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Abstract

SiC/SiC composites are candidates of interest for fuel cladding applications in pressurized light-water
reactors. In this study, fuel cladding tubes were made by filament winding and the matrix was deposited
by CVI (Chemical Vapour Infiltration), which results in surface irregularities and waviness defects. This
paper examines the influence of grinding steps on the mechanical behavior of tube specimens. Differ-
ent depths of inner and outer surface grinding are carried out from a reference grade. Cyclic tensile
tests are then performed. Elastic behavior analysis shows that the machining of tubes does not cause
pre-damage. Analysis of unload-reload cycles indicates that the internal slippage does not depend on
the seal coat thickness and that the surface quality weakly influences damage in the loading direction.
Damage in the shear plane and ultimate failure strength strongly depend on the inner seal coat thickness.

Keywords Ceramic-matrix composites (CMCs), Mechanical properties, Defects, Grinding process

1 Introduction

High-temperature strength and stability under irradiation of SiC/SiC composites could improve the safety of nuclear reactors,
in particular in the framework of the EATF (Enhanced Accident Tolerant Fuel) application, which aims at higher safety margins
for the fuel cladding in the event of loss of coolant accident (LOCA) [1, 2, 3|. Fuel cladding is the outer layer of the fuel pellets
and is currently made of zirconium alloys in light water reactors. One envisaged solution is using SiC/SiC composite tubes to
improve high-temperature resistance. Experimental campaigns have been realized on representative conditions of loss of coolant
accidents such as pressure-sealed under oxygen and vapor at 1200 °C or under steam atmosphere at 1500 °C or critical heat flux
test [4, 5, 6]. They have demonstrated the superior mechanical strength of cladding based on SiC/SiC over zirconium alloy
cladding in those harsh conditions.

SiC/SiC composites for nuclear applications are generally reinforced by a Hi-Nicalon S (HNS) fibrous preform, manufactured
by NGS Advances Co. [7]. The SiC matrix is introduced by Chemical Vapor Infiltration (CVI). The fibers and the matrix must
be crystallized and as pure as possible SiC to avoid differential swelling of constituents due to irradiation. The CVI process leads
to a high surface roughness of components. High roughness of the outer surfaces of tubes can introduce turbulence of coolant
fluid inside the nuclear power plant. On the inner surface of cladding tubes, some hot spots could appear if the nominal distance
between the fuel pellet and the cladding is not appropriate. Therefore, special attention is paid to the smoothing treatment of
the inner and outer surfaces of the cladding. For the same purpose, Deck et al.[8] considered that surface roughness must be
between 0.8 pm and 1.3 pm, ovality tolerance must be lower than £25pm and straightness must be lower than 0.25 mm over
300 mm tube length. As a result, two processes were studied by the authors to grind the inner and outer surfaces. For outer
surfaces, end-feed centerless grinding was used [9]. This process allows the wearing of material from long tubes thanks to two
rotating wheels. For SiC/SiC grinding, diamond wheels were used. For the inner surface, grinding was done thanks to three
equally located cutting tools.

This article is focused on the mechanical behavior of SiC/SiC tubes. The macroscopic mechanical behavior of SiC/SiC tubes
has been investigated for nuclear [10, 11, 12] but also for aeronautics applications, i.e., sublayer in turbine blade cooling systems
or propulsion engine cooling system [13, 14]. However, the literature paid less attention to the influence of manufacturing on
the mechanical behavior of SiC/SiC composite tubes.

Several studies have investigated the influence of grinding or machining processes at the microscopic scale on ceramic
composites, essentially on C/C or C/SiC composites [15, 16]. Few studies focused on SiC/SiC materials with the exception of
[17]. The machining process generates brittle fracture of the matrix and the fibers but also debonding at fiber /matrix interface
[18]. These mechanisms can vary regarding the fiber orientation with respects to the cutting direction and the cutting conditions
[15, 19, 20, 21]. The grinding process also generates fiber fracture, matrix cracking, or crush and debonding at fiber/matrix
interface [22, 23|. Damage mechanisms can also vary depending on the fiber orientation with respect to the grinding direction,
and parameters, and the shape of the grinding wheels [16, 24, 25, 26]. Therefore, CMC grinding and cutting processes induce
locally the same defect family because the cutting mechanisms are identical, at shavings scale [27, Chapter 6].

The studies previously cited focused on the local defects induced by grinding or cutting. However, few studies focused on the
influence of cutting or grinding at macroscopic length scale, with the exception of Neubrand et al. [28] for 2D-C/SiC composites
cutting and Résiger et al. [21] for 2D-C/C-SiC composites cutting. To the authors’ knowledge, no studies focused on SiC/SiC
tube grinding. This paper aims at determining the influence of grinding steps at the macroscopic length scale. In particular, the
influence of surface roughness on macroscopic mechanical behavior has been investigated. Moreover, as the seal coat layers were
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Figure 1: Description of the different manufacturing phases.

essentially removed during the grinding process, the influence of these layers, composed only of matrix, on the tube mechanical
behavior has been investigated by performing tensile tests.

The tensile behavior of CMC exhibits several steps: elastic deformation, matrix cracking, and progressive breakage of fibers
until the ultimate rupture [29, 30, 31, 32]. Damage modeling generally considers the load in the fiber direction and considers
the fiber/matrix slip along the interphase cracks in the vicinity of matrix cracks [33, 34]. In the case of tubes with fibers
inclined to the loading direction, the plies are subjected to multi-axial tension-shear loading. A return to compression during
charge-discharge cycles allowed to separate the shear and tensile damage effects [35].

In this work, five grades of tubes were prepared, with various seal coat thicknesses and roughness on the inner and outer
surfaces. The objective is to establish a rigorous method to analyze the results of uniaxial tensile tests on tubular specimens
and to observe the influence of grinding steps.

2 DMaterials and method
2.1 Elaboration of SiC/SiC tubes by CVI process

The manufacturing process of CVI-SiC/SiC tubes consisted of five main steps (Figure 1). The four first steps were identical for
the five grades studied in this article. Only the surface treatment was different.

First, the fibrous preform was made by filament winding on a cylindrical glass mandrel. Third-generation SiC fibers,
Hi-Nicalon S, were used. They presented a high purity required for nuclear applications to avoid differential swelling under
irradiation. They also endow the composite with a higher damage tolerance and mechanical strength compared to composite
made from SiC Tyranno SA3 fibers [36]. The winding angle was fixed at +45° to obtain the same macroscopic behavior in axial
tensile and internal pressure loading and to obtain high failure stress and strain. The winding parameters, including speed and
fiber tension, were carefully chosen to avoid fiber rupture during manufacturing |7, 37].

Secondly, a pyrocarbon (PyC) of 30-100nm thickness layer was deposited to allow the cracks deflection at fiber/matrix
interphase.

Next, matrix was introduced by Chemical Vapour Infiltration in two phases. A first phase, named consolidation, allowed the
infiltration of approximately 10 % of the matrix and consolidation of the fibrous preform. The removal of the cylindrical mandrel
is then done at this stage. The second phase, named densification, allows to infiltrate the entire matrix and the obtained raw
CVI tubes are considered as the reference tubes. The fiber content is approximately 29 %, the matrix 64 % and the porosity
volumetric rate 7%. The average roughness is 11 pm on the inner and 32 pm on the outer surfaces.

The last step consists of grinding the inner and outer surfaces to decrease the surface roughness to meet the dimensional
specifications. End-feed centerless grinding is used on outer surfaces (Figure 2). This grinding process allows to abrade a
cylindrical surface over a long distance. The grinding wheel in diamond allows the removal of material, whereas the second
wheel, the regulating wheel, allows to guide the part and makes it go along the axis ez, tube axis of revolution. Both wheels
turns in the same direction, with a slight inclination of the regulating wheel to drive the displacement of the part along the
support. The speed of the grinding wheel is 1500 rpm, whereas the regulating wheel speed varies between 14 rpm and 20 rpm.
The cutting depth is approximate 0.0l mm. The inner surface is removed thanks to three cutting tools equally distributed
(Figure 3). The cutting force is distributed with pressure springs to have the same cutting conditions. Cutting conditions in
terms of speed, pressure, and depth of cut cannot be provided.

2 mm

Grinding wheel — Part —

Regulating wheel

Figure 2: Sketch of outer grinding by centerless in end-feed configuration. Only the pressing force F is
represented.
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Figure 4: Sketch of the architecture of SiC/SiC tubes.
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Figure 3: Sketch of inner grinding.

2.2 Description of the microstructure of CVI-SiC/SiC composite

The reference tubes can be described in four layers: two core layers and two seal coat layers (Figure 4). The core comprises two
layers, corresponding to the two filament wound layers at £45°. They are formed of matrix, fibers, and porosity. They have an
orthotropic behavior. The inner and outer seal coat layers are made of matrix only. They have an isotropic behavior.

Five grades were manufactured to examine the influence of grinding, surface quality, and seal coat thickness on the macro-
scopic behavior. The first grade, RR (for raw CVI on outer and inner surfaces), was raw CVI tubes (Figure 5a and Figure 6a).
It was considered as the reference grade for this paper, although this grade is not representative of the geometry of industrial
fuel cladding. Then, three grades were manufactured with variable inner and outer grinding levels, referred to as OI, O+I, and
O~+1+ (Figure 5b, ¢, and d and Figure 6b, ¢, and d). The first letter refers to the outer surface, and the second letter to the inner
surface. The sign + denotes enhanced grinding that removed the whole of the seal coat layers. Finally, O*I grade with a first
grinding step on the outer and inner surface as final OI grade, and subsequent densification on the outer surface and a grinding
on the outer surface (Figure 5e and Figure 6e). The double step of densification and grinding enabled to obtain the surface
roughness recommended in Deck et al. [8]. Therefore, the grade O*I possesses the closest specifications of nuclear cladding.

The microstructure of the different grades was characterized. In particular, the section area, the seal coat thicknesses, and
the volume fraction of fiber, matrix, and porosity in the core were determined with image analysis from both longitudinal and
transversal cuts of specimens. The end of the tensile specimen was cut, cold-coated, and polished to observe the material by
optical microscopy (VHX Keyence digital microscope with a VH-Z20R/W lens) with a magnification between x400 and x600.

The section of each tensile sample was measured at both ends of the tube thanks to binarized cross-section images [35].
At least five specimen were examined and averaged for each grade (Table 1), with the exception of the O*I grade where only
three samples were analysed. However, the section used for the mechanical analysis was the average of the upper and the lower
section of each considered sample.

In addition, the surface fraction of porosity, fiber, and matrix in the core were measured on two transversal sections, and
one longitudinal section of each sample [35]. The volume fraction for each grade was determined and reported in Table 1. The
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Figure 5: Longitudinal cuts (along the tube axis of revolution) for the different grades.



(a) Grade RR (b) Grade OI (c) Grade O+1

(d) Grade O+I+ (e) Grade O*I

of revolution) for the different grades.

Figure 6: Transversal cuts (from the tube axe

Grade H RR )8 O+I O-+I1+ O*1
Section Sp H 18.96 mm? ‘ 16.63 mm? ‘ 13.42 mm? ‘ 12.06 mm? ‘ 16.1 mm?
Fiber fraction 36.7%
Core Porosity fraction 9.1%
Matrix fraction 54.2%
Inner thickness 58 pm 61 pm 57 pm 0pm 34 pm
Seal coat Outer thickness 84 pm ~ 30 pm 0 pm 0 pm 48 pm
Inner R, 11.3pm 10.6 pm 10.9 pm 2.0 pm 10.9 pm
Roughness | Inner R; 125 pm 92 pm 105 pm 51 pm 98 pm
Outer R, 32.5 pm 2.4um 3.0 pm 4.6 pm 0.9 pm
Outer R, 257 pm 48 pm 38 pm 61 pm 18 ym

Table 1: Characterization of the different grades : section, core composition, seal coat thickness and roughness
(average roughness R, and maximum roughness R; [38]).



composition of the core of each grade was identical, i.e., vy=36.7 % of fiber, vm=54.2% of matrix and vp=9.1% of porosity of
the core volumetric content.

The seal coat thicknesses on inner and outer surfaces were locally measured on both the longitudinal and transversal
observations at least on six points on each images [35]. Because of the reference tubes outer surface irregularities and the
irregularity of core layers (Figure 7), the seal coat thickness can present a high variation after the grinding process. Only
average thicknesses are given in Table 1.

Figure 7: Illustration of waviness defects (at macroscopic scale) on the outer surface on grade RR.

The surface roughness was measured with the roughness tester Mahr (Driveunit GD 120). The roughness was measured on
a generator parallel to the tube axis over a length of 55 mm. Six measurements on three generators at 120° on two samples
enabled the determination of the average roughness of the five grades. Table 1 gives the average roughness R,, and maximum
roughness Ry of each grade [38].

The reference grade, RR, possessed a 58 pm thickness inner seal coat. The first inner grinding step (noted I) did not modify
the inner seal coat thickness, i.e., the thickness of OI and O+I grades were respectively 61 pm and 57 pm. This step did not have
a significant influence on average roughness (11.3 pm for RR against 10.6 pm for OI and 10.9 pm for O+I on the inner surface).
However, this step enabled the reduction of the total roughness (125 pm for RR against 92 pm for OI and 105 pm for O+I on
the inner surface). Indeed, only the major defects were removed at this step, as it can observed on Figures 5 and 6. The entire
inner seal coat layer was removed on grade O+I+. This operation enabled reduction of the average and total roughness values.

The fibrous preform was prepared around a cylindrical mandrel. The inner surface was directly wound on the mandrel, so it
had a smooth surface. The outer surface possesses the different defects due, in particular, to the stacking of the filament winding
layers. The outer surface presents a wavy shape (Figure 7). On RR tubes, the average and total roughnesses were higher on the
outer surface than on the inner surface. The roughness of the outer surface was decreased thanks to both grinding operations:
O and O+. Indeed, the average roughness was 32 pm for grade RR against approximately 3 pm for grade OI, O+I, and O+I+.
The total roughness was 257 pm for grade RR against approximately 50 pm for grade OI, O+I, and O+I+. Only a part of the
outer seal coat layer was removed on grade OI. The core layers with the presence of uncovered fibers were present in some areas,
while in others, a seal coat layer was found, as shown in Figure 5b. On grades O+I and O+I+, the entire outer seal coat was
removed. However, these differences did not influence roughness. Finally, on grade O*I, the average and total roughness values
were reduced compared with other grades thanks to the double densification-grinding steps. The defects linked to the fibrous
preform manufacturing were erased. We can also notice a thin seal coat layer on the inner surface of the O*I grade compared
to OI and O+1.

Finally, the first observations indicated that there were no particular new cracks due to the grinding process (Figure 8).

2.3 Mechanical tests protocol

Cyeclic tensile tests were performed up to failure on 70 mm long samples. The plies orientation at +45° generated a local loading
of the material in tensile-shear. The tests were performed according to ISO 20323 standard [39]. Tube ends were bonded to
collars using an epoxy adhesive glue (3M Scotch-WeldT™ 9323 B/A) in order to guarantee that the tubes were aligned with the
direction of tension. The specimens were then mounted onto the gripping system on the tensile machine (Shimadzu Autograph
AGS-100kNX). The lower-end collar was fixed with adhesive to the passive grip, whereas the upper-end collar was screwed on
the upper grip. The experimental setup is shown in Figure 9.

During the tensile test, the cross head displacement was controlled at a constant rate of 0.005 mm/min. The force mea-
surements were performed by a 100 kN force cell ( Shimadzu 1220 AJ). The deformations were measured using a longitudinal
class 1 extensometer (Epsilon 3442-U10M-U10M-ST) of 25 mm gauge length. An acoustic emission sensor (VS700-D by Vallen
System) and a signal conditioner and data acquisition system (AMSY6) were used. The acoustic emission sensor was fixed onto
the upper-end collar.

Cyeclic tensile tests were performed, with less than five cycles carried out, including the first cycle in the elastic domain. Cycle
loading were initiated at defined stress thresholds. Unloading started at the stress thresholds of 50 MPa, 150 MPa, 200 MPa,
250 MPa and 300 MPa, down to a compressive stress of —50 MPa, to cause matrix cracks closure. Figure 10 shows the evolution
of the load as a function of time for a representative test of the reference grade RR.

3 Analysis of the mechanical behavior

3.1 Elastic behavior

The elastic modulus E was calculated by linear regression on the first unloading-reloading cycle (from 0 MPa to 50 MPa with a
return to compression at —50 MPa) (Figure 11). The absence of acoustic emission events confirmed that no crack was created
within that stress range (Figure 12).



(a) Grade RR

(b) Grade O+I+

Figure 8: Initial observation at digital microscope Keyence on raw CVI tube (i.e., RR grade on Figure a)
and grinding tube (i.e., grade O+I1+ on Figure b). The cracks perpendicular to the tube axis are highlighted
in red, and the cracks parallel are highlighted in blue.

Figure 9: Tensile test experimental device.
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Figure 10: Evolution of the load as a function of time for a representative test of the reference grade RR.
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Figure 11: Method for the construction of elastic modulus F, tangent modulus F,,. and intersection
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Figure 12: Normalized acoustic emission as a function of the stress on sample RR during the first unloading-
reloading cycle.
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Figure 13: Elastic modulus E for the different samples.
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Figure 14: Definition of the different bases of the material.

Figure 13 presents the elastic modulus of the five grades. The experimental standard deviation was between +3.5% and
+7.0%. The variation coefficient was +5%. The elastic modulus decreased when the seal coat thickness was removed. The
reference raw CVI grade (RR) presents an average elastic modulus E =244 GPa against F =202 GPa for the grade O+I+
without seal coat. However, the experimental results were insufficient to determine if the decrease of elastic modulus was due
to the modification of matrix volume fraction in the sample or if to a pre-damage linked to the grinding process.

An elastic analytical model was implemented to determine the grinding process effect on mechanical behavior. The elastic
analytical model is based on continuum mechanics. Four layers model the material: two seal coat layers on the outer and inner
surface and two core layers (Figure 4). The interfaces between the layers are supposed to be perfect, and the outer and inner
surfaces are considered free. A load was applied at the ends of the tube, on tube axis e,. The seal coat layers are composed of the
SiC matrix; the behavior is considered isotropic. The numerical values are taken from Buet et al. [36] and given in Table 2. The
core layers are made of matrix, fibers, and porosity. The mechanical behavior is considered to be orthotropic. The mechanical
behavior of the core layers is determined in the plies bases, oriented at £45°. There are two core layers, one oriented at —45°
and the other at +45° (Figure 14). The construction of the mechanical tensor of a core layer is done in three steps. First, only
the isotropic matrix was considered. Second, the effect of porosity was added. Classical homogenization models (Voigt, Reuss,
Hashin-Strikman) have been tested to determine the elastic properties, but they did not represent the elastic behavior of core
layers. Probably, the assumptions on porosity shape (ellipsoidal) were too strong to predict the elastic behavior. The porosity
was modeled by making an analogy with the mesocraking behavior [40]. This model allows the separation of the porosity effect
on elastic behavior in the three space directions and so taking into account the variety of orientations and shapes of porosity at
a macroscopic scale. Therefore, this model allows taking into account the orientation and the anisotropy of the porosity. Finally,
the fiber behavior was added only in the fiber direction e; by modifying the elastic modulus in this direction using a mixture
law. The numerical values for fiber properties were extracted from Buet et al. [36] and given in Table 2.

The analytical elastic moduli of the different grades were calculated as a function of the geometrical characteristics given in
Table 1. The model gives a satisfactory prediction of the elastic modulus of the different grades (Table 3). Indeed, the model
error is always included in the standard deviation or in the measurement error. Therefore, the grinding process and the second

‘ Parameters ‘ Numerical values ‘

E,, 416 GPa
Ey 374 GPa,
Vm 0.19

Table 2: Parameters for the elastic analytical model (data extracted form [36]).



Grade [ RR s camp. | OL7camp. | O L5 samp. | O+ 11 7 camp. | 0%Ls camp.
E (GPa) 2dirr | 241a1s 227415 20247 223412
Model Epnoq (GPa) 252 236 228 199 233

Table 3: Comparison of experimental average elastic modulus and analytical young modulus. The standard
deviation is given as an index for each grade.

] Grade
’Emc (GPa) H 17.3+0.6 ‘ 18.7+0.3 ‘

H RRSsampA ‘ OI7samp. ‘ O+ISsar:1p, ‘ O+I+7samp. ‘ O*]:Ssamp. ‘
18.0x05 [  15.1zor | 18700 |

Table 4: Tangent modulus F,,. for the different grades. The standard deviation is given as an index for each
grade.

densification-grinding step did not induce predamage to the material, as suggested by microstructure observations. The decrease
of elastic moduli with the grinding steps is only due to a modification of the global volume of the matrix respective to fiber and
porosity.

3.2 Damage behavior with unloading-reloading cycles

3.2.1 Transition between elastic and damage behaviors and global indicator of damage evolu-
tion

To start with damage behavior analysis, a global indicator of the damage behavior was proposed. This indicator is the tangent
modulus of the damage part of the tensile envelope curve, named Fp,. in the following (Figure 11). This modulus was determined
by linear regression between 150 MPa and ultimate failure on the envelope of the curve (red in Figure 11). The linear regression
coefficient R? for all samples was superior to 0.99. This tangent modulus characterizes the damage phenomenon that occurs as
a result of matrix cracks, the saturation of matrix, fiber cracks, slippage at fiber/matrix interphase, and also at plies scale. This
Eme modulus is also an indicator of the global damage kinetics.

Table 4 presents the average experimental tangent modulus Ej,. for the different grades, and Figure 24 in A presents all
the values for the samples. The first grinding process, with the Ol and O+I grade, induced an increase of tangent modulus
Enc in comparaison with the RR grade (Epm. =18.7 GPa for OI, E,,. =18.0 GPa for O+1 against E,,. =17.3 GPa for RR). The
damage evolution was slower than that of the reference RR grade, particularly on the OI grade. The important grinding step
of the inner seal coat, with the O+I+ grade, implied a decrease of tangent modulus E;,. and increased damage speed. Indeed,
grade O+I+ presented a tangent modulus Ey,c =15.1 GPa against E,,. =17.3 GPa for reference grade RR and E,,. =18.0 GPa
for grade O+1, which differed by the inner seal coat layer. The grade O*I presented a tangent modulus similar to grades OI and
O-+1. Therefore, the roughness did not seem to affect damage kinetics.

The intersection between the elastic curve having E slope and the damage curve with Ej,. slope indicates the deformation
or the stress at the transition between elastic domain and the matrix cracking, labeled respectively e, and ome. An example of
the determination of both indicators is given in Figure 11. Table 5 presents the average experimental strain €,,. and stress omc
for the different grades, and Figure 25 and 26 in A present the values of all the samples. The grinding steps did not influence
the stress omc, because of the difference in rigidity of the different grades. The strain €y, increases when seal coat thickness
decreases. The main assumption is that the SiC grains deposited by CVI have a specific microstructure, particularly on the seal
coat layers. The SiC specific microstructure may consist of a sizeable columnar arrangement, making them brittle, particularly
along the intercolumnar directions of SiC grains [41]. Thus, the seal coat layers probably crack first, explaining why that grades
with less seal coat thickness presented a larger strain £,,c. Another explanation is based on the strength dependence on volume,
the strength increases when the volume decreases because the probability of existence of a critical flaw decreases.

Variation of the tangent modulus allowed the determination of different kinetics of damage in function of the surface quality
and seal coat thickness. However, the link with the damage mechanism was not established.

3.2.2 Unloading and reloading cycle analysis

The unloading-reloading cycles can provide further information on damage phenomena in the composite. A large number
of models, all based on shear-lag assumption, were developed in order to study the unloading-reloading cycles in the case of
unidirectional composites [30, 31, 42|. The loading direction was parallel to the fibers for unidirectional composites. For filament
wounded tube at £45°, locally, the plies are loaded in traction (along the fiber direction) and shear. Aveston et al. [43] studied
the influence of fiber orientation as a function of cracks direction. The load on interface depends on fiber orientation. However,
the damage mechanisms are similar whatever the fiber orientation. Therefore, the methodology of analysis of unloading-reloading
cycles on the tube was inspired by the methodology developed by Domergue, and Vagaggini [30, 31] on unidirectional composites
(Figure 15). Four indicators were used directly from Domergue and Vagaggini [30, 31]:

e the tangent compliance at the beginning of unloading 1/E*;

| Grade [[ RRssamp. | Olvsamp. | O+Iscamp. | OFI+ 7 samp. | 0% 5 cam.
Emc (%) 0.046:&0.002 0.050:&0.003 0.055:&0.004 0.063:&0.003 0.058:&0.004
Ome (MPa) 11325 12022 1244 127+ 123+

Table 5: Strain &,,. and stress o,,. for the five grades. The standard deviation is given as an index for each
grade.
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Figure 15: Sketch of cyclic tensile test on unidirectional composite (Illustration extracted from [30]).
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Figure 16: Construction of tangent modulus 1/E*, 1/E, and 1/E. for a cycle of grade RR.

e the tangent compliance at the end of reloading 1/Ep;
e the cycle width at half-height demaz (i-e., for o = op/2 with o), the maximum stress of cycle)

e the area A of the cycle.

The tangent compliances 1/E* and 1/E, describe damage in the loading direction, i.e.,they reflect the modification of the
tangent modulus due to cracks of e; normal (tube axis of revolution). The tangent compliance 1/E* and 1/E, were determined
by linear regression on each cycle, on a 20 MPa stress range. The slippage is characterized by the cycles width at half-height
0€max Or by the area A of the cycles. Indeed, no cracks were created during a cycle, as shown by the acoustic emission curve
in A Figure 27. Therefore, the hysteresis was attributed to slippage. In the case of an unidirectional composite, the slippage
occurs at the fiber/matrix interface. Slippage during tensile tests on tubes can also occur at the plies length scale with the slight
reorientation of the plies [10].

Additionally to Domergue and Vagagini parameters, the compliance at the beginning of reloading 1/E. was measured by
linear regression between —40 MPa and —20 MPa. Thanks to the return in compression during a cycle, the cracks perpendicular
to the loading direction were closed. Therefore, the compliance 1/FE,. characterizes the shear damage, i.e., the modification of
the tangent modulus due to cracks of er normal.

Damage in the loading direction Figure 17 and Figure 18 present the evolution of the tangent compliance 1/E,,
and 1/E* for the different samples as a function of the strain ¢, (maximum strain of the cycle). No significant differences were
observed between the different grades. The acoustic emission curves confirmed the same kinetics of crack evolution between the
different grades (Figure 27 in A). Therefore, damage in the tensile direction was mainly driven by the core layers.

A sensitivity analysis of the stiffness loss in function of the core and seal coat layers behavior was proposed to explain why
the core drives damage in the tensile direction. Only a two-layers composite was considered to simplify the analysis. The first
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Figure 17: Evolution of the tangent compliance 1/E, as a function of the strain for representative sample of
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Figure 18: Evolution of the tangent compliance 1/E* as a function of the strain for representative sample of
each grades.
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Figure 19: Evolution of the cyclic width at half-height de,,4, as a function of the strain for representative
sample of each grades.
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Figure 20: Evolution of area A of the cycle as a function of the strain for representative sample of each
grades.

layer, noted by es., corresponds to the seal coat layers, and the second layer, noted by e., corresponds to core layers. The force
N applied to the sample is related to the strain € by the cross-section Ss. or S, damage ds. or d. defined by Lemaitre et al.
[44], and the initial elastic modulus E2. or EY of each layer :

N= <SSCESC(1 — dae) + SeE2(1 — dc)>a. (1)

The average damage is

_ SscB(1 = dsc) + ScEQ(1 - dc)

d = 1 . 2
SscE9, + S.EQ @

By applying a Taylor series of «, then damage d is
d =~ de+a(dse —de) with a=S85.E° /S.E°. (3)

Thus, the average damage of the tubes corresponds to the damage of the core in the first order, followed by the seal coat layers.
Furthermore, as seen previously, the seal coat layers seem to crack before the core layers. Therefore, the seal coat certainly has
a minimal role in the mechanical behavior of the tubes on the damage in tensile behavior. This was expected by owing to the
fact that the core plays the role of reinforcement of the tube.

Slippage Figure 19 and Figure 20 present the evolution of the cyclic width at half-height de;mqz and the area A of the cycle
for the different samples as a function of strain e,. As for the tangent compliance 1/E, and 1/E*, no significant differences
were observed between the grades. The slippage probably occurred at the fiber /matrix interface or between the two orthotropic
layers, i.e., the core layers.

Damage in the shear direction Figure 21 presents the evolution of the tangent compliance at the beginning of
reloading 1/E. as a function of the strain in order to characterize the shear damage. The different grades had different behavior.
The slope D, of the evolution of the tangent modulus 1/E. as a function of strain was determined to characterize the shear
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Figure 21: Evolution of the tangent compliance 1/E. as a function of the strain for representative sample of
each grades.
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Table 6: Average shear damage speed D, for the different grades. The standard deviation is given as an
index for each grade.

damage rate and to estimate the influence of surface quality and seal coat thickness on the evolution of shear damage. Table 6
presents the average shear damage speed D, for all grades, the Figure 28 in A shows the shear damage rate D, for all the
samples.

The outer grinding steps OI and O+I brought a slight decrease in shear damage rate compared with the reference grade RR.
Grinding the significant surface defect probably allowed this decrease. The grade O+I presented a shear damage rate slightly
larger than that of grade OI, probably because of the machining of few fibers on the outer surface. The grade O*I presented
a shear damage rate equivalent to that of grade OI. Thus, the surface roughness quality seemed to have a minimal influence.
Only the grinding of major defects influenced the shear damage.

The shear damage rate of grade O+I+ was greater than that of reference grade RR and grade O+I, which presented the
same core and outer seal coat characteristics. Therefore, the inner seal coat presence seems to decrease the shear damage rate.
On post-mortem observations, the interface between the core and the outer seal coat layer always showed delamination cracks
(in red on Figure 22). It was not the case for the interface between the inner seal coat layer and the core. Thus, the inner seal
coat layer can bear a part of the load, whereas the outer seal coat layer can not. Grinding the inner seal coat had more effect
on the mechanical behavior than grinding the outer seal coat.

Some assumptions may be proposed to explain the difference in delamination cracking between the inner seal coat and
core interface and the outer seal coat and core interface. The elastic behavior analysis demonstrated that inner and outer
seal coat layers are subjected to the same macroscopic loading. However, the outer seal coat had waviness defects due to the
manufacturing process of the fibrous preform (Figure 7). These defects could locally increase the off-plane load and induce
delamination cracks. Another assumption was that the SiC grains structure may differ between the inner and outer seal coat
layers [35]. Their mechanical properties could also vary, explaining the crack pattern difference.

Note The differences in shear damage rate between the different grades agree with the damage kinetics of the tangent
modulus E,,c. Indeed, when the shear damage rate increased, the tangent modulus E,,. decreased, so the damage rate of the
envelope increased. Thereby, the envelope evolution was strongly linked to the shear damage evolution.

3.3 Failure

Table 7 presents the average strain and stress to failure of each grade. Figure 29 and Figure 30 in A present the results for
each sample. The number of tests per grade (between 3 and 7) needs to be increased to make a statistical investigation of the
failure. However, the standard deviation of the measurements for the five grades is less than +4 % in stress and strain. The
results on the fracture values seem to be repeatable and allow us to compare the different grades between them. The failure
was delayed when the outer surface was ground. The failure strain increased by 15 % between the RR and OI grades, where
the main outer surface defects had been grounded. The failure occurred at slightly lower stress and strain for O+I compared
with OI. The difference may be due to some fiber grinding on the O+I+ grade. However, the difference was not significative for
further interpretation. The failure occured at a smaller strain for the O+I+4 grade. Indeed, 32 % strain decrease was observed
between O+I+ and O+I grades. The only differences between these grades were the inner seal coat thickness. On O+I, only
the main defects were removed, whereas, on O+I+, the entire inner seal coat was removed.

On these four grades: RR, OI, O+I1, and O+I+, the failure evolution had the same kinetics as shear damage and tangent
modulus E,,.. When the damage rate increased between two grades, the failure occurred sooner. The inner seal coat seemed
to take back a part of the load and delay the ultimate failure.

Moreover, the surface roughness seemed to have a limited impact on failure, as shown by the average stress and strain to
failure of the O*I grade. Indeed, despite the better surface quality compared to the OI grade, the failure of the O*I grade
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(b) Grade OI

(c) Grade O+1

(d) Grade O+I+

(e) Grade O*I

Figure 22: Post-mortem observations on digital microscope of longitudinal section for a tube of each family. In
blue, the cracks perpendicular to the loading direction and in red the cracks parallel to the loading direction.

15



| Nuance || RRssamp. | OI7samp. | O+Ls samp. | O+I1+ 7 samp. | OFL s samp. |
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o, (MPa) 2564 3030 29244 219410 278+11

Table 7: Average strain and stress to failure for the different grades. The standard deviation is given as an
index for each grade.

Genae t0x BTSN onnse

(a) Grade RR (b) Grade OI (c) Grade O+1

G 00X ETEIO00K ey Ganas sox  ETEIO0N ey

= 1500 KV

= EHT math= = EHT= 1500V othe
Grand = 100x ST ISSORY Signata= sE1 Grand.= 100X HTE 106 Signat A= SET
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Figure 23: SEM images of fracture surfaces of all the grades (excepted O*I).

occurred earlier when compared with the OI grade. That was probably due to the thinner inner seal coat thickness of the O*I
grade compared to the OI grade.

Figure 23 presents SEM images of the fracture surfaces of RR, OI, O+I, and O+I+ grades. Few differences in fracture
patterns were observed between grades RR, OI, and O+I. It was possible to observe areas with fiber/matrix debonding, as
shown in Figure 23a, but also areas without fiber/matrix decohesion, as shown in Figure 23c. In these three grades, several
directions of debonding were systematically observed in the thickness of tubes. The O+I+ grade had a fracture surface slightly
different from the three previous grades (Figure 23d). Zones with long debonding lengths were observed on some parts of the
fracture surface. The fracture seemed to be unstable on other parts of the tubes, i.e., without fiber/matrix debonding over
almost the entire thickness. Moreover, in the areas of fiber/matrix debonding, the fibers were oriented in a single direction.

The assumption is that the lack of inner seal coat made the load increase on core fibers in comparison to the other grades.
If the fibers are more loaded, the decohesion length Lp increases. Indeed, the shear lag model, that describes the evolution of
the stress in the matrix and the fibers around matrix cracks [33, 29] gives the following relation :

=om(0) =y —0om (4)

with 7 the shear stress at interphase, Ry fiber radius, v the stress equivalent to the energy jump at a matrix crack and 03,1 the
residual thermal stress, and oy, (c0) the stress in the matrix far away cracks. The stress o, (c0) is proportional to the stress in
the fiber of(c0). Large debond lengths were observed on MEB images (Figure 23d). Moreover, because of the heavy load on
fibers, the cracks propagated and caused the ultimate failure of the composite. This scenario could explain the smaller stress
and strain of failure for the grade O+I+.

4 Conclusion

Cyclic tensile tests on SiC/SiC tubes allowed better understanding of the influence of surface quality and seal coat thickness on
mechanical behavior. Five grades were studied, with different seal coat thicknesses and surface roughness. Raw CVI tubes were
used as the reference grade. Next, several grinding operations were done on the inner and outer surfaces of other tubes.

The analysis of the elastic behavior and the implementation of an analytical model enabled to determine that the surface
machining did not predamage the material. The loss of rigidity due to machining was only related to the global decrease of
matrix content.

The damage behavior was mainly analyzed thanks to the unloading-reloading cycles using the model proposed on unidirec-
tional composite [30, 31|. Different indicators were introduced: the tangent compliance 1/E* and 1/E, to characterize damage
in tensile direction, the tangent compliance 1/E. to characterize damage in shear, and the cycles width at mid-height demaq. and
the area A of the cycle to characterize slippage at fiber/matrix interface scale or plies length scale. The grinding operation and
surface quality did not influence damage in the tensile direction nor slippage. The core of the composite seems to drive these
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Figure 25: Strain &,,. for the different samples.

two phenomena. However, the seal coat thickness and, in the second step, the surface roughness influenced the shear damage
rate. A slight decrease in damage rate had been observed with the inner machining, i.e., for the OI and O-+I grades. Machining
of the main surface defects could slow down the damage behavior and delay the failure, mainly if no fiber broke during the
grinding process. However, following the roughness tolerance advised by Deck et al. [8] for fuel cladding did not modify the
mechanical behavior, as shown by the O*I grade. Inner surface grinding increased the shear damage rate, i.e., for grade O+I+.
The micrography analysis after the tensile test demonstrated that the inner seal coat took back a part of the load during the
tensile test. In contrast, the outer seal coat presented delamination cracks at the interface with the core layers. Therefore, the
outer seal coat had a minor role in the damage behavior.

The evolution of the tangent modulus of the strain-stress curve envelope was similar to that of the shear damage. Indeed,
when grade presented a significant shear damage rate, the tangent modulus E,,. was softer, meaning with increase of global
damage rate. The shear damage also contributed to the ultimate failure of the composite.

This experimental analysis of unloading-reloading cycles, and the unidirectional model enabled us to highlight the significance
of the inner seal coat on mechanical behavior. The link between shear damage and the evolution of the envelope of the strain-
stress curve had not been fully established. Implementing a numerical model, which considers the tube architecture and the
local loading in tensile and shear, will be necessary to understand better the inner seal coat role in the mechanical behavior.
This model should consider the geometrical defects related to the manufacturing process to understand the delamination cracks
between seal coat and core layers.
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