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Abstract 

A Zircaloy-4 alloy with Widmanstatten - Basketweave microstructure and random 

texture has been used to study the deformation systems responsible for the polycrystalline 

plasticity at the grain level. The evolution of internal strain and bulk texture is investigated using 

neutron diffraction and an elasto-plastic self-consistent (EPSC) modeling scheme. The 

macroscopic stress-strain behavior and intergranular (hkil-specific) strain development, parallel 

and perpendicular to the loading direction, were measured in-situ during uniaxial tensile loading. 

Then, the EPSC model was employed to simulate the experimental results. This modeling 

scheme accounts for the thermal anisotropy; elastic-plastic properties of the constituent grains; 

and activation, reorientation, and stress relaxation associated with twinning. The agreement 

between the experiment and the model will be discussed as well as the critical resolved shear 

stresses (CRSS) and the hardening coefficients obtained from the model. 
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INTRODUCTION 

Zircaloy-4 alloys are extensively used in the nuclear industry as fuel sheathing because of 

the high-performance in severe pressure and temperature conditions, coupled with high 

transparency to thermal neutrons. Zircaloy-4 (Zr-4) alloys are poly crystalline zirconium (Zr) 

alloys, with hexagonal-close-packed (hcp) crystalline structure at room temperature. Low 

symmetry materials, like hcp structures, are prone to develop intergranular strains, as they can 

exhibit highly anisotropic properties at the grain level. Typically, in any hcp polycrystal, the 

coefficients of thermal expansion (CTE) are different in the <c> direction compared to the <a> 

or <b> direction, resulting in development of thermal intergranular stresses upon cooling during 

processing. Moreover, the multitude of slip and twinning systems causes considerable plastic 

anisotropy, which generates intergranular stresses during plastic deformation [1, 2]. 

The active modes during plastic deformation for hcp materials have been reported to 

largely depend on the combined effect of temperature, stress level, and bulk texture and on the 

cia ratio [1-5]. The cia ratio varies from metal to metal and can be smaller or larger than the ideal 

sphere packing (cia 1.633). When cia is above ideal (e.g. Cd, Zn), basal slip is more favorable 

to be activated, while for cia below ideal (e.g. Mg), prism slip along the <a> direction is most 

favorable, followed by basal slip [3]. For Zr alloys with cia 1.593 and with equiaxed 

microstructures the prism slip along the <a> direction is the most dominant slip system. 

Deformation with <c> components has been explained by first or second-order <c+a> pyramidal 

slip and/or twinning on the first and second-order pyramidal planes [1-4]. In addition to the 

deformation systems mentioned above, slip on the basal plane was observed at temperatures of 

577 °C [6] or 400 °C [7], when that activity was associated with an increase in the impurities of 

the alloy, .in particular oxygen and nitrogen content. On the other hand, the models used to 
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simulate deformation in Zircaloy-2 (Zr-2) alloys at room temperature, showed improvement in 

agreement with the experiments, when the activity from the basal slip was considered [8, 9]. 

Pyramidal <a> was reported to be sometimes possible and its activity increases with temperature 

[10]. 

Slip and twinning often occur simultaneously, and their interaction is very complicated 

and less investigated for zirconium alloys with Widmanstatten - Basketweave microstructure, 

which is significantly different from the typical microstructure with equiaxed grains. The 

Widmanstatten type microstructure forms in nuclear reactors during the brazing cycle due to 

cooling at moderate rates (oil quenched to furnace cooling) from the ~ (bcc) phase to a (hcp) 

phase, as the temperature decreases from operational temperatures to room temperature [11, 12]. 

Therefore, a combination of experimental and theoretical methods needs to be employed 

to understand the polycrystalline plasticity of such microstructure, and its implication to the 

material performance. 

The theoretical simulations that consider the thermal and elastic-plastic mechanical 

anisotropy of the polycrystal are known as elasto-plastic self-consistent models. Turner and 

Tome [13] have developed an elasto-plastic self-consistent (EPSC) model based on a modeling 

scheme implemented by Hutchinson for face-centered-cubic (fcc) non-textured polycrystals [14]. 

This model, which accounts for the elastic-plastic grain-to-grain interaction, was used to predict 

. the thermal residual strains [15] and internal stresses in Zr-2 with rod [13] and rolling [16] 

textures under uniaxial tension and compression loading. The calculated stress-strain profiles 

agreed well with the experiment It was concluded that the mechanical response is strongly 

dependent on the residual stresses and the texture of the materiaL Specifically, the texture 
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influences the plastic anisotropy, while the internal stresses play an essential role on the yield 

stress and on the elasto-plastic transition 

Later, a similar EPSC scheme was employed to predict the intergranular stresses from the 

measured intergranular strains in Zr-2 with rod texture [8]. The simulated macroscopic stress

strain curve showed an improved agreement after the basal slip was added to the active prism 

and pyramidal slip systems. Additionally, the corresponding values for CRSS and hardening 

coefficients reported in Ref [13] were changed. 

More recently, Clausen et al. [17] has developed a new EPSC modeling scheme that was 

validated on a magnesium alloy. The novelty of this new code is that it accounts for the effect of 

twin activation, twin reorientation, and specific stress relaxation associated with twinning and 

texture development under applied load. The model considered the creation and growth of new 

twin grains with strain, while the parent grain's volume fraction concurrently decreases. This, 

tum, allows the correct prediction of the evolution of yield stress, texture, and twin volume 

fraction with strain. However, the model assumptions were not able to accurately predict the 

lattice strain evolution for the prism planes in the transverse direction. This was explained by the 

lack of direct interaction between the parent and twin grains subsequent to twin formation [1 

In this paper, the latter modeling scheme of the elasto-plastic self-consistent (EPSC) 

model is employed to investigate the plastic deformation mechanisms of a Zircaloy-4 alloy with 

Widmanstatten - Basketweave microstructure and near random texture. The intergranular strains 

developed under uniaxial tension and bulk textures were measured by neutron diffraction. Due to 

the random texture, data from many families of grain was obtained allowing extensive studies of 

polycrystalline plasticity on Widmanstatten type structures. 
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2. MATERIAL AND MICROSTRUCTURE 


For this study, a commercial zirconium alloy, Zircaloy-4 (Zr-4) was used. The nominal 

chemical composition (weight percent, wt. %) of the starting Zr-4 is 1.5 Sn, 0.22 Fe, 0.12 Cr, 

0.13 0, and balance Zr [18]. The specimens for optical metallography were mechanically 

polished up to 800 grit size followed by immersion in an etching solution of 45 ml nitric acid 

(HN03) , 45 ml hydrogen peroxide (H20 2), and ml hydrofluoric acid (HF) [19]. The 

microstructure of the Zr-4 is presented in Fig. 1, showing the Widmanstatten - Basketweave type 

structure that forms during slow cooling from 998°C to room temperature as a result of the 

transformation from ~ (bcc) phase to a (hcp) phase [11,12]. The former j3-Zr grains have a mean 

diameter of 700 !lm, Fig. l(a), and each grain contains multiple a-Zr plates with a non-uniform 

morphology following the pattern shown in Fig. l(b). Also typical for Zircaloy is the presence of 

the second phase precipitates that can act as nucleation sites for the Basketweave structure by 

initiating the formation of a-Zr plates [11, 12]. In the current case, the second phase precipitates 

are Fe-Cr associated with an initial reported content of 0.33 wt. % Fe-Cr [18]. The 

crystallographic orientation of a-Zr plates was investigated by Electron Back-Scattering 

Diffraction (EBSD). Figure l(c) shows an EBSD image of the a-plates within a single prior ~

grain. Each color in the EBSD image represents a different orientation based on the local foil 

normal of each variant of the a-Zr based on the color-coded stereographic triangle, Fig. 1 (d). The 

dark regions are areas where no indexable EBSD pattern was obtained due to the highly distorted 

lattice. The EBSD data can be further manipulated to obtain pole figures for different variants. 

Therefore, one prism, loT0, and the basal, 0001, pole figures are shown in Fig. 1 (e), indicating 

that the Zr-plates have a number ofpreferred orientations relative to the mother ~-grain. 
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3. 	 INTERGRANULAR STRAIN AND TEXTURE MEASUREMENTS DURING 
UNIAXIAL TENSILE TESTING 

The strain and texture measurements were conducted on a cylindrical tensile specimen 

with the total length of 101.6 mm, gage length of 19.05 mm, and gage diameter of 6.35 mm, 

using Spectrometer for Materials Research at Temperature and Stress (SMARTS) instrument 

[20] and the High-Pressure Preferred Orientation (HIPPO) instrument [21], respectively, at the 

Lujan Center, Los Alamos National Laboratory. Using the SMARTS instrument, uniaxial tensile 

loads were applied to the Zr-4 tensile specimen, and the internal strain evolution was measured 

in-situ using the setup schematically shown in Fig. 2. While bulk strain on the sample was 

monitored using an extensometer, the intergranular strains were obtained from neutron 

diffraction data collected at certain applied load intervals. The diffraction gage volume employed 

for this study was defined by the incident beam width of 6 mm and height of 8 mm, and no 

collimation on the diffracted beam. The loading axis is horizontal at 45° to the incident beam, 

allowing simultaneous measurements of lattice-plane spacings (d-spacings) both parallel 

(longitudinal direction), and perpendicular (transverse direction) to the loading direction, in the 

opposing 90° detector banks. The tensile test was carried out under strain control, and the lattice 

strain was measured to a total macroscopic (extensometer) strain of7 % (close to failure). The d-

spacings for several individual reflections were obtained at each load by single peak fitting, 

using General Structure Analysis System (GSAS) [22] and the strain for these reflections, ehkJ. 

was calculated using: 

ehkl (di do) / do (1) 

where di and do are the d-spacing parameters of the strained and unstrained conditions, 

respectively. The first data point, before any load is applied, was considered the unstrained 

7 



condition (do), and therefore it does not exclude the thennal residual strains existing in the 

specimen. 

The texture for the initial Zr-4 alloy was measured using HIPPO instrument [21]. Details 

of the instrument and the technique for detennining the texture are described elsewhere [23, 24]. 

short, textures are derived from a total of 98 neutron diffraction patterns, which are fitted 

simultaneously using Rietveld refinement [25], as implemented in GSAS [22]. The fitting 

program employs the spherical hannonic method [26] to describe the texture. 

4. ELASTO-PLASTIC SELF-CONSISTENT (EPSC) MODELING 

We use the EPSC code implemented by Clausen et al. [17], which includes the texture 

development and stress relaxation due to twinning. In short, the model considers each grain an 

elastic-plastic ellipsoidal inclusion in a homogeneous effective medium (HEM) with the average 

properties of all the grains. The elastic stiffness and the thennal expansion coefficients of 

zirconium single crystal have been used [8]. The initial texture was discretized into a set of 1944 

grains that constitute the poly crystal within the calculations. The thenno-mechanical boundary 

conditions include a cooling cycle from ~ phase at 998°C to a phase at room temperature (20°C), 

which accounts for the thennal residual stresses as they significantly influence the yield stress. 

The macroscopic load is applied, and the boundary conditions are set for the grain interactions in 

a self-consistent manner, including the anisotropic elastic constants and slip mechanisms 

characteristic for the grains. The EPSC scheme includes an extended Voce hardening law for the 

evolution ofCRSS, 't, with the total accumulated plastic shear within the grain, r: 

r ~ (2)r. +(r, + lI,r{l-ex+ II;~)J 
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where, "Co and 80 are initial CRSS and hardening rate, respectively; 81 is the final hardening 

rate, and "CI is the transition range between initial and final hardening rate. These coefficients 

represent the fitting parameters that need to be introduced the model to simulate the 

experimental data. The reported elastic strains for the reflections are given relative to the 

unloaded state at room temperature, for direct comparison with the neutron measurements. Also 

from the model, one obtains the relative activities for each slip system activated by the applied 

stress. 

The current implementation of the model [17] also accounts for the texture development 

from twinning, with twins added as new grains. Additionally, the stress relaxation due to the 

twinning is taken into consideration by assuming a fixed initial size of the grains, which in tum 

determines the magnitude of back-stress generated in the twin and its parent. In the present case, 

an initial twin fraction of 2% was used. After the twin grains are generated, they are not directly 

interacting with the parent grain, but interact with the HEM, in the same way as all the other 

grains. The texture development is realized by transferring weight fraction from the parent grain 

to the twin. This is governed by the incurred shear on the twin system in the parent grain. More 

details on the model are available in Ref [1 

5. IN-SITU NEUTRON DIFFRACTION RESULTS 

Figure 3 shows six pole figures ofthe Zircaloy alloy prior to loading including two prism 

poles Zr 10.0 and Zr 11.0; the basal pole Zr 00.2; and three pyramidal poles Zr 10.1, Zr 10.2, and 

Zr 10.3, respectively. None of these pole figures show intensity variation above 1.5 or below 0.5 

multiples of random distribution (m.r.d), indicating a random texture in the material prior to 

loading. After the tensile loading to 7% total strain, the texture developed in the bulk was 

9 



measured again and the pole figures for the six reflections are depicted in Fig. 4. For the 10.0 

pole, there is an increase in pole density at center of the pole figure, whereas the 11.0 pole has its 

center depleted, with higher density around it. The basal pole, 00.1, exhibits a six-fold symmetry, 

which intensifies after deformation. 

The macroscopic stress-strain curve for uniaxial tension test, performed during the 

neutron experiment, for the hcp Zr-4 alloy is shown in Fig. 5 (symbols). Note that, because the 

test was conducted under strain control, the macroscopic curve shows the time average stress 

versus the total strain. The stress-strain curve shows that the bulk elastic modulus (E), the elastic 

limit, and 0.2% yield stress (O"y) are about 100 GPa, 190 MPA, and 318 MPa, respectively. 

The measured in-situ elastic lattice-strain evolution for six zirconium reflections, in both 

longitudinal (plane normal is parallel to the tensile axis) and transverse (plane normal is 

perpendicular to the tensile axis) directions, is presented in Figs. 6(a) and (b), respectively. It is 

worth mentioning that data for many more reflections were obtained, however, for clarity, we are 

showing only six. The chosen reflections correspond to two prism planes Zr (10.0), Zr (11.0), the 

basal plane Zr (00.2), and three pyramidal planes Zr (10.1), Zr (10.2), Zr (10.3). Also in Fig. 6, 

the macroscopic elastic limit (190 MPa) and the 0.2 % yield stress (318 MPa) are marked. 

It can be observed that, in the elastic regime, the lattice strains exhibit nearly isotropic 

behavior in both directions. In the plastic regime, the internal strains manifest strongly 

anisotropic and non-linear behavior, as the plastic strain component is starting to act. In 

particular, the longitudinal Zr (00.2) has a very abrupt deviation from linearity, which suggests 

that significant plastic deformation is accumulated. 
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6. EPSC-MODELING RESULTS AND DEFORMATION MECHANISMS 


Due to the complex deformation behavior of Zirca!oys, we have explored a large number 

of possible deformation systems and hardening coefficients in the EPSC model, to better 

understand the neutron diffraction results. In particular, we are presenting three possible cases, 

Cases 1-3, which are the most reasonable scenarios based on the initial interpretation of the 

experimental data. For Case 1, a combination of slip systems are considered, while for Case 2 

and Case 3 twinning is activated with different final volume fractions, in addition to slip systems. 

For Case 1, it was assumed that the following deformation systems are active: the prism 

slip < 1210 > the basal <2110> the <a> pyramidal 

slip< 12 I 0> {IO 1 I} , the <c+a> first order pyramidal slip< 1 123> {I Oil} , and <c+a> second 

order pyramidal slip < 211"3 > {21 12} . The resulting CRSS values for these systems, and the 

corresponding hardening coefficients, are shown in Table 1, while the calculated curves are 

shown in Fig. 7. The calculated macroscopic stress-strain curve (line) exhibits a very good 

agreement with the experimental data (symbol), as seen in Fig. 5. The evolution of the simulated 

lattice strain (lines) are plotted together with the experimental data (symbols), for both 

longitudinal and transverse directions, Fig. 7(a-d). The unique behavior for longitudinal Zr 

(00.2), Fig. 7(a), has been quantitatively captured by the calculation, and so are the two prism 

planes. A very good agreement was also obtained for these three planes in the transverse 

direction, Fig. 7(c). The simulation for the elastic regime is in quantitative agreement with the 

measured profiles for the three pyramidal planes Zr (10.1), Zr (10.2), and Zr (10.3), in 

longitudinal direction, Fig. 7(b). 
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Table 1. Case 1: The deformation slip systems, the corresponding CRSS and hardening 

coefficients used for Case 1- EPSC calculation and shown in Fig. 7. 

'Deformation system LO (MPa) L1 (MPa) 80 (MPa) 81 (MPa) 

Prism 110 10 510 10 

Basal 215 10 10 10 

Pyramidal <a> 110 30 2,250 10 

Pyramidal<c+a> 230 10 310 50 

Pyramidal<c+a> 2na order 220 10 310 310 

However, upon entrance into the plastic regime, the calculated results of Zr (10.2) and Zr 

(10.3) do not quite agree with the neutron data quantitatively, while still capturing the qualitative 

trend reasonably well. In particular, Zr (10.2) exhibits a slight decrease in slope, indicating that 

this grain orientation is predicted to behave elastically in the transition region. The model 

suggests that some plasticity is accumulated at loads greater than 350 MPa (upward inflection), 

which is qualitatively consistent with the measured data. In the transverse direction, Fig. 7( d), Zr 

shows a quantitative match in both elastic and plastic regimes. The (10.2) shows only 

qualitative agreement in the plastic regime, while Zr (10.1) exhibits an approximately vertical 

trend in the transition and plastic regions, and does not quite follow the significant slope reversal 

observed in the experimental data. The quality of the obtained agreement between the EPSC 

calculation and measured intergranular lattice strains is comparable with that reported on 

magnesium alloys by Clausen et al. [17] and Agnew et al. [27]. The magnitude of the CRSS 

values and the corresponding hardening coefficients used in the current model (Table 1) are also 

similar to those stated in Refs. 17 and 27. 
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The deformation systems acting under the tensile load, and their relative activities, are 

presented in Fig. 7(e). It shows that prism and pyramidal <a> slip systems are acting first 

followed by second and first order <c+a> pyramidal slips, and then, the basal slip system. The 

presence of prism and first order <c+a> pyramidal slip as deformation systems in zirconium 

alloys under tensile or compressive loading at room temperature had been extensively observed 

[8, 9, 13, 16, 28]. The contribution of the pyramidal <a> slip system was observed to have a 

direct impact on the profiles for the longitudinal pyramidal planes. In particular, the (10.1) 

reflection exhibits significantly improved agreement with the measurement, after pyramidal <a> 

was added to the model. is at odds with the results reported in Ref. on a Zr-2 alloy with 

equiaxed microstructure, where a non-significant contribution has been suggested and in turn 

basal slip was preferred. It should be noted that both pyramidal <a> and basal are slip systems 

along <a> direction. However, the observation is consistent with Ref. [29], which shows good 

agreement between measured and calculated texture when pyramidal <a> was introduced in a 

similar theoretical model. The second order <c+a> pyramidal slip had a great influence on the 

abrupt changes in the strain evolution in Zr (00.2) grains, in longitudinal direction. Basal slip 

systems had been reported to improve the agreement between the experiment and the model [8, 

9]. Due to the fact that only the slip systems were activated in this simulation, and no twinning 

systems, the texture cannot be predicted using the current version of the EPSC model [17]. Note 

that, at this moment, this EPSC modeling scheme calculates texture developed due to twinning 

only, although efforts are ongoing to develop a full finite strain implementation of the EPSC 

model. 

Let us examine now, in more detail, the measured texture that developed at the end of 

tensile test (7 % total strain). From the comparison of the prism poles with the basal pole, one 
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can observe that they have a correlated behavior. This behavior seems to be consistent with a 

lattice rotation of about 85 degrees, which, in general, is associated with tensile twinning [3]. 

Therefore, the possibility of twinning has been explored and it is presented further in Case 2 and 

Case 3. 

Case 2 accounts for the activity of tensile twinning, in addition to the systems. Thus, 

Case 2 considers the activity from the prism slip < T 2 To> {loT O} , the basal 

slip < 2 T To> {OOO I} , the <a> pyramidal slip < T 2 To> I}, the <c+a> first order pyramidal 

slip < T T 23 > {10T I}, and tensile twinning < TOIl> {lOT2}. Note that the <e+a> second order 

pyramidal slip system has been replaced with tensile twinning, as both provide deformation 

along the <c> direction. The magnitude of CRSS and the corresponding hardening coefficients 

for each system are indicated in Table 2, and the calculated eurves in Fig. 8. The agreement 

between the ealculation and experiment is very similar to Case 1, Figs. 5 and 7. However, in the 

longitudinal direction, (10.3), as well as Zr (10.2), experience a decrease in slope and deform 

plastically (upward inflection) above 350 MPa, Fig. 8(a). The relative activity for each system is 

plotted as a function of the applied load in Fig. 8( c). The first inflection in the internal strain 

evolution occurs at around 200 MPa, when twinning is activated as the first active deformation 

system. Accordingly, in Fig. 8(d), the twin volume fraction shows a significant increase, given 

by the preseribed 2 % minimum twin fraction. At the end of the tensile test, the final twin 

volume fraction is about 3 %. The tensile twinning is followed shortly by prism and pyramidal 

<a> slip. At loads close to 300 MPa, pyramidal <c+a> and basal slip systems start to playa role 

in the deformation. Another observation is that the child grains (twins) also exhibit plasticity 

through slip. At about 350 MPa, large slip activities are observed in the twins, by prism and 
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pyramidal <a> systems. It is worth noting that the calculation treats the twins, once formed, as 

separate grains. However, in reality, the stress relaxation that takes place in the parent grain, due 

to the twin shear, can affect the stress state in the twin. The texture predicted the Case 2 

calculations is shown in Fig. 8(e), and it is solely attributed to the twinning activity. From the 

comparison of the calculated texture with the measured ones, i.e., before the tensile test (Fig. 3) 

and after the test (Fig. 4) it can be seen that the modeled texture is similar with the texture before 

the tensile testing. However, it should be noted the depletion at the center of the basal pole figure 

shown extensively by the deformed case. The calculated texture for case suggests 

twinning might playa role on the plastic deformation of this Zircaloy-4 alloy, which leads us to 

Case 3, which accounts for a more significant activity from twinning. 

Table 2. Case 2: The deformation systems (slip and 3% final twinning volume fraction), 

the corresponding CRSS and hardening coefficients used for Case 2 - EPSC calculation and 

shown in 8. 

Deformation system TO (MPa) T1 (MPa) 80 (MPa) 81 (MPa) 

Prism 110 10 10 10 

Basal 200 30 10 10 

Pyramidal <a> 110 40 2,250 10 

Pyramidal <c+a> 250 10 310 10 

Twinning 2% 220 10 310 310 

Therefore, Case 3 simulation includes the same active systems as Case 2, however 

hardening parameters were changed to increase the final twin volume fraction. The CRSS values 
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and the hardening coefficients are shown in Table 3. The calculated profiles are presented in Fig. 

9, showing a similar behavior as Case 2 for most of the grain sets. However, there is a poor 

agreement for longitudinal Zr above 380 MPa. 

Table 3. Case 3: The deformation systems (slip and 9% final twinning volume fraction), 

the corresponding CRSS and hardening coefficients used for Case 3 - EPSC calculation and 

shown in Fig. 9. 

Deformation system to (MPa) tl (MPa) 00 (MPa) 01 (MPa) 

Prism 110 10 10 10 

Basal 

r--------

210 30 10 10 

10Pyramidal<a> 120 40 750 

Pyramidal<c+a> 260 10 310 10 

Twinning 2% 220 10 10 10 

This deviation experiment coincides with the activation of slip systems in twin 

(child) grains, Fig. 9(c). We observed that in order to improve this misfit, the twinning volume 

fraction needed to be reduced, which would transform Case 3 into Case 2. The final twin volume 

fraction is about 9% for the Case 3 calculation, Fig 9( d). The predicted texture due to twinning, 

Fig 9(e), is similar to the measured one after tensile test, Fig. 4. for prism and the basal 

poles. However, the calculation exhibits a few differences, such as the presence of the depleted 

area at the center of basal pole, and the features at the center of prism poles. While the measured 

10.1 pole has the maximum density at its center, the predicted pole has the center depleted and 

the density around A similar trend is exhibited by 11.0 pole as well. the 
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deformation systems considered in Case 3, i.e., slip and significant tensile twinning activity, 

predict a texture quite similar to the experimentally measured texture after loading, but with a 

significant detriment to the agreement in the lattice strain evolution. 

Based on three cases discussed here, it can be concluded that the tensile twinning it 

does not seem to playa significant role on the plastic deformation of this alloy under the current 

experimental conditions. When the model uses a combination of slip systems, the macroscopic 

behavior and the lattice strain evolution exhibit good agreement with the experimental data. The 

simulation of texture development due to slip is not yet possible with the current EPSC scheme. 

However, work is being conducted to obtain an improved EPSC modeling scheme to address this 

issue and to allow a better understanding ofdeformation modes for Widmanstatten hcp materials. 

7. CONCLUSIONS 

The deformation mechanisms of a Zircaloy-4 alloy with Widmanstatten - Basketweave 

type microstructure and random texture were investigated. In-situ neutron diffraction was used to 

measure the macroscopic behavior, the intergranular strains, and the bulk texture evolution. Six 

hkil planes were studied closely, namely two prism, the basal, and three pyramidal planes, 

however signals from many more families of grains were obtained. Furthermore, the 

experimental data were simulated using a newly-developed elasto-plastic self-consistent (EPSC) 

modeling scheme, which accounts for the anisotropic thermal, elastic-plastic properties of the 

constituent grains, and for the first time, activation, reorientation, and the stress relaxation 

associated with twinning and texture development. 

The model suggested that a combination of slip systems is responsible for the observed 

deformation behavior. These systems are the prism, pyramidal <a>, first and second order <c+a> 
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pyramidal, and basal slip systems. The magnitude of critical resolve shear stresses (CRSS) and 

the eorresponding hardening coefficients were identified from the model. The calculation fits the 

macroscopic stress-strain curve perfectly. The evolution of intergranular strain is complex and 

the model showed quantitative agreement for the basal and prism planes in both longitudinal and 

transverse directions with the experiment. The simulation for the pyramidal planes followed the 

measured elastic profiles, however, they deform plastically under higher stresses than the 

experiment, yielding only a qualitative agreement. 

Finally, the measured texture, developed after the tensile loading, suggested the 

occurrence of a lattice rotation of about 82 degrees, which, in general, is associated with tensile 

twinning. Therefore, we investigated the possibility of deformation by tensile twinning in 

addition to the slip systems. The results indicate that twinning is not a major deformation mode 

for this alloy under the current experimental conditions. 
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1010 

(d) 

Figure 1. Polarized light optical microstructure of mechanically polished and etched 

Zircaloy-4; a) showing the Widmanstatten - Basketweave type structure including the former ~

Zr grains with a mean diameter of approximately 700 )lm, b) magnified view of the Basketweave 

structure showing the a-Zr plates within the former ~-Zr grains. (c) Electron backscatter 

diffraction (EBSD) image of a-plates within a former ~-grain. It also shows unit cells schematics 

for each local orientation in selected Zr-plate. The dark regions are due to distorted lattices. (d) 

Color-coded stereographic triangle where each color represents a different orientation in the 

EBSD image. (e) Prism and basal pole figures obtained from the EBSD analyses . 

22 




Neutron Incident Beam 

f.. 
f 
:I 
;II:" 

= .... 

Loading direction 

Figure 2. Schematic representation of the in-situ neutron diffraction experiment setup at the 

SMARTS instrument. The uniaxial tensile loading direction, and the detector bank positions, 

allow strain measurement in longitudinal (plane normal parallel to the loading direction, Q II) and 

transverse (plane normal perpendicular to the loading direction, Q.l.) directions. 
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Figure 3. Initial texture of the as-received Zircaloy-4 alloy measured by neutron diffraction 

using the HIPPO instrument, without any symmetry assumptions. The loading axis is at the 

center of pole figure. 

Figure 4. The texture measured at the end of the tensile test (7 % total strain), measured by 

neutron diffraction using the HIPPO instrument. 

2.6 

1010 2 .4 

2,2 

2.0 

1.8 

• 1.6 

,. 1.4 

1.2 

1.0 

0.8 

0,6 

0 .4 

0.2 
nun ,x 
0.61 1.37 0.0 

24 




• • 

• • • • • • • 

500 I 

-roa.. 400 

~ ...... 
~ 300 


~ 

CiS 
en 200 
c 
.~ 

Q) 

Q) 100 

C 

en 
C 
W 	 0 I 

-1 

Macroscopic stress-strain curve 
I I I ' I I' I ' 

~ NO 
- EPSC 

-;
0 1 2 3 4 5 6 7 8 

Engineering Strain (%) 

Figure 5. Macroscopic tensile stress-strain curve measured during the neutron diffraction 

(ND) experiment (symbols). The engineering stress on the y-axis is obtained as time average 

stress. The line represents the simulated profile using the elasto-plastic self-consistent (EPSC) 

calculation. 
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Figure 6. The neutron diffraction (ND) elastic lattice strain evolution under the applied 

tensile load for (a) longitudinal and (b) transverse directions, showing the elastic-plastic 

anisotropy. 
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Figure 7. Case 1: Neutron diffraction (ND) data (symbols) and the EPSC calculation (lines) 
obtained from the combination of the slip systems listed in Table 1. Macroscopic stress-strain 
curve is shown in Fig. 5. Lattice strain evolution under applied load in longitudinal direction 
(parallel to the loading axis) for (a) the basal and two prism planes and (b) three pyramidal 
planes. Lattice strain evolution under applied load in transverse direction (perpendicular to the 
load axis) for (c) the basal and two prism planes, and (d) three pyramidal planes_ (e) Predicted 
relative system activity developed under the applied stress. 
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Figure 8. Case 2: Neutron diffraction (ND) data (symbols) and the EPSC calculation (lines) 
based on the combination of slip systems and tensile twinning listed in Table 2. Macroscopic 
stress-strain curve is shown in Fig. 5. Lattice strain evolution under the applied load for the 
basal, prism, and pyramidal planes in (a) longitudinal direction (parallel to the loading axis) and 
(b) transverse direction (perpendicular to the load axis). (c) Predicted relative system activity 
developed under the applied stress. The continuous lines are for the parent grains (P) and the 
dashed lines are for the twin grains (C). (d) The calculated final twin volume fraction developed 
under the applied stress. (e) Predicted texture developed due to the 3% final twinning volume 
fraction at the end of tensile test. 
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Figure 9. Case 3: Neutron diffraction (ND) data (symbols) and the EPSC simulation (lines) 
obtained from the combination of the slip systems and significant tensile twinning activity, 
indicated in Table 3. Macroscopic stress-strain curve is shown in Fig. 5. Lattice strain evolution 
under applied load for the basal, prism, and pyramidal planes in (a) longitudinal direction 
(parallel to the loading axis) and (b) transverse direction (perpendicular to the load axis). (c) 
Predicted relative system activity developed under the applied stress. The continuous lines are 
for the parent grains (P) and the dashed lines are for the twin grains (C). (d) The calculated final 
twin volume fraction developed under the applied stress. (e) Predicted texture developed due to 
the 9% final twinning volume fraction at the end of tensile test. 
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Figure Captions: 

Figure 1. Polarized light optical microstructure of mechanically polished and etched 

Zircaloy-4; a) showing the Widmanstatten - Basketweave type structure including the former ~

Zr grains with a mean diameter of approximately 700 Ilm, b) magnified view of the Basketweave 

structure showing the a-Zr plates within the former ~-Zr grains. (c) Electron backscatter 

diffraction (EBSD) image of a-plates within a former ~-grain. It also shows unit cells schematics 

for each local orientation in selected Zr-plate. The dark regions are due to distorted lattices. (d) 

Color-coded stereographic triangle where each color represents a different orientation in the 

EBSD image. (e) Prism and basal pole figures obtained from the EBSD analyses. 

Figure 2. Schematic representation of the in-situ neutron diffraction experiment setup at the 

SMARTS instrument. The uniaxial tensile loading direction, and the detector bank positions, 

allow strain measurement in longitudinal (plane normal parallel to the loading direction, QII) and 

transverse (plane normal perpendicular to the loading direction, Q.L) directions. 

Figure 3. Initial texture of the as-received Zircaloy-4 alloy measured by neutron diffraction 

using the HIPPO instrument, without any symmetry assumptions. The loading axis is at the 

center of pole figure. 

Figure 4. The texture measured at the end of the tensile test (7 % total strain), measured by 

neutron diffraction using the HIPPO instrument. 

Figure 5. Macroscopic tensile stress-strain curve measured during the neutron diffraction 

(ND) experiment (symbols). The engineering stress on the y-axis is obtained as time average 

stress. The line represents the simulated profile using the elasto-plastic self-consistent (EPSC) 

calculation. 

Figure 6. The neutron diffraction (ND) elastic lattice strain evolution under the applied 

tensile load for (a) longitudinal and (b) transverse directions, showing the elastic-plastic 

anisotropy. 
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Figure 7. Case 1: Neutron diffraction (ND) data (symbols) and the EPSC calculation (lines) 

obtained from the combination of the slip systems listed in Table 1. Macroscopic stress-strain 

curve is shown in Fig. 5. Lattice strain evolution under applied load in longitudinal direction 

(parallel to the loading axis) for (a) the basal and two prism planes and (b) three pyramidal 

planes. Lattice strain evolution under applied load in transverse direction (perpendicular to the 

load axis) for (c) the basal and two prism planes, and (d) three pyramidal planes. (e) Predicted 

relative system activity developed under the applied stress. 

Figure 8. Case 2: Neutron diffraction (ND) data (symbols) and the EPSC calculation (lines) 

based on the combination of slip systems and tensile twinning listed in Table 2. Macroscopic 

stress-strain curve is shown in Fig. 5. Lattice strain evolution under the applied load for the 

basal, prism, and pyramidal planes in (a) longitudinal direction (parallel to the loading axis) and 

(b) transverse direction (perpendicular to the load axis) . (c) Predicted relative system activity 

developed under the applied stress. The continuous lines are for the parent grains (P) and the 

dashed lines are for the twin grains (C). (d) The calculated final twin volume fraction developed 

under the applied stress. (e) Predicted texture developed due to the 3% [mal twinning volume 

fraction at the end of tensile test. 

Figure 9. Case 3: Neutron diffraction (ND) data (symbols) and the EPSC simulation (lines) 

obtained from the combination of the slip systems ' and significant tensile twinning activity, 

indicated in Table 3. Macroscopic stress-strain curve is shown in Fig. 5. Lattice strain evolution 

under applied load for the basal, prism, and pyramidal planes in (a) longitudinal direction 

(parallel to the loading axis) and (b) transverse direction (perpendicular to the load axis). (c) 

Predicted relative system activity developed under the appl ied stress. The continuous lines are 

for the parent grains (P) and the dashed lines are for the twin grains (C). (d) The calculated final 

twin volume fraction developed under the applied stress. (e) Predicted texture developed due to 

the 9% [mal twinning volume fraction at the end of tensile test. 
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