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In this study, a series of uniaxial tensile, strain cycling and uniaxial ratcheting tests were conducted at
room temperature on Zircaloy-4 (Zr-4) tubes used as nuclear fuel cladding in Pressurized Water Reactors
(PWRs) for the purpose to investigate the uniaxial ratcheting behavior of Zr-4 and the factors which may
influence it. The experimental results show that at room temperature this material features cyclic soft-
ening remarkably within the strain range of 1.6%, and former cycling under larger strain amplitude can-
not retard cyclic softening of later cycling under lower strain amplitude. Uniaxial ratcheting strain
accumulates in the direction of mean stress, and the ratcheting stain level is larger under tensile mean
stress than that under compressive mean stress. Uniaxial ratcheting strain level increases with the
increase of mean stress and stress amplitude, and decreases with the increase of loading rate. The
sequence of loading rate appears to have no effects on the final ratcheting strain accumulation. Loading
history has great influence on the uniaxial ratcheting behavior. Lower stress level after loading history
with higher stress level leads to the shakedown of ratcheting. Higher loading rate after loading history
with lower loading rate brings down the ratcheting strain rate. Uniaxial ratcheting behavior is sensitive
to compressive pre-strain, and the decay rate of the ratcheting strain rate is slowed down by pre-
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compression.
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1. Introduction

Zirconium alloys are widely used as structural materials for nu-
clear reactors because of their favorable properties like low neu-
tron absorption cross-section [1], high corrosion resistance [2]
and excellent mechanical properties [3,4] under operating condi-
tions. Zircaloy-4 (Zr-4) is a zirconium based standard alloy, which
is typically used as nuclear fuel cladding material in Pressurized
Water Reactors (PWRs) [5,6]. The integrity of Zr-4 nuclear fuel
cladding is very important for it not only provides an enclosure
to the highly radioactive fuel but also remains in direct contact
with the coolant during reactor operation [7,8].

Zr-4 nuclear fuel cladding generally undergoes uniaxial or mul-
tiaxial force damages under the combination of pressure of the
external cooling medium, neutron irradiation, thermal stress and
mechanical stress [9]. These forces are usually alternating. There-
fore, Zr-4 nuclear fuel cladding deforms under cyclic loading con-
ditions. In the past two decades, scholars have undertaken
extensive researches to study the cyclic deformation behavior of
Zr-4.

Large amount of researches go to the cyclic hardening and soft-
ening behavior. Unlike face-centered cubic (FCC) and body-cen-
tered cubic (BCC) alloys, which usually exhibit either cyclic
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hardening [10] or softening [11] behavior depending on the micro-
structure existing in the material [12,13], recrystallized Zr-4, hex-
agonal closed-packed (HCP) alloy, displays cyclic hardening [14,15]
and also cyclic softening [16] when cycled with different total
strain amplitudes and at different temperatures.

The deformation mechanisms of Zr-4 under cyclic loading are
also investigated. The deformation mechanism analysis, based on
the observation of the crystal structure by SEM and TEM, shows
that the possible deformation modes of zirconium and its alloys in-
clude prismatic, pyramidal and basal slipping, and twinning
[17,18].

By fitting the experimental data of Zr-4 under low fatigue cycle,
it is reported that the low cycle fatigue life of Zr-4 follows the Cof-
fin-Manson equation [19], and the fatigue life is affected by tem-
perature, plasticity strain amplitude, etc. Increase of temperature
leads to longer fatigue life of Zr-4 [20]. Increase of plasticity strain
amplitude leads to shorter fatigue life of Zr-4 [21].

Although so many researches have been carried out to study its
cyclic deformation behavior, few have been conducted under stress
control with asymmetric mean stress to study the ratcheting
behavior of Zr-4. Ratcheting usually leads to a shorter fatigue life
of materials [22,23]. Moreover, for cyclic plastic materials, in addi-
tion to low cycle fatigue failure, the ratcheting strain accumulation
reaching a threshold could also lead to failure [24]. As mentioned
before, the alternating load Zr-4 nuclear fuel cladding subjected
to is usually asymmetric. So, it is inevitable that the nuclear fuel
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cladding will undergo ratcheting deformation. Therefore, it is
essential to study the ratcheting behavior of Zr-4 in order for a
comprehensive understanding of the failure mechanism of Zr-4
nuclear fuel cladding.

In this study, a series of uniaxial tensile, strain cycling and uni-
axial ratcheting tests were conducted on Zr-4 tubes at room tem-
perature. The study can not only provide guidance to a more
accurate estimate of the service life of Zr-4 nuclear fuel cladding,
which ensures the safety of the nuclear fuel, but also provide basic
data for the establishment of the constitutive model.

2. Experiments

The chemical compositions of the Zr-4 used in this study are gi-
ven in Table 1. All test specimens were tubular, with a test section
of 9.5 mm outside diameter, 0.6 mm wall thickness and 100 mm
length. All the specimens were tested as received, namely, without
any heat treatment.

A closed-loop electro-hydraulic servo testing machine with an
axial load capacity of 20 kN was used to conduct all the tests. An
extensometer with a gauge length of 12.5 mm was employed to
measure the axial deformation. The load, displacement, and strain
were continuously monitored and recorded through the data
acquisition system, and 200 data points per cycle were collected
and stored for further analysis.

All the tests were conducted at room temperature. Uniaxial ten-
sile test was carried out under strain control with strain rate of
10~3/s. Strain-controlled cycling tests were conducted using a tri-
angular waveform with strain rate of 5 x 10~3/s. Uniaxial ratchet-
ing tests were conducted under stress control, using triangular
waveform with a combination of different loading rates, mean
stresses and stress amplitudes. To further the study, a series of
tests with pre-strain were also carried out. The loading conditions
of uniaxial ratcheting tests without and with pre-strain are shown
in Tables 2 and 3, respectively.

For the unclosed hysteresis loop of the asymmetrical stress-
controlled cycling, the ratcheting strain ¢, is defined as

& = (smax + gmin)/z (1)

where &ax and &n,;, are the maximum and minimum of axial strain
in each cycle, respectively.

Table 1
The chemical compositions of Zr-4 (wt.%).
Zr Nb Cu S Ti Hf (0} N H
Bal. 090 0.013034 0.0016 0.0038 <0.01 0.11 0.002 0.001
Table 2

Loading conditions of uniaxial ratcheting tests.

The ratcheting strain rate &, is defined as

de,
= 2)

where N is the number of cycles.

emax» €émin aNd the related N can be gained directly from the data
stored by the system, thus the ratcheting strain ¢, and its rate &,
could be calculated by Eqgs. (1) and (2). In this study, we define that
the material reaches ratcheting shakedown status when its
ratcheting strain rate &, is lower than 1 x 107%/cycle.

&

3. Results and discussions

In this section, the observed results on uniaxial tensile, strain
cycling and uniaxial ratcheting behavior of Zr-4 tubes are given
in details. The effects of mean stress, stress amplitude, loading rate
and loading history on ratcheting behavior of Zr-4 are discussed.
Additionally, the effects of pre-strain, mean stress direction and
the sequence of loading rate on ratcheting behavior are also in-
cluded in this section.

3.1. Strain-controlled tests

Stress—strain curve of uniaxial tensile test is shown in Fig. 1.
From these data, linear regression is performed for the elastic
part, and the obtained slope is 87 GPa, i.e. the Young’'s modulus
of Zr-4. The curve shows continuous yielding behavior and there-
fore the yield strength is determined using 0.2% strain offset pro-
cedure, which is 367 MPa. Other mechanical proprieties are
shown in Table 4.

Fig. 2a shows the stress-strain hysteresis loop of a three-step
axial strain-controlled symmetric cycling. Each step was carried
out with 200 cycles, and only the cycles of 1, 10, 30, 80, 130 and
200 are plotted. The loading history of strain amplitude was
0.5% — 0.8% — 0.5%. Fig. 2b is the corresponding stress amplitude
as a function of number of cycles. It is seen that the stress ampli-
tude decreases with the increase of the number of cycles in each
step, which indicates that this material features cyclic softening
within the strain range of 1.6%. This differs from the results ob-
served by Armas et al. [12], in whose study, Zr-4 showed cyclic
hardening in the initial few cycles even within the strain range
of 1.4%. Moreover, former cycling under larger strain amplitude
cannot retard cyclic softening behavior of later cycling under lower
strain amplitude. This is different from the results observed by
Yang [25] for carbon steel 45, where the material presented cyclic
softening in the first two steps, but displayed cyclic hardening in
step 3.

Specimens no. Loading step Stress rate (MPa/s)

Mean stress (MPa) Stress amplitude (MPa) Cyclic number

Zr-4#3 1 200
Zr-4#4 200

Zr-4#5 200
20

20
200
200

200
200
200
200

200
200
200

Zr-4#6

_N = N s =

Zr-4#7

Zr-4#8

AW = DN wN

180 180 1000
205 230 1000
180 230 1000
180 230 500
180 230 500
180 230 1000
155 230 1000
180 230 1000
155 230 1000
180 230 1000
180 205 1000
180 230 1000
180 205 1000
180 230 1000
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Table 3
Loading conditions of uniaxial ratcheting tests with compressive pre-strain.

Specimens no. Loading step Stress rate (MPa/s)

Mean stress (MPa)

Stress amplitude (MPa) Pre-strain (%) Cyclic number

Zr-4#9 1 200 180 230 - 6000
Zr-4#10 1 200 -180 230 -09
2 200 180 230 - 6000
Zr-4#11 1 200 -180 230 -12
2 200 180 230 - 6000
Zr-4412 1 200 -180 230 -15
2 200 180 230 - 6000
600
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Fig. 1. Uniaxial tensile stress-strain curve. (b) 400
3.2. Uniaxial ratcheting tests 380 | Strain rate=0.5%/s
Typical stress—strain hysteresis loop recorded in uniaxial rat- E
cheting test for Zr-4 is shown in Fig. 3a, and the corresponding rat- S 3601
cheting strain evolution and ratcheting strain rate evolution are 3
shown in Fig. 3b and c, respectively. The experiment was carried = 340
out about mean stress of 180 MPa, stress amplitude of 230 MPa g
and stress rate of 200 MPa/s. It is seen that, under asymmetric S
stress cycling, the initial hysteresis loop is unclose obviously. With 2 320+
the progress of cycling, even though this material displays un- %
closed hysteresis loop as well, it is not so obvious yet. The unclose- 300
ness of the hysteresis loop is the reason for the gradual ratcheting
deformation of the specimen [26]. Correspondingly, the ratcheting
strain accumulates rapidly in the initial state, that is, the ratcheting 280 4

strain rate is high. With the increase of number of cycles, the rat-
cheting strain level increases, but the ratcheting strain rate de-
creases and tends to a stable value of 4.379 x 10~%/cycle, which
indicates that the ratcheting does not reach the shakedown status.

Strain energy density as a function of the number of cycles is
plotted in Fig. 4a. In order to show the later part of the curve
clearly, the partial amplification of the rectangular frame in
Fig. 4a is presented in Fig. 4b. The plots show that in the initial
state, strain energy density is quite large, and it reduces rapidly
as the cycling progresses. At the cyclic number of about 120, it
reaches the minimum value. Subsequently, it begins to increase,

Table 4
Mechanical properties of Zr-4.

0 100 200 300 400 500 600
Number of cycles

Fig. 2. Strain-controlled multistep tests: (a) stress-strain hysteresis loop; (b) stress
amplitude vs. number of cycles.

but the increasing rate is rather low. This phenomenon is not the
same with the observation of CS1060 (also a kind of cyclic soften-
ing material) by Hassan and Kyriakides [27], in whose study, strain
energy density increases monotonically.

Young's modulus (GPa) Yield stress (MPa)

Ultimate tensile strength (MPa)

Uniform elongation (%) Total elongation (%)

87 367 512

14.95 37.32
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Fig. 3. Uniaxial ratcheting test: (a) stress—strain hysteresis loop; (b) ratcheting
strain evolution and (c) ratcheting strain rate evolution.

Two factors may affect strain energy density, one is the degree
of uncloseness of the hysteresis loop and the other one is cyclic
softening. As mentioned above, in the initial state, the uncloseness
of the hysteresis loop is remarkable. Consequently, the area the
hysteresis loop enclosing is large. With the progress of cycling,
the uncloseness of the hysteresis loop becomes not so remarkable

@ /]
m,é\ 0.6 GmZISOMPa
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Fig. 4. Strain train energy density: (a) original; (b) partial amplification.

rapidly. Consequently, the enclosed area reduces rapidly. On the
other hand, Zr-4 features cyclic softening, which leads to the in-
crease of the enclosed area as the number of cycles increases. In
the initial state, the decrease of the uncloseness of the hysteresis
loop dominants the change of strain energy density, the decrease
of strain energy density caused by which is larger than the increase
of strain energy density caused by cyclic softening. Therefore,
strain energy density decreases gradually in the first 120 cycles.
As the cycling progresses, the discrepancy becomes smaller and
smaller until the decrease of strain energy density caused by the
change of the uncloseness of the hysteresis loop is smaller than
the increase of strain energy density caused by cyclic softening.
Then strain energy density begins to increase.

3.2.1. Effects of stress level on ratcheting behavior

Two sets of tests were conducted to investigate the way the
stress level influences ratcheting behavior: one set with constant
stress rate and mean stress but different stress amplitudes, and
the other one with constant stress rate and stress amplitude but
different mean stresses. The stress-strain hysteresis loop obtained
are similar in nature to that presented in Fig. 3a, and they are not
included here. Fig. 5a and b show their ratcheting strain evolution
curves, respectively. It is clear from the plots that both the stress
amplitude and mean stress significantly affect the ratcheting strain
rate. Increase in either of them leads to a higher rate of ratcheting



430 M. Wen et al./Materials and Design 46 (2013) 426-434

(a) 22
204 0, 7180MPa  Siress rate=200MPa/s
—— 5, =205MPa ¢, =180MPa

—=— 0 =230MPa

1.6 4
1.4
1.2
1.0

Ratcheting strain (%)

0.8 1 L p et
0.6 1
0.4+

0.2 T T T ' ‘ T
0 200 400 600 800 1000

Number of cycles

(b) 52, ——o =155MPa
58] —#—o, =180MPa
—=— =205MPa

Stress rate=200MPa/s
c,=230MPa

244

2.0 1

Ratcheting strain (%)

0 200 400 600 800 1000
Number of cycles
Fig. 5. Ratcheting strain evolution with: (a) constant stress rate and mean stress

but different stress amplitudes; (b) constant stress rate and stress amplitude but
different mean stresses.
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Fig. 6. Ratcheting strain evolution with constant mean stress and stress amplitude
but different stress rates.

strain accumulation. This corresponds to a large amount of obser-
vation of other metals, such as CS1060 [27] and Z2CND18.12 N
steel [28].

3.2.2. Effects of loading rate on ratcheting behavior

In order to investigate the effects of loading rate on ratcheting
behavior, another set of tests were carried out under constant
mean stress and stress amplitude but different stress rates. The rat-
cheting strain evolution curves are shown in Fig. 6. It is also clear
that the lower the applied stress rate, the higher the ratcheting
strain rate.

3.2.3. Effects of mean stress direction on ratcheting behavior

In PWRs, besides alternating loads with tensile mean values, Zr-
4 nuclear fuel cladding may also undergo alternating loads with
compressive mean values. Two tests were conducted to figure
out the effects of mean stress direction on ratcheting behavior.
Fig. 7 shows the ratcheting strain evolution curves under tensile
and compressive mean stress, where, for the easiness of compari-
son, the mean stress of the specimen under compressive mean
force is presented with absolute value. It is seen that during the
whole process of ratcheting deformation, the ratcheting strain of
the specimen subjected to tensile mean stress accumulates more
rapidly compared with the specimen subjected to compressive
mean stress. A similar phenomenon was observed for a copper al-
loy [29].

The reason for this phenomenon is that the tests were con-
ducted under engineering stress control. With the progress of cy-
cling, ratcheting deformation accumulates in the direction of
mean stress. Therefore, the cross-section area of specimen under
tensile mean stress decreases due to the elongation of the speci-
men, which causes the true stress to increase. However, the
cross-section area of specimen under compressive mean stress in-
creases because the specimen shortens, and this leads to the de-
crease of the true stress. As a result, during the whole process of
cycling, the specimen under tensile mean stress subjects to higher
stress level than the one under compressive mean stress. Conse-
quently, the rate of ratcheting strain accumulation of the specimen
under tensile mean stress is higher.

3.2.4. Effects of loading history on ratcheting behavior

In this study, multistep tests with varied mean stresses, stress
amplitudes and stress rates are considered. Comparisons between
specimens with and without loading history are also included.

Four-step uniaxial ratcheting test with the constant stress rate
of 200 MPa/s and the constant mean stress of 180 MPa but varied
stress amplitudes for each step were carried out to study the effect
of history of varied stress amplitudes on ratcheting. In this case,

22

Stress rate=200MPa/s —a— Tensile
c;m:l 80MPa

181 5 =230MPa
1.6 4

2.01 .
—e— Compressive

1.4 4
1.2 4

1.0 4

Ratcheting strain (%)

0.8 4
0.6+
0.4+

0 200 400 600 800 1000
Number of cycles

Fig. 7. Comparison of ratcheting strain evolution under tensile and compressive
mean stress.
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Fig. 8. Multistep test with constant stress rate and mean stress but varied stress
amplitudes: (a) ratcheting strain evolution; (b) ratcheting strain evolution (step 2
and step 4).

the stress amplitudes are 205, 230, 205 and 230 MPa for step 1, 2, 3
and 4, respectively. Fig. 8a shows the ratcheting strain evolution of
the multistep uniaxial ratcheting test. In step 1, the ratcheting
strain rate decreases with increasing loading cycles, following a
nonlinear relation with the number of cycles. Because of the in-
crease of stress amplitude, the ratcheting strain rate in step 2 is
higher than that in step 1. Step 3 witnesses nearly no ratcheting
strain accumulation due to the decrease of stress amplitude. The
ratcheting strain rate in step 3 gained by linear regression is
0.299 x 10~5/cycle, smaller than 1 x 10~%/cycle, which indicates
that the ratcheting has already reached the shakedown status.
The reason for this phenomenon is that the cycling under higher
stress amplitude in step 2 raises the yield stress of the material;
when it comes back to continue to cycle under lower stress ampli-
tude in step 3, the peak stress only surpasses the yield stress a lit-
tle, or the material even cycles in the elastic range completely, thus
the ratcheting strain rate in step 3 is so low. In step 4, the stress
amplitude comes back to a higher standard, which leads to faster
accumulation of ratcheting strain.

The ratcheting strain in step 3 is nearly zero and the loading
conditions of step 2 and step 4 are exactly the same, which leads
us to refer that the ratcheting strain evolution curve of step 4 is
the continuation of that of step 2. To verify this, the ratcheting
strain evolution curve of step 4 is translated in such a manner that
its first point coincides with the last point of the ratcheting strain
curve of step 2. The result is shown in Fig. 8b. It is seen that the
trends of ratcheting strain accumulation in step 2 and step 4 are al-

204 Stress rate=200MPa/s
" |6, =230MPa

—=—gc, =155MPa Stepl
—*—o =180MPa Step2
—+—gc =155MPa Step3
—v—o, =180MPa Step4

0.8 4

Ratcheting strain (%)
o

0.4 4

0 1000 2000 3000 4000
Number of cycles

Fig. 9. Ratcheting strain evolution of multistep test with constant stress rate and
stress amplitude but varied mean stresses.

most consistent. To further verify this, the ratcheting strain rate of
the last 50 cycles in step 2 and that of the first 50 cycles in step 4
are calculated through liner regression, and the ratcheting strain
rates are 3.228 x 10%/cycle and 3.004 x 10~S/cycle, respectively.
They are rather close, so it may be safe to say the inference that
the ratcheting strain evolution curve of step 4 is the continuation
of that of step 2 is valid.

Similar multistep uniaxial ratcheting test with the constant
stress rate of 200 MPa/s and the constant stress amplitude of
180 MPa but varied mean stresses for each step were conducted
to investigate the effect of loading history of varied mean stresses
on ratcheting behavior. In this case, the mean stresses are 155, 180,
155 and 180 MPa for step 1, 2, 3 and 4, respectively. The ratcheting
strain evolution curve of the four-step uniaxial ratcheting test is
presented in Fig. 9.

Analysis of the plot can come to similar results with Fig. 8: load-
ing history of cycling under higher mean stress can restrain the rat-
cheting strain accumulation of subsequent cycling under lower
mean stress. Otherwise, the ratcheting strain continues to accumu-
late with a higher ratcheting strain rate. This phenomenon is in
accordance with the observation of U71Mn rail steel [30], SS304
[31] and 316L stainless steel by Kang et al. [32].

From the discussion of Fig. 6, it can be seen that Zr-4 displays
viscoplastic characteristic. Therefore, it is worthwhile to investi-
gate the ratcheting behavior of Zr-4 with loading history of varied
stress rates. Two two-step uniaxial ratcheting tests were con-
ducted with the constant mean stress of 180 MPa and the constant
stress amplitude of 230 MPa, and their stress rates are 200 MPa/
s —» 20 MPa/s and 20 MPa/s — 200 MPa/s, respectively. The rat-
cheting strain evolution curves are plotted in Fig. 10. The result
of Fig. 10a, similar with that of specimens under loading history
of varied mean stresses or stress amplitudes, is that loading history
of cycling under higher stress rate cannot restrain the ratcheting
strain accumulation of subsequent cycling under lower stress rate.
It is seen from Fig. 10b that in step 1, the ratcheting strain rate
decreases with increasing loading cycles. After 500 cycles, due
to the increase of stress rate, the rate of ratcheting strain accumu-
lation slows down and it seems to ratchet under a constant
ratcheting strain rate of 1.985 x 10~%/cycle (gained through linear
regression). It is clear that the ratcheting does not reach the
shakedown status.

In addition to the difference of ratcheting behavior of the same
specimen under multistep loading, this section also discusses the
difference of the ratcheting behavior of Zr-4 with and without
loading history. The ratcheting strain evolution curves of
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Fig. 11. Ratcheting strain evolution under the same loading condition with
different loading histories (tensile).

specimens with and without loading history are shown in Fig. 11:
step 1 of Zr-4#5 is the specimen without loading history; step 2 of
Zr-4#7, step 2 of Zr-4#8 and step 2 of Zr-4#6 are the specimens

Table 5
Ratcheting strain rate of specimens with different loading histories (tensile) on the
steady stage.

Specimens no. Ratcheting strain rate (10~%/cycle)

Zr-44#5 stepl 4.379
Zr-4#7 step2 4.370
Zr-4#8 step2 4.560
Zr-44#6 step2 1.949

with loading history of lower mean stress cycling, lower stress
amplitude cycling and lower stress rate cycling, respectively. For
specimens with loading history of lower mean stress and stress
amplitude, in the initial state, the ratcheting strains accumulation
are much slower than that of the specimen without loading his-
tory. Table 5 shows the ratcheting strain rates of the specimens
in the stable ratcheting strain accumulation state. It is seen that
their ratcheting strain rates are nearly the same with that of the
specimen without loading history. The conclusion can be drawn
that loading history of lower mean stress or stress amplitude only
affects the ratcheting strain rate of the initial state but does not af-
fect it in the stable ratcheting strain accumulation state. For the
specimen with loading history of lower stress rate, during the
whole process of cycling, the ratcheting stain rate is much lower
than that of the specimen without loading history. Above all, Zr-
4 is more sensitive to loading history of lower stress rate than load-
ing history of lower mean stress or stress amplitude.

A set of tests were carried out on pre-compressed specimens
under the same loading conditions with the constant stress rate
of 200 MPa/s, mean stress of 180 MPa and stress amplitude of
230 MPa. The ratcheting strain evolution curves of specimens with
and without pre-strain are shown in Fig. 12. Zr-4#9 is the specimen
without pre-strain, and the pre-strains for step 2 of Zr-4#10, step 2
of Zr-4#11and step 2 of Zr-4#12 are 0.9%, 1.2% and 1.5%, respec-
tively. It is clear that the strains of the specimens with pre-strain
accumulate much faster than that of the specimen without pre-
strain. Moreover, the larger the pre-strain is, the faster the strain
accumulates. Two factors may affect the strain accumulation.
One is the ratcheting strain rate and the other one is the plastic
strain of the uniaxial tensile part in the first cycle. In order to figure
out the dominant factor, the curves in Fig. 12a are translated in
such a manner that the plastic strain of the uniaxial tensile part
in the first cycle is eliminated and the ratcheting strain in the first
cycle is set as 0. The result is presented in Fig. 12b. It appears that
the ratcheting strain of the specimens with pre-strain accumulates
slower than that of the specimen without pre-strain. Moreover, the
smaller the pre-strain is, the slower the ratcheting strain accumu-
lates. Therefore, it seems that the plastic strain of the uniaxial ten-
sile part in the first cycle is the main factor which leads to the
faster strain accumulation of pre-compressed specimens. In the
stable ratcheting strain accumulation state, it is still the case that
the smaller the pre-strain is, the smaller the ratcheting strain rate.
However, contrary to the initial state, the ratcheting strain rates of
the specimens with pre-strain are all larger than that of the spec-
imen without pre-strain. Their ratcheting strain rates are listed in
Table 6. Therefore, it may be seen that the decrease rate of the rat-
cheting strain rate of the specimen with pre-strain is smaller than
that of the specimen without pre-strain, namely pre-compression
can help to slow down the decay rate of the ratcheting strain rate.

3.2.5. Effects of sequence of loading rate on ratcheting behavior

In the former part of this paper, two groups of two-step uniaxial
ratcheting tests under the constant mean stress of 200 MPa and the
constant stress amplitude of 230 MPa but different loading se-
quence of stress rates were investigated, respectively. Here, the ef-
fects of the loading sequence on ratcheting behavior are discussed.
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Fig. 12. Ratcheting strain evolution under the same loading condition with
different loading histories (compressive): (a) original; (b) translated.

Table 6

Ratcheting strain rate of specimens with different loading histories (compressive) on
the steady stage.

Specimens no. Ratcheting strain rate (10~5/cycle)

Zr-4#9 1.051
Zr-4#10 step2 1.133
Zr-4#11 step2 1.381
Zr-4#12 step2 1.508

Their ratcheting stain evolution curves are presented in Fig. 13. It
shows that in the first 500 cycles, the ratcheting strain level of
Zr-4#6 is much higher than that of Zr-4#5 for the reason that
the stress rate of Zr-4#6 is 20 MPa/s, only 10% of that of Zr-4#5,
therefore the viscosity of Zr-4 leads to the faster ratcheting strain
accumulation under smaller stress rate. After cycle 500, due to
the increase of the stress rate, the ratcheting strain rate of Zr-
4#6 becomes smaller, and before cycle 1000, it is smaller than that
of Zr-4#5. After cycle 1000, the ratcheting strain rate of Zr-4#5 be-
comes larger due to decrease of the stress rate. It is interesting to
see that during the whole process of cycling, the ratcheting strain
level of Zr-4#5 is lower than that of Zr-4#6. However, the total rat-
cheting strains are almost the same for both the specimens at the
end, when both the specimens are cycled under the stress rate of
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Fig. 13. Ratcheting strain evolution of multistep tests with constant mean stress
and stress amplitude but different loading sequences of stress rate.

20 MPa/s for 500 cycles and 200 MPa/s for 1000 cycles. Therefore,
it may be concluded that if the mean stress and stress amplitude
are maintained constant, different loading rate sequence cannot af-
fect the final ratcheting strain.

4. Conclusions

In this study, a series of uniaxial tensile, strain cycling and uni-
axial ratcheting tests were conducted at room temperature on Zir-
caloy-4 thin-walled tubes. Based on these investigations to explore
the ratcheting behavior of Zr-4 under different loading conditions,
the following conclusions have been reached:

(1) Uniaxial tensile test shows that Zr-4 displays a significant
strain hardening characteristics, and its Young’s modulus is
about 87GPa.

(2) Zr-4 features cyclic softening remarkably within the strain
range of 1.6%, and former cycling under larger strain ampli-
tude cannot retard the cyclic softening behavior of later
cycling under lower strain amplitude.

(3) Uniaxial ratcheting strain of Zr-4 accumulates in the direc-
tion of mean stress. in the initial state, the ratcheting strain
accumulates fast and the ratcheting strain rate is high. How-
ever, in the later part of the cycling, the ratcheting strain
accumulates much slower and the ratcheting strain rate is
lower correspondingly.

(4) Uniaxial ratcheting strain level of Zr-4 increases with the
increase of mean stress and stress amplitude, and decreases
with the increase of stress rate. Moreover, uniaxial ratchet-
ing stain level is higher under tensile mean stress than that
under compressive mean stress.

(5) Loading history has great effects on the uniaxial ratcheting
behavior of Zr-4. Lower stress level after loading history
with higher stress level leads to the shakedown of ratchet-
ing. Higher loading rate after loading history with lower
loading rate brings down the ratcheting strain rate. Other-
wise, the ratcheting strain continues to accumulate, but
the ratcheting strain level is lower compared with the spec-
imen without loading history.

(6) Uniaxial ratcheting behavior ofZr-4 is very sensitive to com-
pressive pre-strain, and the decay rate of the ratcheting
strain rate is slowed down by pre-compression.

(7) Uniaxial ratcheting behavior of Zr-4 is affected by the
sequence of loading rate, but the final ratcheting strain level
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almost keeps constant for specimens cycled under different
loading rate sequences.
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