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Figure 4.5. Scanning Electron Micrographs of spherical indentations made with the 200 

m diameter sphere at 25 °C to depths of 24 m on the (a) TN, (b) RN, (c) AN, planes and 

(d) AN plane with the sample tilted at an angle of 54° to illustrate the extent of the 

anisotropic material pile up. 

 

 

4.4. Discussion 

The two primary objective of this research are: i) to develop a method of analysis by 

which the average flow stress avg and the average plastic strain avg  can be obtained 

from the F versus h data obtained from spherical indentation of a mechanically 

anisotropic material and second, to determine if a significant indentation depth 

dependence is present in this method of analysis.  We address these objectives in 

sequence. 
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4.4.1. Determining the average stress-strain curve: 

For the large diameter spherical indentations mP  corresponding to the maximum 

indentation force (Fig. 4.4(a)) was determined using the value of cr  calculated with Eqs. 

4.2(a,b), while for the small diameter indentations (Fig. 4.4(b)) cr was calculated, using 

the same equation, at each partial unloading on the F versus h curves. The mP
 
data from 

the indentation tests performed with the large, 200 m diameter, sphere on the AN, RN, 

and TN planes at temperature from 25
o
C to 300

o
C were used to determine the avg  of the 

Zr-2.5%Nb pressure tube material. During spherical indentation, plastic deformation 

must occur in the three orthogonal directions of the sample.  If the material is 

mechanically anisotropic, as is the Zr-2.5%Nb material studied here, the lateral resistance 

to the indentation force exerted in each direction will vary in proportion to the yield stress 

in that direction. For this reason avg given by Eqs. 4.3(a,b), which were derived to 

express the avg for the elastic-plastic spherical indentation of an isotropic material, must 

be modified.   We have done this by applying the Hill’s anisotropy criterion [33] to 

determine the fractional constraint to the plastic deformation occurring from equal 

indentation stress in each of the orthogonal directions of the sample.  For the case of Zr-

2.5%Nb pressure tube material, with the three perpendicular planes of anisotropy 

corresponding to the axial, radial and transverse directions of the tube, subjected to a 

triaxial state of normal stress, the Hill’s anisotropy criterion expresses the onset of plastic 

deformation to occur when [26]  

     222

ANRNRNTNTNANAN HGF
yield

    (4.4) 

 

By rearranging terms in Eq. (4.4), the ratios of the uniaxial yield stress in the AN, RN, and 

TN directions can be expressed in terms of anisotropy coefficients F, G, and H as: 
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In a recent study we performed uniaxial compression tests to measure
yieldAN ,

yieldRN , 

and 
yieldTN of Zr-2.5%Nb pressure tube material at temperature from 25

o
C to 300

o
C and 

found that  F = 0.38, G = 0.202 and H = 0.62 [28]. We observed that these coefficients 

were not strongly dependent upon temperature, over the range from 25
o
C to 300

o
C, or 

upon plastic strain. Substituting these values of F, G, and H into Eq. 4.5 gives the 

following ratios of the uniaxial yield stress of this pressure tube material: 

 

10.1

yield

yield

AN

RN




     (4.6a) 

 

31.1

yield

yield

AN

TN




     (4.6b) 

 

These stress ratios can be used to adjust yield in Eq. (4.3c) to approximately account for 

the fact that the indentation is being performed on a mechanically anisotropic material. 

Consider, for example, an indentation made on the AN plane of the pressure tube. The 

indented material deforms plastically in the axial direction of indentation but must also 

deform laterally in plane that includes the radial and the transverse directions of the tube.  

We can estimate that the fractional constraint to the axial deformation from deformation 

in the radial and transverse directions is proportional to the uniaxial yield stress ratios in 

each of these directions; thus, for this indentation, the resistance to the axial deformation 

will be proportional to 
yieldAN while, according to Eqs. (4.6(a, b)), the lateral resistance 

from the radial direction will be proportional to 
yieldANRN yield

 10.1 while that in the 
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transverse direction will be proportional to
yieldyield ANTN  31.1 . The total fractional 

resistance from each direction in constraining the indentation deformation can then be 

determined by dividing the stress ratio in each direction by the sum of the stress ratios in 

all three directions. Referring to the resulting yield stress as the equivalent yield stress

yield  , we can define the fractional contribution to yield  resulting from deformation in 

the axial direction as: 

 

yieldyieldyield ANANAN  293.0
0.110.131.1

0.1



    (4.7a) 

 

similarly, the contribution from lateral deformation in the radial direction would be 

 

yieldyieldyield RNRNRN  323.0
0.110.131.1

10.1



    (4.7b) 

 

while the contribution from lateral deformation in the transverse direction would be 

 

yieldyieldyield TNTNTN  384.0
0.110.131.1

31.1



    (4.7c) 

 

The total equivalent yield stress yield  can then be calculated by combining these 

fractional contributions as 

 

                         yieldyieldyield TNRNANyield  384.0323.0293.0     (4.7d) 

Once  yield  has been determined it can be substituted in Eq. (4.3(c)) to determine the 

dimensionless material parameter , the geometrical constraint factor  , and then the 

average indentation stress avg . 

Figures 4.6(a-d) shows the resulting avg - avg plots for indentation tests performed, with 

a 200 m diameter sphere, on the Zr-2.5%Nb material at temperature from 25
o
C to 
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300
o
C.  The resulting flow curves are very similar to those obtained from conventional 

uniaxial compression and tension tests performed, on the same material, in the same 

direction and temperature. 
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Figure 4.6. Plots of avg versus avg from spherical indentations performed on the TN, RN, 

and AN planes of the Zr-2.5%Nb pressure tube at (a) 25
o
C, (b) 100

o
C, (c) 200

o
C, and (d) 

300
o
C. 

 

Figures 4.7(a-c) shows the avg - avg curves from our spherical indentation tests 

performed at 300
o
C in the TN, RN and AN directions. These figures include additional 

avg - avg data from previously reported uniaxial tension and compression tests performed 

on the Zr-2.5%Nb material [28].  The close correspondence in the avg - avg curves with 

those obtained from conventional uniaxial stress tests validates the method adopted here 

to determine avg - avg  from the spherical indentation force – depth data.  
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Figure 4.7. Plots of avg versus avg from spherical indentation tests and uniaxial 

compression test data [28] performed on the (a) TN, (b) RN, and (c) AN planes of the Zr-

2.5%Nb pressure tube at 300
o
C. 

 

4.4.2. The indentation depth dependence of the average stress-strain
 

flow curve 

It has been observed in most metals that the mechanical strength, either the uniaxial flow 

stress or the indentation hardness, increases with decreasing sample size less than about 

several micrometers [22, 25, 34-37]. This type of length-scale dependence was reported 

for Zr-2.5%Nb material by Bose et al [25] who observed that the indentation stress 

increased significantly for indentation depths less than about 1 m. Comparison of the 

avg - avg  plots from the deep, large diameter, spherical indentations (Fig. 4.6(a-d)) with 

those from the shallow, small diameter, spherical indentations (Fig. 4.8) indicates that 

there is a significantly different stress-strain response when the indentation depth is less 

than 4 m despite the fact that, because the diameter of the indenting sphere was different 
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in both cases, the magnitude of avg is the same for both the deep and the shallow 

indentations.   

 

 

Figure 4.8. Plots of avg versus avg from spherical indentation tests performed on the TN, 

RN, and AN planes of the Zr-2.5%Nb pressure tube at 25
o
C using the 40 m diameter 

indenter. 

 

One clear difference is that, for the small diameter spherical indentations avg  is largest, 

for a given avg , for indentations made on the AN plane.  In the case of the large diameter 

indentations avg is largest, for indentations made on the TN direction.   This suggests 

that the local plastic strain distribution around the spherical indentation is dependent upon 

indentation depth and possibly on an increase in the diameter of the indenter. Since the 



104 

 

 

 

yield stress is greatest in the transverse followed by the radial direction of the pressure 

tube (Eqs. 4.6(a,b)), it would suggest that the proportion of lateral-to-axial plastic strain 

during spherical indentation changes with indentation depth and/or with an increase in the 

diameter of the indenter.  When an indentation is made on the AN plane, the lateral strain 

must occur by deformation in the transverse and radial directions: the two directions with 

the highest yield stress. If the lateral plastic strain is quite large relative to the axial 

plastic strain and is in fact larger than that during the deeper, large diameter, indentations 

(Fig. 4.6(a)), then the increased yield stress in the transverse and radial directions would 

result in avg being largest for indentations made on the AN plane. 

To assess the effect of increased yield of the indented material when h < 4.0 m we use 

the indentation stress ind versus depth plots reported by Bose et al, using a Berkovich 

pyramidal indenter [25], to estimate, as 3indyield    [1], the uniaxial yield stress of the 

Zr-2.5%Nb pressure tube material corresponding to depths less than 4.0 m. Figure 4.9 

indicates that when the indentation depths are less than several micrometers both ind

obtained from pyramidal indentation tests and avg  obtained from spherical indentation 

are heavily influenced by the length-scale dependence of the yield strength of the 

material and this dependence may overshadow its dependence upon avg .  This may 

explain the unusual profile of the avg versus avg  curves shown, for the shallow, small 

diameter, spherical indentations in Fig. 4.8.  
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Figure 4.9. Plot of yield versus indentation depth. yield was calculated from ind  data 

obtained from previously reported nano-indentation tests performed on Zr-2.5%Nb using 

a Berkovic pyramidal indenter [25].  Superimposed upon these data are  avg  versus 

indentation depth data from the spherical indentations performed with the small 40 m 

diameter sphere. Both yield and avg show similar indentation depth dependence.
 
 

 

4.5. Conclusions 

In this paper we developed a method of analysis by which the average flow stress avg

and the average plastic strain avg  are obtained from the F - h data from spherical 

indentation tests performed on a mechanically anisotropic material. Our analysis is based 

upon spherical indentation tests performed on the mechanically anisotropic Zr-2.5%Nb 

CANDU pressure tube material over the range of temperature from 25
o
C to 300

o
C.  We 
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performed spherical indentation tests, at each temperature, on the Axial Normal (AN), 

Radial Normal (RN), and Transverse Normal (TN) planes of the tube. The F - h data were 

used, along with known values of the Hill’s anisotropy coefficients and the strain 

hardening coefficients for the test material, to calculate avg  and avg using the equations 

developed to describe the spherical indentation of an isotropic material and a modified, 

equivalent yield .  

The resulting avg - avg plots for indentation tests performed, with a 200 m diameter 

sphere, at temperature from 25
o
C to 300

o
C indicate that this method of analysis results in 

the data from spherical indentations performed on the AN, RN, and TN planes bearing a 

close correspondence to the flow curves obtained from uniaxial stress tests.  This 

confirms that this analysis can serve as a reliable alternative to conventional tensile tests 

to obtain flow stress – plastic strain curves from small samples of mechanically 

anisotropic material with minimal sample preparation. This is a potentially very useful 

test method for a variety of applications, such as in-cell mechanical testing of radioactive 

nuclear materials. 

Spherical micro-indentation tests were performed with large, 200 m diameter, and with 

small, 40 m diameter, spheres to assess the indentation depth limitations of the proposed 

data analysis technique. Comparison of the avg - avg  plots from the deep, large diameter, 

spherical indentations with those from the shallow, small diameter, indentations indicates 

that there is a significantly different stress-strain response when the indentation depth is 

less than 4 m. One clear difference is that, for the small diameter spherical indentations, 

avg is largest, for a given avg , for indentations made on the AN plane while avg is 

largest, for indentations made on the TN plane when deep indentations are made with the 

large diameter sphere.   This suggests that the local plastic strain distribution around the 

spherical indentation is dependent upon indentation depth and possibly also with 

increasing indenter diameter. 
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Plots of  avg - avg curve obtained from the shallow, small diameter, indentations indicate 

that when the indentation depths is less than several micrometers the calculated  avg  is 

heavily influenced by the depth dependence of the yield strength of the material and this 

may overshadow its dependence upon avg .  
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Chapter 5 

5. Anisotropic deformation of Zr ion irradiated Zr-
2.5%Nb micro-pillars

6
 

 

In this chapter micro-pillars of 5 m diameter and 5 m height were made from textured 

Zr-2.5%Nb pressure tube material and were irradiated with 8.5 MeV Zr
+
 to simulate 

neutron irradiation. The yield stress, strain hardening exponent, and degree of strain 

localization of the micro-pillars when tested at 25
o
C increased with ion irradiation and 

the extent of increase was largest in directions containing low (0001) basal pole fraction. 

This suggests that Zr
+
 irradiation inhibits prismatic dislocation slip more than pyramidal 

slip in this material. 

5.1. Introduction 

Extruded and cold-drawn Zr–2.5%Nb pressure tubes, used in CANDU nuclear reactors, 

are mechanically anisotropic due to their strongly textured hcp crystal structure. While 

the anisotropic yield stress of these tubes in the non-irradiated condition is relatively well 

characterized, the mechanical anisotropy in the neutron irradiated condition is much less 

understood [1-5]. Neutron irradiation induces the nucleation of point defects and small 

dislocation loops, which is known to raise the yield stress by impeding dislocation glide. 

The limited data from mechanical tests, mostly of the micro-indentation  type, performed 

upon neutron- and ion- irradiated zirconium alloys has demonstrated that the anisotropy 

of the yield stress is reduced by neutron and ion irradiation [6-10]. It has been proposed 

that this is the result of irradiation damage having a larger effect on impeding prismatic

  01210110  dislocation glide, which is the primary mode of axial and radial 

deformation, than on impeding pyramidal   23111110 dislocation glide, the primary 

mode of circumferential deformation of these textured tubes [10-13]. In view of the 

uncertainty of the actual applied stress and strain state during micro-indentation we have, 

in this study, used uniaxial compression of cylindrical micro-pillars to assess the effect of 

                                                 
6
 The manuscript in this chapter is an expanded version of the one published in the Journal of Nuclear 

Materials [R.O. Oviasuyi, R.J. Klassen, J. Jucl. Mater. 421 (2012) 54]. 
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irradiation on the anisotropic stress-strain response of extruded and cold-drawn Zr–

2.5%Nb pressure tubes. 

Micro-pillar compression testing is commonly used to study the mechanical properties of 

small volumes of material [14-20]. The use of micro-pillars with diameters less than 

several micrometers allows one to study the effect of high levels of self-similar ion 

irradiation damage on the mechanical response of a material.  Monte-Carlo simulations 

(performed with SRIM free-access software) indicate that the penetration depth of 8.5 

MeV Zr
+
 ions is sufficient to invoke a significant degree of irradiation hardening through 

the entire volume of a 5 m diameter cylindrical pillar of Zr-2.5%Nb.  

5.2. Experimental procedure 

The extruded and 22% cold-drawn Zr–2.5%Nb CANDU pressure tube material used in 

this study was supplied by the Atomic Energy of Canada Ltd. The material is strongly 

textured with the majority of the hcp α-phase grains aligned with their  0001 basal plane 

normal in the transverse (circumferential) direction of the tube [2].  

Cubic samples, each side several millimeters in length, were cut from the as-received 

pressure tube. The samples were arranged into three groups; each group having one 

polished side normal to either the axial, radial, or transverse directions of the pressure 

tube.  The polished side was prepared by first mechanical grinding then 

mechanical/chemical polishing. The final polishing stage consisted of chemical attack 

polishing in a slurry of 91% H2O, 8% HNO3, 1% HF followed by mechanical polishing 

with a 0.05 m Al2O3 abrasive compound. 

Micro-pillars of 5 m diameter and height were fabricated from the polished surfaces by 

Focused Ion Beam (FIB) milling with a LEO (Zeiss) 1540XB FIB/SEM located at the 

Western Nanofabrication facility of the University of Western Ontario (London, Ontario 

Canada). For each micro-pillar, a 10 nA Ga
+
  beam was used to create a 5 m deep 

concentric circle of 60 m diameter with an 8 m diameter, 5 m high, pillar remaining 

at the center. The large diameter circle was necessary to ensure that the flat punch 

indenter, used to perform the subsequent mechanical testing, did not contact the 
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surrounding material while compressing the micro-pillar. A 200 pA Ga
+
 beam was then 

used to finely polish the micro-pillar thereby reducing its diameter to approximately 5 m 

(Figure 5.1).  Four micro-pillars, each in their own 60 m diameter circle and separated 

by a distance between 200 and 300 m, were made on each group of three polished 

sample surfaces aligned  normal to the radial, axial, and transverse directions of the 

pressure tube. 

 

 

 

 

 



113 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



114 

 

 

 

 

 

Figure 5.1. SEM images of FIB machined 5 m diameter Zr 2.5%Nb (transverse-normal) 

micro-pillars (a) before compression, (b) after compression testing (non-irradiated 

condition), and (c) after compression testing (Zr
+
 irradiated condition). The increased 

strain localization leading to splitting of the micro-pillar at the final stages of the 

compression test performed on the Zr
+
 irradiated sample is clearly shown in (c). 

 

One sample from each of the three planes was then mounted in a 1.7 MV tandem ion 

accelerator located at the University of Western Ontario and irradiated with 8.5 MeV Zr
+
 

ions to a fluence of 7.07x10
19

 ions/m
2
 . The irradiations were performed in a vacuum (10

-

11
 Pa) with the sample attached to a water-cooled holder in order to minimize the extent 

of irradiation-induced heating. While the effect of ion beam heating on the local 
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temperature of the surface region, containing the micro-pillars, of the sample cannot be 

accurately measured, the direct contact of the small sample with the water-cooled 

sample-holding stage minimizes the effect of extraneous beam heating. 

One set of non irradiated micro-pillars, with the ion-irradiated micro-pillars made in all 

three directions, were compressed at 25 °C while the second set of non-irradiated micro-

pillars were compressed at 300 °C. All micro-pillars were tested in compression with a 10 

m diameter flat diamond punch attached to a nano-indentation testing platform (Micro 

Materials Ltd., Wrexham, U.K). The flat punch was made from a three-sided pyramidal 

Berkovich diamond indenter by flattening the indenter tip with FIB-milling. The test 

sample was attached to a moveable stage located on the nano-indentation testing 

instrument such that the micro-pillars, each located at the centre of a 60m milled circle, 

could be located with an optical microscope and precisely positioned in front of the 

indenter. The micro-pillars were then compressed with the flat punch to a pre-specified 

load at a loading rate of 1 mN/s.  For the high temperature tests, a hot stage power supply 

and hot stage desktop controller was attached to an electric resistance heater located 

within the sample stage. The sample was mounted on the stage by high temperature 

cement to ensure that the sample was firmly held intact at the maximum testing 

temperature of 300 °C. The transfer of heat from the ceramic sample stage to the sample 

surface was therefore by conduction and heat loss was minimized by surrounding the 

sample stage and the indenter with insulating material. The heat distribution on the 

sample surface was allowed to attain equilibrium by allowing it to stay heated for about 6 

hours before performing the micro-pillar compression tests. During loading, the applied 

load and the displacement of the punch were continuously recorded.  

5.3. Results and discussions 

The true stress versus true strain response of the micro-pillars is shown in Figure 5.2.  

The 0.2% yield stress values obtained in this study for the non-irradiated samples are 

very close in magnitude to previously reported data from uniaxial tensile tests performed, 

at room temperature, in the axial and transverse directions of non-irradiated Zr-2.5%Nb 

pressure tubes [3].  It should be noted that conventional uniaxial tensile tests cannot be 

performed in the radial direction of the pressure tubes because of its small thickness; 
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therefore, the data from our uniaxial micro-pillar compression tests, aligned in the radial 

direction represent new, and significantly improved, assessment of the overall mechanical 

anisotropy of this pressure tube material in both the non-irradiated and the irradiated 

conditions. 

 

 

 

 

 

 

 

 

 



117 

 

 

 

 

 

Figure 5.2. Typical true stress versus true strain curves obtained from uniaxial 

compression of 5 m diameter Zr-2.5%Nb micro-pillars in: (a) the non-irradiated 

condition at 25 °C; (b) after Zr
+
 ion irradiation at 25 °C and (c) non-irradiated condition 

at 300 °C. 
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Zr
+
 irradiation increased both the initial yield stress and the strain hardening rate of the 

Zr-2.5%Nb test material however the degree of increase differed in the three loading 

directions that were studied. Zr
+
 ion irradiation also promoted localized plastic 

deformation leading to pillar cracking during the final stages of compression.  This was 

particularly evident in Zr
+
 irradiated micro-pillars compressed in the transverse direction 

of the pressure tube (Figure 5.1c). 
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Figure 5.3. The true stress versus true strain curves obtained from uniaxial compression 

of 5 m diameter Zr-2.5%Nb micro-pillars in: (a) the transverse normal direction for ion 

irradiated at 25 °C; non-irradiated at 25 °C and non-irradiated at 300 °C; (b) the radial 

normal direction under the same conditions as in (a); and (c) the axial normal direction 

under the same conditions as in (a). 

 

One primary difference between the micro-pillar compression tests performed in each of 

the three directions is the fraction of basal pole normals aligned parallel to the direction 

of loading.  The flow stress of the Zr-2.5%Nb alloy is considerably higher in a direction 

in which many (0001) basal pole normals are aligned parallel.  Quantification of the 

degree of crystallographic alignment is commonly performed with x-ray diffraction 

studies where the x-ray diffraction intensity corresponding to a certain set of crystal 

planes is measured as a function of angular orientation within the test material.  

Following the method proposed by Kearns [21] one can determine, from such an 
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assessment, the “resolved orientation parameter f” which essentially expresses the 

effective fraction of poles aligned parallel to the principal directions of the sample.  The 

orientation distribution of the (0001) basal pole normals within the Zr-2.5%Nb pressure 

tube material used in this study was assessed with extensive x-ray diffraction 

measurements and the following resolved basal pole parameters, fA = 0.03, fR =0.34, and 

fT = 0.62 were determined. 

Figure 5.2c shows that the magnitude of the flow stress decreases significantly with an 

increase in temperature as should be expected. This is clearly shown in Figures 5.3(a-c) 

where the ion-irradiated and non-irradiated micro-pillars, compressed at 25 °C, are 

plotted on the same graph as the non-irradiated micro-pillars compressed at 300 °C. This 

decrease in flow stress can be attributed to an increase in temperature. 

Figure 5.4 shows the dependence of the 0.2% offset yield stress and the strain hardening 

exponent (     loglog ddn  ) upon the resolved basal pole parameter in the direction 

parallel to the loading direction for each of the micro-pillars tested.  The trends displayed 

by the non-irradiated test samples indicate that the yield stress was highest, and the strain 

hardening exponent was lowest, when the material is loaded in a direction parallel to a 

large number of basal pole normals. 
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Figure 5.4. Plots of: (a) 0.2% offset yield stress and (b) strain hardening exponent, 

 loglog ddn  , versus resolved fraction of (0001) basal poles parallel to the direction 

of compression for the non-irradiated and the Zr
+
 irradiated micro-pillars.  The degree of 

irradiation hardening and the change in the rate of strain hardening resulting from the 

irradiation are greatest when deformation occurs in a direction along which few basal 

poles are parallel. The data from Ref. [3] in (a) are from previously published uniaxial 

tensile tests performed on non-irradiated Zr-2.5%Nb material and fall on the same trends 

described by the micro-pillar compression data presented here. 

 

Comparing the data from the non-irradiated samples with those from the Zr
+
 irradiated 

samples indicates that the increase in both the yield stress and the work hardening rate as 

a result of Zr
+
 irradiation is considerably larger when the stress is applied in a direction 

containing a low value of basal pole normals aligned parallel to the loading direction. 

Since plastic deformation of Zr-2.5%Nb pressure tube material on a direction, such as the 
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transverse direction, parallel to a high fraction of (0001) basal pole normals is known to 

occur by a combined process of pyramidal and prismatic dislocation glide while 

deformation along the axial and radial directions, which are parallel to a much smaller 

fraction of (0001) basal pole normals, occurs primarily by prismatic dislocation glide, our 

findings support the observations of others that the effect of ion irradiation on increasing 

the yield stress and the work hardening rate of this material is reduced when the 

deformation is forced to occur primarily by pyramidal dislocation slip rather than by 

prismatic dislocation slip [7- 9]. 

When we apply the Hill’s anisotropy criterion to express the onset of plastic deformation 

in the form [3] 

                                                                        (5.1) 

 

where AN, TN, and RN are the orthogonal directions of the pressure tube. The anisotropy 

coefficients F, G, and H can then be expressed in terms of the ratios of the uniaxial yield 

stress in the AN, TN and RN directions as: 
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2
















yield

yield

TN

AN
GF




    (5.2b) 

2
















yield

yield

RN

AN
HG




    (5.2c) 

 

Using the        values in figure 5.4(a), the values of the anisotropy coefficients before 

irradiation were: F = 0.375, G = 0.223, H = 0.625 and after irradiation became F = 

0.445, G = 0.431, H = 0.555. 
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Further analysis of the data in Figure 5.4 indicate that the overall scatter in the 0.2% 

offset yield stress and the strain hardening exponent is relatively small for multiple 

micro-pillar tests performed under the same conditions.  This is despite the fact that the 

samples were made from relatively widely-spaced regions of the pressure tube and 

indicates that the effect of i) local microstructural/chemical changes within the test 

pressure tube material and ii) inherent variability associated with the sensitivity limits of 

the testing equipment on the measured mechanical properties is small, certainly less than 

the measured differences resulting from Zr
+
 irradiation. The correspondence of the 

measured 0.2% offset yield stress of the axial- and transverse-aligned micro-pillars with 

previously reported values from large sample uniaxial tensile tests, from Ref [3], indicate 

that the size of the micro-pillars used in this study was sufficiently large that the 

measured mechanical properties of the micro-pillars did not display significant  length-

scale effects [20]. 

5.4. Conclusion 

Previous micro-indentation based studies, where the applied stress and strain states are 

less controlled, have suggested that irradiation damage has a greater effect on 

deformation by prismatic slip than on deformation by pyramidal slip [6-9].  The data 

presented in Figures 5.4 support this suggestion by indicating that the change in both the 

0.2% offset yield stress and the strain hardening exponent after Zr
+
 irradiation, to a level 

of 7.07x10
19

 ions/m
2
 E = 8.5 MeV, is significantly reduced when increasing basal pole 

fractions are aligned parallel to the direction of compression. This can also be confirmed 

by the change in the values of the anisotropy coefficients. 

When the group of non-irradiated micro-pillars were compressed at an elevated 

temperature of 300 °C, which is within the typical working temperature range of a Zr-

2.5%Nb CANDU pressure tube, the magnitude of the flow stress decreased significantly 

in all three directions but the degree of anisotropy in flow stress was retained. The 

decrease in flow stress has been attributed to the increased thermal energy of the 

dislocations within the crystal structure which makes dislocation glide more permissible.  

This temperature (300 °C) falls within the range that has been referred to in previous 
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studies as the “athermal flow” regime because, over this temperature range, the degree of 

anisotropy remains constant [3]. 

The key finding of this study is that the mechanical anisotropy of the highly textured Zr-

2.5%Nb alloy is considerably reduced when the alloy is in the irradiation hardened state.  

These results were obtained by irradiation with self-similar Zr
+
 ions and illustrate that 

this type of irradiation, along with subsequent testing using uniaxial micro-pillar 

compression, provides an accurate simulation of neutron irradiation without causing the 

test material to become radioactive. 

It should be noted that the results reported here were obtained from samples that were Zr
+
 

irradiated and then mechanically tested at room temperature, 25
o
C. The effect of 

irradiation and mechanical testing at elevated temperatures, for example temperature 

typical of the interior of a nuclear reactor core, may be quite different than at 25
o
C due to 

concurrent thermal annealing of the irradiation damage.  The effect of temperature on the 

Zr
+
 irradiation hardening of Zr-2.5%Nb micro-pillars is the subject of our ongoing 

research. 
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Chapter 6 

Discussions and future work 
 

6.1 Discussions 

This chapter discusses observations and provides further interpretation to the results 

obtained from the analysis of data from experiments performed on the Zr-2.5%Nb 

CANDU pressure tube during the course of this study. As has been stated previously in 

this thesis, the primary aims of carrying out this research were to: 

 Explore the possibility of developing new and effective small-specimen testing 

techniques to facilitate the in-cell mechanical characterization of highly 

radioactive Zr-2.5%Nb pressure tube material from a CANDU nuclear reactor. 

 Characterize the mechanical properties in the RN direction of the pressure tube 

over the temperature range from 25
o
C to 300

o
C since the mechanical properties in 

this direction have not been thoroughly studied. 

 Assess the mechanical anisotropy of the CANDU pressure tube with the intention 

of applying the results in characterizing irradiated metallic components from the 

core of the nuclear reactor. 

 Applying Zr
+
 irradiation to simulate the effect of neutron irradiation on the 

mechanical strength and anisotropy of the pressure tube. 

 Examining the effect of temperature, up to 300
o
C, on the strength and anisotropy 

of the pressure tube especially at the reactor core operating temperature. 

It was stated during this study that the mechanical anisotropy of this pressure tube was a 

result of the combination of the inherent mechanical anisotropy of the base hcp 

Zirconium metal and the large amount of crystallographic texture invoked during the hot 

extrusion and cold drawing steps of the pressure tube fabrication. While it may be 

difficult to determine from our present analysis, what percentage of the anisotropy results 

from its hcp crystal structure, there is enough evidence to show that the extrusion at a 

ratio of 10:1 and the subsequent 27% cold-drawing induces a strong texture with a high 
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fraction of the <0001> basal pole normals aligned along the transverse (circumferential) 

direction of the tube [1-4].  

Results presented in chapter 3 from experiments performed in this study showed that the 

magnitude of the flow stress of a non-irradiated Zr-2.5%Nb CANDU pressure tube was 

highest in the TN direction than in the RN and AN directions. This is expected as the 

mechanical yield stress of this pressure tube should be  highest in the direction containing 

the highest proportion of <0001> basal plane normals and can be attributed to the fact 

that the hcp α-phase Zirconium has a higher yield stress when compressed along the 

<0001> direction than along any other direction. 

The Zr-2.5%Nb CANDU pressure tube has been designed on purpose to have this kind of 

texture, thus providing greater resistance to applied transverse “hoop” stress, induced by 

internal pressurization, during reactor operation. This anisotropic mechanical behavior 

though, results in substantially increased difficulty in predicting the yield behavior of the 

pressure tube material when subjected to more complex multi-axial applied stress states.  

In this study, I have used the 1948 Hill’s yield criterion (Eq. 3.1a) to describe the 

equivalent flow stress    for the mechanically anisotropic Zr-2.5%Nb tube. The data from 

uniaxial compression tests performed on the pressure tube over a temperature from 25
o
C 

to 300 °C were used to determine the anisotropy coefficients F, G, and H. This method of 

determining anisotropy is well suited for rolled sheets, pipes and extruded bars and is 

therefore well suited for the pressure tube material used for this investigation. 

An important subject of discussion is the competing mechanisms of dislocation motion in 

Zirconium’s hcp crystal structure during plastic deformation.  When deformation occurs 

by a twinning mechanism, a region of the lattice undergoes a bulk misorientation and the 

resulting lattice is a mirror image of the surrounding untwined lattice. While twinning 

and the more common dislocation slip deformation mechanisms can both occur in a 

crystal, there are differences between both mechanisms. Under the application of a shear 

stress, the orientation of the crystal around the slip plane does not change during slip, but 

for twinning, there will be an abrupt change in the lattice orientation.  Also, in slip, atom 

movements are usually in multiple atomic distances and occur on relatively widely 
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separated planes while twinning results in displacements that are a fraction of  an atomic 

distance and involves every atomic plane within the twinned region [5-6]. 

Studies on the plastic deformation behavior of pure Zirconium and the Zr-2.5%Nb 

pressure tube alloy have suggested that there is the occurrence of twinning during the 

uniaxial plastic deformation in some directions especially at high levels of plastic strain 

[7-9]. The analysis carried out in this study was limited to deformation of the Zr-2.5%Nb 

pressure tube at plastic strain level less than 10%. No attempts was therefore made to 

measure the texture of the deformed samples or to prepare transmission electron 

microscope (TEM) foils from sections of the plastically deformed material to determine 

the frequency of twinning during the plastic deformation of our samples. These are 

therefore important suggested areas for future studies. 

The results from the uniaxial compression tests on the cylindrical macro-pillars presented 

in Chapter 3 of this study and results from the spherical micro-indentation tests presented 

in Chapter 4 clearly display a close agreement with each other and with those found in 

the published literature. It was important to first perform the uniaxial compression tests to 

obtain stress strain curves under a simple uniaxial stress state and these results served as a 

basis for comparing stress values obtained from subsequent multi-axial loadings invoked 

during the spherical micro-indentation tests.  

The results from the micro-pillar compression testing provided a basis for using Zr
+
 

irradiation to simulate the effect of neutron irradiation on the anisotropy of the yield 

stress of the Zr-2.5%Nb CANDU pressure tube material. The results from these tests 

were important as they clearly show that this method of micro-mechanical testing using 

micrometer-sized pillars can be used to characterize the mechanical properties of 

materials. Again, stress–strain curves from our macro-pillar compression tests were 

important as they served as a basis for comparison with those from non-irradiated micro-

pillars compression tests.  

It can be concluded that this thesis has successfully explored new methods for testing the 

mechanical properties of the anisotropic extruded and cold-drawn Zr-2.5%Nb CANDU 

pressure tube material both in the non-irradiated and the Zr
+
 irradiated conditions. Three 
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different experimental procedures were used to carry out these investigations: Two of the 

experiments were based upon the use of uniaxial compression of macro- and micro-sized 

cylindrical pillars while the third was based on a novel technique that uses spherical 

indentation to deduce the stress-strain behavior. These techniques were applied in this 

research to assess the effect of temperature and irradiation hardening on the mechanical 

anisotropy of an as-received Zr-2.5%Nb CANDU pressure tube material supplied by 

Atomic Energy of Canada Ltd. 

The first experimental analysis of this thesis (Chapter 3) was based on uniaxial 

compression tests performed on multiple cylindrical specimens of, 2mm diameter and 

3mm length that were deformed to various levels of plastic strain. The results were used 

to assess the true stress versus true plastic strain response in the Axial (AN), Radial (RN), 

and Transverse (TN) directions of the Zr-2.5%Nb pressure tube over the temperature 

range from 25 to 300
o
C. Analysis of the data resulted in the determination of the Hill’s 

anisotropy coefficients F=0.38  0.01, G=0.202  0.001, and H=0.62  0.01.  These 

coefficients were found to be independent of temperature and plastic strain over the range 

of temperature from 25 to 300
o
C and plastic strain up to 10%. 

Application of the experimentally determined F, G, and H values to calculate the 

equivalent stress   and equivalent plastic strain p demonstrated that stress – strain data 

obtained from uniaxial tests performed in the AN, RN, and TN directions all fell on a 

single    versus p  curve.  This was also demonstrated to be true when previously 

reported uniaxial stress – strain data, from tests performed in the AN and TN directions, 

was similarly analysed with the F, G, and H values obtained from this study. 

The results from this study are scientifically significant since they are, to the best of my 

knowledge, the first experimentation-based determination of the Hill’s anisotropy 

coefficients F, G, and H of extruded and cold-drawn Zr-2.5%Nb CANDU pressure tube 

material over a wide temperature range extending up to the 300
o
C in-service temperature 

of this tubing.  These anisotropy coefficients can be directly useful in numerical models 

of Zr-2.5%Nb pressure tube components where calculating the onset of plastic 

deformation is of interest.  



132 

 

 

 

The second experiments (Chapter 4), developed a method of analysis by which the 

average flow stress avg and the average plastic strain avg  could be obtained from the F - 

h data from spherical indentation tests performed on the mechanically anisotropic Zr-

2.5%Nb CANDU pressure tube material over the range of temperature from 25
o
C to 

300
o
C.  We performed spherical indentation tests, at each temperature, on the AN, RN, 

and TN planes of the tube. The F - h data were used, along with determined values of the 

Hill’s anisotropy coefficients from our uniaxial compression tests and strain hardening 

exponents from our micro-pillar compression tests of this material, to calculate avg  and 

avg using equations developed to describe the spherical indentation of an isotropic 

material, by modifying yield in the non-dimensional parameter  . 

SEM images of indentations made on the  AN, RN and TN planes of the Zr-2.5%Nb 

pressure tube showed that while spherical indentation of a mechanically isotropic 

material will result in a circular residual indentation, the indentations on this material 

were slightly elongated in the direction, on the plane of the indentation, of lowest yield . 

It was observed that the direction of lower yield stress undergoes more plastic strain that 

results in a greater material pile-up which causes the indentation to appear slightly 

elongated in this direction. 

The resulting avg - avg plots for indentation tests performed, with a 200 m diameter 

sphere, at temperature from 25
o
C to 300

o
C indicate that this method of analysis results in 

the data from spherical indentations performed on the AN, RN, and TN planes bearing a 

close correspondence to the flow curves obtained from uniaxial compression tests.  This 

confirms that this method of analysis can serve as a reliable alternative to conventional 

tensile and compression tests to obtain flow stress – plastic strain curves from small 

samples of mechanically anisotropic material with minimal sample preparation. This will 

be a potentially very useful test method for a variety of applications such as in-cell 

mechanical testing of radioactive nuclear materials. 

Spherical micro-indentation tests were also performed with a small, 40 m diameter, 

sphere to assess the indentation depth limitations of the proposed data analysis technique. 
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Comparison of the avg - avg  plots from the deep, large diameter, spherical indentations 

with those from the shallow, small diameter, indentations indicates that there is a 

significantly different stress-strain response when the indentation depth is less than 4 m. 

One clear difference is that, for the small diameter spherical indentations, avg is largest, 

for a given avg , for indentations made on the AN plane while avg is largest, for 

indentations made on the TN plane when deep indentations are made with the large 

diameter sphere.   This suggests that the local plastic strain distribution around the 

spherical indentation is dependent upon indentation depth and that the proportion of 

lateral-to-axial plastic strain during spherical indentation changes with indentation depth 

and possibly with increasing diameter of the indentation. 

Plots of  avg - avg curve obtained from the shallow, small diameter, indentations indicate 

that when the indentation depths is less than several micrometers the calculated  avg  is 

heavily influenced by the depth dependence of the yield strength of the material and this 

may overshadow its dependence upon avg .  

In the third set of experiments (Chapter five), Zr
+
 irradiation was used to simulate the 

effect of neutron irradiation on the microstructure of Zr-2.5%Nb pressure tube samples 

made from the AN, RN and TN directions. Results from previous micro-indentation based 

studies, where the applied stress and strain states are less controlled, have suggested that 

irradiation damage has a greater effect on deformation by prismatic slip than on 

deformation by pyramidal slip.  The data presented in Figure 5.4 supported this 

suggestion by indicating that the change in both the 0.2% offset yield stress and the strain 

hardening exponent after Zr
+
 irradiation, to a level of 7.07x10

19
 ions/m

2
 E = 8.5 MeV, 

was significantly reduced when increasing basal pole fractions were aligned parallel to 

the direction of compression. This could also be observed in the change in values of the 

anisotropy coefficients. 

When the group of non-irradiated micro-pillars were compressed at an elevated 

temperature of 300 °C, which was within the typical working temperature range of a Zr-

2.5%Nb CANDU pressure tube, the magnitude of the flow stress decreased significantly 
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in all three directions but the degree of anisotropy in flow stress was retained. The 

decrease in flow stress has been attributed to the increased thermal energy of the 

dislocations within the crystal structure which made dislocation glide more permissible.  

This temperature (300 °C) falls within the range that has been referred to in previous 

studies as the “athermal flow” regime because, over this temperature range, the degree of 

anisotropy remains constant. 

The key finding of our third experiments is that the mechanical anisotropy of the highly 

textured Zr-2.5%Nb alloy is considerably reduced when the alloy was in the irradiation 

hardened state.  These results were obtained by irradiation with self-similar Zr
+
 ions and 

illustrated that this type of irradiation, along with subsequent testing using uniaxial 

micro-pillar compression, could provide an accurate simulation of neutron irradiation 

without causing the test material to become radioactive. 

6.2 Future work 

The ultimate goal of this research was to develop new methods, some of which could be 

used as in-cell automated testing techniques, for assessing the mechanical response of 

radioactive nuclear materials.  

For micro-pillar compression testing, I suggest the irradiation of the pillars be carried out 

at reactor operating temperature (260 – 300 °C) to investigate any change in the 

mechanical anisotropy of the material. Previous tests carried out using pyramidal 

indentation demonstrated that there will be a small change. However, it will be useful to 

the nuclear research community if these tests were performed using uniaxial compression 

testing, since the stress state during indentation testing is complex because of its triaxial 

nature. The effect of irradiation at elevated temperatures has been found to be different 

than at 25
o
C and the difference has been attributed to concurrent thermal annealing of the 

irradiation damage. The result obtained may therefore improve our understanding of the 

behavior of this material at reactor operating temperature. It could also be interesting to 

make TEM samples from compressed non-irradiated and irradiated micro-pillars to 

investigate the difference in microstructure especially with regards to the observed 

increase in strain localisation of the irradiated pillars.  



135 

 

 

 

For spherical micro-indentation testing, I suggest applying Finite Element Analysis for 

determining the value of the constraint factor   from the non-dimensional parameter    

This would possibly improve the accuracy of the      results obtained from the measured 

mean contact pressure   . 

Finally, I suggest preparing transmission electron microscope (TEM) foils from sections 

of the plastically deformed samples to determine the frequency of twinning during the 

plastic deformation of the compressed samples. This will help clarify the subject of the 

occurrence or otherwise of twinning in the samples during plastic deformation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 

 

 

 

References 

[1] B.A. Cheadle, C.E. Ells, W. Evans, J. Nucl. Mater. 23 (1967) 199. 

[2] B. A. Cheadle, S.A. Aldridge, C.E. Ells, Can. Metall. Quart. 11 (1972) 121. 

[3] R.A. Holt, P. Zhao, J. Nucl. Mater. 335 (2004) 520. 

[4] W.K. Alexander, V. Fidleris, R.A. Holt in: Proceedings of 3
rd

 International 

symposium on Zirconium in the Nuclear Industry, ASTM STP 633, 1977, p. 344. 

[5] W.F. Hosford, The Mechanics of Crystals and Textured Polycrystals, Oxford Science 

Publications, 1993. 

[6] G.E. Dieter, Mechanical Metallurgy, McGraw-Hill Book Company, 1988. 

[7] R.J. McCabe, G. Proust, E.K. Cerreta, A. Misra, Int. J. Plast., 25 (2009) 454. 

[8] A. Salinas-Rodriguez, J.H. Root, Txt. Microsc. 14 (1991) 1239. 

[9] D.D. Himbeault, C.K. Chow, M.P. Puls, Metall. Mater. Trans. A 25 (1994) 135. 

 

 

 

 

 

 

 

 

 

 



137 

 

 

 

Curriculum Vitae 

Name Richard O. Oviasuyi 

 

Post-secondary 

Education and 

Degrees 

University of Benin 

Benin City, Edo State, Nigeria 

1993 – 1999 B. Eng. 

The University of Western Ontario 

London, Ontario, Canada 

2007 – 2008 M. Eng. 

The University of Western Ontario 

London, Ontario, Canada 

2008 – 2012 PhD 

 

Honours and 

Awards 

Western Engineering Scholarship 

2008 – 2009, 2009 – 2010, 2010 – 2011 

 

Related work 

Experience 

Research Assistant 

The University of Western Ontario 

London, Ontario, Canada 

2008 – 2012 

Teaching Assistant 

The University of Western Ontario 

London. Ontario, Canada 

2008 - 2011 

 

Publications R.O. Oviasuyi, R.J. Klassen, Anisotropic deformation of Zr ion 

irradiated Zr-2.5%Nb micro-pillars at 25 °C, Journal of Nuclear 

materials, 421 (2012) 54 

 

 

R.O. Oviasuyi, R.J. Klassen, Assessment of the anisotropic flow 

stress and plastic strain of Zr-2.5%Nb pressure tubes at 

temperature from 25 °C to 300 °C, Manuscript under review in 

Journal of Nuclear Materials (2012) 

 

 

R.O. Oviasuyi, R.J. Klassen, Deducing the stress – Strain 

response of anisotropic Zr-2.5%Nb pressure tubing by spherical 

indentation testing, Manuscript under review in Journal of 

Nuclear Materials (2012) 

 


