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Abstract

Polycrystalline modeling has been used to interpret the evolution of lattice strain and texture in zirconium based alloys. Challenges in
matching model and experimental results have mainly arisen from an insufficient knowledge of intrinsic deformation mechanisms (slip
and twinning). Specifically, there is little concrete evidence that basal hai-slip occurs during room-temperature deformation or whether
pyramidal hai-slip is an alternate mechanism. Also, the critical resolved shear stresses (CRSSs) for slip and twinning systems relevant to
polycrystals are not well established. We have developed an understanding of the contribution of basal hai-slip to deformation by apply-
ing an elasto-plastic self-consistent model to an extensive experimental database, obtained by neutron diffraction measurements on tex-
tured Zircaloy-2. By considering a variety of slip system combinations, the roles of each slip system in lattice strain development were
investigated. Parameters for the model were obtained by best fitting to a large experimental database, including both macroscopic data
(flow curves and Lankford coefficients) and microscopic internal strain data. Based on optimized agreement between model and exper-
imental data we conclude that there is evidence that basal slip does occur, while the effects which might be attributed to pyramidal hai-slip
can be represented by the influence of other combinations of slip systems. We propose reasonable ranges of initial CRSSs for each slip
system, which should benefit the modeling of similar materials (e.g. Zircaloy-4).
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium and its alloys are characterized by pro-
nounced mechanical anisotropy, which originates from
the anisotropic single crystal hcp structure and bulk crystal-
lographic texture. This anisotropy is manifest in the ther-
mal expansion coefficients, elastic modulae, and plastic
properties, i.e. different critical resolved shear stresses
(CRSS), and hardening behavior for different slip and
twinning systems. The plastic deformation mechanisms
observed in Zr and its various alloys [1] include slip in
hai-direction: f10�10gh11�20i prism slip (pr), {0001}
h11�20i basal slip (bas) and f10�11gh11�2 0i pyramidal slip
(pya); slip in hc + ai-direction: f10�1 1gh11�23i first-order
pyramidal slip (pyca) and f11�21gh11�23i second-order
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pyramidal slip; tensile twinning: f1 0�12gh10�11i (tt) and
f11�21gh11�26i; and compressive twinning: f11�22g
h11�23i and f10�11gh10�12i. Prism slip is the most easily
activated (i.e. has the lowest CRSS) and is always present
when a polycrystal is deformed regardless of deformation
conditions. Other deformation systems are activated only
under specific circumstances, i.e. combinations of tempera-
ture and stress sense relative to the bulk texture. For exam-
ple, tensile twinning is activated only when the hci-axis of a
particular crystal is placed under tension.

There is general agreement in the literature that
deformation of Zr and its alloys at room temperature is
accommodated by prism hai-slip, first-order pyramidal
hc + ai-slip and f10�12gh10�11i tensile twinning. The
experimental evidence, derived from single-trace methods
[2] or transmission electron microscopy (TEM) observa-
tions, has been well documented for the presence of prism
slip [3–5] and pyramidal hc + ai-slip [6–8], as well as tensile
twinning [4,9,10]. Prism slip always activates first with
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increasing applied stress. As a higher stress is applied, the
hai dislocations accumulate, forming local stress concentra-
tions where it is possible for cross-slip to operate. Cross-
slip of the hai dislocations is a likely mechanism for the ini-
tiation of basal slip and/or pyramidal hai-slip. However,
there is little conclusive experimental evidence of the pres-
ence of these two slip systems to date, principally due to the
difficulty in unambiguously identifying the slip plane by
TEM observations. Slip markings belonging to (or close
to) basal traces have been discovered in (1) single crystal
Zr (99.8–99.9 wt%) in regions of stress concentration at
room temperature [11], (2) single crystal Zr at elevated tem-
peratures [12], (3) commercial grade Zr near hydride parti-
cles [5], (4) irradiated Zircaloy [13] and (5) polycrystal Zr at
elevated temperatures during kink formation [14]. In brief,
there is no direct evidence for basal slip in polycrystal Zr
alloys at room temperature, but there is evidence for basal
slip under other circumstances. To the best of our knowl-
edge, there is no published evidence for pyramidal hai-slip
under any circumstances (the paper cited in Ref. [15] was
not published).

The inclusion of basal slip in the polycrystalline model-
ing (e.g. elasto-plastic [16] and visco-plastic self-consistent
[17] models) has been found to improve the ability to repro-
duce experimental macroscopic flow curves [18] and bulk
texture development [19–21] caused by plastic deformation.
However, other researchers [15,22–24] have instead pre-
ferred to include pyramidal hai-slip as an alternative to
basal slip in order to achieve optimal agreement with their
experimental data.

The lack of sufficient knowledge regarding values of
CRSSs appropriate for deformation systems also consti-
tutes a difficulty for performing polycrystalline modeling.
Practically, CRSSs must be derived indirectly through
polycrystalline modeling using an ‘inverse approach’ [25],
since the manufacture of single crystals of many alloys to
allow measurement of the CRSSs is either very difficult
or in some cases impossible. Further, the observed CRSSs
required for model fitting in a polycrystal will be different
from those found in a single crystal due to the interactions
of the dislocations with grain boundaries.

In this paper we aim to provide a better understanding
of the influence of basal slip and its contribution to poly-
crystalline plasticity. Through in situ tension and compres-
sion tests in neutron spectometers, we have obtained an
extensive experimental data set of both flow curves and
internal lattice strain development along the three principal
directions of a textured Zircaloy-2 slab. These data are
reported in full in Ref. [26]. This data set represents a far
more extensive data set than that available elsewhere in
the literature, and hence a more exacting test of polycrystal
models.

This paper considers a variety of combinations of defor-
mation systems, using a previously published elasto-plastic
self-consistent model (EPSC [16]). The model results are
compared to the experimental flow curves, the Lankford
coefficients (also referred to as R values), and internal lat-
tice strain development. In particular, we illustrate the
influence of basal slip. Reasonable ranges of CRSSs for
the commonly selected slip systems are also provided,
which may be helpful for the modeling of similar materials
(e.g. Zircaloy-4).

2. Background

2.1. Neutron diffraction measurements

We performed the in situ neutron diffraction measure-
ments at different sites, using the time-of-flight technique
for the compression tests at the ISIS neutron source, Ruth-
erford Appleton Laboratory, UK, and using the constant-
wavelength technique for the tensile tests at NRU reactor,
Chalk River Laboratories, Canada. We have corrected the
tensile test data to a strain rate equivalent to that used in
the compression tests [26], for the purpose of direct com-
parisons. The experimental set-up for each of the neutron
diffraction techniques is described in Refs. [27,18]. For
the time-of-flight measurement, the sample is placed
horizontally at 45� to the (horizontal) incident white beam,
with two detector banks sitting at scattering angles of
±90�. This allows a concurrent measurement of lattice
spacings in the loading direction and one of the two Pois-
son directions. Two tests are needed to obtain the lattice
strain development in three principal directions. In a con-
stant-wavelength test, only one detector is used. The sam-
ple is positioned so that the scattering vector is parallel
to either the loading direction or either of the two Poisson
directions. Three samples are needed for a three-dimen-
sional lattice strain measurement. In a neutron measure-
ment, an ‘orientation’ comprises a family of grains with a
particular plane normals lying within a few degrees off
the nominal orientation (roughly ±6.5� at ISIS and ±0.5�
at NRU) corresponding to the crystals contributing to
one measurement. Note that the measured lattice strain is
the average lattice strain for an ‘orientation’.

2.2. Elasto-plastic self-consistent model

The EPSC model is an Eshelby equivalent inclusion
model, which deals with interactions between Eshelby
inclusions and an infinite homogeneous effective medium
(HEM) that is subjected to an external load. Each inclusion
represents a particular grain orientation. The inclusions,
the HEM and the interactions between them are both elas-
tically and plastically anisotropic and the properties of the
HEM are the weighted average properties of all the inclu-
sions. A solution is obtained by iteration until the response
of the HEM correctly represents the overall response of the
polycrystal. The polycrystal can be textured, with grain
populations being grouped into different families according
to their orientations. A more detailed description of the
model can be found elsewhere [16].

The model generates the macroscopic flow history, and
as well, it produces the lattice strain evolution for each
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‘orientation’. These can be averaged for a specified family
of grains corresponding to the ‘orientations’ for which
the lattice strains are measured by neutron diffraction. This
allows direct comparison with neutron diffraction data. In
addition, the model offers insights on the relative activities
of individual deformation modes and the absolute average
activity of all the slip and twinning systems. The model has
been applied to a wide variety of materials of fcc (e.g.
[27,28]), and also hcp (e.g. [29,30]) structures when twin-
ning does not make a significant contribution.

In each grain orientation, the individual deformation
mode (including both slip and twinning) is assigned with
an initial CRSS, which develops as the deformation pro-
ceeds. This hardening behavior (i.e. the development of
CRSS) of each deformation mode s is represented by an
extended empirical Voce hardening expression [31]:

ss ¼ ss
0 þ ðss

1 þ hs
1CÞ½1� expð�hs

0C=s
s
1Þ�; ð1Þ

where ss is the instantaneous CRSS, ss
0 and ss

0 þ ss
1 are the

initial and final back-extrapolated CRSS, respectively. hs
0

and hs
1 are the initial and asymptotic hardening rates, and

C is the accumulated plastic shear in the grain. The model
also allows for the possibility of ‘self’ and ‘latent’ harden-
ing by defining coupling coefficients hs/s 0 which empirically
account for the obstacles to deformation the mode s 0 repre-
sent for deformation of mode s [31]:

Dss ¼ dss

dC

X

s0
hs=s0Dcs0 : ð2Þ
Table 1
Modeling cases of deformation system combinations

Case Prism
hai-slip

Basal
hai-slip

Pyr.
hai-slip

Pyr.
hc + ai-slip

Tensile
twin

I
p p

II
p p p

III
p p p

IV
p p p

V
p p p p

VI [32]
p p p p
2.3. Major findings in the related previous work

In Ref. [32], we demonstrated that a moderately strong
bulk texture led to very different deformation mechanisms
operating dependent on the sense of the applied loading.
We found that tensile twinning occurs in specimens
deformed in tension along the normal direction (Tens.ND),
or in compression along the rolling direction (Comp.RD)
and transverse direction (Comp.TD) of the slab, while
twinning is negligible in the other three deformation
conditions, i.e. compression along the normal direction
(Comp.ND) or tension along the rolling direction
(Tens.RD) and transverse direction (Tens.TD).

Based on the majority, but not all of the literature, in the
model used in Ref. [32] we considered prism hai-slip, basal
hai-slip, first-order pyramidal hc + ai-slip and tensile twin-
ning, and based on this assumption we found optimum
agreement between model and experiment. In Tens.TD
and Tens.RD, prism slip was the dominant mode, while
pyramidal hc + ai-slip operated to a negligible extent, with
basal slip operating at an intermediate level. In contrast, in
Comp.ND, basal slip and pyramidal hc + ai-slip were
highly active. The intensity changes of the measured dif-
fraction peaks in Comp.ND were rather subtle, suggesting
that the texture changes are insignificant under this loading
condition. However, the intensity of prism orientations in
Tens.TD and Tens.RD changed rather dramatically, pro-
viding a strong indication of texture change [33].

In the model [32] we also considered the influence of
latent hardening (i.e. hardening due to slip system interac-
tions). It was found that latent hardening has potent effects
not only on the lattice strain calculations, but also on the
predicted Lankford coefficients, especially in the cases of
Comp.RD and Comp.TD (but not in Comp.ND).
3. Modeling procedure

In this paper, we have used the same EPSC model
applied in Ref. [32] to further interpret the experimental
flow curves and lattice strain evolution, with the goal of
exploring the relative contributions of different combina-
tions of slip systems in matching the observed experimental
data. Texture measurements [34] indicated that in the
Zircaloy-2 slab (from which tension and compression spec-
imens were prepared), most basal grains are initially ori-
ented towards ND, with a few towards TD and very few
towards RD. We represent the measured slab texture using
a population of 1944 suitably weighted grains as described
in Ref. [32]. The principal difference between the modeling
work described in Ref. [32] and here, is that in this work the
latent hardening (i.e. hardening due to slip system interac-
tions) is not considered for simplicity, since our earlier
modeling has shown that latent hardening has only a mar-
ginal influence on the calculated lattice strains and R values
for Comp.ND. Comp.ND is also the only loading condi-
tion we explored in which neither twinning of any type
nor much texture development was observed.

To illustrate the roles of basal and pyramidal hai-slip on
lattice strain evolution, we consider five cases with different
slip system combinations (Table 1). The purpose of consid-
ering Case IV (which is not physically realistic, since prism
slip is absent) is to display the effects of prism slip by com-
parison with Cases III and V. Case VI is the combination
used in Ref. [32] that demonstrates the effect of tensile
twinning.

In each of the five cases (I–V), we derive initial CRSS
and Voce hardening parameters (i.e. s0 and h0; linear hard-
ening is selected for simplicity, thus s1=0 and h0 = h1) for
each slip system in an approach described as follows.

First, we define the criteria used to test the suitability of
the parameters used in the EPSC model. On the macro-
scopic scale, we require that modeling results should



Table 2
Critical resolved shear stresses [GPa] and Voce hardening parameters used in modeling

Case I Case II Case III Case IV Case V Case VI

s0 h0 s0 h0 s0 h0 s0 h0 s0 h0 s0 h0

Prism hai-slip 0.08 0.001 0.08 0.01 0.10 0.06 – – 0.10 0.06 0.10 0.02
Basal hai-slip – – – – 0.16 0.001 0.17 0.001 0.15 0.001 0.16 0.02
Pyr. hai-slip – – 0.12 0.01 – – 0.12 0.05 0.14 0.05 – –
Pyr. hc + ai-slip 0.18 0.80 0.32 0.60 0.32 0.80 0.34 0.80 0.33 0.80 0.32 0.40
Tensile twin. – – – – – – – – – – 0.24 0.10
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simultaneously capture the macroscopic responses (flow
curves and Lankford coefficients) for Comp.ND, Tens.TD
and Tens.RD, during which twinning is negligible. On the
microscopic scale, the results should capture the experi-
mental lattice strain evolution during Comp.ND, both
parallel and perpendicular to the applied load (i.e. three
measured data sets). One reason of choosing only the
Comp.ND data set is because the EPSC model (a) does
not account for significant texture evolution (which was
observed in Tens.TD and Tens.RD) and has limited capa-
bilities in dealing with twinning induced stress relaxation
(which was observed in the remaining data sets). Another
reason is that in Comp.ND secondary slip (slip other than
the prism slip) is much more active compared to that in the
loading along TD or RD, since only a few orientations are
favorably deformed by prism slip.

Second, compared to the values used in our previous
work [32] and reported in the literature we have set a wide
exploratory range of initial CRSSs (s0) for each slip system
in order to ensure we are not overlooking any reasonable
parameter combinations. This approach means that we
are exploring a much wider parameter space than would
be considered by, for example, simply starting with ‘good
estimates’ and carrying out a least-squares optimization.
The ranges considered in this paper are as follows (in
GPa): 0.066 spr

0 60.16, 0.056 sbas
0 60.35, 0.056 spya

0 60.35
and 0.106 spyca

0 60.40.
Finally, we construct a large orthogonal ‘grid’ of CRSS

combination within the set ranges, with an initial step of
0.05 GPa for each slip system. The result obtained using
the input parameters for each ‘grid point’ is then tested
Fig. 1. Experimental and predicted flow curves for: (a) compressio
for agreement with the experimental data sets. Those ‘grid
points’ resulting in reasonable agreement with experiments
are then selected as the starting points for the next round of
‘optimization’, at which a finer step of 0.01 GPa is applied,
and a new grid of data points is obtained. The ‘best fit’
parameter combinations determined by this method are,
shown in Table 2.

4. Modeling results

4.1. Macroscopic behavior

The calculated macroscopic flow curves for each of the
five cases are depicted in Fig. 1, superimposed on their
experimental counterparts. For most cases the agreement
between the model and experiment is reasonable, with the
exception of Cases I and IV where no basal slip or prism
slip is considered. Table 3 tabulates experimental and cal-
culated Lankford coefficients, which are defined as the
ratio of contractions (or expansions) in two Poisson direc-
tions after a specimen is pulled (or compressed). The com-
parison shows good agreement with experiment if basal slip
is included (Cases III, IV and V); without it (Cases I and II)
the R values are too high to be correct for Tens.TD and
Tens.RD. This is generally understood by considering the
initial texture and Schmid factors. Schmid factors are high-
est for basal slip in the high-order pyramidal orientations
ðf10�12g, f10�13g and f11�2 2gÞ, most of which are initially
orientated close to ND. Thus basal slip can effect substan-
tial deformation along ND (the plastically hardest
direction), resulting in lower R values compared to the
n along ND, (b) tension along TD and (c) tension along RD.



Table 3
Experimental and calculated Lankford coefficients

Experimental Case I Case II Case III Case IV Case V

Comp.ND 1.01 2.94 1.69 1.15 1.10 1.22
Tens. TD 3.46 7.93 5.15 2.99 2.91 3.44
Tens. RD 2.61 3.00 3.94 2.60 3.23 3.08
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cases where no basal slip is included during tension along
RD and TD. This is clearer in tension along TD, where
the two Poisson directions are the ‘softest’ (RD) and the
‘hardest’ (ND).

The insignificant differences in calculated flow curves
and R values across Cases III–V reflect the fact that repro-
ducing only the macroscopic behavior is not sufficient to
reveal intrinsic deformation mechanisms microscopically.

4.2. Lattice strain development

We compare the predicted lattice strain development
using different combinations of slip systems (Cases I–V)
to the experimental data in three directions, which were
obtained during compression along ND. We will omit the
lattice strain data for some of the diffraction peaks for
brevity (one should note that, in doing this, none of the
measured peaks was actually overlooked): (1) f11�20g and
f20�21g (similar to that for f10�10g) in all the three direc-
tions, (2) f11�22g in ND and TD (similar to that for
f10�11g) and (3) {0002}, f1 0�13g and f10�1 2g in RD (for
their low intensity and resultant large experimental errors).

4.2.1. Case I
In Case I (‘pr+pyca’), the general trend of lattice strains

of the low-order peaks (e.g. f10�10g, f11�2 0g and f20�21g)
in the loading direction (Fig. 2(a)) is roughly acceptable.
This suggests that the CRSS of prism slip and its hardening
are within reasonable ranges, as the yielding and hardening
of the low-order orientations are mainly controlled by
prism slip (Schmid factor is high). For other pyramidal ori-
entations and the basal orientation, the agreement between
the model and experiment is unacceptable. In the two Pois-
son directions (Fig. 2(b) and (c)), it is obvious that even the
Fig. 2. Predicted and measured 3-D lattice strain evolution during compression
and (c) lattice strains along RD. The sample was tested such that Q1kND (a)
general trend in the lattice strain development is missed for
all the plotted diffraction peaks. This poor agreement can-
not be improved by simply tuning the model parameters
(within the ranges given in Section 3). Thus we infer that
considering only prism hai-slip and pyramidal hc + ai-slip
is not sufficient to reproduce the experimental lattice strain
data.

4.2.2. Case II

In Case II (‘pr+pya+pyca’), predicted lattice strains in
the loading direction (Fig. 3(a)) are acceptable. In particu-
lar, the difference between f10�11g and f10�12g lattice
strains in the plastic regime is captured by the model, which
was not successfully reproduced in our previous work [32].
However, the model fails to reproduce the lattice strain
development for all the diffraction peaks in the Poisson
directions (Fig. 3(b) and (c)). Again, simply adjusting the
model parameters does not help improve the agreement.

4.2.3. Case III

If we replace pyramidal hai-slip with basal slip (Case III,
‘pr+bas+pyca’), the agreement between the model and
experiment in the two Poisson directions is much improved
(Fig. 4(b) and (c)), compared to Cases I and II. However, it
is noted that the predicted {0002} strain in TD still devi-
ates from the experimental data during plastic deforma-
tion, as in the previous two cases. This deviation is
induced by the exclusion (on purpose) of tensile twinning
in modeling, which, although negligible, has a strong effect
in reproducing the basal strain in TD. This will be clearer
when comparing Cases III and VI [32]. The higher yield
strength shown in Fig. 4(b) than that in Fig. 4(a) and (c)
is due to the texture variation in the two specimens [26]
used for the compression testing along ND. In the loading
along ND, Case I: (a) lattice strains along ND, (b) lattice strains along TD
and Q2kTD (b) or Q1kND and Q2kRD (c).



Fig. 3. Predicted and measured 3-D lattice strain evolution during compression along ND, Case II: (a) lattice strains along ND, (b) lattice strains along
TD and (c) lattice strains along RD.

Fig. 4. Predicted and measured 3-D lattice strain evolution during compression along ND, Case III: (a) lattice strains along ND, (b) lattice strains along
TD and (c) lattice strains along RD.
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direction (Fig. 4(a)), the model results are acceptable, but
the difference between f10�11g and f10�12g strains is hard
to discern. As shown in Case III, basal slip brings about
micro-yielding [26] of the high-order pyramidal orienta-
tions: this is consistent with the relatively high Schmid
factors in these orientations. Once these pyramidal orienta-
tions yield, load is transferred to the lower-order grains,
such as f10�10g, f11�2 0g, f20�21g and f10�11g, and thus
their lattice strains keep increasing. Case III shows that
basal slip is necessary in the modeling.
Fig. 5. Predicted and measured 3-D lattice strain evolution during compressio
TD and (c) lattice strains along RD.
4.2.4. Case IV
Case IV (‘bas+pya+pyca’) is unrealistic and was only

designed to illustrate the effects of prism and pyramidal
hai-slip. Fig. 5 clearly shows that the lattice strain develop-
ment in all the three directions is not much different from
that in Case III, except for prism orientations (e.g.
f10�10g) in the loading direction, and f11�22g in RD.
Two points are apparent. First, without prism slip, the
micro-yielding of the prism grains cannot be reproduced
(even using other model parameters), resulting in rapidly
n along ND, Case IV: (a) lattice strains along ND, (b) lattice strains along
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increasing lattice strains in these grains during plastic
deformation. Therefore prism slip should not be ignored,
and cannot be substituted by pyramidal hai-slip. Secondly,
pyramidal hai-slip is not an essential deformation mode for
modeling, since without it the lattice strains (especially
those of pyramidal grains) still can be reproduced as shown
in Case III.

4.2.5. Case V

In Case V (‘pr+bas+pya+pyca’) all the commonly used
slip systems are considered. More parameters are needed to
be tuned, and thus more effort was spent compared to the
previous four cases. However, this effort does not lead to
Fig. 6. Predicted and measured 3-D lattice strain evolution during compressio
TD and (c) lattice strains along RD.

Fig. 7. Relative activities of slip systems as a function of applied true str
noticeably better agreement than Case III in all the three
directions (Fig. 6), except that the separation of f10�11g
and f10�12g strains is a little improved in the loading direc-
tion. It is then deduced, again, that pyramidal hai-slip is
not indispensable for modeling; its effect can be represented
by other slip systems.

4.3. Relative activities of slip systems

Fig. 7 presents how the slip systems compete with
each other during deformation in each of the five cases,
based on which, a clearer understanding of basal and pyra-
midal hai-slip is apparent. It is shown that prism slip (or
n along ND, Case V: (a) lattice strains along ND, (b) lattice strains along

ess: (a) Case I, (b) Case II, (c) Case III, (d) Case IV and (e) Case V.
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pyramidal hai-slip in Case IV) initiates first, followed by
basal or pyramidal hai-slip, and then by pyramidal
hc + ai-slip. This corresponds to the sequence of micro-
yielding in the prism, the lower-order pyramidal, the
higher-order pyramidal, and the basal orientations. It
appears that the micro-yielding of the basal orientation
(or the initiation of pyramidal hc + ai-slip) is responsible
for the macroscopic yielding of the material. This is clear
when comparing the evolution of relative activities
(Fig. 7) and the corresponding flow curves (Fig. 1).

The relative activity of pyramidal hc + ai-slip develops
in a similar pattern in Fig. 7(c) (Case III) and Fig. 7(d)
(Case IV). This happens to basal slip as well, but with
lower activity in Case IV, because in Case IV its role has
been partially assumed by pyramidal hai-slip.

Fig. 7(c) and (e) reveal a close similarity in the activity of
pyramidal hc + ai-slip between Cases III (Fig. 7(c)) and V
(Fig. 7(e)). More interestingly, the total amount of relative
activities of prism slip and pyramidal hai-slip in Case V is
commensurate with the activity of prism slip in Case III.
Basal slip is roughly the same active in both cases, although
part of its role in Case III may have been taken by pyrami-
dal hai-slip in Case V. In other words, pyramidal hai-slip
can be assumed as a combination of prism and basal slip.

5. Discussion

5.1. Effects of twinning

Even a small volume fraction of twins, of either tensile
or compressive types, can bring about remarkable stress
relaxation in the {000 2} orientation [32]. To maintain
stress equilibrium as well as strain compatibility, orienta-
tions other than {0002} would also experience changes
in their internal stress state, but the resultant effects are
largely dependent on the volume of twins. Twins can also
affect the subsequent plastic deformation after their forma-
tion, by facilitating or impeding the movement of disloca-
tions. In this paper, we deliberately ignore twinning
modes in the modeling in order to avoid another level of
complexity. Since twinning is not likely to occur signifi-
cantly in these specimens, because of its low Schmid factor,
it will not contribute significantly to the results reported
here. Specifically, the validity of disregarding twinning
modes in Comp.ND is justified by the following:

(1) TEM experiments have shown no tension or com-
pression twins of any type in the specimens com-
pressed along ND [35].
Table 4
Reasonable ranges of initial CRSSs ([min, max] in GPa)

Case I Case II

Prism hai-slip [0.08, 0.11] [0.08, 0.10]
Basal hai-slip – –
Pyr. hai-slip – [0.11, 0.13]
Pyr. hc + ai-slip [0.14, 0.19] [0.28, 0.32]
(2) Texture measurements and intensity analyses sug-
gested that the texture changes little during compres-
sion along ND [33]. If twinning activity was
significant, the texture and intensities would have
changed dramatically.

5.2. Reasonable ranges of CRSS

Reasonable CRSSs of the deformation systems should
meet the following requirements:

(1) Reproduce macroscopic flow curves for Comp.ND,
Tens.TD and Tens.RD.

(2) Predict Lankford coefficients for the above-men-
tioned three deformation conditions.

(3) Predict the relative activity of prism slip (except for
Case IV), i.e. prism slip should be the most active sys-
tem in any conditions, at least during the early stage
of plastic deformation.

(4) Capture the main features of the lattice strain devel-
opment (at least in the loading direction for some
cases) during Comp.ND, i.e. the micro-yielding
orientations should follow a sequence of the prism
initially, then the pyramidal, and the basal finally.

Being tested against the above constraints, the wide
ranges of initial CRSSs given in Section 3 have been dra-
matically narrowed down to those listed in Table 4, and
the best sets for each case are tabulated in Table 2.

5.3. Separation of f10�11g and f10�12g lattice strains

In Ref. [32], we speculated that the failure to separate
predicted f1 0�11g and f10�1 2g lattice strains in the loading
direction during Comp.ND resulted from the omission of
pyramidal hai-slip in the modeling. In this paper, we have
shown that the separation is present not only in Case II
(with pyramidal hai, Fig. 3), but also in Case I (without
pyramidal hai, Fig. 2). Further studies have shown that
even in Case III (‘pr+bas+pyca’), it was possible to sepa-
rate lattice strains of the two pyramidal peaks. Fig. 8 shows
an example of the separation, with initial CRSSs being
spr

0 ¼0.11 GPa, sbas
0 =0.34 GPa and spyca

0 =0.24 GPa. Thus
we may deduce that this separation can be fulfilled either
by other slip systems (e.g. pyramidal hc + ai-slip) than
pyramidal hai-slip, or by pyramidal hai-slip only, which
probably has been practically represented by others in
modeling.
Case III Case IV Case V

[0.09, 0.11] – [0.09, 0.10]
[0.14, 0.17] [0.14, 0.18] [0.16, 0.18]
– [0.11, 0.13] [0.14, 0.16]
[0.32, 0.36] [0.34, 0.36] [0.30, 0.33]



Fig. 8. Separation of f10�11g and f10�12g lattice strains using prism,
basal and pyramidal hc + ai-slip.
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5.4. Possibility of pyramidal hai-slip

In the published papers (e.g. [15,23,24]) which do not
consider basal slip, the deformation (tension or compres-
sion) typically proceeds in the direction along which only
a few high-order pyramidal or basal grains are orientated.
This probably explains why their modeling results are rea-
sonable even without basal slip, since low-order pyramidal
orientations present small Schmid factors for basal slip, but
large factors for pyramidal hai-slip.

It would be difficult to prove the necessity of including
pyramidal hai-slip using the current EPSC model and our
present experimental lattice strain data (due to the notable
texture changes in the cases other than Comp.ND). The
fact that satisfactory agreement of the model with experi-
mental results can be obtained without pyramidal hai-slip
and the complete absence of evidence that it exists in Zr
and its alloys suggests that one should be extremely
cautious about introducing pyramidal hai-slip into any
model.

6. Conclusion

We have illustrated the necessity of including basal slip
in the EPSC modeling of the room-temperature deforma-
tion in polycrystalline Zircaloy-2 by considering extensive
combinations of slip systems. Based on the fitting to our
neutron diffraction data, we believe that (1) basal slip is
very active during plastic deformation, and should be
considered in the EPSC modeling; (2) pyramidal hai-slip
can reasonably be neglected, especially if one wants to sim-
plify the modeling process by using fewer modeling param-
eters and that (3) a combination of prism slip, basal slip
and pyramidal hc + ai-slip is the smallest set of deforma-
tion systems necessary for modeling. We have also pro-
posed reasonable ranges of initial CRSS for each slip
system, which can serve as reference starting values for
the EPSC modeling of Zr alloys with similar chemical
compositions.
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[24] C.N. Tomé, R.A. Lebensohn, U.F. Kocks, Acta Metall. Mater. 39
(1991) 2667.

[25] S.R. Agnew, D.W. Brown, C.N. Tomé, Acta Mater. 54 (2006) 4841.
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