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Content

n Current state of the art of modeling of cladding behavior 
modeling:

n Hydride formation and nucleation
n Mechanical behavior

n Mechanical behavior of hydrided clad

n Hydride nucleation and growth

n How does it fit within the UFDC campaign?



n These issues impact the dynamic response of fuel assemblies as well as the 
associated materials properties uncertainties and boundary conditions 
uncertainties (storage history, loading conditions).

n Driving forces: (Peak and time) temperature, cladding stresses, burnup level.
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The UFD gap analysis report identified 
cladding performance degradation 
mechanisms and ranked them by importance

[ Hanson, B. et al., FCRD-USED-2011-000136, 2011.]
[ Maheras, S.J. and S.B. Ross, FCRD-USED-2011-000323, 2011.]
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Modeling and Simulation: from system 
dynamics to single fuel pin modeling
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Modeling of hydride precipitation: 
thermodynamics and precipitation kinetics 
theory
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Modeling of hydride precipitation: 
thermodynamics and precipitation kinetics 
theory
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n Rate of ZrHx nucleation in Zr matrix:

n Input parameters
- Temperature
- H diffusion
- H concentration
- Defect density (irradiation, dislocations, other defects)
- Critical activation energy for nucleation
- Stress level
- Hydride misfit strain
- TSSP solvus, solution solvus. Solubility limit of the material

n Modeling methodology
- Finite Element
- Finite Difference
- Phase Field modeling (grain level)
- Kinetic Monte Carlo simulations (grain level)

UNF NCT Loading and Structural PerformanceMay 22, 2013
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The formation of hydrides can be simulated for 
various drying scenarios (i.e. what is the state 
of the material as it is ready to be shipped?)

7

[Chan, JNM, 1996]

[Guo, JNM, 2008]
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The formation of hydrides can be simulated for 
various drying scenarios (i.e. what is the state 
of the material as it is ready to be shipped?)

7

[Chan, JNM, 1996]

[Guo, JNM, 2008]

n Typical output:
- Volume fraction of radial hydride vs. time at different stress levels 
- Volume fraction of radial hydride vs. cooling rate
- Hydride connectivity and length (PFM)

n Verification and validation:
- Terminal Solid Solubility (TSS): Differential scanning calorimetry experiments
- Microscopy quantification of precipitation morphology (Arborelius, Billone, Chung, Motta) for 
various configurations
- In-situ XRD (T + σ) (Motta)
- Limited by time constants and irradiation
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Failure and damage criteria for Zircaloy 
cladding based on fracture mechanics and 
micromechanics

8
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Failure and damage criteria for Zircaloy 
cladding based on fracture mechanics and 
micromechanics

8

n Ductility of a hydrided material comes from two contributions:
(i) hydrides (brittle phase) and (ii) the matrix ligaments (ductile phase).
Distinction between circumferential and radial hydrides.

n Input parameters
- Hydride length and connectivity
- Volume fraction of hydride and their orientation
- Elasto-plastic properties of Zr matrix and hydrides (E, μ, σY, H0)
- Temperature
- Loading mode
- Irradiation

n Modeling methodology
- Finite Element (continuum)
- Crystal Plasticity Finite Element (i.e. grain level model)

Circum. hydride
Surrounding Zr phase

Rad. hydride

Hydride lens
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The mechanical behavior of damaged 
cladding and rupture criteria can be 
extracted from these types of simulations

9

[Rashid, EPRI, 2007]

[Hansen, Report2012-5808, 2012]

[Alam, ASTM Int'l, 2011]

n Typical output:
- Constitutive behavior of hydrided cladding 
- Ductile-to-Brittle transition (DBT)
- Fracture criteria

n Verification and validation:
- Tensile/Bend tests / ring compression tests of hydrided specimen in controlled environments 
(Billone, Wang)
- Ring tensile test and burst test
- H.P. Robinson data with 72 GWD and 63 GWD burnup with a known neutron fluence
- Verification and validation of the model for cladding with mixed hydride structure is limited by 
data (irradiation and hydride re-orientation)

UNF NCT Loading and Structural Performance 9May 22, 2013
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Cladding mechanical model incorporating 
hydride effects

Data Gaps:  Cladding 

7 

Stressor Degradation 
Mechanism  

Influenced 
by 
Extended 
Storage or 
Higher 
Burnup 

Additional 
Data 
Needed 

Importance 
of R&D 

Thermal 

Annealing of radiation  
damage Yes Yes Medium 

Metal fatigue caused 
by temperature 
fluctuations 

Yes Yes Low 

Phase change No Yes Low 

Chemical 

Emissivity changes  No Yes Low 
H2 effects: 
Embrittlement and  
reorientation  

Yes Yes High 

H2 effects:  Delayed 
hydride cracking Yes Yes High 

Oxidation Yes Yes Medium 

Wet Corrosion:  No Yes Low 

Mechanical Creep Yes Yes Medium 

ANL Hydride and Oxidation Tests [Stress-strain response at 300 oC, J. Rashid et.al., EPRI, 2009]

For stress in fibers, first, the 2nd Piola-Kirchhoff
stress tensor without damage is derived as

S0
i = 2

∂Ψ0
i

∂C
= 4ki(I4(i)−1) exp[qi(I4(i)−1)2](M i⊗M i)

(53)
Then, considering damage, the Cauchy stress tensor
for the ith hydride is given as

σi = (1− ξi)(F · S0
i · F )/J (54)

Following the uncoupled strain energy function in
(42), the total Cauchy stress of the composite is the
additive of the contributions from different compo-
nents, i.e.,

σ = fmσm +
n�

i

fiσi (55)

4.3. Yield function and hardening law for the Zry4
matrix

The stress in the Zry4 matrix is restricted by the
yielding condition, F (τ , εp) ≤ 0. Following [11],
the J2-type yield surface can be written as

F (τ ,α) = �s� −
�

2

3
[Y0 +H(εp)] (56)

where s = dev(τ ), and Y0 is the initial yield
strength, and H(α) is the hardening function that
depends on the internal variable, i.e., the equivalent
plastic strain εp. One particular nonlinear harden-
ing function is given as

H(εp) = Kεp + Y∞[1− exp(−δεp)] (57)

where K is the hardening modulus, Y∞ is the resid-
ual strenth, and δ is the saturation exponent.

4.4. Damage evolution laws

For the damage variable ξ appeared in the strain-
energy function (42), a particular phenomenological
smooth evolution law, [4], is adopted and given as

ξ(α) = ξ∞[1− exp(−α/tau)] (58)

where ξ∞ describes the dimensionless maximum
damage and τ is referred to as the damage satu-
ration parameter. α is identified in [4] as the max-
imum thermodynamic force.

5. Model Verification

A section on model verification, using material
point simulator to exercise different features of the
model, some parametrization study.

6. Numerical Examples

6.1. Uniaxial Tension Test

6.2. Ring Compression Test

Figure 1 is an idealization of a ring of Zry4 taking
part in a ring compression test. Here, one-quarter
symmetry applies, where the ring is compressed
along the vertical direction by the test fixture. This
compression results in a downward displacement of
the top center of the ring, and an outward displace-
ment of the right boundary of the ring, as seen ex-
aggerated in the figure.

Figure 1: Ring of Zry4 in a hypothetical ring compression
test. Symmetry is assumed to apply to allow analysis on
one-quarter of the ring.

In the ring compression simulation, two hydride
directions are considered. For simplicity, the first
hydride direction is M1 = [1, 0, 0], where the vec-
tor syntax [x, y, z] denotes the coordinate direction
of the normal to the plane of the hydride platelet.
Thus, the M1 hydride orientation is vertical and
into the figure (the normal is along the x axis. Simi-
larly, the second hydride direction considered is the
M2 = [0, 1, 0] direction, with the hydride horizontal
and into the figure. Work is underway to calculate
hydride orientation based upon local coordinates
instead of these fixed global coordinates. In this
model, damage is active only in the hydride phases
of the material.

6
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introduced fourth-invariant of the right Cuachy-
Green tensor. The stress response of the material is
then derived from the energy function, in a thermo-
dynamically consistent manner.

4.1. Strain-energy function for cladding material
with multiple preferred hydride directions

A general form of the strain-energy function is
proposed to have the following form:

Ψ = fm(1− ξm)Ψ0
m(C) +

n�

i

fi(1− ξi)Ψ
0
i (C,M)

(42)
where C = F TF is the right Cauchy-Green ten-
sor. M is the unit vector normal to the the hy-
dride plane. Ψ0 is the strain-energy function for
undamaged material, f is the volume fraction, and
ξ is the damage parameter. Subscripts ‘m’ and ‘i’
corresponding to matrix and the ith hydrides re-
spectively. The volume fraction obeys the partition
of unity property, i.e.,

fm +
n�

i

fi = 1 (43)

where n is the number of preferred hydride direc-
tions.

It is clear that the strain-energy function con-
sists of contributions from both Zry4 matrix and
hydrides. Damage parameter and volume fraction
add flexibility to the model to capture a variety
range of hydride compositions. The next step is to
properly select strain-energy functions for different
materials.

For the Zry4 matrix, we propose to use a J2 type
strain-energy function, commonly used for mod-
elling elasto-plastic behavior in metals, with iso-
choric plastic flow (Jp = 1 ⇒ J = Je, and
J = detF is the Jacobian)

Ψ0
m = U(J) +W (b̄

e
) (44)

where

U(J) =
κ

2
(
1

2
(J2 − 1)− log(J))

W (b̄
e
) =

µ

2
(tr(b̄

e
)− 3)

(45)

where κ and µ are bulk and shear modulus.
The hydride component, on the other hand, en-

dows the material with one or more preferred direc-
tions, which can be characterized by a unit vector

M i. If we define an invariant I4(i) for the ith hy-
dride as

I4(i) = M iCM i (46)

and write the strain energy as a function of C and
I4(i). Then, the material properties will be inde-
pendent of the sign choice of M , i.e., Ψ0

i (C,M) =
Ψ0

i (C,−M). The strain-energy function still de-
pends on M but only through invariant I4(i). One
particular form of strain-energy function, similar to
those used in model fibers in composite materials
[? ], is proposed here

Ψ0
i =

ki
qi
{exp[qi(I4(i) − 1)2]} (47)

with ki and qi being two material constants for the
ith hydride.

It should be emphasised that the specific energy
functions proposed in this section are intended to
capture some of the most salient features of the
Zry4/hydride cladding materials. However, the
strain-energy functions are by no means universal.
Calibration for material parameters are needed, as
for any material model. With more available exper-
imental data, different strain-energy functions may
be used.

4.2. Elastic constitutive law and stress

With strain-energy function proposed in (42),
(44) and (47), it is straightforward to derive elastic
constitutive law and the stresses. For J2 matrix,
the Kirchhoff stress tensor is obtained by the gen-
eral expression

τ 0 = 2F e ∂Ψ
0
m

∂Ce F
eT = JU �(J)1+ s (48)

Substitute the energy form Ψ0
m for J2, the Kirchhoff

stress tensor without damage is given as

τ 0 = Jp1+ s (49)

p = U �(J) =
κ

2
(J − 1/J) (50)

s = dev(τ ) = µ dev(b̄
e
) (51)

Then, considering damage, the Cauchy stress tensor
for the matrix is given as

σm = (1− ξm)σ0 = (1− ξm)τ 0/J (52)

5 damage parameter 

n J2 fiber damage model
n Zr matrix treated as an elasto-plastic material
n Hydrides modeled as “fibers” with an associated orientation

(radial vs. circumf.)

For stress in fibers, first, the 2nd Piola-Kirchhoff
stress tensor without damage is derived as

S0
i = 2

∂Ψ0
i

∂C
= 4ki(I4(i)−1) exp[qi(I4(i)−1)2](M i⊗M i)

(53)
Then, considering damage, the Cauchy stress tensor
for the ith hydride is given as

σi = (1− ξi)(F · S0
i · F )/J (54)

Following the uncoupled strain energy function in
(42), the total Cauchy stress of the composite is the
additive of the contributions from different compo-
nents, i.e.,

σ = fmσm +
n�

i

fiσi (55)

4.3. Yield function and hardening law for the Zry4
matrix

The stress in the Zry4 matrix is restricted by the
yielding condition, F (τ , εp) ≤ 0. Following [11],
the J2-type yield surface can be written as

F (τ ,α) = �s� −
�

2

3
[Y0 +H(εp)] (56)

where s = dev(τ ), and Y0 is the initial yield
strength, and H(α) is the hardening function that
depends on the internal variable, i.e., the equivalent
plastic strain εp. One particular nonlinear harden-
ing function is given as

H(εp) = Kεp + Y∞[1− exp(−δεp)] (57)

where K is the hardening modulus, Y∞ is the resid-
ual strenth, and δ is the saturation exponent.

4.4. Damage evolution laws

For the damage variable ξ appeared in the strain-
energy function (42), a particular phenomenological
smooth evolution law, [4], is adopted and given as

ξ(α) = ξ∞[1− exp(−α/τ)] (58)

where ξ∞ describes the dimensionless maximum
damage and τ is referred to as the damage satu-
ration parameter. α is identified in [4] as the max-
imum thermodynamic force.

5. Model Verification

A section on model verification, using material
point simulator to exercise different features of the
model, some parametrization study.

6. Numerical Examples

6.1. Uniaxial Tension Test

6.2. Ring Compression Test

Figure 1 is an idealization of a ring of Zry4 taking
part in a ring compression test. Here, one-quarter
symmetry applies, where the ring is compressed
along the vertical direction by the test fixture. This
compression results in a downward displacement of
the top center of the ring, and an outward displace-
ment of the right boundary of the ring, as seen ex-
aggerated in the figure.

Figure 1: Ring of Zry4 in a hypothetical ring compression
test. Symmetry is assumed to apply to allow analysis on
one-quarter of the ring.

In the ring compression simulation, two hydride
directions are considered. For simplicity, the first
hydride direction is M1 = [1, 0, 0], where the vec-
tor syntax [x, y, z] denotes the coordinate direction
of the normal to the plane of the hydride platelet.
Thus, the M1 hydride orientation is vertical and
into the figure (the normal is along the x axis. Simi-
larly, the second hydride direction considered is the
M2 = [0, 1, 0] direction, with the hydride horizontal
and into the figure. Work is underway to calculate
hydride orientation based upon local coordinates
instead of these fixed global coordinates. In this
model, damage is active only in the hydride phases
of the material.
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damage saturation parameter 

maximum thermodynamic force 
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Calibration and validation this material 
model

[Stress-strain response at 300 oC, J. Rashid et.al., EPRI, 2009]UNF NCT Loading and Structural Performance 11May 22, 2013

9 

RCT Sample and Test Apparatus 

Orientation: 
12 o’clock = applied load 

3 o’clock = side 
6 o’clock = support 

9 o’clock = side 

n ANL ring compression test
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n The volume fraction of radial hydrides vs. circumferential hydride 
impact ring load/displacement behavior.

n Need for additional non-RCT data for validation.

Calibration and validation this material 
model
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What is the state of the clad material as it is 
ready to be shipped?
Hydride nucleation and growth model

Heat equation
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Based on the current state-of-the-art, gaps and 
limitations for materials behavior have been 
identified

n Mechanical properties after extended storage is not clearly known:
- Hydride fraction, connectivity, morphology.
- Extent of cumulative damage due to the combination of hydrides and irradiation.
- Fundamental physical properties not clearly characterized (activation energy, diffusion 
coefficients, hydride misfit strain, oxidation rate).
- Mechanical properties not clearly characterized (fracture toughness, hardening modulus, 
hydride mechanical properties).
- Combined effect of hydriding and creep.
- Effect of cladding annealing (annealing of radiation damage and impact on materials 
properties).

n The performance requirements for NCT are not clearly defined
- “We want to be X% confident that Y% of the fuel pin will not see a strain exceeding Z ”?
- Definition of performance requirements both at the assembly level and fuel pin level?
(NUREG-1567 accepts 1% rod breakage for normal conditions)
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How does this integrate within the UFDC 
experimental efforts?

n SNL shaker table test (McConnell, SNL)
- Measure the structural response directly on a mock fuel rods
 in an 17 X 17 PWR fuel assembly when subjected to vibration
and shock loads simulating those produced during normal
transport by truck.
- Equipped with 18 accelerometers and 46 strain gauges.
- Provide data to calibrate and validate vibrational and dynamics models of fuel assembly. 

n High Burnup UNF bend testing on cladding with fuel in place (Wang, ONRL)
- Measure mechanical response of H.B. Robinson WE 15x15 rod segments w/ 63-67 GWd/MTU average 
burnup.
- Provide data to calibrate and validate constitutive models for hydrided and irradiated clad. 

n Ring compression test on UNF cladding following simulated drying (Billone, 
ANL)

- Ring compression tests to provide input for pinch or crush loading analysis.
- Provide data to calibrate and validate constitutive models for DBTT and irradiated clad. 
- Provide data for characterization of hydride length (continuity), orientation and distribution. 

n In-situ XRD measurements at Advanced Photon Source (Motta, PSU)
In-situ ion irradiation TEM at SNL (Clark, SNL)

- Provide microscale data to calibrate and validate constitutive models for hydride re-orientation / hydride 
embrittlement. 
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Multiresolution schemes are necessary to 
appropriately model the mechanical constitutive 
behavior of clad as it is ready to be shipped
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n Development of a finite element based mechanical model for 
the constitutive behavior of hydrided clad materials.

n Depends on hydride orientation
n Accounts for damage of hydrided “fibers” 

n Development of a hydride nucleation and growth model for the 
initial materials conditions prior to transport.

n Accounts for irradiation
n Accounts for cooling history
n Hydride characterization metrics: orientation, continuity, length

n Validation and calibration of models with experimental data.


