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Abstract 

The Pb-Sn alloy has a wide use in the electronic, energy storage and nuclear 

industries and a fine-grained Pb-Sn alloy may open up new possibilities for applications in 

these industries. In order to understand the behavior of grain refinement, a Pb-62% Sn 

eutectic alloy was processed by high-pressure torsion (HPT), stored at room temperature (RT) 

and then the microstructures of the alloy after HPT were repeatedly investigated during the 

course of self-annealing using electron backscatter diffraction, scanning electron microscopy 

and transmission electron microscopy.  It is demonstrated that there is a large fraction of twin 

boundaries with a twin relationship of 62.8°<100> in the microstructure of the initial as-cast 

condition.  Due to the presence of the high imposed pressure, the mobility of Ʃ21 boundaries 

at 71° is greatly favoured during processing by HPT.  After the high pressure is removed, the 

mobility of dislocation-twin boundaries near 62.8°<100> is then favoured.  Processing by 

HPT significantly increases the solubility of Sn in the Pb phase.  The supersaturated state of 

Sn in Pb is not stable during self-annealing at RT and instead a decomposition of Sn from the 

Pb-rich phase is observed after storage for 16 days.  The main mechanism for this 

decomposition is lattice diffusion.  
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1. Introduction  

The grain size is probably the most important structural parameter in metals because it 

governs many of the fundamental properties including strength and flow mechanisms.  

Generally, the grain size may be varied using conventional thermo-mechanical processing but 

in practice this has a limitation because it is not possible to achieve exceptional grain 

refinement to produce grain sizes within the submicrometer or the nanometer ranges. An 

alternative approach was developed more than two decades ago whereby very small grains 

are produced by subjecting a metal to severe plastic deformation (SPD) in which a high strain 

is imposed but without incurring any significant change in the overall dimensions of the 

sample [1].  Numerous SPD processing methods are now available and detailed descriptions 

of these methods are given elsewhere [2,3]. Nevertheless, the two most attractive SPD 

procedures are equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) [4,5].  

In processing by ECAP, the sample is in the form of a bar or rod and it is pressed through a 

die constrained within a channel which is bent through a sharp angle, often but not always 

90, near the centre of the die [6].  In processing by HPT, the sample is usually in the form of 

a thin disk and it is placed between two massive anvils and subjected to a high applied 

pressure and concurrent torsional straining [7]. In practice, HPT processing has two 

significant advantages over ECAP because it produces both grains having smaller sizes [8,9] 

and higher fractions of grain boundaries having high angles of misorientation [10].   

  The Pb-Sn alloy has been conventionally utilized as a solder material but the alloy 

has received only limited attention because of the concerns of lead toxicity. Nevertheless, 

recent research using the Pb-Sn alloy has demonstrated the recycling of valuable Pb and Sn 

elements from electronic waste and the regeneration of the Pb-Sn alloy using green 

procedures [11,12]. Recent developments in the applications of the Pb-Sn alloy are also 

remarkable in the energy sector: for example, a grid-scale Pb-acid battery for energy storage 
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[13,14] and shielding materials for highly penetrating radiations of gamma rays during the 

reactions occurring in nuclear reactors [15]. The materials used for such energy applications 

require the development in synthesis and processing of bulk-scale nanostructured materials 

and an understanding and improvement of their microstructural stability. In this context, the 

present fundamental research provides information on the significance of grain refinement in 

the development of the Pb-Sn alloy for a wide range of applications.   

This study was initiated specifically to investigate the microstructural evolution 

occurring in a Pb-62% Sn (wt. %) eutectic alloy during HPT processing and subsequent self-

annealing through storage at room temperature (RT).  This alloy is used extensively for 

soldering in electronic packaging and in the assembly of printed circuit boards [16,17] but it 

has a low absolute melting temperature, Tm, of only 456 K so that RT corresponds to ~0.65Tm.  

Nevertheless, the dual phase structure tends to inhibit grain growth and this provides a 

potential for achieving good superplastic elongations in tensile testing at room temperature 

[18-20] and exceptionally high elongations at 413 K of 3060% [21] and 4850% [22].   

The Pb-62% Sn alloy consists of a β-Sn phase having a body-centered tetragonal 

(BCT) crystal structure and a Pb-rich phase that is normally either spheroidal or lamellar in 

shape depending on the cooling rate during solidification and the heat treatment history.  

Numerous investigations of the solidification of Pb-Sn solder balls have shown that the Sn-

rich phase grows by a dendritic mechanism and the individual Sn dendrites may grow to 

lengths of up to hundreds of micrometers [23,24].  This is due to undercooling which 

produces rapid dendritic growth so that only a few Sn grains are formed.  In practice, the Sn 

grains commonly form solidification twins with twinning planes of {101} and {301} having 

a common direction of <100> and at twin angles of 57.2° and 62.8°, respectively [25,26].  

Other special grain boundaries having high fractions were also reported for the deformed 

microstructures in Sn-based alloys [27].  It should be noted that these observations are based 
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primarily on solder balls which generally have sizes below 1 mm but there is no significant 

information on the microstructures of bulk Sn alloys and the evolution of microstructures and 

the formation of special boundaries after processing by HPT.  A recent report described 

elemental and spinodal decompositions in a similar type of two-phase alloy, Al-30 mol% Zn 

with a low absolute melting temperature, where a nano-sized lamellar structure occurred in 

the solution-treated sample but this was fragmented by HPT processing leading to a 

significant loss of strength [28].  

It is anticipated that processing by HPT will have a significant effect on the Pb-Sn 

alloy since RT is above 0.5Tm so that dynamic recrystallization (DRX) should be activated.  

Earlier investigations demonstrated the influence of hydrostatic pressure on grain boundary 

mobility where the pressure was introduced by atmospheric pressure in a fluid chamber using 

a pressure control device instead of through the hydrostatic pressure from massive anvils as 

in HPT and the samples were annealed at elevated temperatures to activate boundary 

migration in bicrystals of Sn [29] and Al [30].  Evidence was presented earlier that the self-

annealing behaviour in the Pb-Sn alloy occurs immediately after HPT processing [31] and 

there are also extensive recent results showing the effect of self-annealing at room 

temperature on the microstructural characteristics and the mechanical properties of a Bi-42% 

Sn eutectic alloy processed by HPT [32].  Accordingly, the present investigation provides a 

comprehensive evaluation of microstructural evolution in the Pb-Sn alloy after HPT 

processing followed by self-annealing for periods of up to 24 days. 

2. Experimental material and procedures 

The experiments were performed using a Pb-62% Sn (wt.%) eutectic alloy which was 

received as an as-cast billet having dimensions of 34  20  15 mm3.  The initial material 

contained a binary microstructure with Pb-rich and Sn-rich phases and the mean linear 



4 

 

intercept grain size was determined as ~2.5 µm by measuring both phases.  Further details of 

the alloy were given earlier [33].  

The alloy was initially machined into discs having thicknesses of ~1.2-1.5 mm and 

both sides of each disc were then carefully polished to give HPT disc samples having initial 

thicknesses of ~0.80 mm.  The processing by HPT was conducted at RT under quasi-

constrained conditions in which there is a small outflow of material around the periphery of 

the disc during processing [34,35].  Each disc was processed for a total number of revolutions, 

N, of 1 turn under an applied load of ~24 ton corresponding to an applied compressive 

pressure of P = 3.0 GPa.  After HPT processing, the discs were removed from the HPT 

facility and stored at RT for various periods up to a maximum of 24 days in order to examine 

the evolution during self-annealing.  

The microstructures of the as-cast and the HPT-processed samples were recorded by 

electron backscatter diffraction (EBSD) using a JSM6500F thermal field emission scanning 

electron microscope (SEM) equipped with a charge-coupled device (CCD) camera for 

acquiring electron diffraction patterns.  For sample preparation, the discs were subjected to 

careful grinding and polishing with abrasive papers and diamond paste.  All polished discs 

were etched for ~5 s in a solution of 25 ml H2O, 5 ml HCl with a concentration of 37% and 5 

g of NH4NO3 to remove any residual stresses introduced during polishing. Orientation 

imaging microscopy (OIM) maps and SEM images of the same regions having sizes of 27 × 

15 µm2 located near the edge of the disc were recorded both immediately after the HPT 

processing and after 2, 7 and 24 days of storage at RT.  In order to easily find the same 

location on the disc for each separate observation, the position was carefully defined by using 

an embedded dust particle as a reference point.   The EBSD patterns were collected using 

step sizes for the as-cast and HPT-processed samples of 0.3 and 0.15 µm, respectively, and 

this was followed by a clean-up procedure removing less than 10% of the total points 
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measured.  Information on the grain boundary misorientation angles were obtained from OIM 

maps covering larger scan areas of 45 × 35 µm2.  

Detailed microstructural observations of the as-cast and the HPT specimens stored at 

RT were obtained by transmission electron microscopy (TEM) using a Cs-corrected JEOL 

JEM-2100F with an accelerating voltage of 200 kV.  All TEM specimens were prepared by 

an in situ lift-out technique using a Klocke Nanotechnik micro-manipulator in a Tescan 

LYRA 1 focused ion beam (FIB) facility.  Since the Pb-Sn alloy is exceptionally soft and has 

a low melting temperature, it was necessary to perform the FIB milling with extreme care to 

avoid any extraneous damage such as the falling of the Pb phase from the specimens.  An 

initial rough milling was conducted at 30 kV and 5 nA and this was followed by a final 

thinning at 5 kV and 50 pA.  The chemical compositions of both the Sn-rich and the Pb-rich 

phases were examined using an Oxford Instruments silicon drift detector (SDD) in energy-

dispersive X-ray spectroscopy (EDS) operating in the scanning TEM (STEM) mode. EDS 

maps were developed with the Pb and Sn assigned different colours.  

3. Experimental results 

3.1 Microstructure of the as-cast alloy 

 A typical SEM image of the Pb-Sn alloy in the as-cast condition is shown in Fig. 1(a) 

where the primary colours of light grey and dark grey correspond to the Pb-rich and the Sn-

rich phases, respectively.  Most investigations of this alloy generally simplify the 

microstructure as a mixture of the two phases [18-20] but in practice the microstructure is 

more complex.  Thus, in Fig. 1(a) this inherent complexity becomes apparent by marking 

additional boundaries by red dashed lines which thereby divide the microstructure into 

several large domains each having many Sn-rich grains and with the Pb-phase having both 

equiaxed and lamellar shapes.  The existence of these domains was confirmed by performing 

EBSD to identify the dominant orientation components within each domain, as shown in Fig. 



6 

 

1(b) where the phase map of the same area as in Fig. 1(a) depicts the Pb-rich phase in red and 

the Sn-rich phase in blue and there is a clear confirmation of the two-phase microstructure.   

Figure 1(c) shows the OIM image of the Sn grains in Fig. 1(a,b) and it is evident that 

there are certain combinations of orientations represented by the different colours in each 

domain so that it is easy to separately identify the different domains.  The {001} and {100} 

pole figures taken at three representative domains separated by the black dashed lines are 

shown in Fig. 1 (d), (e) and (f), respectively, with the unit triangle shown at lower left.  It is 

confirmed from the {001} pole figures that there are three clusters of dominant orientations 

within each domain whereas in the {100} pole figures it is clear that for each domain the 

three orientations rotate with an axis that is at 62.8° with respect to the <100> crystal 

direction.  The reason is because in a {100} map all three colours representing the three 

orientations have components that overlap where the red arrows are indicated in Fig. 1 (d), (e) 

and (f) which are rotation axes. These are in twin relationship with a rotation angle of 62.8° 

around the <100> axis [26].  Fig. 1(g) shows the overall distribution of the grain boundary 

misorientations of the Sn grains from the OIM map in Fig. 1(c) and the peak misorientation 

angles from 60° to 65° confirm that most high-angle grain boundaries (HAGBs) are 62.8° 

<100> twin boundaries.  It should be noted also that the fraction of low-angle grain 

boundaries (LAGBs) is very high (72%).  

3.2 In situ observations during self-annealing 

Representative in situ observations during self-annealing are shown in Fig. 2 at the 

edge of the Pb-Sn disc after processing by HPT for one turn where Fig. 2(a) and (b) are SEM 

images immediately after HPT and after 7 days of storage, respectively, where the Sn-rich 

grains are dark grey and the Pb-rich phase is light grey: an embedded dust particle, which 

served as a reference point for locating the same position for the SEM and EBSD 

observations, is indicated by white arrows in Fig. 2(a) and (b).  Corresponding OIM images 
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are shown in Fig. 2(c)-(f) for the Sn grains in the area denoted by the white boxes in Fig. 2(a) 

and (b) corresponding to (c) immediately after HPT processing and after self-annealing at RT 

for (d) 2, (e) 7 and (f) 24 days, respectively, where the unit triangle is shown on the right. 

For convenience, all images from Fig. 2(c) to (f) are at the same magnification and 

some of the larger Sn grains are marked in Fig. 2(c) with letters from A to K to assist in 

visualizing and locating the recrystallization sites during the subsequent self-annealing.  

Several conclusions are reached by careful inspection of Fig. 2(c) to (f). First, the Sn grain 

size is much finer immediately after HPT processing and thereafter the grain size increases 

significantly during storage at RT.  Second, recrystallization occurs during self-annealing and 

the nucleation sites are generally located near grain boundaries. Third, the newly-formed 

grains initially consume the original grains and then move on to consume other close grains.  

An example of this latter process is visible in Fig. 2(d) and (e) where the blue grain newly-

formed above grain A starts to consume grain A in Fig. 2(d) and then also consumes the 

adjacent grain B in Fig. 2(f).  Finally, the Pb-rich phase is broken into fine particles by the 

HPT processing and thereafter rejoins with nearby particles and increases in size as self-

annealing proceeds.   

For additional observations on the precise nature of the recrystallization process, two 

newly-formed grains marked A' and C', nucleated in the vicinity of grains A and C in Fig. 2(c) 

to (f), respectively, are shown with their neighboring grains in Fig. 3(a) and (b) immediately 

after HPT and after self-annealing for various periods up to 24 days. The {100} pole figures 

for A' and C' and the original grains of A and C are given on the right of Fig. 3.  From these 

pole figures it is evident that the newly-formed grains and the original grains have a near twin 

relationship although the rotation axes slightly deviate from the 62.8° <100> twinning axis by 

1.6° and 1.1° in Fig. 3(a) and (b), respectively.  
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Figure 4(a) and (b) shows the grain boundary misorientations for the Sn grains as 

obtained from the EBSD measurements immediately after HPT processing and after 11 days 

of storage at RT, respectively.  It is readily apparent that there are significant increases in the 

fractions of HAGBs after HPT in Fig. 4 compared with the initial as-cast condition in Fig. 

1(g).  The measurement of the fraction of HAGBs immediately after HPT is exceptionally 

high at 98% but the fraction of LAGBs gradually increases as the alloy is stored and self-

annealed at RT while most of the HAGBs are distributed within the range from 55° to 75°.  

The common special boundaries for Sn-based alloys are summarized in Table 1 

[29,36].  Therefore, it is concluded from inspection of Table 1 that the observed high 

fractions of misorientation angles at 60-70 for the Sn grains immediately after HPT 

processing and after HPT and self-annealing in Fig. 4(a) and (b) include large numbers of 

twin boundaries at 62.8° and Ʃ21 boundaries at 71°.  In order to clarify the nature of the 

peaks for the HAGBs in the as-cast sample and in the HPT-processed samples with different 

self-annealing times from 0 to 11 days at RT, the distributions of the misorientation angles 

are shown in Fig. 5 using a small range of high angles from 55° to 75°.  Thus, there is a 

tendency for peak shifting during processing and storage in terms of both the position and 

intensity of the peaks and this leads to four separate conclusions.  First, for the initial as-cast 

sample the major peak is located close to 62.8° which is defined as a twin angle in Table 1 

and there is also a small peak close to 69° which probably corresponds to Ʃ21 boundaries.  

Second, immediately after HPT processing, as shown by the data marked 0 day, the fraction 

at ~69° increases significantly but there is no apparent peak for twin boundaries at 62.8°.  

Third, the peaks at ~69° gradually decrease with increasing self-annealing time for the HPT-

processed samples while the fractions of twin boundaries at ~62.8° gradually increase.  

Fourth, there is a deviation for the peak of the twin boundaries at 62.8° during longer-term 
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storage after HPT and this is in excellent agreement with the {100} pole figures in Fig. 3 

where the rotation axes of the recrystallized grains deviate from 62.8° for the original grain.  

3.3 Microstructural features of the Pb phase  

Figure 6 shows SEM images taken from thin slices of the Pb-Sn samples separated by 

FIB in (a) an as-cast condition and in the HPT-processed condition after storage at RT for (b) 

3 and (c) 16 days: gaps are shown in black colour between the Pb and Sn phases and these 

gaps are especially apparent in Fig. 6(b) where they correspond to clearly-defined micro-

holes at places where Pb-rich phases were accidentally removed during the FIB operation.  

This removal confirms that the bonding between the Sn-rich and the Pb-rich phase is very 

weak.  Additionally, the Pb-rich phase has both lamellar and equiaxed configurations in the 

as-cast condition as marked in Fig. 6(a) but there are no visible lamellar Pb-rich phases after 

HPT.  The average size of the Pb-rich phase is reduced significantly by HPT after 3 days of 

storage in Fig. 6(b) and then grows back to larger particles after 16 days of storage.  

It is interesting to note that a similar evolution in a duplex microstructure from a 

lamellar structure to a structure of fine equiaxed grains was observed earlier in a Zn-22% Al 

eutectoid alloy having low Tm when processing by HPT at room temperature up to 4 turns 

under a pressure of 6.0 GPa [37,38].  The observed very fine equiaxed grains of Zn and Al 

immediately after HPT wee newly formed by the breaking of lamellae and all of the refined 

microstructure experienced dynamic equilibrium in the later stages of dynamic 

recrystallization in the highly strained regions to give a relatively uniform and equiaxed UFG 

structure [39].   

Considering the area within the black box shown at the upper left in Fig. 6(c), closer 

views of the Pb-rich phases are given in Fig. 7 where, as indicated by the upper labels, there 

are TEM images, EDS maps and HRTEM images for the samples in the as-cast condition and 

after HPT for 1 turn and storage at RT for 3 days shown by two different areas and 16 days. 
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Chemical compositional analyses were performed at the positions marked with numbers from 

1 to 15 in Fig. 7(a), (c), (f) and (h) and the results are summarized in Table 2.  A major trend 

visible in both Fig. 7 and Table 2 is that HPT processing increases the solubilities of Sn and 

Pb in the Pb-rich and Sn-rich phases, respectively.  For example, for the as-cast condition 

there is evidence for the presence of an Sn structure within the Pb-rich phase in Fig 7(a) and 

(b).  Nevertheless, the chemical composition analyses in Table 2 suggest spectrums 2 and 3 in 

Fig. 7(a) are pure Sn and most of the Sn-rich phases consist of pure Sn as indicated by 

spectrum 1.  After HPT processing and storage at RT for 3 days, Fig. 7(c) and (d) suggest the 

chemical composition is homogenous in this Pb-rich phase and the structure is FCC without 

the presence of the BCT structure of Sn in Fig.7(e).  Spectrum 7 shows there is 3.7 wt.%  Sn 

in this Pb-rich phase whereas the Sn-rich phase spectrum 6 indicates 1.6 wt.% Pb in the Sn-

rich phase.  Thus, as self-annealing proceeds at RT, the solubility of Sn in the Pb-rich phase 

decreases significantly but the solubility of Pb in the Sn-rich phase decreases only slightly.   

Spectra 9-11 from the centre to the edge of the Pb-rich phase in Fig. 7(f) show a 

gradient increase of Sn content from 7.77 at.% to 22.4 at.% as documented in Table 2.  This 

separating process is completed after 16 days of storage in the Pb-rich phase in Fig. 7(h) and 

(i) where structures with high Sn content such as spectra 13 and 14 in Table 2 have measured 

Sn contents of 97.11% and 85.65% respectively.  Finally, Fig. 7(j) shows the HRTEM image 

of the boundary area of these structures with high Sn content and it is evident that these Sn 

structures have a BCT unit cell and a (111) plane lying parallel to the (001) plane of the Pb-

rich phase which has an FCC unit cell.   

The overall movement of the Pb-rich phase during self-annealing was monitored by in 

situ observations at the same location immediately after HPT after 2 and 7 days of storage at 

RT and the results are shown in Fig. 8(a-c) where the Pb-rich phase is shown in black.  This 

movement may be modeled and illustrated as in in Fig. 8(d-f).  Specifically, there are two 
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distinct and well-defined processes: in I on the left there is a pulling back of the stretched 

individual Pb-rich phase to the centre of each phase as indicated by the red arrows, and in II 

there is an agglomeration and the formation of large Pb phases as depicted schematically in 

Fig. 8(e-f) where the Pb-rich phases A and B in Fig. 8(b) join to form the Pb phase C in Fig. 

8(c). It should be noted that both of these re-arrangement processes will result in an overall 

reduction in the surface area of the Pb-rich phase.  

4. Discussion 

4.1 Sixfold cyclic twinning in Sn  

Sixfold cyclic twins of Sn are commonly observed in the solidification of SnAg, 

SnCu and SnAgCu melts in the form of solder balls [40,41].  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 [26].  

However, cyclic twins are generally not observed in pure Sn [40] and this is due to the 

nucleus of the sixfold cyclic twin which has a metastable/pseudo-hexagonal structure.  In 

practice, the low symmetry in Sn necessitates a foreign atom in order to form a hexagonal 

unit cell at the core of the nucleus.   

For bulk Sn alloys, there is very little information on the formation of cyclic twins. In 

Fig. 1, it was apparent that the Sn grains in each large domain fit into a 62.8°<100> twin 

relationship and thus the twinning plane is on the {301} plane.  Therefore, it is reasonable to 

anticipate that in each domain there is one nucleation site with only one nucleus which is 

illustrated in Fig. 9.  Thus, a Pb atom is required at the centre to form the hexagonal 

structure.  The structure with two layers of atoms in Fig. 9(a) should be replicated and 

rotated six times in order to form the nucleus in Fig. 9(b) but there is an obvious misfit 

caused by the angle of φ = 62.8° between the {301} planes in Fig. 9(a).  This misfit may be 
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accommodated through the existence of a large fraction of LAGBs as is evident for the as-

cast sample in the histogram shown in Fig. 1(g).   

For Sn alloys, when a critical solid nucleus forms during solidification, it grows 

sufficiently quickly that the surrounding environment heats up and this effectively 

suppresses other nucleation events.  For example, a growth rate of 20 cm s-1 was measured 

for Sn with an undercooling of only 10°C [42]. As a consequence, this leads to the formation 

of a limited number of Sn grains.  This growth pattern with the formation of large dendritic 

arms is obvious for the 57.2°<100> twin growth mode where the fast <110> and slow <001> 

growth directions of the nucleus fan outwards without interference.  However, for the 

62.8°<100> twins the situation is different.  It is clear from Fig. 9(c) that the structure is 

faceted by {110} and {001} planes and these facet planes interfere with the growth direction 

as denoted by the arrows in Fig. 9(c).  As a result, the nucleus in Fig. 9 should form a 

microstructure characterized by a large fraction of small dendrites from each twin segment 

interspersed on a cross-section with three dominant crystal orientations.   

This type of microstructure is now well established and is generally termed 

“interlaced twins” [26].  Nevertheless, the numbers of nuclei are limited due to the large 

undercooling of Sn and therefore the domain size should be large as is evident from Fig. 1.  

Accordingly, it is difficult to measure a meaningful average grain size for microstructures 

with interlaced twins because many grains appear on the cross-sectional areas of each 

domain but these interlocked branch-like grains or dendrites are generally interconnected to 

three separate orientations which are formed from one nucleus.  Thus, the limited numbers 

of orientations mean that each separate domain behaves more as a single large grain rather 

than as many small grains.  
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4.2 The effect of pressure on grain boundary migration 

It is beneficial to firstly investigate the deformation mechanism of the Pb-Sn alloy by 

HPT before considering the nature of the grain boundary migration.  The Pb-Sn alloy has a 

very low absolute melting temperature so that deformation at RT corresponds to warm 

deformation at an homologous temperature of >0.4Tm and therefore it is reasonable to 

anticipate the occurrence of DRX during HPT processing [43].  The occurrence of DRX was 

confirmed in this investigation by the recrystallized microstructure with mostly equiaxed 

grains in Fig. 2(a) and (c).  The advent of DRX often leads to a significantly finer grain size 

than in static recrystallization and thus the average grain size immediately after HPT is ~1.1 

µm which is much finer than the value of ~2.5 µm for the initial as-cast sample.  This means 

that the processing of the Pb-Sn eutectic alloy by HPT is accompanied by a 

recovery/recrystallization process where grain boundary migration occurs easily.   

The imposition of a very high pressure in HPT has a significant influence on grain 

boundary migration and leads to the selection of certain types of grain boundaries for 

migration.  For example, an early investigation showed the recovery process in heavily-

deformed Al was significantly altered by a high pressure of 1.5 GPa at an annealing 

temperature of 553 K [29].  An investigation by TEM suggested a high fraction of the grain 

boundaries may be classified as high energy grain boundaries which are nominally HAGBs 

in low pressure annealing.  This shows that the mobility of HAGBs is not affected by the 

high pressure whereas the migration of LAGBs appears to be limited [44].  The 

exceptionally low fraction of LAGBs of only 2%, corresponding to a sample examined 

immediately after HPT as shown in Fig. 4(a), is in excellent agreement with these earlier 

results.  When this sample is self-annealed at RT, the pressure is removed and the mobility 

of LAGBs is reactivated.  Thus, the fraction of LAGBs increases to 11% after 11 days of 

storage under normal pressure as shown in Fig. 4(b).  In addition, it is interesting to note that 
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the numbers of random HAGBs which exclude special grain boundaries is low for the as-

cast condition but increases after processing by HPT.  This is demonstrated in Fig. 5 where 

the black curve for the as-cast condition is under 1% for random HAGBs since the peaks 

correspond to special grain boundaries whereas immediately after HPT processing the red 

line for 0 days lies at well over 1%.   

For special grain boundaries, it is evident from Fig. 5 that the mobility of twin 

boundaries at 62.8° is greatly suppressed by the high pressure imposed during HPT whereas 

the mobility of the Ʃ21 boundaries at ~69-71° is favored in the presence of this high pressure. 

When the sample is self-annealed at RT without application of a high pressure, the mobility 

of twin boundaries is reactivated and they start to actively migrate and consume some Ʃ21 

boundaries, thereby causing a reduction in the fractions of these boundaries during storage. 

There are earlier reports of investigations on the mobility of special boundaries as well as 

random HAGBs in bicrystals of high purity Sn [29] and Al [30] under the presence of high 

pressure as the samples were annealed at elevated temperatures.  In the investigation of high 

purity Al, it was demonstrated that the <110> tilt boundaries (Ʃ9, 36.9°<110>) appear to 

move by group transitions of atoms whereas the <100> and <111> tilt boundaries (Ʃ5, 

36.9°<100> and Ʃ7, 38.2°<111>) appear to move by single atom transitions [30].  By 

contrast, the results for the high purity Sn suggested that group transitions are the dominant 

mechanism for both special boundaries and random HAGBs in the presence of a high 

pressure [29].  

In practice, fewer atoms are involved in the migration of special grain boundaries in 

Sn bicrystals and the atomic volume is significantly lower than for random HAGBs.  Thus, 

for Ʃ13 boundaries at 22.5° the numbers of atoms transited each time is n = 20 atoms and the 

atomic volume, V*, is of the order of ~0.24  10-3 m3/kg·atom whereas for random HAGBs 

at 25° there are n = 28 atoms transited each time and V* = 0.41  10-3 m3/kg·atom [29].  
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Therefore, based on the expression ΔV = nV* which refers to the volume difference between 

the activated state and the ground state [45], the fact that special grain boundaries have 

lower activation volumes than random boundaries suggests the migration of special grain 

boundaries is energetically favoured in Sn in the presence of a high pressure.  Although the 

earlier investigation on Sn bicrystals studied only Ʃ5, Ʃ13 and Ʃ17 boundaries, the results 

showed different values for n of 13, 20 and 21, respectively [29], so that the values of ΔV are 

different for the different special boundaries.  Thus, the present investigation is consistent 

with a higher mobility of Ʃ21 compared with other special boundaries that may have smaller 

numbers of atoms in the presence of a high pressure.  

4.3 The dislocation-twin boundaries 

Another phenomenon observed in Fig. 3 is that the newly-formed grains have a near-

twin relationship with the original grain but there is a slight deviation from the 62.8°<100> 

twin relationship.  The presence of this deviation is further confirmed by the statistical grain 

boundary information shown in Fig. 5 where the twin boundary peak for the as-cast sample 

lies exactly at 62.8° but for the HPT-processed samples after 2, 6 and 11 days of RT storage 

the peaks deviate slightly from the 62.8° twin relationship.  These deviated twin boundaries 

may be explained from the theory of dislocation-twin boundaries [46-50] although many of 

these reports focus on HCP metals because twinning is then an important deformation 

mechanism.   

In practice, an early report showed TEM images of dislocation-twin boundaries and a 

selected area electron diffraction pattern with a deviation of ~4° from the { 2110 }< 0111 > 

twin relationship in a CP-Ti alloy processed by ECAP [50].  Another report showed similar 

dislocation twin boundaries with a deviation of 3.8° from the same twinning system in a 

commercial AZ91D magnesium alloy processed by surface mechanical attrition treatment 

(SMAT) which is also a form of heavy deformation [51].  It was concluded from these results 
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that severe deformation produces a high density of dislocations and may thereby favour the 

formation of dislocation-twin boundaries.  Consequently, when a slip dislocation meets a 

twin boundary, it may dissociate into interfacial defects such that these defects can aid twin 

growth if the dissociation products are sessile twinning dislocations and the stress state 

favours their motion in the twinning direction [52].  The formation of dislocation-twin 

boundaries occurs predominantly at the beginning of self-annealing and therefore 

immediately after processing by HPT when the density of dislocations is high.  This is in 

agreement with the observation that twins with dislocation-twin boundaries having fast 

growth rates are visible during self-annealing in Figs 2 and 3.  Thus, the occurrence of a fast 

growth rate is explained by the favourable stress state which is caused by the dislocation-twin 

boundaries.  

4.4 Solubility of Sn in the Pb-rich phase   

At the eutectic temperature of 183°C, the solubility limits of Sn in Pb and Pb in Sn 

are 19.2 wt.% and 2.6 wt.%, respectively.  During cooling to RT, the Sn solubility in Pb 

decreases significantly to 1.3 ± 0.5 wt.% whereas the Pb solubility in Sn reduces to only 0.3 

wt.% [53].  Thus, secondary Sn and Pb will precipitate from the original eutectic phases 

during solidification.  Precipitates of both secondary Sn and Pb are visible in Fig. 7 where 

the Sn precipitate in the Pb-rich phase is marked as 2 in Fig. 7(a) and contains only Sn 

whereas the Pb precipitate in the Sn-rich phase is marked as 5 in Fig. 7(c) and contains 6.38 

wt.% of Pb.  

It is readily evident that the precipitates dissolve after HPT in Fig. 7(c-g) and the 

solubility of Sn in Pb is significantly increased by HPT.  Additionally, the Pb solubility in 

Sn increases slightly to 1.6 wt.% in spectrum 6 in Fig. 7(c).  It should be noted that the Pb-

rich phase remains as an FCC structure and the Sn precipitates remain as a BCT structure in 

Fig 7(e) and (j) which suggests that the HPT has produced locally the formation of a 
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supersaturated solution.  This high solubility arises because processing by HPT generates 

large number of defects including dislocations and vacancies [1] and all of these defects 

favour the dissolution of precipitates [54-56].  Furthermore, it was shown earlier that it is 

possible to produce extreme supersaturation through HPT as demonstrated in the processing 

of a metastable Al-Mg system [57,58].  Atomic motility may be significantly promoted by 

HPT through grain boundary diffusion since the population of grain boundaries is high 

because the grain size is significantly refined by HPT [59] and a high dislocation density 

may also promote solubility through pipe diffusion and solute drag [60].  Nevertheless, the 

most likely mechanism in the present investigation is by the increase in the concentration of 

mobile vacancies which promotes the diffusion rate.  It was reported earlier that the 

compressive strain and plastic deformation introduced by HPT will lower the vacancy 

formation energy and thereby promote the formation of excess vacancies [61-64].  

Furthermore, under a compressive strain the vacancy migration energy may be lowered so 

that the vacancy mobility will increase [65].  

Nevertheless, a supersaturated solution of the Pb-rich phase is not stable at RT. Thus, 

decomposition occurs after 13 days of storage as is evident in Fig. 7(h-j) where the Sn 

precipitates marked 13 and 14 form again in the vicinity of the Pb-rich phase.  The lattice 

diffusion length, L, of the Sn atoms in Pb may be expressed as a function of time, t, through 

the relationship [66]: 

tDL Sn2                                             (1) 

where DSn is the lattice diffusion coefficient of element Sn which is 0.0085  10-14 m2/s at 331 

K (58C) [67].  Considering that the length of storage time from 3 to 13 days corresponds to 

10 days or 1.1232  106 s, this gives a diffusion length of L  195 nm at 331 K.  The average 

widths of the areas with high concentrations of Sn in the Pb-rich phase shown in light grey in 
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Fig. 7(f) and red dots in the EDS map in Fig. 7(d) are ~200 nm which is therefore within the 

range anticipated for lattice diffusion.  Combining this information with the result in Fig. 7(h) 

where the Sn precipitates form again after 16 days of storage, it is reasonable to conclude that 

the decomposition and forming of the Sn precipitates in the Pb-rich phase during self-

annealing occurs by lattice diffusion.   

Finally, it should be noted that a re-agglomeration of the fine Pb-rich phase to a 

coarse phase is not likely to occur by lattice diffusion for two reasons.  First, because the 

bonding between the Pb-rich phase and the Sn-rich phase is very weak as is clearly evident 

from the gaps visible in Fig. 6.  Second, in Fig. 8(b) the Pb-rich phase A moves to a length of 

~1 µm to bond with the Pb-rich phase B to form a larger Pb-rich phase C in Fig. 8(c) within a 

total time of 5 days.  Now, according to Eq. (1) a storage time of 5 days should give a 

diffusion length at a temperature higher than RT (331 K, 58°C) of ~120 nm which is very 

much below the measured length.  This demonstrates that it is more likely that the large-sized 

Pb-rich phase is deformed and stretched by the plastic deformation introduced by HPT and 

the surface area is therefore significantly increased.  During storage, and in order to reduce 

the surface energy, the Pb-rich phase forms a more spheroidal shape in stage I and then re-

joins a nearby Pb-phase as shown in stage II of Fig. 8. Thus, the Pb phase probably goes 

along the region boundaries where there is poor adhesion and sufficient space but 

nevertheless the exact mechanism requires a more detailed investigation.    

5. Summary and conclusions  

1. Measurements by EBSD on an as-cast Pb-62% Sn eutectic alloy suggest that the 

microstructure is divided into large domains with each representing a nucleus during 

solidification.  Within each domain, there are three major orientations with a twin 

relationship of 62.8°<100> which is termed a sixfold cyclic twin.  A large fraction of LAGBs 

is formed during solidification to accommodate the misfits of the sixfold cyclic twins.  
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2. Discs of the Pb-Sn alloy were processed by HPT for 1 turn at RT.  It is 

demonstrated that the imposition of a high pressure has a significant effect on grain boundary 

migration.  Specifically, there is very little mobility of LAGBs, the mobility of random 

HAGBs is not affected but the mobility of special grain boundaries of Ʃ21 at 71° is greatly 

favoured during processing by HPT.  This is associated with a migration mechanism with 

fewer atoms transited each time and therefore a requirement for a lower activation volume in 

the presence of high pressure compared with other types of boundaries.    

3. The migration of dislocation-twin boundaries near 62.8°<100> was observed to be 

favourable during self-annealing after the high pressure was removed.  The stress state on the 

dislocation-twin boundaries was conducive to their migration and this explains the fast rate of 

grain growth for grains having these boundaries.  

4. The solubility of Sn in the Pb-rich phase was significantly improved due to large 

numbers of mobile vacancies produced by the HPT processing so that a supersaturated state 

was formed immediately after HPT processing.  Nevertheless, this supersaturated state was 

not stable at RT and decomposition occurred to separate Sn and Pb in the Pb-rich phase 

through the occurrence of lattice diffusion.  The subsequent rejoining of Pb-rich phases 

during self-annealing appears to be associated with a reduction in surface energy rather than 

by lattice diffusion.  
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Figure captions 

Fig. 1 (a) SEM image, (b) EBSD mapping and (c) OIM image of the Pb-Sn alloy in the as-

cast condition, (d), (e) and (f) are the {001} and {100} pole figures of three domains 

and (g) shows the grain misorientation angles .   

 

Fig. 2 SEM images and EBSD measurements of the a 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 locate the same position and the large grains are marked by 

letters from A to K. 

 

Fig. 3 (a) and (b) show images of two different sets of newly-recrystallized grains and the 

original grains obtained from Fig. 2 together with their {100} pole figures.   

 

Fig. 4 Number fraction as a percentage plotted against the misorientation angle of Sn 

grains for a sample (a) immediately after processing by HPT and (b) after storing at 

RT for 11 days. 

 

Fig. 5 Number fractions as a percentage plotted against the misorientation angle over the 

range from 55° to 75° for the as-cast sample, an HPT-processed sample after 0 days 

(immediately after HPT), and after storage at RT for 2, 6 and 11 days. Dashed lines 

indicate special boundaries in Table 1 including 57.2° and 62.8° twin and Ʃ21 at 

71°. 

 

Fig. 6 SEM images of thin slices of samples (a) in the as-cast condition and after HPT 

processing for storing at RT for (b) 3 and (c) 16 days. 

 

Fig. 7 TEM images (left column), EDS maps (centre column) and HRTEM images (right 

column) of an as-cast sample and a sample processed by HPT and stored at RT for 3 

and 16 days. 

 

Fig. 8 In situ observations of Pb-rich phase during self-annealing after HPT processing: I 

shows the stretched Pb-rich phase pulled back to form spheroidal shapes and II 

shows the Pb-rich phase joining with near Pb phases to increase the size. These 

images are from SEM images where the Pb phase is extracted and assigned with 

black colour and the Sn phase is white and fills the remaining space.  

 

Fig. 9 A nucleus of a {301} sixfold cyclic twin: (a and b) projection views of the nucleus 

onto the (010) plane and (c) a construction of the twin nucleus faceted on {110} and 

{001} planes [26]. 
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Table captions 

Table 1 Commonly observed special boundaries in Sn alloys [30,36] 

Table 2 Concentrations of Sn and Pb for the points marked from 1-15 in Fig. 7 
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and (g) shows the grain misorientation angles .   
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Fig. 2 SEM images and EBSD measurements of the a same location on a sample processed 
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a reference point to locate the same position and the large grains are marked by 

letters from A to K. 
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Fig. 3 (a) and (b) show images of two different sets of newly-recrystallized grains and the 

original grains obtained from Fig. 2 together with their {100} pole figures.   
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Fig. 4 Number fraction as a percentage plotted against the misorientation angle of Sn 

grains for a sample (a) immediately after processing by HPT and (b) after storing at 

RT for 11 days. 
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Fig. 5 Number fractions as a percentage plotted against the misorientation angle over the 

range from 55° to 75° for the as-cast sample, an HPT-processed sample after 0 days 

(immediately after HPT), and after storage at RT for 2, 6 and 11 days. Dashed lines 

indicate special boundaries in Table 1 including 57.2° and 62.8° twins and Ʃ21 at 

71°. 
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Fig. 6 SEM images of thin slices of samples (a) in the as-cast condition and after HPT 

processing for storing at RT for (b) 3 and (c) 16 days. 
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Fig. 7 TEM images (left column), EDS maps (centre column) and HRTEM images (right 

column) of an as-cast sample and a sample processed by HPT and stored at RT for 3 

and 16 days. 
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Fig. 8 In situ observations of Pb-rich phase during self-annealing after HPT processing: I 

shows the stretched Pb-rich phase pulled back to form spheroidal shapes and II 

shows the Pb-rich phase joining with near Pb phases to increase the size. These 

images are from SEM images where the Pb phase is extracted and assigned with 

black colour and the Sn phase is white and fills the remaining space.  
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Fig. 9 A nucleus of a {301} sixfold cyclic twin: (a and b) projection views of the nucleus 

onto the (010) plane and (c) a construction of the twin nucleus faceted on {110} and 

{001} planes [26]. 
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Table 1. Commonly observed special boundaries in Sn alloys [30,36] 

Angle 22.5° 28° 37° 57.2° 62.8° 71° 

CSL Ʃ 13 17 5 Twin Twin 21 
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Table 2. Concentration of Sn and Pb from the points marked 1-15 measured in Fig. 7 

Spectrum  Sample state  Spectrum location Pb (wt.%) Sn (wt.%) Pb (at.%) Sn (at.%) 

1 As-cast Sn phase 0 100 0 100 

2 As-cast Vicinity of Pb phase  0 100 0 100 

3 As-cast Vicinity of Pb phase 0 100 0 100 

4 As-cast Pb phase 97.8 2.3 96.1 3.9 

5 3 days Sn phase 6.4 93.6 3.8 96.2 

6 3 days Sn phase 1.60 98.4 0.9 99.1 

7 3 days Pb phase 93.6 3.7 93.7 6.3 

8 3 days Sn phase 0.5 99.5 0.3 99.7 

9 3 days Pb phase 95.4 4.6 92.2 7.8 

10 3 days Pb phase 89.7 10.4 83.2 16.8 

11 3 days Vicinity of Pb phase 85.8 14.2 77.6 22.4 

12 16 days Sn phase 0.7 99.4 0.4 99.6 

13 16 days Vicinity of Pb phase 2.9 97.1 1.7 98.3 

14 16 days Vicinity of Pb phase 14.4 85.7 8.8 91.2 

15 16 days Pb phase 95.4 4.7 92.2 7.8 

 


