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ABSTRACT

The effects of rod boundary conditions (BCs) on the stiffness and cladding stresses of pressurized water
reactor (PWR) spent nuclear fuel (SNF) rods under pinching loading are investigated. Pinching may occur
at the assembly spacer grids during an SNF cask transportation accident. The pinching loading capacity of
PWR SNF cladding is affected by material degradation effects, such as hydride precipitation and radial
hydride reorientation. Results of ring compression tests (RCTs) on empty, hydride-containing PWR
cladding indicate that hydride-related embrittlement reduces the diametric cladding ductility. Pinching
loading in RCTs deforms the cladding samples radially, causing high circumferential stresses that can
trigger cladding cracking along hydride-induced fault lines. The BCs in such RCTs, however, do not fully
reproduce the complex stress state in cladding under real pinching loading conditions. Ring compression
tests on short tube samples may underestimate the rod pinching stiffness because in a long cladding tube, a
load applied at the spacer grid springs or dimples triggers a membrane effect and consequently, a cladding
stress in the longitudinal direction of the tube. This membrane effect increases the pinching stiffness.
Further, the supporting effect of the fuel pellet dominates the pinching stiffness of SNF rods once pellet-
cladding contact is established. To evaluate effects related to fuel-rod BCs on the rod pinching stiffness and
cladding stress state, finite element (FE) models were developed using different geometrical
simplifications, and their response to pinching loading was compared with load-displacement curves
recorded in RCTs and with theoretically computed stiffness values. A three-dimensional FE model was
created using solid elements for the pellet, and shell elements for the cladding. This Shell Model (SHM)
reproduces well load-displacement curves of cladding before pellet-cladding contact is established, but it
cannot capture cladding deformations related to pellet-cladding bearing. Different cladding lengths were
modeled to investigate the effect of the tube length on the deformation response. Further, a computationally
inexpensive plane strain model (PSM) was developed, capable of capturing cladding deformations related
to pellet-cladding bearing, and the pinching stiffness of uniformly loaded, long cladding tubes. However,
the PSM cannot reproduce cladding membrane effects related to a locally applied pinching load. Finally,
another three-dimensional model was developed, using solid elements for both the cladding and the pellet.
This Solid Model (SOM) is the most computationally expensive model but can reproduce effects related
cladding tube length, membrane stresses, and pellet-cladding bearing. The results of the investigations of
this study indicate a complex stress state in the cladding of SNF rods under localized pinching loading,
which is dominated by circumferentially oriented tensile principal stresses, similar to the stress state of a
short RCT sample. However, the results also confirm that RCTs on short, empty cladding samples do not
necessarily represent the mechanical behavior of SNF rods under pinching loading and that the membrane
effect increases the cladding pinching stiffness significantly. This could lead to higher tensile cladding
stresses before the pellet is engaged in the load transfer. After pellet-cladding contact, the pellet support
further increases the fuel rod pinching stiffness by orders of magnitude.
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INTRODUCTION

Hydride embrittlement is a material degradation mechanism in PWR SNF rod cladding that is characterized
by precipitation of hydrogen as hydrides in the cladding, e.g., due to SNF cool-down during dry storage.
Ring compression tests indicate that hydrides reduce the cladding ductility under pinching loading (Billone
etal. 2012; Eidelpes et al. 2018). The ductility of hydride-containing PWR cladding appears to be dependent
on the amount and orientation of the precipitated hydrides in the cladding (i.e., circumferential or radial)
(Daum et al. 2006).

Eidelpes et al. (2019) determined a low probability (< 1%) of significant cladding embrittlement
due to large amounts of hydrides in typical U.S. PWR SNF cladding. However, the data of Eidelpes et al.
(2019) also indicate that the likelihood of embrittlement related to precipitation of hydrides with a radial
orientation (i.e., radial hydride embrittlement) could be higher, and varies from about 1 to 21%. These
probabilistic findings are noteworthy because typically RCTs are conducted on cladding rings with lengths
of around 8 mm (Billone et al. 2011), and pinching of such short rings cause high cladding hoop stresses
that act orthogonal to radial hydrides. A stress state dominated by high tensile cladding hoop stresses in
combination with radially precipitated hydrides potentially facilitates cracking of PWR SNF cladding.
Nevertheless, results of RCTs on PWR cladding supported by surrogate fuel pellets of stainless-steel
suggest that hydride-related SNF rod pinching failure is unlikely, provided the fuel pellet support is
adequate, although high loads may cause significant pellet-cladding bearing deformations (Eidelpes et al.
2018) on the specimens.

However, the stress state in the long cladding tubes of SNF rods caused by pinching may
significantly diverge from the stress state developed in short RCT samples. Further, fuel-rod pinching as a
consequence of, e.g., an accident while transporting SNF in a transportation cask, is a localized loading
mechanism with extreme loads acting at the assembly spacer grid locations (Rashid et al. 2005). Such
localized pinching could cause a stiffness-increasing membrane effect in the long cladding tube.

The findings summarized in the paragraphs above highlight the importance of investigations on the
effects of BCs on the SNF rod pinching behavior.

METHODOLOGY

To achieve a better understanding of the complex, multi-dimensional cladding stress state and the fuel-rod
stiffness under pinching loading, a variety of numerical models was developed using the FE software
Abaqus (Dassault Systemes 2012), and the effects of different assumptions on model BCs such as cladding
tube length, localized load application, fuel pellet support, as well as model discretization characteristics,
were investigated. The results obtained with the FE models were compared with a load-displacement curve
obtained from an RCT of an artificially hydrogen-charged PWR cladding sample (Eidelpes et al. 2018).

Finite Element Models

Figure 1 displays the three FE model types used in this study: (a) PSM, (b) SHM, and (c) SOM. Each model
included a rigid surface with length Ly that should represent either the dimple or the spring at the spacer
grids of the fuel assemblies and a cladding tube with length Lc. In the FE analyses, the rigid surface was
displaced in the diametric direction of the cladding, applying a pinching load. The cladding in the PSM,
SHM, and SOM was discretized using the FE element types CPE4R, S4R, and C3D8R, respectively. The
diametric cladding deformation u was recorded as the displacement of the central node at the outer (in the
PSM and SOM) or mid (in the SHM) radius of the cladding tube. Hard-contact conditions with frictionless
tangential behavior (Dassault Systemes 2012) were defined to describe the interactions between rigid
surface - outer cladding surface and inner cladding surface - fuel pellet. To reduce the computation effort,
only a quarter of the geometry was modeled, and symmetry BCs were applied accordingly (Figure 1).
This study used 21 FE models in total. Fifteen simulations considered an empty cladding tube, and
six included a 12 mm long fuel pellet (Figure 1). The pellet was discretized using CPE4R elements in the
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PSM, and C3DS8R elements in the SHM and SOM. An initial pellet-cladding gap of 0.061 mm was assumed.

All but one FE models had identical cross-sectional geometries and material properties but varied

with respect to lengths L1 and Lc (i.e., from 1 to 200 mm). The FE models used a bilinear cladding material

model to describe plastic behavior. The exception is a single model that assumed perfectly elastic behavior,

which was used for a comparative simulation. The pellet material behavior was described by a linear elastic

material model. Further, the FE simulations considered geometrical nonlinearities. Table 1 summarizes the

geometrical parameters and material properties, which were chosen based on the properties of RCT sample
RP.000.nRHT .2 tested by Eidelpes et al. (2018).

STIFFNESS OF A LONG TUBE SEGMENT

Pinching of an SNF rod results from a load application perpendicular to the longitudinal axis of the rod.
Figure 2 shows an SNF rod cross section that is pinched at the 6 and 12 o’clock positions. Assuming the
pinching load is uniformly distributed along the longitudinal (out-of-plane) axis of the segment (i.e., L. =
Lc), and the dimension Lc is short, the theoretical, initial elastic stiffness of a unit length segment that is
part of the cladding ring before pellet-cladding contact is (Timoshenko and Gere 1963):
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Figure 1. FE models — (a) PSM, (b) SHM, and (c¢) SOM.

Table 1: FE model properties.

Cladding Pellet
Outer Diameter [mm] 10.7800 Diameter [mm)] 9.3626
Wall Thickness [mm] 0.6477 Young's Modulus [MPa] 192000
Young's Modulus [MPa] 83000 Poisson's Ratio [-] 0.3
Poisson's Ratio [-] 041
Yield Stress [MPa] 775
Post-Yielding Modulus [MPa] 1000
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Figure 2. Fuel rod pinching.
where E is the Young’s modulus, R is the cladding mid-radius, v is the Poisson’s ratio and I = t3/12 is the
moment of inertia per cladding unit length segment of Lc. In contrast, the corresponding stiffness of a unit

length cladding segment that is part of a long tube is (Timoshenko and Gere 1963):

K _4EI T 1
TT R (m2-8)(1-v?)

(2)

Equations (1) and (2) show that, for identical cladding properties, the stiffness-per-unit length Kt
of a long tube segment is by a factor of [1/(1 — v?)] higher than the stiffness of a short ring. The reason
for this increase is the transition from a plane stress (short ring) to a plane strain (long tube) state in the
cladding.

The SHM was used to demonstrate this stiffness-increasing effect. Figure 3 compares load-
displacement curves obtained with the SHMs assuming a variety of Lc = L. Regarding nomenclature, for
instance, the curve 8_8_SHM_nP refers to a SHM that includes an 8 mm long cladding tube (i.e., Lc = 8
mm) with an 8 mm load application length (i.e., L. = 8 mm), disregarding pellet support (nP). The recorded
load was normalized by L, and thus, represents a Unit Load (UL, in N/mm) in Figure 3.

The recorded cladding stiffness of 1_1_SHM_nP in Figure 3 is 95 N/mm?, which is slightly below
Kt =97 N/mm? according to Eq. (1). With increasing Lc, the cladding stiffness increases to 108 N/mm? for
8 8 _SHM_nP, and it reaches a maximum of 113 N/mm? for 60_60_SHM_nP and 200_200_SHM_nP. The
latter values approach K¢ = 117 N/ mm?, computed according to Eq. (2).

The 2 to 4% difference between the cladding stiffness in the SHM and Kr is related to cladding
geometry. The cladding diameter-to-wall thickness ratio is approximately 15, which is the typical threshold
to decide on the applicability of the thin shell theory (MIT 2017). The thin shell theory is one of the
preconditions for the validity of Egs. (1) or (2). The S4R elements that represent the cladding in the SHM
are general-purpose elements that can be used for thin and thick shell problems (Dassault Systemes 2012).
A better fit between Kt and SHM bending stiffness can be achieved using the element type STRI3 that
constrains the cladding to behave like a thin shell (Dassault Systemes 2012). Then, the 60_60_SHM_nP
stiffness increases to 117 N/mm? and matches Kt according to Eq. (2). The fact that the stiffness of
60_60_SHM_nP and 200_200_SHM_nP is virtually the same indicates that plane strain effects on the tube
stiffness can be sufficiently captured with a numerical model of a cladding segment with a length of at least
60 mm.

The plane strain effect can also be demonstrated with the SOM. Figure 4 compares the load-
displacement curves of a 1 and 60 mm long cladding sample computed with the SOM and SHM. As in the
SHM, the pinching stiffness in the SOM increases as the cladding length increases. However, the SOM
stiffness is slightly below the SHM stiffness (i.e., 92 versus 95 N/mm?, and 110 versus 113 N/mm?, for 1
and 60 mm long claddings, respectively). The lower SOM stiffness is in part caused by the additional
deformations in the cladding wall thickness direction that cannot be captured with the SHM.
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Figure 4. Comparison SHM and SOM - Effect of cladding length on pinching stiffness.
MEMBRANE EFFECT

The samples commonly used in RCTs are 8-mm long, uniformly loaded cladding rings. However, a real
fuel cladding tube is significantly longer (around 4000 mm). Further, fuel-rod pinching at the spacer grid
locations does not fulfill a plane strain condition, which is consistent with a uniform, continuous load
application along the longitudinal axis (i.e., Lc = L1). Instead, the load is applied in a very localized manner
(i.e., Lc >> Lr). Therefore, a membrane effect occurs in the cladding that increases the pinching stiffness.

The SHM was used to demonstrate the difference in cladding deformation under uniform load
application (i.e., Lc = L), and under locally applied pinching loading (i.e., Lc > Li). The load-displacement
curves of Figure 5 (a) show that as L1 increases, a lower UL needs to be applied to deform the cladding
diametrically with a specific u. The stiffness per unit length of cladding is at its minimum when L¢ = Lt
(e.g., model 60_60_SHM_NP). For instance, the cladding stiffness of 8_60_SHM_nP is 280 N/mm?,
approximately 2.6 times higher than the stiffness 108 N/ mm? of the 8_8_SHM_nP model [Figure 5 (a)].
The stiffness of 1_60_SHM_nP is even higher (1712 N/mm?). Note the total applied load (i.e., UL
multiplied by Li) shows a different trend [Figure 5 (b)] and reaches a maximum for L = Lc.

The CPE4R elements of the PSM represent by definition a plane strain condition (Dassault
Systemes 2012). Planes strain elements cannot be used to simulate pinching of a shorter cladding ring
sample (or a plane stress condition) or membrane effects associated with a localized load application on a
long cladding tube. Figure 6 shows UL versus u for the PSM without pellet (PSM_nP). The cladding
stiffness is 111 N/mm?, which is close to the stiffness of 60_60_SHM_nP (113 N/mm?, when computed
using S4R elements), and below K1 = 117 N/mm? according to Eq. (2). However, the latter stiffness is valid
for thin-walled shells only. An additional PSM simulation using the quadratic plane strain element type
CPES8R and reducing the cladding wall thickness to 0.5 mm to achieve a diameter-to-wall thickness ratio
above 20, resulted in identical stiffness values of 51 N/mm? for both PSM and K according to Eq. (2).



25™ Conference on Structural Mechanics in Reactor Technology
Charlotte, NC, USA, August 4-9, 2019

Division V
100 — .. 1_60_SHM_nP 1000 +—— é_gg_ggﬁ_ng 7
— 75 ' = = =8_60_SHM_nP 750 {7 T 7360 P
= ./ — %= 60_60_SHM_nP Z. * §0§6gﬁSHM§nB
£ 50 . 8_8 SHM_nP . = ]| <= 500 4 - ,%‘n
z / B g X _--"_
2 S 2504 T ezt
0 st ;
0 0.06 0.12 0.18 0 0.06 0.12 0.18
u [mm] u [mm]
(a) (b)

Figure 5. SHM — Membrane effect on pinching stiffness.
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Figure 6. PSM — UL versus u, including comparison with the SHM.
PELLET SUPPORT

Figure 7 compares load-displacement curves recorded in an RCT on a cladding ring supported by a
surrogate fuel pellet of stainless steel, with curves obtained in FE simulations of fuel rod pinching
considering pellet support (P). Figures 7 (a) and (b) present the same data but on different scales. The
properties of the RCT sample RP.000.nRHT.2 (Eidelpes et al., 2018) were identical to the material and
geometrical properties of the FE models as listed in Table 1.

The comparison indicates that the SHM overestimates the post-closure pinching stiffness of the rod
sample because Abaqus S4R shell elements cannot capture strains in the cladding wall thickness direction
caused by pellet-cladding bearing (Dassault Systemes 2012). However, these strains are captured by the
SOM and the PSM. The significant divergences of the PSM and SOM curves with respect to the RCT curve
after u = 0.3 mm [Figure 7 (b)] are likely related to the material models because the numerical bilinear
models cannot perfectly simulate the post-yielding behavior of real Zircaloy-4. Figure 7 also shows the
load-displacement curve of 8_8_SHM_nP. When comparing the §_8_SHM_P curve with the 8_8_SHM_nP
curve, a significant pinching stiffness increase can be observed after the pellet-cladding gap is closed.

Figure 8 compares load-displacement curves from the SOM assuming Lc¢ values of 8 and 60 mm,
respectively, and under consideration of pellet support. Figures 8 (a) and (b) present the same data but on
different scales. The figure also includes the load-displacement curve recorded in the RCT of
RP.000.nRHT.2, a curve that was obtained with SOM assuming elastic material behavior
(8_8_SOM_P_Elastic), and the curve obtained with 8_8_SHM_P.

The pre-gap closure stage of the curves in Figure 8 (a) clearly shows the higher stiffness caused by
the membrane effect. The cladding stiffness of the 60 mm long tube (8_60_SOM_P) is 283 N/mm?, or
approximately 2.7 times higher than the stiffness of the 8 mm long ring (8_8_SOM_P and
8_8_SOM_P_Elastic), which is 105 N/mm?. The initial pre-gap closure stiffness of 117 N/mm? of the RCT
sample is close to that of 8_8_SOM_P and 8_8_SOM_P_Elastic. However, the accuracy of the
experimentally derived RCT sample stiffness is difficult to evaluate since only one load-displacement data
point was recorded in the test before the pellet-cladding gap in the sample was closed.
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Figure 8. SOM — UL versus u, comparison of different cladding lengths.

Figure 8 (b) indicates that in the SOM, the post-gap closure cladding deformations, until about u =
0.3 mm, are rather controlled by the pellet deformations than the dimension Lc. However, for larger
displacements, the 8_60_SOM_P model retained a higher stiffness than the 8§_8_SOM_P model. At this
stage, large sections of the 60 mm tube segment did not yield, but the entire 8 mm long cladding ring shows
significant plastic deformations.

The effect of the elastic pellet-cladding bearing deformations on the post-gap closure stiffness can
be analyzed by comparing the post-gap closure stiffness of 8_8_SOM_P_Elastic and §_8_SHM_P curves
[Figure 8 (b)] since the SHM does not capture pellet-cladding bearing strains. The rod stiffness of
8_8_SHM_P is approximately 20 kKN/mm? (at u = 0.2 mm) and 51 kN/mm? (at u = 0.52 mm), values that
are more than 50% higher than those of 8_8_SOM_P_Elastic of about 13 kN/mm? (at u = 0.23 mm) and 33
kN/mm? (at u = 0.52 mm). The effect of the total (elastic and plastic) bearing deformations on the post-
closure rod stiffness can be estimated when comparing the 8_8 SHM_P and 8_8_SOM_P curves. As
observed in Figure 8 (b), the rod stiffness of §_8_SHM_P is about four times higher than the rod stiffness
of 8 8 SOM_P, at u~ 0.2 mm. The factor increases to 14 at u = 0.5mm.

MAXIMUM PRINCIPAL STRESS

The maximum stress criterion (i.e., the Rankine criterion) is often used to predict failure in brittle materials
under tension. Failure is predicted when:

01 = 0 Or 03 = O
3)

for 01 = o3
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where 04 and 0, are the maximum and minimum principal stresses at any point in the material, respectively.

The parameters o, and o denote the uniaxial tensile and compressive strength of the material, respectively.

In hydride-containing cladding, o and o, are likely anisotropic parameters. For instance, radial hydride

platelets could reduce o, in circumferential cladding direction, and facilitate cladding cracking considering

a stress state that includes high hoop stresses (e.g., due to an RCT or SNF rod pinching). Thus, the
orientation of the maximum principal stress under pinching loading was analyzed.

Figure 9 (a) shows the orientation of o at the outer cladding surface of 8_8_SHM_nP foru=0.18
mm, and a fully elastic cladding. Typically, PWR SNF cladding shows a heterogeneous hydrogen
distribution with an accumulation of hydrogen at the outer cladding rim that could, in combination with
tensile stresses, lead to cladding cracking (Eidelpes et al. 2018). The colored arrows in the figure represent
the orientation of o4 (for clarity, additional, gray arrows were added to accentuate the orientation) and show
that the cladding stress state at the 9 o’clock position is dominated by high, tensile hoop stresses. At the 12
o’clock location, 0, are compressive stresses in the longitudinal cladding direction.

Figure 9 (b) presents the corresponding plot for 8_60_SHM_nP, for a fully elastic cladding at u =
0.18 mm. Similar to 8§_8_SHM_nP, the stress state at the 9 o’clock location is dominated by tensile hoop
stresses. The peak value 0 pax = 207 MPa in 8_60_SHM_nP is lower than 04 5« = 243 MPa in
8_8_SHM_nP. This reason for this difference is likely the wider load distribution at the 9 o’clock location
in 8_60_SHM_nP. The stress state at the 12 o’clock location in 8_60_SHM_nP appears to be more complex
than the stress state in 8_8_SHM_nP, which is due to the membrane effect in a longer cladding segment.

Figure 10 compares the orientation of 64 in §_8_SHM_nP and §_60_SHM_nP at the inner cladding
surface. The peak values 04 nax = 416 MPa (8_8_SHM_nP) and 04 y,x = 550 MPa (8_60_SHM_nP) are
more than twice as high as 6, 1,4 at the outer cladding surfaces, and the principal orientation of 61y, at
the 12 o’clock location is circumferentially oriented.

An analysis of the nonlinear cladding behavior indicates that in both 8_8_SHM_nP and
8_60_SHM_nP, yielding initiates at the 12 o’clock location, but with increasing diametric cladding
deformations, plastic zones develop at the 9 o’clock location. The orientation of o, in 8_8_SHM_nP does
not change significantly with increasing u, or after the cladding starts to develop plastic zones. However,
this is not the case for the cladding stress state at the 12 o’clock location in 8_60_SHM_nP. A complex
stress state develops at the transition from the cladding zone underneath the load application surface, and
the adjoining tube segment. Nevertheless, 04 yax at 12 o’clock, outer cladding surface (where the hydrogen
accumulates) is compressive [Figure 11 (a)], and 64 nax at 12 o’clock, inner cladding surface is tensile
[Figure 11 (b)]. The highest tensile stresses at the outer cladding surface of 8_60_SHM_nP act
circumferentially close to the 9 o’clock location, and its orientation remains unaffected by increasing
nonlinear cladding deformations [Figure 11 (a)].

ﬁ Orientation of 04

Figure 9. Orientation of 04 at u = 0.18 mm, outer cladding surface — (a) 8_8_SHM_nP and (b)
8_60_SHM_nP.
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Figure 10. Orientation of o4 at u = 0.18 mm, inner cladding surface — (a) §_8_SHM_nP and (b)
8_60_SHM_nP.

(a) (b)

Figure 12 (a) presents o for 8_60_SOM_P at u = 0.7 mm as a contour plot. The red zones are
dominated by high tensile stresses and the blue zones by compressive stresses. Figure 12 (b) presents the
corresponding o, orientations. The orientation of 64 a5 (in the cladding zone between 9 and 12 o’clock,
and at the transition from the zone underneath the load application surface, and the adjoining tube segment)
remains circumferential, after pellet-cladding contact is established. However, the cladding stress state
directly underneath the load application surface is more complex and includes high compressive stresses.

(a) (b)

Figure 11. Orientation of o4 at u = 0.83 mm, 8_60_SHM_nP — (a) outer cladding surface and (b) inner
cladding surface.

(a) (b)

Figure 12. 04 atu = 0.7 mm, 8_60_SOM_P- (a) locations and (b) orientation.
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CONCLUSIONS

The results of this study indicate that the cladding pinching stiffness recorded in RCTs diverge significantly
from the cladding stiffness of a locally pinched nuclear fuel rod. For instance, a uniformly loaded, long
cladding tube could be 5% stiffer than an 8 mm RCT sample with identical characteristics. More important,
a membrane effect causes a stiffness increase of at least 2.6 times when analyzing a 60 mm long cladding
segment which is loaded over a length of 8 mm, compared to an 8 mm RCT sample. This could lead to
higher maximum principal stresses in the cladding, and a higher load necessary to close a potential pellet-
cladding gap in a long SNF tube. Nevertheless, after pellet-cladding contact is established, the cladding
deformations are controlled by the pellet support (i.e., the pellet stiffness). An intact pellet increased the
rod pinching stiffness by one or two orders of magnitude.

An analysis of the orientation of the maximum principal tensile stresses in cladding under pinching
loading suggests that the stresses in a long cladding segment, loaded in a localized manner, as well as in
pellet-supported cladding, remain primarily circumferentially oriented, even at large or inelastic cladding
deformations. However, a more complex stress field develops in the cladding zones underneath or close to
the localized load application. The results indicate that in long cladding segments under pinching loading,
as well as in pellet-supported SNF rods under pinching loading, the orientation of the maximum principal
tensile stresses could be perpendicular to radial hydride platelets, which is consistent with the principal
stress orientation experienced by short, empty cladding samples typically used in RCTs.
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