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ABSTRACT

The following work is motivated by the desire to devise an internal pressure test that can
mimic a displacement-controlled loading scenario and demonstrate how to apply the multi-axial
stress and strain data from the test to develop an elastic/plastic constitutive model for a thin-
walled tubular component. This is achieved by conducting simultaneous measurements of
tangential and axial strain during the pressure test and integrating these strain measures into a
feedback loop with the pressure controller. It is shown how data from such a test can be used to
develop a large mechanical property data set relevant to biaxial loading conditions. The data
obtained have high confidence evidenced by their low variability and alignment with other
literature studies. Additionally, data from these internal pressure tests combined with full-tube
axial tensile tests allows for the derivation of the Hill anisotropic yield function. The developed
Hill yield function is validated by comparing the plastic strain ratios from the full tube tension
tests and by comparing the predicted yield stress in the tangential direction with measured values

from ring tension tests in a previous study.



KEYWORDS

Zircaloy; Nuclear Fuel Cladding; Reactivity Initiated Accident; Multi-Axial Deformation;



I. Background and Motivation

During reactor overpower transients, light-water reactor (LWR) fuel cladding is subjected to
a multi-axial tensile loading from increasing rod internal pressure due to fission gas and as the
result of pellet cladding interaction (PCI). These loads can exceed the cladding yield limits
resulting in plastic deformation at high wall stresses. These high, multi-axial stress fields have
the potential to cause stress fractures in the cladding. An evaluation of cladding performance in
these transients requires development of a stress/strain constitutive model in both the elastic and
plastic deformation regimes, which is valid for multi-axial loadings. Zirconium alloy cladding
tubes commonly used in the LWRs display anisotropic yield behavior because of their unique
crystallographic texture in which hexagonal close packed (HCP) basal poles in HCP crystals are
aligned in the radial direction [1]. This texture is one that resists wall thinning [2] often resulting
in axial deformation to accommodate changes in diameter. Constitutive models based on data
from uniaxial tension tests have the potential to under predict the wall stresses during
displacement controlled multi-axial yielding. In uniaxial tension tests, crystal slip can occur early
on the most favorable crystallographic planes. In multi-axial loading scenarios, plastic
deformation along these favorable slip planes may be inhibited due to an orthogonal constraining
force. For thin-walled cladding tubes subjected to loading from either internal pressure or an
expanding ceramic pellet, the principal loads are in the tangential and axial directions with an
axial to tangential loading ratio of 0.5 (for internal pressure loadings), and between 0.5 and 1 (for
PCI loadings depending on the degree of surface slip) [3]. This multi-axial stress state requires
plastic deformation to occur principally through a reduction in wall thickness that is resisted by
the crystallographic texture of the cladding. The scenario underscores the need to develop an
elastic/plastic, stress/strain constitutive model for zirconium alloy cladding tubes based on data

from multi-axial loading.



Displacement-controlled tensile loads from PCI are generally theorized to be the dominant
loading mechanism early during an overpower transient [4][5]. This has led to many mechanical
studies of cladding deformation using an expanding mandrel experiment where the displacement
can be finely controlled. The resulting cladding strain can be measured through a variety of
mechanical and optical means. Thus often, the goal of such studies is to find a strain-based
failure criteria depending on cladding hydrogen content and temperature. A common way of
achieving displacement-controlled tangential loading is through an expansion due to
compression test where the displacing mandrel’s radial expansion is achieved through its axial
compression [6][7]. While the radial displacement can be precisely controlled in this manner, the
transferred force is not multi-axial. While additional constraining loads can be added to achieve a
multi-axial condition, this leads to a complicated testing setup. Additionally, such tests can also
produce a bending moment in the cladding around the edge of the compressed mandrel. In an
alternative testing arrangement known as “modified burst tests” (MBT), radial expansion is
achieved through internal pressurization of a driver tube [8][9]. This enables the MBT to transfer
a multi-axial load that is displacement controlled. Calculation of stresses in both testing
arrangements requires knowledge of mandrel cladding interaction as well as a high-confidence
mechanical model of the mandrel to determine the magnitude of the translated force. While these
tests provide useful data to assess ductility changes, the inability to measure cladding wall
stresses limits the ability of these studies to evaluate stress strain correlations. Simple internal
pressure tests offer the advantage of easily determining the cladding stresses, in the axial (c7),
tangential (og), and radial (oR) directions from the internal pressure (P) using the tube internal
radius (R;) and wall thickness (t) from Equations (1), (2), and (3), based on thin wall
approximation [10]. The von Mises effective stress (o) under internal pressure (plane stress) is

also easily deduced as shown in Equation (4) [11].
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However, traditional pressure/burst tests are load controlled making determination of the
ultimate tensile stress and uniform elongation limit difficult as the load is always increasing.
Load controlled pressure burst tests have been performed to study the performance of Zircaloy
and hydrided Zircaloy cladding tubes in this manner by Nagase and Fuketa [12][13]. These
experiments clearly show the decreased in pressure capability and elongation at burst for tests
with unfavorable hydride orientations. Load controlled pressures tests have also been performed
to measure constant load creep properties such as work done by Lan et al [14] and Seok et al
[15]. Tests by Nguyen et al incorporated a constraining biaxial tensile load and numerous
instrumentations to determine the cracking behavior of coated Zircaloy claddings under varying

stress biaxiality ratios at room temperature [16].

The following work is motivated by the desire to devise an internal pressure test that can
mimic a displacement-controlled loading scenario and demonstrate how to apply the multi-axial
stress and strain data from the test to develop an elastic/plastic constitutive model for the thin-

walled structural component at prototypic temperatures.

II. Model Formulation

The coordinate system used in the elastic/plastic constitutive models below is the most
convenient for thin-walled tubing. The coordinate system is Cartesian when one examines a

differential element of cladding material with the first direction aligned with the tube’s



circumference (tangential or hoop direction), the second direction aligned with the tube’s axial

length, and the third direction aligned with the tube’s radius. Throughout this work these
directions will be referred to as the tangential (0), axial (Z), and radial (R) directions,
respectively. The tangential coordinate (0) is a linear expression of the tube circumference or
diameter and should not be confused with the common angular direction used in cylindrical
coordinate systems. The models utilize the variable (o) for the true stress and the variable (¢) for

the true strain.

Axial
(2)
Radial
Tangential (R)

(6)

Figure 1. Coordinate System for Cladding Deformation Analysis

In the elastic regime the multi-axial constitutive law can take a generalized form of Hooke’s
law where the shear stresses and shear strains are equal to zero. While yielding of thin-walled

zirconium alloy tubing is known to be anisotropic, the elastic behavior is treated as isotropic. The
stiffness matrix (S) can be expressed in terms of a Young’s modulus (E) and Poisson’s ratio (v)

as shown in Equation (5).

)

Strictly speaking, the strain vector (¢) in Equation (5) is an elastic strain vector. In the

plastic regime, the plastic strain components must be subtracted from the total strains so that only



the elastic components of strain are multiplied by the stiffness matrix. Determination of the
plastic strain vector () requires the formulation of a multi-axial anisotropic yield function and an
associated hardening law. The direction of the plastic strain vector comes from application of the
plastic flow rule by taking the gradient of the yield function, and the magnitude of the plastic
strain vector comes from the hardening law. The yield function will take a simplified form of
Hill’s anisotropic yield criterion neglecting the shear components, as shown in Equation (6) [17].
So that the Hill coefficients (F, G, and H) are purely directional in nature, the function is
normalized by a value of (Ge,p)z. The coefficient (c,,), called the flow stress, is equal to the von
Mises effective stress after yielding under an internal pressure loading. A simple power law
hardening relationship is assumed, which is valid only for monotonically increasing loads and is
shown in Equation (7). The equation applies the consistency condition for plastic flow and
updates the flow stress (c,,,) from the yield stress (G, i) by @ hardening coefficient (K) and the
equivalent plastic strain () raised to a strain exponent ().
(6)
(7
Three independent equations are needed to solve for the Hill coefficients. Solutions for the
Hill coefficients are traditionally found by conducting uniaxial tensile tests in each of the
principal orthogonal directions (0, Z, and R). However, this presents experimental challenges
with thin-walled tubing and conflicts with the aim of evaluating material performance under
multi-axial loading conditions. Internal pressurization provides an easily quantifiable multi-axial
stress state for thin-walled tubing making this loading scenario an ideal initial selection.

Substituting Equations (2) and (3) into Equation (6) allows one to derive Equation (8).

(8)



A second equation can be derived from the internal pressure test through the application of
the plastic flow rule which states that the direction of the plastic strains must be normal to the
yield surface. Taking the gradient of Equation (6) and then again substituting Equations (2) and
(3) allows one to equate the Hill coefficients to defined plastic strain ratios under an internal
pressure load. These formulations are shown in Equations (9), (10), and (11). Note that these
relationships are only valid under capped internal pressure loading and different correlations
would need to be developed under uniaxial loading or with different multi-axial stress ratios.

9)
(10)
(11)

Equations (9), (10), and (11) are not independent thus requiring an additional equation, and
the loading scenario, to fully develop the Hill coefficients. A uniaxial full-tube tension test in the
axial (Z) direction makes an ideal complement to the internal pressure test as it is similarly
straightforward to conduct and provides the necessary independent loading scenario. Under a
uniaxial load in the axial (Z) direction, Equation (6) can be reduced as the principal stresses in
the tangential (0) and radial (R) direction are zero. This leads to a third independent equation
(12) used to solve for the Hill coefficients.

(12)

III. Test Procedure

Both full-tube axial tension tests and internal pressure tests are conducted to meet the data
needs identified in the above model formulation. In both test configurations the test samples are
loaded inside a custom box furnace capable of elevating the test sample temperature. The box

furnace also provides the containment and safety function for the pressure tests. An argon purge



line is connected to the furnace to limit sample oxidation during high-temperature testing.
Epsilon Model 7675-025M and Model 7642-010M-025M high-temperature extensometers are
used to monitor the tangential (0) and axial (Z) expansion of the cladding tube during the tests.
The full-tube axial tension tests are conducted using a standard Instron model 5967 universal
testing machine.

For the internal pressure tests a Maxpro MTIG20-30-75-2 booster pump is used to elevate
the pressure of an argon gas source up to 135 MPa. A Tescom 26-2000 pressure-reducing
regulator, which is pneumatically controlled by a Tescom ERS5000 controller, reduces the
pressure in a downstream static pressure line to a desired set point. Pressure is monitored in an
active feedback loop via a Tescom 2168 pressure transducer located behind the pressure-
reducing regulator. The Tescom 26-2000 has a vent port so that pressure in the static line can be
reduced if the pressure set point is lowered. Test samples are connected to the static pressure line
using medium pressure Swagelok fittings behind a bulkhead. A dead leg of medium pressure
tubing is connected to the other end of the test sample and capped. The dead leg of the medium
pressure tubing is axially unconstrained. An additional pressure transducer is located
immediately below the bulkhead to obtain the most accurate internal pressure measurement in
the sample. Between the two pressure transducers is a fast-acting nominally open Remarco
solenoid valve programmed to close upon a significant pressure drop such as would occur if the
test sample ruptured, limiting the amount of high-pressure compressed gas being expelled
through the ruptured test sample. Figure 1 shows a schematic of the testing apparatus. A pseudo
displacement-controlled test is achieved by programming the tangential () extensometer into a
proportional integral derivative feedback loop with the system pressure setpoint, using a
Labview data acquisition system. Testing was terminated upon a 1 MPa drop in the pressure

setpoint from its maximum value indicating that maximum uniform elongation had been



achieved.
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Figure 2. Cladding axial tension and pressure testing apparatus.

Zircaloy-4 cladding tubes with a nominal outer diameter of 9.5 mm and a wall thickness of
0.57 mm cut into 150 mm lengths are used in the present study. These tubes were commercially
procured and conform to ASTM B353-12 [18]. Figure 32 shows a test sample with the tangential
(0) and axial (Z) extensometers connected to the testing apparatus. Tests are conducted at room
temperature (~22°C), 150°C, 275°C, 400°C, and 525°C. The samples are heated for ~3 hours to
reach the isothermal target temperature. The cladding was deformed at a programmed strain rate
of 0.1% per minute. The programmed strain rate corresponds to the tangential (0) strain in the
pressure test and the axial (Z) strain in the full-tube tension test. The loading rate either from
internal pressurization or axial loading is not constant as these are strain controlled tests and the

loading rate varies to achieve a programmed strain rate.
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Figure 3. Zircaloy-4 cladding tube in pressure test apparatus

IV. Analysis Procedure

The first step in the data analysis is the determination of the yielding point. The yield point
in both tests is determined by an offset line. The goal of the yield point determination is to
determine when plastic deformation begins, and plastic strains begin to accumulate. For the
pressure test, the slope of the offset line is equal to the rate of change of pressure in the elastic
region. For the full-tube tension test the slope of the offset line is equal to the rate of change of
the axial stress in the elastic region. The high-confidence elastic region used to develop the
loading rates is determined for each temperature based on observed linearity in the data. The
offset time is equal to the programmed strain rate divided by a defined strain offset of 0.02%.
The yield point is the first point in the test at which the load crosses below the offset line. While
it is conventional to use a 0.2% offset line to determine the yield strength, it was found that a

significant deviation from linearity of the stress/strain response was observed between 0.02%



and 0.2%. Thus, it was chosen to use a more stringent yield condition of 0.02% in this study. For
the full-tube tension test Young’s modulus (E) and Poisson’s ratio (v) can be found from an
expansion and solution to equation (5) which are shown below in equations (13) and (14). In
these equations the variable (s) used for the engineering stress and the variable (e) used for the
engineering strain. It is common engineering practice to use the measured engineering values to
derive elastic constants and differences between engineering stress/strain and true stress/strain
values are generally negligible in the elastic region.
13)
(14)
During the full-tube tension tests the fittings often failed after approximately 2% axial (Z)
strain limiting the usefulness of these tests beyond the determination of the elastic constants and
the yield stress. However, enough plastic deformation occurred to develop the plastic strain
ratios. Figure 4 shows a plot of full-tube tension test data and the derived mechanical properties
as well as the a strain ratio (change in engineering hoop plastic strain over change in engineering

axial plastic strain) for the axial tension loading scenario.
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Figure 4. Stress strain data from a full tube tension test at room temperature



Young’s modulus (E) and Poisson’s ratio (V) are determined from pressure test data using
an expansion of the multi-axial formulation of Hooke’s law in Equation (5). These formulations

are shown in Equations (15) and (16). Figure 5 shows a plot of internal pressure test data and the

derived mechanical properties.
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Figure 5. Stress strain data from an internal pressure test at room temperature; Young'’s
Modulus was equal to 90 GPa and Poisson’s Ratio was equal to 0.368 in this test.

A. Strain Decomposition

Determination of the true plastic strain ratios in the internal pressure test requires a separation
of the measured strains into their elastic and plastic components after yielding. The elastic
components of strain can be determined from the derived elastic constants and Equation (5).
Tangential (0) and axial (Z) components of true plastic strain can then be determined by

subtracting the elastic components from their measured engineering values and applying natural

logarithms as shown in equation (17).
(17)



Determination of the radial (R) component of plastic strain requires application of the
incompressibility criterion for plastic flow, which states that the true plastic strain rates along
three orthogonal directions must equal zero. Integrating the incompressibility criteria for the
measured data set from the yield point (assume plastic strain at the onset of yielding is equal to
zero) allows one to derive Equation (18). Figure 6 shows the full decomposition of strains and
the calculated strain ratios from an internal pressure test at room temperature. The negative axial
(Z) plastic strain (dashed blue line) confirms the expected anisotropic nature of the tubing as the
volume conservation during tangential expansion of the tubing is accomplished not only by wall

thinning but also by axial shrinkage.
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Figure 6. Decomposition of elastic and plastic strain components in a room temperature pressure
test

B. Power Law Hardening



It is assumed that during hardening the yield surface expands isotropically and that the
degree of anisotropy does not change during hardening. This assumption is valid for
monotonically increasing tensile loads with finite plastic strains. Under this assumption, a power
law hardening model can be fitted to the data by relating an equivalent plastic strain to the von
Mises effective true stress. The equivalent plastic strain can be determined from the plastic strain
rate components derived above and then using a strain energy balance. The derived formulation
is shown in Equation 19. Then, using the engineering tangential (0) strain and engineering radial
(R) strain to determine the true dimensions of the deformed cladding tube, the true axial (Z)
stress is determined in Equation 20. The engineering radial strain used in Equation (20) is
determined by re-arranging Equation (17) to solve for the total engineering strain for a given true
plastic strain and elastic strain. True tangential (0) stress can then be determined from Equation
(2) and the true von Mises stress from Equation (4).

(19)

(20)

The hardening coefficient (K) and the strain exponent (n) are determined by taking natural
logarithms of Equation (7) and performing a linear regression where the slope of the regression
line is equal to the strain exponent (n) and the intercept of the regression line is equal to the
natural logarithm of the hardening coefficient (K). Figure 7 shows a comparison between the
data and the derived hardening model. The blue line plots the effective mises true stress after
yielding against the equivalent plastic strain calculated in equation (19). The orange line plots the
relationship using the derived K and n for an internal pressure test at room temperature. The fit

is adequate but not ideal.
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Figure 7. Hardening behavior from an internal pressure test at room temperature, K was equal to
716 MPa and n was equal to 0.413 in this test.

V. Results

Thirteen pressure tests and five full-tube tension tests were conducted according to the

procedures described in section III with results shown in Table 1 and Table 2. Of the five full
tube tension tests three were conducted at room temperature and two were conducted at 400 °C.
Of the 13 pressure tests four were done at room temperature, two at 150 °C, three at 275 °C,
three at 400 °C and one test at 525 °C. The tangential (0) stress and effective stress at yielding
are both reported for the internal pressure tests. For the single pressure test at 525 °C, the
cladding displayed a yield drop softening behavior in which most of the plastic flow occurred
below the maximum load making calculation of the plasticity variables difficult using the
methods described above. It is hypothesized that at this temperature and above visco-plastic
effects begin to dominate the deformation.

Results are generally consistent at a given temperature with variability between the elastic

and strength properties generally varying by less than 5%. The greatest variability is seen in the



hardening data with as much as 16% variability in the hardening coefficient (K) and as much as
11% variability in the strain exponent (n). The fit of the power law hardening model to the data
is acceptable (R? >95%) although the fit regularly underestimates yield and overestimates the
hardening behavior, as seen in Figure 7. It has been suggested by other authors that there is an
inherent randomness in the onset of plastic instabilities in unirradiated zirconium alloys [19][20].
This is explained by the anisotropic microstructure of the cladding tubes. The geometrically
favored deformation system of the cladding’s microstructure resists microplasticity until the
critically resolved shear stress (CRSS) of a system is achieved, at which point plastic
deformation may occur on all similar systems. The sudden activation of many similar slip
systems will display a sharper yield shoulder than observed in more isotropic materials as well
which can also be seen in Figure 7. More refined hardening models may be needed to account for
this behavior and will be explored as part of future work.

Yield stress and ultimate tensile stress consistently decrease with temperature. Other
mechanical property changes are most notable between 275 °C and 400 °C. Over this
temperature range Young’s modulus decreases from an average value of 84.5 GPa to an average
value of 68.4 GPa. This is consistent with the expected 5% drop per 100 °C expected in HCP
metals of the IV-B row in the periodic table [21]. The hardening coefficient likewise decreases
from an average value of 655.3 MPa to 426 MPa. The decrease in the hardening coefficient with
temperature is consistent with other correlations [20]. The ductility also begins to dramatically
drop off in this temperature region with engineering uniform elongation in the tangential (0)
direction decreasing from 3.8% to 1.9%. For internal pressure loadings the uniform elongation in
the tangential (0) direction is very close to the true equivalent plastic strain, which is convenient

for interpreting the results from these tests. However, care should be taken as this is not



generically true. Under other stress ratios significantly higher contributions to the equivalent
plastic strain can come from other strain components resulting in higher plastic strains (and thus
higher wall stresses) at a similar tangential (0) elongation.

Young’s modulus, Poisson’s ratio, yield stress, and ultimate tensile stress from the
developed data set were compared with a variety of literature sources. Plots are shown in Figure
8, Figure 9, Figure 10, and Figure 11. When shown in these figures, data from axial tension tests
are plotted as squares, data from ring tension tests are plotted as triangles, and data are plotted as
dots when only effective stresses are listed with no additional information on testing direction.
For Young’s modulus the data from both internal pressure and axial tension tests is in good
agreement with literature from a large variety of sources
[19][20][22][23][24][25][26][27][28][29][30][31][32]

[33][34][35], up to 400 °C. At 525 °C creep loci are likely being encountered very early in the
internal pressure test and biasing the measurement of Young’s modulus low. The data for
Poisson’s ratio is likewise in good agreement with a variety of sources at room temperature
[19][23][24][25][33][35] and closely tracks data from Schwenk [36] up to 400 °C. Data is
notably lower than values reported by Scott [31]. Few sources provide measured data points

above 400 °C for comparison.
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There is much greater variability among literature sources regarding measured yield
stresses and ultimate tensile stresses. These strength values are much more sensitive to material
processing parameters, such as the degree of cold work and final heat treatment as well as
differing among the specific zirconium alloy being tested. With respect to yield stress, the values
derived in this study fall within the wide range of reported values from room temperature studies
[19][20][24][37][38][39][40][41][42][43]. They also track well with data from Huang [44] and
Tung [45] up to 400 °C. The ultimate tensile stress (UTS) values derived from this study tended
to be generally higher than literature. It is unclear from many of the references if engineering or
true stresses were used for the UTS which may account for some of the differences. Bouffioux et
al. [33] explicitly use the true stress value corresponding to their UTS data which best matches
the data in this study. Mozzani et al. [41] explicitly use engineering values for the yield stress
and UTS data which agree well with other sources transposed by a constant stress factor from the

true stress data at significant plastic strain.
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Figure 10. Comparison of Yield Stress Data with Literature
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Table 1. Results from Pressure Tests

g . . . . ) Hardenin - Ultimate
Stress at Yielding Elastic Properties Plastic Strain Ratios Constantf Ductility Measures True Stress
(GI\%:) ‘(’N:’I;a')d E (GPa) v a B v K(MPa) n  0-UE(%) MaxeP(%) Max o, (Mpa)
Room Temperature (~20 °C)

624.5 540.8 89.5 0.366 -3.708  -1.369  0.369 559.2  0.392 4.58 4.631 795.5

608.5 526.9 87.5 0.372 -4.161 -1.316  0.316 758.7 0.412 4.54 4.661 808

624.6 540.9 90 0.368 -4.062 -1.327  0.327 716.7  0.413 3.7 3.795 803.7

584.4 506.1 90.4 0.364 -3.67 -1.375  0.375 595 0.373 5.05 5.102 778.6
150 °C

372.4 322.5 90.1 0.365 -2.478 -1.677  0.677 579.6  0.386 4.4 4.331 540.3

391.9 339.4 88.6 0.367 -2.649 -1.607  0.607 589.4  0.383 2.79 2.788 551.1
275 °C

261.8 226.8 87.7 0.37 -3.067 -1.484 0.484 736.5 0.422 4.15 4.152 435.2

250.2 216.7 80 0.38 -3.256  -1.443  0.443 691.2  0.389 3.95 3.994 439.4

296.7 256.9 86 0.37 -3.189  -1.457  0.457 538.2  0.358 34 3.352 458.9
400 °C

210.9 182.7 66.4 0.411 -6.452  -1.183  0.183 428.1  0.355 1.96 2.139 328.3

213.1 184.5 68.6 0.402 -6.577 -1.179  0.179 387.5 0.322 1.89 2.057 329.7

220.3 190.8 70.3 0.406 -6.752  -1.174 0.174 463.1 0.404 1.91 2.058 325.3
525 °C

120.5 104 36.5 0.463

*0-UE — Engineering Tangential Strain ‘Elongation’ Prior to Load Drop
**gP — True Equivalent Plastic Strain Prior to Load Drop



Table 2. Results from Full Tube Tension Tests

Gzyield (MPa) E (GPa) v o
Room Temperature (~20 °C)
442.1 91.2 0.369 -0.673
414.3 95.5 0.335 -0.681
404.5 93.6 0.225 -0.586
400 °C
171.1 64.4 0.369 -0.673
170.2 68.7 0.419 -0.718

VI. Derivation of Hill Coefficients & Yield Loci

The developed data set allow for the simultaneous solutions to Equations (8), (9), and (12) to
calculate Hill anisotropic yield coefficients at room temperature and 400 °C. Figure 12 shows
these coefficients along with the corresponding yield loci. The effect of the power law hardening
can also be seen by the dashed blue line. For reference, the von Mises yield loci that would be
calculated from a uniaxial axial tension test (green) and a ring tension test (magenta) are also
shown for comparison. Data from previously conducted ring tension tests by the author is used to

develop the yield loci in the figure for the tangential (0) loading condition [46]. The derived
curves show how applying data from uniaxial tests in either the tangential (0) or axial (Z)
direction would lead to an under calculation of tangential (0) stresses and the importance of

conducting multi-axial testing. Even if one does not fully develop a Hill yield criterion, using a
von Mises criterion based on the effective yield stress in an internal pressure test provides a
much more accurate calculation of wall stresses during multi-axial yielding as shown in the red

curve.



The model predicts a maximum tangential (0) stress when the axial (Z) to tangential (0)
stress ratio is 0.64. The derived Hill yield loci predicts a uniaxial tangential (0) yield stress of
452.3 MPa. This closely matches the uniaxial data from ring tension testing data, which reported
yield stresses of ~470 MPa [46]. The Hill yield model can be further cross validated by
comparing the calculated plastic strain ratios for the axial tube tension test with those predicted
by the model. Application of the plastic flow rule to Equation (6) and setting the radial and
tangential stresses equal to zero results in Equation (21). Taking the derived room-temperature
Hill coefficients for H and F result in a plastic strain ratio of -0.639, which is very close to the
average of the measured values in the axial tension tests at room temperature of -0.647.

21)

These numerous cross validations show that the internal pressure test is most useful in
development of mechanical property data, and that it can be used to simulate PCI loading
scenarios. At 400 °C, the tubing anisotropy is significantly reduced, and the Hill yield values all
approach 0.5. The 400 °C Hill yield and von Mises yield loci for internal pressure and axial
tensile data are shown in Figure 13. While axial tensile tests were not conducted at 150 °C or 275
°C, the plastic strain ratios developed from the internal pressure tests indicate that anisotropy is
even higher at these intermediate temperatures than at room temperature. It is likely that the high
flow stresses that develop at room temperature activate more twinning slip systems in the
radially aligned basal poles. At 400 °C, slip system CRSS become more isotropic, and diffusion
activated slip systems further allow for more deformation in the radial direction. However,
stresses at intermediate temperatures are too low to activate twinning based systems and the
temperatures too low to create any predominating diffusion processes [47]. It is theorized that at

these intermediate temperatures and stresses that deformation is limited to dislocation-based slip



on prismatic <a> systems and thus mechanical anisotropy due to grain texture is highest in these

domains. Validating this hypothesis will be the subject of future work.
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The results of this study confirm that fresh, unirradiated and non-corroded (no hydrogen
pickup) cladding has sufficient ductility to accommodate displacement-controlled loadings from
an expanding fuel pellet. These results also indicate that if the deformation occurs at low
temperature, such as in a cold zero-power transient, significant wall stresses can be generated for
even modest tangential (0) displacements. These stresses will likely be even higher if one
considers strain rate [39] and irradiation hardening effects [48]. In claddings with a significant
hydride flaw, these stresses may be high enough to initiate a cleavage-style crack [49]. As the
cladding heats up, the stresses are relieved; however, if a flaw has already been initiated from a
low-temperature stress fracture in a hydrided region, the limited amount of hardening that occurs
past ~2% plastic strain in the bulk metal limits the ability of the crack to arrest. Even at low-
engineering strains from PCI, local ductility can be quickly exhausted in these cases. This leads
to the characteristic fracture surface seen in many fractured cladding tubes from overpower
transient tests, which have a Mode I brittle crack in a heavily hydrided region, followed by a
mixed Mode [/Mode II ductile crack propagating from the tip of the brittle flaw through the

cladding thickness, ultimately resulting in failure [50].

VII. Conclusions

It is concluded that the internal pressure test is capable of simulating displacement-
controlled loadings and can generate a large set of useful mechanical property data on thin-
walled zirconium alloy tubing up to 400 °C. When combined with full-tube axial tensile tests, the
data from the internal pressure test can be used to derive Hill yield coefficients to develop a
multi-axial elastic/plastic constitutive model of thin-walled tubing. The derived mechanical
properties from the multi-axial loading experiments generally have low variability between tests

and compare well with data derived from many literature sources. This validates the use of the



test method to develop reliable data with a few tests. Texture induced mechanical anisotropy is
identified at room temperature and appears to be minimized at high temperatures, in this case at
400 °C. However, the study provides some evidence that the mechanical anisotropy may be at a
maximum around 150 °C or between 150 °C and 275 °C. The importance of conducting multi-
axial loading experiments is emphasized as the developed yield loci showed that notably higher
yield stresses are seen for thin-walled zirconium alloy metals under multi-axial loading than
under uniaxial loading in either the axial (Z) or tangential (0) directions. The developed yield
loci are cross validated by comparing the plastic strain ratios from the full-tube tension tests and
by comparing the predicted yield stress in the tangential di-rection with measured values from

ring tension tests in a previous study.
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