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Abstract: Plastic deformation and fracture of Zr–1% Nb alloys exposed to quasi-static tensile testing
have been studied via a joint analysis of stress-strain curves, ultrasound velocity and double-exposure
speckle photographs. The possibilities of ductility evaluation through the εxx strain distribution in
thin-walled parts of zirconium alloys are shown in this paper. The stress-strain state of zirconium
alloys in a cold rolling site is investigated considering the development of localized deformation
bands and changes in ultrasound velocity. It is established that the transition from the upsetting
to the reduction region is accompanied by the significant exhaustion of the plasticity margin of the
material; therefore, the latter is more prone to fracture in this zone exactly. It is shown that traditional
methods estimating the plasticity margin from the mechanical properties cannot reveal this region,
requiring a comprehensive study of macroscopically localized plastic strain in combination with
acoustic measurements. In particular, the multi-pass cold rolling of Zr alloys includes various
localized deformation processes that can result in the formation of localized plasticity autowaves.
Recommendations for strain distribution division over the deformation zone length in the alloy in
the pilger roll grooves are provided as well.

Keywords: deformation localization; plasticity; zirconium alloy; speckle photography

1. Introduction

It is known that the macroscopic localization of plastic flow has an autowave behavior,
and the type of autowave is determined by the strain hardening law [1,2]. Thus, at the
stage of linear work hardening, a system of equidistant localization foci moves at a constant
speed, that is, a phase autowave. At the stage of parabolic work hardening, the distribu-
tion of deformation foci remains spatially periodic, but their motion stops and, in terms
of synergetics [3], a stationary dissipative structure appears. With the beginning of the
pre-failure stage, a stationary zone with the high amplitude and local strain accumulation
rate (the future fracture point) is formed at the site of one of the foci. The remaining foci
come into a self-consistent movement in the direction of the specified fixed zone so as to
simultaneously reach the failure point. This phenomenon is interpreted as the collapse of
the localized plasticity autowave [4]. Earlier, it was proposed to use quantitative character-
istics of the entire evolution process of autowaves as a criterion of viscous failure [1,2,4].
Numerous experimental data reveal [1,2,5,6] that plastic strain localization observed in
many materials has identical form. However, searching for the ways for observing such
autowave processes in hexagonal close-packed (HCP) structures and solving problems
associated with the plasticity control of workpieces pre-deformed at earlier stages of the
technological processing has become an urgent task.

The use of zirconium-based alloys as fundamental structural materials for nuclear
reactors [7,8] requires knowledge of their structure and properties during plastic deforma-
tion [9]. This is of great importance, especially when assessing the technological plasticity
of alloys in the manufacturing of finished products. Despite the continuing interest in
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Zr-based alloys [10–15], the nature of their plastic deformation has not been fully studied.
As for doped Zr alloys, their deformation and plastic characteristics are mainly determined
by the complex phase composition and microstructure [16–22]. To gain insight into the
plastic flow features of zirconium alloys, the evolution of their micro- and macroscopic
defective structures with the development of strain requires thorough study.

Further improvement of the operational parameters of zirconium also necessitates
the application of reliable laboratory tools for performance assessment of related products,
associated with fracture resistance and plasticity. Traditional techniques consist in the
direct testing of the material in thin-walled products, which often makes it impossible
to use standard mechanical and corrosion evaluation approaches. Therefore, methods
based on nonlinear fracture mechanics are applied to determine the crack resistance of such
products and to establish a relationship between the fracture resistance and the ability of
alloys to deformation hardening and stable plastic flow. The condition for the irregular
growth of a viscous crack is the local deformation instability at its apex. In this case,
strain and fracture are determined by the degree of deformation accommodation of the
structural components of the alloy with different deformation capacity. This makes it
possible to identify the structural element that determines the plastic flow localization
and the crack development. Acoustic emission (AE) measurements during the testing of
samples and upon the manufacture and operation of products are one of the effective tools
of monitoring the quality of materials and technologies. In addition to high sensitivity, the
main advantage of the AE method is the possibility of the operational study of deformation
and fracture processes. The AE experiments combined with electron microscopy, X-ray
diffraction and fractography, as well as mechanical, corrosion and other tests, allow one to
highlight the phenomena occurring in composites. This is essential for the quality control
of materials and processes during their design, production and operation [23].

A powerful technique for the study of heat formation processes caused by energy
dissipation during deformation is infrared (IR) thermography [24], which consists of non-
contact measurements of the temperature of products under various conditions, as well as
in gathering information about the power distribution of heat sources on their surface. IR
thermography is widely used for the non-destructive control of the phenomena associated
with initiation and development of cracks, pores and other inhomogeneities of the material,
which may affect the durability of welded joints [25]. The mechanical behavior of coarse-
grained and ultrafine-grained Zr–1.0%Nb alloys during quasi-static tensile tests, as well
as local strain distributions and temperature regime evolution were investigated in a
study [26] using digital image correlation methods [27,28] and infrared thermography.

The corrosion resistance of products made from the zirconium alloy (Zr–Nb–Sn),
among other factors, is determined by the size of second-phase particles (SPPs). The
presence of large SPPs in the alloy structure reduces its corrosion resistance. Conducting
the quenching operation immediately before cold-rolling stages is the main way to reduce
the SPP size, but this is not applicable in industrial conditions due to the low workability
of the alloy in the quenched state. In correspondence with the Zr–Nb–Fe ternary phase
diagram, the Zr–1% Nb–1.2% Sn–0.35% Fe–0.1% O alloy structure in regular composition is
an α–Zr matrix with precipitates of intermetallic particles of the Laves phase type (Zr(Nb,
Fe)2) with an average size of 100 nm. In the structure of industrial products from the Zr–
Sn–Nb–Fe–Cu–O alloy (claddings, sheets, and rods), in addition to the Laves phase, there
can be observed larger precipitates of T-phase particles ((Zr,Nb)2Fe) with a size of up to
1 µm, which is connected with the thermal-deformation conditions of their production. The
influence of size, distribution and type of second-phase particles on the corrosion resistance
of the Zr–Sn–Nb–Fe–Cu–O alloy were studied in several works [29–31] using scanning
electron microscope, transmission electron microscope, electron back scattering diffraction,
tensile tests and autoclave corrosion tests. The results of structural and corrosion researches
of model specimens from the Zr–Sn–Nb–Fe–Cu–O alloy produced by different modes and
with different structural-phase state were presented in [13]. It has been shown that the
presence of the T phase within the structure of the alloy lowers the corrosion resistance of
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products from the Zr–Sn–Nb–Fe–Cu–O alloy to a larger extent than an increase in the size
of the Laves phase.

Currently, multicomponent Zr–Nb–Sn–Fe alloys with outstanding strength and a
complex of excellent operational properties are used for manufacturing the parts of the
power frame of the fuel assembly of nuclear reactors [10,12,13]. As a rule, ready-made pipes
of zirconium alloys are obtained by cold rolling from a special semi-finished thick-walled
pipe with high mechanical characteristics and precise geometric dimensions [32]. The
TREX (Tube Rolling Extrusion) technology consists in hot pressing of the front pipes and
subsequent cold rolling [32]. Meanwhile, carrying out the first stage of cold rolling of a
thick-walled workpiece after annealing at a temperature of 380 ◦C to 650 ◦C to obtain, for
example, a TREX Zr–Nb–Sn–Fe alloy product with dimensions of 63.5 × 10.9 mm and a
deformation of 50–60% leads to a violation of the continuity of the metal, which is due to
the low ductility of the alloy before cold rolling [33,34]. A lack of special heat treatment
of workpieces after hot deformation may cause accumulations of large intermetallides in
the alloy structure, which significantly reduce the viscosity of the material and hinder cold
rolling of alloys with severe deformations [35]. To improve the quality of products made of
zirconium alloys by creating deformation conditions without breaking the continuity of the
relevant material, the melted ingot is subjected to hot processing into a workpiece on a screw
rolling mill at the equilibrium temperature of beta-zirconium [32]. After machining, the
workpiece is exposed to hot pressing into the sleeve in the temperature range of 600–650 ◦C.
Then, the sleeve undergoes quenching at a temperature of 920–960 ◦C, machining and
subsequent tempering at 560–600 ◦C. Finally, cold deformation on a cold rolling mill is
applied to the released workpiece in two stages before receiving a pipe semi-finished
product with specific dimensions. Intermediate and final heat treatment of semi-finished
products is then carried out at temperatures of 540–600 ◦C [32].

Such a complex fabrication of products via pressure-assisted metal processing causes
a problem of accurate estimation and prediction of plasticity, thereby affecting the semi-
finished or finished product. This is especially important in cold rolling. In that regard, this
work is devoted to the study of mechanical properties and plasticity of a multicomponent
Zr–1.0% Nb alloy that finds application in the manufacture of thin-walled pipes in rolls
with variable caliber rotating towards the supplied workpiece (sleeve). The samples
were exposed to multi-pass cold rolling. The pipe rolling was accompanied by large and
inhomogeneous deformations of the material in the rolling center. It should be noted
that the traditional methods of determining the plasticity in different zones of the rolling
center based on the mechanical properties do not provide a reliable assessment due to the
macroscopic localization of plastic deformation during any shaping process.

2. Materials and Methods

The material under consideration was a metal pipe billet made of a multicomponent
Zr–1% Nb–1.2% Sn–0.35% Fe–0.1% O–0.01% Si alloy, forged to a diameter of 300 mm at
750–800 ◦C, annealed after forging at 900–1000 ◦C for 2 h and naturally cooled [32]. The
axes of the samples cut out for testing were oriented along the radius of the cylinder.

In the recrystallized state, the alloy consisted of a-Zr grains with a size of 3–4 µm,
which were composed of dispersed incoherent particles of Zr(Nb, Fe)2, (Zr,Nb)2Fe and
(Zr,Nb)Fe2 intermetallides with an average size of 0.08 µm.

The focus of deformation during rolling is traditionally divided into three zones: up-
setting A, reduction B and calibration C (Figure 1) [32], where the degrees of reduction vary
significantly, thus endowing the material to different stress-strain states. To assess the level
of residual internal stresses in these zones, local measurements of the ultrasound velocity
were carried out via an autocirculatory method, as described in detail in reference [36]. The
development of this approach led to the equation below:

σ2 − σ1 = 2ρVS·δVS (1)
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where δVS is the change in the speed of ultrasound, (σ2 − σ1) is the difference between the
principal stresses, and ρ is the density of the material. This relationship was verified and
confirmed in numerous works [36,37]. The value of δVS at any structural changes does not
exceed 1 . . . 10 m/s, being 0.1 . . . 1% of VS ≈ 103 m/s.
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Figure 1. A schematic of the cutoff of specimens from the pipe billet: 1–5, sample number; A,
upsetting zone, B, reduction zone, C, calibration zone.

To check the correlation between the level of macro-stresses and the speed of ultra-
sound according to Equation (1), internal macro-stresses were determined radiographically
by means of the approximation approach on the DRONE 01-04 (Burevestnik, Saint Peters-
burg, Russia) X-ray diffractometer using CoKα radiation monochromatized with pyrolytic
graphite. The sample (a pilgerhead of Zr alloy) was scanned with an X-ray beam along
several generatrices. In this case, the stress magnitude significantly depended on only
the coordinate along the axis of the pipe and changed little during the transition from
one generatrix to another. Residual stresses are determined from the diffraction data by
calculating the strain from the diffraction peak positions.

The residual internal stress σi, determined via XRD, was calculated as follows:

σi =
E
ν
(θ1 − θ0)ctgθ0 (2)

where E is the Young’s modulus; ν is the Poisson’s coefficient; and θ1 and θ0 are the Bragg
angles for strained and initial (reference) states, respectively. The reference sample was the
pre-annealed specimen of the same alloy.

According to the calculated degrees of reduction and their gradients, the largest
gradient corresponded to the beginning of the reduction zone (Figure 1, Table 1). Therefore,
this place was critical from the point of view of providing the necessary margin of plasticity.

Table 1. Degrees and gradients of reduction at the rolling center.

Sample No. Zone Degree of Reduction Gradient of
Reduction, mm−1

1 Upsetting 0.0122 < K < 0.061 8.1 × 10−4

2 Reduction 0.061 > K > 0.1195 9.7 × 10−4

3 Reduction 0.1195 > K > 0.1439 4.1 × 10−4

4 Calibration 0.1439 > K > 0.1585 2.4 × 10−4

5 Calibration 0.1585 > K > 0.1756 2.8 × 10−4
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To evaluate the plasticity via autowave structural analysis, double-exposure speckle
photography was used [1,2,32] for in situ recording of the displacement fields of the points
r(x, y) upon uniaxial tension, starting from σ0,2 up to σB, with a step of 0.2% of the total
strain (after each 60 s). The differentiation of this array over x and y coordinates yielded
the longitudinal εxx(x, y), shear εxy(x, y) and rotational ωz(x, y) components of a plastic
distortion tensor βij=∇r at different moments in time. The spatial and temporal correlation
functions of the components, such as εxx(x, t) were also used in the analysis.

Loading was carried out on an Instron-1185 testing machine (Instron, High Wycombe,
UK) at room temperature at a strain rate of 1.67 × 10−5 s−1. Flat samples with heads had
a working part with dimensions of 40 × 6 mm and a thickness of 2 mm. The samples
were cut from different zones of the rolling center and were referred to as: No. 1 (from
the upsetting zone), No. 2 and 3 (from the reduction zone) and No. 4 and 5 (from the
calibration zone).

For each sample, a stress-strain curve was recorded in the “true stress (s) - true strain
(e)” coordinates for the subsequent identification of the stages of strain and their duration.
The stages were distinguished based on the value of the strain hardening index n assuming
that the strain-stress curve could be described by the function s = s0 + K·en with variables K
and n. In this representation, the linear work hardening stage corresponded to n = 1, the
parabolic work hardening stage was attributed to n = 1/2, and the pre-failure stage was
assigned to n < 1/2 [38]. The displacement fields were thereby transformed into strain fields
by numerical differentiation; the localization foci were identified and the spatiotemporal
evolution of a system of the foci was thereby considered.

3. Results

All the results that were obtained during the testing of samples from different zones of
the rolling center are summarized in Figure 2. According to the data, the conditional yield
strength and the strength stress of the samples increased with an increase in the degree of
reduction (Figure 2a). The greatest increase in these parameters occurred in sample No. 2
in relation to sample No. 1, that is, during the transition from the upsetting to the reduction
zone.
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Figure 2. Mechanical characteristics (a) and duration of plastic flow stages (b) from various zones of
the rolling center. The numbers of samples correspond to those from Figure 1.

An increase in the degree of reduction led to an increase in the duration of the linear
hardening stage, and the beginning of this stage shifted towards a large integral strain
range (Figure 2b).
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The duration of the parabolic hardening stage in the samples from the reduction and
calibration zones was almost two times less than from the upsetting zone.

In sample No. 2, no parabolic stage was observed during the transition from the
upsetting to the reduction zone, and the pre-failure stage occurred immediately after
the linear hardening. Even though the duration of the pre-failure stage was the same in
all specimens, in sample No. 2, it emerged and ended much earlier than in the others
(Figure 2b).

The evolution of localized plasticity autowaves in the samples was found to obey the
rule of correspondence of localization patterns to the stages of the stress-strain curve [1,2].
Thus, at the stages of linear work hardening, a phase autowave of localized strain was
observed in all specimens. However, the autowave speeds (Vaw, Table 2) nonmonoton-
ically increased with an increasing degree of reduction, and the most intense growth
corresponded to the transition from sample No. 1 to sample No. 2. The autowave lengths
λl in samples Nos. 1, 3 and 4 were statistically the same, but significantly higher than
that in sample No. 2. In all samples with the detected parabolic work hardening stage,
stationary spatially periodic distributions of localized plastic strain foci were similar to
those in Figure 3a, with the same local elongation amplitudes in the foci. The spatial periods
of the distributions λT in samples Nos. 1, 3 and 4 did not differ significantly and coincided
with the lengths of the phase autowaves λl (Table 2).

Table 2. Degrees and gradients of reduction at the rolling center.

Parameters Sample
No. 1

Sample
No. 2

Sample
No. 3

Sample
No. 4

Sample
No. 5

Vaw·10−5,
m/s

2.3 ± 0.8 2.9 ± 1.1 2.8 ± 0.8 3.2 ± 0.8 3.1 ± 0.7

λl, mm 3.8 ± 0.7 3.7 ± 0.4 4.3 ± 0.4 4.0 ± 0.6 4.1 ± 0.5

λT, mm 4.6 ± 0.6 4.5 ± 0.5 5.0 ± 0.3 3.9 ± 0.3 4.9 ± 0.4

In sample No. 2, where the stage of parabolic work hardening was absent, heteroge-
neous amplitude distributions of localized plastic strain foci were formed at the stage of
linear work hardening (Figure 3b).

The rate of strain accumulation in a high-amplitude focus remained higher throughout
the deformation. The failure of sample No. 2 occurred precisely in the area of the specified
focus. According to works [1,2,4], the existence of foci with abnormally high strain accu-
mulation is characterized by the stage of pre-failure, when the reserve of plasticity of the
material is largely exhausted.

The heterogeneity of the plastic properties of zirconium alloys may be owing to resid-
ual internal stresses arising from plastic strain at previous stages of production. Another
cause of stress may be the recrystallization of alloys during intermediate thermal treatments.
Residual stresses are distributed inhomogeneously in the billet or in the finished pipe, and
their high amplitude can lead to the deformation or failure. Under laboratory conditions,
residual stress control is usually implemented via radiographic techniques that, however,
often fail to examine large-sized objects.

In this situation, indirect methods seem to be more suitable for assessing the stress
state through some informative quantities whose correlation with macroscopic residual
stresses has a clear physical nature. In that regard, measuring the velocity of ultrasound
is especially convenient [36,37], since it depends on the internal stresses in the material.
The method is based on the experimentally established dependence of the ultrasound
propagation velocity VS on macro-stresses.
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The unfavorable state of the material in sample No. 2 was confirmed by the speed of
ultrasound measured along the length of the rolling center (see Curve 1 in Figure 4). It was
evident that, upon the transition from the upsetting zone A to the reduction zone B, the
ultrasound velocity had a minimum. This meant there was the greatest amount of residual
tensile stresses. It has been previously established that there is a linear correlation between
the stress σi and the frequency of autocirculation f of ultrasonic signals proportional to
the velocity of ultrasound propagation ( f ∼ VS), and the regression line equation has the
following form [32]:

σi = σ0 − α· f (3)

where σ0 = 420 MPa, α = 0.42 MPa·s, and the coefficient of correlation between σi and f
parameters is ~0.72, being statistically significant. The data were acquired during a series
of experiments conducted on pilgerheads of Zr–1.0% Nb alloys.
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Figure 4. (1) Speed of ultrasound and (2) residual stress at different zones of the cold rolling center.
The zone designations are the same as in Figure 1.

Figure 4 (Curve 2) shows the dependence of the stresses recalculated from the ultra-
sound velocity values using formula (1) on the coordinates along the axis of the pipe billet.
In the cross section with a coordinate of 75...100 mm, there was an internal stress surge.
Its position exactly corresponded to a sharp boundary between the maximum reduction
and compression of the pipe in the strain focus, as it was established above by the speckle
photography method (see Figure 3). It was exactly this section that might have undergone
failure of the pipe billet during further rolling.

Thus, ultrasonic measurements confirmed the drastic changes in the properties of the
Zr–1.0% Nb alloy pilgerheads and demonstrated the ability to reliably control these states
in blanks at different stages of the manufacture of zirconium alloy pipes.

4. Discussion

The abrupt variation of internal stresses in the pilgerheads under consideration is
owing to the heterogeneity of the forged billet structure revealed by metallographic analysis.
Thus, a predominately martensite layer with a thickness of 0.5...2 µm was observed near
the surface (Figure 5a). Thin (up to 0.2 µm) layers of a residual β-Zr phase were highlighted
along the boundaries of martensitic crystals. The zone in the range of ~1/2R...3/4R (R
is the radius of the billet) was distinguished by an inhomogeneous structure (Figure 5b).
Colonies of α′-Zr plates with a thickness of 1...2 µm, bordered by β-Zr layers, and areas of
a fine-needle (up to 1 micron) martensitic phase were also present here [29]. In addition,
there were regions with strain traces after forging, composed of coarse (up to 5 µm) strongly
curved plates of the primary α-Zr phase. The boundaries of the α-Zr plates exhibited β-Zr
layers with a thickness of 0.5...1 µm, as well as particles of Zr(Fe, Nb)2 and Zr(Fe, Nb)3
intermetallides of up to 0.1 µm in size, which were released in the grain bodies and along
the grain boundaries of the α-Zr phase. The volume fraction of such areas was about 30%.
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Figure 5. Microstructure of a forged workpiece of Zr–1.0% Nb alloy: (a) surface, (b) middle part,
(c) center of the pipe billet.

The structure of the alloy at the center of the workpiece was more uniform (Figure 5c).
Small sections of the residual strongly deformed α-phase were observed between the
groups of 1 . . . 3 µm plates of the α′-phase. It was obvious that the loosest zone of various
structures near ~2/3R was also the most “dangerous” in terms of possible failure, which
was concluded from the speckle patterns of plastic flow localization (Figure 3).

Microscopic examination of the crack edge formed in this zone revealed that it could
originate and propagate in predominately the areas of a residual coarse-grained α-structure
with phase separation along the boundaries. A comprehensive study of the plasticity of
the billet made of Zr–1.0% Nb alloy made it possible to clearly identify a forged rod zone
considered dangerous from the point of view of feasible failure during deformation.

The hardening of forged billets made of Zr alloys does not allow the desired alignment
of the material structure along the section of the billet. Obviously, this is primarily due to a
natural decrease in the cooling rate of the solid workpiece. Meanwhile, inhomogeneous
deformation of the billet during forging may be also decisive. In any case, the most
unfavorable part of the structure is located closer to the surface rather than along the axis,
creating a wide belt. The structural heterogeneity, in turn, determines the existence of
elevated residual stresses in this zone. All this reduces the resistance to fracture of the
material in the specified layer and may cause a decrease in the quality of finished products
or the failure of semi-finished products during hot and cold working.

Based on the findings of the current study, some recommendations concerning the
effective development of cold rolling technology can be made. One of the main issues
to be solved is associated with the maximum possible reduction in the course of one or
more passes that would cause neither continuity violations nor failure of the material.
Such reduction is usually established empirically on the basis of laborious and expensive
production tests. However, if the limits of macroscopically uniform deformation are known,
then the degree of reduction must suit them. According to the above results, these are
the sections of the stress-strain curves, corresponding to chaotically localized plastic flow
patterns or moving deformation foci. In the latter case, even though the plastic flow is
localized at each specific moment of time, it exhibits a quasi-uniform process during the
loading.

Thus, preference should be given to reduction within the linear work hardening and
the parabolic work hardening stage with a low parabolicity index (0.2 < n < 0.5). Plastic flow
localization at the parabolic work hardening stage is a stationary process, but there are still
many localization zones without internal continuity disturbances (microcracks). Therefore,
reduction at the beginning of the parabolic work hardening stage is also acceptable. The
only exception is the modes with stationary single zones of plastic flow localization, which
are technologically unacceptable and even dangerous. Thus, the analysis of the plasticity
during pressure-assisted treatment cannot be limited to only the assessment of traditional
indicators (σ0,2, σB, δ and ψ), but should include a thorough study of the patterns of
macroscopically localized plastic flow [1,2]. These recommendations can be useful, for



Metals 2022, 12, 95 10 of 11

example, when optimizing the manufacture technology of industrial products made of
Zr alloys.

5. Conclusions

Based on the findings of the present work, the plastic flow was localized throughout
the entire length of the Zr–1.0% Nb alloy pipe billets. It was established that macroscopic
patterns of localized plastic flow furnished information about the nature of plastic deforma-
tion taking into account the microstructural changes of alloys in the technological process.
This enabled one to also gain insight into the technological deformability of Zr alloys.

A thorough analysis of the results revealed that the sample referred to as No. 2 was
in an extremely inhomogeneous stress-strain state and had the highest level of residual
stresses after rolling. Therefore, the high-amplitude localization foci were formed in this
sample immediately after the beginning of the loading. Moreover, further accumulation of
strain therein ultimately led to failure.

Consequently, as a result of cold rolling at the upsetting-to-reduction transition zone,
there was a significant depletion of the plasticity of the Zr–1.0% Nb alloy. Therefore, failure
was most likely to occur at exactly this zone. To avoid adverse consequences, the degree of
reduction should be redistributed across the rolling center, being slightly reduced in the
upsetting zone and increased in the reduction zone by simply changing the shapes of the
gauges and the mandrel.

It is noteworthy that this conclusion is due to a comprehensive analysis of the acoustic
parameters and the macroscopic patterns of plastic flow localization, which is hard to
achieve via traditional methods of assessing the plasticity of alloys.
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