Chapter 9

General Discussion

9.1 Overview of the thesis

The general objective of this research was to provide a comprehensive experimental
data set to better understand the plastic deformation at the grain level in Zircaloy-2. This
has been fulfilled by investigating both lattice strain and texture development using a
combination of neutron diffraction and polycrystalline modeling. Prepared in a
manuscript form, this thesis contains independent (in some sense) but closely related
chapters, which have made the thesis an integral piece of work (see Chapter 1).

Chapter 2 presented an overview of the basic knowledge and relevant studies
pertaining to this research, which formed a basis for understanding the ensuing chapters.

Chapters 3-6 were focused on the subject of lattice strain evolution. Details of the
experimental procedures were presented, and the complete experimental data set of lattice
strain evolution was established. Interpretations of the experimental data were based on
the combination of neutron diffraction and EPSC modeling. Operative deformation
modes and their CRSSs and hardening parameters were derived.

Chapter 3 reported the lattice strain evolution observed in the loading direction
during compression along ND, TD and RD. Tensile twinning in the compression along
TD and RD was inferred and used to interpret the inflections in the (0002) strain
development. The spread of lattice strains in the test direction was found to be larger in
compression than in tension. The difference in strain distribution in tension and

compression was ascribed to the possible asymmetry of the CRSS for pyramidal <c+a>
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slip relative to the normal stress on the slip plane, and/or the occurrence of tensile
twinning in addition to the asymmetry of thermal residual strains in the slab. The lattice
strain in newly formed twins was measured for the first time in any Zr alloy. This
measurement will provide a benchmark for the development of polycrystalline models
that provide a realistic representation of twinning by incorporating the relaxation of
stresses in parent grains and newly formed twins [1,2].

Chapter 4 presented the lattice strain development measured in the three plate
principal directions obtained during tension and compression in the three directions.
These represented the most extensive data set of lattice strains yet to be published for any
zirconium alloy, or indeed any hcp alloy. The data set formed a sound basis to
investigate the active plastic deformation mechanisms and to rigorously test plasticity
models, especially twinning models.

Chapter 5 made a contribution to the quantitative understanding of the deformation
mechanisms of Zircaloy-2 using an EPSC model. The influences of prism <a> slip, basal
<a> slip, pyramidal <c+a> slip and tensile twinning modes were considered. The critical
resolved shear stresses and hardening parameters for each mode were obtained by
simultaneously obtaining a ‘best-fit” with the macroscopic flow curves, Lankford
coefficients and lattice elastic strain development for all measured diffraction peaks, for
the combination of three measurement directions, three loading directions, and two
mechanical loadings (i.e. compression and tension). This was the first attempt to fit such
an extensive data set. In particular, the hardening due to deformation mode interactions

was found to be important and was qualitatively estimated using the model.
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Chapter 6 considered a variety of slip mode combinations and investigated the roles
of each slip mode in lattice strain development. It was concluded that there is evidence
that basal slip must occur, while the effects which might be attributed to pyramidal <a>
slip can be represented by the influence of other combinations of slip modes. Reasonable
ranges of CRSSs for the commonly selected slip modes were derived. This would benefit
the modeling of Zircaloy-2 and its sister alloys.

Chapters 7-8 were focused on the subject of texture evolution. This allowed a
different approach to understand the deformation mechanisms from that used in Chapters
3-6.

Chapter 7 presented a complete data set of the intensity (or texture coefficient)
development during deformation and the measured textures after deformation.
Qualitative interpretations for the texture formation were provided, which were based on
a systematic investigation of the effects of individual deformation modes. The smallest
set of deformation modes comprising prism slip, basal slip, pyramidal <c+a> slip and
tensile twinning was inferred to facilitate implementation of plasticity models for a
further quantitative interpretation.

Chapter 8 developed a guantitative understanding of the texture formation using a
VPSC model. The influences of prism slip, basal slip, pyramidal <c+a> slip and tensile
twinning were considered. The model parameters were adjusted to obtain a simultaneous
‘best-fit” to the flow curves, Lankford coefficients, the development of texture
coefficients in three directions and post-deformation textures, for specimens compressed
or pulled in three principal directions relative to the slab texture. The modeling was

improved compared to the literature in that a more extensive data set was used to
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constrain the modeling parameters. This improvement in the modeling helped refine the
CRSSs and hardening parameters, and estimate the latent hardening effects due to
deformation mode interactions.

Appendix A presented the measurement of thermal residual strains in the as-received
Zircaloy-2 slab, which formed one of the bases of the lattice strain modeling, and helped
explain the discrepancy in the spread of lattice strains reported in Chapter 3. Appendices
B and C are manuscripts presented at the Canadian Nuclear Society conferences, which
represent the preliminary results concerning the lattice strain modeling and texture
modeling, respectively. Appendix D presented the measured post-deformation pole

figures that had not been shown in the main chapters.

9.2 Comparison of derived characteristics of deformation mechanisms
9.2.1 Comparing EPSC and VPSC modeling results

Both EPSC and VPSC are self-consistent polycrystalline models that are based on
the assumption of an Eshelby inclusion being surrounded by and interacting with the
surrounding homogeneous effective medium (HEM). Specifically, in both models the
single crystal plastic deformation is characterized by the activation of multiple slip and/or
twinning modes. Thus one would expect that the single crystal properties derived from
the two models should be largely consistent with each other. However, the models are
different from each other as to the representation of the inclusion, interaction and HEM,
for which EPSC uses an elasto-plastic description while VPSC uses a visco-plastic one.
Aside from this difference, there are certain limitations with the models as discussed in
the literature review. As a result, it is natural that the derived characteristics of

deformation mechanisms from the two models are not perfectly matching.
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Both models have demonstrated (1) the necessity of including prism, basal,
pyr<c+a> slip, and twinning, especially the inclusions of basal slip, (2) the necessity of
introducing Lankford coefficients as constraints to the models, and (3) the necessity of
considering the hardening due to deformation mode interactions. The models gave (1)
close CRSSs (7,’s) for the respective slip and twinning modes, Table 9-1, (2) similar
trends as to the hardening behaviour (6,) pertaining to either prism slip, basal slip or
<c+a> slip, Table 9-1, i.e. <c+a> slip hardens much more quickly than the <a> slip, (3)
similar trends with respect to the relative activities of the contributing deformation modes

under various deformation conditions relative to the parent plate, (4) similar trends as to

the latent hardening effects for most of the deformation mode interactions, Table 9-2.

Table 9-1. Critical resolved shear stresses and VVoce hardening parameters

7, (GPa) 7, (GPa) o, 6,

EPSC VPSC EPSC VPSC EPSC VPSC EPSC VPSC

prism <a> slip 0.100 0.100 0. 0.030 0.02 0.50 0.02 0.08
basal <a> slip 0.160 0.155 0 0.001 0.02 0.01 0.02 0.00
pyr<c+a> slip 0.320 0.320 0. 0.130 0.40 0.80 0.40 0.40
tensile twinning 0.240 0.220 0 0.020 0.10 0.15 0.10 0.08

Table 9-2. Latent hardening parameters (‘1’ represents isotropic hardening)

mode s heP" hP% h*PY h*
EPSC VPSC EPSC VPSC EPSC VPSC EPSC VPSC
prism <a> slip 5 2 1. 1. 1. 1. 5 12
basal <a> slip 5 1 5 1 1 1 5 1.
pyr<c+a> slip 1. 1. 1. 1. 1. 2 1. 1.
tensile twinning 1 1 1 1 1 1 1 2.
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The general consistency between the two models, in terms of the derived
deformation mechanisms, the CRSSs and hardening behaviour, is significant — it strongly
supports the conclusion that the derived single crystal properties are representative of the
‘actual material’, at least within the limitations of the models’ ability to describe the
material.

From Table 9-1, it is clear that the two models yielded very close CRSSs for each of
the deformation modes. The small discrepancy in CRSS for basal slip or tensile twinning
can be attributed to the difference between the way the models handle twinning, and/or
the existing thermal residual stresses among the grains which VPSC does not account for.
The small ambiguity of the CRSSs is hard to resolve at present as the current available
models have certain deficiencies and differences.

In the EPSC model, prism slip hardens as quickly as basal slip (though both harden
very slowly, with 8" =6*=0.02), while VPSC suggested a lower hardening rate for

basal slip (nearly none). As shown in Table 9-2, both models predicted strong obstacle
effects of twins to prism slip (stronger in VPSC than EPSC); however, the VPSC model
did not suggest any anisotropic latent hardening due to ‘basal/prism’, ‘basal/basal’ or
‘basal/twinning’ interactions which were revealed by the EPSC model. The VPSC model
predicted the anisotropic hardening of ‘<ct+a>/<c+a>’ and ‘twinning/twinning’
interactions, while EPSC model did not support these hardening effects. It is speculated
that the VPSC results in these respects are more realistic than the EPSC results, because
VPSC is more suitable for dealing with large-strain deformation during which the

dislocation interactions and hardening are more likely to be significant. It is likely that in
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EPSC, certain latent hardening parameters have compensated for the fact that texture
development was not represented.

Concerning the predicted relative activities of the deformation systems, both models
revealed significant twinning activity in Comp.RD, Comp.TD and Tens.ND, and the only
significant pyr<c+a> activity was in Comp.ND. Basal slip was the dominant mode in
Comp.ND and Tens.ND at large strains, as revealed by both models. The apparent
difference between the models is that prism slip was predicted by EPSC to always
activate first and accounts for 100% of the relative deformation activity initially, prior to
the activation of the other modes. In contrast, in VPSC modeling prism slip activity was
sometimes less than the other modes initially, e.g. in Comp.ND and Tens.ND. In this
respect it seems that EPSC gives more reasonable results since prism slip is most easily
activated (due to its low CRSS) and grains suitable for its activation were always present,
whatever the loading direction relative to the texture. VPSC does not account for the
initial elasto-plastic transition and thus fails to predict this dominant activation of prism

slip at the very early stage of plastic deformation.

9.2.2 Comparing derived CRSSs with the literature

CRSSs for the deformation modes given in the literature (see Table 2-4), which have
been determined using EPSC modeling, are broadly within the ranges of 90< 7" <118,
7o =160, 7”* =237.5, 190< '™ <330, 190< 7" <240, all units in MPa. CRSSs

derived in this research (Table 9-1) fall in these ranges, respectively for each of the
modes. However, there is no single set of CRSSs in the literature closely matching the

CRSSs obtained in this study; the closest match is found with those reported by Tomé et
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al. [3], which was derived by fitting to ex-situ measured residual strains accumulated

after cold rolling a Zircaloy-2 sheet by 1.5% strain, i.e. 7, =110, 7,"* =330 and

73" =210MPa. In their work basal slip was not considered.

The CRSS ratios derived from the VPSC modeling in the literature (see Table 2-5)
are mostly within the ranges of 7" : zp% ¢ : ¢ 1 )" = 1: 2~5: 2~4: 2~10: 1.2~10.
The CRSS ratios derived in this research (7" : 0% : 7 : 7o¥ =1: 1.55: 3.2: 2.2) partially

agree with these ranges — the ratios for <c+a> slip and tensile twinning to prism slip are
within the literature ranges, but the ratio for CRSS of basal slip to prism slip is not.

The different initial material states (e.g. texture, pre-straining) can contribute in part
to differences in the CRSSs. However, more likely it is that much smaller experimental
data sets (compared to that obtained in this research) in the literature have resulted in
more ambiguous determination of the CRSSs, because the small data sets did not provide
sufficient constraints on the large number of fitting parameters.

It is emphasized that in the literature there is no single set of CRSSs (or even two
close sets) that was used to simultaneously fit with the lattice strain data using EPSC and
the texture data using VPSC. In contrast, in this research, the deformation mechanisms,
the CRSS sets, and the hardening behaviour derived from two different modeling aspects
(lattice strain or texture), are consistent with each other, and those differences which do
exist can be explained in terms of the different model assumptions. Furthermore, the
derived characteristics of deformation mechanisms are well constrained by the large data
set, and thus are more likely to be ‘real’ than those reported in the literature for smaller

data sets.  This is a strong support for the validity of the derived deformation
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mechanisms, and for the necessity of establishing a large pool of experimental data,

which highlight the two major contributions of this research.
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