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Abstract 

Role of Sn on the deformation mechanisms of Zr was investigated using in situ neutron 

diffraction and complementary electron microscopy techniques. Binary Zr-Sn alloys having 

fully recrystallized microstructure and typical rolling texture were subjected to in situ loading 

and diffraction experiments along the rolling direction of the sample. Significant twinning 

activity was observed and the twins were observed to be  

�101�2�〈101�1〉 type tensile twins. Critical stress for the twin nucleation and the extent of 

twinning were found to be strongly influenced by the Sn content. Critical plastic strain for the 

nucleation of twining, however, was observed to be weakly dependent on the Sn content. 

Results indicate significant plastic slip activity to be a necessary condition for the onset of 

twinning.  

KEYWORDS: Zr-Sn alloys, deformation mechanisms, intergranual strains, twinning, in-situ 

loading and neutron diffraction 

 

Introduction 

The wide spread use of Zr based structural materials in thermal nuclear reactors arises from 

their unique combination of resistance to environmental degradation (in the form of corrosion 

and mechanical degradation) combined with their high transparency to thermal neutrons [1]. 

One of the key alloying elements in many commercial Zr-alloys, such as Zircaloy-2, 

Zircaloy-4, E635 and ZIRLO
TM

, is Tin (Sn), which was originally added to mitigate issues 

related to nitrogen embrittlement and to provide sufficient mechanical strength through solid 

solution strengthening [2,3]. However, efforts in further improving corrosion resistance of Zr 

cladding material have resulted in alloys with significantly reduced Sn levels. For instance, 

Zircaloy-4 with improved corrosion resistance was developed by reducing the Sn content. A 

similar trend has been pursued for ZIRLO
TM

 and other alloys such as M5
TM

 which do not 
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contain any Sn [4-11]. Although there exists a rich literature on the role of Sn on corrosion 

behaviour of Zr based alloys [1], very limited information, if any, is available in the open 

literature on the role of Sn on the deformation mechanisms in such materials. In the light of 

aforementioned efforts to improve corrosion resistance by the reduction of the amount of Sn 

in Zr alloys, understanding the associated affects brought in by the changes in Sn content on 

the deformation behaviour of the alloy becomes pertinent. Since Zr based components are 

fabricated through a series of thermo mechanical treatments, involving considerable degree of 

deformation, a thorough knowledge of the operative deformation modes and the changes in 

them, if any, as a function of Sn content becomes imperative for the effective optimization of 

the fabrication procedures. Such knowledge is crucial for the prediction of the evolution of 

microstructure and texture, which in turn helps developing components with superior in-

service performance. 

Tin, unlike a majority of other common alloying elements used in nuclear grade Zirconium 

alloys (such as Fe, Cr, Nb etc) shows relatively high solid solubility and thus contributes to 

appreciable solid solution strengthening [12-14]. Hence, Sn has the potential of having a 

direct effect on the numerous possible slip systems in Zr. Deformation by slip in materials 

with an hcp crystal structure, such as Zr and Ti, is complicated by having easy <a> type slip 

modes and more difficult to activate slip modes that includes a <c> component, i.e. <c+a> 

slip [2,15-19]. Further, due to the difficulty of activating <c+a> slip, Zr has a significant 

tendency for twinning, which plays a major role in evolution of crystallographic texture of 

the material [15]. However, existing information on how this twinning tendency in Zr is 

influenced by alloying elements in general and by the Sn in particular is rather limited, 

forming the motivation to the present study. A particular focus of the present work is the way 

Sn might affect twin nucleation and overall twin activity during the early stages of 

deformation. It is worth mentioning here that twin nucleation criteria in materials with an hcp 

crystal structure are still largely unknown. While in some cases a simple stress criterion is 

assumed [20, 21], similar to a critical resolved shear stress for slip, there is plenty of evidence 

that partial dislocations are an additional requirement for twin nucleation [22, 23].  

A majority of the previous deformation studies relied on the slip trace analysis of the single 

crystals for the study of the deformation behaviour and identification of the active slip modes 

[17- 19]. However, the behaviour of the polycrystalline aggregate (which is of more practical 

importance from the industrial application point of view) is known to be far different from 

that of the single crystal under similar loading conditions. Another approach was to apply 
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TEM (Transmission electron microscopy) based analysis on the deformed samples [16, 24]. 

By characterizing the dislocation structures one can identify the active deformation modes. 

However, this technique suffers from poor statistics, can only be used in crystals with low 

dislocation densities and cannot be used to derive the CRSS of the different slip systems.  An 

elegant alternative to overcome the above mentioned limitations is to use in situ neutron 

diffraction during mechanical loading experiments, which acts as an efficient tool for 

recording the development of intergranular strains of various grain families [25- 33]. Such 

intergranular strain development can be seen as the fingerprint of certain deformation modes. 

Because of the highly penetrating nature of the neutrons, a large volume of the sample can be 

probed, making the measurements statistically reliable. The present study uses in situ neutron 

diffraction extensively along with complementary microstructural characterization tools of 

EBSD (Electron back scattered diffraction) and TEM to evaluate the role of Sn on the 

deformation modes of Zr. 

Experimental 

Material and processing of samples 

In order to study the role of Sn on the deformation mechanisms in Zr, four model Zr-Sn 

binary alloys were prepared with nominal compositions of 0.15%, 0.23%, 0.33%, and 1.20% 

Sn (amounts are in weight percentage), balance being Zr. In order to keep the effects of the 

other trace elements to bear minimum, alloys were prepared from the same relatively pure 

nuclear grade Zr sponge. The alloy samples were prepared by quadruple electron beam 

melting. The cast structure of the ingots was broken by hot extrusion at 800
o
C. Blocks of 

35mm x 22 mm x 15 mm were cut from the extruded material and β heat treated at 1050°C 

for 20 minutes followed by water quenching. The purpose of the heat treatment was to reduce 

any potential microsegregation of Sn and generate a similar starting microstructure with no 

preferred crystallographic texture. After β quenching, the blocks were stress relieved at 

500
o
C for 24 hours followed by 1

o
C/min cooling. Prior to hot rolling, the blocks were 

homogenized at 550
o
C for 40min and subsequently rolled at 550°C to a reduction of 65% 

followed by annealing treatment at 550
o
C for 24 hours. The purpose of this 

thermomechanical process was to generate a fully recrystallized microstructure and a typical 

crystallographic texture with the majority of basal poles aligned along ND (normal direction) 

with some spread along TD (transverse direction). The purpose of creating this 

microstructure was to enable compression tests with the majority of the <c> axis either 
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aligned perpendicular (compression along RD) or nearly parallel (compression along ND) to 

the loading direction during the in-situ neutron diffraction studies. To date, only data from 

loading along RD have been fully analysed and is presented here. The samples for the in-situ 

compression experiments were machined to cylindrical shape with a diameter of 6mm and a 

length of 10mm (along the rolling direction).  

 

In-situ loading and neutron diffraction experiments 

The time of flight neutron diffracton beamline ENGIN-X, at ISIS, Rutherford Appleton 

laboratory, UK, was used for the in-situ compression loading and diffraction experiments for 

the present study [34-36]. The schematic of the experimental set up (Fig. 1), shows that the 

location of the detectors allows the capturing of the diffraction data along two principle 

directions of the sample, e.g., along the rolling direction (longitudinal detector) and normal 

direction (transverse detector). The diffraction peaks recorded carry information regarding 

the lattice strain evolutions, and deformation mechanisms through the changes in their peak 

positions (for intergranular elastic lattice strains), intensity (for twinning) and FWHM (full 

width at half maximum). For instance, onset of twinning can be detected by the sudden 

change in the lattice strain evolutions of the grain family undergoing twinning (as shall be 

demonstrated in the following section). Similarly, significant changes in the FWHM of the 

diffraction spectra indicate towards high slip assisted plastic deformation activity from the 

grain families corresponding to the respective diffraction peaks. 

In situ compression loading experiments were carried out using a 100 kN Instron


 

compression rig. The samples were compressed along the rolling direction and the data points 

in the elastic regime (up to ~50MPa below the macroscopic yield point) were captured in 

constant stress state. This is followed by a continuous strain controlled loading up to 0.18 true 

strain. In order to make effective use of beam time, the data points in the plastic regime were 

captured at two different strain rates: a slower rate of 7 � 10�/s until 0.025 strain followed 

by 2.8 � 10��/s   until 0.18 strain. The frequency of measurement points was increased 

around the yield point by the deliberate selection of low strain rate, as the onset of plasticity 

is a key area of interest in understanding deformation mechanisms. In order to get a 

reasonably good signal to noise ratio of the diffraction peaks, acquisition time for the 
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diffraction spectra at each of the measurement points was kept around 5 min, the time 

required to accumulate the beam current 6µA. 

Microstructural characterization 

Both undeformed and deformed samples were subjected to a detailed microstructural 

characterization using EBSD, and TEM. Sample preparation for EBSD consisted of standard 

metallographic preparation followed by electropolishing at 15V and a temperature of 5
o
C in 

an electrolyte of 80% Methanol + 20% Perchloric acid. TEM samples were also prepared 

using same electrolyte in a twin jet electrolytic polisher at -40
o
C. The EBSD analysis was 

carried out on the FEI Sirion FEGSEM equipped with an HKL system. For texture analysis 

low spatial resolution (step size of 50µm) large area maps were recorded covering an area of 

70 mm
2
. Microstructural orientation maps were recorded using a step size of 0.3µm covering 

500 µm  by 200 µm. Selected samples, subjected to low deformation levels (0.02-0.03 true 

strain), were examined in a JEOL 2000FX TEM for the characterization of early stages of 

twin formation and dislocation structure. 

 

Results 

Starting microstructure and texture 

Fig. 2. depicts the typical microstructure and texture of the recrystallised material (here Zr-

1.2%Sn) prior to in situ loading and diffraction experiments. No significant microstructural 

differences were observed in the four alloys considered for the present work. As it can be 

observed from the figure, the starting microstructure is completely recrystallized with an 

average grain size of 4.5µm (based on EBSD measurements). Grain size analysis of the other 

three alloys gave 5.5µm for Zr-0.15%Sn, 4.5µm for Zr-0.23%Sn and 5µm for Zr-0.33%Sn. 

TEM micrographs (Fig. 2.b) also show grains with low dislocation density and well defined 

high angle grain boundaries, typical of recrystallized material. As illustrated in the Fig. 1.c, 

the starting texture is predominantly basal poles aligned towards ND of the sample, with a 

~±30
o
 spread along TD. Further, there is also a slightly preferred alignment of the 112�0  poles 

towards RD. 
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Macroscopic stress strain behaviour 

The macroscopic stress strain behaviour of the four Zr-Sn alloys recorded during the in-situ 

compressive loading experiments along the rolling direction is presented in Fig. 3. As 

expected, with increasing Sn content the stress-strain curves exhibited higher flow stress 

values. The yield point data can also be found in Table 1. In addition, closer examination of 

the flow curves reveals the following observations: 

1. The curves exhibited a comparatively flat stress-strain response regime (i.e., region of 

low strain hardening) during the initial stage of plastic deformation, highlighted by a 

circle in the Fig. 3.  Such flat response was more prominent with increasing Sn 

content.  

2. The strain hardening rate in the high plastic strain domain (highlighted by rectangle), 

increases with Sn content. 

Both observations suggest that Sn does have an effect on deformation mechanisms in these 

alloys. 

Evolution of intergranular elastic strains as a function of Sn 

For further insights into the active deformation modes and the effect of changing Sn content, 

we resort to analysis of the intergranular strain evolutions determined by neutron diffraction 

during in-situ loading. It is to be noted that the intergranular strains presented in this study do 

not represent the absolute elastic strain, but the relative change in strains from the unloaded 

condition. As described earlier, during the loading experiment the diffraction signal is 

recorded in the rolling (longitudinal detector) and normal (transverse detector) direction. Fig. 

4, shows the evolution of the compressive elastic strain measured in the rolling (longitudinal) 

direction as a function of the applied stress for different grain families of the four alloys 

considered in the present study. In other words, we can see the elastic strain development of 

the grains that contribute to  0002, 101�0 and 101�1  reflections along the loading direction.  

During the initial stage of loading, i.e., prior to the onset of plasticity, all three grain families 

display a reasonably linear elastic strain response. The data become particularly interesting in 

the moment of plasticity and the following important observations can be made. 

1. The 101�0 grain family shows the highest degree of unloading (i.e., no further increase 

in elastic strain despite a further increase of applied stress), which is a signature of 
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extensive plasticity in this grain family. It is also noticeable that the initial degree of 

unloading increases with increasing Sn content. 

2. The extent of unloading of the 101�1 grain family is lower than that of the 101�0 grain 

family. However, this difference in the extent of unloading (in other words separation 

between the 101�1 and 101�0 responses) systematically drops with increase in Sn 

content. 

3. The 0002 grain family exhibits significant build up of the lattice strain before a 

sudden unload followed by a continued increase in build up of lattice strain. As 

discussed in the next section, this unloading can be related to �101�2�〈101�1〉 tensile 

twinning. This twinning mode rotates the <c> axis by about 85°from the normal to 

rolling direction. Therefore, after the onset of twinning, the 0002 grain family 

detected along RD is made up of both pre existing 0002  grains and the reoriented 

0002 twinned volumes. The observed unloading is a result of relatively lower elastic 

strain in the grains containing the twinned volumes. 

4. The stress at which the onset of twinning was observed (indicated with a horizontal 

line in the Fig. 4) was found to increase with increasing Sn content. 

 

Fig. 5 presents the evolution of the lattice strains recorded along the normal direction for the 

0002 grain family for the Zr-0.15%Sn and the Zr-1.2%Sn alloy. This grain family is 

expected to display tensile twinning, moving some of the diffracting volume from normal to 

the rolling direction. Therefore, monitoring the 0002 reflection along ND (transverse to the 

loading direction) enables one to determine the intergranular strain at which twin nucleation 

starts. Fig. 5 demonstrates that the critical elastic strain at which twinning gets initiated is 

higher in the alloy with a high Sn content compared to the alloy with a low Sn content. The 

critical lattice strains for the onset of the twinning for all the four samples are compiled in the 

Table 1, which brings out the correlation between Sn content and critical lattice strain for 

twin nucleation. 
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Evolution of integrated intensity of the 0002 reflection during loading 

Since twinning is associated with a rotation of the crystal structure, significant peak intensity 

variations of 0002 reflection in the measured directions (rolling and normal) can be observed 

during plastic deformation.  In the present case, tensile twinning results in an increase in 

integrated intensity of the 0002 reflection with straining as shown in Fig. 6. When the change 

of 0002 integrated intensity is plotted against true strain, Fig.6a, it can be seen that twinning 

initiates between 1.3 � 10�� and  2.1 � 10��.  The data suggest that a slightly higher strain 

is required for the activation of twinning with higher Sn content, see table 1. This is 

consistent with the higher value of intergranular strains measured at twinning for the alloys 

with more Sn. The observed increase in critical strain values for the onset of twining, when 

viewed in the context of the expected error in the strain measurement (due to machine 

compliance and diffraction data being collected in continuous strain mode), suggests that 

critical strain changes only modestly with Sn content, unlike the critical applied stress which 

was found to increase significantly with the Sn content (fig 6.b and table 1). In general, 

twinning activity started in all of the samples between a strain of 1 � 10��  and 2 � 10�� .    

Since the actual intensity of the peak corresponds to the volume fraction of the orientations 

favourable for diffraction and the 0002 intensity increase in present case is due to twinning 

activity, one can easily infer that samples with higher Sn content exhibit higher twinning 

activity. When plotted against applied stress, it becomes apparent that the critical stress 

required for the onset of twinning is strongly dependent on the Sn content, Fig. 6.b. Table 1 

provides a more quantitative picture of these observations. 

Microstructure of deformed samples 

In order to confirm the nature of the twins formed, and estimate their volume fraction, 

extensive EBSD and TEM was carried out on the deformed samples. Samples deformed in-

situ in  ENGIN-X were used for the purpose of EBSD characterization. An orientation map of 

Zr-1.2%Sn deformed to a strain of 0.18 is presented in Fig.7a demonstrating a significant 

presence of twins. It should be noted that this map only represents a small crop of the area 

scanned by EBSD. Fig. 7b highlights >15⁰ misoriented boundaries in grey and all twin 

boundaries associated with �101�2�〈101�1〉 tensile twinning in black, which shows that the 

twins observed in Fig.7a are indeed of the common tensile twin type. Similar observations 

have been reported previously [32] for a similar starting texture and loading direction 

arrangement. Since the initial texture of the sample is such that majority of the basal poles are 
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along ND and compressive loading was applied to act along RD, a majority of the grains will 

have their <c> axis under tension leading to the formation of tensile twins. 

TEM examination was also carried out for the characterization of the twins, but on samples 

deformed to a plastic strain of 2-3%, with an objective of understanding the nucleation stage 

of twins. This strain, as can be seen in the Fig. 6a and Table 1, is just sufficient to nucleate 

the twins in different alloys. As shown in the Fig 8a, twins of approximately 200nm width 

were formed at this level of deformation. More interestingly, it was observed that, the grains 

in which twins could be observed have shown comparatively high dislocation density, 

indicating significant plasticity by slip. 

Fig. 9, shows the twinning volume fraction as a function of the Sn content for the samples 

deformed to 0.18 compressive strain measured by EBSD. Despite the scatter of the data 

related to the comparatively small volume studied by EBSD, it is evident that an increase in 

Sn content results in an increase in twin volume fraction. This observation is in excellent 

agreement with the neutron diffraction observations.  

 

Discussion 

The key findings of the present study with respect to the role of the Sn on the deformation 

behaviour can be summarized in the following way. 

• An anomalous flat response in stress-strain behaviour was observed during the initial 

part of plastic deformation, the extent of which increased with the Sn content. 

• Initial unloading of the intergranular strains of the 101�0 grain family increases with 

rising Sn content. 

• Critical macroscopic strain for the nucleation of twinning was observed to be a weak 

function of alloy Sn .  

• Critical intergranular elastic strain and macroscopic stress for the nucleation of the 

twins increased significantly with increasing Sn content of the alloy. 

• The extent of twinning activity increased with Sn content. 

 

An anomalous flat response of the macroscopic stress-strain curve during the initial part of 

the plastic deformation has been observed by previous researchers and was attributed to 

thermal intergranular stresses [33, 37, 38], which are a result of the anisotropic thermal 
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expansion coefficient for <a> and <c> direction [39]. Hence, at room temperature the <c> 

axis is tensioned while the <a> axis is compressed [33, 37, 38, 40]. The present work clearly 

shows that the degree of initial flat response depends on the level of Sn in the alloy. 

Therefore it seems unlikely that the thermal intergranular stresses are indeed the cause . It is 

very notable that during the flat response the intergranular strain increases very dramatically 

indicating very significant plasticity activity. However, activation of �101�2�〈101�1〉 tensile 

twinning only occurs once the flat response is overcome. EBSD and TEM analysis did not 

indicate any other twin activity and therefore one might argue that the flat strain response 

must be related to a slip burst (though strangely not resulting in any strain hardening). In fact 

there is a decrease in the 101�0 elastic strains, indicating strain softening. It appears that when 

the yield point of the material increases, due to solute solution strengthening of Sn, the initial 

strain burst also becomes more pronounced. It is likely therefore that this strain burst is 

related to the pinning effects of Sn. Like carbon in steels, this initial yielding seems to be 

discontinuous, as new dislocations are unpinned and therefore can move at a stress lower than 

the initial slip resistance. 

 

The fact that increasing levels of critical plastic strain and increased critical applied stress for 

nucleation of twins was observed for the alloys of increasing Sn suggests that a certain 

amount of plastic deformation is necessary before twinning occurs in these alloys. This could 

be because either a there is a minimum dislocation density required for twinning to occur or 

that there is a need for the development of intergranular strains in the parent grains before 

twinning starts.  

 

Several previous studies have indicated that availability of twinning dislocations is necessary 

for twin nucleation [22, 23]. Hence, the nucleation probability of twins can be thought to be 

proportional to the density of twinning dislocations, which in turn are proportional to the 

extent of the plastic activity. Present results suggest that at a strain between 1 and 2%, a 

sufficient density of dislocations is produced, giving rise to observed twin nucleation. 

Furthermore, the increased extent of unloading of the 101�0 grain family (see Fig. 4.) with 

higher Sn content indicates increased plastic activity of the twinning grain family. Therefore 

one might assume a rise in dislocation density with increasing Sn content at a given 

macroscopic plastic strain. This should in principle result in more nucleation sites for twins. 

In order to further support this, peak broadening (related to dislocation density) was 
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investigated of the twin prone grain family. In principle, grains that have the normal of either 

their first order or second order prismatic plane aligned with the loading directions are the 

grains, which will twin, since their <c> axis is in the transverse orientation. Fig. 10 plots the 

change of FWHM of the 112�0  (i.e., first order prismatic) reflection measured in the loading 

direction for Zr-0.5%Sn and Zr-1.2%Sn. It can be clearly seen that there is considerably more 

peak broadening in the case of Zr-1.2%Sn compared to Zr-0.15%Sn suggesting higher slip 

activity in case of the higher Sn containing alloy.  

 

The other aspect is that Sn is a solid solution strengthening element in Zr alloys [41, 42] and 

therefore the stresses for the onset of plasticity increases with higher Sn content. Hence, the 

critical macroscopic stress (Fig. 6b) for twin nucleation increases. This means that a higher 

applied stress is required for a given plastic strain. If some amount of plastic strain is required 

for twin nucleation and this happens at a higher applied stress with a higher Sn content, the 

stress at which twinning starts is higher and therefore the twinning volume fraction will 

increase more rapidly. This will be enhanced by the burst like deformation caused by Sn 

pinning of dislocations, which also increases with Sn content. 

In any case, the results suggests that increasing Sn content makes twinning nucleation happen 

later, that is at higher stresses and strains, but that, once it starts, it occurs more rapidly. This 

suggests that the major effect of Sn content on twinning is to make slip harder. 

Conclusions 

Present study made an extensive use of in situ neutron diffraction and complementary 

microstructural characterization techniques to bring out the role of Sn on the deformation 

behaviour of Zr. The influence of Sn on the twinning, in particular, has been quantified in 

terms of the critical stresses and strains required for the onset of the twins in Zr-Sn binary 

system. Following conclusions can be drawn from the present study. 

• Sn content has been observed to have a significant effect on the activation and extent 

of different deformation modes of Zr, as revealed by the unloading of the various 

grain families during the in situ compressive deformation and diffraction experiments. 

• The critical macroscopic stress and intergranual elastic strain required for twin 

nucleation were observed to increase with Sn content.  

• A critical plastic strain is needed for the onset of the twinning in all alloys. This was 

found to be between 1-2%.  

• The extent of twinning, defined as the twinned volume fraction after a strain of 0.18, 

increased with increasing Sn content. 
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Therefore, it appears that Sn content affects twinning simply by making deformation by slip 

more difficult. It makes twinning nucleation more difficult but enhances the twinning rate 

once twinning does start. 
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Figures and Tables 

 

 
 

Fig. 1: Schematic illustrating (a) in-situ neutron diffraction experimental set up. (b) and (c) 

show the orientation of the crystallographic planes sensed by the two neutron detectors that 

are mounted on either side of the incident beam. Essentially, crystallographic planes of the 

sample, because of diffraction, act like mirrors to the incident neutron beam and deflect the 

incident beam on to the detectors. Depending on the location of the detectors, the response of 

either plane can be captured in the longitudinal (b) and transverse (c) direction in respect to 

the loading direction. RD and ND in (a) indicate the orientation of the sample’s “Rolling” and 

“Normal” directions, as used in the present study. 

  

Page 15 of 25

http://mc04.manuscriptcentral.com/astm-stp

STP: Selected Technical Papers

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Review
 O

nly

2 

 

 

 

 

 
Fig. 2: Typical starting microstructure, a) EBSD and b) TEM, and (c) texture of the samples 

subjected to in-situ loading in neutron diffraction studies. In the present case the results were 

recorded on the Zr-1.2% Sn alloy. 

. 
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Fig. 3: Macroscopic true stress – true strain curves recorded during the in-situ 

compression/diffraction experiments. Circled region near the lower strain values indicates 

region of relatively low strain hardening. Regions highlighted by rectangular box exhibit 

increasing strain hardening rate with increasing Sn content. 
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Fig. 4: Evolution of elastic lattice strains, along the loading direction, for the three families of 

orientations (0002, 101�0 and 101�1) during in situ compressive loading and neutron 

diffraction experiment for all the four Zr-Sn alloys used in the present study. The horizontal 

dotted lines in the plots represent the macroscopic applied stress at which onset of twinning 

was observed. Circled regions highlight the fact that with increasing Sn content, the 

differences between the 101�0	and  101�1	 responses (i.e., separation of the respective curves) 

decreases. Increased extent of unloading of the 101�0	 family of grains with increasing Sn 

content can also be observed (marked with the arrows).  
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Fig. 5: Evolution of the (0002) lattice strains perpendicular to the loading (normal) direction 

during in situ compression loading and neutron diffraction experiment for Zr-0.15Sn and Zr-

1.2Sn. The behaviour of the other two alloys is intermediate to these two extremes.  
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Fig.6: Change in the integrated intensity of the 0002 reflection recorded using detector along 

loading direction as a function of (a) true macroscopic strain (b) true macroscopic applied 

stress. 
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Fig.7: Zr-1.2%Sn deformed to 0.18 true strain (a) grain orientation map recorded by EBSD 

(IPF colour code) and (b) grain boundary map with high angle grain boundaries in grey and 

�101�2�〈101�1〉 twin boundaries in black. 
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Fig. 8: TEM analysis with (a) bright field micrograph showing the formation of a twin in the 

early stage of deformation. The image is from a sample subjected to only 3% compressive 

deformation, and (b) composite diffraction pattern from the twin and matrix region recorded 

along 
2�42�3 zone axis of the matrix grain. Misorientation between the matrix and twin is 

140
o
@
2�42�3 which is symmetrically equivalent to 85

o
@
211����0  tensile twins. 
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Fig. 9: EBSD derived twin volume fraction as a function of Sn content for the samples 

compressed to a strain of 0.18.  
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Fig. 10: Variation in FWHM of 112�0	peak (recorded along the loading direction) as a 

function of the strain for two of the alloys considered in the present study. 
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Tables 
 

Table 1: Summary of the role of Sn on the yield stress, critical stress, and strains for the onset 

of twins. 
Alloy Sn content (Wt%) 0.15 0.23 0.33 1.2 

Macroscopic yield point (MPa) 260 281 303 352 

Critical lattice strain for twin 

nucleation (10
-6

) 

1050 1150 1350 1550 

Critical plastic strain for twin 

nucleation (%) 

1.3 1.5 1.6 2.1 

Critical applied stress for twin 

nucleation (MPa) 

271 300 356 391 
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