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h i g h l i g h t s

� An approach to couple creep and
wear, uniting very different
characteristic times.

� Integrated wear and creep analysis
shows how gap forms during grid-to-
rod fretting.

� Creep acts by both cladding creep-
down and local stress relaxation at
contacts.

� Relaxation is dominated by creep at
partial slip stage, by wear at full slip
stage.

� How various parameters affect the
wear profile and the time to loss of
contact.
g r a p h i c a l a b s t r a c t

Integrated wear and creep analysis shows the relaxation of contact force over time during grid-to-rod
fretting. Initially, wear occurs only at the edges of the contact. As the contact force is relaxed by creep,
the wear scars expands into the middle. At some point full slip occurs, and wear then occurs over the
entire interface, eventually evolving into a profile where the maximum wear depth is in the middle of
the contact. Contact relaxation is dominated by creep at the partial slip stage and by wear at the full slip
stage.
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a b s t r a c t

The initial stages of grid-to-rod fretting (GTRF) are associated with stress-relaxation. Both creep and wear
contribute to this process. These mechanisms act in concert, and are influenced by each other. The devel-
opment of a strategy to couple creep and wear is important for the numerical modeling of gap formation
in a pressurized-water reactor (PWR). However, the characteristic time scales for the two processes are
very different, which can cause numerical problems. In this paper, an approach is presented to develop
reasonably efficient, yet accurate, models that couple the two processes. This approach is used for a
numerical analysis of gap formation during grid-to-rod fretting. In this analysis, the effects of wear are
integrated with the effects of creep relaxation, providing insight into the relative roles of the two mech-
anisms in this particular application. During the early stages of gap formation, the fluid-induced excita-
tion forces are not large enough to cause macroscopic slip and wear across the entire interface. As a
result, creep, rather than wear, is the dominant mechanism that dictates the evolution of the contact
stress. Creep contributes to stress relaxation both through the creep-down of the cladding onto the fuel,
and by local stress relaxation at the contacts. Although localized wear always occurs at the edge of the
contacts, the effects are so small that this can be considered to be an incubation period for wear.
Eventually, the contact force relaxes to such an extent that slip occurs over the entire contact between
the rod and grid, and wear becomes the dominant relaxation mechanism. The simulations demonstrating
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these concepts explored different pressure fluctuations, friction coefficients, wear coefficients, and initial
interference, to show how these different parameters affect the wear profile and the time at which con-
tact is lost between the rod and grid.

� 2017 Elsevier B.V. All rights reserved.
1 The contact pressure at each node, or the average contact pressure across the
interface, could also be used in Eq. (1). However, our studies suggested that the use of
the maximum contact pressure across the interface was the best approach.
1. Introduction

Grid-to-rod fretting (GTRF) induced by turbulence in the cool-
ant can cause wear of the zirconium alloy used as cladding for
the fuel in pressurized-water reactors (Kim, 2009). This wear
mechanism is a major cause of leaking fuel, and is a significant con-
cern for the design and safety of reactors. The contact pressure
between the grid and cladding, which can relax as a result of both
wear and creep, controls the wear rate. Eventually, the contact
pressure can relax to such an extent that a gap opens up between
the two components. Once this happens, the wear process changes
to one associated with dynamic impact (Kim and Suh, 2009; Lee
and Kim, 2013). Modeling the first stage of the fretting process,
where wear and creep interact, is complicated by the fact that
the two processes are associated with very different time scales.
The question of how to integrate the two time scales into a numer-
ical model of GTRF is the focus of the present study.

There are two types of frictional interaction across an interface:
sticking and slipping (Churchman and Hills, 2006). Sticking occurs
wherever the friction coefficient is sufficiently high to prevent rel-
ative sliding between the two surfaces. If the contact stress relaxes
sufficiently by creep, for example, then the two components can
slide relative to each other, and wear can occur at the interface. Full
slip occurs when there is sliding along an entire contact area. Par-
tial slip occurs when the slip condition is met on only a portion of
the interface (usually close to the edge of a contact where the shear
stresses tend to be the highest).

Creep and wear can have very different characteristic times;
this discrepancy needs to be addressed when developing numeri-
cal models for the combined phenomena. For example, the coolant
in a reactor causes the rods to vibrate at relatively high frequencies
(Kim and Suh, 2008; Rubiolo and Young, 2009). To capture the
wear associated with each cycle would require very small time
increments. However, creep processes can take place over much
longer time scales, depending on the stress level. The use of time
increments short enough to describe each wear cycle individually
would not be an efficient way to model creep. Conversely, the
use of time increments large enough to model creep efficiently
would correspond to many wear cycles. The error associated with
this could lead to inaccuracies in both wear and creep calculations.
This is the issue that motivated the work described in this paper, in
which we discuss the use of an algorithm to determine the appro-
priate time increments that should be used to couple the two
mechanisms efficiently, but without significant loss of accuracy.

Conventional re-meshing algorithms to model a wear scar
introduce another numerical problem when trying to couple wear
with creep. Re-meshing requires unloading the model; this can
cause loss of the loading history for the system. To overcome this
difficulty, we use an eigenstrain algorithm developed by Hu et al.
(2015a,b) to model wear. This algorithm allows the wear-scar pro-
file to be updated dynamically without re-meshing, so the stress
history is maintained continuously. This feature makes the algo-
rithm particularly useful in the coupled wear-creep problem.

A complication associated with numerical models of creep is
that the mechanism for stress relaxation depends upon the tem-
perature and stress level. So, the creep law can change during
the relaxation process. To address this issue, we use the creep
model developed by Wang et al. (2013), in which a deformation
map of zircaloy-4 is embedded within the finite-element code,
allowing the dominant mechanism to evolve naturally as the con-
ditions change.

In summary, in this paper we present a numerical analysis of
rod-on-grid wear during a prolonged operation cycle for a
pressurized-water reactor. The primary purpose of the work is to
illustrate how one can couple creep and wear, and to examine
the regimes in which wear or creep control the stress relaxation.
We are not attempting to do a detailed analysis of wear scar forma-
tion. There are too many parameters that are currently unknown in
sufficient detail. So, while the model includes some effects such as
creep and swelling of the fuel for which we have access to reason-
able models or empirical data, we have not included important
effects such as radiation creep, hydride formation, or oxidation.
The important results of this paper are to show how one can couple
creep and wear in a numerical simulation, and to illustrate the
types of behavior that might occur prior to gap formation between
the rod and grid.
2. Optimization of the time steps

During the operation of a reactor, the coolant exerts a random
vibration pressure on the cladding surface. However, for the pur-
poses of this study, we assume that the pressure, P, can be
described by a periodic sinusoidal form with a period of To that
is in the range of 0.001 s to 0.1 s (Rubiolo and Young, 2009; Yan
et al., 2011).

Within a single period of such a short duration, neither creep
nor wear will cause significant changes to the geometry or to the
contact pressure. Therefore, the rate of wear over a limited compu-
tational interval, Te, greater than To, will be constant. The wear
damage that accumulates over such a period can be approximated
reasonably accurately by calculating the wear over one cycle, but
multiplying the wear coefficient by the ratio Te/To. This reduces
the number of cycles that have to be calculated, and makes the
simulation more efficient. However, the important question is
how to ensure that Te is small enough so that any changes in the
contact pressure that occur during this interval don’t affect the
solution.

Optimizing the computational interval, Te, requires a balance
between efficiency and some small loss of accuracy associated with
changes in the contact pressure that must occur because of both
wear and creep during this time. A criterion can be established in
the form of limiting the maximum allowable decrease in the con-
tact pressure, Dp, at any point along the interface1 to some accept-
able fraction, u, of the maximum contact pressure across the
interface, pmax:

Dp < upmax ð1Þ
A companion study (Hu et al., 2017) has shown that choosing a

value of u less than about 3% is more than adequate to provide
solutions that are essentially independent of u.

One numerical approach to this problem is to replace a block of
vibrational cycles with a single, lower-frequency cycle and use an
enhanced wear coefficient to correct for the number of cycles.
However, such an approach neglects the possibility that creep
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alone can cause relative slip across an interface, and that this rela-
tive slip can contribute to wear. It would be wrong to use an
enhanced wear coefficient when calculating wear from any slip
induced by creep. Therefore the interfacial slip resulting from the
two phenomena needs to be separated.

To separate the two contributions to interfacial slip, the peri-
odic excitation pressure is replaced by the pressure history
shown in Fig. 1. At the beginning of each new computational
interval, two cycles of oscillation are used to calculate the wear
rate in a single cycle. A steady state is established in periodic slip
calculations after the first cycle; so, the wear rate for a single
cycle is calculated from the second cycle. After the second cycle,
the oscillating pressure is set to zero for the rest of the computa-
tional interval, Te; during this period, creep relaxation can occur.
At the end of the computational interval, the local wear at every
point along the interface is calculated using the enhanced wear
coefficient for the damage induced by the cyclic loading, and
the regular wear coefficient for wear induced by any creep defor-
mation. At this stage the resultant change in contact pressure is
calculated along the interface to investigate how it compares
with the pre-established criterion, and whether the computa-
tional interval needs to be decreased for accuracy, or increased
for efficiency.
Fig. 1. The black, dashed line is the actual excitation force. The red, solid line is the
assumed force history that is used to couple wear and creep. Both creep and
tangential loading can induce relative displacements across the interface. Therefore,
to separate the two effects, two actual cycles (with a period of To) are simulated
without creep. Steady-state is reached after the first cycle, so it is the second cycle
that is used to compute wear damage from the oscillating force. After this second
cycle, no further vibrations are assumed, but creep is allowed to occur. This results
in some additional relative displacement and wear. The total wear is assumed to be
given by the sum of the damage accumulated in the second cycle multiplied by a
factor of Te/To, plus the damage from associated with creep. The maximum value of
Te is set by imposing a limit on the drop in local contact stresses. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
3. Model

3.1. Geometry and boundary conditions

A two-dimensional model was constructed to simulate the con-
tact between the grid and cladding (Fig. 2), using the commercial
finite-element code ABAQUS (ABAQUS, 2011). A simplified model
of a single cell was considered, with a symmetry plane at 45� to
the horizontal (x-axis) along which sliding can occur. The default
contact elements of ABAQUS were placed on top of the eigen-
strain elements used to model wear (Hu et al., 2015a,b) along all
surfaces that could potentially form a contact between the clad-
ding and grid. Coulomb friction was assumed for all interfaces.2

Since the coefficient of friction for zirconia surfaces depends on envi-
ronment (Fischer et al., 1988), and may be different from that for zir-
conium, various values were assumed for the coefficient of friction in
the range of 0.1–0.7. The contacts were modeled with a hard-
contact, surface-to-surface formulation, with finite sliding. The ‘‘di-
rect” property was used for the normal direction (ABAQUS, 2011).
For the tangential direction, the Lagrange multiplier approach has
convergence problems, especially when many nodes are iterating
between sticking and slipping. Therefore, the alternative penalty
method was used, with an elastic-slip tolerance of 1 � 10�6 to
improve accuracy (ABAQUS, 2011).

An assumed misfit between the cladding and grid, associated
with assembly, was established at a reference temperature of
300 K. This was done by imposing a displacement on the con-
strained surfaces of the grid (Fig. 2) beyond that required for the
grid just to make contact with the surface of the cladding. Once this
misfit had been imposed, the calculations were subsequently con-
ducted using the thermal and pressure conditions appropriate for
the service of reactors.

The thermal boundary conditions for the problem were estab-
lished by assuming that the power production in the fuel had a
2 Models of constant shear strength are appropriate for analyses of friction at
individual asperities or nano-scale contacts (Homola et al., 1990; Gao et al., 2008), or
for singular fields (Hu et al., 2015a,b). However, Coulomb’s law is generally applicable
for macroscopic problems of the type considered in this paper because, with sufficient
scales of roughness much smaller than the nominal contact area, the actual area of
contact increases approximately linearly with pressure, giving rise to Coulomb’s Law
(Bowden and Tabor, 1950; Barber, 2013).
uniform value of 15 W/mm (Romano et al., 2009), and that the
temperature of the outer surface of the cladding was 600 K, corre-
sponding to the temperature of the coolant. The temperature-
dependent thermal conductivities and the specific heats for the zir-
caloy and fuel were taken from MATPRO models (Allison et al.,
1993). It was assumed that there was an initial gap of 0.08 mm
between the inner surface of the cladding and the outer surface
of the fuel. The gas in this gap was assumed to be helium with a
thermal conductivity of 0.00264T0.71 W/m K (Allison et al., 1993),
where T is the average temperature between the inner surface of
the cladding and the outer surface of the fuel. This value of thermal
conductivity for a gas was used until direct contact between the
fuel and cladding occurred.

The mean level of the pressure outside the cladding was set to
16 MPa, and an internal gas pressure of 4 MPa was assumed until
contact occurred between the fuel and the cladding (Johnson
et al., 1982; Johnson and Gilbert, 1983). In addition, a sinusoidal
pressure with an amplitude of Po and a period of To = 0.1 s was
assumed to act on the section BC of the exterior surface of the clad-
ding, with a corresponding out-of-phase pressure acting on section
AF. This resulted in an oscillatory motion along the symmetry
plane, and identical wear on the contacts EF and DC. The amplitude
of the pressure, Po, was assumed to vary between 0 and 0.04 MPa,
as this corresponds to a range of excitation forces of up to 0.5 N/
mm cited in the literature (Bakosi et al., 2013; Yan et al., 2011).
In the calculations, the periodic loading was replaced by a
pressure-time history of the form shown in Fig. 1. As discussed in
Section 2, this was done to allow creep and wear to be coupled
efficiently.



Fig. 2. A diagram showing the assembly of the grid, cladding and UO2. Wear is simulated on the surfaces of CD, OP, EF and IJ. Symmetrical boundary conditions are enforced
along AB. An oscillating pressure is applied along the surface BC and AF. To apply the initial interference, the boundaries MN and QR are displaced along x-direction, and the
boundaries LK and GH are displaced along y-direction, with the misfit being defined by the distance each support has to be moved to join them at L andM. The four boundaries
are then fully-constrained before beginning the simulation. The angle h, defining the regions DC and EF, has a value of 5�, while the angle h0 , defining the point C has a value of
42.5�.
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3.2. Wear and creep models

The wear rate was calculated using Archard’s law (Archard,
1953). In the two-dimensional formulation used in this study,
the incremental wear depth,W(s, t), at any location along a contact,
s, and at a given time, t, was calculated by

@W
@D ðs; tÞ ¼ lKp ðs; tÞ; ð2Þ

where K is the wear coefficient, p(s, t) is the local contact pressure,
D(s, t) is the local relative slip between the two surfaces, and l is
the friction coefficient. During the numerical simulations, both the
local pressure and the slip across the contact were calculated using
the ABAQUS subroutine, URDFIL.3 Wear coefficients between
5 � 10�8/MPa and 2 � 10–7/MPa have been reported in the literature
(Fisher et al., 2002; Cho et al., 1998; Blau, 2014), which was the
range we chose to explore here.

The numerical algorithm developed by Hu et al. (2015a,b) was
used to simulate the wear profile. This algorithm uses a set of sur-
face elements that accommodates changes in geometry, such as
those induced by wear, by ascribing fictitious eigenstrains to them.
3 ABAQUS outputs the contact information for the ‘‘slave” surface only. URDFIL
acquires the contact information only for nodes on the ‘‘slave” surface, so only the
pressure and slip on the ‘‘slave” surface, set in this study to be the cladding surface,
can be calculated. Therefore, the contact regions of both the grid and the cladding
were meshed identically, and the wear was assumed to be the same for both surfaces.
The eigenstrains correspond to the local wear depths, and can be
incorporated into calculations using ABAQUS UEXPAN subroutine.
These wear elements were placed over all regions where contact
could possibly occur between the grid and cladding. The thickness
of these elements was 0.010 mm, whereas the thickness of the
cladding was 0.57 mm, so the properties of these elements had a
negligible effect on the solution.4

The thermal expansion of both the zircaloy and the UO2 were
implemented using the ABAQUS UEXPAN subroutine. Creep and
swelling phenomena were implemented with the ABAQUS CREEP
subroutine. Values for the thermal expansion and elastic properties
of zircaloy, and for the elasticity, thermal expansion, and swelling
of UO2 were taken from MATPRO models (Allison et al., 1993). Ani-
sotropic values for the thermal expansion of zircaloy were included
in the model, but isotropy was generally assumed for the calcula-
tions. Mechanism-based creep models were incorporated into the
finite-element analyses, as described by Wang et al. (2013), to sim-
ulate creep of the cladding, grid, and fuel. The parameters for the
zircaloy creep mechanisms were taken from the models developed
by Wang et al. (2013), while the parameters for the UO2 creep
mechanisms were taken from the deformation-mechanism map
for UO2 given by Frost and Ashby (1982). Although the effects of
4 It was noted in Hu et al. (2015a,b) that the eigenstrain algorithm can cause
fictitious stresses in the surface elements. However, it was verified that these stresses
didn’t have a significant effect on the results presented here.
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grain size in the zircaloy are discussed later, it was initially
assumed to be 50 lm, while the grain size of the UO2 was assumed
to be 10 lm.

The creep-down of the cladding caused by the external pressure
causes dimensional changes to the cladding; these dimensional
changes contribute to the reduction in contact force for this partic-
ular problem. In the results section, this phenomenon of relaxation
associated with global dimensional changes resulting from creep-
down of the cladding is considered separately from the relaxation
caused by local creep at the contact, so as to evaluate which phe-
nomenon is more significant in this problem.

Although the dimensional change of the UO2 associated with
swelling during burn-up is included in this analysis, the initial loss
of contact between the cladding and grid occurs before the clad-
ding creeps down onto the fuel. Therefore, the subsequent expan-
Fig. 3. Plots of total contact force per unit thickness, N, versus time, t (a) Diffusional
creep is important for the relaxation of the contact force. The stress drop to low
levels much more slowly if diffusional creep mechanisms are ignored. (b) The role
of creep-down is separated from the role of local stress relaxation at the contact by
setting the gauge pressure to zero. It is clear that the creep-down process plays a
dominant role in the relaxation of the stresses at the contacts. In these plots, the
contact force is normalized by its initial value (N0 = 26.8 N/mm), and the time is
normalized by the period of the oscillations (To = 0.1 s).
sion of the cladding induced by the swelling of the UO2 does not
feature in the results presented here.

Mesh-sensitivity analyses showed that a mesh size of
8 � 10�3 mm along the contact interface was more than adequate
to ensure that the wear profile and contact force were independent
of mesh size once full slip occurred. However, a slightly finer mesh
size of 1.6 � 10�3 mm was required to capture the details of the
wear profile developed during the initial stages of partial slip.
Fig. 4. Creep causes the slip boundary to moves, so the wear scare propagates (solid
square data points). In the absence of creep, the wear scar just gets deeper (open
circular data points). In this plot the wear depth is normalized by the cladding
thickness (h = 0.57 mm), and the position from the center of the contact is
normalized by the outer radius of the cladding (R = 4.75 mm).

Fig. 5. The effect of wear on the relaxation of the contact force. Initially, although
there is local wear damage caused by partial slip, the wear damage is too small to
cause significant relaxation. The stress relaxation is dominated by creep. The
dramatic increase in the rate of relaxation just before gap formation occurs is
associated with the onset of full slip. The contact force is normalized by its initial
value, N0 = 26.8 N/mm, and the time is normalized by the period To = 0.1 s.
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Therefore, in the results that follow, the wear profiles associated
with partial slip were obtained using a mesh size of
1.6 � 10�3 mm, while all the other wear profiles were obtained
using a mesh size of 8 � 10�3 mm. Additionally, 11 layers of ele-
ments across the thickness of the grid and cladding were used to
ensure that the contact force and wear profile were mesh indepen-
dent. The calculations were implicit, with the elements being first-
order, coupled temperature-displacement, plane-strain elements
with reduced-integration points (CPE4RT).
4. Results and discussion

In this section we explore the relative importance of creep and
wear on the stress relaxation that leads to slip, to the development
of a wear scar, and to the eventual loss of contact between the
cladding and grid. In this context, it is noted that there are two
manifestations of creep relaxation in this problem: it can cause
relaxation of the local contact stresses directly owing to creep at
Fig. 6. Wear profiles at different times. (a) Initially, wear occurs only at the edges of
the contact. As the contact force is relaxed by creep, the wear scars expands into the
middle. (b) At some point before they touch, full slip occurs, and wear then occurs
over the entire interface, eventually evolving into a profile where the maximum
wear depth is in the middle of the contact. In this plot the wear depth is normalized
by the cladding thickness (h = 0.57 mm), and the position from the center of the
contact is normalized by the outer radius of the cladding (R = 4.75 mm).
the contact region, and it can also cause general relaxation because
of the creep-down of the cladding onto the fuel. The approach we
take in this paper is to model different problems, and then selec-
tively ‘‘switch off” phenomena whose effects we wish to explore
to identify its contribution.

Since there is uncertainty about the value of several parameters,
the results are presented in a non-dimensional form. In particular,
the Young’s modulus of zircaloy-4 at 600 K, E = 71.6 GPa, the outer
radius of the cladding, R = 4.75 mm, the cladding thickness,
h = 0.57 mm, and the natural period of the excitation pressure,
To = 0.1 s, are used to normalize the normal contact force, N, the
wear depth, W, the time, t, and the distance from the center of
the contact region, x.
4.1. Relaxation from creep only

Creep can relax the stresses at the contacts. In particular, diffu-
sional creep alone can reduce the contact stresses to a very low
level within the operating cycle of a reactor. Often the analysis of
creep in zircaloy focuses only on power-law creep. Fig. 3a empha-
sizes why diffusional creep must be included in long-term analy-
ses, because it becomes the dominant mechanism at low
stresses. This figure shows that if diffusional creep is ‘‘switched
off”, and only power-law creep is assumed to operate, the
long-term stresses are much higher. This would result in an under-
estimate of the extent of slip and wear.

Fig. 3b separates the role of creep-down from the role of local
stress relaxation at the contact. By setting the gauge pressure to
zero, the only creep process that can relax the stresses is the local
relaxation at the contact. Also, to compensate for the effect of
removing the gauge pressure on the initial contact force, an initial
gap of 6.75 � 10�3 mm was introduced into the model, to keep the
initial contact force the same. It is clear that creep-down plays a
dominant role in the relaxation of the stresses at the contacts in
this particular problem.
Fig. 7. The wear profile evolves homogeneously after the onset of full slip. By
subtracting the local wear depth from the maximum wear depth at any given
moment, the wear profiles at different times collapse onto a master curve. This
homogeneous evolution is attributed to a uniform dissipation of frictional energy.
In this plot the wear depth is normalized by the cladding thickness (h = 0.57 mm),
and the position from the center of the contact is normalized by the outer radius of
the cladding (R = 4.75 mm).



Fig. 8. The effect of (a) the amplitude of the excitation force, (b) the friction coefficient, and (c) the wear coefficient on the relaxation of the contact force as a function of time,
for no initial misfit. The contact force is normalized by the initial contact force (No = 26.8 N/mm). The onset of full slip is delayed by a drop in the amplitude of the excitation
force and by an increase in the friction coefficient, leading to a longer time before contact is lost. Conversely, while a decrease in the wear coefficient extends the time until
contact is lost, it has no effect on the onset of full slip.
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Fig. 9. (a) Plots of the wear profiles with no initial misfit at the time when contact is
lost, for different magnitudes of the wear coefficient, friction coefficient and
excitation force. None of these variables affect the shape of the master curve. (b)
The maximumwear depth depends on the square of the amplitude of the excitation
pressure, the wear coefficient and the number of cycles of full slip until contact is
lost, nf. The number of cycles of full slip depends on the friction coefficient. E is
Young’s modulus of zircaloy.

Fig. 10. The introduction of an initial misfit during assembly (corresponding to a
positive value of d) slightly delays the formation of a gap during service. However,
the effect is not large, because the increase in initial residual stress results in an
increased power-law-creep rate. Conversely, an initial gap (corresponding to a
negative value of d) will initially be closed up by the thermal expansion, but
significantly shortens the time taken to open up a gap during service. The initial
values of No used to normalize the contact forces in this plot are 26.8 N/mm when
d = 0 mm, 32.2 N/mm when d = 0.01 mm, and 19.2 N/mm when d = �0.01 mm.
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4.2. Relaxation from wear only

The geometry of the contact at the rod is similar to that of a
Hertzian contact. The wear behavior for such a problem is well-
known (Barber, 2010; Goryacheva et al., 2001). If the coefficient
of friction is less than the ratio of the shearing force to the normal
contact force, the entire interface will slip, and a wear scar will
develop across the entire contact. If the coefficient of friction is
high enough to prevent full slip, partial slip will occur at the edges
of the contact. This will lead to localized wear scars at the edges of
the contact. However, in a perfectly elastic system with only Cou-
lomb friction, the wear scar will not propagate (Goryacheva et al.,
2001). Propagation of the wear scar requires either a finite
interfacial strength (Hu et al., 2015a), or some form of plasticity
(Hu et al., 2016).
Fig. 4 shows that creep is another mechanism that allows the
wear scar to propagate beyond the initial slip region. If there is
no creep, wear only occurs in the initial slip region. The scar gets
deeper with time, it doesn’t extend. With the misfit and turbulent
pressures assumed in this study, only unrealistically low values of
friction coefficient would permit full slip across the contact in a
perfectly elastic system. Without any creep, the region of slip
would be limited to a very small portion of the interface, and the
stress-relaxation associated with wear alone would be negligible.
4.3. Combined creep and wear

A major effect of creep during the wear process is to permit the
wear scar to extend. This is illustrated by the curve in Fig. 4 that
compares the wear scar that evolves at a fixed time when there
is creep, to the scar that evolves without creep. Since the region
of slip and wear propagates across the interface in the presence
of creep, a condition of full-slip eventually develops at the contact.
This accelerates the wear process, which, in turn, reduces the time
it takes for contact to be lost. An example of how the contact force
decays when there is only creep, rather than combined creep and
wear, is shown in Fig. 5. It can be seen that significant acceleration
in the relaxation of the normal contact force occurs once full-slip
develops. However, as discussed above, this state of full-slip can
only occur in the presence of creep (except under extreme condi-
tions, with very large sliding forces).

The wear profiles corresponding to the calculations of Fig. 5 are
shown in Fig. 6, at different times in the cycle. Initially, wear occurs
just at the edges of the contact, where there is slip. Creep allows
the wear damage to progress towards the center of the contact.
Eventually, full-slip occurs, resulting in wear along the entire inter-
face. This results in a final wear profile that has a maximum depth
in the middle of the contact.

Fig. 7 shows the same data for the evolution of thewear profile in
the full-slip regime as shown in Fig. 6b, but now the data are plotted
in a form that shows how the wear profiles at different times col-



Fig. 11. The magnitude of the initial misfit can change (a) the shape of the master
curve for the wear profile, and (b) the maximum wear depth for loss of contact. The
difference is due to the initial misfit only. In this plot, nf is the number of cycles of
full slip required for contact to be lost and E is Young’s modulus of zircaloy.

Fig. 12. (a) The effect of the zircaloy grain size on the relaxation of the contact force
as a function of time, for no initial misfit. The contact force is normalized by the
initial contact force (No = 26.8 N/mm). Since the diffusional creep rate increases as
the grain size decreases, the time for full relaxation decreases with grain size. (b) As
the creep rate increases with smaller grains, the amount of wear that occurs before
a gap is formed also decreases.
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lapse into a singlemaster curve. Theexistence of such amaster curve
provides a useful way of presenting wear scars non-dimensionally,
as has been observed and explained by other authors (Paulin et al.,
2008). According to Archard’s law, the wear rate will be higher at
any point within a contact where the pressure is higher. The resul-
tant increase in the local wear rate will cause the local pressure to
drop and, eventually, the pressure will become uniform across the
contact. Once the contact pressure is uniform, the wear rate also
becomes uniform, and a steady-state profile evolves.

4.4. Effects of friction coefficient, wear coefficient and amplitude of
excitation force

Fig. 8 shows the effects of friction coefficient (in the range of
0.1–0.7 (Fischer et al., 1988)), wear coefficient (in the range of
5 � 10�8–2 � 10–7/MPa (Fisher et al., 2002; Cho et al., 1998; Blau,
2014)), and amplitude of the excitation pressure (consistent with
excitation forces in the range of 0–0.5 N/mm (Bakosi et al., 2013;
Yan et al., 2011)) on the relaxation of the normal contact force as
a function of time. The onset of full-slip in these plots can be iden-
tified by the sudden increase in the relaxation rate. These figures
show the expected results that the onset of full slip can be delayed
either by decreasing the amplitude of the excitation force or by
increasing the coefficient of friction. The loss of contact occurs later
if full slip is delayed. There is no effect of wear coefficient on the
onset of full slip, but once full slip occurs loss of contact occurs
more quickly for higher wear coefficients.

As discussed above, the wear profile grows homogeneously dur-
ing the full-slip stage. Therefore, the wear profile corresponding to
any particular value of maximumwear depth can be obtained from
the master curve. This is shown in Fig. 9(a). Furthermore, as shown
in Fig. 9(b), a systematic study of the effect of different variables
shows that the depth of the wear scar when contact is lost, Wmax,
depends on the non-dimensional group P2

oKnf =E, where nf is the



Fig. 13. For the parameters chosen in this paper, irradiation growth does not appear
to make a significant contribution to the relaxation of the contact force, nor to the
time taken to form a gap. The initial contact force for this case is 27.5 N/mm. (This is
slightly larger than the corresponding initial contact force in earlier figures, because
of effects of anisotropy in the thermal expansion.)
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number of wear cycles of full slip. This can be justified by a simple
analysis of Archard’s law (Eq. (2)). The springs ensure that equilib-
rium is maintained until a gap is formed, so the slip distance is pro-
portional to the applied pressure and is inversely dependent on the
stiffness of the system. The total slip distance is also proportional to
the number of cycles before contact is lost. It is of interest to note
that the wear depth at which contact is lost does not depend on l.
A lower value of l results in less wear, but more cycles are needed
to lose contact. This can be seen by the result for vary low value of
l = 0.01, which sits on the master curve. The two plots shown in
Fig. 9 provide a general way of presenting the development of the
wear scar in a fashion that is not sensitive to the variables that are
particularly poorly known for this problem – l, Po and K.

4.5. Effect of initial misfit

Fig. 10 shows the effect of a misfit introduced during assembly,
d, on the relaxation of the normal contact force. A bigger misfit
can delay the onset of gap formation, but this delay is not very
significant because the initial relaxation rate is dominated by
power-law creep, which is much faster at the higher stresses
induced by a bigger misfit. However, the presence of an initial
gap during assembly (which can then be closed up by thermal
expansion when the system first enters into service) results in a
much quicker gap formation during service. Fig. 11 shows that
the initial misfit determines the details of the master curves for
the wear profile and the wear depth. In both these figures, the
final wear depth required to cause loss of contact reflects the
magnitude of the initial misfit.

4.6. Effect of zircaloy grain size

Fig. 12(a) shows the effect of the zircaloy grain size on the relax-
ation of the normal contact force. Fig. 3a emphasizes the impor-
tance of diffusional creep at low stresses. Since the diffusional
creep rate increases as the grain size decreases, the effect of diffu-
sional creep on the relaxation of the normal contact force becomes
more important with a smaller grain size. Fig. 12(b) shows that the
maximum wear depth decreases as grain size increases. With a
larger diffusional creep rate at a smaller grain size, contact force
relaxes in a faster rate. As a result, small wear depth is expected
for a small grain size. Also, the master curve of the final wear pro-
file is independent of the grain size as expected.

4.7. Effect of irradiation growth

The model was further modified to study the effect of irradia-
tion growth on the relaxation of the normal contact force. The
equation for irradiation growth was taken from the MATPRO
model (Allison et al., 1993):

eii ¼ 1:407� 10�16e240:8=Tð/tÞ0:5ð1� 3f iÞð1þ 2CWÞ ð3Þ
where eii is the strain in the i direction, T is the temperature in K
(assumed to be between 313 K and 633 K), / is the fast neutron flux,
which is assumed to be 3 � 1017 n/m2s (Allison et al., 1993), t is
time in s, fi is the fraction of grains with the c-axis oriented along
the i direction, and CW is the reduction in cross-section area caused
by cold work, which is assumed to be 25%.

Up to this point in the paper, we have assumed an isotropic
microstructure, since the effects of anisotropy on any of the model
parameters are probably less than any other uncertainties.
However, the effects of irradiation growth depend on the texture;
there is no growth in an isotropic material for which the texture
factors in each direction are equal: fi = 0.33. Therefore, for the
purposes of this simulation, we assumed texture factors of 0.66
in the radial direction, 0.28 in the hoop direction, and 0.06 in
the axial direction which are consistent with results in the litera-
ture (Kearns and Woods, 1966; Allison et al., 1993). This results in
significant elongation in the axial direction, some elongation in
the hoop direction, and shrinkage in the radial direction. The
simulation described in the earlier sections was run including
the effects of texture; the main effect of texture was irradiation
growth, but its very minor effect on thermal expansion was also
included. Fig. 13 illustrates that these additional effects of texture
have a negligible effect on the relaxation of the contact force and
the time to form a gap, compared to the effects of diffusional
creep.

5. Conclusions

In-pile relaxation of the contact force is a significant reason for
the development of a wear scar during grid-to-rod fretting. Both
wear and creep are responsible for this relaxation of the contact
force, and a model has been developed to couple the two mecha-
nisms. The two processes occur at different time scales. Wear is
associated with fluid-induced vibrations at relatively high frequen-
cies, so the time increment of any wear simulation needs to be
fairly small. However, creep occurs over relatively long time scales,
and a time increment based on the vibration frequency is not effi-
cient for creep simulation. Therefore, an optimization method had
to be developed to couple the two mechanisms in a fashion that
combines an acceptable level of both efficiency and accuracy. This
was done by developing an effective cycle, with a varying period
that depended on keeping the changes in normal contact pressure
constant within some acceptable limit.

One of the important contributions of creep to the wear process
is that it allows a wear scar to propagate across the entire contact.
In a purely elastic system slip occurs only at the edges of a contact.
Any wear scar that develops in such a system does not grow with
time; it just gets deeper. However, creep relaxes the high stresses
at the slip-stick boundary, allows the region of slip (and wear)
wear to propagate across the contact. This process eventually leads
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to full slip across the entire contact, and the rate of wear increases
significantly. Since the wear damage before the onset of full-slip
may be relatively minor, the time taken for the slip zone to
propagate across the entire interface may be manifested as an
incubation period for wear damage.

The other aspect of creep that plays an important role in the
wear process is stress relaxation. This can be the result of both
creep-down of the cladding onto the fuel, and of local stress relax-
ation at the contacts. Creep-down appears to be more important in
this particular problem. Power-law creep is dominant at the initial
stages of relaxation, when the stresses are high. However, diffu-
sional creep eventually becomes dominant. It is this mechanism
that is responsible for reducing the contact stresses to a very low
level within the operating period of a reactor, allowing full slip
to occur across the contact. Owing to the dominance of diffusional
creep on the relaxation process, the grain size of the zircaloy will
have a large effect on the time taken for gap formation, with smal-
ler grains resulting in a faster loss of contact.

By coupling the two mechanisms, simulations were conducted
assuming different friction coefficients, excitation pressures, wear
coefficients and initial misfits to explore how the different param-
eters affect both the wear profile and the time at which the grid
and cladding lose contact. The simulations indicate that two stages
exist during the relaxation of the contact force: partial slip and full
slip. When partial slip occurs, the dominant relaxation mechanism
is creep. During this regime, the wear scar propagates across the
contact, and there is a transition to full-slip. Once full-slip occurs
across the entire interface, and the contact forces are relatively
low, the creation of a wear scar becomes the dominant relaxation
mechanism. In this regime, reducing the wear coefficient and the
amplitude of excitation force delays the formation of a gap
between the grid and cladding.

As is intuitively obvious, an initial gap between the grid and
cladding created during assembly results in the quicker formation
of a gap during service. Conversely, an initial misfit between the
grid and cladding will delay the gap formation. However, stress
relaxation by power-law creep is more rapid at high stresses, so
any stress induced by an initial misfit tends to get relaxed rela-
tively quickly. This means that there is limited benefit to increasing
the initial misfit.

The wear profile developed during full-slip occurs homoge-
neously. For a given initial interference, there is a master curve
for the wear scar, which does not depend on the friction coefficient,
the amplitude of the excitation pressure, or the wear coefficient.
Therefore, the wear profile is defined by the maximum wear depth
that depends on the product of the square of the excitation pres-
sure times the wear coefficient and the number of wear cycles.
The existence of such a relationship means that the results pre-
sented in this paper can be used to estimate the effects of the
parameters that may be particularly ill-defined for the GTRF
problem.
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