alloy processed by HPT. It will be interesting to examine whether the 

superplasticity may be further improved by processing of HPT. 

 2.3.4.2 Strain rate measured by nanoindentation   

Strain rate sensitivity (SRS), m, is an important quantitative indicator which holds the key 

to understand the predominant mechanism of a stress-assisted, thermally activated flow 

process [122-124]. It is generally recognized that a high value of m  0.5 with a significant 

large elongation of more than 400% suggests superplastic flow [125]. There are also 

reports indicating that nanostructured bulk materials often have exceptional high strength 

but on the cost of scarifying ductility due to the introduction pores and other artifacts 

[126,127]. However, controlling SRS helps to delay the onset of localized deformation 

under tensile stress, resulting in improved ductility [128]. Traditionally, in order to 
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measure the value of m, one has to measure the steady-state strain rate against the applied 

stress which often requires a significant numbers of tensile tests with various strain 

conditions and a large volume of material to be prepared into tensile specimens. However, 

as the depth-sensing indentation (DSI) becomes widely accepted for mechanical 

characterization of solids due to its advantages of simple sample preparation and the 

requirement of a very small volume of testing material [129], it is now possible to measure 

SRS using nanoindentation test. Recently, there are reports concerning different ways of 

measuring SRS using nanoindenation on UFG materials such as Al [130,131], Cu 

[131,132], Mg alloys [133,134], Ni[131], Sn-Ag-Cu [135], Zn-Al [131,136].  However, 

there is little information about the direct comparison of SRS measured between tensile 

test and nanoindentation test on the same material because the two different strain 

conditions introduced by the two different tests may affect the final measurements of SRS. 

It is, therefore, the purpose of this work to investigate the SRS measured by both tensile 

tests and nanoindentation tests on the Pb-Sn alloy processed by HPT and the evolution of 

SRS during self-annealing process. 

There are normally three stages in a nanoindentation test which are loading, holding and 

unloading. The typical example of these three stages showing on a depth-time (P-h) curve 

is given in Fig. 2.43 where a nanoindentation test was performed on an Al-30Zn alloy. It is 

evident that the curve exhibit three very different shapes: the curved part associated with 

loading refers to the stage from the tip of indenter making contact with the surface of the 

testing material to the point where maximum load is reached. The second stage of holding 

refers to the dwell time under the same maximum load and unloading is when the tip of 

indenter being removed after the full length of dwell time is reached. It should be noted 

that for materials with creep at testing condition, the holding stage will show a continuous 

horizontal line since the material is still being deformed significantly due to creep. But for 

materials without creep at testing condition, the holding stage will be insignificant and thus 

loading stage will direct connect with unloading stage.      

Estimation of SRS may be conducted using data from either the loading or holding stage. 

The examples are given in Fig. 2.44 where (a) shows SRS measured from an Al-30Zn 

alloy on loading stage with depth-time (h-t) date and (b) shows SRS measured from the Al-

30Zn alloy and pure Al but hardness values were used which are obtained from loading 

stage at various strain rates for estimation of SRS. Using the creep stage, SRS can be 

obtained from the data of a single indentation measurement by analysing the corresponding 

depth-time (h-t) relationship. However the strain rate at which SRS is measured is not 
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controllable despite it being possible to estimate the actual strain rate at testing. In 

comparison, SRS measured at loading is associated with specific strain rates since the stain 

rate is controllable at loading stage. But in theory at least two tests with two strain rates are 

necessary to determine the SRS at given strain rate range. In practice, many tests are 

necessary for the accurate value of SRS. Detailed information for the two methods for 

measuring SRS will be given in the following chapter.    

 

 

Indentation depth, h [nm]

 

 

Fig. 2.43. Typical load-depth (P-h) curves showing the loading, holding and unloading 

stages of a nanoindentation test [131]. 
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Fig. 2.44. Examples demonstrating the determination of SRS measured from both (a) 

holding and (b) loading stage [130,131].    
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Chapter 3 Experimental methods 

3.1 Experimental materials 

The experiments were conducted using a commercial alloy contained 38 wt. % Pb and 62 

wt. % Sn. The alloy was supplied by Heaps, Arnold and heaps Ltd as a casting billet with 

dimensions of 70 × 20 × 15 mm
3
. In order to avoid any inhomogeneous structure close to 

surfaces of the billet such as large dendrite arms due to temperature gradient during 

solidification which can be clearly seen in Fig. 3.1 around the outer area of the casting 

billet, individual rod which was used for ECAP and HPT processing was machined from 

the centre of each casting billet (shown in black circle in Fig. 3.1) having a diameter of 

9.5mm and a length of ~65 mm. For HPT processing, individual rod was then sliced into 

discs with thicknesses of ~1.2 mm and each side of these discs were carefully polished to 

give a series of HPT disc samples having total thickness of ~0.83 mm.  

 

 

 

 

Fig. 3.1. Cross-section of the casting billet of the Pb-Sn alloy showing the location where 

individual rod was cut out for ECAP and HPT processing.  
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3.2 ECAP and HPT processing 

3.2.1 ECAP processing 

The ECAP facility is showing in Fig. 3.2 with plunger and ECAP die denoted. A circular 

cross-section channel which is bent into an L-shaped configuration is cut within the die. 

ECAP processing were conducted in atmosphere at room temperature using a hydraulic 

press with a capacity of 200 tons and connected to a computer to control the pressing speed 

during the experiments. The die which makes up the main part of the ECAP facility was 

fabricated from H13 tool steel with a dimension of 101.6 × 152.4 × 82.6 mm. A circular 

cross-section channel which is bent into a L-shaped configuration is cut within the die. The 

entrance portion of the channel has a diameter of 9.7 mm and the exit portion of the 

channel has a diameter of 9.5 mm. It should be noted that the diameter of the exit portion 

of the channel increased to 9.9 mm near the exit of the channel to ease the removal of the 

billets from the die. Before processing, billets were coated with lubricant containing MoS2. 

All billets were processed by ECAP using the solid die with a channel angle of Φ = 90° , Ψ 

= 20° and they were processed through totals of 1, 2, 4 and 8 passes at room temperature 

using processing route BC in which each billet is rotated by 90° in the same sense between 

each pass [34].  

 

 

 

Fig. 3.2 A photograph of the ECAP facility showing the die and the plunger. 
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3.2.2 HPT processing 

The HPT processing was conducted under quasi-constrained conditions [137,138] using 

an HPT facility showing in Fig. 3.3 consisting of massive upper and lower anvils each 

containing, at the centres of the inner surfaces, a circular depression with a diameter of 10 

mm and a depth of 0.25 mm.  Following the procedure reported elsewhere [139], a 

lubricant containing MoS2 was applied around the vicinity of each depression on each 

anvil.  For processing, a disc sample was placed in the depression on the lower anvil, the 

anvil was brought into a position such that a pressure was imposed on the disc and 

torsional straining was achieved by rotation of the lower anvil.  Compressive pressures 

were applied using a load of ~235 kN corresponding to an imposed pressures, P, of 3.0 

GPa. The discs were processed for total numbers of torsional revolutions, N, of 1/4, 1/2, 

3/4, 1, 3, 5 and 10 turns at rotational speeds of 1 rpm.  

 

 

 

Fig. 3.3 A photograph of the HPT facility with the upper and lower anvil denoted. 
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3.3 Microstructural characterization 

3.3.1 Scanning electron microscope (SEM) 

All samples including ECAP billets and HPT disc samples were carefully prepared for 

microstructural examinations and grain size measurements immediately after processing. 

In order to reveal grain boundaries and phase boundaries, samples were ground with 

abrasive paper and polished with diamond paste to produce mirror-like surfaces. The 

polished surfaces were then etched for 30-40 s in a solution of 25 ml H2O, 5 ml HCl with 

concentration of 37%, and 5 g of NH4NO3. A JEOL JSM-6500F scanning electron 

microscope (SEM) was used in this investigation. For ECAP samples, microstructure 

investigations were performed on X plane which is perpendicular to flow direction. For 

HPT disc samples, areas at the centre and edge of each disc were investigated to evaluate 

the microstructure and to measure the individual grain size. The linear intercept method 

was applied to calculate the average gain size and measurements were conducted over 200 

grains for each individual region. It should be noted that Sn grains are measured separately 

and individual Pb-rich phase particle was measured as one grain. This procedure attributes 

to the preferred interfaces for plastic deformation by grain boundary sliding at Sn-Sn and 

Pb-Sn boundaries rather than Pb-Pb boundaries [111] and these grain size measurements 

are only used to explain superplasticity and flow behaviour of the Pb-Sn alloy. 

3.3.2 Electron backscattered diffraction (EBSD) 

For EBSD measurements, surface of each specimen was carefully ground and polished 

until it became a mirror-like surface and the surface was then etched in the same solution 

used for SEM observation for 5 seconds to remove possible residential strain introduced by 

the mechanical grinding and polishing. The analysis was performed in a JEOL JSM-6500F 

scanning electron microscope (SEM) equipped with a CCD camera and a diffraction 

pattern acquisition system operating at an accelerating voltage of 15 kV. For ECAP 

samples, the X plane is placed as the observing plane and thus Y axis is parallel to the 

normal direction. Two different step sizes of 0.15 µm and 0.3 µm were selected for 

magnifications of × 3000 and × 500, respectively. For HPT discs, the observing plane is 

the disc plane and a step size of 0.15 µm is selected. Grain size distributions and 

distribution of misorientation angles of grain boundaries were analysed using software in 

which low-angle grain boundaries (LAGBs) are defined as misorientations between 2° to 

15°. The mean grain size for Sn grain was obtained from grain size distributions in order to 

explain issues associated with recrystallization and grain growth during self-annealing. The 
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initial average confidence index of each condition was more than 85% depending on 

processing and self-annealing history, whereas the change of datum point was less than 10% 

after the clean-up procedure. Dispersion level of the Pb phase after HPT processing during 

self-annealing is measured using both SEM images and phase map reconstructed from 

EBSD measurements and an approximation of spherical shape for Pb phase particle was 

used. 

3.3.3 Transmission electron microscopy (TEM) 

Detailed microstructures of the as-casted samples and HPT-processed discs during storage 

were characterized by transmission electron microscopy (TEM) using a Cs-corrected JEOL 

JEM-2100F with an accelerating voltage of 200 Kv. The TEM specimens were prepared by 

an in-situ lift-out technique using a Klocke Nanotechnik GmbH micro-manipulator in a 

Tescan LYRA 1 focused ion beam (FIB). Because the Pb-Sn alloy is very soft and with a 

low melting point, the FIB milling was carefully performed. The initial rough milling was 

conducted at 30kV and 5nA, and the final thinning was performed at 5kV and 50pA. 

Chemical compositions of both Sn-rich and Pb-rich phase were examined using an Oxford 

Instruments silicon drift detector (SDD) EDS in a scanning TEM (STEM) mode. 

3.4 Mechanical properties 

3.4.1 Microhardness measurements   

Subsequently, all samples were subjected to repolishing in order to achieve smooth 

surface again and these surfaces were then used to record values of the Vickers 

microhardness, Hv.  The hardness measurements were conducted with microhardness 

tester FM-300 equipped with Vickers indenters using a load of 10 gf and a dwell time of 

15 s. For ECAP samples, an average of 5 points was recorded as average Hv for each 

sample. For HPT samples, two different procedures were used for measuring the values of 

Hv. First, the average values of Hv were recorded on each disc by taking measurements at 

selected positions along disc diameters with the individual points separated by fixed 

incremental distances of 0.5 mm. These measurements were then plotted as Hv against the 

distance from the centre of each disc and the error bars were recorded at the 95% 

confidence level based on measurements from four separate adjacent indentations.  

Second, the hardness profiles were recorded over the entire surface of each disc and these 

datum points were used to construct color-coded contour maps to provide a visual display 

of the hardness variations.  Fig. 3.4 shows a schematic illustration of one-quarter of an 

HPT disc with the locations shown for each separate measurement of the microhardness. 
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For the hardness profile over the total disc surface, the individual values of Hv were 

recorded following a rectilinear grid pattern with separations of 0.5mm between each 

consecutive point for the Pb-Sn alloy. It should be noted that 0.3 mm is commonly used in 

many metals, but in order to shorten the testing time to avoid any possible significant self-

annealing at RT for the Pb-Sn alloy, a distance of 0.5 mm was selected. All of these 

individual values of Hv were then used to construct color-coded contour maps that 

provided clear visual presentations of the distributions in hardness across the surface of 

each disc.  

 

 

 

 

 

Fig. 3.4. One-quarter of an HPT disc showing the positions of datum points where 

microhardness values were taken [140]. 

 

3.4.2 Tensile test 

Another set of HPT-processed discs were tested in tension for evaluating the superplastic 

flow after storage at RT for 1, 4 and 12 days.  .  As shown in Fig. 3.5, two tensile 

specimens were cut out from each disc with gauge lengths of 1 mm and cross-sections of 



 

67 
 

1.0 × 0.6 mm
2
. The gauge lengths were machined to exclude the central region of the disc 

in order to avoid any inhomogeneity at the centre region in each disc. All specimens were 

tested using a Zwick test machine operating at cross-head speed with initial strain rates 

from 1.0 × 10
-4

 to 1.0 ×  10
-1

 s
-1

 at RT to give elongations to failure for different self-

annealing conditions.   

 

Fig. 3.5. Dimensions of tensile specimens prepared from a HPT disc. 

 

3.4.3 Nanoindentation 

Nanoindentation tests were performed at the edge of each HPT disc during storage using a 

UMIS facility which is equipped with a three-sided pyramidal Berkovich indenter having a 

centre-to-face angle of 65.3°. Both the loading and holding stages are used in this work to 

evaluate SRS by nanoindentation. In the case of indentation creep, the specimens were 

loaded to a fixed peak load, Pmax = 5 mN, at an indentation rate of 5 × 10
-2 

mNs
-1

 and then 

a holding time of more than 2000 s was chosen to ensure creep was reasonably stable and 

the steady state flow was achieved. It should be noted that the chosen of indentation rate is 

not important in this method because SRS is measured by using h-t curves starting from 

the holding stage where the indentation rate is determined by materials, peak load, etc. The 

creep behaviour which is reflected by SRS during holding stage in a nanoindentation test 
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can be analysed by the depth-time (h-t) relationship which can be described by a power-

law function: 

 2)(

m

cttBh     (3-1) 

where B and tc are material-dependent constant. The detailed deduction of Eq. (3-1) is 

given in an earlier report [131].  To utilize this method, one has to fit Eq. (3-1) to the 

experimental h-t curves obtained for the holding stage (indentation creep) and the values of 

B, tc and m/2 can then be determined. It should be noted that the power-law relationship 

will only be valid if the h-t curves are obtained in the steady state flow stage. 

For the second method using the hardness value, H obtained at different loading rates, the 

quantities of equivalent stress, eqσ  and equivalent strain rate, eqε  are used for the 

determination of SRS. The equivalent stress, eqσ  is taken as one-third of the hardness value, 

H and the equivalent strain rate, eqε  at a given indentation depth, h, is given by the 

equation [141]: 

                                                       
dt

dh

h

1
eq  ,          (3-2) 

which is proportional to the loading rate. According to Eq. (2-7) and m = 1/n, the strain 

rate, ε , can then be expressed as [130]: 

𝜀̇ = 𝐾1 ∙
𝜎

1
𝑚

𝑇
∙ exp (−

𝑄

𝑅𝑇
)      (3-3) 

 where K1 is a microstructure-dependent constant for a selected metal having a constant 

grain size. Therefore, it is obvious that the values of m (SRS) can be determined from the 

slope of a straight line fit into lnσ-ln eqε  data at a selected temperature. Accordingly, a 

range of equivalent strain rates from 1.1 × 10
-4

 to 4.3 × 10
-3

 s
-1

 was used in the present 

investigation, where the unloading stage occurred as soon as a maximum load of 50 mN 

was reached in order to record the hardness at edge of a disc during self-annealing.  

3.5 Observations of the self-annealing effect 

In order to investigate the self-annealing effect after the Pb-Sn alloy is processed by 

ECAP and HPT, both microhardness and microstructure were constantly monitored 

during the time of storage at room temperature. For ECAP processed samples, 

microhardness values were recorded for all samples for up to 300 hours until saturation of 
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microhardness and the microstructures were recorded by SEM for 2 hours, 120 hours and 

336 hours after processing. EBSD measurements were performed after a storage time of a 

year at room temperature where complete self-annealing should be achieved. For the HPT 

processed discs, the procedures are very complicated and therefore the methods used for 

investigation and the point when the methods were used during storage at RT are 

summarized in Table 3.1 where the symbol “×” refers to when a particular experimental 

method was used at a particular time during storage. It should be noted that 0 day refers to 

a few hours after processing by HPT which is normally less than 4 hours depending on the 

time for sample preparation before each experimental procedure.      
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Table 3.1 HPT-processed discs of the Pb-Sn alloy being investigated by various experimental methods during storage at RT 

Time of storage  

(day/month) 
0* 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 20 21 24 8 months 

N = 1 

Hv at edge × × × × × × × × × × × ×  × × ×  × ×  
 

× 

Hv across 

diameter & Hv 

profile 

×    ×     ×           

 

 

Tensile test  ×   ×        ×        
 

 

Nanoindentation   × ×       × × ×       × 
 

 

SEM × × ×  ×   ×     ×        ×  

TEM    ×             ×    
 

 

EBSD ×  ×    ×     ×         
 

× 

In situ EBSD  ×  ×     ×             ×  

N = 5 

Hv at edge × × × × × × × × × × × ×  × × ×  × ×  
 

× 

Hv across 

diameter & Hv 

profile 

×    ×     ×           

 

 

EBSD ×  ×    ×     ×         
 

× 

*0 day refers to a few hours (no more than 4 hours) after HPT processing followed by sample preparation. 
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Chapter 4 The as-cast Pb-Sn alloy prior to SPD process 

 

In this Chapter, the complexity of the microstructure of the as-cast Pb-Sn alloy will be 

addressed by means of SEM, EBSD and TEM.  Most of the microstructural observations of 

the Pb-Sn are based on results received from solder balls which are on average well below 

1 mm in size. There is a lack of information about the description of detailed 

microstructure in bulk alloys which will be beneficial for superplastic investigations using 

this type of alloys. 

4.1 Results  

Fig. 4.1 shows the representative optical and SEM images of the Pb-62% Sn eutectic alloy 

under as-cast condition. The dark phase particles are Pb phase and the bright region is Sn 

phase in Fig. 4.1 (a) and (b). However, for the SEM image in Fig. 4.1 (c), Sn phase 

exhibits darker colour by comparison with Pb phase under secondary electron mode. It is 

apparent that in Fig. 4.1 (a) and (b) that many Pb phase particles segregate along dendritic 

boundaries of large dendrite arms, therefore dividing the microstructure into large equiaxed 

domains containing fine Sn grains and Pb phase particles which can be seen in a high 

magnification image in Fig. 4.1 (c). The measured average grain size including Sn grains 

and Pb phase particles is 2.55 μm.  

These boundaries, which are well documented in Zn-22% Al eutectic alloy [142-144] but 

rarely seen in reports on the Pb-62% Sn eutectic alloy, are referred as former α boundaries 

(FαBs) or dendrite boundaries. It should be noted that Pb phase particles have, in general, 

two morphologies which are spherical or lamellar. The shape of Pb phase particles and the 

spacing between lamellas depend on cooling rate during solidification and heat treatment 

history.  
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The present results demonstrate a very clear difference with the experimental data reported 

earlier for the Pb-62%Sn eutectic alloy where many consider Pb phase, Sn phase and 

boundaries between the two phases consist the whole microstructure of the alloy [56,57]. 

However the microstructure is more complex when involving large dendrite boundaries as 

well as boundaries within both Sn phase and Pb phase. 

Backscatter mode (SEM)

 

 

Fig. 4.1. OM (a and b) and a backscatter SEM image (c) of the Pb-62% Sn alloy in as-cast 

condition. 

In order to further confirm the complexity of the microstructure for the Pb-62%Sn eutectic 

alloy, EBSD was performed and examples of both SEM and OIM images are given in Fig. 

4.2. A typical SEM image of the Pb-Sn alloy under cast condition is shown in Fig. 4.1 (a) 

where two primary colours are visible in light grey and dark grey representing rich-Pb 
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phase and rich-Sn phase, respectively. Once again, the dendrite boundaries marked by red  

 

 

Fig. 4.2. OIM images of the as-cast Pb-Sn alloy (a, b and c ) and the corresponding pole 

figures (d, e and f): (g) shows the overall distribution of misorientation angles.  

dash lines can be seen in Fig. 4.1 (a), which divide the microstructure into several large 

domains. Fig. 4.2 (b) shows a phase map of the same area in Fig. 4.2 (a) where rich-Pb 

phase is in red and rich-Sn phase is in blue. Fig. 4.2 (c) shows the OIM image of Sn grains 

in Fig. 4.2 (a-b). It is evident that there are certain combinations of orientations present in 

each domain which show combinations of colours and it is therefore easy to distinguish 

different domains. Three representative domains are marked by (d), (e) and (f) and 

separated by black dash lines in Fig. 4.2 (c).  To illustrate the combinations of orientations 

in each domain, {001} and {100} pole figures are given in Fig. 4.2 (d-f) for the 
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corresponding domains. It can be confirmed from the {001} pole that there are three 

clusters of dominant orientations in each domain whereas in {100} pole figures it is clear 

that for each domain all three orientations rotate along <100> crystal direction. They are, 

in fact, twin relationship with a rotation angle of 62.8° along <100>. Fig. 4.2 (g) shows the 

overall distribution of misorientation angles from the OIM map in Fig. 4.2 (c). It is obvious 

that there is a peak located between 60° to 65° and it once again confirms that most of high 

angle grain boundaries (HAGBs) are  62.8° <100> twin boundaries. It should also be noted 

that the fraction of low-angle boundaries (LAGBs) is very high (72%).  It should be noted 

that the measured average size of large dendrite arm is ~175µm and the twin segment in 

each large dendrite arm is 2.5 µm.  

An example of a close examination of the microstructure within each dendrite arm is given 

in Fig. 4.3 where (a) is a SEM image, (b) is the phase reconstruction of the area denoted 

with red box in (a) using EBSD data, (c) shows only Sn grains and (d) shows only Pb 

grains. It is evident to see that there are smaller Pb grains in each Pb phase particle and this 

certainly add more elements to the already complex microstructure of the Pb-Sn alloy.       

 

Fig. 4.3. High magnification of SEM (a) and OIM images (b, c and d) of the Pb-Sn alloy 

and the corresponding pole figures. 

Pb 
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Figure 4.4 (a) shows a SEM image of the Pb-Sn alloy after electro-polishing. It is evident 

that the bonding between Sn-rich phase and Pb-rich phase is weak because the gaps are 

very visible between the two phases which indicates the phase boundaries were more likely 

to be attacked by etchant during electro-polishing. The weak bonding of two phases can be 

further confirmed from TEM images in Fig. 4.4 (b-c) where the gaps are still visible 

between Sn and Pb phase. A high magnification image of the area denoted by the red box 

in (b) is shown in (c). Chemical composition analysis was performed on the positions 

marked using numbers from 1 to 4 and the data is given in Table. 4.1. It is evident to see 

that there are Sn precipitates in Pb-rich phase after solidification, i.e. spectrum 4 contains 

100% Sn.  

 

Fig. 4.4. SEM and TEM of the as-cast Pb-Sn alloy: (a) a SEM image after electro-polishing, 

(b) a TEM image and (c) a TEM image with high magnification of the area denoted by the 

red box in (b). 
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Table 4.1. Concentration of Sn and Pb from the points marked 1-4 measured in Fig. 4.4 

Spectrum No. Pb (wt.%) Sn (wt.%) Pb (at.%) Sn (at.%) 

1 96.6 3.4 94.2 5.8 

2 0 100 0 100 

3 0 100 0 100 

4 0 100 0 100 

 

 

4.2 Discussion 

The very complex microstructure of the Pb-Sn alloy is depicted with a schematic 

illustration in Fig. 4.5. In addition to the generally considered components of the 

microstructure including Sn phase and Pb phase and their boundaries, the existence of Sn 

grains within Sn phase and Pb grains within Pb phase is now confirmed. Moreover, Pb 

phase particles can have either equiaxed or lamellae shape; in terms of boundaries it is 

confirmed that there are Sn grain boundaries, Pb grain boundaries, phase boundaries 

between Sn phase and Pb phase and finally large dendrites boundaries and a large fraction 

of Sn-Sn twin boundaries. 

A better understanding of the microstructure is critical for explaining many of the 

mechanical behaviors of the Pb-Sn alloy. For example, large dendrite boundaries have 

profound influence on superplasticity of Pb-Sn alloys because these boundaries serve as 

favorable cavity nucleation sites. This role is attributed in part to the shapes of Pb phase 

and in part to impurity segregation on these boundaries. Also, traditionally grain boundary 

sliding between phase boundaries is only considered in many reports during superplastic 

deformation for this type of alloy. However, in fact, large amounts of boundary sliding 

between Sn-Sn phase and Pb-Sn phase should also occur.  The understanding that there are 

grains in both phases opens up a new explanation as to why this type of alloy has such an 

excellent superplasticity and some of the mechanisms may not be realized in the past 

without an understanding of the extremely complex microstructure. 
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Fig. 4.5. A schematic illustration of the microstructure of the Pb-62% Sn alloy. 

 

4.3 Summary  

EBSD measurements on the as-cast Pb-62% Sn eutectic alloy indicate that the 

microstructure is divided by large domains each with one nucleus during solidification. In 

each domain, there are three major orientations with a twin relationship of 62.8°<100>. 

The mechanical properties of the Pb-Sn alloy should be affected by the large domains 

where each domain should mechanically behave as one large grain due to limited 

orientations.  
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Chapter 5 Microstructural and microhardness 

evolutions of the Pb-Sn alloy after processing by ECAP 

 

 

In this chapter, the Pb-Sn alloy was processed by ECAP for 1, 2, 4 and 8 passes and the 

processed samples were stored at RT for up to a year to observed self-annealing effects. It 

is interesting to note that slight grain refinement continue to occur at early stage of storage 

and over the long term, significant grain coarsening occurs.  

 

5.1 Results  

5.1.1 Microstructure immediately after ECAP 

A significant feature of the Pb-62%Sn eutectic alloy processed by ECAP in terms of 

microstructural evolution is the refinement of larger dendrite arms separated by dendrite 

boundaries and the ultimate disappearance of these boundaries as the numbers of passes 

increase. As shown in Fig. 5.1, it can be seen that domains separated by large dendrite 

boundaries become much finer with an average size of ~65 μm after 1 pass of ECAP in Fig. 

5.1 (a) by comparison with an average size of ~175 μm under as-cast condition. In Fig. 5.1 

(b), large dendrite boundaries completely disappear due to continuous straining of ECAP 

processing. It should be noted that after 4 passes the average size of Pb phase particles in 

Fig. 5.1 (c) which have darker colour by comparison with Sn phase have been significantly 

refined and distributed homogeneously in microstructure compared with after 1 pass and 2 

passes. The microstructures of SEM images with higher magnification for the samples 

after 2 passes and 8 passes are shown in Fig. 5.2 where Sn grains are slightly finer in Fig. 

5.2 (b) after 8 passes than in Fig. 5.2 (a) after 2 passes.  The linear intercept grain sizes 

were measured as ~2.4 µm, 2.2 µm and ~1.8 µm immediately after ECAP through 2, 4 and 

8 passes, respectively. 
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Fig. 5.1. OM images of samples processed through (a) 1 pass, (b) 2 passes and (c) 4 passes. 

 

Fig. 5.2. SEM images of taken from samples shortly after being processed through (a) 2 

passes and (b) 8 passes. 

5.1.2 Microstructure during storage at RT after ECAP processing 

After storage at RT for a period of time, a clear trend of grain refinement can be observed 

in samples after 2, 4 and 8 passes. The examples of microstructures after 4 passes and 8 

passes are given in Fig. 5.3 where Fig. 5.3 (a) and Fig. 5.3 (c) are corresponding to the 

state where the samples were processed and stored for only 2 hours whilst Fig. 5.3 (b) and 

Fig. 5.3 (d) show microstructures of samples being stored for 336 hours. It should be noted 

from inspection of these images that a large number of new grains with small size have 
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nucleated and grown within old deformed grains resulting in grain refinement. Sn grain 

boundaries become well-defined and clearer by comparison with samples stored for 2 

hours after ECAP processing where Sn grain boundaries are ill-defined. This indicates the 

occurrence of relaxation of stress concentration along grain boundary during storage. It 

should be noted that most of fine Sn grains are found to be close to Pb phase particles.  

 

Fig. 5.3. SEM images of samples shortly after being processed for (a) 4 passes and (c) 8 

passes and samples after (b) 4 passes and (d) 8 passes of ECAP and stored for 337 hours at 

RT: the cavitation between two phases is caused by etching.  

Two different magnifications for EBSD measurements were performed to reveal the 

microstructures of the Pb-Sn alloy after ECAP in different scales. A smaller magnification 

of ×500 was selected in Fig. 5.4 to investigate the overall evolution in terms of large 

dendrites boundaries and distribution of Pb phase in microstructure whilst a larger 

magnification of ×3000 in Fig. 5.5 was selected to investigate the evolution of fine Sn 

grains and Pb grains within Sn phase and Pb phase.  
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Fig. 5.4. OIM images of ECAP-processed samples after (a-c) 1 pass, (d-f) 2 passes and (g-i) 

8 passes and stored at RT for 12 months. 
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Fig. 5.4 shows representative OIM images with a low magnification of ×500 taken from 

samples processed after 1, 2, and 8 passes and stored for 12 months to achieve a 

homogenously self-annealed structure. The upper row in each set (a, d and g) is a phase 

reconstructed map containing components with Sn and Pb phase shown in colour blue and 

red, respectively, whilst the middle row (d, e and h) contains Sn grains and the bottom row 

(c, f and i) contains Pb grains. The inverse pole figures for both Sn and Pb are given at the 

right hand side of each set in Fig. 5.4. Careful  inspection  of  Fig. 5.4  reveals several 

points: first, the large dendrites are elongated after 1 pass along the shearing strain 

introduced by ECAP which can be seen in (b) where elongated dendrite arms each has 

their own dominant orientations; second, these large dendrites completely disappear in (e) 

after 2 passes and there are several Sn grains which have grown into significantly coarse 

grains compared with surrounding grains with sizes more than 20 µm which indicates 

abnormal grain growth; third, a fairly homogeneous structure with uniformed Sn grain size 

was achieved after 8 passes in Fig. 5.4 (g-i); finally, the distribution of Pb phase becomes 

more homogenous as the numbers of passes increase.  

In Fig. 5.5, detailed OIM images with a high of ×3000 magnification are shown where it is 

obvious to see that Sn grains become coarse and uniformed in size after high numbers of 

passes after storage. It should be noted that abnormal grain growth is more obvious in 

small numbers of passes, i.e. 1 pass and 2 passes.  In Fig. 5.5 (b) and (e), many fine grains 

are located near Sn-Pb boundaries which is in agreement with the SEM images in Fig. 5.3 

(b) and (d). Also, there is essentially no difference in the size for Pb phase for after 2, 4 and 

8 passes.      

Figures 5.6 and 5.7 show the distributions of the misorientation angles after 1 pass and 8 

passes for Sn grains (Fig. 5.6a-b) and Pb grain (Fig. 5.6c-d) as well as grain size 

distributions for Sn grains (Fig. 5.7a) and Pb grains (Fig. 5.7b). Information of the fraction 

of HAGBs is also given in each plot in Fig. 5.6. The measurements show there is relatively 

low fractions (71% for Sn phase and 61% for Pb phase) of HAGBs after 1 pass and the 

fraction of HAGBs significantly increases to higher values (89% for Sn phase and 83% for 

Pb phase) after 8 passes.  It should be noted that there are peaks of misorientation angles 

showing at ~62° and ~70° in Sn and ~60° in Pb. These grain boundaries are reported as 

special grain boundaries or ∑ grain boundaries. In Fig. 5.7 (a) and (b), the grain sizes of 

both Sn grains and Pb grains are finer after 1 pass than after 8 passes and the distribution 

width is also small after 1 pass compared with after 8 passes.   
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Fig. 5.5. OIM images of ECAP-processed samples after (a-c) 1 pass, (d-f) 2 passes, (g-i) 4 

passes and (j-l) 8 passes and stored at RT for 12 months. 
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Fig.5.6. Distribution of misorientation angles of both phases after 1 pass (a and c) and 8 

passes (b and d). 

Fig.5.7. Distributions of grain size of both phases for samples after 1pass and 8 passes. 
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Fig. 5.8. Pole figures of samples under (a-b) as-cast condition and after (c-d) 1pass, (e-f) 2 

passes and (g-h) 8 passes and stored at RT for 12 months. 

 

Figure 5.8 shows the pole figures under cast condition and after 1 pass, 2 pass and 8 passes. 

In Fig. 5.8 (a) and (b), very strong texture peaks can be seen with a maximum intensity of 

19.8 for Sn phase and a maximum intensity of 9.6 for Pb phase which is in excellent 



  

92 
 

agreement with Fig. 4.2 where each dendrite Sn phase only shows 2-3 dominant 

orientations and interestingly Pb phase also shows limited numbers of dominant 

orientations. After 1 pass, there are still fairly strong peaks in Sn phase however texture 

peaks are weakened significantly in Pb phase. Sn phase reaches a lowest intensity of 3.6 

after 2 passes in Fig. 5.8 (e) and this value grows back to 7.1 after 8 passes. On the other 

hand, for Pb phase the texture intensity continuously decreases as the numbers of passes 

increase. It should be noted that for Sn phase, c-axis is almost parallel to the normal of X 

plane after ECAP processing.   

5.1.3 Microhardness during storage at RT after ECAP 

 

Fig. 5.9. Variation of microhardness plotted against storage time for samples processed by 

ECAP and stored at RT.  

Microhardness testing was conducted immediately after processing to determine the 

hardness evolution after different passes of ECAP. Also, a series of re-tests for 

microhardness were followed every ~24 hours for up to ~250 hours to investigate self-

annealing after ECAP. Fig. 5.9 shows a plot of the hardness values as a function of storage 

time for the samples processed after 1 pass, 2, 4 and 8 passes. The broken line indicates the 

microhardness under as-cast condition which is much higher than that of the samples 

processed by ECAP. There is a very clear trend in hardness evolution: Hv decreases 

significantly as the numbers of passes increase. It is also important to note that significant 

increase in microhardness is visible in the samples being stored at room temperature for a 

period of time. Although the curve for the sample processed after 1 pass fluctuates 
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significantly over the course of storage, an upward trend in hardness remains visible after 

120 hours of storage.    

5.2 Discussion 

The present experiments provide clear evidence for the self-annealing of the Pb-Sn alloy at 

RT after processing by ECAP. Microhardness measurements and EBSD results 

demonstrate that recrystallization/grain growth occurs during self-annealing. It is 

interesting to note that recrystallization seems to cause grain refinement at the early stage 

of self-annealing which is obvious in Fig. 5.3 after 337 hours of storage. However, over the 

long term, significant grain growth occurs in Figs. 5.4 and 5.5 after a storage time of 12 

months. Moreover, it is evident that after 8 passes of ECAP and storage at RT for a year, 

larger grain size is achieved and this is due to high storage energy introduced by large 

numbers of passes by ECAP.   

One interesting phenomenon can be seen which is relevant to the recrystallization process 

which is the equiaxed Sn grains with fine size nucleate within the deformed grains and 

they tend to be located near Sn-Pb phase boundaries. As schematically shown in Fig. 5.10, 

during deformation, dislocations move towards grain boundaries. It is much easier for 

dislocations to penetrate through Sn-Sn grain boundaries than Pb-Sn boundaries due to 

their different crystal structures. This is further confirmed by the very weak bonding 

between Sn and Pb which was been shown in Fig. 4.4. As a consequence, dislocations pile 

up near phase boundaries. These near-phase boundary regions become favourable sites for 

nucleation because energy is stored in the form of dislocations, thus a large fraction of 

newly formed fine grains can be observed near phase boundaries. 

 

Fig. 5.10. Mechanism of recrystallization near phase boundary (I) dislocations pile up near 

phase boundaries and thus create favourable sites for nucleation  (II) new grains with fine 

size grow along phase boundaries. 

http://en.wikipedia.org/wiki/Nucleation
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The observation that grains exist in both Sn and Pb is also different from the earlier 

investigations where it was generally considered that each Pb phase particle is one whole 

grain and there are no boundaries in Sn phase. These fine grains within Sn and Pb phase, in 

fact, behave as independent domains during deformation, thus have a major influence on 

the mechanical properties and superplasticity for this type of alloy. Therefore the 

percentage of HAGBs should have a major influence on the microhardness of the Pb-Sn 

alloy after processing by both ECAP and HPT and this will be discussed in a future chapter.  

Large dendrite boundaries have profound influence on superplasticity of Pb-Sn alloys. This 

role is attributed in part to the shape of rich-Pb phase (elongated/lamellar) and in part to 

impurity segregation on these boundaries. There is a report concerning the evolutions of 

these structural features in a similar type of two-phase alloy, Zn-22%Al alloy: the 

nucleation of cavities on large dendrite boundaries and the formation of cavity on these 

boundaries [144].  In Rf. [108], the Pb-62% Sn alloy processed by ECAP was tested at 

various strain rates and the results can be found in Table 2.1. It is evident that a specimen 

processed after 2 passes and pulled at a strain rate of 1.0 × 10
-3

s
-1

 at 423 K achieved an 

elongation of more than 4 times by comparison with a specimen processed after 1 pass and 

pulled at the same condition. Thereafter, there was no significant improvement in terms of 

elongation observed as the numbers of passes increased after 2, 4 and 5 passes. This 

tendency remains similar at other strain rates. The current work is in excellent agreement 

with these results where after 1 pass the large dendrite boundaries still exist which can be 

seen in Fig. 5.4 (b) and there are fairly strong texture peaks in Sn phase in Fig 5.8 (c). 

However, after 2 passes of ECAP, a microstructure with randomly distributed orientation 

and a high percentage of HAGBs is achieved as well as the absence of dendrite boundaries. 

As a result, the occurrence of grain boundary sliding will be favoured which is the 

dominant deformation mechanism for the Pb-Sn alloy during superplastic tensile test. 

Based on the above discussion, a sharp increase of superplastic elongation after 2 passes 

can then be understood which is due to the disappearance of dendrite arms. By contrast, 

after 4 passes and 8 passes, there are no significant changes in terms of grain size, 

percentage of HAGBs and texture therefore elongation measurements remain similar with 

that of the sample after 2 passes of ECAP.  
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5.3 Summary   

Billets of the Pb-Sn alloy were processed by ECAP after 1, 2 4 and 8 passes.    

Microstructural observations after ECAP processing shows the grain size is reduced by 

ECAP and it is continuously reduced as the alloy is stored at room temperature for ~ 350 

hours due to recrystallization before it grows coarse again as the storage time increases 

significantly to a year. Meanwhile, the microhardness values show a significant decrease 

immediately after processing and a subsequent rapid increase before saturation as the alloy 

being stored.   
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Chapter 6 Microstructural and microhardness evolution 

of the Pb-Sn alloy after processing by HPT 

 

In this chapter, the microstructural evolution of the Pb-Sn alloy immediately after HPT 

processing will be investigated under by both SEM and EBSD. The microhardness is also 

recorded across the diameter of each disc as well as the construction of microhardness 

profiles which covers the whole surface of each disc. It is evident to see that microhardness 

decreases as the average grain size decrease as the numbers of turns increase.  

 

6.1 Results  

6.1.1 Microstructural observation after HPT 

Microstructural investigations on discs after HPT were performed using SEM and 

representative microstructures are shown in Fig. 6.1 at both the edge and centre of each 

disc with N = 1/2 (Fig. 6.1 a and b), 1 (Fig. 6.1 c and d), 3 (Fig. 6.1 e and f) and 5 (Fig. 6.1 

g and h). Close inspection of Fig. 6.1 shows that the average grain size is coarse at the 

centre and fine at the edge of the discs and this is essentially repeated for all numbers of 

turns. Furthermore, inspecting from upper row to lower row indicates the grains produced 

by HPT become gradually fine at both the centre and edge of each disc. This evident 

tendency is shown in details by plotting average grain size with error bars against the total 

numbers of torsional revolutions in Fig. 6.2.  It is apparent that despite all the similarities 

that all discs shared, increasing numbers of turns developed some changes to the alloy. The 

most important change occurs after 5 turns: Fig. 6.1 (g) shows a reasonably homogenous 

distribution of Sn grains and Pb phase near the edge of the disc and the evidence of 

banding along the torsional straining in earlier turns has mostly disappeared. The measured 

average grain size at this region from SEM images was ~0.8 µm which is about 3 times 

smaller than that of the as-cast condition.  
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 Edge Centre 

N = 1/2 
P = 3.0 GPa 
RT 

  

N = 1 
P = 3.0 GPa 
RT 

  

N = 3 
P = 3.0 GPa 
RT 

  

N = 5 
P = 3.0 GPa 
RT 

  

Fig. 6.1. Representative micrographs taken after different processing conditions near the 

edge of the disc (a, c, e and g) and near the centre of the disc (b, d f and h). 

(a) (b) 

(h) 

(f) (e) 

(d) (c) 

(g) 
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Fig. 6.2. Average grain sizes near edges and centres of discs plotted against numbers of 

turns. 

 

The average grain sizes measured by linear intercept method from SEM images where Sn 

grains and Pb phase are measured (invisible grains within Pb phase are not considered) are 

given in Fig. 6.2 where the average grain sizes are plotted against numbers of turns. 

Inspection of Fig. 6.2 shows grain refinement after HPT at both the centre and edge of each 

disc. The average grain size, however, tends to be larger at the centre than at the edge for 

all discs.  

Figure 6.3 shows representative OIM images taken from samples processed after 1/4, 1/2, 

3/4 1, 3, 5 and 10 turns. The upper row in each set of image is the phase reconstruct map 

which contains Sn and Pb phase and the middle row contains Sn grains and boundaries 

whilst the bottom row contains Pb grains and boundaries within Pb phase. The inversed 

pole figures for both Sn and Pb phase are given at the right hand side of Fig. 6.3 next to the 

OIM images, accordingly. It is evident to see that there is an obvious tendency of grain 

refinement as the numbers of turns increase for both Sn grains and Pb grains. For Sn grains, 

the size distribution is more homogeneous after large numbers of turns.  
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Fig. 6.3. OIM images of samples processed by HPT after 1/4 (a-1, a-2 and a-3), 1/2 (b-1, b-

2 and b-3), 3/4 (c-1, c-2 and c-3), 1 (d-1, d-2 and d-3), 3 (e-1, e-2 and e-3), 5 (f-1, f-2 and 

f-3), 10 (g-1, g-2 and g-3).  
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Fig. 6.4. Distributions of misorientation angles in Sn phase for samples (a) under as-cast 

condition and processed by HPT after 1/4 (b), 1/2 (c), 3/4 (d), 1 (e), 3 (f), 5 (g), 10 (h).  
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. 

 

Fig. 6.5. Distributions of misorientation angles in Pb phase for samples (a) under as-cast 

condition and processed by HPT after 1/4 (b), 1/2 (c), 3/4 (d), 1 (e), 3 (f), 5 (g), 10 (h). 
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Grain boundary information is given in Fig. 6.4 and Fig. 6.5 for Sn grains and Pb grains, 

respectively. The evolution of misorientation for both phases share a similar tendency 

where the fraction of HAGBs increases significantly after small numbers of turns, i.e. after 

one turn, and thereafter it saturates for Sn grains but slightly drops for Pb grains after 3 

turns. This may be due to high straining introduced by HPT cause rapid self-annealing and 

with the same amount of time used for sample preparation for EBSD (about 4 hours), discs 

processed after larger numbers of turns (more than 3 turns) self-annealed more significant 

compared with discs processed less than 3 turns.  

6.1.2 Microstructural evolution at centre of discs after HPT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6. Micrographs of centre regions of discs process by HPT for (a) 1 turn, (b) 3 turns 

and (c) 5 turns. 

 

Theoretically, the amount of strain introduced by HPT is gradually reduced from a large 

value to 0 as the position on the disc moves from edge to centre, therefore it is interesting 

to evaluate how microstructure evolves differently at the centre region compared with the 

edge region. For this purpose, it is necessary to measure the size of centre regions for each 

disc after different turns. SEM images in Fig. 6.6 show the distinctive feature of centre 

Centre 

Centre Centre 

(a) 

(b) (c) 
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regions with whirl-like pattern on discs after processing for N = 1 (Fig. 6.6 a), 3 (Fig. 6.6 b) 

and 5 (Fig. 6.6 c) turns. It is apparent that as the numbers of turns increased, this whirl-like 

region reduces from ~210 µm after 1 turn to ~70 µm in radius after after 5 turns.   

SEM images of representative microstructures in high magnification are shown in Fig. 6.7 

for a disc processed by HPT after 1 turn at 3.0 GPa with separate displays near edge area (a) 

and at centre of the disc (b). Inspection of Fig. 6.7 shows two distinctively different regions. 

In the vicinity of the edge of the disc, the Sn grains and Pb phases are clearly visible; they 

are essentially equiaxed in shape. The average grain sizes for both Sn grains and Pb phase 

particles were measure as 1.6 µm. One significant feature of this region is that instead of 

distributing homogeneously as the cast condition, the Pb phase was broken apart and 

distributed parallel to the flow along torsional stain. By contrast, Fig. 6.7 (b) shows 

microstructure at the centre of the disc and in this region the grain structure is more similar 

to that of as-cast condition with an average grain size of 2.5 µm which is ~ 1.4 times larger 

than the grain size at the periphery of the disc. Therefore, the present results show the 

possibility of achieving exceptional grain refinement around the edge of HPT discs for the 

Pb-62% Sn alloy processed only after 1 turn.  

 

 

 

 

 

 

 

 

Fig. 6.7. Micrographs taken on a disc processed by HPT for 1 turn at 3.0 GPa: (a) near the 

edge of the disc and (b) near the centre of the disc. 

Figure 6.8 shows the OIM images for a disc processed after 1 turn at centre region and it 

once again confirms the difference of microstructures at two regions of the disc by 

comparison with Fig. 6.3 (d-2). Since the grain structure of the Pb cannot be seen in Fig. 

6.7  in SEM images but it can be observed in OIM images in Fig. 6.3 (d-3) and Fig. 6.8 (c), 

Centre 
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it is very interesting to note that the Pb grains follow the same tendency where it is finer at 

the edge and coarser at the centre of the disc.   

 

 

Fig. 6.8  OIM images of a disc processed by HPT after 1 turn at centre region: (a) phase 

map, (b) Sn phase and (c) Pb phase.  
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Figure 6.9 provides boundary information for both Sn grains and Pb grains at centre of the 

disc after 1 turn. It is evident to see that there is a higher fraction of HAGBs at edge than at 

centre area of the disc. For example, the percentage of HAGBs for Sn phase at the centre 

of the disc is ~82% in Fig. 6.9 (a) and this value increases to ~98% at the edge in Fig. 6.4 

(e). Similarly, the percentage of HAGBs for Pb grain at centre region is only ~37% in Fig. 

6.9 (b) and it increases to 75% at the edge region in Fig. 6.5 (e).  

 

 

Fig. 6.9.  Misorientation angles and distributions of grain size for a disc processed by HPT 

after 1 turn at centre region: (a) Sn phase and (b) Pb phase.  
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6.1.3 Microhardness measurements after HPT 

Microhardness values along the disc diameters after 1/2, 1, 3 and 5 turns were recorded 

and given in Fig. 6.10. The initial microhardness value for as-cast condition is indicated by 

the broken lines at the top of each plot with a value of around 10 Hv.  

 

 

 

Fig. 6.10. Variation of average Vickers microhardness with distance from the centres of the 

discs after processing by HPT for   (a) 1/2 turn, (b) 1 turns, (c) 3 turns and (d) 5 turns. 

 

Inspection of Fig. 6.10 leads to several conclusions concerning the evolution in 

microhardness under different processing conditions of N = 1/2 (Fig. 6.10 a), 1 (Fig. 6.10 

b), 3 (Fig. 6.10 c) and 5 (Fig. 6.10 d) turns. First of all, without exception all the discs 

exhibit lower hardness values than the unprocessed cast condition. Second, a consistent 

trend of higher values of Hv at the centres of all discs and lower values of Hv at edges can 
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be visibly observed. Third, all the Hv values tend to decrease as the numbers of turns 

gradually increased. For example, high value of Hv = 8.9 were recorded at centre of the 

disc after 1/2 turn, whereas Hv decreased to 6.1 after 5 turns. This tendency was repeated 

at the outer edges from Hv = 1.9 after 1/2 turn to Hv = 1.2 after 5 turns. Fourth, although 

all samples exhibit a downward tendency of hardness values from the centre towards the 

peripheries of each disc, the rate of this decrease is dependent upon the numbers of turns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.11. Color-coded contour maps showing the distributions of values of the Vickers 

microhardness over the surfaces of discs processed by HPT: (a) 1/2 turn, (b) 1 turns, (c) 3 

turns and (d) 5 turns. 

 

1/2, P = 3.0 GPa, 

RT 
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For example, taking a value of Hv ≈ 2, which is 4.5 times lower than the highest value 

processed after HPT appeared at the centre of the disc processed after 1/2 turn, this value 

occurs at 3.5 mm from the centre of the disc processed with N = 1/2, at 2 mm from the 

centre with N = 1, at 1.5 mm from the centre with N = 3 and 0.5 mm from the centre with 

N = 5. Fifth, most error bars appeared large in the central regions of the discs for all 

samples, whereas they are essentially reduced to 0 at edges of discs. In addition, the larger 

values of the error bars at centres of each disc frequently appear after processing with large 

numbers of turns, while they tend to be low when the discs processed after N = 1/2 and 1 

turn.  

Microhardness values were recorded following a recti-linear grid pattern on each disc and 

the data were then plotted as color-coded contour maps as shown in Fig. 6.11 for samples 

processed by HPT for 1/2 (Fig. 6.11 a), 1 (Fig. 6.11 b), 3 (Fig. 6.11 c) and 5 (Fig. 6.11 d) 

turns, where X and Y coordinates were randomly chosen with (0, 0) at the centre of each 

disc. These contour maps confirm the distributions of hardness over the surfaces of the disc 

after HPT follow the same tendency of higher at centres and significantly lower at the 

edges of all the discs under all the experimental conditions. 

6.2 Discussion  

The current investigation provides a clear demonstration that processing of the Pb-62%Sn 

eutectic alloy by HPT introduces very significant changes in the appearance of the 

microstructure. The average grain size in the equiaxed areas was ~2.5 µm in the as-cast 

condition; grains at the edge of a disc after 5 turns were refined to ~0.9 µm with a 

reasonably homogeneous microstructure. In addition, the tendency for the occurrence of 

obvious grain refinement with additional straining is consistent with earlier results from 

samples processed by ECAP where the grain size was refined. For example, the mean 

linear intercept grain sizes were reported as ~2.4 µm, 2.2 µm and ~1.8 µm immediately 

after ECAP through 2, 4 and 8 passes, respectively.  

Significant reduction in grain size results in strengthening after processing by HPT and is 

well documented in single-phase metals. Detailed experiments have revealed two distinct 

types of behaviour. In many metals, such as commercial purity Al [76,145], the measured 

hardness values are high at edge of the discs and low at the centre. By contrast, the present 

results reveal that after HPT the microhardness values are significantly reduced as well as 

the measured grain size at the edge of the discs. This particular effect of strain softening is 

also discovered in the Zn-22%Al alloy where TEM observations show that processing of 
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this alloy by HPT at room temperature leads to a significant reduction in the distribution of 

the rod-shaped precipitates within the Al-rich grains in the annealed condition [72,73] 

which is considered to be the main reason responsible for the strain softening effect with 

reduction in grain size for this particular type of alloy.  

There are some other explanations for the cause of the strain softening effect in the 

literature. For example, as illustrated in the schematic diagram in Fig. 6.12, a model is 

proposed based on the absorption of dislocation pile-up by grain boundary [146,147] to 

explain the work-softening behavior by the recovery. The theory of the DRX model is  

 

 

 

 

 

Fig. 6.12. Schematic diagram showing the absorption of dislocation pile-up by a low-angle 

grain boundary: (a) dislocation pile-up at a grain boundary and (b) absorption of the front 

dislocation by the grain boundary [146]. 
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different from that of static recovery in which the annihilation of dislocations is 

accomplished by the joining together of dislocation segments of opposite signs and also by 

forming of sub-boundaries. The atoms near the boundary rearrange themselves in response 

to the stress generated from the dislocation pile-up; the front of dislocations then join the 

grain boundary and relax the stress which is located at the front of the pile-ups. Through 

this process, the dislocation density decreases and thus the alloy is softened. From 

inspection of the schematic diagram, it is worth noticing that, by absorbing the pile-up 

dislocations, the grain boundary misorientation, θ, gradually increases. Accordingly, the 

fraction of HAGBs increases with increasing strain. It is important to note that the grain 

boundary energy of LAGBs increases almost linearly with an increasing θ. But for HAGBs, 

grain boundary energy reaches a plateau with a value roughly equal to one-third of free 

surface energy. As the fraction of HAGBs saturates with increasing deformation strain, the 

magnitude of work-softening by DRX also reach a saturation. 

By employing this model, the increase of HAGBs associated with decrease in 

microhardness can be explained. It is because dislocations are absorbed by grain 

boundaries in which case grain boundary behaves like a dislocation sink. However, the 

model fails to explain why microhardness for as-cast condition is higher than processed 

condition. Dislocation density should be significantly low under as-cast condition and yet 

the experimental observations show that after processing by either ECAP or HPT causes 

microhardness to decrease below that of the as-cast condition. Therefore, a more 

appropriate explanation must be developed.    

6.3 Summary 

Discs of the the Pb-Sn alloy were processed by HPT under a range of experimental 

conditions. Microstructural examination for all discs after processing showed significant 

grain refinement but with a corresponding decrease in the measured hardness by 

comparison with the initial unprocessed conditions. An explanation of absorbing of 

dislocations by LAGBs and subsequent transformation of these boundaries to HAGBs was 

proposed. However, it fails to explain the hardness of as-cast alloy is higher than HPT-

processed condition and therefore a new explanation is needed.      
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Chapter 7 Microstructural evolution during self-annealing 

after processing by HPT 

In this chapter, the Pb-Sn alloy was processed by HPT and stored at RT to investigate self-

annealing behaviour. The microstructures of the alloy after HPT were repeatedly 

investigated during the course of self-annealing by SEM, EBSD and TEM. It was 

demonstrated after HPT processing that the fraction of special boundaries significantly 

increase for both Sn and Pb phase but decrease during storage. The HPT processing 

significantly increased the solubility of Sn in Pb phase. This supersaturated state of Sn in 

Pb is, however, not stable at RT during self-annealing and therefore a decomposition of Sn 

from Pb-rich phase was observed after 16 days of storage.  

7.1 Results  

7.1.1 SEM observation 

Figure 7.1 shows SEM images of representative microstructures of the Pb-Sn alloy under 

(a) as-cast condition and at the edge of a disc after processing by HPT for 1 turn and stored 

at RT for (b) 1 day, (c) 4 days and (d) 12 days where the dark grey phase represents Sn-

rich phase and the light grey phase is Pb-rich phase. In Fig. 7.1, a relatively low 

magnification was chosen in order to include a large number of both Sn-rich and Pb-rich 

phases so that the changes in microstructure can be clearly seen before and after processing 

by HPT and during storage. In Fig. 7.1 (a), the initial as-cast microstructure consists of 

homogeneously distributed Sn-rich and Pb-rich phases and there is no particularly 

favoured alignment for the Pb-rich phase. Thereafter, HPT processing induces a banded 

structure in which agglomerates of both phases delineate the direction of torsional flow 

which is from the top to the bottom of the images in Fig. 7.1 (b), (c) and (d). Similar 

microstructural evolution was reported in another two-phase alloy of an Zn-22% Al 

eutectoid alloy after processing by HPT [25]. It is evident that after a short storage time of 

1 day, the width of these banded phases is significantly smaller in Fig. 7.1 (b) compared 

with the width after a longer storage time of 4 and 12 days in Fig. 7.1 (c) and (d), 

respectively. It seems that this is due to the regroup of the same type of neighboring phases, 

and thus formation of larger Pb phase particles during self-annealing.  
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Fig. 7.1. Representative SEM images taken in the samples of (a) as-cast condition and at 

the edge of a disc after HPT for one turn and stored for (b) 1 day, (c) 4 and (d) 12 days. 

 

SEM images in large magnification with Sn grains visible are shown in Fig. 7.2 for a HPT 

processed disc after (a) 1 day and (b) 4 days of storage. It is readily clear from Fig. 7.2 that 

significant grain growth occurred during storage. An average grain size of 1.5 µm was 

measured after 1 day of storage and it increased to 1.9 µm after total 4 days of storage. 
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Fig. 7.2. Detailed SEM images taken at the edge of a disc after HPT for one turn and 

stored for (a) 1 day and (b) 4 days. 

 

 

 

The average grain size of the Pb-Sn alloy after HPT and subsequent RT storage up to 20 

days were measured and plotted against the storage time as shown in Fig. 7.3.  It should be 

noted again that the average grain size considers the average of Sn grains and Pb phases in 

each sample due to very small size of Pb grains compared with the Sn grains and the less 

active GBS of Pb-Pb boundaries.  It is apparent that there is grain growth after storage at 

RT.  In practice, the microstructural recovery by self-annealing at RT tends to be faster in 

the first 6 days of storage after processing and thereafter it becomes slow and saturates at 

about 2.4 µm after 20 days of storage. 
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Fig. 7.3. The average grain sizes against the storage time for the Pb-Sn alloy after HPT 

and subsequent RT storage up to 20 days. 

 

7.1.2 EBSD measurements  

Figures 7.4 and 75 are OIM images taken from discs processed after HPT for 1 turn (Fig. 

7.4) and 5 turns (Fig. 7.5) after storage time of 0 day, 2 days, 6 days, 11 days and 8 months. 

Careful inspection of these images reveals that the grains are significantly coarsened for 

both Sn phase and Pb phase and for both discs after 1 trun and after 5 turns during the 

storage time. After 8 months of storage at RT the average grain size has become even 

larger by comparison with that in as-cast condition for both discs. A significant tendency is 

that the disc processed after 5 turns seems to have the occurrence of grain growth slower 

than the disc processed after 1 turn. For example, after 11 days the grain size after 1 turn 

Fig. 7.4 (d) is considerably coarser than the disc after 5 turns in Fig. 7.5 (d). It should also 

be noted that the size of Pb phase becomes coarser during the course of storage and they 

grow to sizes that are even larger than that in as-cast condition. Additionally, the fraction 

of HAGBs decreases significantly as the storage time increases.   
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Fig. 7.4. OIM images of a disc after 1 turn of HPT and self-annealed for (a-1, a-2 and a-3) 

0 day, (b-1, b-2 and b-3) 2 days, (c-1, c-2 and c-3) 6 days, (d-1, d-2, and d-3) 11days and 

(e-1, e-2 and e-3) 8 months.  
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Fig. 7.5. OIM images of a disc after 5 turns of HPT and annealed at RT for (a-1, a-2 and a-

3) 0 day, (b-1, b-2 and b-3) 2 days, (c-1, c-2 and c-3) 6 days, (d-1, d-2, and d-3) 11days 

and (e-1, e-2 and e-3) 8 months.  
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Grain boundary information of the two discs stored for 0 day, 6 days and 8 months for both 

Sn and Pb are shown in Figs. 7.6 and 7.7. A very visible tendency can be observed where 

the fraction of HAGBs decreases significantly for both of the discs and for both Sn grains 

and Pb grains as the storage time increases. There are several interesting points that should 

also be noted: first, the fraction of HAGBs is considerably high (98% after 1 turn and 96% 

after 5 turns); second, the recovery process where HAGBs transforming into LAGBs is 

more rapid in both phases for the disc processed after 5 turns (for example, after 6 days the 

percentage of HAGBs in Sn grains for the disc after 1 turn is 96% whereas this value for 

the disc after 5 turns is 89%); third, the fraction of twin boundary for Pb is initially high 

immediately after processing and it decreases as both of the discs being stored at room 

temperature. It should be noted that the statistics of the grain boundary information was 

collected by a manner of pixel from pixel rather than grain to grain. This point is raised 

followed by a reported demonstrating that the measured grain size will be significantly 

smaller than actual grain size if microstructure contains a large fraction of LAGBs if the 

grain size is measured in OIM maps by pixel from pixel [148]. Since very small fraction of 

LAGBs was measured in the present work, pixel to pixel method was used for all the 

measured grain boundary information.  

The grain size distributions near the edge of each disc are shown in Fig. 7.8 after HPT 

processing and during storage at RT where (a, b) are for the disc after 1 turn and (c, d) are 

for the disc after 5 turns, (a, c) are for Sn grains and (b, d) are for Pb grains. It is important 

to note that that the measured initial average grain sizes prior to HPT were ~2.9 and ~1.9 

µm for the Sn and Pb phases, respectively and thereby a conclusion of significant grain 

refinement by HPT can be reached. Additionally, significant grain growth can be easily 

observed in Fig. 7.8 for both phases and this can be seen by the wider distribution and 

lower peaks after being stored at RT. It is very interesting to note the majority of Sn grains 

exhibit approximate log-normal distribution except for the disc stored after 8 month which 

exhibit a bimodal distribution with a Gaussian distribution (a small peak at around 6 µm) 

developed.   
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Fig. 7.6. Distribution of misorientation angles of a disc (a and b) after HPT for 1 turn and 

stored at RT for (c and d) 6 days and (e and f) 8 months. 
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Fig. 7.7. Distribution of misorientation angles of a disc (a and b) after HPT for 5 turns and 

stored at RT for (c and d) 6 days and (e and f) 8 months. 
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Fig. 7.8. Grain size distribution for both Sn and Pb grains from a disc processed by HPT 

after (a and b) 1 turn and (c and d) 5 turns and stored at RT for 0 day, 6 days and 8 months.  

 

(100) and (001) pole figures for Sn grains corresponding to the OIM images in Figs. 7.4 

and 7.5 are given in Fig. 7.9 for discs processed after 1 and 5 turns during storage. 

Inspection of these pole figures raises several interesting points. First, the maximum 

intensity increases significantly as the storage time increases. Second, the maximum 

intensity of texture components in Sn grain tends to increase faster for the disc after 1 turn 

than after 5 turns. Finally, a strong texture of c-axis orientation is developing for the discs 

processed after 1 turn. There is no obvious texture with c-axis orientation developed for the 

disc processed after 5 turns. It should be noted that the direction of shear strain introduced 

by HPT should be aligned with the horizontal direction on the paper plane since the EBSD  

measurements were taken at the top edge of each disc. This means that for this particular c-

axis fibre component, the (010) plane is parallel to the disc surface and the <001> direct is 

parallel to the direction of shear strain which together form the most favourable slip system 
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in Sn with a body centre tetragonal (BCT) structure. After 8 months of storage, the c-axis 

fibre component is still visible in Fig. 7.9 (e) but there are also other randomly developed 

texture components. On the other hand, for the disc after 5 turns of HPT the distribution of 

texture components contains new texture components by comparison with that of the disc 

after 1 turn of HPT and the c-axis fibre component is not observed.  This may suggest that 

there is more cold deformation component for the disc processed after one turn whereas for 

the disc after 5 turns deformation is accommodated mostly by dynamic recrystallization 

where random texture components are produced.  

 

 

 

 

Fig. 7.9. Pole figures for Sn grains of discs after HPT for 1 and 5 turns during storage at 

RT for (a and b) 0 day, (c and d) 6 days and (e and f) 8 months.  
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7.1.3 TEM observation 

Figure 7.10 shows SEM images of the Pb-Sn alloy in the form of thin slices which were 

then used for TEM observation. These slices are separated by FIB from samples under as-

cast condition (Fig.7.10a), HPT-processed conditions with storage at RT for 3 days 

(Fig.7.10b) and 16 days (Fig.7.10c). It is evident that the bonding between Sn-rich phase 

and Pb-rich phase is considerably weak. This can be seen from the gaps showing black 

colour between the two phases and it is particularly obvious in Fig. 7.10 (b) where the 

black micro-holes are left by the Pb-rich phase after they fall off from FIB operation. 

Additionally, Pb-rich phase has both lamellar and exquiaxed shapes in as-cast condition 

and there is only exquiaxed Pb-rich phase after HPT. The size of Pb-rich phase is 

significantly reduced by HPT even after 3 days of storage in Fig. 7.10 (b) and the Pb phase 

particles grow back to large-sized particles after 16 days of storage.  

 

 

Fig. 7.10. SEM images of thin slices of samples (a) under as-cast condition and after HPT 

processing for (b) 3 and (c) 16 days of storage at RT. 
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Fig. 7.11. TEM images, EDS maps and HRTEM images of samples (a and b) under cast 

condition and processed by HPT for 1 turn and stored at RT for (c-g) 3 and (h-j)16 days. 

 

Closer examination of the Pb-rich phase particles which are denoted by black boxes in Fig. 

7.10 are shown in Fig. 7.11 where TEM images, EDS maps and high-resolution TEM 

images are given. Chemical composition analysis was performed on the position marked 

using numbers from 1 to 15 in Fig. 7.10 (a), Fig. 7.10 (c), Fig. 7.10 (f) and Fig. 7.10 (h) 

and the results are summarized in Table 7.1. A major tendency visible in both Fig. 7.11 and 
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Table 7.1 is that HPT processing increase the solubility of Sn and Pb in Pb-rich phase and 

Sn-rich phase, respectively. For example, for as-cast condition there is a presence of Sn 

structure within Pb-rich phase in Fig.7.11 (a) and Fig.7.11 (b) which is marked 2 and 3.   

 

Chemical composition analysis in Table 7.1 suggests spectrum 2 and spectrum 3 in Fig. 

7.11 (a) are pure Sn and most of Sn-rich phase consists with pure Sn as suggested by 

spectrum 1. After HPT processing and storage at RT for 3 days, Fig. 7.11 (c) and Fig. 7.11 

(d) suggest the chemical composition is homogenous in this particular rich-Pb phase and 

the structure is FCC without the presence of BCT structure of Sn in Fig.7.11 (e). Spectrum 

7 suggests there is 3.7 wt.%  Sn in this Pb-rich phase. For Sn-rich phase, spectrum 6 

suggest there is 1.6 wt.% Pb in Sn-rich phase. As self-annealing proceeds, the solubility of 

Sn in Pb-rich phase significantly decreases and the solubility of Pb in Sn-rich phase 

slightly decreases. For instance, another Pb-rich phase from a sample stored for 3 days in 

Fig. 7.11 (f) shows Sn starts to separate from Pb by moving towards the vicinity of the Pb-

rich phase and this is especially apparent in the EDS map in Fig.7.11 (g) where red dots 

representing Sn are found around the edge of the Pb-rich phase particle. Spectrum 9-11 

from the centre to the edge of the Pb-rich phase particle in Fig. 7.11 (f) show a gradient 

increase of Sn content from 7.77 at.% to 22.4 at.% in Table 7.1. This separating processing 

is completed after 16 days of storage in a Pb-rich phase in Fig. 7.11 (h) and Fig. 7.11 (i) 

where structures with high Sn content such as 13 and 14 are found. Fig. 7.11 (j) shows the 

HRTEM image of the boundary area of these structures with high Sn content. It is apparent 

that the Sn structure has BCT unit cell and its (111) plane is parallel to (001) plane of rich-

Pb phase which has FCC unit cell. The solubility of Pb in Sn slightly decreases during 

storage and this can be seen in spectrum 6, 8 and 12 in Table 7.1.  

 

Table 7.1. Concentration of Sn and Pb from the points marked 1-15 measured in Fig. 7.11 

Spectrum No. Pb (wt.%) Sn (wt.%) Pb (at.%) Sn (at.%) 

1 0 100 0 100 

2 0 100 0 100 

3 0 100 0 100 

4 97.72 2.28 96.08 3.92 

5 6.38 93.62 3.76 96.24 
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6 1.60 98.40 0.92 99.08 

7 93.60 3.70 93.71 6.29 

8 0.49 99.51 0.28 99.72 

9 95.40 4.60 92.23 7.77 

10 89.64 10.36 83.22 16.78 

11 85.81 14.19 77.60 22.40 

12 0.64 99.36 0.37 99.63 

13 2.89 97.11 1.67 98.33 

14 14.35 85.65 8.76 91.24 

15 95.35 4.65 92.16 7.84 

 

 

7.1.4  Microstructural evolution at centre of discs during self-annealing  

OIM images taken from the centre area of the disc processed after 1 turn and stored for 0 

day, 2 days and 8 months are shown in Fig. 7.12.  It is interesting to note that after 0 day 

the grains for both phases are similar with that in the cast condition but after 2 days of 

storage the grain size start to refine significantly which is similar as demonstrated earlier 

for ECAP processed samples and the the similarity for both conditions is obvious where 

relatively small amount of strain is introduced into the samples. Finally, after 8 months of 

storage, a microstructure featured by abnormal grain growth was developed at centre 

region with several coarse grains formed with subgrain boundaries developed within them. 

This result is also similar to the the tendency observed in samples processed with ECAP 

after 2 passes in Fig. 5.4 (e) where small straining is more likely to introduce abnormal 

grain growth later on during self-annealing. 

The grain boundary information in centre region of the disc which is given in Fig. 7.13 

show a similar tendency with edge region where the fraction of HAGBs decreases overall 

after 8 months of storage.  
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Fig. 7.12. OIM images of centre region from a disc processed by HPT after 1 turn and 

stored at RT for (a-1, a-2 and a-3) 0 day, (b-1, b-2 and b-3) 2 days and (c-1, c-2 and c-3) 8 

months.  
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Fig. 7.13. Distributions of misorientation angles at centre of a disc after 1 turn and stored at 

RT for (a and b) 0 day, (c and d) 2 days and (e and f) 8 months.  
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7.2 Discussion  

There are reports in the literature concerning the increase of special grain boundaries after 

straining in Sn alloys [149-154]. However, a detailed mechanism for this phenomenon is 

not provided in these reports. It is evident in this investigation that special grain boundaries 

increase significantly after HPT processing but they, in general, decrease as the time of 

storage increases. Grains appear to be equiaxed immediately after processing and new 

texture components generated especially for the disc after 5 turns of HPT suggest that 

deformation mechanism at RT for this type of alloy may be recrystallization-related. This 

prediction is reasonable because the melting point of the Pb-62% Sn alloy is only 183 °C 

and RT is well above its recrystallization temperature which means any deformation at RT 

for the Pb-Sn alloy should be related to warm work rather than cold work. It is evident that 

after 1 turn of HPT, the texture contains components which consists with the most 

facilitated slip system of {100}<001> which is referred as c-axis texture.  Although the 

maximum intensity of the peak of the c-axis texture is only around 5, it still reveals the 

deformation component of dislocation slip. This is in contrast with the disc after 5 turns 

where the pole figures show completely new texture components different from c-axis 

texture.  It is reasonable to predict that these newly generated texture components are 

caused by rapid DRX. Both ECAP and HPT are forms of severe plastic deformation 

techniques that can introduce a large strain into the processing materials. Therefore, in this 

study a significant recrystallization/grain growth process can be observed during 

processing and after the alloy was stored for a period of time at RT.  

7.3 Summary  

Discs of the Pb-Sn alloy were processed by HPT for 1 turn and 5 turns. The mobility of 

special grain boundary is greatly favoured during processing by HPT.  The solubility of Sn 

in the Pb-rich phase was significantly improved and a supersaturated state was formed 

immediately HPT processing. However, this supersaturated state was not stable at RT and 

decomposition occurs to separate Sn and Pb in Pb-rich phase. It is also demonstrated that 

the crystallization mode is heavily depending on the introduced strain. A heavy straining 

corresponding to the edge of a disc after 5 turns results in normal grain growth during 

storage. However, a relatively small straining corresponding to the centre of a disc will 

result in grain refinement in the early stage of self-annealing and thereafter a significant 

abnormal grain growth.  
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Chapter 8 Evolution of mechanical properties during self-

annealing after processing by HPT 

 

In this chapter, results from microhardness measurement, tensile test and nanoindentation 

test on discs processed by HPT for 1 turn and 5 turns are shown during the course of 

storage at RT. It is also demonstrated that SRS measured by tensile test is in excellent 

agreement with that measured by tensile test.  

 

8.1 Results 

8.1.1 Microhardness measurements during self-annealing 

In Fig. 8.1, microhardness measurements are shown at the edges of the discs processed by 

HPT for 1 turn and 5 turns during self-annealing at RT for up to 20 days. It is evident that 

both of the curves exhibit rapid initial growth during the first 4 days of storage and a 

saturation of Hv value which equals to about 7.0 and 6.5 for discs after 1 turn and 5 turns, 

respectively. Microhardness at edge of the two discs was measured after a storage time of 8 

months and it showed that the Hv values stabilized at around 7.0 for both of the discs. It is 

interesting to note that the microhardness for the disc after 5 turns of HPT is slightly lower 

thought out the course of self-annealing process compared with that of the disc after 1 turn. 

In Fig. 8.2, microhardness values across the diameters of the discs after 1 turn and 5 turns 

of HPT were recorded after 0, 4 and 9 days of storage at RT. All microhardness 

measurements for both of the discs are lower than the initial as-cast condition where Hv ≈ 

10 which is denoted by broken lines at the top of each plot and all values are higher in the 

centre and lower at the edge. There is essentially a plateau developed after 4 and 9 days of 

storage in the values of Hv at the central region of the disc after 1 turn of HPT in Fig. 8.2 

(a) and the size of this region is over a diameter of ~1 mm. This plateau region is, however, 

not observed for the disc after 5 turns of HPT in Fig. 8.2 (b).  
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Fig. 8.1. Variation of microhardness plotted against storage time for discs processed by 

HPT after 1 turn and 5 turns.  

 

 

In order to obtain a more comprehensive view of the hardness distributions throughout the 

surfaces of the discs after HPT processing, the hardness values for all discs are displayed 

pictorially as colour-coded contour maps in Figs. 8.3 and 8.4 where microhardness of discs 

after 1 turn and 5 turns of HPT and stored at RT for 0, 4 and 9 days are shown. It should be 

noted that the individual values of Hv are represented by a set of unique colour key 

denoting values from 1 to 10. In these plots, the coordinate system X and Y denotes two 

randomly selected perpendicular axes that are superimposed on the discs such that the 

central point in every disc is given by the coordinates (0, 0).  
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Fig. 8.2. Variation of average Vickers microhardness across the diameters of the discs after 

(a) 1 turn and (b) 5 turns of HPT and self-annealed at RT. 

 



  

150 
 

The results in Figs. 8.3 and 8.4 show a central region of higher hardness after HPT, but this 

region gradually expands with longer storage time at RT. This expanding behaviour is 

especially obvious for the disc after 1 turn in Fig. 8.3 and the plateau region in Fig. 8.2 (a) 

is visible in Fig. 8.3 (b) and (c) with red colour corresponding to Hv  ≈ 9. It is also 

important to note that the recovery of hardness is slower for the disc after 5 turns by 

comparison with the disc after 1 turn, i.e. after 9 days of storage the majority of the disc 

after 1 turn in Fig. 8.3 (c) exhibits colour between yellow and light green which 

corresponding to Hv between 6 and 7 whereas the disc for after 5 turns exhibits dark and 

light green which corresponding to Hv between 5 to 6. This is because after 1 turn there is 

more cold deformation component and therefore a higher dislocation density which will 

provide higher storage energy for the subsequent recrystallization/grain growth process 

whereas for the disc after 5 turns, DRX rapidly diminishes the newly generated 

dislocations which will result in lower density of dislocation after HPT. These contour 

maps confirm the distributions of hardness over the surfaces of the disc after HPT follow 

the same tendency of higher at centres and significantly lower at the edges of all the discs 

under conditions. 

 

 

 

 

Fig. 8.3.  Color-coded contour maps showing the distributions of values of the Vickers 

microhardness over the surfaces of a disc after 1 turn of HPT and stored at RT for (a) 0 day, 

(b) 4 days and (c) 9 days.  
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Fig. 8.4. Color-coded contour maps showing the distributions of values of the Vickers 

microhardness over the surface of a disc after 5 turns of HPT and stored at RT for (a) 0 day, 

(b) 4 days and (c) 9 days.  

Figure 8.5 shows the SEM images of indentation marks taken on the Pb-Sn alloy with a 

dwell time of 5 s for (a, c) as-cast condition and (b, d) a disc processed by HPT for 1 turn 

at edge area and stored for 12 days where (c) and (d) are close looks of the regions 

enclosed by white boxes in (a, b), respectively.  In the as-cast condition, the edges along 

the indent mark are very smooth and there is very limited GBS. On the contrary, the 

sample after HPT processing and storage for 12 days shows clear boundary sliding and 

material pile up along the edges of the indentation mark in Fig. 8.5 (b) and (d), thus it 

shows a significant level of GBS.  The sliding behaviour in ultrafine-grained materials is 

generally accepted as an evidence of GBS [155-157].  Additionally, it is evident that most 

sliding occurs at Sn-Sn and Pb-Sn interfaces which supports the procedure used in this 

work for measuring grain sizes. Thus, the microstructural observation suggests the 

occurrence of GBS in the HPT-processed samples at RT and therefore a loss of hardness 

due to GBS compared with the as-cast sample prior to HPT processing. The similar 

morphology of indent marks caused by GBS was observed recently in a Zn-22% Al 

eutectoid alloy processed by HPT for 4 turns and nanoindentation test suggests strain 

softening is dominant [136]. 
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Fig. 8.5. SEM images with the indent marks taken at the edge of a Pb-Sn disc (a) in the as-

cast condition and (b) after processing by HPT for one turn and stored at RT for 12 days, (c) 

and (d) are close looks of the areas denoted by white boxes in (a) and (b), respectively. 
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8.1.2 Superplasticity at RT 

The microstructure after straining by indentation demonstrated the occurrence of GBS at 

RT in the Pb-Sn alloy after HPT.  Thus, the alloy after processing is anticipated to 

demonstrate superplastic flow behaviour at RT.  Accordingly, tensile test was conducted at 

strain rates from 1.0 × 10
-4

 to 1.0 × 10
-1

 s
-1

 at RT on the samples after HPT and subsequent 

storage for 1 and 12 days at RT.   The data was demonstrated in a plot of stress-strain 

curves as shown in Fig. 8.6 where, for comparison purposes, an as-cast sample having the 

same sample dimensions was tested at 1.0 × 10
-1

 s
-1

 and the data is shown in a black 

dashed line in the plot.   

 

 

 

 

 

Fig. 8.6. Stress-strain curves obtained from tensile test at strain rate from 1.0 × 10
-4

 to 1.0 

× 10
-1

 s
-1

 at RT for the Pb-Sn alloy after HPT and subsequent storage for 1 and 12 days: 

for comparison purposes, an as-cast sample having the same sample dimensions was 

tested at 1.0 × 10
-1

 s
-1

 and it is shown in a black dashed line in the plot. 
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The curves for different strain rates in Fig. 8.6 demonstrate several important features in 

the plastic flow of the Pb-Sn alloy after HPT.  First, the samples after HPT are strain rate 

sensitive at RT so that high elongations to failure were observed at slower strain rates 

whereas higher yield strength is observed at faster strain rates.  Second, the processed 

sample after storage for 12 days shows higher yield strength than the processed sample 

after 1 day of storage at all strain rates under the testing conditions.  This result is 

reasonable since the hardness increases with increasing storage time at the edges of the Pb-

Sn alloy discs processed by HPT. Third, both samples after HPT and self-annealing 

demonstrated excellent superplastic elongations of >550% at 1.0 × 10
-4

 s
-1

 at RT.  Fourth, 

the as-cast sample shows lower yield strength compared with HPT processed samples at a 

fast strain rate of 1.0 × 10
-1

 s
-1

 which is contradict with the hardness measurements where 

all hardness values are lower than as-cast condition.   

 

 

 

Fig. 8.7. Samples processed by HPT for one turn and stored for 4 days and pulled to failure 

at different initial strain rates where the untested sample is on the top. 
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Figure 8.7 shows the specimens made from discs after HPT for one turn and stored for 4 

days at RT pulled to failure at four different strain rates where the upper specimen is 

untested. The behaviour of superplastic flow was achieved at a strain rate of <1.0 × 10
-3

 s
-1

 

and the highest elongation of 630% was achieved at 1.0 × 10
-4

 s
-1

 in a specimen which 

showed a uniform deformation without any evidence of necking within the gauge length. It 

is a typical characteristic of true superplastic behaviour. On the other hand, the abrupt 

failure at the fastest strain rate of 1.0 × 10
-1

 s
-1 

denotes quasi-brittle behaviour which is a 

characteristic of behaviour at high strain rates in non-superplastic region [158].  

The tensile testing results are summarized in plots of elongation to failure (upper) and flow 

stress (lower) against the initial strain rate for the Pb-Sn alloy after HPT and storage for 1, 

4 and 12 days and these are shown in Fig. 8.8 where these plots include the data of the 

alloy in an as-cast condition.  It is apparent from the upper plot that the HPT samples 

demonstrated typical superplastic elongations of at least 400 % [125] at a strain rate of 1.0 

× 10
-4

 s
-1

.  It should be noted that, although the Pb-Sn alloy is a two-phase alloy that is 

preferred for achieving superplasticity, the as-cast samples exhibit low elongations to 

failure of <100% at all strain rates due to the small gauge length of the tensile specimens 

taken from the disc for HPT [10,120,159] as well as the low fraction of HAGBs and the 

influence of the large dendrite domains with limited orientations in the as-cast sample.  

Thus, despite the difficulty of showing superplastic ductility with the sample dimensions, 

the alloy after HPT demonstrated excellent superplastic ductility at the low strain rates. 

The lower plot describes that the strain rate sensitivity, m, of ~0.15, was calculated for the 

as-cast alloy at all strain rates whereas higher values of m ≈ 0.45 were observed in the 

HPT-processed alloy at strain rates slower than ~1.0 × 10
-2 

s
-1

, thereby suggesting the 

feasibility of higher degree of GBS at strain rates of <1.0 × 10
-2 

s
-1 

in the Pb-Sn alloy after 

HPT processing.   

It is interesting to note that due to the strong strain rate sensitivity in the HPT samples 

compared with the as-cast samples through the present strain rate conditions, the flow 

stresses for the processed samples tend to be higher than the as-cast samples at >1.0-2.0 × 

10
-2

 s
-1

 where the flow stress is >50 MPa.   
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Fig. 8. 8. Elongation to failure (upper) and flow stress (lower) plotted against the initial 

strain rate for the Pb-Sn alloy in the as-cast condition and processed by HPT for one turn 

and stored for 1 day, 4 and 12 days. 
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8.1.3 SRS measured by nanoindentation 

SRS is measured by nanoindentation at holding and loading stages for discs after HPT 

during storage. Representative load-displacement (P-h) curves from nanoindentation tests 

with a dwell time of 2000 s are shown in Fig. 8.9 (a) where the curves are from tests 

performed on an as-cast sample and  a HPT-processed disc for one turn at edge area and 

stored at RT for 3, 10 and 12 days. Three stages of nanoindentation test including loading, 

creep at holding and unloading are denoted on the curve for the as-cast condition. There 

are two major tendencies noticeable from these results. First, the displacements after 

unloading significantly decrease as the storage time increases in the HPT-processed 

samples. This is in agreement with the microhardness measurements where hardness 

increases as the storage time increases. Second, remarkably pronounced indentation creep 

occurs during holding for the HPT-processed samples compared with the as-cast sample 

and the displacement during holding decreases as the storage time increases in the HPT-

processed samples. Additionally, given the indentation depth in Fig. 8.9 (a), it is easy to 

calculate that the diagonal length of the indents for the HPT-processed sample should be 

from ~36 µm to ~43 um which then combined with the microstructures in chapter 7 should 

lead to the conclusion that the indent area covers enough numbers of grains so that the 

nanoindentation tests reflect an average property of an area with many grains rather than a 

single grain/phase. Although the peak load is fixed as 5 mN, the equivalent strain rate, eqε , 

during holding stage for each sample with different annealing condition should be different 

due to the variation of strength during storage. It is, therefore, necessary to examine these 

different strain rates if a method by which the holding stage is to be used for calculating 

SRS.  The equivalent strain rates calculated by Eq. (3-2) are plotted against the holding 

time in Fig. 8.9 (b) for the same samples used in Fig. 8.9 (a) where the insert in Fig.8.9 (b) 

is the magnified views at the holding time of 700-1750 s. It is evident from Fig. 8.9 (b) that 

all the tests enter steady state flow after about 700 s of holding time from the starting of 

each test. It can be seen from the insert in Fig. 8.9 (b) that for as-cast sample strain rate 

gradually decreases from ~2.0 × 10
-4

 to ~5.0 × 10
-5

 s
-1

 to after reaching steady state flow 

whereas the HPT-processed samples have higher strain rates which are from ~1.5 × 10
-4 

to 

~4.0 × 10
-4

 s
-1

 but they are very close to each other.  
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Fig. 8. 9. (a) Typical P-h curves obtained from different storage time for a disc processed 

by HPT for one turn and (b) the calculated strain rates. 
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Examples of fitted curves by using Eq. (3-1) along with the experimental curves from the 

nanoindentation tests on (a) an as-cast sample and a disc processed after 1 turn and stored 

at RT for (b) 3, (c) 10 and (d) 12 days are shown in Fig. 8.10. The values and standard 

deviations of the fitting parameters B, tc and n which equals to m/2 are also given at the 

lower right corner of each plot. All of the fitted curves start from 700 s of holding time for 

each test to ensure the steady state flow is achieved. From close inspection of these curves, 

two points can be concluded. First, all the fitted curves from Eq. (3-1) fit well with the 

experimental curves. Second, the SRS increases as the storage time increases regardless 

that the indentation depth decreases in the HPT-processed samples.  

 

 

Fig. 8.10. Examples of utilizing Eq. (3-1) to determine m values with (a) as-cast condition 

and a disc processed by HPT for one turn and stored at RT for (b) 3, (c) 10 and (d) 12 days. 
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Examples of load-displacement (P-h) curves are given in Fig. 8.11 (a) with a maximum 

load of 50 mN for the samples after HPT for 1 turn and stored for 11 and 21 days and 

tested by nanoindentation at different strain rates. The curves in solid lines are for a HPT-

processed disc stored for 11 days whereas the curves in broken lines are for a HPT-

processed disc stored for 21 days. There are three equivalent strain rates, eqε of 1.9 × 10
-3

, 

4.0 × 10
-4

 and 2.3 × 10
-4

 s
-1

 showing in different colours. Two important tendencies are 

noticeable from these measurements: first, at any given indentation strain rate, the 

displacement at peak load are smaller for the sample stored after 21 days compared with 

that for the sample stored after 11 days; second, there is a significant rate dependency of 

the peak-load displacement. Based on the P-h curves, the nanoindentation hardness, H, was 

determined by the Oliver-Pharr method [160]. In Fig. 8.11 (b), evolution of H during 

storage time is displayed with different strain rates. It is evident that all the curves have the 

same tendency at any given strain rate where H increases with increasing storage time 

which is in agreement with the microhardness measurement. Moreover, a higher strain rate 

leads to a higher H for all self-anneal conditions. Hv values in Fig. 8.1 are then 

recalculated using newton, N, and m
2
 instead of kg and mm

2
 (Hv values are multiplied by a 

factor of 9.807) to give a unit of MPa in order to provide a direct comparison with the 

values of H obtained from nanoindentation measurements: for the disc after one turn of 

HPT and stored at RT for 20 days, the hardness is from 55 to 65 MPa after saturation is 

achieved which is slightly higher than hardness measured by nanoindentation in Fig. 8.11. 

This may be explained because during Vickers microhardness tests the strain rate is higher 

than any of the strain rate used in nanoindentation tests due to a higher load which will 

result in higher hardness results.  

The value of m can be determined from the slope of a straight line fit to the 

eqeq loglog εσ  data shown in Fig. 8.12 for the HPT-processed samples with storage time 

of 2, 11 and 21 days. An evident tendency which is visible in Fig. 8.12 is that the SRS 

increases with increasing storage time which is in agreement with the SRS measured in Fig. 

8.10 at holding stage. It should also be noted that the slops of the lines for 11 and 21 days 

start to drop after the strain rate is higher than about 5.0 × 10
-3

 s
-1

.  
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Fig. 8.11. (a) Typical P-h curves obtained from a storage time of 11 and 12 days for a disc 

processed by HPT for one turn and (b) hardness variation with increasing storage time. 
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Fig. 8.12. Evaluation of SRS for a disc processed by HPT for one turn and stored at RT for 

2, 11 and 21 days. 

8.2 Discussion  

For comparison purposes, the SRS measured by tensile tests at RT at a strain rate ranging 

from 1.0 × 10
-4

 to 1.0 × 10
-1

 s
-1

 with an incremental distance of 1.0 × 10
-1

 s
-1

 is plotted 

against strain rate for as-cast condition and samples after HPT and stored for 1, 4 and 12 

days in Fig. 8.13. It is clear to see a peak shifting effect towards lower strain rate region for 

the HPT-processed samples as the storage time increases, e.g. the peak m which is 0.45 

shifts from 1.0 × 10
-3

 – 1.0 × 10
-2 

s
-1

 after 1 day of storage to 1.0 × 10
-4

 – 1.0 × 10
-3 

s
-1

 after 

12 days of storage.  

By inspection of Fig. 8.13, it is evident that the peak of SRS shifts from 1.0 × 10
-2 

s
-1 

to 1.0 

× 10
-3 

s
-1 

as the grain size increase during self-annealing. It should be noted that the peak 

position of SRS for the sample stored for 4 days is randomly positioned within the strain 

rate range from 1.0 × 10
-3

 to 1.0 × 10
-2

 s
-1

 within which the peak should present. In 

Fig.8.13, the SRS measured by tensile test, nanoindentation at holding and loading are 
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denoted by open, semi-open and solid symbols, respectively. It should be noted that the 

datum points measured at a close storage time are given by symbols with same shape, e.g. 

the datum point measured by nanoindentation at holding after 12 days and the datum point 

measured at loading after 11 days have the symbols both with square shape. The datum 

points measured at loading are placed on the plot in Fig. 8.13 in a strain rate region from 

1.0 × 10
-4

 to 1.0 × 10
-3 

s
-1

 because the SRS starts to drop from 1.0 × 10
-3

 to 1.0 × 10
-2 

s
-1

 

which is visible in Fig. 8.12. For the datum points measured at holding, it should be noted 

that the strain rate range did not cover an order of 10
-1

 s
-1

 and this is limited by the method 

of testing where the strain rate is not a controllable factor. However, it is still reasonable to 

place these datum points on Fig. 8.13 with their starting strain rates for the steady state 

flow which are also the maximum strain rates of the strain rate range within which SRS 

were measured since they still reflect true SRS within these smaller strain rate ranges. 

Combining the descriptions above, it is readily apparent that the SRS measured by tensile 

tests and nanoindentation test at both holding and loading match very well: the datum 

points measured at loading after 2 and 11 days are very close to the tensile measurements 

and the datum points measured at holding are in excellent agreement with the tendency of 

the lines predicted by tensile tests which in return add more evidence for the shifting of 

SRS due to grain growth.  

It is interesting to note that the nanoindentation results obtained from both the holding and 

loading stage suggest the m value increases as the increase of storage time (increase of 

grain size). This may seem unreasonable at first because one would expect the  m value to 

decrease with grain growth. However, when combined with tensile results, it becomes 

readily clear that the increase of m with increasing grain size is due to the shifting of SRS 

peak during self-annealing, e.g. for fine-grained samples, because the peak of SRS moves 

towards fast strain rate region due to grain refinement and m appears to be low at low 

strain rate region where nanoindentation tests were conducted and as grain growth occurs 

during self-annealing, SRS peak moves back to slow strain rate region therefore SRS 

measured by nanoindentation show higher values. Accordingly, this raises the issue that for 

alloys with very low melting point such as the Pb-Sn alloy, many properties at RT such as 

strength, microhardness and SRS should be compared and discussed with a specific strain 

rate because the alloy is superplastic (strain rate sensitive) at RT and its properties are 

strongly affected by the strain rate selected for testing.  
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Fig. 8.13. SRS obtained from tensile tests and nanoindentation tests at both holding and 

loading stage plotted against the maximum strain rate of the strain rate range within which 

SRS is measured: same shapes of symbols are used for close storage time. 

 

8.3 Summary  

Vickers microhardness was measured at the edge of discs processed by HPT for up to 20 

days as well as microhardness across diameter and microhardness profiles which covers 

the whole surface of the discs. The same tendency was observed where Hv values 

significantly decrease immediately after processing and gradually increase during storage 

at RT. A direct comparison of SRS measured by tensile tests and nanoindentation test at 

both holding and loading stage was provided and it was demonstrated that the 

nanoindentation technique gives an accurate value of m. The measured SRS, on the other 

hand, demonstrated that the alloy processed by HPT is superplastic at RT.  
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Chapter 9 General discussion 

 

In this chapter, the general issues concerning with the Pb-Sn alloy processed by both 

ECAP and HPT, such as grain boundary immigration, solubility, grain growth during self-

annealing and strain softening as well as anneal hardening will be discussed in detail.  

 

9.1 Sixfold cyclic twin in as-cast alloy 

Sixfold cyclic twins of Sn are very commonly observed in solidification of SnAg, SnCu 

and SnAgCu melts in the form of solder balls [102,103]. This type of twinning often 

occurs with the same <100> rotation axis but on one of two different crystal planes, the 

{101} and the {301} planes which correspond to twin angles of 57.2° and 62.8°, 

respectively [105]. The cyclic twins, however, are not generally observed in pure Sn [102]. 

This can be explained by the nucleus of the sixfold cyclic twin which has a 

metastable/pseudo-hexagonal structure. Lower symmetry Sn requires a foreign atom to 

form the hexagonal unit cell at the core of the nucleus.  For bulk Sn alloys, there is a lack 

of information about the formation of the cyclic twins. In Fig.4.2, it can be clearly seen 

that the Sn grains in each large domain fit into the 62.8°<100> twin relationship and thus 

the twinning plane is on {301} plane. It is, therefore, reasonable to predict that in each 

domain there is one nucleation site with only one nucleus which is shown in Fig. 2.42. A 

Pb atom is needed at the centre to form the hexagonal structure. The structure with two 

layers of atoms in Fig 2.42 (a) should be replicated and rotated six times in order to form 

the nucleus in Fig. 2.42 (b). But there is an obvious misfit caused by the angle, φ = 62.8°, 

between {301} planes. This misfit can be accommodated by generating a large fraction of 

LAGBs as is evident in Fig. 4.2 (g).   

For Sn alloys, when a critical solid nucleus forms during solidification, it grows so 

quickly that the surrounding environment heats up considerably which suppresses other 

nucleation events, i.e. a growth rate of 20 cm/s
-1

 was measured for Sn with an 
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undercooling of only 10°C [161]. As a consequence, a limited numbers of Sn grains are 

formed. This particular growth pattern with formation of large dendrite arms is very 

obvious for 57.2°<100> twin growth mode where the fast <110> and slow <001> growth 

direction of a nucleus is without interference and this can be seen in Fig. 2.41 where the 

growth direction is outward and not interfered by any other crystal planes. However, for 

62.8°<100> twins, the situation is slightly different. It is clear in Fig. 2.42 (c) that the 

structure is faceted by {110} and {001} planes and the growth direction is interfered by 

these facet planes which are denoted by the arrows in Fig. 2.42 (c). As a result, the 

nucleus in Fig. 2.42 should form a microstructure characterized by a large fraction of 

small dendrites from each twin segment interspersed on a cross-section of the 

microstructure with three dominant crystal orientations and this type of microstructure is 

termed “interlaced twin” [105]. Nevertheless, the numbers of nuclei should be limited due 

to the large undercooling of Sn and the domain size should be large which is in excellent 

agreement with the observations in Fig. 4.2. Accordingly, it becomes difficult to measure 

the average grain size for this type of microstructure with interlaced twins because it 

appears that there are many grains on a cross-section area of each domain but these 

interlocked branch-like grains (dendrites) are generally interconnected to three 

orientations formed from one nucleus. Thus, each domain should behave more close to 

one large grain mechanically rather than many small grains due to the limited orientations.  

9.2 Grain boundary migration  

9.2.1 The effect of pressure on grain boundary migration 

It is beneficial to firstly investigate the deformation mechanism of processing Pb-Sn alloy 

by HPT before moving on to grain boundary migration. The Pb-Sn alloy has a very low 

Tm which makes any deformation at RT becomes warm work (>0.4Tm) for the Pb-Sn alloy 

[162]. Therefore, it is reasonable to anticipate the occurrence of dynamic recrystallization 

(DRX) during HPT processing. Also, the occurrence of DRX can be confirmed by the 

recrystallized microstructure with mostly equiaxed grains in Fig. 6.1, Fig. 6.3 and random 

texture in Fig. 7.9 (b, d and f). DRX often leads to considerably finer product grain sizes 

than static recrystallization and therefore the average grain size immediately after HPT is 

about 1.1 µm which is much finer than 2.5 µm for the as-cast sample. With this in mind, 

the processing of the Pb-Sn alloy by HPT can be considered as recovery/recrystallization 

process where grain boundary migration frequently occurs. Also, for the purpose of the 

discussion, the most of common special boundaries are summarized in Table 9.1.  
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Table 9.1. Commonly observed special boundaries in Sn alloys [163,164]. 

Angle 22.5° 28° 37° 57.2° 62.8° 71° 

CSL Ʃ 13 17 5 Twin Twin 21 

 

In order to clearly view the trend of the peaks for HAGBs in the as-cast samples and HPT 

processed samples which were stored for different period of time at RT, the distribution of 

misorientation angle is shown using data in Fig. 7.6 but within a smaller range of angles 

from 55° to 75° in Fig. 9.1. The tendency of peak shifting in terms of position and 

intensity is very clear in Fig. 9.1 and several conclusions can be reached: first, for as-cast 

sample the major peak is located at around 62.8° which is one of the twin angles and there 

is a small peak at around 71° which is corresponding to special boundaries of Ʃ21; second, 

immediately after HPT processing (0 day) the fraction at 71° increases significantly and 

the fraction of twin boundaries at 62.8° decreases to a level that is similar to all other 

random HAGBs; third, as the HPT-processed alloy is stored at RT, the fraction at 71° 

gradually decreases whilst the fraction at 62.8° gradually increases; finally, there is a 

deviation for the peak of twin boundaries at 62.8° during storage after HPT. 

 

High pressure has a significant influence on grain boundary migration in terms of 

selecting a few types of grain boundaries to migrate. An early investigation shows the 

migration of LAGBs seems to be frozen [165]. A very low fraction of LAGBs of merely 2% 

and 4% corresponding to samples immediately after HPT for 1 turn and 5 turns are 

measured and shown in Fig. 7.6 and Fig. 7.7 which is in excellent agreement with the 

results above. When the sample is self-annealed at RT, the pressure is removed and the 

mobility of LAGBs becomes mobile again. Thus, the fraction of LAGBs increases to 14% 

and 16% after 8 months of storage under atmospheric pressure for discs after 1 turn and 5 

turns of HPT, respectively. It should be noted that the single reference of [165] cannot 

provide sufficient evident of the effect of pressure on LAGBs. However, it was 

demonstrated that during recrystallization and grain growth process, when grains with 

similar orientation meet LAGBs may be generated [161] and therefore during self-

annealing the active grain growth may be responsible for the increase of the fraction of 

LAGBs. Moreover, it is interesting to note that the average fraction of random high angle 

grain boundaries is very low for as-cast condition but processing by HPT significantly 

increases this measurement, i.e. in Fig. 9.1, the black curve for as-cast condition is 
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generally under 1% for random high angle grain boundaries (the peaks are special grain 

boundaries) but immediately after HPT processing the red line increases to well above 1%.   

 

 

Fig. 9.1. Number fraction in percentage plotted against misorientation angle with in a 

range from 55° to 75° for an as-cast sample and a HPT-processed sample after 0 

(immediately after HPT), 2,6 and 11 days of storage time. 

 

For special grain boundaries, it is evident to see in Fig. 9.1 that the mobility of twin 

boundaries at 62.8° are greatly suppressed by high pressure during HPT whereas the 

mobility of Ʃ21 boundaries at 71° are greatly favored at the presence of high pressure. 

When the sample is subject to self-annealing at RT and the high pressure is removed, the 

mobility of twin boundaries is reactivated and they start to nucleate and actively migrate 

which results in consumption of Ʃ21 boundaries and causing the reduction in fractions of 

these boundaries during storage. Investigations on the mobility of special boundaries as 

well as random HAGBs were performed on high purity Al and Sn with the presence of 

high pressure as the samples were annealed at elevated temperatures [164,166].  The 

investigation on high purity Al demonstrates that <110> tilt boundaries (Ʃ9) appear to 

move by group transitions of atoms whereas the <100> and <111> tilt boundaries (Ʃ5 and 

Ʃ7) are more likely to move by single atom transitions. On the other hand, the results from 

high purity Sn indicate that the group transitions are the dominant mechanism for both 

special boundaries and random high angle grain boundaries at the presence of high 
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pressure. However, there are fewer atoms involved for migrating special grain boundaries 

and the atomic volume is twice as low as random high angle grain boundaries, i.e. for Ʃ13 

boundaries at 22.5° there are, n, 20 atoms transited each time and the atomic volume, 

V*,is 0.24 10
-3

m
3
/kg·atom whereas for random high angle grain boundaries at 25° there 

are 28 atoms transited each time and the V* is 0.41 10
-3

m
3
/kg·atom. The significant lower 

activation volume, ΔV = nV*, which refers to the volume difference between the activated 

state and the ground state [165] suggests the migration of special grain boundaries is 

energetically favoured in Sn with the presence of high pressure. Although only Ʃ5, Ʃ13 

and Ʃ17 boundaries were studied in this investigation, the results showed different n of 13, 

20 and 21, respectively. This means ΔV should vary for different special boundaries. In 

the present work, the significantly high mobility of Ʃ21 compared with other special 

boundaries at the presence of high pressure may be associated with small numbers of 

atoms, n, being transited.  Nevertheless, this assumption needs to be confirmed by further 

investigation.  

9.2.2 Dislocation-twin boundary 

In metals with low SFE, twinning occurs extensively and may play a crucial role during 

mechanical deformation. However, in some cases, the interaction of twin and dislocation is 

possible. For example, a slip dislocation, when meeting with a twin boundary, can either be 

transmitted to the other side of the interface or undergo a core reconstruction or even 

dissociate into interfacial defects. If the dislocation dissociation occurs at interface, the 

interfacial structure may also change accordingly when the dissociation products are 

sessile Frank dislocations or stacking faults causing twin angles slight deviate from that of 

twins with interface free from defects [167].  

In situ observations during self-annealing at the edge of a disc processed by HPT for one 

turn are shown in Fig. 9.2 where Fig. 9.2 (a and b) show SEM images immediately after 

HPT and after 7 days of storage with Sn-rich grain in dark grey and Pb-rich phase in light 

grey. The embedded dust particle which serves as a reference point for retracing to the 

same location each time SEM and EBSD were performed is denoted by the arrows in Fig. 

9.2 (a and b). OIM images of Sn grains for the area denoted by the boxes in Fig. 9.2 (a and 

b) are shown in Fig. 9.2 (c and f) for immediately after processing by HPT and after 2, 7 

and 24 days of storage at RT. Some of the large Sn grains are marked with letters from A 

to K to help visualize and locate the recrystallization sites during self-annealing.  From 

careful inspection of Fig. 9.2, several conclusions can be reached: first, Sn grain size is 

much finer immediately after HPT and thereafter Sn grain size increases significantly 
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during storage at RT; second, a very obvious recrystallization process has occurred during 

self-annealing and most of  the nucleation sites are located near grain boundaries; third, the 

newly formed grains consume their mother grains first and they then move on to consume 

nearby grains, i.e. the newly formed blue grain above grain A consumes its mother grain A 

first in Fig. 9.2 (d and e) and in Fig. 9.2 (f) this grain has completely finished consuming a 

nearby grain B; finally, the Pb-rich phase is broken into fine particles by HPT processing 

and  thereafter during storage they rejoin with nearby particles and form large-sized Pb-

rich phase as the self-annealing proceeds.   

For the purpose of easy observation on the recrystallization process, two representative 

newly formed grains A' and C' with their neighboring grains are separated from Fig. 9.2 (c-

f) and presented in Fig. 9.3. {100} pole for A' and C' and their mother grains A and C are 

given at the right end of Fig. 9.3 (a and b). From the misorientation angles and the {100} 

pole figures, it is evident that the newly formed grains and their mother grains have a near 

twin relationship. However, the rotation axis is slightly deviated from <100> for 1.6° and 

1.1° in Fig.9.3 (a) and Fig.9.3 (b), respectively.  

The existence of this deviation is confirmed by grain boundary information in Fig. 9.1 

where the twin boundary peak for the as-cast sample is exactly at 62.8° but the twin 

boundaries peak for HPT-processed sample after 2, 6 and 11 days of storage all exhibit 

slight deviations from 62.8°. These deviated twin boundaries may be explained by the 

theory of dislocation-twin boundary [168-171]. Many of the reports related to dislocation-

twin boundary focus on HCP metals because twinning is one of the important deformation 

mechanisms. An early report shows TEM images of dislocation-twin boundaries and the 

selected area electron diffraction pattern with a deviation of ~4° from the { 2110 }< 0111 > 

twin relationship in a CP-Ti alloy processed by ECAP [172].  Another report shows similar 

dislocation twin boundaries with a deviation of 3.8° from the same twinning system in a 

commercial AZ91D alloy processed by surface mechanical attrition treatment (SMAT) 

which is also a form of heavy deformation [173]. These results seem to point to a 

conclusion where severe deformation which results in high density of dislocations favours 

the formation of dislocation-twin boundaries. The formation of dislocation-twin boundary 

is very likely to occur at the beginning of self-annealing after processing by HPT where the 

density of dislocations is high. Also, only the twins with dislocation-twin boundaries are 

observed to have very fast growth rate during self-annealing in Figs. 9.2 and 9.3.  
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Fig. 9.2. (a and b) SEM and (c-f) EBSD images of the same location on a sample 

processed by HPT and stored at RT for up to 24 days: the embedded dust particle was 

used as a reference point to trace back the location and the large grains are marked by 

letters from A to K. 
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Fig. 9.3. Two newly recrystallized grains and their mother grains separated from Fig. 9.2 

with their {100} pole figures. 

 

9.3 Solubility of Sn in Pb-rich phase   

The solubility at the eutectic temperature of 183 °C for the Pb-Sn alloy is 19.2 wt.% of Sn 

in Pb and 2.6 wt.% of Pb in Sn. During cooling to RT, the Sn solubility in Pb significantly 

decreases to 1.3±0.5 wt.% whilst the Pb solubility in Sn reduces to only 0.3 wt.% [100]. 

Thus, the secondary Sn and Pb will precipitate from the original eutectic phases during 

solidification. The precipitates of both secondary Sn and Pb are visible in Fig. 7.11 where 

the Sn precipitate in Pb-rich phase are marked 2 in Fig. 7.11 (a) which contains only Sn 

and the Pb precipitate in Sn-rich phase are marked 5 in Fig. 7.11 (c) which contains 6.38 

wt.% of Pb.  

 

It is evident that the precipitates dissolve after HPT in Fig. 7.11 (c-g) and the solubility of 

Sn in Pb significantly increases by HPT. Additionally, the Pb solubility in Sn slightly 

increases to 1.6 wt.% in spectrum 6 in Fig. 7.11 (c). It should be noted that the Pb-rich 

phase remains FCC structure and Sn precipitates remain BTC structure in Fig. 7.11 (e) 

and (j) which suggests HPT has locally led to the formation of supersaturated solutions.  

This high solubility is because processing by HPT results in generating of a large amount 

of defects which including increases of dislocation density and vacancy concentration 

[174].  All these defects favour dissolution of precipitates [175-177].  Atomic motility 

may be significantly promoted by HPT through grain boundary diffusion since the 
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proportion of grain boundaries is large after the grain size is considerably reduced by HPT 

[178]. High dislocation density may also promote solubility through pipe diffusion and 

solute drag [179]. Nevertheless, the more likely mechanism is the increase of the mobile 

vacancy concentration which promotes the diffusion rate since the presence of high 

pressure may reduce grain boundary diffusion and pipe diffusion which may be affected 

by the tendency of dislocations locating near grain boundaries. It is demonstrated by 

Sauvage et al. [180] that compressive strain and plastic deformation provided by HPT 

help to lower the vacancy formation energy and therefore promote the formation of excess 

vacancies. Moreover, under a compressive strain the vacancy migration energy may be 

lowered and thus the vacancy mobility will increase.  

The supersaturated solution of Pb-rich phase, however, is not stable at RT. Decomposition 

occurs after 13 days of storage and this it is evident in Fig. 7.11 (h-j) where Sn 

precipitates marked 13 and 14 form again at the vicinity the Pb-rich phase.  The lattice 

diffusion length L of Sn atoms in Pb as a function of time t can be expressed as [181]: 

tDL Sn2                                  (9-1) 

where DSn is the lattice diffusion coefficient which is 0.0085 10
-14 

m
2
/s at 331 K(58°C) 

[181]. Given the length of time from 3 days to 13 days of storage is 1123200 s, this 

provides a diffusion length of  ~195 nm at 331 K. The average width of the area in the Pb-

rich phase which has high concentration of Sn in light grey in Fig.7.11 (f) and red dots in 

the EDS map in Fig.7.11 (d) is ~200 nm which is within the range for lattice diffusion. 

Combining with the result in Fig.7.11 (h) where the Sn precipitates form again after 16 

days of storage, it is, therefore, demonstrated that the decomposition and forming of Sn 

precipitates in Pb-rich phase during self-annealing is most likely by lattice diffusion.  

The overall movement of Pb-rich phase during self-annealing is monitored by in situ 

observations at a fixed location immediately after HPT, after 2 and 7 days of storage at RT 

and the results are shown in Fig. 9.4. In Fig. 9.4 (a-c), Pb-rich phase is represented by 

black colour. The movement is modelized and illustrated in Fig. 9.4 (d-f) with two 

processes: I, stretched individual Pb-rich phase being pulled back towards the centre of 

each phase which is denoted by the red arrow in Fig. 9.4 (d); II, Pb-rich phase join with 

nearby same type phase and form larger phase particles, i.e. the Pb-rich phase A and B in 

Fig. 9.4 (b) join with each other and form C Fig. 9.4 (c). It should be noted that both of 

these processes will result in the reduction of surface area for Pb-rich phase.  
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It should be noted that the re-joining of fine Pb-rich phase particles and the formation of 

coarse particles are not likely to be operated by lattice diffusion. The reason is twofold: 

first, the bonding between Pb-rich phase and Sn-rich phase is very weak and this is visible 

in Fig. 7.10; second, in Fig. 9.4 (b) Pb-rich phase particle A moves to a length of ~1 µm to 

join with another particle B to form a larger particle C in Fig. 9.4 (c) within a period time 

of 5 days, according to Eq. (9-1) the amount time should give a diffusion length at a higher 

temperature (58°C) than RT of 120 nm which is well below the actual measured length. It 

is more likely that the large-sized Pb-rich phase is deformed and stretched by torsional 

strain introduced by HPT and the surface area is therefore significantly increased. During 

storage, driven by the tendency of reducing surface energy, Pb-rich phase particles form 

regular shapes in stage I and join with nearby Pb-phase in stage II. 

 

 

Fig. 9.4. (a-c) In situ observations of Pb-rich phase during self-annealing after HPT 

processing and (d-f) schematic illustration of the process: I stretched Pb-rich phase being 

pulled back to form regular shapes; II Pb-rich phase join with nearby same type phase 

particles to increase the size and reduce surface area. 

9.4 Thermal stability   

There is a substantial number of investigations concerning with self-annealing and thermal 

stability of SPD processed samples at RT which have been conducted on metals having 

low or medium stacking fault energy (SFE) such as Ag, Au, and Cu [183-187]. The 

concept is that a high dislocation density should be generated after SPD processing due to 

low SFE because the annihilation of dislocations is hindered by their high degree of 
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dissociation into partials.  The high density of dislocations, if not recovered by cross slip or 

climb, will then lead to a high level of driving force for recrystallization. It is reasonable to 

anticipate a low SFE for the Pb-Sn alloy because the current report reveals a large fraction 

of twin boundaries existing in both as-cast samples and HPT-processed samples. This point 

is further confirmed by another report on a Sn-1.63Ag alloy where a high amount of near-

twin boundaries is associated with a low SFE [152].  Moreover, it is generally established 

that the diffusion activation energy is proportional to the absolute Tm and the velocity of 

climb will depend strongly on Tm. This suggests that alloys with very low Tm, such as Sn 

and Zn alloys, should exhibit fast recover/recrystallization after processing by SPD. This 

prediction is consistent with the observations in the present investigation where a 

saturation of microhardness was reached within only 4 days after processing by HPT and 

this is in contrast with the self-annealing phenomenon observed in pure Ag where a 

saturation of microhardness was achieved after storage at RT for 4 months [186].  

Recovery may occur by dislocation cross-slip and dislocation climb where dislocation 

climb is a diffusion-controlled mechanism which becomes significant at elevated 

temperatures. The climb velocity of dissociations can be expressed as [188]: 

 

                              2)(
1050 


b

d
c

bkT

D
v jc


,                                     (9-2) 

 

where σ is the stress acting across the extra half plane of the dislocation producing a climb 

force σb, Ω is the atomic volume, D is the diffusion coefficient and cj is the number of jogs 

along the dislocation line. The Sn/Sn lattice diffusion coefficient, Dl near RT at a 

temperature of 331 K is measured as high as 1.2 × 10
-16 

m
2
s

-1
[189]. This is in contrast with 

Dl ≈ 1 × 10
-35

 m
2
s

-1
 for Ag where dislocation climb is predicated after processing by 

ECAP [190]. Additionally, the grain refinement introduced by HPT in the Pb-Sn alloy 

should increase the volume of grain boundaries and thus increase the rate of grain 

boundary diffusion. It is therefore reasonable to predict that dislocation climb is the 

predominant mechanism for recovery in the Pb-Sn alloy after processing by HPT. 

However, it was observed that migration of high-angle grain boundaries is very mobile for 

the Pb-Sn alloy processed by HPT. Moreover, there are new texture components that have 

been developed over the course of self-annealing in Fig. 7.9. Thereby, it can be confirmed 

the occurrence of recrystallization and grain growth.  Indeed, recovery and recrystallization 

are two competing processes and recovery may diminish the driving force of 

recrystallization by decreasing the dislocation density. But the existence of the secondary 
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phase, rich-Pb phase, may significantly facilitate recrystallization by providing possible 

recrystallization sites: dislocation penetrating from Sn to Pb is difficult due to different 

lattice structure and very loose bonds between the two phases therefore pileups of 

dislocations at phase boundaries may cause locally high density of dislocation and thus 

provide driving force for recrystallization. The evidence of this secondary phase induced 

recrystallization can be seen in Fig. 7.12 (c-2) where Sn grain size are found to be much 

smaller near Pb-rich phase in red colour. 

9.5 Normal and abnormal grain growth  

It is apparent from inspection of Fig. 7.8 that abnormal grain growth occurs for the disc 

after 1 turn of HPT and self-annealed at RT for 8 months whereas the grain size 

distribution for the disc after 5 turns of HPT generally exhibit log-normal distribution 

which is associated with normal grain growth or continuous recrystallization. Given the 

strain introduced after 1 turn of HPT is far less compared with 5 turns of HPT. It is 

therefore reasonable to predict that the selection of grain growth or recrystallization mode 

is associated with the amount of strain introduced. This point is further confirmed by 

inspection of Figs. 7.12 (c-2) and Fig. 5.4 where Fig. 7.12 shows images at centre region of 

the disc processed by HPT for 1 turn and self-annealed for 8 months and Fig.5.4 (e) and (h) 

shows OIM maps of two samples processed by ECAP for 2 and 8 passes using route BC 

and self-annealed at RT for a year. It is evident that abnormal grain growth has occurred 

with the very large grains in purple located at the lower centre region in Fig. 7.12 (c-2) 

which is separated by LAGBs. It is also evident in Fig. 5.4 that abnormal grain growth in 

the sample after 2 passes of ECAP processing whereas the sample processed after 8 passes 

predominantly exhibit normal grain growth. Oscarsson [191] reported that a heavily 

deformed aluminum alloy is most likely recrystallized continuously which was attributed 

to the presence of a high fraction of HAGBs. Later, a mathematical model was developed 

by Humphreys [192] to demonstrate that LAGBs are associated with discontinuous growth. 

In his theory, an assembly of low (  < 5°) misorientation subgrains is intrinsically very 

unstable and significant discontinuous subgrain growth will be more likely to occur. To 

examine this point, a parameter defined by dmax/< d > is used to describe the degree of 

abnormal grain growth where dmax is the average size of the largest 2% grains and d  is 

mean grain.  

The parameter of dmax/< d > is then plotted again the fraction of HAGBs of the samples 

processed by both HPT and ECAP in Fig. 9.5. It is evident from inspection of Fig. 9.5 that 
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abnormal grain growth is more likely to occur in microstructure contains more LAGBs and 

this tendency decreases as the fraction of HAGBs increases. It should also be noted once 

more that the very high fraction of HAGBs immediately after HPT processing is due to 

high pressure which freezes the migration of LAGBs.  

 

 

 

 

 

 

 

Fig. 9.5. dmax/< d > plotted against the fraction of HAGBs for samples processed by both 

ECAP and HPT.  

 

 

The existence of second-phase particles also has a significant influence on the mode of 

recrystallization/grain growth by pining grain boundary migration. Humphreys [193] has 

performed a detailed analysis of microstructural instability in second-phase particle-

containing system. He assumed an assembly of grains with a mean size of R  and spherical 
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incoherent particles were inserted to this assembly. Thus, the pining term can be written as 

[193]: 

                                                
d

RF
Z V3
                           (9-3) 

where FV/d is the particle dispersion level. With this term, the growth rate of the assemble 

can be then expressed as [193]: 

                                            







 Z

R

M

dt

Rd

4

1
                  (9-4) 

where M is mean grain boundary mobility and   is mean boundary energy. It is then 

evident to see that the normal grain growth rate will cease when Z = 0.25. In an idealized 

condition where all boundary energies and motilities are equal (   and MM  ), the 

grain growth mode can then be decided by the values of Z: 

Z = 0                    Normal grain growth 

0 < Z < 0.1          Broadening of grain size distribution  

0.1 < Z < 0.25     Abnormal growth and normal grain growth      

0.25 < Z < 1        Abnormal grain growth 

Z > 1                    No growth    

In order to examine the current case, the mean grain size of ECAP and HPT processed 

samples are plotted against the dispersion level for the Pb-rich phase in Fig. 9.6. It is 

evident that all datum points fall into the abnormal growth region close to the NGG + AGG 

side. It should be noted that the even though the division of the different regions in Fig. 9.6 

is based on the idealized condition but the boundary between NGG + AGG and AGG 

should be absolute because according to Eq. (9-4) the values of M  and   are not 

significant when Z = 0.25 and the application of this approach can be found in ref. [194].  

However, some of the dmax/<d> values in Fig. 9.5 which are from 2.5 to 3.5 are very small 

compared with normally observed abnormal grain growth [195]. This can be readily 

explained by the very high fraction of HAGBs in the microstructure. In the current study, 

the faction of HAGBs is significantly higher than that normally reported in the literature, 

i.e. the factions of HAGBs is 98% immediately after HPT and these HAGBs may hinder 

abnormal grain growth. And Eq.(9-3) does not consider the effect of HAGBs.  This 

becomes obvious in Fig. 9.5 where samples immediately processed by HPT show low 

values of dmax/<d> and as the samples self-anneals at RT with decreasing HAGBs (the 

migration of LAGBs is reactivated once the high pressure is removed during self-

annealing), abnormal grain growth becomes more evident. It is also important to note that 
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in Fig. 9.6 most of the datum points (except for the one at the centre region of the disc after 

1 turn of HPT) fit well into the curve with Z = 0.4 which is denoted by the broken black 

line. This implies that the influence of second-phase particles is very similar throughout 

self-annealing process for most of the samples given the fact that the Sn grains and the Pb-

rich phase are coarsened at the same time.   

 

 

Fig. 9.6. The various growth regimes for an ideal grain assembly as a function of the 

matrix grain size ( R ) and the particle dispersion level (FV/d) fit in with datum points 

obtained from both ECAP and HPT processed samples. 

9.6 Strain softening and anneal hardening  

In the present study, the microstructure of the Pb-Sn alloy was successfully refined 

through HPT processing at RT and the alloy demonstrated an apparent grain growth when 

subjected to storage at RT as shown in Fig. 7.4 and Fig. 7.5.  Samples with refined grains 

after HPT demonstrate strain softening behaviour in Fig. 8.1: the hardness values for the 

HPT samples were much lower than that of the as-cast sample without processing which 

shows Hv ≈ 10 and the lowest hardness of Hv ≈ 1.5 was recorded at the edge of the disc 

immediately after HPT.  However, hardness increased through self-annealing with 
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increasing storage time so that the saturated Vickers hardness value of ~7 was observed 

for HPT processed samples after 8 months of storage at RT.  It is worth noting that the 

strain softening behaviour after HPT processing is very different from the general 

hardness behaviour for most metals showing strain hardening which ultimately shows 

high saturated hardness with increasing imposed strain [196-198] and some high-purity 

metals having high stacking fault energies, such as Al, which permit easy and rapid 

recovery and demonstrate strain hardening with recovery [13,14,18,19].  Very recent 

reports summarize the experimental reports of the hardness behaviour during HPT for a 

series of metals and alloys [75].         

Due to the low melting temperature of the Pb-Sn alloy where RT corresponds to ~0.6Tm, 

the alloy after HPT exhibited excellent elongations at RT at 1.0 × 10
-4

 s
-1 

which suggest 

the dominant deformation mechanism is GBS.  From Table 2.1, it can be seen all 

materials have grain sizes of <10 µm which is essential for showing superplasticity and 

superplastic elongations of >400% were generally observed at a strain rate of 1.0 × 10
-4

 s
-1 

at RT and this is confirmed by the current work where a largest elongation of 630% was 

achieved at RT. It should be noted that Hall-Petch relationship will not apply for the 

current investigation because it descripts deformation behaviour operated within the 

regime of dislocation creep. In elevated temperatures (RT should be defined as an 

elevated temperature for the Pb-Sn alloy due to its low Tm ), plastic deformation will be 

accommodated by diffusion-controlled processes such as GBS which yields low stress 

compared with processes controlled by dislocation creep. It is generally understood that 

GBS requires HAGBs [199] and thus the excellent superplastic elongations recorded in 

the alloy after HPT is attributed to the high fractions of HAGBs in the refined 

microstructure.  This fact is also applied to the as-cast sample which contains low fraction 

of HAGBs so that the samples was infeasible to demonstrate GBS under the stress as 

shown in Fig. 8.5 (a) and thus failed to achieve superplastic ductility as show in Figs 8.6 

and 8.8.  

As mentioned earlier, grain boundary type should affect the strength if GBS plays a major 

role in accommodating deformation. In order to investigate this, the relationship between 

the Vickers microhardness and grain boundary misorientations are summarized in Fig. 9.7 

where the Vickers microhardness values are plotted against the fraction of LAGBs for the 

alloy after HPT and RT storage for 0, 2, 6 and 11 days and 8 months and the upper dashed 

line denotes the hardness of ~10 in the as-cast condition.  For comparison purposes, the 

data were also taken from the alloy after ECAP for up to 8 passes and stored at RT for 12 

months. It can be seen in Fig. 9.7 that microhardness values increase as the fraction of 
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LAGBs increases (HAGBs decreases).  Fig. 9.7 once again demonstrates that the strength 

of this alloy relies on GBS because HAGBs are more mobile than LAGBs and therefore 

favours GBS which causes weakening of the strength. Thus, the degree of GBS is lowered 

in the HPT processed Pb-Sn alloy with longer storage time with lose of HAGBs which 

leads to higher hardness and strength after plastic deformation.   

 

 

Fig. 9.7. Vickers microhardness values plotted against the fraction of LAGBs for the Pb-

Sn alloy after HPT and RT storage for 0, 2, 6 and 11 days and 8 months and the upper 

dashed line denotes the hardness in the as-case condition. 

 

Despite the length of storage, the degree of self-annealing in microstructure, provides no 

clear differences in the elongations to failure. Vickers microhardness and the tensile 

strength showed clear dependency on grain sizes.  In practice, Vickers microhardness 

against the time of storage as shown in Fig. 8.1 has the same tendency with average grain 

size against time of storage as shown in Fig. 7.3 so that the grain growth through self-

annealing provides increasing Hv with increasing storage time at RT.  Moreover, the flow 

stress versus strain rate in Fig. 8.8 demonstrats the higher flow stress with increasing 

storage time at RT at all strain rates. Therefore, it can be concluded from Fig. 8.8 that the 

strength of the Pb-Sn alloy is strongly affected by the grain size:  at a strain rate range 

from 1.0 × 10
-4

 to 1.0 × 10
-3

 s
-1

, a fine grain size after 1 day of storage provides more 

grain boundary and thus promotes grain boundary sliding which will then weaken strength 
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whereas a coarse grain size after 12 days reduces the volume of grain boundary and thus 

hinders grain boundary sliding and enhances strength; as the strain rate moves towards a 

faster region, this difference in terms of flow stress among samples with different storage 

conditions tends to reduce significantly. Soliman’s extensive work on four difference 

grain sizes demonstrate the same tendency where at fast strain rate region the difference 

of flow stress is small regardless the difference in grain size [110]. This is because at fast 

strain rate region deformation relies on dislocation creep rather than GBS.  One may still 

argue that the strain softening is associated with changes in precipitation or alternation of 

solubility occurred during storage as demonstrated earlier. However, if that is the case, 

then significantly different flow stresses should be observed at a fast strain rate of 1 × 10
-1

 

s
-1

 because at this strain rate deformation should be accommodated by dislocation creep 

and any changes in precipitation or solubility should reflect on strength at fast strain rates. 

Instead, the flow stresses at 1 × 10
-1

 s
-1

 are measured as almost the same for all HPT-

processed conditions in Fig. 8.8.  It is also interesting to note that in the fast strain rate 

region (1 × 10
-2

 to 1 × 10
-1

 s
-1

), the flow stresses are higher than that of the as-cast 

condition but in microhardness measurements all values are lower than the as-cast 

condition. This is due to a slow strain rate associated with Vickers microhardness tests 

which will favour GBS. For all the measured points in Fig. 8.8, flow stresses for HPT 

processed samples start to become lower than as-cast condition when the strain rate is 

below 9.0 × 10
-1

 s
-1

. This suggests the strain rate for microhardness tests should be lower 

than 9.0 × 10
-2

 s
-1

 which is reasonable.  

9.7 Shifting of superplastic region   

The strain rate in the superplastic region should be consistent with Eq. (2-7). This means 

that a reduction in grain size should move the range of strain rate associated with 

superplastic region towards the fast region. It is readily clear from Fig. 8.13 that, as the 

storage time and grain size increases, the peak of m values move towards lower strain rate 

region by an order of 10
-1

 from 1 day to 12 days. However, it should be noted that SRS 

alone cannot determine the occurrence of superplasticity. An elongation of more than 

400% has to be added to the requirements. Therefore, Fig. 8.13 demonstrates the shifting 

of m but not necessarily the shifting of superplastic region. In order to observe clearly the 

change of elongations with difference grain sizes, information on elongations in Table 2.1 

together with the current work is plotted against strain rate and shown in Fig. 9.8. All the 

datum points in Fig. 9.8 are divided into two groups with grain sizes from 1.5-3.3 µm 

denoted by open symbols and grain sizes from 5.9-8.5 µm denoted by solid symbols. 
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Samples with fine grain sizes show a fast increase rate for elongation as strain rate 

decrease compared with the samples with coarse grain size which are denoted by two 

curves in Fig.9.8 showing the different increase rate. It is evident from Fig. 9.8 that 

samples with finer grains (1.5-3.3 µm) achieve superplastic elongations (>400%) at a 

relatively faster strain rate and samples with coarser grains (5.9-8.5 µm) achieve 

superplastic elongations at a relatively slower strain rate thus demonstrating the shifting of 

superplastic region in response to the changes in grain size. Additionally, all the samples 

show similar small elongations at strain rates from 1.0 × 10
-2

 to 1.0 × 10
-1

 s
-1

 regardless of 

the difference in grain size. Finally, it is interesting to note that samples with finer grains 

reach maximum elongations at faster strain rates but with a smaller elongation whereas 

samples with coarser grains reach maximum elongations at slower strain rate but with a 

much larger elongation e.g. the peak elongation for a sample having grain size of 2.2 µm 

is 1610% at a strain rate of 1.3 × 10
-4

 s
-1

 whereas it is 2230% at a strain rate of 6.6 × 10
-6

 

s
-1

 for another sample having an average grain size of 6.1 µm. This implies that the 

reduction in grain size may move the superplastic strain rate towards fast strain rate region 

but on the cost of elongation. Nevertheless, this point requires more investigation.  

 

 

Fig. 9.8. Elongation plotted against strain rate for the Pb-Sn alloy tested at RT: datum 

points from literature [56,109,110,200] and current work are divided into two groups with 

open symbols for grain size from 1.5 to 3.3 µm and solid symbols for grain size from 5.9 to 

8.5 µm. 
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9.8 Three microhardness modes after HPT processing  

The current investigation provides a clear demonstration that processing of the Pb-62%Sn 

eutectic alloy by HPT introduces significant grain refinement with strain softening. This is 

evident in Fig. 9.9 where Eq. (2-6) was used to plot the microhardness against equivalent 

strain. Moreover, during storage, the alloy exhibits grain growth with anneal strengthening. 

This phenomenon has been explained by GBS at RT which is possible for alloys with low 

Tm such as Pb-Sn and Zn-Al alloys.  Thus, the explanations of three microhardness modes 

in response to HPT processing are all understood and will be summarized as follows: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9.9. The Vickers microhardness values plotted against the equivalent strain for the 

different experimental conditions. 
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Fig. 9.10. Schematic illustration of the hardness with equivalent strain of metals processed 

by HPT (a) without recovery, (b) with recovery and (c) reduction in precipitates: the 

typical level for the unprocessed annealed condition is indicated [12].   

 

In many metals, the measured hardness values are high at the edges of the discs and low in 

the centres. Therefore, the microhardness plotted against strain should exhibit a shape 

similar to the schematic drawing in Fig. 9.10 (a) where microhardness increases with 

increasing strain before it saturates at a stable value.   In this mode, strain hardening occurs 

without significant recovery, thus hardness saturates when grain refinement or dislocation 

density saturates as strain increases. In practice, the following metals and alloys 

demonstrated experimentally the standard hardness distribution model with strain 

hardening which is consistent with the behaviour shown in Fig. 9.10 (a): commercial purity 

Al and Al alloys [70,201-208], Mg alloys [209-212], pure Cu and Cu alloys 
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[15,16,198,213-218], pure Fe and steel [219-222], Ni alloy [223,224], pure Ti and Ti alloy 

[225-230], pure Zr [231], pure Hf [232], pure Ta [233] pure Cr and Nb [234], pure V and 

Mo [234], and pure Zn and Pd [198]. For high purity metals, the hardness mode often takes 

on the shape in Fig. 9.10 (b) where the Hv reaches a peak value within a certain amount of 

equivalent strain and it then decreases and saturates to a value as equivalent strain increase 

so that the hardness consequently exhibits curve with a bell-like shape. In this case, the 

saturated Hv remains higher than that of the unprocessed condition. This unique hardness 

evolution of softening is because of the very high stacking fault energy leading to easy 

cross-slip and rapid microstructural recovery [13]. Similar results are observed in several 

experiments on high-purity Al [14,198,217,218,236-238], and this type of hardness 

evolution was also observed recently on high-purity Mg [20] and Zn [198]. For the current 

investigation, microhardness decreases as the strain increases and the microhardness after 

processing by HPT is even lower compared with as-cast condition which is shown in Fig. 

9.10 (c). This mode is specially associated with alloys with low melting point and the 

cause is, as discussed above, GBS at RT because of significant grain refinement by HPT. 

Similar results are observed in Pb-Sn [239], Zn-Al [11-12], and pure Sn and In [198].   
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Chapter 10 Conclusions and future work 

 

10.1 Conclusions  

The Pb-62% Sn eutectic alloy was processed by both ECAP and HPT at RT. Evolutions of 

microstructure, microhardness and superplasticity were investigated after processing. The 

self-annealing behaviour of the alloy after processing by ECAP and HPT was also 

investigated as the alloy was stored at RT. The conclusions of this work is summarised as 

follows: 

1. EBSD measurements on the as-cast Pb-62% Sn eutectic alloy indicate that the 

microstructure is divided by large domains each with one nucleus during solidification. In 

each domain, there are three major orientations with a twin relationship of 62.8°<100> 

which is termed as sixfold cyclic twin. The large fraction of LAGBs is formed during 

solidification to accommodate the misfit of the sixfold cyclic twins.  

 

2. Billets of the Pb-Sn alloy were processed by ECAP after 1, 2 4 and 8 passes.    

Microstructural examination after processing showed the grain size is reduced by ECAP 

and it continuously decreased as the alloy was subjected to storage at RT for ~ 350 hours 

before it grew coarse as the storage time increased to a year. It should be noted that the 

same tendency was observed at centre of a disc processed by HPT and therefore it is 

reasonable to predict that this behaviour is associated with a relatively low straining. 

Meanwhile, the microhardness values showed a significant decrease immediately after 

processing and thereafter an increase before saturated as the alloy was stored at RT.   

3. Discs of the the Pb-Sn alloy were processed by HPT under a range of experimental 

conditions. Microstructural examination for all discs after processing showed significant 

grain refinement but with a corresponding decrease in the measured hardness by 
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comparison with the initial unprocessed conditions. A detailed analysis showed that the 

hardness values of the alloy decreased with the increasing of the equivalent strain and 

then reached a stable saturation value at strains above ~50. Additionally, fairly equiaxed 

grains were observed immediately after HPT and the increase of special boundary after 

processing indicating the possible deformation mechanism is though dynamic 

recrystallization/grain boundary migration which is further supported by texture 

measurements where after 5 turns random texture peaks were produced immediately after 

HPT.  

 

4. Processing by both ECAP and HPT provides the capability of producing grain 

refinement in the Pb-Sn alloy. Self-annealing which refers to the recovery/recrystallization 

occurred in the alloy processed by ECAP and HPT during storage. Experiments were 

conducted to investigate the occurrence of self-annealing in samples of the Pb-Sn alloy 

processed by ECAP and HPT. The results show the fine-grained microstructure produced 

by ECAP and HPT at RT is unstable in subsequent storage at room temperature. Self-

annealing was observed over a period of time up to 12 months in samples processed by 

ECAP and 8 months in samples processed by HPT. Microhardness values greatly increased 

whilst grain size coarsened during storage.  

5. It was demonstrated that the high pressure brought by HPT has a significant impact on 

grain boundary migration. Specifically, the mobility of LAGBs is limited and the mobility 

of random HAGBs is not affected. The mobility of special grain boundaries of Ʃ21 at 71° 

is greatly favoured during processing by HPT. Also, the migration of dislocation-twin 

boundaries near 62.8°<100> were observed to be favoured during self-annealing once the 

high pressure was removed.  The stress state on these dislocation-twin boundaries should 

be conducive to their migrating and thus explain the fast rate of grain growth of the grain 

with these boundaries.  

 

6. The solubility of Sn in Pb-rich phase was significantly improved due to a large numbers 

of mobile vacancies produced by HPT and therefore a supersaturated state was formed 

immediately after HPT processing. However, this supersaturated state was not stable at RT 

and decomposition occurs to separate Sn and Pb in Pb-rich phase by occurrence of lattice 

diffusion. On the other hand, the rejoining of Pb-rich phase with nearby Pb-rich phase 

during self-annealing is mostly like associated with the tendency of reducing surface 

energy and not associated with lattice diffusion. 
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7. Abnormal grain growth was observed to be greatly favoured during self-annealing when 

the introduced strain was relatively low, i.e. a sample after 2 passes by ECAP and at the 

centre region of a HPT-processed disc after one turn.  This is due to a relatively low 

fraction of HAGBs introduced by small straining and grains with similar orientations are 

more likely to meet on their path of growth. The Pb-phase particles were also demonstrated 

to have an impact on grain growth since they were greatly refined immediately after HPT 

and coarsened by rejoining with near-by particles during self-annealing. It should be noted, 

however, the impact of these second phase particles on grain growth is similar with 

different sample conditions since Sn grains and Pb phase particles grow at the same time. 

Therefore, the fraction of HAGBs is the main factor decides if abnormal grain growth will 

occur.  

8. A series of HPT-processed samples with different storage time were tested in tension at 

RT.  The results demonstrated that, despite the storage time, all processed alloy exhibited 

excellent RT superplasticity at 1.0 × 10
-4

 s
-1

 with a high strain rate sensitivity of m ≈ 0.45 

and the highest elongation of 630% was recorded in the processed alloy after storage for 4 

days at RT. It also demonstrated the superplastic region shifts to fast strain rate region as 

the grain size decreases.  

 

9. A direct comparison of SRS measured by tensile test and nanoindentation test at both 

holding and loading stage was provided and it was demonstrated that the nanoindentation 

technique gives an accurate value of m. A shifting of SRS peak to the slow strain rate 

region with increasing grain size was observed in both tensile tests and nanoindentation 

tests due to grain growth as the HPT-processed samples stored at RT and grain growth 

occurs.  

 

10. The strain softening effect of the Pb-Sn alloy processed by ECAP and HPT show a 

strong connection with the percentage of HAGBs and grain size. High fraction of HAGBs 

and small grain size correspond to low microhardness and low fraction of HAGBs where 

large grain size corresponds to high microhardness. This is because high fraction of 

HAGBs and fine grain size will favour grain boundary sliding which can help 

accommodate deformation therefore the alloy will exhibit softening effect compared with 

cast condition where the fraction of HAGBs is low and grain boundary sliding is greatly 

hindered. Also, the ECAP and HPT processed Pb-Sn alloy becomes superplastic at RT 

which means the strength measured at RT will be greatly influenced by the selection of 
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strain rate. Since microhardness tests in general have relatively low strain rates, therefore 

GBS occurs during testing on SPD-processed samples and the alloy exhibit strain softening.   

10.2 Future work  

10.2.1 HPT processing with liquid nitrogen 

The studied alloy has a very low melting point, Tm, which is about ~183 K. This suggests 

that processing the Pb-62%Sn alloy with HPT at room temperature is at least warm work. 

Therefore, it is essential to examine the evolution of microhardness and mechanical 

properties at a low processing temperature to prevent any possible recovery and 

recrystallization during HPT.  In order to process the Pb-Sn alloy at a low temperature, a 

special cylindrical device was designed to cover up the two anvils. This device which is 

shown in Fig. 10.1 allows liquid nitrogen to be constrained which will then surround the 

two anvils, thus cooling of the anvils and the disc sample can be achieved.  Experiments 

will be carried out by using this device and data can then be collected on the behaviour of 

the Pb-Sn alloy processed by HPT at a very low temperature. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 10.1. The schematic diagram of the cylindrical device used for liquid nitrogen 

procedure of HPT 

10.2.2 A procedure combining ECAP + HPT 

An alternative procedure for decreasing the grain size is to combine processing by ECAP 

with HPT. This procedure shows great potential to further reduce the grain size in 

processing of many metals. Moreover, the combination of ECAP + HPT decreases the 

fraction of low-angle boundaries and leads to a distribution which is closer to a random 
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distribution of misorientation angles. Therefore, in future work, the Pb-62%Sn alloy will 

be subjected to a procedure of ECAP + HPT to determine whether a finer grain size can be 

achieved.  

10.2.3 Grain boundary engineering 

The goal of grain boundary engineering is to introduce as many special grain boundaries as 

possible by manipulation of low stacking-fault energy materials i.e. repeated strain and 

annealing sequences. However, the disadvantage of the repeated thermal-mechanical 

procedure is that grain growth may occur easily and therefore ultra-fined grain structure is 

difficult to achieve. It is demonstrated in the present work that through SPD processes at 

elevated temperatures, a large fraction of special grain boundaries is possible to be 

generated and at the meantime the grain size remains small in the Pb-Sn alloy. Given the 

special grain boundaries have, in general, low boundary energy compared with random 

HAGBs and these boundaries will resist corrosion and wear. Therefore, it will be 

interesting to perform corrosion and wear tests on the HPT processed Pb-Sn samples which 

contain large fractions of special boundaries and compare the results from the as-cast 

sample. It should be noted that the Pb-Sn alloy is not the perfect subject for grain boundary 

engineering since its self-annealing effect at RT and special grain boundary decrease 

during storage at RT. Many other metals may show great potential on this topic, i.e. it was 

demonstrated that a large fraction of twin boundaries was generated in HPT processed Cu 

sample in the subsequent annealing procedure at 200 °C [240].  

10.2.4 Self-annealing at centre of discs processed by HPT 

It was demonstrated in Fig. 7.12 that the centre of a disc immediately after processing by 

HPT for 1 turn showed similar microstructure with the as-cast condition. The recrystallized 

fine grains only start to show after 2 days of storage. This can mean either a delayed 

recrystallization due to insufficient straining at central region of the disc or stored energy 

somewhat passed from the edge to centre. It is possible to examine which mechanism is 

responsible for this phenomenon by cutting the central region of the disc out and perform 

microstructural investigation on this area during self-annealing. It will be interesting to 

investigate this point because none of the above possible mechanisms are systematically 

studied in a two-phase alloy with low Tm processed by HPT.  
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