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Abstract

The imperative of reliability of biomedical implants is crucial to ensure
their long-term functionality, thereby reducing the need for additional,
sometimes invasive, surgical interventions. In this context, growing rods
used to correct scoliosis in growing children face challenges related to a
high fatigue failure rate. Similarly, future generations of stents designed
to restore blood flow in arteries must overcome potentially rough surface
conditions while ensuring effective deployment without failure.

The primary aim of this thesis is to investigate the relative impact of shot-
peening and bending within growing rods on the generation of residual
stresses, employing mechanical tests and numerical methods. While shot-
peening proves to be beneficial by enhancing compressive stresses, bend-
ing has been found detrimental, even if the magnitude of the imposed
bending angle itself is not crucial. The multiple surface hardening steps
guide towards the selection of metals with significant kinematic hardening
capacity. Comparing these numerical results with experimental findings
reveals an unexpected fatigue resistance of untreated rods under certain
conditions, raising concerns about the shaping processes used by the sup-
pliers.

The second part of the work explored the impact of surface quality. The
roughness resulting from shaping processes appears to be the cause of
the fatigue resistance reduction in growing rods. Furthermore, geomet-
ric irregularities can limit the elongation capacity of structures like in stent
struts due to the decrease resistance to plastic localization. This finding,
established since the 1960s through closed form models, has been verified
using a finite element numerical model and experimental measurements
relying on digital image correlation. Additionally, the length of the inho-
mogeneity has been shown to influence the length of the neck.






Résumé

L'impératif de fiabilité des implants biomédicaux revét une importance
cruciale afin d’assurer leur fonctionnalité & long terme, limitant ainsi la
nécessité d’interventions chirurgicales supplémentaires, parfois invasives.
Dans ce contexte, les tiges de croissance, utilisées pour corriger les scol-
ioses chez les enfants en pleine croissance, se heurtent a des défis liés a
un haut taux de rupture par fatigue. De méme, les futures générations de
stents, congus pour restaurer le flux sanguin dans les artéres, devront sur-
monter des états de surface potentiellement rugueux tout en garantissant
leur déploiement efficace sans rupture.

L’objectif principal de cette these est d’étudier I'impact relatif du grenail-
lage et du pliage au sein des tiges de croissance sur la génération des con-
traintes résiduelles, a I'aide d’essais mécaniques et de méthodes numéri-
ques. Alors que le grenaillage s’avére bénéfique en augmentant les con-
traintes de compression, il a été démontré que le pliage est néfaste, méme
si 'amplitude de l'angle n’est pas déterminant. Les multiples étapes de
durcissement superficiel guident vers une sélection des métaux présentant
un écrouissage cinématique important. La comparaison des résultats num-
ériques avec les résultats expérimentaux révéle une résistance a la fatigue
inattendue des tiges non grenaillées dans certaines conditions, remettant
en question les procédés de mise en forme utilisés par les fournisseurs.

La seconde partie a exploré 'impact de la qualité de surface. La rugosité
issue du grenaillage semble étre responsable de la diminution de la résis-
tance en fatigue des tiges de croissance. De plus, des irrégularités géométri-
ques peuvent restreindre la capacité d’allongement de structures telles que
les stents, du a la réduction de la résistance a la localisation plastique. Cette
constatation, établie dés les années 60 a I’aide de modéles semi-analytiques,
a été vérifiée par un modele numérique (éléments finis) et des mesures ex-
périmentales (corrélation d’images numériques). En outre, il a été observé
que la longueur de I'inhomogénéité influe sur celle du col de striction.
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Introduction

HEN a new device is designed, it has to fulfill precise specifica-
W tions. This includes on one hand objectives and on the other
hand constraints. Those constraints can have different origins:
mechanical, thermal, electrical,... depending on the environment of the ob-
jects. Engineers in charge of their conception must anticipate any source of
imperfections that could undermine their assumed performances to size it
properly. Indeed, if imperfections are not well predicted in the conception
step, devices may fail prematurely (see Figure 1.1). To this end, it is im-
portant to identify the potential origins of imperfections but also to predict
if their size may lead to functional issues. Defects can be present at the
surface as well as inside the pieces. In this thesis, we will focus on the first
ones.

(b)

Figure 1.1 Broken devices: (a) Failure of a stent’s strut [1]; (b) Crack in a
steel I-beam [2]; (c) Blown turbine disc [3].
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Any object surfaces present a certain level of roughness. Roughness quan-
tifies the average variation of surface irregularities over a long distance.
The roughness amplitude of a device is generally managed during the last
shaping process. However, during production, surface irregularities larger
than the specification instructions may appear (see Figure 1.2). Some are
unexpected, due to clumsy handling, and others are foreseeable, resulting
from a planned handling in its manufacturing process. The unexpected
one should be detected and measured before the quality department states
if the piece can continue to its useful life, or if it should be set aside. In other
cases, devices will undergo planned handling with tools, that leave marks
at pieces surfaces. As these handling are scheduled, the process should be
adapted to ensure that the specifications are met despite the presence of an
imperfection.

Figure 1.2 Surface irregularities: (a) Surface state of an over-peened alu-
minum [4]; (b) Imprint on a metallic sheet resulting from the presence of
dirt on the die during stamping [5]; (c) Shrinkage cavities appearing dur-
ing casting [6].

Systems reliability will therefore depend on imperfections presence and
roughness (see Figure 1.3a and b). In addition to this geometrical aspect,
internal stress variations close to the imperfection may superimpose with
the pre-existing stresses of the part (see Figure 1.3c). The combination of
those two effects will lead to mechanical resistance alteration, or even in
some cases, to anticipated fracture of the system. Failure mode will de-
pend on mechanical loading (see Figure 1.3d). Some systems must resist to
static and continuous load, and therefore resist to creep. Other systems are
loaded only once in their lifetime, during their installation or during their
use. They must keep sufficient mechanical resistance. In other cases, sys-
tems should withstand multiple loading processes, thus they need good
fatigue resistance. All these different loading conditions will not interact
in the same way with the presence of a surface imperfection. In addition to
the solicitation type, system dimensions also bring variability (see Figure

4|



| 1.0

1.3e). By reducing the size of a system, the number of grains across the
thickness of the part will decrease. All these parameters lead to changes
in mechanical responses, but also, to the sensitivity to the presence of an
unexpected imperfection. The tolerance on imperfections dimensions will
thus not be the same depending on the application of the pieces.

-

)
— =

c,e
a) Imperfections b) Roughness c) Internal stresses
0zz
— J _T_r
d) Loading e) Cross section
&zz

| h
-

Figure 1.3 Multiple origins of a change in mechanical response in a struc-
ture: (a) geometric imperfections such as indents; (b) surface roughness; (c)
internal stress field from processing; (d) type of loading; (e) characteristics
of the section such as its dimensions, shape, or internal microstructure.
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In this work, various imperfection geometries and loading conditions are
evaluated. To go further, two applications were considered. The biomedi-
cal field presents really interesting systems. Implant failure is a major issue
in the biomedical field. Therefore, the presence of imperfections should be
well controlled. From materials selection to processing, many parameters
should be controlled to produce devices that reach the expected perfor-
mances without failure. Each category of implants has to support specific
loading conditions during lifetime, (i) surgeon manipulations, (ii) plastic
deformation, (iii) cyclic loadings, (iv) assembly process, ... The first sys-
tem considered are metallic rods placed along scoliotic spine of children.
These implants are called growing rods. During the surgery, the surgeon
bends the rod to fit the natural shape of the patient spine. This bend-
ing process as well as the marking of the material due to contact during
bending are believed to affect the fatigue resistance of the rod. The second
implant analyzed, called stent, consists in a metallic mesh in tubular form
which is placed in blood vessel to restore sufficient blood flow. Stents are
expanded by large plastic deformations and then periodically stressed due
to pulse beats. Their small size makes them more sensitive to the possible
presence of geometric imperfections.

This thesis is composed of nine chapters divided into three main parts.
Part I presents the context of this work. After this introduction, Chapter 2
describes the topic of implants in an intentionally general way. The em-
phasis is on mechanical properties in metallic implants with a review of
the associated general theories. Part IT and Part III deal respectively with
the problematic of growing rods and stents failure. While Chapter 3 and
Chapter 7 review the state of the art on their respective implant, Chapter 4
to 6 and Chapter 8 present the progress made on these challenges during
this thesis. The structure of these two parts will be presented at the end of
their respective introductory chapters.

Reading map

Dear Reader,

Throughout your journey in this manuscript, you’ll encounter
panels like this, distinguished by three distinct symbols. Each
symbol carries a specific type of information.
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The 1 boxes, such as this one, deliver insights into the structure
and content of the thesis. Look out for these as they unravel the
organization and essence of the research.

Boxes along with the B symbol, located at the beginning of
chapters, specify the progression of the chapter’s publication

process.

Lastly, the #® boxes weave intriguing anecdotes related to the
current section, adding a touch of curiosity to your reading.

Happy exploration!






State of the art on
biomedical implants

from a materials science perspective, with particular reference to

geometric surface imperfections and stress fields. It begins with
a brief description of implants, emphasizing on their mechanical proper-
ties as well as the importance of their surface finish. This is followed by a
review of the general theories associated with the main mechanical proper-
ties of metallic implants, addressing in particular the effects of geometrical
imperfections as well as surface residual stresses.

THIS chapter outlines the issues associated with biomedical implants

Thesis structure
® This state of the art chapter is concise, highlighting general
1 messages about biomedical implants and material properties of
metallic alloys. In the following, each key chapter is structured
as a self contained publication and provides in-depth coverage
of the specific literature in its dedicated section, optimizing clar-
ity and readability for each contribution.
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2.1 Context about the human body

2.1.1 Implants

One might think that biomedical implants are mature technologies devel-
oped decades ago and that the current technological development focuses
on more fashionable subjects. If the implants appeared in the literature for
the first time around the 1970s, as illustrated in Figure 2.1, the number of
publications per year is still significantly increasing. Newer hot topics such
as global warming and 3D printing are still less covered in the current sci-
entific literature. However, in contrast, machine learning takes an huge
part of the modern scientific interest.

120k

I T
Machine learning
100k ("~ Global warming
----- 3D printing

||— Implant
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Documents by year
B [}
o o
= x
T T
Il Il

N

o

=~
T

L L L | L L I A L or”
1920 1930 1940 1950 1960 1970 1980 1990 2000 2010 2020
Year

Figure 2.1 Frequency of appearance of four scientific buzzword in titles,
abstracts and keywords of scientific articles over the last century - Source:
Scopus.

The current challenges are multiple: from the development of new mate-
rials, to the customization of implants for patients, via the miniaturization
of electronics or the use of new manufacturing methods, the field still has
many areas of ongoing development.

Implants are used to replace or improve the function of diseased or missing
tissues and organs [7]. Implantation may be necessary for accident victims,
people with illnesses or for the natural aging of the body when the natural
regenerative capacity of the human body is not sufficient. These interven-
tions can therefore take place throughout life, depending on individual
circumstances. The areas of the human body that can benefit from implant
surgery are many and varied as illustrated in Figure 2.2 [8]. Among these
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implants, some help to heal or correct deformities, others, called prostheses
restore a lost function, while others monitor body functions [9].

Figure 2.2 Various biomedical implants - Adapted from [10], [11] and

[12].

Design of biomedical implant is a complex and multifactorial challenge.
Indeed, many requirements need to be met before it can be used on a com-
mercial scale [7] :

1.

AR

6.

Acceptance of the implant as a foreign body
Chemical stability over time

Sufficient mechanical strength

Adequate fatigue life

Suitable physical properties (such as density)
Scalable to an industrial production

The present thesis seeks to improve our understanding of the origins of
implant fracture as directly linked to item 3 and 4 above. In this respect, the
following section provides a coverage of the mechanical properties found
in typical implant specifications.

2.1.2 Materials

Each implant comes with its specific set of requirements based on the ap-
plication. Here are the principal properties and their relative importance
in the biomedical context.
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Stiffness: the stiffness of the material, denoted by Young’s modulus
(E) and shown in Figure 2.3, determines the rigidity of the assembly
for a given cross-section. This parameter is key especially in ortho-
pedics. A too large stiffness mismatch between an implant and the
bone potentially leads to recurrent implant failures [13].

Yield strength: when implants need to be plastically deformed to give
the definitive geometry, its initial yield strength, denoted ¢ and rep-
resented in Figure 2.3, must be included in a specific range. While it
is too high, the surgeon will not be able to confer the required shape,
while a too low yield strength gives a too large sensitivity to the im-
plant which may be deformed plastically during the life of the pa-
tient.

Ultimate tensile strength: denoted oyrs and highlighted in Figure
2.3, the ultimate tensile strength represents the highest bearing ca-
pacity of an assembly. Under uniaxial tension conditions, while the
equivalent stress reaches this limit, the mechanical integrity is no
more guaranteed.

Strain hardening capacity: the capacity of a material to harden by a

plastic deformation is linked to the intricate mechanisms of disloca-

tion storage and annihilation combined or not with twinning. The
p

Y €acc

. . e . o0
strain hardening capacity is given by o
acc

where 0y is the current
yield strength and €}, the accumulated plastic strain. The hardening
capacity of a biomedical implant helps to regulate irreversible defor-
mation. Indeed, materials with a low yield strength but a high strain
hardening capacity will be easily deformed by the surgeon but, once
deformed, the patient will feel more resistance to extra plastic defor-

mation.

Ductility: if a material is able to deform irreversibly without break-
ing, it belongs to the ductile family of materials in contrast with brit-
tle materials. There is no metrics attributed to this qualifier. How-
ever, if the implant needs to be plastically deformed, the deforma-
tion reached at oy;1s can give insights into the material capacity to
deform. All parts in implants do not need to have this capacity, but
if they do, metals are good candidates regarding this property.

Fracture toughness: In the case the implant presents defects as cracks,
its fracture toughness, denoted K., needs to be high. Indeed a tough
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material is able to withstand crack propagation. A typical example of
crack propagation is breast implant failure, where the silicone outer
shell tears itself, releasing the filler in the human body.

® Fatigue resistance: Contrarily to the ultimate tensile strength, where
the load overcomes at once the material limit, fatigue occurs when
the load stays in a range that would be safe for a monotonic con-
dition. While this loading is repeated over and over, the material
may not be able to withstand it, as it accumulates plastic strain pro-
gressively. In the human body, repetitive motions are unavoidable.
Breathing, heartbeat, chewing, walking, ... If the associated load is
below the endurance limit, o, the implant is not affected by it. Oth-
erwise, a premature fracture can happen.
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Figure 2.3 Typical tensile curve of a metallic sample in traction - Adapted
from [14].

Of the three main categories of materials, metals account for 70% of the
components of implants [15]. Among the most commonly used metals
are titanium (and its alloys), cobalt-chromium alloys, gold, silver or stain-
less steels [7]. This selection is based on their good corrosion resistance,
biocompatibility, but also on their high mechanical properties as detailed
hereafter [7, 10, 15].
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Old is gold
Historically, in dentistry, the most basic solution was simply
g to pull out the problematic teeth, leaving a gap in the denti-
tion and causing the opposite tooth to fall out over time. Then
dental restorations were progressively attempted. By 2500 BC,
there were already attempts of restoration, where worn teeth
were connected to neighboring healthy teeth using gold wire
[16]. Our ancestors already understood that gold was a good
candidate for biocompatibility.

2.1.3 Impact of surface finish

Surface modifications in biomedical implants constitute a major part of the
implant design. Indeed, the implant’s surface interacts with the biological
medium after implantation and the surface finish can modify its properties
[17]. Depending on the location and the role of the implant, the functional
requirements can be different. While some implants need osteointegration
to strengthen the anchors, other implants, like stents, need to prevent blood
cell proliferation to avoid restenosis [18]. Therefore, the surface finish of
an implant needs to be tailored to its environment to promote functional
requirements while hindering undesired interactions [17].

Surface modification includes adjustments on features such as topography,
hardness, chemical functionalities or even electronic characteristics [18].
All theses changes can influence biocompatibility, longevity or functional
properties of the implant. As this work focuses on geometrical defects and
on surface hardening, the next paragraphs will explore in more details the
effects of topography and hardness variations in the context of biomedical
implants.

Topographic modifications are frequently addressed in biomedical research.
While a rough surface promotes blood coagulation [7], it seems to play also
an important role in endothelialisation process on stents [19]. Therefore, it
is important to understand how the roughness amplitude and the rough-
ness pattern could adapt to each context. In advanced roughness tuning,
the patterning can take place at various scales. For endosseous implant,
some surface features at the sub-micron, micron and coarse micron scales
are introduced to address different biological mechanisms [20]. However,
topology is not only changing the biological response of the implant as
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larger roughness goes with more stress concentrators, which can decrease
the fatigue lifespan of implants [10].

Increasing the surface hardness is a well known solution to avoid or post-
pone fatigue failure or wear resistance enhancement. In orthopaedics, as
well as in other specialties as neurosurgery, spinal implants are known to
suffer from fatigue. The approach to increase their fatigue lifetime is to
introduce compressive residual stresses below the surface. Methods like
shot-peening or cavitation peening aim at hardening the surface through
plastic deformation, which is associated to work hardening [21]. However,
peening can come with roughening of the surface which can reduce fatigue
resistance. In applications such as for hip replacement, the head surface
should be smooth to limit the generation of fragments from the polymeric
cup, and hard to be wear resistant. In such cases, other solutions such as
physical vapor deposition and diffusion hardening methods can be used
to increase the surface hardness while having a smooth surface state [22].

Mechanical properties of metallic alloys

As mentioned in Section 2.1.1, this research focuses on the mechanical
strength and the fatigue life of metallic biomedical implants. As some im-
plants are meant to be plastically deformed during implantation surgeries,
strain hardening is developed in Section 2.2.1 while necking localization
is then introduced in Section 2.2.2. The fatigue origins and the fatigue
strength are discussed in Section 2.2.3. Finally, Section 2.3 presents the
origins of residual stresses and discusses how they play an major role in
durability problems.

Strain hardening

During the deformation of a material, two regimes can be distinguished:
the elastic and the elastoplastic regime. The transition is called the yield
stress, denoted 0. While a material has not been plastically deformed yet,
its initial yield stress is specifically denoted by op. Beyond this limit, per-
manent deformations are induced. In the stress space, as represented in
Figure 2.4, this limit is represented by a yield surface. For a general load-
ing, the material enters plasticity when the equivalent stress exceeds the
current yield stress o,y > 0y. One definition for the equivalent stress valid
for plastically isotropic materials is the von Mises equivalent stress:

| 15
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1
Oeq = \/2[(‘71 —02)% + (02 = 03)2 + (03 — 01)?] = 377 + 315 +373. (2.1)

0; o

Initial
yield surface

Figure 2.4 Yield surface - adapted from [23].

The stress to overcome the yield stress is linked to the motion of dislo-
cations in the crystals which constitute the structure of metals. It is the
dislocation glide that allows metals to plastically deform. The yield stress,
oy is linked to the critical resolved shear stress, 7., which is the shear stress
needed to initiate dislocation motion. It results from the addition of differ-
ent resistive stresses as:

T = Tp+ Tss + T + Tg + Tpr- (2.2)

The first term, 0, also called Peierls stress, originates from lattice friction
forces. All the others are the results of interactions of dislocations with
solid solution atoms (csg), other dislocations (0;), grain boundaries (¢;;)
and precipitates (0p,). As the material is plastically deformed, the arrange-
ment and density of dislocations in the crystal evolves and these barriers
vary. Essentially, as the material is deformed, the critical resolved shear
stress increases, making the material harder to deform. This phenomenon
is called strain-hardening as already defined in the previous section.

As a metal strain hardens, the yield stress increases. Two distinct/major
variations can occur to accommodate this change of strength: (i) the en-
largement of the yield surface, (ii) the translation of its center. The former,
called isotropic hardening, is illustrated in Figure 2.5a, while the latter is
called kinematic hardening and is shown in Figure 2.5b.
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o
Subsequent 1 g

yield surface

Subsequent
yield surface
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Figure 2.5 Evolution of the yield surface during loading for (a) isotropic
hardening and (b) kinematic hardening - adapted from [23].

In the case of an hypothetical perfect isotropic hardening behavior, the
yield surface expands uniformly as plastic deformation increases, which
results in an increase of the yield stress 0y, in all directions. Therefore, the
yield point in compression is the same as the yield point in tension [23].
This kind of strain hardening behavior can be expressed as

oy=F (00, €hee, other parameters), (2.3)

where oy is the initial yield stress and €l is the accumulated plastic strain.
One example is the Ludwik equation:

oy = 0o+ K(eP)", (2.4)
where K is a hardening parameter and  is the strain-hardening exponent.
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Many alternative phenomenological isotropic strain hardening laws have
been proposed.

In the case of hypothetical perfect kinematic hardening, as the yield sur-
face shifts without expansion, it creates an asymmetry in the yield stress.
As the material yields in tension, its yield stress, 0';_ increases due to hard-
ening, while its yield point in compression 0, decreases. This is called
the Bauschinger effect. This translation is characterized by a tensor called

backstress X. Its evolution can also be related to plastic deformation as

X = AéP — BXp, (2.5)

where A and B are two scalar parameters, é7 is the plastic strain rate and p
is the rate of increase of the accumulated plastic strain. The physical origin
of kinematic hardening is explained in Section 2.3.3.

2.2.2 Necking

At the start of a tensile test, each increment of deformation uniformly elon-
gates the specimen. This is because as a section of the specimen lengthens,
and therefore becomes thinner, it hardens. Even if this section is thinner,
the force required to deform it may be larger than a neighboring section
that has not yet undergone (by a very small amount) the same level of
deformation. Then this zone gets more prone to deformation than the
neighboring zone and the mechanism self stabilize any localization. The
deformation remains uniform even though the material is never perfectly
uniform. In Equation 2.6, it means that the first (positive) term, linked to
hardening effect (60 A) is larger than the second (negative) term reflecting
the section reduction (00 A); i.e. the force level is increasing.

OF = 60 A + 00 A (2.6)

At some point, a maximum force (6F=0) is reached, representing the self-
compensation of the hardening and the thinning effects. Beyond this limit,
the magnitude of the second term is larger than the first one and neck-
ing begins. Necking is a localization phenomenon: the deformation is no
more uniform through the specimen and the region with the lowest cross-
sectional area undergoes the largest rate of contraction. While strain is
localized in a portion of the sample, the rest of the sample unloads elas-
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tically. The strain level reached in the outer zone is called the strain limit
and is denoted as €*. In a perfect specimen, subjected to uniaxial tension
and independent of strain rate, the strain limit is equal to the hardening
exponent, n.

In cylindrical specimens, the necking starts to develop in a diffuse way as
illustrated in Figure 2.6. At a final stage of localization, a localized neck,
which is much thinner and oriented with an angle with respect to the main
axis can appear. This localized neck is difficult to observe in cylindrical
specimens. As the diffuse neck appears, the stress state in no longer uniax-
ial in the sample. The neighboring section of the smallest thickness tends
to resist the further contraction of it. This adds lateral stresses which com-
plicate the stress state and thus increases the local triaxiality [24].

/-/—Locallzed Neck

Diffused Neck

Figure 2.6 Illustration of diffuse and localized neck - [25].

If theory usually assumes homogeneity through the specimen, real ma-
terials present variations in grain size, texture, or solute concentration as
well as in their geometry. In 1967, Marciniak and Kurzynski suggested an
approach to consider the effect of inhomogeneity under biaxial stretching
[26]. The basis of their approach can be applied to uniaxial tension on a
tensile specimen with a dimensional inhomogeneity as illustrated in Fig-
ure 2.7a. The cross-sectional difference between the two regions, a and b, is
characterized by the inhomogeneity factor, f, as:

o AaO
/ Ay’

.7)

with Ajj the initial cross-section at section i.

The approach starts with the principle that each zone supports the same
force
F,=F, (2.8)
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Figure 2.7 Effect of inhomogeneity during uniaxial tension: (a) inhomo-

geneous tensile specimen; (b) strain limit in zone b as a function of inho-
mogeneity factor for n=0.25 - adapted from [24].

which can be rewritten as
AHU’Q = AbO’b, (2.9)

where A; and 0; are the current cross-section and stress in section i.

Considering a hardening law of Hollomon type (0 = Ke”), and expressing
the current cross-section with respect to its initial dimension by mean of
the strain parameter (A; = Aje~¢), the Equation 2.9 becomes

Agoe” “Kelj = Appe” “?Key,. (2.10)

Finally, injecting Equation 2.7 in Equation 2.10 gives

feje @ =epe . (2.11)

From Equation 2.11, the strain in zone b can be found numerically for given
values of €, n and f. Figure 2.7b represents the strain limit, €}, as a function
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of the inhomogeneity factor, assuming n=0.25. As indicated in the graph,
small levels of inhomogeneity are already responsible for a large decrease
in strain limit.

2.2.3 Fatigue

Fatigue failure occurs under a cyclic or alternating stress of an amplitude that
would not cause failure if applied only once [27]. Among all service failure
mechanisms in metallic part, fatigue is by far the most common one. It can
be easily recognized by a careful observation of the fracture surface which
indicates how the crack propagates in the structure. The origin of fatigue
failure as well as the methods used to characterize fatigue resistance are
presented below.

Breaking bad
Bone fractures are common injuries. However, these are usu-
g ally caused by strong forces hitting the body. A lesser known
origin is stress fracture, which occurs when the bone undergoes
a repetitive force over a long period of time [28]. Most affected
people are athletes at the beginning of a new sporting season
and soldiers during initial military training [29, 30]. An unfa-
miliar category in stress fractures are the musicians who most
commonly break their fourth and fifth metacarpals as a result of
repetitive hand movements [31].

a. Origins

Fatigue failure consists in three stages: initiation, propagation and rupture.
As the name suggests, the first step consists in the initiation of a crack.
While some cracks can appear in the sub-surface region, most of them ini-
tiate from the surface. As the structure is periodically loaded, small quan-
tities of plastic deformation occur inside the metal. Close to the surface,
the material is less constrained than in the bulk, and the slip resulting from
plastic deformation create new fresh surfaces. As shown in Figure 2.8, as
plastic deformations are generated at each cycle, multiple slips accumu-
late close to each other, generating extrusions and intrusions at the surface.
With cyclic repetitions, the intrusions become preferential sites for crack
initiation and the crack initiates at approximately 45°, following the slip
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bands [4, 32]. After this stage, the fatigue failure enters propagation step.
At each cycle, some plasticity occur at crack tip. The propagation direc-
tion changes to become perpendicular to the principal stress. The crack
progresses by small steps giving to the fracture surface its typical striated
pattern. As the crack propagates, the effective section of the structure de-
creases. The last stage is a single-step process which leads to the total frac-
ture of the specimen. As the effective section decreases, its loading capacity
also does so, until an overload finishes breaking the part. This last stage
produces a characteristic shear lip zone on the fracture surface.

Extrusion
Intrusion

/

Figure 2.8 Crack initiation site formed by accumulated slip bands -
adapted from [33].

b. Fatigue resistance

Fatigue can occur only if three elements are simultaneously gathered. First,
the loading should produce significant tensile stresses in the part. Sec-
ondly, the loading should vary in intensity overtime (i.e. cyclic). Finally,
a sufficiently large number of cycles should be accomplished. It is only
under these three conditions that fatigue failure can occur [4].

In experimental fatigue assessment, a well controlled loading is usually
used. As illustrated in Figure 2.9, this loading is characterized by several
components:

® Ouux, the maximum stress;
® 0, the mean stress;
® 0,y the minimum stress;

* Ao, the stress range;
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as well as some ratios:
¢ R, the stress ratio, defined as 0y,i,, / Opax;

* A, the amplitude ratio, defined as 0, / 0.

Stress
A

Om

» Time

Figure 2.9 Characterization of stress signal - adapted from [32].

For each broken sample tested at a certain stress level, a number of cycles
to failure (N) is obtained. As shown in Figure 2.10, results are presented in
S5-N curves which represent the number of cycles on a logarithmic scale as a
function of the stress (Gyax, Omin OF 03). By replicating the test, some scatter
will be found in the results. As the stress level is decreased, the number of
cycles to failure increases, until the endurance limit, o, is attained. Indeed,
if the stress is below this level, the samples can undergo a large number of
cycles without failure, which is called a run-out. The test is then stopped
at a arbitrary number of cycles, and the points are indicated on S-N curves
with an right pointing arrow.

The fatigue resistance of a material can be characterized by two ways.
The first is defined as the finite life area. The larger the number of cy-
cles achieved before failure, the larger the so-called fatigue life. On the
other hand, when the endurance limit, o is larger, it is said that the mate-
rial has a higher fatigue strength. This fatigue strength is usually linked
to another material property: the ultimate tensile strength, oy;7s. In steels,
the endurance limit is usually in the range of “4S [4, 33].

Increasing fatigue resistance is not only a matter of material selection. As a
matter of fact, surface conditions (residual stresses, roughness, presence of
inclusions,...) as well as test conditions (cycle frequency, amplitude ratio,
environmental conditions,... ) can strongly influence the fatigue results.
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Figure 2.10 Illustration of a typical S-N graph superposed with the sta-
tistical spread in results.

Depending on the loading conditions, the number of cycles to failure will
vary. Indeed, if the stress is below the elastic limit, we can expect a large
number of cycles. It is frequent to reach more than 10° cycles in such condi-
tions. This kind of regime is called high cycle fatigue (HCF). On the contrary,
when the loading amplitude is higher and results in plastic deformation,
the fatigue life is reduced. This other kind of regime corresponds to the
so-called low cycle fatigue (LCF) [33]. It is common to switch to strain-life
curve (e-N) which takes into account elastic and plastic strains.

From origins to impact: understanding residual stresses !

Residual stresses (RS) are mechanical loadings present in materials, com-
ponents and structures, when these one are not yet exposed to any external
force or moment. With the addition of an external loading, the final internal
stress distribution results from the contributions of both mechanical load-
ings. Residual stresses can contribute in a positive or in an negative way
and therefore it is essential for a vast number of engineering applications
to know how to introduce or to reduce them as much as possible.

I This section is mainly based on the chapter 18 of the book "Mechanical behaviour of
Materials" of Hosford, William F [27], the article "Introduction to residual stress" of Macher-
auch, Eckard [34], the book " Handbook of residual stress and deformation of steel" of Totten,
George E [35], Chapter 3 on Residual stresses from the unpublished syllabus "LMAPR2483
Durability of materials" of Pardoen, Thomas [36] and "A teaching essay on residual stresses
and eigenstrains” of Korsunsky, Alexander [37].
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2.3.1 Origins and types of RS

Residual stress are necessarily originating from the presence of elastic
strains in the solid. One simple way to illustrate the logic behind the ori-
gin of RS is depicted by Figure 2.11. A segment from the sample, initially
stress-free, is fictitiously extracted (Fig. 2.11a and b). A transformation is
applied to this segment by the mean of a solicitation (apart from elastic
deformation) as illustrated in Figure 2.11c. The transformation can origi-
nate from plastic deformation, thermal variation, phase transformation,...
Keeping the solicitation on the segment, a stress (denoted o) is applied to
recover its initial dimension (Fig. 2.11d) and the segment is reintroduced
in the original sample (Fig. 2.11e). When the mechanical load, o, is finally
removed (Fig. 2.11f), the segment wants to recover its shape from step
c. By doing so, the matrix and the segment will find an equilibrium where
both portions are elastically deformed, resulting in residual stresses in both
portions.

a)

b)

l apply a permanent

0 length change

l Recover the initial length

imposing a stress
d)

o — I — o

e)

f)

1
1
)

Figure 2.11 Thinking experiment to visualize the generation of internal
stresses in a 1D structure - adapted from [36].
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From a realistic point of view, solids presenting residual stresses were rarely
cut and reassembled as illustrated in Figure 2.11. The link with some spe-
cific processes known as introducing RS (i.e. shot-peening, bending, weld-
ing,... ) are presented in Figure 2.12.

‘ ‘ Macrostresses Microstresses
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Peening Thermal stresses
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V < > < >
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Bending Transformation stresses
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Welding Intergranular stresses

Figure 2.12 Illustrations of various residual stresses origins - [38].

In case of de-stress, break the glass
Residual stresses are at the origin of tempered glass working
Q principle. These glassy sheets have high resistance to fracture
under bending thanks to a compressive stress state on both sur-
faces. However, if a crack manages to initiate at the surface, the
properties of the internal layer will come into play to ensure a
safe fracture pattern. Indeed, as the central layer is under resid-
ual tensile stresses, the crack will preferably spread in this layer
and generate a large number of small pieces [27].
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Depending on the type of misfits, residual stresses can develop at various
scales. Figure 2.13 summarizes the three types of residual stresses along-
side with their respective length scale. This classification has been intro-
duced by E. Macherauch.

1 — Macroscopic Stresses 1L — Intergranular microstresses III — Intragranular microstresses

~mm

Figure 2.13 Illustration of the three scales of residual stresses.

A simple loading mode, like permanent bending, illustrates the first scale
of residual stresses. On Figure 2.13, a bent rod after elastic recovery is
represented. At the macroscopic level, an oscillating residual stress profile
can be observed across the whole structure. Residual stresses developing
on a macroscopic point of view belongs to residual stress of type I, referred

toas col.

Residual stresses can also develop at the intergranular scale. By zoom-
ing in on Figure 2.13, a subset of few neighboring grains can be observed.
Differences in terms of slip systems activated during plasticity, variation
of elastic moduli, and in the case of non cubic lattices, variations in ther-
mal expansion coefficient are all sorts of local variations that can lead to
the formation of RS. Indeed, if the material is mechanically or thermally
loaded, these displacement mismatches will be compensated with residual
stresses of type II, ¢'!. Similarly, RS of type II develop easily in multiphase
materials.

The last type of residual stresses, ol develops at the intragranular scale
(i.e. the elementary defect size). Various crystallographic defects, such as
vacancies, atoms in solid solution and dislocations always cause nanoscopic
local variations in the RS profile.
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These three contributions can be summed up to obtain the global residual
stress (oR9) as follow:

(TRS _ O,RS,I + O.RS,H + O,RS,III (2.12)

As ¢!l and o!!! are stress variations at a really local scale, they are usually
neglected for structural scale analyses. It is important to recall that on a
global scale, these stresses self-balance as well as the resulting moments
due to basic equilibrium conditions.

2.3.2 Elevating material performance: The role of shot-peening

Shot-peening is a fundamental processing technique in the realm of mate-
rials engineering, specifically in the treatment and modification of metallic
alloy surfaces. It is the most commonly used process to introduce compres-
sive stresses and to harden a surface. During shot-peening, as illustrated in
Figure 2.14, small hard spheres are projected at high speed onto the metal
surface. When a sphere impacts the material, it induces plastic deforma-
tion below the impact point. As the material is deformed, the metal hard-
ens locally, increasing the surface hardness of the piece. Moreover, as the
material tries to expand laterally, the sub-surfacic layer constrain the ex-
tension, creating a compressive stress state in the first 0.15-0.3 mm depth
[39].

R

—
D, &

Lateral expansion Residual compressive

stresses

Figure 2.14 Illustration of shot-peening process - adapted from [40].

These stresses are mainly from type I (macroscopic stresses) and should
satisfy force and moment equilibrium through the structure. Classical resid-
ual stress profiles produced by shot-peening involve a tensile stress state
below the compressive layer as shown in Figure 2.15. Such tensile stresses
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added to the loading stress state can overcome the fatigue limit and gener-
ate a subsurface crack. But, the net result is that shot-peening increases the
surface resistance to crack initiation.

c)-XX

T

/ » depth

Figure 2.15 Usual stress diagram of a shot-peened part - adapted from
[40].

This process is widely employed for various applications, ranging from
improving fatigue resistance to enhancing wear and even corrosion resis-
tance. The effectiveness of the shot-peening process is influenced by pa-
rameters such as particle velocity, size, and material, but also exposition
time and surface coverage. Shot-peening provides important benefits to
materials, making it a valuable process in engineering. Firstly, the accumu-
lated plastic deformation improves surface hardness and wear resistance,
making it an effective method for extending the lifespan of components
subjected to harsh operating conditions. Additionally, it induces compres-
sive residual stresses in the treated material, thereby enhancing its fatigue
life and resistance to stress corrosion cracking. Despite these advantages,
the process also presents certain issues. The potential for surface roughen-
ing and material removal poses challenges in applications where precise
dimensional control or surface finish is crucial [41, 42].

Durability of residual stresses introduced by shot-peening

Once purposely introduced in the structure, it is crucial to ensure stability
of residual stresses. Thermal treatments can relax unintended RS. How-
ever, the loading conditions can also be at the origin of RS vanishing. First,
static loading can be responsible for RS relaxation. In the handbook of Fun-
damentals of machine component design, it is reported [43]:

An overload causing yielding produces residual stresses that are favorable to
future loads in the same direction and unfavorable to future loads in the opposite
direction.
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Therefore, compressive residual stresses introduced by shot-peening (cor-
responding to an expansion loading) tend to be easily relaxed when loaded
in compression [44]. Residual stresses are also prone to relaxation through
cyclic loading. This relaxation has been described by various models which
indicate that RS relax linearly with respect to the logarithmic number of cy-
cles [45-47]. Even if the current state of the literature does not provide a
generalized prediction model which takes into account residual stresses
and all the side effects for fatigue prediction, it is already clear that sit-
uations dealing with cyclic loading causing plasticity should not rely on
residual stresses to improve their fatigue resistance [39].

The multifactorial phenomenon of fatigue makes the processing step more
challenging [39]. Indeed, as shot-peening is the result of multiple impacts,
the roughness of the targeted zone is usually increased. In some cases, this
side effect can counteract the positive impact of compressive stresses, and
lead to a general decrease in fatigue performance [48].

2.3.3 From residual stress to kinematic hardening

The hardening mechanisms in materials originate from diverse interac-
tions between dislocations and precipitates within the crystal lattice. Dislo-
cations interact with precipitates during plastic deformation. This interac-
tion varies, involving processes like dislocation bypass or cutting through
precipitates [49].

As illustrated by Figure 2.16 (step 1 to 3), bypass occurs when a dislocation
bows around the precipitate rather than penetrating it. This phenomenon
happens when the precipitates are too hard to cut due to their size, atomic
arrangement or incoherency. In order to continue moving on the other side
of the precipitates, the dislocation will bend until it meets itself and creates
a dislocation loop around the precipitate. The rest of the dislocation is then
free to continue moving through the crystal until it reaches the next obsta-
cle. As loading continues, other dislocations moving through the crystal
will interact with the precipitate creating an accumulation of dislocation
loops around the precipitates (step 4 in Figure 2.16). Each loop introduces
residual stresses in the surrounding material exerting a repulsive force on
the subsequent dislocations of the same sign moving in the same direction
[50].
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S S S

Figure 2.16 Bypass interaction between dislocations and precipitates -
from [50].

In Figure 2.17a, two loops have been created by a forward movement of
dislocations 1 and 2 around the precipitate. When the external load is re-
versed, as illustrated by Figure 2.17b and c, the dislocations move back-
wards, towards the particle. As the loops exert an attractive force on these
dislocations, the load required to initiate motion in the opposite direction
is lower compared to the load needed to sustain the initial dislocation mo-
tion. When the dislocation meets the precipitate on the way back, it anni-
hilates the loop formed during the forward straining. The residual stresses
between dislocations and precipitates (i.e. Type III intragranular stresses)
originating from the initial loading, create an asymmetry in the material’s
mechanical response, known as kinematic hardening [49].

a)

Figure 2.17 Dislocation motion and loops on non-shearable precipitates
(a) during forward straining, (b) and (c) during reverse straining - adapted
from [51].
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Another potential origin of kinematic hardening lies in stress heterogene-
ity between neighboring grains or phases presenting different flow stress
in polycrystals due to dislocation pile-ups [52]. Such stress heterogeneity
presents a larger length scale than the stress originating from dislocation
loops around the precipitates but are more local than the residual stress
profile resulting from shot-peening. These are categorized as Type II resid-
ual stresses (i.e. intergranular stresses). As illustrated by Figure 2.18, after
a primary tensile loading, the hard region present positive stress, while the
soft region is in compression. Consequently, during reversed loading, the
pre-existing local residual stresses can influence the material’s response.
They promote an early yielding process in the soft regions of the materiel,
reducing the load required to initiate dislocation motion and the apparent
yield strength o, .

Conclusions and open questions

In the work presented in this manuscript, two implants have been the cen-
tral focus of research: growing rods and stents. After a more complete pre-
sentation of the specifications and issues related to these two categories of
implants in Chapters 3 and 7, their lifespan will be analyzed in the light of
surface conditions such as internal stresses in the first case, and geometric
defects in the second.
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Figure 2.18 Asymmetry in yield strength explained by composite model
- adapted from [52].
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Context of growing rods:
surgical practices and failure
problems

affecting children. In some cases, this pathology is treated using

biomedical implants called growing rods. The chapter is intro-
duced by the terminology necessary for a good understanding of the prob-
lem. The context of early-onset scoliosis is then introduced in terms of
the causes and treatments. As this work concerns biomedical implants,
the solution of implementing growing rods in the body is presented in de-
tail, with a particular focus on the state of the art dedicated to the failure
of these implants. Finally, in light of the current knowledge, the techno-
logical and medical problems will be transposed into research questions
presented together with the structure of this section.

THE aim of this chapter is to present the context of severe scoliosis
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3.1 Planes, directions and deformities

Every human is characterized by its spine morphology. Severe deforma-
tions are sometimes occurring in different directions. These distortions can
be classified into 3 categories: lordosis, kyphosis, and scoliosis as presented
in Figure 3.1.

Kyphosis Lordosis Scoliosis

Picture from: ORTHEQ.COM Designer: lago®)

Figure 3.1 Kyphosis, lordosis et scoliosis - [53].

In the anatomical context, a specific vocabulary is used to describe planes
and directions. Figure 3.2 shows the three main planes passing through
a human body and defines the proximal and distal directions. As an ex-
ample, the proximal vertebrae are those closer to the head and the distal
vertebrae are closer to the pelvis.

Sagittal Frontal
plane
plane
Proximal
Distal Transverse
plane

Figure 3.2 Anatomical vocabulary - Adapted from [10].
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3.2 Scoliosis

Scoliosis is defined as an abnormal spine curvature (larger than 10°) in the
frontal plane [54]. It can be associated with vertebrae rotations as well as
sagittal deformations [55].

Scoliosis severity is measured by the mean of Cobb angle as illustrated in
Figure 3.3. To determine this angle, two lines are drawn at the locations of
the two most shifted vertebrae. These two lines should be parallel to each
vertebra. Then, two perpendicular lines are drawn, and the Cobb angle is
measured between them. A healthy spine has a Cobb angle close to 0° [54].

Cobb angle

Figure 3.3 Cobb angle measurement - [55].

Dobbs et Weinstein have defined Early Onset Scoliosis (EOS) as scoliosis
detected between birth and 5 years of age [56]. These scoliosis must be
monitored carefully because the child is still growing. One of the major
risk is abnormal lung development, as lung growth is closely linked to
spine growth. Both phenomena are complex and continuous until puberty
[57]. As illustrated in Figure 3.4, the number of alveoli as well as the lung
volume increase strongly in the early growth period. Any abnormal spine
distortion may lead to development and functional respiratory problems
[58]. It is therefore essential to deal with this issue as soon as possible [59].
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Figure 3.4 Lung volume and alveolar development as a function of child
age - Adapted from [58].

3.2.1 Causes

Scoliosis can have different origins, which are classified into 3 main cate-
gories [60]:

Congenital scoliosis: This type of scoliosis is due to a deformity
present since birth. Scoliosis can develop later on (during growth)
but its origin is a spine malformation existing since birth. This origin
can be detected by the mean of radiography.

Neuromuscular/syndromic scoliosis: This type of pathology is due
to a disease or a muscle disorder. While muscles are weakened, they
fail at keeping the spine in an upright position. Such kind of scoliosis
usually goes along the weakening of other muscles in the body and
is detected during childhood.

Idiopathic scoliosis: This last family gathers all scoliosis with unde-
termined reasons, and can be diagnosed when vertebrae present ro-
tations. People presenting idiopathic scoliosis are in general in good
health. Between 4 and 17 years of age, idiopathic scoliosis is more
common in women than in men.
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Holy cow!
Human beings are not the only creatures suffering from scolio-
Q sis. These deformations have also been observed in cats, dogs,
horses... and even fishes ! Surprisingly, chimpanzees and go-
rillas are exempt from such spine deformities [61]. Some re-
searchers elaborate protocols to induce spinal deformities in an-
imals. Even if primates are close to humans in the evolutionary
history, the procedure to create scoliosis fails for them [62].
The scientific literature identified zebrafish as a good model for
studying the biological origins and the mechanisms of scoliosis,
due to their high susceptibility to develop scoliosis as well as
the high genetic similarities with humans [63].

3.2.2 Treatments

The most efficient way to avoid an amplification of the scoliosis over time
is vertebrae arthrodesis, which consists in merging vertebrae together to
prevent any movement of these articulations. This technique is useful
for adult or adolescent patients that almost reach the end of their growth
phase. For children with a large growth potential, the consequences of
such a treatment are considerable as it can be associated to poor alveolar
development. To delay the arthrodesis surgery, different EOS treatments
exist [54] but the choice will be patient-dependent. The two main options
are the following;:

* Wearing a brace that surrounds the child’s chest, as illustrated in Fig-
ure 3.5, is considered as the reference solution as it can already give
good corrections without the need for surgery.

* Growing rods, used in more complex cases, are inserted during a
surgical operation and aim at correcting spine deformations. They
can apply corrections gradually all along the child growth, or main-
tain an applied correction of the spine, induced by the surgeon dur-
ing the surgery itself.
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Figure 3.5 Example of a brace placed on scoliotic child - adapted from
[55].

3.3 Growing rod implants

The introduction of growing rods delays merging surgery until the spine
reaches its maturity. One or two rods can be attached to the spine with
multiple anchor points. The construct used by the surgical team we have
been working with is composed of a single-rod and is called the “3-hook
& 2-screw” (H352) construct, as illustrated in Figure 3.6. The surgical pro-
tocol, which is fully described in the article of Miladi & Mousny [64], is
summarized hereafter.

Figure 3.6 Attachment of the 3 hooks and 2 screws in the 3H2S configu-
ration - [64].

Preoperative. Prior to surgery, the objective is to already obtain a reduc-
tion of the Cobb angle using a gradual corrective technique such as with a
cast or with an external tension device.
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Patient positioning. When surgery begins, the patient is placed in an in-
traoperative traction device, which aims at applying an average force of
100N. This force helps to correct spine deformity, while the patient is anes-
thetized. By doing so, the stresses at the anchoring sites are reduced tem-
porarily, which helps for the rod implantation stage. Once in position, ra-
diographies are performed to decide on which vertebrae the anchors will
be placed. In most cases the surgery is a posterior-only procedure.

Anchors placement. The H3S2 construct is composed of 3 hooks, placed
in 3 adjacent proximal vertebraes, and 2 monoaxial pedical screws, placed
distally as illustrated in Figure 3.6. All these anchors need to be located
in the same frontal plane and as vertically as possible, to maximize the
efficiency of the construct.

Contouring. The single rod, which is still not introduced, needs to be
bent to accommodate the patient’s physiological lordosis and kyphosis, as
shown in the sagittal view of Figure 3.6. By using specific bending tools,
the surgeon gives the rod a curvature which fits the natural sagittal curva-
ture of the spine.

Rod fixation. The rod is then slided through paravertebral muscles from
distal to proximal position to limit the contact with bones, and thereby
preventing any bone fusion. The rod is rotated and placed in the sagittal
plane. The proximal screw is then locked, followed by the pedicle hook to
maintain its position. The two other hooks and the second screw are finally
locked as well. The rod is systematically too long and the extra-length is
kept distally to allow later lengthening procedures.

Lengthening procedure. From the day following the surgery, patients are
allowed to stand up, without any brace. As children continue to grow, a
lengthening procedure is needed to maintain a good correction over time.
On average, the child comes back every 10 months to get a lengthening
surgery, that will allow the spine to keep growing. Henceforth, only a
small cut at screws location is needed to loosen both of them, allowing the
rod to slide, followed by a tightening procedure.
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3.3.1 Lifetime of growing rods

To better understand the issues associated with growing rods, this section
presents a step-by-step overview of the lifespan of growing rods, covering
material selection, shaping, installation and use as shown in Figure 3.7.

I - Initial state IT - Shot peening III - Contouring

z

N

T AN

IV - Implantation V - Cyclic loading

Figure 3.7 Illustration of the five main steps of growing rods lifetime,
from production to in vivo solicitations.

| - Material choice

The choice of materials is very important in the medical field. Their per-
formance depends first on their biocompatibility, but also on their biofunc-
tionality. The most important properties for growing rods involve a high
yield strength, a high stiffness and a good fatigue resistance [65]. The yield
strength and stiffness influence the ability to maintain the correction, while
the fatigue resistance determines its endurance. Beyond the intrinsic prop-
erties of the rod material, the performance of the structure also depends
on its length, shape and cross-sectional area and morphology. Moreover,
biocompatibility is very important because the implant can cause irritation
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once it is in place, or corrode in the case of metals [65]. Therefore, bio-
compatibility takes precedence over functionality when selecting the ma-
terial. Different materials having these specifications can be used; the most
common include: austenitic stainless steel, pure titanium or its alloys and
finally cobalt-chromium alloys.

Figure 3.8 Stress state in the rod in the initial configuration.

In this work, it is essentially Ti-6Al-4V rods which are under study. Their
typical mechanical properties are summarized in Table 3.1.

Table 3.1 Mechanical properties of Ti-6Al-4V - from [66].

Parameters Values

Young’s modulus 110 - 117 GPa
Yield strength 760 - 900 MPa
Tensile strength 828 - 970 MPa

Fatigue strength at 107 cycles 300 - 350 MPa

Il - Shot peening

As compressive residual stresses are known to enhance the resistance to
crack nucleation, a shot-peening process is commonly used in the context
of biomedical implants as illustrated in Figure 3.9. Consequently, the sur-
face of Ti-6Al-4V growing rods (presented in Figure 3.10) is covered by
craters. Up to now, no study on fatigue enhancement by shot-peening has
been published for the specific case of growing rods. However, a shot-
peening step on titanium alloys spinal implant fixtures has demonstrated
an increase of the fatigue resistance in the study of Takakuwa et al. [67]. In-
deed, by introducing 600 MPa of compressive residual stress via cavitation
peening, the fatigue strength was enhanced by a factor 2.2.
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Figure 3.9 Stress state in the rod after the shot-peening process.

2 mm
—

Figure 3.10 Surface of a growing rod where the craters indicate that the
rod has probably been shot-peened.

Il - Contouring

During the surgery, it is necessary to adapt the curvature of the rod to
the curvature of the column as explained above. Various instruments are
used by the surgeon to bend the rod. The most common one is the "French
bender" shown in Figure 3.12 and represented schematically in Figure 3.11
[68]. When the two handles come into contact, angles up to ~15° can be
obtained. As the insert in Figure 3.12 shows, the tool leaves indentations
on the surface of the rod which can be a source of weakness later on.

Ozz

Figure 3.11 Stress state in the rod after shot-peening and bending.

In a recent study, Berti et al. investigated via numerical modeling the radial
distribution of the mean residual stress induced through contouring with a
French bender [70]. They considered a straight rod with no internal stress
before bending. The results indicated the generation of tensile stresses of
approximately 400 MPa on the concave side of the rod.
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Figure 3.12 The French bender is a tool for locally bending the growing
rod. This tool leaves marks on the surface of the rod - [69].

IV - Implantation

As the rod is attached to the spine when the patient is stretched, it will un-
dergo static loading once the load is removed, which is designed to correct
the spinal deformity. This static loading will be added to the stress profile
resulting from the two previous stages (shot-peening and contouring) as
illustrated by Figure 3.13.

Implantation
Residual stess [MPa]
stresses [MPa] g  ___--

Figure 3.13 Addition of a static loading to the prior implantation stress
profile.

In the current literature, very few researches tackled the challenge of pre-
dicting the residual stress state resulting from the implantation stage. In
2017, Agarwal et al. compared the maximum von Mises stress in a dual
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rod construct for various values of distraction forces1 [71]. The stress lev-
els after implantation were found to vary between 100 and 600 MPa for
the lowest and the largest distraction forces, respectively. Moreover, they
predicted the stress level in the rod for different distraction intervals and
found that the maximum stress level was equal to 810 MPa if the distrac-
tion procedures were spaced by 12 months.

V - Cyclic loading

Once placed, the rod will be solicited by a combination of low and high
stresses due to patient movements, as illustrated in Figure 3.14. Small load-
ings are often associated with higher frequencies (as walking or breathing).
Larger stress events as coughing or vomiting are scarcer. In a study of 1966,
Waugh et al. found that the stress level increases by respectively 206% and
490% during these occasional events. Due to these cyclic loadings, a com-
mon complication is rod fracture as presented in Figure 3.15. In a previous
study, the average lifetime of rods before failure was evaluated at 25 £
21 months [72]. Given that implant failure is a major issue, many studies
attempted to understand, and subsequently minimize, the occurrence of
such events. This is also one of the motivations for this thesis.

Residual Implantation
stresses [MPa] . .---stess [MPa]

Figure 3.14 Superposition of the 2 loadings (static and cyclic) to the prior
implantation stress profile.

! Distraction depicts the tendency to separate, pull away. In the context of growing rods it
is the force exerted by the rod on the spine to make the correction. Distraction is also used to
define the intermediate surgeries to allow lengthening of the rod.
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Figure 3.15 Illustration of a single rod having broken in the patient’s
back.

3.4 State of the art on growing rod failure

This section aims to gives a general overview of the literature
that led us to the research question. More detailed reviews will
be presented at the beginning of each chapter in relation to the
subject covered in it.

Since the beginning of the use of growing rods, fracture has been a recur-
rent complication, occurring in 15 % of patients [72]. Yang et al. tried
to determine the factors favoring fracture by relying on statistical analyses.
They investigated the case of 327 patients aged 6.1+ 2.5 years at the time of
their first surgery and presenting various types of scoliosis (neuromuscu-
lar, idiopathic, congenital). In the case of single rods, as compared to dou-
ble rods, there is a larger risk of fracture (36% versus 11%, P<0.001) and
repeated fractures are more present (13% versus 2%, P=0.0002). Stainless
steel rods break more often than titanium rods (29% versus 18%, P=0.02).
In addition, for the group of children who did not have a broken rod,
these rods have a larger diameter on average compared to the broken cases
(4.8mm versus 4.1mm, P=0.01).
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Several studies have already been carried out to try to understand the ori-
gin of the failure of growing rods. First of all, it was necessary to determine
the failure mechanism in order to subsequently study the parameters that
could lead to this fracture. The mechanism was identified as being fatigue,
and various aggravating factors such as bending and indentations, were
pointed out.

3.4.1 ldentification of failure mechanism

In their study, Yamanaka et al. [73] analyzed 2 rods that had failed in vivo.
The mechanism of fracture was clearly identified as fatigue. Figure 3.16
shows that the crack propagates from the top of the image in the direction
of the dotted arrows, until the rod is weakened enough for an external
force to break part C in a ductile manner. These two failure mechanisms
can be confirmed by looking at the fracture surface via scanning electron
microscopy (SEM).

Crack initiation site

<-- (Crack propagating direction
-=== Granular/dimple boundary

Figure 3.16 Fatigue failure in zone B and ductile fracture in zone C - [73].
In the same study, they found that the microstructure in the region near
the fracture was similar to what it was before the rod was implanted. This

observation was related to a poor selection of the material (Ti-6Al-4V) or
to the treatment that the rod underwent [73].
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3.4.2 Fatigue resistance and plasticity

Lindsey et al. investigated the effect of bending with the French bender
tool on the fatigue strength of different materials. They compared the fa-
tigue of the straight rods with that of the bent rods at a frequency of 4 Hz
with different loading ratios ranging from 250N /25N to 700N /70N. Fig-
ure 3.17 shows the results obtained for the Ti-6Al-4V rods: a straight rod is
more resistant to fatigue than a bent rod. The same conclusion was reached

for TiCP rods.
Z 800 . 2,000,000
o . runput
E 600 !i |
£ @ Straight
g 400 W Contoured
% 200
=
0 1

103 104 105 106 107
Cycles to failure

Figure 3.17 Comparison of 2 Ti-6Al-4V rods subjected to fatigue, one
bent, the other straight - adapted from [69].

A study by Slivka et al. on the effect of bending on fatigue endurance
demonstrated that it is safe to first over-bend and then re-bend the rod in
the opposite direction. In their protocol, Ti-6Al-4V growing rods were bent
using a different bending tool than the French bender. Straight rods were
compared to two bent configurations achieved by either direct of indirect
contouring techniques. The direct method gives directly to the rod its final
radius of curvature (100 & 10 mm), while in the indirect technique, the
rod is over-bent (50 & 10 mm) and then reverse-bent to generate a similar
radius of curvature as that obtained from direct contouring. The fatigue
performance of all bent rods is reduced compared to that of straight rods.
However, the indirect technique limits this performance drop.

A recent study of Piovesan et al. combined experimental results with com-
putational analyses to assess the fatigue resistance of rods having expe-
rienced contouring using a French bender tool [75]. The novelty of their
research lies in the distinction between a lordotic and a kyphotic config-
uration during fatigue solicitation, as illustrated in Figure 3.19. From the
residual stress estimated by finite element models, they predicted that the
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Figure 3.18 Comparison of three Ti-6Al-4V rods subjected to fatigue, one
bent, one rebent, and the other straight - adapted from [74].

kyphotic configuration should withstand a larger number of cycles com-
pared to the lordotic configuration (see Figure 3.20). This explanation turns
out to be consistent with the experimental results, as the rods tested in lor-
dotic configuration performed 24,495 cycles on average as compared to the
one tested in kyphotic configuration which did not fail after 1,000,000 cy-
cles.

— FB —
Lordotic Kyphotic
(FBL) (FBK)

Figure 3.19 Configurations analyzed by computational and experimen-
tal analyses - [75].
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(@) Kyphotic (b) Lordotic

]

| Flex (t)

Figure 3.20 Schematic representation of the superposition of stress pro-
files from bending (Res. stress) and cyclic loading (Flex(t)) - [75].

3.4.3 Fatigue resistance and indents

Dick et al. studied the impact of indents on the fatigue resistance of three
different materials (SS, Ti-6Al-4V and TiCP) [76]. The indents were of three
types. The first samples were slightly bent with a French bender in order to
introduce indents on the surface but to minimize the plastic deformation
of the rod (samples called "French"). The second solution was to mark the
rods with the used connectors either by leaving them in place ("Bolt") or
by removing them afterwards ("Mark"). Finally, some samples were kept
without indentation in order to provide a control group ("Normal"). All
samples were tested in 4-point fatigue with an applied moment of 11.86
Nm, this value having been chosen arbitrarily.

As shown by Figure 3.21, the indentations left by the bending tool (as well
as by other tools such as connectors) have a significant impact on both
titanium alloys. Indeed, titanium is a material that is sensitive to notching
as it has a low hardening capacity [74].

In addition to the indentations left by the bending tool, Yamanaka et al.
considered that the rough surface, left by the shot-peening process after
shaping, created preferential sites from which cracks could potentially prop-
agate [73]. However, it should be kept in mind that the shot-peening pro-
cess improves fatigue properties.
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Figure 3.21 Comparison of the number of fatigue cycles before failure for
three different materials with four different initial states - [76].

Research questions

The current state of the art suggests that straight rods are more resistant
to fatigue than bent ones. However, it would not be appropriate to in-
sert perfectly straight bars into children’s backs. Surgeons should there-
fore only bend the rod if found absolutely necessary. In such cases, the
literature gives no recommendation regarding the "intensity" of bending.
Furthermore, models predicting residual stress profiles do not currently
rely on any experimental measurements to confirm their predictions. Fi-
nally, these models never take into account the shot-peening stage, which
is a major gap in the understanding of the parameters primarily setting the
durability of growing rods.

In this context, the following chapters are part of an in-depth analysis
aimed at addressing the following question:

How do the near-surface residual stresses, resulting from inhomogeneous plastic
deformation, influence the fatigue resistance?

Figure 3.22 summarizes the contributions of each chapter with respect to
the different life stages of these rods.
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Chapter 4 discusses the residual stress variations at stages II and I (i.e.
shot-peening and bending) as shown in Figure 3.22. A finite element model,
validated by experimental measurements, is used to explore the stress fields
with respect to the surgeon’s practice and to the properties of the chosen
material. It is also used to analyze the combined effects of both stages of
plastic deformation, which has not yet been reported in the literature.

Appendix A discusses the residual stresses once the rod has been placed
along the spine (stage IV in Figure 3.22). Based on X-ray images of the rods
before and after failure, a beam bending model allows the extraction of
stress intensities at the failure site for different patients. This chapter is the
result of a collaboration between several researchers and the contribution
of the author of this thesis was relatively modest. Therefore, these results
are presented in an Appendix and not in the core of the thesis.

Chapter 5 is a preamble to Chapter 6, as it required to develop a novel 3-
pt bending test setup which maintains curved rods in the unstable upward
position. This chapter presents the design process and experimental vali-
dation of this setup. It concludes with a presentation of the test protocols.
This setup allows maintaining rods during cyclic loading, in order to test
growing rods up to failure (see stage V in Figure 3.22).

Chapter 6 concludes this part by looking at the fatigue failure of growing
rods resulting from cyclic loading (see stage V in Figure 3.22). The setup
presented in Chapter 5 is used to test bent growing rods in order to repro-
duce the fracture surface observed in in-vivo broken rods. The aim of this
chapter is to better assess the effects of shot-peening and bending on the
fatigue resistance of growing rods.

Material presentation

The same growing rods, made from titanium alloy, are studied through
the four chapters. Therefore a general presentation of its properties and
characteristics is gathered hereafter. The growing rods investigated are Ti-
6Al-4V rods with 5.5 mm diameter. They were purchased from Medtronic
Sofamor Danek under the tradename CD Horizon® Legacy™ System.
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At the initiation of this study, contact was made with the
supplier of the rods to inquire about their production pro-
cesses. In all industries, but particularly in the biomedical
field, innovation often coexists with a culture of confidential-
ity. Even it the manufacturer has maintained a veil of secrecy
around the specifics of the material, they disclose that Ti-6Al-4V
rods are wire-drawned and shot-peened with stainless beads.
However, detailed information regarding the process parame-
ters, heat treatments or mechanical properties remained undis-
closed. Nevertheless, we initiated the research with preliminary
characterizations aimed at acquiring a better understanding of
the material.

The microstructure of the rod material was characterized based on metal-
lographic cross-sections taken parallel to the rod axis (i.e. horizontal direc-
tion in the micrographs). The preparation involved grinding and polishing
with diamond suspensions followed by a 20-min silica suspension step.
The microstructure was revealed after etching, which consisted in 30-s im-
mersionina3mL HF, 6 mL HNOj3, and 91 mL water solution. Micrograph
was taken using scanning electron microscopy (SEM) (Ultra-55 FEG SEM,
Carl Zeiss, Oberkochen, Germany). The material was characterized using
backscattered electron detector (AsB) with an acceleration voltage of 20 kV.

Figure 3.23 SEM micrograph of axial microstructure from a rod made of
Ti-6Al—4V alloy.

Fig. 3.23 shows that the Ti-6Al4V alloy is made of two phases: an «
matrix composed of isotropic grains with a mean grain size of 3 um to-
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gether with smaller elongated B grains with a mean grain size of 0.5 pm.
The crystal structure of both phases are illustrated in Figure 3.24a and
3.24b, respectively. The volume fraction of the f phase is equal to 5%.
The equiaxed microstructure is obtained by thermal treatment after wire-
drawing/extrusion process.

0.468 nm

/ 0.332 nm

0.295nm %
a a

(a) (b)

Figure 3.24 Crystal structures of the 2 phases present in Ti-6Al-4V (a)
alpha phase, hexagonal close packing (HCP) structure (b) beta phase, body
centered cubic (BCC) structure - from [77].

During wire-drawing process, some plastic deformation occurs in the ma-
terial leading to a reorientation of the crystalline structure. As a-titanium
is deformed, the primary dislocation slip activated is the prismatic <a>
{1010} as it has a lower energy barrier for glide motion followed by the
basal <a> {0001} and the pyramidal <a> {1010} planes families [78].
Crystals rotation results in a texture with major component (1010) [79] as
illustrated in Figure 3.25.

(L
o
UG
<

Wire-drawing direction

Figure 3.25 Preferential orientation of the HCP crystal units in a Ti-6Al-
4V rod subjected to wire-drawing.
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X-ray diffraction (XRD) was used to study the texture of the Ti-6Al-4V rod.
The rod was cut along its longitudinal cross-section and the surface was
mirror-polished. Figure 3.26 shows the experimental XRD pattern with the
theoretical peaks positions and relative intensities of « and  phases. The
obtained diffraction pattern reveals low or non-existent relative intensities
for the associated 1,0,0, and 1,0,1 Miller indices of the & matrix. This result
is consistent with the expected texture as the observation was made in the
longitudinal cross-section.
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Figure 3.26 XRD curve for Ti-6Al-4V rod in the longitudinal cross-
section.

The tensile test samples were machined into cylindrical dog-bone shape
with a diameter of 4 mm representative of the core of the rod (see Fig.
3.27a). The tests were carried out until fracture on a Zwick Roell stress rig.
The applied displacement rate was set to 1 mm/min.

Fig. 3.27b shows the uniaxial tension response in terms of the variation of
the true stress:

a:F<1+”), 3.1)
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as a function of the true strain:

e=1In (LLO> . (32)

where F is the tensile force, Ay is the initial cross-section area, u is the
elongation and L and L are, respectively, the initial and the deformed gage
length. Three tests were performed to control reproducibility.
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Figure 3.27 Uniaxial tensile tests: (a) samples geometry; (b) true stress —
true strain uniaxial tension response from three Ti-6Al-4V specimens.

The following properties were determined from the uniaxial tension re-
sponse, shown in black in Fig. 3.27b: Young’s modulus E = 113 & 1 GPa;
yield stress 0 29, = 1000 £ 5 MPa.

Nanoindentation tests were performed with an Agilent Technologies Nano-
Indenter G200 using a Berkovich tip of known stiffness. Sixteen indents
were performed both on the transverse cross section of the rod at the cen-
ter as well as close to the surface. The hardness is equal to 4.1 &= 0.2 GPa at
the surface and 3.8 & 0.1 GPa in the core along the axis of the rod. The sur-
face hardness is thus larger by about 10% compared to the center, which is
attributed to the accumulation of plastic deformation due to shot-peening.



Residual Stresses in Surgical
Growing Rods

ter. Experimental stress profiles in shot-peened rods after bending

demonstrated that compressive residual stresses are maintained at
both concave and convex rod sides. Using a finite element model devel-
oped to predict residual stresses in the rod, a parametric analysis identified
the first-order impact of initial yield strength, kinematic hardening param-
eters and intensity of the shot-peening operation, while the bending angle
and the depth of shot-peening stresses were found to be of minor impor-
tance.

INTERNAL stresses before rod implantation are investigated in this chap-

This chapter is based on the published article Residual Stresses in
Surgical Growing Rods, Croonenborghs, M., Ismail, K., Mousny,
M., Delannay, L., Everaerts, J., Korsunsky, A. M., Jacques, P.]. &
Pardoen, T., Journal of Biomechanical Engineering (2023), 1-45
[80] with minor corrections and addings made after publication.
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4.1 Context

When children suffer from severe scoliosis pathology, fusion-type surgery
is not acceptable due to the severe impact on the growth of the spine.
Among others, proper lung development is closely related to adequate
spine growth [58]. As spinal fusion method is not suited for immature
skeletons, other corrective techniques have to be used [57, 59]. The de-
cision about the alternative option is made based on the patient profile.
Among these alternative techniques, the implantation of growing rods is
widely used throughout the world.

The growing rod strategy consists in one or multiple long cylindrical rods
inserted in the back to correct for spurious spine curvature. Fig. 4.1 shows
a timeline illustrating the different steps. Both metallic and polymeric
spinal rods exist, with diameters ranging from 3.5 to 6.5 mm (Fig. 4.1a).
During surgical intervention, rods are bent by the surgeon to reproduce
the patient’s sagittal curvature (Fig. 4.1b). Bending is performed using
specific tools such as the French Benders (FB), which often leaves perma-
nent markings at the rod surface. Then, implants are attached directly to
the spine with distal and proximal anchor points. The anchoring illustrated
in Fig. 4.1c consists of three hooks placed proximally and two monoaxial
pedicle screws placed distally (H3S2 construct) [64]. Some extra length is
left available below the screws to anticipate patient growth. The rods are
distracted at regular time intervals in order to avoid hindering the spine
lengthening. Between each surgery, patient movements induce complex
and varying stress states in the rods (Fig. 4.1d). A common very detrimen-
tal complication is the fracture of the rod (Fig. 4.1e). Such fracture events
have been the subject of many studies, trying to elucidate the underly-
ing mechanisms and to find ways to avoid the very invasive replacement
surgery.

Several origins of rod failure have been suggested in the context of studies
performed during the last decade. In 2011, Yang et al. analyzed records
from 327 patients, with single and dual rod constructs, to identify failure
risk factors [72]. It was found that (i) 15% of the patients experienced at
least one fracture event; (ii) the thoracolumbar junction was identified as
a frequent fracture site; (iii) looking at material impact, stainless steel rods
exhibited higher fracture rates compared to titanium alloy. Yamanaka et
al. identified from the fracture surface of Ti-6Al-4V alloy rods a fatigue
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failure mechanism [73]. In another study of broken rods of Hill et al., it
was concluded that failure often occurs at locations where the rods had
been highly bent [81]. In a more recent study, Ribesse et al. reached the
same conclusion for pure titanium and cobalt chromium alloys [82]. Based
on a beam bending model, thoracolumbar regions were also found to be
the high risk fracture sites.

Four key factors can potentially affect the material lifetime:

(i) The magnitude of the residual stresses resulting from manufacturing
and shot-peening. Shot-peening is usually performed in order to in-
duce a compressive stress state at the surface, a well-known way to
delay fatigue crack initiation [33].

(if) The evolution of the residual stresses resulting from shaping. During
rod contouring, the surgeon bends the rod plastically. This changes
the stress state locally, reorganizing the residual stress distribution
and changing the accumulated plastic strain field.

(iif) The generation of surface defects such as indentations. During the
shaping process, the bending tools often leave residual imprints at
the surface of the rods. These imprints create stress concentrations,
plastic strains and also change the local residual stress state.

(iv) The accumulation of load cycles. During operation in the body, rods
are bent repeatedly due to patient movements. These fluctuating
loads may induce the nucleation and propagation of fatigue cracks.

Taking into account all these factors within a predictive model is a scientific
challenge. This study focuses primarily on the evolution of the residual
stresses related to steps (i) and (ii).

Berti et al. investigated point (ii) using numerical methods [70]. The au-
thors analyzed the radial distribution of the mean residual stress due to
static contouring of the spine rod for two bending methods. Both tech-
niques, FB and uniform contouring, resulted in the same stress profile. This
profile, being the result of static contouring only, indicated the generation
of tensile stresses on the concave side of the rod. The aim of our study is to
further investigate the following questions about point (ii):

¢ Is it possible to develop a predictive model that captures the experi-
mental trends about the residual stress profile and its evolution?
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* How do hardening properties change the stress profile after bending?

¢ Does the bending angle imposed during contouring affect residual
stresses?

* What is learned from such analysis in terms of guidelines for sur-
geons towards extending the lifetime of growing rods?

The objective is to provide answers to these questions using the following
methodology. Residual stress measurements are first performed on un-
used rods and bent rods relying on the advanced focused ion beam milling
technique combined with digital image correlation (FIB-DIC). The second
step is to develop a numerical model that predicts the stress profile while
accounting for shot-peening and bending, and relying on mechanical tests
to extract the hardening law. This requires a relatively advanced plasticity
model, including kinematic hardening. After identification and validation,
the model is used to perform a parameter study in order to elucidate the
primary factors affecting the stress state.

Materials and methods

Materials

Ti-6Al-4V rods with 5.5 mm diameter were purchased from Medtronic So-
famor Danek under the tradename CD Horizon® Legacy™ System. The
tensile properties as well as local hardness variations along a radius of
the rod were determined by mechanical testing. In addition, 10 cm length
specimens were extracted to perform residual stress measurements in
straight and bent rods.

The tensile test samples were machined into cylindrical dog-bone shape
with a diameter of 4 mm representative of the core of the rod (see Fig.
4.2a). The tests were carried out until fracture on a Zwick Roell stress rig.
The applied displacement rate was set to 1 mm/min.

Fig. 4.2b shows the uniaxial tension response in terms of the variation of
the true stress

F u



4 | Residual Stresses in Surgical Growing Rods

as a function of the true strain

e=In (LLO> . (4.2)

where F is the tensile force, Ay is the initial cross-section area, u is the
elongation and Ly and L are respectively the initial and the deformed gage
length. Three tests were performed to control reproducibility.
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Figure 4.2 Uniaxial tensile tests: (a) samples geometry; (b) true stress —
true strain uniaxial tension response from three Ti-6Al-4V specimens.

The following properties were determined from the uniaxial tension re-
sponse, shown in black in Fig. 4.2b: Young’s modulus E = 113 + 1 GPa;
yield stress g 5o, = 1000 = 5 MPa.

Finally, nanoindentation tests were performed with an Agilent Technolo-
gies NanoIndenter G200 using a Berkovich tip of known stiffness. Sixteen
indents were performed both on the transverse cross section of the rod at
the center as well as close to the surface. The hardness is equal to 4.1 £
0.2 GPa at the surface and 3.8 £ 0.1 GPa in the core along the axis of the
rod. The surface hardness is thus larger by about 10% compared to the
center, which is attributed to the accumulation of plastic deformation due
to shot-peening.
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4.2.2 Methods
Rod bending

Two 10-cm-long samples were cut out of the as-received Ti-6Al-4V rod, and
subsequently bent using the French Bender device by a trained surgeon.
The goal was to apply the surgical practice as closely as possible. Two
bending amplitudes were considered and the corresponding contouring
angles were measured after elastic springback, using a profile projector
(Mitutoyo PJ 300, Illinois, USA). The latter angle was measured between
the two tangents aligning with the two ends of the rod. The two specimens
had residual bending angle equal to 4° and 13°, respectively.

FIB-DIC ring-core milling

Among all techniques devoted to residual stress measurement, the FIB-
DIC method provides a high spatial resolution and the possibility of mea-
suring very close to the surface of the material.

Both samples were cut longitudinally (see Fig. 4.3a) and the cross-sections
were electrochemically polished during 10 min using a current density
of 2 kA/m? in an electrolyte containing 700 ml/L ethanol, 300 ml/L iso-
propanol, 60 g/L AlCl; and 250 g/L ZnCl,. This ensured removal of the
layer exposed to cutting and grinding residual stresses [83]. The resid-
ual stress along the longitudinal (x) and radial (y) directions was evalu-
ated at ten evenly spaced locations over the cross-section of each sample
by means of focused ion beam (FIB) ring-core milling and digital image
correlation (DIC) [84]. This technique consisted of several steps. First,
a pattern suitable for DIC was created by depositing a thin Pt layer via
sputtering and then performing two FIB scanning passes on the area of in-
terest. Next, a micropillar (diameter 5 pm) was machined incrementally
by FIB milling in 40 steps of 125 nm (see Fig. 4.3b). After each milling
step, ten images of the top surface of the pillar were taken by scanning
electron microscopy (SEM) with a pixel size of 8 nm and an electron beam
energy of 5 keV. The micropillar undergoes a gradual strain relief upon
progressive milling, which was measured via DIC on the SEM images. For
the DIC analysis, a grid with a marker spacing of 12 pixels was used and
the marker displacements were averaged over ten images for each milling
step. The DIC analyses were carried out using an open source software
Digital Image Correlation and Tracking available on MathWorks [85]. This
produced a relief strain curve, in the x and y directions, as a function of
milling depth. These curves were fitted to the master curve function as de-
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scribed by Korsunsky et al. [86] to obtain the total relief strain in the x (Aey)
and y (Aey) directions. Complete stress relief was achieved when the total
milling depth was equal to the pillar diameter [86]. Most pillars include
more than one grain which justifies the approximation of using isotropic
elasticity [87]. Combined with the assumption of non-equi-biaxial stress
state, the residual stress in the x direction (0yy) and in the y direction (oyy)
were determined using Hooke’s law as:

Oxx = —

(1_151/2) [Aex +vAey], (4.3)

E

Uyy - _m [VAGX + Aey] ’ (4:4)

with E and Poisson ratio v equal to 113 GPa and 0.3, respectively. The
error bars, which represent a 95% confidence interval, were calculated as
described by Lunt et al. [88]. This includes the error due to DIC tracking,
the error caused by fitting the data to the master relief curve, and the error
caused by the assumption of isotropy.

The Ti-6Al-4V alloy is made of two phases: an a matrix composed of
isotropic grains with a mean grain size of 3 um together with smaller elon-
gated f grains with a mean grain size of 0.5 um. In the current study, the
FIB-DIC measurements (micropillars of 5um diameter) were not located
purposefully inside individual grains. This means that multiple grains
were present in each gauge volume and supports the simplification of as-
suming elastic isotropy.

Experimental results

Fig. 4.3c shows the variation of stress in direction x along the rod axis as a
function of position as deduced from the FIB-DIC method. The surface lay-
ers of the as-received (straight) rod are under 800 MPa compression! over
a thickness of 0.3 mm from the surface. Such stress state may be expected

after shot-peening.

n-vivo broken rods show crack propagation along the y direction. In this study, even if
there is no crack in the model, we will focus on the stress component oy, which will be the
driving force for fatigue crack propagation.
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Figure 4.3 (a) Coordinate system for the bent rod indicating the location
of the FIB-DIC measurements (b) SEM images of the milled area with DIC
pattern, before and during milling steps (c) Radial profile of the residual
stress along the rod axis in a Ti-6Al-4V (gray circle) unbent (unloaded) rod,
(blue triangle) 4° bent rod, (red square) 13° bent rod measured by FIB-DIC.

After 4° and 13° bending, Fig. 4.3c shows that the residual stress profile
inside the Ti-6Al-4V bent rods becomes more complex. At the surface of
the concave part of the rod (i.e. y = -2.75 mm), the stress is slightly com-
pressive reaching -150 MPa. Within the next two millimeters, the stress
first increases slightly to reach a few hundreds of MPa in tension, before
returning to a compressive stress of about -500 MPa. Close to the core, a
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steep inversion of the stress state is observed, resulting in a tensile state
on the other side of the core, decreasing gradually to reach a compressive
state again towards the convex surface (i.e. ¥ = 2.75 mm) of about -500 MPa.
Both surfaces remain thus in compression but the magnitude of the resid-
ual stress is reduced especially on the concave part. Note that the residual
stress profile does not vary very much between 4° and 13° bending, espe-
cially near the concave surface(i.e. y =-2.75 mm).

Modelling and simulation

The model must account for the impact of both shot-peening and bending
to predict the residual stress profile. The mechanical history of the mate-
rial at the periphery of a growing rod is complex. Initially, the rod surface
is uniformly compressed during the shot-peening stage. Then, when the
surgeon bends the rod with a FB, the axial segments along the convex side
are stretched, while the axial segments on the concave side experience fur-
ther compression. During the elastic unloading after bending, the axial
segments extend on the concave side, while contraction occurs on the op-
posite side.

Description of the models

To select the most representative constitutive plasticity model, both isotropic
hardening and kinematic hardening models have been compared.

Isotropic hardening model. As illustrated in Fig. 4.4a, during a uniaxial
solicitation, the center of the elastic domain of a plastically loaded isotropic
material does not move but the size of the domain increases resulting in the
same yield stress in tension and in compression. The isotropic hardening
model of his study assumed a constant hardening slope doy /dp where oy
is the current yield stress and p the accumulated plastic strain.

Kinematic hardening model. The mechanical response during a uniaxial
solicitation for purely kinematic hardening is illustrated in Fig 4.4b. Dur-
ing the loading, the elastic domain maintains a constant size equal to 20y
with oy the yield stress, but its center progressively shifts due to hetero-
geneous residual stress developing at microscale (also called “backstress”)
and which have a different origin related to the microstructure compared
to macroscopic residual stress profile on which this study focuses.
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Under multiaxial loading condition, the backstress is a tensor X and one
possible law describing its evolution has been proposed by Chaboche and
Marquis [89] in the form:

X = AéP — BXp, 4.5)

where A and B are two scalar parameters. Their ratio A/ B defines the max-
imum amplitude of the backstress, whereas é7 is the plastic strain rate and
p is the rate of increase of the accumulated plastic strain. In the following,
the amplitude of deformation will be essentially quantified by the bending
angle, which is the operating parameter 2. In the practice, the surgeon does
indeed not control the amplitude of e?.
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Figure 4.4 Graphical representation of a load cycle under uniaxial stress
condition based on either (a) isotropic hardening, or (b) kinematic harden-
ing — inspired from [89].

Finite element model

The elastoplastic linear isotropic hardening model is directly available in
the commercial Finite Element (FE) solver Abaqus while the elastoplastic
non-linear kinematic hardening model from Chaboche and Marquis was
implemented through a user-defined material law UMAT of Abaqus based
on implicit Newton—-Raphson method [90]. For all simulations the Nlgeom

2If the magnitude of deformation is more closely linked to the ratio of bending radius to
rod diameter instead of the bending angle, the choice remains justified. Representing an angle
is more intuitive than a radius of curvature. Additionally, the dimensions of the bending tool
remain constant throughout the entire study, therefore a larger bending angle will always be
associated to smaller bending radius.
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algorithm was used to account for large deformations. The bending is sym-
metrical with respect to two planes. Firstly, the two outer rollers move in
an mirror-image motion, creating an initial symmetry perpendicular to the
central tool. Then, once the bar has been bent, a plane parallel to the bend-
ing plane and located at mid-thickness in the bar constitutes the second
plane of symmetry. Taking advantage of those symmetries, only 1/4 of the
rod was modelled in 3D (see Fig. 4.5a). In order to avoid numerical lock-
ing due to the nearly-incompressible response, C3D8R three-dimensional
linear solid elements were adopted to simulate the bending process. The
diameter of the rod was discretized into 22 elements while 33 elements
were used along the length.

b)

Figure 4.5 (a) Illustration of FE mesh in the 1/4 rod using taking advan-
tage of symmetries, (b) illustration of the complete structure (rod + tool)
reconstructed using symmetries showing the configuration before and dur-
ing contouring.

At first, the model aimed at replicating the state of the rod prior to bend-
ing. Shot-peening introduces a compressive stress field in the near surface
region. Effectively simulating the shot impacts in a realistic direct way re-
quires advanced numerical models out of the scope of the present study
[91]. Another advanced technique, relying on residual stress and work
hardening measured and evaluated by X-ray diffraction, was developed
by Zhou et al. [92]. This method accurately reconstructs the mechanical
behavior of shot-peened materials and the hardening gradient through the
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thickness without simulating each shot impact. To implement this tech-
nique effectively, a reliable characterization method of the accumulated
residual plastic strain is necessary.

Our research did not aim to predict the realistic mechanical behavior of the
shot-peened rod precisely but rather to understand the underlying mech-
anisms explaining the drop in residual stress captured via FIB-DIC. There-
fore, no X-ray evaluation of the residual accumulated plastic strain was
performed. Instead, the eigenstrain method was used to introduce resid-
ual stresses considering a fictitious thermal step forcing a dilation inside
a layer of thickness /i of one element at the surface (0.22mm). This in-
duces compressive hoop and axial stress equal to -820 MPa. Although
this technique does not correctly predict the hardening gradient through
the material, a different material law was assigned to the outer layer to
accommodate the local variation of yield strength (see section 4.4.2a). As
the equivalent von Mises stress reaches the yield point during the thermal
loading, plastic deformation is induced and the external elements develop
a backstress change during this step.

Subsequently, the bending was simulated by describing the kinematics im-
posed by the French Bender. Fig. 4.5b shows the geometry of the rod and
of the tool assembly after applying the two mirror symmetries to repre-
sent the complete structure. The tool is composed of two pins, a fixed one,
located at the central symmetry plane, and a mobile one. The position of
the center of the mobile pin was set and maintained 35 mm away from
the center of the fixed pin. The motion of the mobile pin is a circumferen-
tial rotation applied around an axis passing through the center of the fixed
pin. All dimensions were extracted from a real FB. After checking that the
deformability of the tool (slight flattening of the contact surface) did not
affect the results significantly, the tools were modeled as rigid bodies. The
friction coefficient was set to 0.2. The angular motion of the mobile pin led
to the right configuration after unloading (i.e. after elastic springback).

4.4.2 Results

a. Ildentification and validation of the models

The rod was partitioned into two parts, the core and the skin, to capture
the local effect of shot-peening, each one obeying a different hardening
law. Both kinematic and isotropic hardening models were identified. The
core response was imposed in order to match the uniaxial stress strain re-
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sponse obtained experimentally on a dog bone specimen as illustrated in
Fig. 4.6a. In the shot-peened region, the material experienced successive
indentations that introduced plastic strains resulting in a residual stress
field. Due to the anisotropic nature of the crystal, different crystal ori-
entations create stress fields with variable intensities and patterns below
the indents [40, 93]. Tensile residual stress zones can be locally present
below the surface even after multiple impacts, creating stress heterogene-
ity. The combination of tensile and compressive stresses in this area leads
to the selection of a lower elastic limit for the macroscopic mechanical re-
sponse. Indeed, a composite model with soft regions (i.e., regions with ten-
sile stresses) and hard regions (i.e., regions with compressive stresses) will
lose its macroscopic linear elastic behavior sooner. The A and B parameters
were adjusted to retrieve a similar tensile strength after 8% deformation as
illustrated in Fig. 4.6b. The identified values are gathered in Table 4.1 with
parameters selected for the isotropic model.

Table 4.1 Core and skin parameters for the kinematic hardening and
isotropic hardening models for Ti-6Al-4V alloy.

Kinematic model
Parameter | E[MPa] | op[MPa] | A[MPa] | B[—]
Core model | 113000 1000 4000 20
Skin model | 113000 600 7000 5

Isotropic model
Parameter | E[MPa] | 0p[MPa] | do/dp[MPa]

Core model | 113000 1000 3057

Skin model | 113000 600 8865

The residual stresses predicted with both isotropic or kinematic hardening
have been compared to the stress distributions determined by FIB-DIC. As
illustrated in Fig. 4.7, for identical ci*! profiles (Fig. 4.7a), isotropic and
kinematic hardening result in two distinct (T,{iml profiles (Fig. 4.7b). The
FEA stress contours for the kinematic hardening model are represented be-
low each plot. At the concave side of the bent rod (y = -2.75 cm), the com-
pressive stresses measured experimentally are not captured by isotropic
hardening, validating the choice of kinematic hardening. Note that we
played with a large range of isotropic hardening and could never capture
the experimental trends with reasonable parameters.
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Figure 4.6 Cyclic stress - strain curves for the identification of the
isotropic hardening and kinematic hardening models: (a) for the core of
the rod compared to the tensile stress strain curve from experiment; (b) for
the skin of the rod.

Figure 4.8 provides a deeper understanding on the difference of stress dis-
tribution after bending for the two models. Each graph illustrates the stress
evolution at the concave side and the convex side of the rod with the equiv-
alent plastic strain during shot-peening, bending and elastic recovery for
a hardening model. The shot-peening step introduces a stress of -800 MPa
in all the peripheric elements. Then, as bending begins, the concave side
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Figure 4.7 Superposition of FIB-DIC measurements and simulations results obtained with either kinematic or
isotropic models of radial profile of the longitudinal residual stress for: (a) a straight rod; (b) a rod bent at 13 de-
grees, made of Ti-6Al-4V supported by the respective FEA stress contour predicted with the kinematic hardening

model.
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of the rod is subject to further compression while the convex side experi-
ences tension. Finally, during elastic recovery both elements in the kine-
matic model are found to re-enter plasticity whereas the elements in the
isotropic model stay in the elastic domain. The lower stress level for kine-
matic hardening in previous Figures at y=-2.75 mm (i.e. concave side) is
better understand by looking at the elastic recovery stage. As the element
unloads, it enters plasticity preventing the development of excessive ten-
sile stresses.
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Figure 4.8 Simulations results with either kinematic (top) or isotropic
(bottom) models showing the variation of the longitudinal stress with
equivalent plastic strain in the peripheric elements for two rod bent at 13
degrees.

b. Parametric study

After identification and validation of the model, a parametric study was
performed to determine the evolution of the residual stresses at the likely
site of cracking initiation. The thoracolumbar junction was identified as
the most at-risk location [72, 73, 82, 94]. Moreover, fractography analysis
indicates that cracks systematically initiate on the dorsal side of the rod and
propagate towards the ventral side [81, 82]. In the lumbar region, the rod
is usually bent in a lordotic configuration [75], inducing the most likely site
of fatigue crack initiation at the concave side of the rod (i.e. at y = -2.75mm
in our model).
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The residual stress state at the rod surface is essentially controlled by seven
parameters :

O.Jj:;”ﬂl _ F(E, o.(s)kin, Askin, BSki”,U;';iti”l,h, R), (4.6)

where E is the Young’s modulus ; o3¢, A%i" and B**" are hardening pa-
rameters; il is the initial stress state imposed to the surface elements
after the shot-peening step through the fictitious thermal loading, & is the
thickness of the surface shell which undergoes compressive stresses and R

is the radius of the rod. Equation 4.6 is non-dimensionalized as follows

skin skin initial
inal 1 A O h
(T,J:;M F ( 0 , , Bskzn/ xx ) (4‘7)

E E E 'R

The master set of parameters, presented in Table 4.2, was defined as the one
providing the best match with experiments as a result of the identification.
The parameters associated to the core elements were fixed and all the other
parameters can be varied to assess their impact. For the sake of simplicity,
the parameters ngi", Askin Bskin are noted as 09, A, B in the sequel.

Table 4.2 Master set of parameters for Ti-6Al-4V alloy.

09/E A/E B ginitial /F /R
core skin core skin  core  skin

0.009 0.005 0.0035 0.06 20 5 -0.007 0.08

In order to analyze the impact of the surgeon’s practice, Figure 4.9 depicts
the effect of the bending angle on the final stress level by plotting the vari-
ation of the final near surface residual stress state as a function of the bend-
ing angle for three initial stress levels produced by shot-peening. For this
set of simulations, the angular motion of the mobile pin was tuned to pro-
duce pre-selected contouring angles after springback. The (T){,chul / E ratio
increases steeply at very low angles, levels off, reaches a maximum and
then decreases slightly at larger angles. The angular motion of the mobile
pin was fixed to 0.62 rad for all the following simulations. All imposed
bending angles after springback lie between 9°5” and 12°3’. As the bend-
ing angle was found to have a limited effect, we did not attempt to reach
exactly the same final angle for each set of material parameters.
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Figure 4.9 Variation of the stress along the rod axis at the concave rod
surface after bending as a function of bending angle «.

Figure 4.10 shows the variation of U,{xml /Ewith (a) A/E, (b) B, (c) 0p/ E and

(d) /R for three different initial stress levels. Increasing A/ E reduces the
magnitude of (Txx “/E see Fig. 4.10a. For high ratio of A/E, a compressive
residual stress is produced at the concave rod surface. When the parameter
B increases, Uxx “/E gradually rises as shown in Fig. 4.10b. This effect is
less important than the impact of the A/E value.

Increasing oy/E leads to a general increase of U'xx ' /E as shown in Fig.
4.10c. Again, a compressive residual stress state is generated at the con-
cave rod surface for low 0y /E ratro The effect of the thickness of the com-
pressive layer on the variation of (Txx “ /E with respect to the rod diameter
in Fig. 4.10d shows that the final stress state is independent of & /R for the
three shot-peening intensities. Regarding the effect of ¢ / E addressed

in both Fig. 4.9 and Fig. 4.10, the generation of a compressive initial stress
state leads to a decrease (T{:x"”l/ E. If the initial stress state is sufficiently

low, bending leads to a compressive residual stress state at the surface.
The relationship between ¢ / E and (Txx “/E is ot perfectly linear.
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Figure 4.10 Variation of near surface residual longitudinal stress at the
concave rod surface normalized by Young’s modulus after bending as a
function of A/E, B, 0p/E and h/R. The reference set of parameters are
A/E=0.05, B=5, 09/ E=0.005 and //R= 0.08 with a bending angle ranging
from 9°5’ to 12°3".

Discussion

Residual stresses play a major role in mitigating fatigue crack initiation and
growth, which is the mechanism identified as leading to the failure of the
growing rods [73, 81, 82]. Currently few studies investigated the residual
stresses in growing rods, prior and during their implantation. Analyzing
and understanding the residual stress distribution and their dependence
on the materials, geometrical and loading parameters is key to guide to-
wards enhancing rod durability through surgeon techniques and/or bet-
ter material selection. Comparing numerical simulations results with mea-
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sured stress fields improves the accuracy of the analyses and provides a
better starting point to observe the impact of various parameters.

Prediction of the residual stress profile

The first aim of this study was to create a numerical model capturing the
residual stress field measured by FIB-DIC after FB bending, while account-
ing for the initial stress field induced by shot-peening. Fig. 4.7b illustrated
that an isotropic model, such as the one used in the study of Berti et al. [70],
is not able to correctly predict the compressive stresses found experimen-
tally at the concave rod surface. A core element of novelty of our approach
was thus to combine the initial stress field with a kinematic hardening-
based model. As illustrated in the study of Zhang, the material model
selection is key when performing residual stress distribution analyses [95].
Compared to isotropic hardening, for which the yield surface expands with
plastic deformation, the surface undergoes a shift if the hardening is a
kinematic nature. If the source of kinematic hardening lies in the resid-
ual stresses of type II and type 111, its effect can be observed on the macro-
scopic stress profile as it is the case for shot-peening. Fig. 4.11 illustrates
three scenarios: (i) a growth rod made of a material with isotropic hard-
ening undergoing the following loading sequence: shot-peening, forward
bending and bending unloading; (ii) a growing rod made of a material
with kinematic hardening (loading sequence without shot-peening); (iii) a
growing rod made of a material with kinematic hardening and full loading
sequence. The model shows that a springback may involve reverse plastic
deformation with kinematic hardening while it is not the case for isotropic
hardening. By combining a kinematic model with the shot-peening pro-
cess, the flow surface shifts twice towards the compression zone during the
first two plasticity events, shot-peening and forward bending. This shift
mitigates the tendency of ending up with a tensile state near the surface
after springback. The model eventually captures the compressive residual
stress at the concave surface of the rod compared to the literature.

Towards favoring compressive residual stresses

The second aim of this study was to identify the main parameters that
could enhance the fatigue life from the perspective of the residual stress
state. As explained in Section 4.4.2.b, shifting the residual stresses towards
the compressive regime at the concave surface of the rod could help in-
creasing the fatigue lifetime of the rod. Various ways to reduce the ampli-
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Figure 4.11 Schematic representation of yield process during the bend-
ing process at concave surface of the rod for: (a) isotropic hardening with
shot-peening; (b) kinematic hardening without shot-peening; (c) kinematic
hardening with shot-peening.

tude of residual stresses have been suggested in the literature relative to the
distraction frequency, contouring technique and loading configuration. In
multiple studies, Agarwal et al. analyzed the optimal distraction frequency
[71, 96]. When the time period between two distractions is reduced, the
stresses in the rods decrease. In the study of Berti et al. [70], the authors
compared the mean residual stress radial evolution due to static contour-
ing for two bending methods by the mean of numerical simulations. Both
techniques, FB and uniform contouring, resulted in an identical stress pro-
file, introducing tensile stresses at the concave side of the rod. Based on
these results, Piovesan et al. assessed the fatigue behavior for bent rods
loaded in lordotic and kyphotic configurations. By moving, patients add a
dynamic stress state in the rod. If the rod is placed in a lordotic configura-
tion, the sum of the two contributions to the stress amplitude will increase
the risk of fatigue failure compared to a kyphotic configuration [75]. Fi-
nally, using their numerical method to describe the local residual stress
distribution induced by contouring, Berti et al. introduced a sensitivity
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analysis by changing hardening modulus in the material law. Controlling
the final radius of curvature, ideal elastoplastic material showed the high-
est levels of residual stresses [70].

Here, we performed a parametric analysis after proper non-dimensional
reduction. The intent was to provide trends about the most relevant pa-
rameters that could be potentially manipulated to reduce the local residual
stress level, but not necessarily to quantify the very precise stress level in
the rod. First, the bending angle applied by the surgeon with a FB is ex-
amined to question their practices in Section 4.5.2a. After that, processing
parameters are addressed such as the shot peening depth and intensity to
determine the impact of shot peening on the residual stress evolution in
growing rods in Section 4.5.2b. Finally, we analyze material properties,
such as yield strength and hardening coefficients to give guidelines about
material selection, in Section 4.5.2c.

a. Guiding better surgeon practice

The plastic deformation associated to the rod bending imposed to conform
to the spine morphology fully removes the initial compressive stresses at
the rod surface and this even for low bending angle. The model (and the
experiments) show that applying a small or a large angle does not result
in large variations of 0,{,1"“1 /E. A slight decrease of ayj:;ml / E is even found
for the largest angles suggesting that the bending angle is not responsible
for a decrease of the fatigue properties from a residual stress viewpoint.
This trend may not be true for all sets of parameters and we cannot thus
conclude that surgeons can apply any bending angle without any impact
on fatigue lifetime of the rod. The main reason for the limited effect is the
small amount of plastic deformation induced by bending, negligible com-
pared to the total plastic deformation accumulated during shot peening
and later during life due to patient movements.

In a previous study on the effect of bending on fatigue endurance, Slivka et
al. demonstrated that it is safe to first over-bend and then re-bend the rod
in the opposite direction in order to lower the bending angle (called indi-
rect bending technique). The fatigue performance of the indirectly-bent rods
were lower than that of the straight rods, but higher than that of the rods
bent directly to the same angle. This was only supported by experimen-
tal results. With the developed numerical model, a simplified® numerical

3The de-bending process was not carried out with the FB’s geometry. Instead, it was exe-
cuted using a set of three supports with a 4 cm span, creating a three-point bending loading.
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analysis on the stress states in both configurations was performed. Figure
4.12 shows the evolution of the stress on the concave side of the rod, for
a direct bending to an angle of 4 degrees and for an over-bent rod (i.e. 12
degrees) re-bent to 4 degrees. The residual stress state in the re-bent rod
is significantly lower than in the directly-bent rod (i.e. respectively -730
MPa and 100 MPa). However, the stresses during a subsequent fatigue
loading (with the concave side under tension) could be in the same or-
der of magnitude. Indeed, the directly-bent rod would directly go through
plastic deformation while the indirectly-bent rod would first deform in the
elastic domain, causing the stress value to increase sharply, before increas-
ing more gradually after entering plasticity. This would mean that sur-
geons’ practices need to evolve; more precisely, they should overbend the
rod during each correction in the lumbar region, and then straighten it to
the desired angle. However, before advising a change in surgical practices
(which would be far from insignificant), an extensive analysis should be
performed in order to validate this hypothesis.
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Figure 4.12 Simulations results with kinematic models showing the vari-
ation of the longitudinal stress with plastic strain in the element at the con-
cave side of the rod for a direct bending (red curve) and an indirect bending
(black dashed curve).

b. Processing parameters

Considering the processing parameters, the initial compressive stress upon
shot-peening has a positive impact on the final surface stress level. The
analysis of the effect of ¢ / E demonstrates the efficiency of shot-peening
even at locations that undergo subsequent plastic deformation. In addition
to an initial compressive stress state, this process goes along with an initial
yield surface shift due to local plastic deformation. It should be noticed
that the initial magnitude of the compressive stress does not reveal the fi-
nal compressive stress level after bending and springback. Depending on
the parameter set, a certain amount of compressive stress should be intro-
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duced during shot-peening in order to produce surface compressive stress
after bending. The depth of the outer compression ring plays a negligible
role on the intensity of the final stress level at the surface. The main advan-
tage of increasing 1/ R is to reduce the stress level in the inner part of the
rod. This could reduce the propagation rate of a potential fatigue crack.

c. Material selection

The stress level U,{;Ml / E significantly depends on oy /E, A/E and B. Mate-
rial selection for biomedical implant aims at selecting materials with stiff-
ness close to the one of bone. The flexibility is thus higher on parameters
0p and A than on E. Lowering the yield strength and keeping the same
Young’s modulus will decrease the stress level in the rod. The main reason
for this effect is explained by the unloading of the rod after bending. By
reducing oy, reverse plasticity is more easily produced. Considering hard-
ening properties, Fig. 4.7b demonstrates that material exhibiting kinematic
hardening develop a specific residual stress profile, with reduced residual
stresses at the concave side of the rod. In their study, Berti et al. con-
cluded that the (isotropic) hardening of elastoplastic materials reduces the
amplitude of tensile residual stresses [70]. Our results indicate that kine-
matic hardening can improve residual stresses even more. According to
Fig. 4.10a and Fig. 4.10b, the saturating value of the backstress (A /B ratio)
should be large, and it should not be reached too quickly during bending
process (thanks to a small B value). Such kinematic hardening induces
a stress gradient in the bent rod and this promotes compressive residual
stresses after unloading. This tends to be consistent with the conclusions
of Berti et al [70]. From this sensitivity analysis, some recommendations for
microstructural improvements can be formulated. Indeed, the yield stress
and back stress are related to the grain size following respectively:

k
Mubn
0 =~ (49)

with ), the frictional stress resisting the motion of the gliding dislocation
(so called Peierls stress), k the Hall-Petch constant, d the grain size, o}, the
backstress, M the Taylor factor, u the shear modulus, b the magnitude of
the Burger’s vector and n the mean number of the dislocations in a pile-
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up. These equations, combined with the results of the parametric analyses,
suggest that the grain size has an antagonistic effect on the magnitude of
the final residual stress. Indeed, Equation 4.8 indicates that an increase in
grain size reduces the yield strength, which in turn reduces the residual
stress in the growing rods. Conversely, Equation 4.9 shows that by increas-
ing the grain size, the material will exhibit less backstress and therefore
less kinematic hardening, which will increase the value of residual stress
in growing rods. Based on these relationships, one could potentially de-
termine an ideal grain size for each shot-peening intensity, an idea left for
further investigations.

4.5.3 Limitations of the model and perspectives

As an additional possible contribution to the mechanical behavior, texture
and mechanical anisotropy were not taken into account in our analysis. In
their study, Everaerts et al. estimated the variation of the residual stress,
for a Ti-6Al-4V bent bar, to be equal to 150 MPa depending on the orienta-
tions of the grains due to Young’s modulus and Schmid factor fluctuations
[87]. Another source of known anisotropy in titanium alloys is the « phase
which presents for instance an asymmetry for < ¢ + a > slip between ten-
sion and compression [97]. These aspects were disregarded. Moreover,
the possible development of a deformation texture during shaping process
was not addressed but could be taken into account in the numerical model
to produce more realistic results. The analysis considered only kinematic
hardening, but some degree of isotropic hardening should also be ideally
introduced which would modify at least quantitatively the prediction. We,
however, think that the main shortcoming of our work is more the absence
of anisotropy than of some minor isotropic strain hardening effect also
in view of the low strain hardening capacity of Ti-6Al-4V. Understanding
these effects may help further refining the material selection for growing
rods. Regarding the model geometry, the tool used to simulate the bend-
ing process is based on the geometry of FB. Surgeons could potentially use
other bending techniques, such as so called “in situ benders”. In the liter-
ature, the analysis of the residual stresses resulting from various bending
technique has already been performed assuming isotropic hardening [70,
98]. Nevertheless, the result of the parameter study in Section 4.4 tend to
show that no first order effect is expected. But, maybe, the marking due
to the contact with the bend tool could vary from one device to another
and lead to specific local deleterious residual stress concentration not in-
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vestigated here. Finally, residual stresses are not the only points of concern
regarding the fatigue life of a system. In the literature, the impact of pre-
straining on the fatigue behavior has already been studied. Chiou & Yang
2012 found that prestraining is detrimental to fatigue lifetime for similar
stress amplitude tests [99]. However, in the studies of Kang & al 2007 and
Froustey & Lataillade 2008, the residual fatigue lifetime was not impacted
in the same way based on the alloy considered [100, 101]. Therefore, the
coupling of these numerical analyses with experimental fatigue tests on
bent rods seems very promising to determine the impact of bending on
fatigue life while having a deeper understanding of the residual stresses
present in the rods before fatigue loading. The later contribution for grow-
ing rod is currently under investigation by running complex fatigue tests
on bent rods.

Conclusions

This chapter proposed a new model for predicting the residual stresses in
growing rods, identified and validated based on original experimental re-
sults generated with the FIB-DIC micro-ring method. On the basis of this
model, parametric analyses have been carried out to identify the parame-
ters that could play a major role in the objective of mitigating the residual
stress level and, ideally, create compressive stresses. The main findings of
the study are the following:

* Proper account of the kinematic hardening nature of the plastic be-
havior is essential to predict the local evolution of the residual stress
profile in particular to capture the correct magnitude of the compres-
sive stresses on both concave and convex sides of the rod after bend-

ing.
* The surgeon practice in terms of bending manipulation does not play

a significant role on setting the final magnitude of the near surface
residual stresses where fatigue initiates, but shot-peening does.

¢ In the context of the present findings, the best material choice is with
low initial yield stress and higher kinematic hardening. Guidelines
on microstructural modifications involve contradictory requirements.
Materials with smaller grain size, higher mobile dislocation density
and larger second phase particle, will exhibit more kinematic hard-
ening but with a higher yield strength.
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An attractive option for future research is to investigate multiphase al-
loys with large strength mismatch among the phase with one relatively
soft phase, which will potentially combine low to moderate initial yield
strength and significant kinematic hardening.



Fatigue testing of curved
rods

should ideally be performed in the shaped configuration to avoid

modification of the residual stress field. In this chapter, a novel
setup which allows testing of curved profiles as loading tends to straighten
the rod is designed, simulated, fabricated and validated

THE investigation of fatigue behavior of curved metallic elements

This chapter is being prepared for publication under the follow-
ing title Fatigue testing of curved rods, Croonenborghs, M., Delan-
nay, L., Bollen, X. Jacques, P. J. & Pardoen, T., (2024).
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5.1 Introduction

Curved metallic elements can be produced by direct machining, molding,
or 3D printing, with the net shape or frequently, by plastic deformation.
In the latter case, complex residual stress profiles may be generated de-
pending on prior manufacturing steps, e.g. shot-peening. The fatigue be-
havior of such curved rods should ideally be investigated in the shaped
configuration to avoid modifying the residual stresses and microstructure
if produced straight or if stretched to straight shape. Testing the compo-
nent with the curved profile is essential, in particular to determine the fa-
tigue response under conditions in which the loading either further bends
or straightens the rod. Testing the second configuration is complex as the
curved rod is in an unstable state and will tend to flip over under three
point bending. Here, we propose, for the first time, a fatigue setup to test
curved rods in the unstable straightening configuration.

The fatigue resistance of growing rods constitutes a challenging illustration
of the importance of investigating the mechanical response in an unstable
curved configuration. Growing rods consist in biomedical implants, used
to correct spinal deformities in scoliotic children [57-59]. When the patient
suffers from high deformities and still has a large growth potential, surgi-
cal intervention is considered. This solution consists in one or two rods,
placed along the deformed spine to progressively straighten it back. Dur-
ing the initial surgery, the rods are bent by the surgeon, in order to adapt
their shape to patient’s spine morphology. The bent rods are then placed
and fixed to the spine without any subsequent annealing process, giving
the rods a complex and variable residual stress state. Unfortunately, these
implants suffer from a high failure rate [72]. Post-mortem analyses of bro-
ken rods revealed that the failure process involved fatigue cracking. More
precisely, a fatigue crack initiates at the concave side of a bent area and
propagates towards its convex side [73, 81, 82, 102]. Hence, these bent rods
typically fail due to a crack initiating at the concave side [80].

In order to increase the fatigue lifetime of growing rods, the surgeon’s prac-
tices are investigated, and more precisely, the bending amplitude. To do
50, an experimental scenario, consisting in fatigue tests performed on rods
bent to different amplitudes was conceived. However, to reproduce the
failure pattern as closely as possible, the crack must be forced to initiate at
the concave side of the rod. By using a classical 3-pt bending test, the rod
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would immediately flip into its stable configuration, causing the crack to
initiate on the convex side. This constituted the motivation to work out a
specific bending setup which could potentially be used for other applica-
tions.

The objective of this study is thus to design, simulate, fabricate and vali-
date a novel 3-pt bending test setup that can maintain curved rods in the
unstable position. The onset of plasticity was analyzed using finite ele-
ment analyses. The force range at the yield point is significantly impacted
by a pre-bending. An evaluation of the behavior of the setup under mono-
tonic and cyclic loading was performed and supplemented by experimen-
tal tests comparing fatigue performances of straight and curved Ti-6Al-4V
rods. Finally, the protocol for an experimental study dealing with fatigue
life evaluation of a curved profile is discussed.

Design process

a. Statement of the general concept and working principles

To start the design process [103], the design requirement is stated as fol-
lows: Create a setup to perform a fatigue bending test on a curved rod, applying
tensile stresses at the concave side to promote unfolding (see Fig. 5.1a). Subse-
quently, one needs to select a bending configuration among different op-
tions:

* The type of the support can be changed on each side of the rod (Fig.
5.1b), chosen among free end, roller support, hinged support, or fixed
support (as clamping) (in the order of increasing number of degrees
of freedom);

® For the loading conditions, one or several pointwise loads; a dis-
tributed load or a torque can be applied to the beam (Fig. 5.1b). These
loads have two goals: to prevent rod from changing position (rota-
tion) and to impose the fatigue loading.

b. Screening and embodiments

Various combinations of the above-mentioned options (illustrated in Fig.
5.1b) can be used to design a bending setup. The extra constraint in the
selection was to be implementable in any mechanical testing lab, equipped
with tension/compression uniaxial machines. Therefore, direct torque
based designs were not kept. In the same way, distributed loads are com-
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Figure 5.1 Design process illustration: (a) Illustration of the design requirement; (b) Illustration of several design
options (supports + loading configuration); (c) Subselection of three embodiments which use pointwise loading as

fatigue solicitation.
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plex to set up due to the various possible geometries and curvatures. The
choice was thus oriented towards a pointwise loading and, more precisely,
towards a single load testing method.

Among all configuration designs, Figure 5.1c represents the subset which
uses pointwise loading as fatigue load. Among the three configurations,
two contain clamped boundary conditions. To keep the focus on the fa-
tigue resistance at the maximum curvature location and not at the built-in
terminations, it is desirable to avoid stress concentration away from the re-
gion of interest. The disadvantage of clamped boundary conditions is that
they have a very high bending moment near the anchors. The final config-
uration is thus a three point bending test with a roller support on one side
and a pinned support on the other side, assisted by a mobile torque that
prevents the rod to rotate.

c. Details of the selected design

The final design needs to meet the following constraints:
1. Support the bent rod to prevent any rotation under loading;

2. Allow the vertical and angular motion of rod extremity during the
test;

3. Prevent the horizontal translation of the rod.

In the final design shown in Fig. 5.2, the rod is held by a mandrel at one
extremity (Fig. 5.2a), which prevents the rotation by keeping the rod posi-
tion in the vertical plan with the convex side up. This mandrel is extended
by a metallic pin, which is attached to a rotating axis (Fig 5.2b). Thanks
to rotational degree of freedom, this axe is designed to be able to adapt
to different angles. This assembly is attached to a plate (Fig. 5.2a) that
slides along four metallic poles (Fig 5.2c). In order to adapt the height of
the plate to each specimen, different sized adjustment studs can be placed
around each pole (Fig. 5.2a). Springs are placed above and below the plate
to allow its vertical motion during the fatigue test (Fig. 5.2d). Finally, the
whole set-up can be moved horizontally on the bending bench before lock-
ing its position with two additional screws to keep the specimen in central
position during the test with respect to the bench (Fig. 5.2d).



5 | Fatigue testing of curved rods

a) Mandrel Bent b)
growing rod ___Rotating axis
e

Sliding
plate

c)

Metallic pole /

Horizontal locking
screws

Figure 5.2 Detailed design of the fatigue set-up that maintains the rod in
upward position during fatigue test. (a) lateral view of the virtual mode;
(b) lateral diving-view; (c) isometric view and (d) lateral view of the set-up
placed on the bottom flexion bench.

5.3 FE Model of a curved rod under loading

Finite element (FE) simulations are performed in order to anticipate the
range of forces that must be applied on the curved rod to work below or at
the yield stress level. In our advanced 3-point bending set-up, two factors
are modified compared to a test on a straight bar: (i) the geometry of the
sample and (ii) the mechanical history of the material. This model does not
include the design of the presented setup (mandrel fixed to a moving plat-
form). Instead, the rotation of the curved rod is prevented using boundary
conditions. Stress and strain during fatigue loading for various bending
angle are examined for our specific application. Although this application
on growing rods addresses the case of bent rods of Ti-6Al-4V and a spe-
cific range of geometries and load levels, a more general approach will be
proposed in the discussion to address the multiple configurations that this
new setup makes possible.

5.3.1 Numerical model

J2 flow theory is selected to represent the plastic behavior using a Swift
type hardening law extracted from a uniaxial tensile test (presented in Sec-
tion 5.4.1):
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(1+€p)n (5.1)
oy = 0 -, .
Y 0 Po

where 0y is the initial yield stress, € is the accumulated plastic strain, p
is a hardening parameter and # is the strain hardening exponent. The
following values, corresponding to Ti-6Al-4V, were used: op= 915 MPa,
po= 0.3, and n = 0.07. Figure 5.3a is the stress-strain curve representation
of the Swift model compared to the experimental uniaxial test. A fourth of
a rod was represented, taking advantage of symmetries, accompanied by
two sets of pins pairs, whose surfaces were assigned to rigid bodies. The
first pair of pins, separated by 35 mm, were used to reproduce a bending
procedure (Fig. 5.3b), while the second set of pins, separated by 20 mm,
were chosen to replicate the fatigue bending configuration (Fig. 5.3c). The
loading was controlled by pin angular motion in step 1, and vertical mo-
tion in step 2. The rod was discretized into 22 elements along its diameter
and 33 elements along its axis (see Fig. 5.3d). C3D8R elements were used.

a : : : b Step 1 - Bendin
) 1200 - ) /—p g
1000 - \
©
o
S 800 %
& 600" —_—————
@ c) Step 2 - Fatigue
2 400
%)
200 O Experiments E
— Swift model
0 L n I L
0 0.02 0.04 0.06 0.08

Strain €41 [-]

Figure 5.3 Numerical model: (a) isotropic hardening law compared to
experimental uniaxial test; (b) first step - the bending process; (c) second
step - 3-pt fatigue loading; (d) FE mesh in the 1/4 rod taking advantage of
symmetries.
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Different specimens were generated going from straight rod (0°) to the
most bent rod (12°) by changing the rotational amplitude of the moving
tool in first step. All the configurations were subsequently loaded with a
3-pt fatigue setup during the second step. The force during this step was
recorded on the mobile pin while plastic strains e”, logarithmic strains e,
and internal stresses o were extracted from the element opposite the mov-
ing tool in the fatigue step, i.e. the crack initiation site.

5.3.2 Strain life or stress life approach

Stress life methods are usually selected when structures are loaded in the
elastic regime, meaning no plastic deformation occurs in the structure ex-
cept for the area ahead from the crack tip. In that case, if all samples have
the same dimensions, an identical force level is used for all tests of similar
stress level. In the case where the loading generates a combination of elas-
tic and plastic strains, the strain-life method is more appropriate and strain
gauges or an extensometer are then needed [33].

Figure 5.4a illustrates the accumulated plastic strain e” with respect to the
force applied during step 2 normalized by the force applied to the straight
rod at yield (F/ thrmgkt). The force after yielding continues to increase in
the straight rod due to strain hardening. Compared to a straight rod, all the

bent rods exhibit a force at yielding (Fy) between 0% and 25% of thmight.

The decrease by Fy/ thnght with increasing angle is illustrated in Figure
5.4b, along with the difference between the von Mises stress oyiqes after
bending step and the current yield stress 0, normalized by the same differ-
ence for the straight rod:

Ao _ (T]/ — OMises
Aostraight ~ straight traight (52)
o 8 o ght 0_5 raig
y Mises

As the straight rod has not been strain hardened during a bending proce-
straight

dure, its yield stress is still equal to the initial yield stress (o} = 0p),
and the rod has no residual stress ((TZS\Z.Z;‘EM = 0). Equation 5.2 becomes
Ao Oy — OMi
' _ % Mises ) (5‘3)
Agstraight o

This stress ratio is in the same order of magnitude as the force ratio, and
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exhibits a similar trend with the bending angle. Indeed, comparing stress
difference to each other is a good indicator of what force increment will be
needed to enter plasticity.

1.2 y 1.2

strain hardening —_F/Fstraight
\ 0
_ Aol A oSN
1 1
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g =
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® o ©
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°// o4
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0 0 ‘ . ‘
0 0.0002 0.0004 0.0006 0.0008 0.001 0 2 4 6 8 10 12
[ angle [°]
(a) (b)

Figure 5.4 (a) Variation of force during second step (fatigue loading) with
respect to the plastic strain for various bent rods, normalized by the force at
yield of the straight rod; (b) superposition of the ratios of the force at yield
with respect to the one of the straight rods and stress difference between
residual stress and elastic limit for each angle, with respect to the straight
one.

Figure 5.4 shows that when the samples are bent, they cannot be tested at
the same force level than a straight rod, while being in the elastic domain.
Therefore, the most suitable approach here would be a strain-life approach
fatigue test. However, for the sake of demonstration, a few tests with the
stress-life approach were also performed (as explained in Section 5.4.2).

Validation and experimental results

Materials

Rods of Ti-6Al-4V alloy (same grade as the rods used in growing rod surg-
eries) with 6.0 mm diameter were purchased from Salomon’s Metalen B.V.
in the Netherlands. Cylindrical tensile specimens were extracted with a
diameter of 4 mm. Tensile tests were carried out with a displacement rate
set to 1 mm/min until fracture on a Zwick Roell stress rig. From the uni-
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axial tension response, the following properties were determined: Young’s
modulus E=124 £ 8 GPa; yield stress 0y 9, = 914 & 3 MPa; and ultimate
tensile strength (eng) oyrs= 1006 £ 2 MPa.

Fifteen samples of 10 cm length were cut, machined to 5.5mm diameter
using turning technique, and nine of them were bent to obtain various an-
gles between 2° and 12°. Contouring angles were measured after elastic
springback, using a profile projector (Mitutoyo PJ 300, Illinois, USA).

5.4.2 Methods

The 3-pt flexural bench was installed with the new setup in a tensile de-
vice (MTS servohydraulic Bionix 25 kN) with the two external points of
the bench spaced by 40 mm. In addition to the existing instrumentation,
two sensors have been added. Figure 5.5a illustrates the positioning of
these sensors with respect to the setup to determine the local behavior in
monotonic and cyclic loadings. The former is a laser attached to the rigid
frame, as illustrated in Figure 5.5b, to track the vertical motion of the black
deck during cyclic solicitations. The goal of this measurement is to control
the possible appearance of resonance, which may originate from the pres-
ence of the spring in the setup. The second sensor is directly placed on the
tested sample, at the concave side of the rod, i.e. the crack initiation site, as
shown in Figure 5.5¢. It consists in a deformation gauge, aligned with the
rod axis, used to measure the longitudinal extension upon loading. The
gauges are bound using MBond 200 cyanoacrylate glue.

For validation during monotonic loadings, the force was ramped to 1470 N
in 60 seconds, which corresponds to a maximum stress equal to 90% of the
yield stress of a straight rod. The loading was imposed 3 times succes-
sively, going down to -50 N in between. For cyclic loading conditions, an
instruction force of 1470 N was set, and frequencies of 1, 2, 5 and 10 Hz
have been tested with an R ratio of 0.1.

After the setup validation, the fatigue resistance of straight and bent tita-
nium rods was investigated. As explained in Section 5.3.2, rods tested in
this study exhibit some variability in the yield stress, and so a constant
strain based fatigue condition is more relevant. In this experimental cam-
paign, four straight rods are compared to four bent rods at an imposed
strain level of 0.011. All tests were conducted until sample failure or up to
a total 3,000,000 cycles. The temperature of the test room was controlled to
23°C. Moreover, as the goal of this study is to demonstrate the working ca-
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Figure 5.5 (a) Setup with two sensors: (b) Laser sensor to measure deck
vertical motion and (c) Strain gauge placed at the concave position on the
rod.

pacity of the setup, seven additional samples (two straight and five bent)
have been tested under iso-force configuration with a force level of 1470
N. Table 5.1 lists the samples tested. The goal of these two experimental
campaigns is not to perform a definitive analysis on the influence of the
bending angle in the context of growing rods but to extract first order key
effects. Fractography analyses of broken rods were taken with Keyence
VHX-7000 3D microscope using 3D mapping.

Table 5.1 Summary of the geometries tested in fatigue.

Strain-controlled Force-controlled
Straight |  Bent Straight | Bent
0° 2° 0° 3°
0° 6° 0° 6°
0° 11° 8°
0° 13° 10°
13°
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5.4.3 Validation for monotonic loading

Apparent yielding

Figure 5.6 shows the force as a function of the strain upon first loading. As
predicted by the numerical model in Figure 5.4a, the strain gauge measure-
ments show significant variation of the force corresponding to the onset of
plastic yielding between straight and bent rods. As expected, for the 0°
rod, the behavior is linear throughout the loading process between the ap-
plied force and the recorded strain by the strain gauge. Meanwhile, for
the same loading path, the inner strains in the pre-bent rods deviate from
linearity relatively early in the course of loading. This indicates that the
pre-bent rods enter plasticity earlier and, therefore, the fatigue properties
will be significantly different under force-controlled loading if there is no
systematic load adjustment so that similar stress levels are imposed for
comparison.

1000 ¢

-Force [N]

o
o
o

O I I I I 1
0 0.002 0.004 0.006 0.008 0.01
Total strain [-]

Figure 5.6 Experimental strain measurements at the inner side of the rod
for the first loading for a straight rod and two rods bent at 2° and 12°.

Asymmetry assessment

As explained in Section 5.2c, the height of the platform is adjusted by
means of studs of varying thicknesses to adapt to the different geometries
of bent rods (see Fig. 5.2d). The aim is to place the rod in a neutral po-
sition, i.e. the rod touches both supports of the flexion bench at the same
time. However, the combination of the available stud thicknesses does
not allow to always exactly find this position, resulting in a slightly left or

100 |



Validation and experimental results | 5.4

right-side elevated position as shown in Figure 5.7. Before starting the fa-
tigue test, a quick optical verification is performed to determine if the rod
touches both supports or if it is elevated on either side. To evaluate if a
small initial asymmetric configuration can potentially lead to major varia-
tions during the test, a deliberate gap was left before one of the monotonic
loading tests. The angle difference (|zx,ight — ft\) was bounded for each
rod as presented in Table 5.2.

F
Rier ¢ Rright

Olfeft § aright
‘—PL—D
P Xieft = Xright
Left raised Neutral Right raised
Qeft > aright Qest = rlght Qeft < O"rlght

Figure 5.7 Definition of the asymmetries in rod position before fatigue
loading.

Table 5.2 Angle asymmetry for a straight rod and two rods bent at 7°
and 12°.

Rod bending angle Angle misalignment boundaries

|D‘right — ‘xleftl
0° ~0.1°
7° [0.8°-1.3°]
12° [0.8°-1.2°]

We evaluated the relative error on the deformation of the inner fiber (g;),
at a constant force of 1470 N, for a straight rod and two rods bent at 7° and
12°, for the elevated configuration as compared to the neutral one. For each
asymmetric position, the relative error on the attained deformation relative
to the neutral configuration, of the same bending angle, is computed as
follows:
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€ — €
RE — 0,neutral 0,elevated (54)

€0,neutral

The relative absolute errors for each bending angle and for the two ele-
vated configurations are given in Table 5.3. The maximum relative error
on the strain variation associated with an asymmetric initial configuration
is equal to 6% when a force equal to 1470 N is applied. Therefore, if the
samples are placed with sufficient attention, the effect of an initial mis-
alignment will be limited to values well below this level of 6%, say typi-
cally 2-3%.

Table 5.3 Relative error on the strain amplitude for an initial asymmetric
position and three different bending angles.

Rod bending angle  Left-raised  Right-raised
relative error relative error

0° 1% 3%
7° 6% 1%
12° 4% 2%

5.4.4 Validation for cyclic loading

A first cyclic test was run at 10 Hz with a thermocouple located on the
concave side of the rod to control the absence of significant increase in
temperature (AT< 5°C).

The effect of the dead weight entering the fixture system on the dynamic
of the system was determined to find the window in which the device can
operate in a reliable manner. An evaluation of the vertical displacement of
the deck during cyclic loading for four frequencies has been performed to
find the optimum loading frequency. To compare the four tests, the force
and displacement signals at 1 Hz have been normalized to - 1 for the low-
est force (-1450 N) and position, and +1 for the highest force (-180 N) and
position. The same normalizing factors are then used for all signals. Figure
5.8 illustrates the normalized signals for each frequency. The curves for 2
Hz show that the signals stay in the same boundaries as those recorded in
the reference test. At 5 Hz, the displacement is overshooting at the lowest
position by 13% compared to the 1 Hz reference. At 10 Hz, the displace-
ment overshoots by 23% at the highest position and by 25% at the lowest
position. This last result suggests that a resonance phenomenon is taking
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place as the overshoot is observed at both low and high positions. The test
cannot be carried out properly under controlled conditions at such higher
frequencies.

‘—Position - - Force

1Hz

2 Hz

5 Hz

10 Hz

Time

Figure 5.8 Variation of the force and of the vertical displacement of the
deck as a function of time for fatigue tests performed at 1, 2, 5 and 10
Hz. The signals are normalized based on the measurements made for 1 Hz
condition.

A test in three phases was performed to assess the strain gauge measure-
ments as depicted in Figure 5.9a. The first phase was composed of three
monotonic loadings up to 0.009 strain level. As rods can enter plasticity
during the first cycle, the maximum force of the second cycle was recorded
(Fp). The second phase of the test involved 1000 cycles at 5 Hz, up to a
force level F;. Finally, a third phase was performed during which three
more monotonic loading cycles were imposed still at the same stress level.

As soon as the test enters a cyclic loading regime (Phase 2 in Figure 5.9b),
the measurement made by the strain gauge deviates from the measure-
ments made during the monotonic loading phases (Phases 1 and 3). There-

| 103



5 | Fatigue testing of curved rods

a)  Strain Force
A A

Phase 1 Phase 2 Phase 3

Recording force Fi

» Time
2 mil —1000 cycles 2 min
2 min- 5 Hz — 2 min-
b) o ...
. ~., ~, rolemonpe,
‘\o“-.
-500/ A,
— .g.'.f.
z oy,
= -
R
8-1000 . By
[ -
o TN
[t .
3.,
s TN
1500 [ phase 1 - Monotonic loading e,
- Phase 2 - Cyclic loading . ™~
* Phase 3 - Monotonic loading 4 cadm Wing o
-2000! L L L L
0 1 2 3 4 5 6 7 8 9 10

Strain[-] x10°>

Figure 5.9 Strain measurements during monotonic loading phases sepa-
rated by a cyclic loading phase.

fore, the values measured during a cyclic loading are not valid and a force
control is preferred based on the force measured during the second mono-
tonicloading (Phase 1). However, the progressive strain shift recorded dur-
ing this fatigue phase is representative of a real ratcheting effect, which is
detected when comparing strain measurement of the two monotonic load-
ing phases.

5.4.5 Fatigue test campaign on bent Ti rods

The number of cycles at failure obtained with both the strain and force-
controlled protocols are shown in Figure 5.10 for the 15 samples comparing
the two categories of geometries: straight and bent rods. The specimens
which did not fail after 3,000,000 cycles are indicated with a full symbol,
while empty symbols represent tests which lead to fracture.
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The experimental results for the iso-strain protocol show an increase in fa-
tigue life when rods are bent. Indeed, three straight rods over four failed
at around 80,000 cycles, while all the four bent rods went through the
3,000,000 cycles without fracture. In the force-controlled experiments, the
opposite trend is found: four bent rods over five tend to fail at around
50,000 cycles, while two straight rods underwent 3,000,000 cycles without
failure.

7
10 1 41‘x 2X ‘
6L |
" 10
Qo
Q
&
10%} ;
Strain-controlled g

QO Force-controlled
4 . \ . \

Straight  Bent Straight  Bent

Figure 5.10 Number of cycles at failure for various bending angles of Ti-
6Al-4V bent rods at (grey) 0.011 imposed strain tests (black) or a 1470 N
imposed force. The empty symbols depict failure by fatigue while the full
ones represent a run-out.

The fractographies of all broken bent and straight specimens, shown in
Figure 5.11, revealed the same features on the fracture surfaces. Cracking
initiates by surface crack nucleation at the concave side (i.e. lower part in
Figure 5.11). Then multiple striations can be observed in the bottom half
of the sample, which are progressively getting more dimpled in the next
half disk. Finally, shear lips appear at the last stage and a slant mode can
be observed at the periphery.

It should be mentioned that the only problem noticed during the experi-
mental tests is the gauge detachment after a few thousand cycles.

Discussion

In the following, the terminology bent will be used for a rod which devel-
oped a residual stress field prior to fatigue testing, while the term curved
will refer to profiles with no residual stresses.
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Figure 5.11 Fractographies for (a) 0° straight rod and (b) 12° bent rod
having being tested with setup. Initiation sites are located on the lower
part of both pictures.

The first key point is that the set-up proposed in this study is working
properly, as it maintains the rod in its unstable position under both mono-
tonic or cyclic loading. From asymmetry assessment, it was concluded that
if the sample is introduced in the loading set-up with sufficient attention,
the strain variation due to an initial misalignment is certainly smaller than
6%. The numerical model along with gauge measurements indicate that
bent rods enter plasticity at lower forces compared to a straight rod. The
measurements at 10 Hz indicate that the displacement of the platform is
larger than at lower frequencies. This difference, typical of a resonance ef-
fect, is likely due to the presence of springs at the top and bottom of the
platform. To keep a test duration time reasonable, a frequency of 5 Hz is
suggested. The strain gauge, located at the crack initiation site, gives an in-
dication on strain ratcheting during cyclic loading as long as it is correctly
bonded to the surface. For a precise strain measurement, the loading rate
should be low enough.

Bent rods, on top of the geometrical variation compared to a straight rod,
show significantly different residual stress fields related to plastic deforma-
tion as a result of the contouring. In a previous study on growing Ti rods,
the residual stress evolution with bending angle have been extensively
studied, with various hardening types and pre-processing steps such as
shot-peening [80]. It was shown that the prediction of the residual stress is
complex and that the amplitude of the stress field generated by the bend-
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ing is not negligible. The FE model presented in this study predicts that
bent rods enter plasticity at a lower force level compared to straight rods.
When Ti rods are tested at a similar force level, straight rods show higher
fatigue resistance than the bent rods, which is coherent with the higher
yield strength. On the other hand, the strain-controlled protocol show an
opposite trend, where straight rods have a lower fatigue resistance than
bent rods. Therefore, depending on the way rods are solicited during their
application, the bending procedure can enhance or decrease their fatigue
lifetime. While the context of growing rods justifies the need for such set-
up, these experimental results demonstrate the importance of the selected
test protocol.

The choice of testing protocol depends on the specimen type and its ap-
plication field. By running an additional FE simulation to look at curved
rods, i.e a rod having identical geometry to the bent rod but with its ma-
terial properties and stress field reset to zero after the bending operation,
the stress strain curve of straight rod is almost recovered as illustrated in
Figure 5.12. It is therefore the bending procedure, and the associated resid-
ual stresses, that have the largest influence on the mechanical response of
a bent bar and this will influence the choice of the test protocol.
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Figure 5.12 Representation of the variation of the stress change as a func-
tion of the strain change for three rods (reference step set at the beginning
of fatigue loading): (black) a straight rod (gray full line) a bent rod with
residual stresses due to bending (gray dashed line) and a curved rod with
the same geometrical profile than the bent rod, but residual stress are reset.
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Depending on the context under study, various protocols may be sug-
gested:

)

(ii)

(iii)

108

Force-controlled: For curved rods with the same cross-section area
and shape (e.g. same moment of inertia), applying an identical force
level for all samples correspond to a stress-life approach. The stress
can be easily determined using beam theory for a straight rod. This
protocol can be used to create angle-dependent S-N curves.

Internal stress-controlled: This method is meaningful only for
curved rods. It suggests a complete and accurate characterization
of the material hardening law, as well as the bending and fatigue
tool geometries. By performing finite element simulations, an in-
verse approach can be achieved, in which each angle is correlated to
a force level that will give the desired final stress level. Although this
method is not representative of what happens in a real applications, it
can be used in experimental protocols, in which each parameter must
be decorrelated from the other. The result is also an angle-dependent
S-N curve.

Strain-controlled: A strain-life approach can be applied but it re-
quires using a strain gauge. It is particularly useful to test bent rods
without the necessity to systematically run numerical simulations.
In this way, angle dependent e-N curves can be obtained. The use
of strain gauges comes with several recommendations. At first, the
placement of gauge on double curved profiles is a challenging pro-
cess. We recommend to cut the four corners to limit its detachment.
Moreover, as illustrated in Fig. 5.9, the strain measurement is not rel-
evant during cyclic loading tests. This can be due to a phase offset
between the force signal and the strain gauge signal, added with the
possible presence of a damping filter. Finally, gauge overloading or
detachment can make the measurement impossible after a few thou-
sand of cycles. Here we suggested to overcome these problems by
using the force measured during a monotonic strain controlled load-
ing. However, one could think about other solutions to control the
complete test with strain gauges.
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5.6 Conclusion

A new setup has been proposed to evaluate fatigue properties of curved
and bent rods under an unstable loading configuration that tend to reduce
the curvature. Thanks to this setup, it is possible to initiate a crack at the
concave part of the rod. The setup has been evaluated with monotonic
and cyclic loading conditions and a numerical study has given additional
information to decide on the selected protocol. The main conclusion are
the following:

® The setup allows maintaining the rods in the unstable position dur-
ing the test and a frequency of 5 Hz can be reached without resonance
effect.

* Due to prior bending process, the bent rods cannot be subjected to an
identical internal stress if a constant load is used for different bending
angles.

* The testing protocol should be defined based on the residual stress
state in the specimens.

* A numerical model should be developed for any protocol based on
internal stress control. This requires having a good knowledge of the
material’s hardening behavior.

The developed fatigue device also makes it possible to study more fun-
damental questions, for example, by comparing materials with different
hardening modes, since their respective strain-hardening mechanisms
could lead to variations in fatigue strength. It could also be used to assess
whether the choice of a material with high mechanical strength or high
ductility would be more suited for the fatigue life of bent rods.
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On the mitigation of fatigue
failure in growing rods
through plastic deformation

forming fatigue tests on bent rods. The goal is to distinguish the

major and minor parameters influencing the fatigue life of the rods
among bending angle, shot-peening process, and the loading configura-
tion.

THIS chapter concludes the investigation on growing rods by per-

This chapter is being prepared for publication under the fol-
lowing title On the mitigation of fatigue failure in growing rods with
plastic deformation, Croonenborghs, M., Delannay, L., Ismail, K.,
Mousny, M., Jacques, P. J. & Pardoen, T., (2024).
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6.1 Context

Scoliosis is an abnormal three-dimensional deformation of the vertebral
column with an angle larger than 10° in the frontal plane. When scoliosis
develops during childhood, it leads to severe growth troubles such as im-
proper lung development. Therefore, a surgical intervention is needed to
correct the scoliosis while allowing the growth of the child. Among other
techniques, growing rods consist into inserting one or two cylindrical rods
along the spine and fixing it with hooks and screws, during a very invasive
surgery.

These rods come in several sizes and materials that the surgeon will have
to select according to the patient’s profile (see Figure 6.1a). During the
manufacturing process, metallic rods are usually shot-peened in order to
increase the residual compressive stresses at the rod periphery (see Figure
6.1b). This stress profile is modified subsequently as the surgeons bend
the rods during implantation surgery to fit natural lordosis of the patient
(see Figure 6.1c). The rods are then fixed to the patient and, as they try to
correct the spinal deformation, some forces are present at the anchorages
(see Figure 6.1d). After the operation, the young patient can continue with
an active lifestyle, which will introduce cyclical stresses into the rod (see
Figure 6.1e). Unfortunately, a common issue in the use of growing rods is
fatigue failure. If such event occurs, a full new invasive surgery is needed
to perform rod replacement.

The factors that dictate fatigue performance can be classified in four cate-
gories (Fig. 6.2). They comprise (i) material properties, (ii) surface condi-
tions, (iii) environmental conditions, and (iv) loading conditions. In each
of these categories, multiple aspects can have beneficial or detrimental im-
pact on the durability [104]. In the following we will discuss each of these
possible effects in the context of growing rods and more precisely of rods
made of the alloy Ti-6Al-4V, widely used for this application. The two first
categories can be related to the choice of the material made by the surgeon
and to the surgical practices, as bending is an inevitable step during im-
plantation surgery. The two last categories are related to the lifetime of the
rod once placed in the child’s back.

Material selection, from the choice of the composition to the processing pa-
rameters, will have an impact on the fatigue performance of the structure
(Fig. 6.2a). In biomedical implants, the stiffness is a first key design factor.
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6 | On the mitigation of fatigue failure in growing rods

A too large stiffness mismatch between the implant and the bone favors
implant failures [13]. Titanium alloys are the metals with the closest match
to bone stiffness. In search of the optimum fatigue resistance, it is preferred
to select materials with a high ultimate tensile strength and large ductility
[104]. In the context of growing rods, it is important to mention that by
bending the rod, the surgeon potentially decreases its remaining ductility
before the fatigue solicitations starts. In structural applications and mate-
rials in which the crack growth stage constitutes an important part of the
fatigue process (with respect to the initiation stage), the fracture toughness
plays also an important role on the durability. The cleanness of the material
in terms of second phase inclusions is a necessity, to reduce strain concen-
trators (more important for high cycle fatigue). Finally, if creep is not an
issue, a finer grain size is associated to more grain boundaries, acting as
crack arrestors, which is beneficial for fatigue performances.

Surface conditions are usually very much dictated by the processing steps
(Fig. 6.2b). As fatigue cracks usually initiate from the surface, the rough-
ness of the product is of significant importance. A smoother surface pro-
vides larger fatigue resistance, especially for titanium alloys which are par-
ticularly notch sensitive [105]. Residual stresses just below the surface are
beneficial when being compressive to delay crack initiation. In the case of
growing rods, a previous study from Croonenborghs et al. indicated that
rods are shot-peened to introduce a compressive residual stress at its pe-
riphery [80]. The plastic deformation induced by the bending applied by
the surgeon modifies the residual stress profile while the tool leaves marks
on the surface. These marks can decrease the fatigue performances as they
can act as stress concentrators.

Environmental conditions, like humidity, temperature, corrosive media, are
known to have an important influence on fatigue (Fig. 6.2c). The growing
rods are surrounded by body fluids, with corrosive impact. This is why
titanium based materials are usually used for biomedical applications. By
creating a passivation oxide layer, titanium based rods are initially pro-
tected from corrosion [106]. However, if cracks propagate through this
layer, the corrosive environment can lead to an acceleration of fatigue crack
propagation [107]. Elevated temperatures change fatigue performances,
but growing rods are maintained at constant temperature inside the hu-
man body. It is therefore not a key parameter in this research domain.
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Figure 6.2 Determining factors on fatigue performance of growing rods:
(a) selection of material and its microstructure influence structural prop-
erties; (b) surface conditions as roughness and residual stress profile ; (c)
environmental conditions as corrosion and temperature; (d) loading con-
ditions as frequency or mean stress.

Loading conditions can be characterized by multiple parameters such as the
stress or strain-controlled frequency, R ratio, mean stress or overloads oc-
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6 | On the mitigation of fatigue failure in growing rods

currence (Fig. 6.2d) [108]. The mean stress and the amplitude of these
solicitations in growing rods are not well characterized in the current lit-
erature. Chronologically, implantation surgery modifies the residual stress
state inside the rods due to anchoring, and then the rod is loaded during
everyday life activities of the child. Growing rods are probably controlled
by a mixed loading, moment-imposed (in N.m) or bending-imposed (in
cm) depending on the task, as suggested by of Ribesse et al. [82]. In this
work, the forces acting in the rod after implantation were estimated owing
an analytical beam-bending model. Waugh investigated the force varia-
tions by intravital measurements and observed large variations during in-
voluntary movements as coughing and vomiting with respectively 206%
and 490% of increase [109]. From average lifetime of in vivo broken rods
and number of cycles reached during 3-point bending test, Ribesse et al.
derived a theoretical frequency of 1 solicitation every 3 minutes to explain
the experimental data [82].

The in-depth study, by X-ray and fractography, of growing rods fractured
after spinal instrumentation surgery by Ribesse et al. identified the com-
mon characteristics of the failure events. Based on seven post mortem anal-
yses, their study revealed that the crack propagates from the dorsal side to
the ventral side and is usually located in the thoracolumbar junction [82].
In this area, rods are commonly bent to fit the natural lordosis of the pa-
tient (see Fig. 6.3), leading to the conclusion that, in the majority of failures,
the crack propagates from the concave side of the bar to the convex side.
It is therefore important to know how the bending process, influences the
fatigue resistance.

The impact of the bending process has already been much scrutinized in
the literature. At first, as shown in the research of Demura et al. the bend-
ing process modify the apparent rigidity and the apparent elastic limit of
the structure [68]. These apparent properties decrease with increasing an-
gle, in unfolding configuration. This indicates that two rods with different
profiles subjected to the same loading conditions will not give the same
answer and therefore, their stress solicitations can be variable due to ge-
ometry. The fatigue performance of growing rods after bending have been
discussed in studies since 2001 [69, 74, 76, 110], and remains a concern [70,
75, 82]. Lindsey et al. and Slivka et al., compared the fatigue resistance of
straight rods with a unique bent geometry, respectively 13°-15 bending and
50 4+ 10 mm radius of curvature. In the two studies they concluded that
contouring reduced the fatigue life of rods made of Ti-6Al-4V, CP Ti and
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Dorsal Ventral

thoracolumbar
at risk junction

Figure 6.3 Schematic representation of the area with the largest risk of
failure. The crack propagates from the dorsal to the ventral zone, i.e. the
crack initiates on the concave side of the bend and propagates towards the
convex side.

316L by testing their resistance using a lumbar vertebrectomy construct
[69, 74]. In another study, Dick et al analyzed in more details the use of a
French bender tool. This tool, in addition to the angle modification, intro-
duces also marks on the surface of the rods. To evaluate the effect of these
marks decoupled from the angle modification, they introduced rods into a
French bender and applied a minimal force to mark the rod without notice-
ably bending it. They observed a reduced life on these samples compared
to straight rods [76].

During EOS surgeries, bending process is limited by the tool amplitude. As
a reference, the French bender achieves approximately 15° maximum am-
plitude in one-step. Nevertheless, larger corrections can be achieved with
multiple bends. In a study by Tang et al., about pedicle subtraction os-
teotomy, fatigue tests on 20-, 40- and 60-degree bent rods were performed
with two force levels. Compared to the 20-degree bent rods, the fatigue
performances of the 40 and 60-degree bent rods were found to be signifi-
cantly lower [111]. In a more recent study, Piovesan et al. compared the fa-
tigue life of contoured rods subsequently solicited in lordosis or in kypho-
sis. The rods solicited in lordosis have a lower fatigue resistance and this
was confirmed by numerical simulations [75]. Finally, a recent study estab-
lished the evolution of residual stresses after shot-peening and bending.
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The largest shift in residual stress occurs in the early-first degree imposed
during bending. The stress level then tends to level of for all angles up to
15 degrees [80].

All these studies have two common elements: (i) the comparison is made
between two configurations (straight and bent) without a continuous spec-
trum of bending angle and (ii) the comparisons are made at a similar load-
ing level.

In this study, we are broadly interested by the impact of plastic deforma-
tion, associated to shot-peening and bending, on the implant lifetime as a
result of a cyclic fatigue-type solicitation. These two steps modify the lo-
cal state of hardening, residual stress and surface conditions. The impact
on fatigue lifetime is the result of multiple effects that are addressed here.
We first developed a new fatigue set-up that matches as closely as possi-
ble the realistic loading conditions and that leads to failure mechanisms
closely reproducing the fractographic observations made on in-vivo bro-
ken growing rods. The experimental parameters were varied in order to
choose a protocol that distinguishes between the primary and secondary
parameters influencing the fatigue life of the rods. This set-up is then used
to evaluate how the bending performed by the surgeon has a detrimental
effect on the fatigue performances. As bending induces plastic deforma-
tion, a comparison between shot-peened rods with not shot-peened rods
was found relevant as well. The final objective is to provide guidelines to
surgeons on their bending practices as well as recommendations on mate-
rial processing. The importance of the choice of experimental protocol on
fatigue life will also be addressed.

Materials and methods

Materials

In vivo rods

The rod used for fractography analysis is a 5.5 mm diameter rod made
from Ti-6Al-4V alloy placed in a 8 years old male patient. The rod lasted
253 days before in-vivo failure. The X-ray after rod failure is presented in
Figure 6.4. The same rod has already been analyzed in the study of Ribesse
et al. under the denomination of Patient 3 — Rod 2 [82].
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Figure 6.4 X-Ray of the broken rod which failed in vivo used for fractog-
raphy analysis.

In lab rods

Multiple rods were purchased from two suppliers. The first set of rods,
of 5.5 mm diameter, were purchased from Medtronic Sofamor Danek un-
der the tradename CD Horizon® Legacy™ System. These rods, used as
biomedical implant and commonly known as being shot-peened to in-
crease their fatigue resistance. Therefore, they are denoted as shot-peened
rods in the following. The second set are Ti-6Al-4V Grade 5 alloy rods,
of 6 mm diameter, purchased from Salomon’s Metalen B.V.. These rods
which did not underwent shot-peening process, were subsequently ma-
chined down to a diameter of 5.5 mm to have an identical geometry as
Medtronic rods. This set is denoted as untreated rods in the rest of the Chap-
ter.

The elastoplastic mechanical properties (Fig. 6.5a) of the two materials are
close to one another. Young’s modulus, E, for shot-peened and untreated
rods are respectively equal to 113 £ 1 GPa and 124 £ 8 GPa, while their
respective yield stress, 0y »9,, are equal to 1000 + 5 MPa and 914 + 3 MPa.

In the Medtronic’s rod, the hardness increases close to the surface confirm-
ing the shot-peening, while hardness is constant in the Salomon’s rod (Fig.
6.5b), clearly indicating that there has been no shot-peening applied on
these rods.

| 119



6.2.2

6 | On the mitigation of fatigue failure in growing rods

Figure 6.5¢ indicates that roughness profiles along the z-axis of the bar
show two different amplitudes. Shot-peened rods show large amplitude
roughness, due to impacts of shot balls. Untreated rods present a regular
pattern of smaller valleys, resulting from the turning process.

A multiphasic microstructure is observed on the SEM micrographs of Fig-
ure 6.5d (top) for both materials formed by an « matrix with small B pre-
cipitates. Figure 6.5d (bottom) shows that the surface relief of shot-peened
rods is characterized by an irregular cratered pattern, whereas untreated
rods are marked by regular grooved pattern.
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Figure 6.5 Comparison of Ti-6Al-4V rods used as growing rods
(Medtronic) with a regular Ti-6Al-4V Grade 5 rod (Salomon): (a) true stress
— true strain uniaxial tension response; (b) hardness variation between the
core and the periphery; (c) surface profile roughness along longitudinal di-
rection; (d) micrographs and surface relief.

Characterization Methods

Tensile properties

Cylindrical tensile specimens were extracted from the two batches with a
diameter of 4 mm. Tensile tests were carried out with a displacement rate
set to 1 mm/min until fracture on a Zwick Roell stress rig. Figure 6.5a
shows the uniaxial tensile response of the two batches, in terms of true
stress (0)
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a:F<1+u), 6.1)

as a function of the true strain (¢)

€e=In (LLO> , (6.2)

where F is the tensile force, A is the initial cross-section area, u is the elon-
gation, and Ly and L are, respectively, the initial and the deformed gauge
length.

Hardness

Hardness measurements were performed with an Agilent Technologies
Nanolndenter G200 using a Berkovich tip of known stiffness. For each
batch, sixteen indents were realized at the center of the transverse cross
section and close to the surface.

Surface characterization

Roughness profiles along the z-axis of the bar and surface pictures were
obtained using Keyence VHX-7000 3D microscope. Even if the software
can be used to compute arithmetical mean roughness values, R, and mean
roughness depths, R, we have decided to use profiles representation rather
than roughness values. Indeed, The minimum length needed to measure
roughness profiles (2<R,;<10 pm ) is 12.5 mm (ISO4288:96"). However,
some of our samples do not have a continuous roughness over such dis-
tance in the zone of interest. Moreover, multiple parallel roughness mea-
surements is not ideal due to the double-curved profiles. Finally, for the
smoothest sample, the noise in the measurements gived inaccurate values.

Microstructure

Both microstructures were characterized on cross sections parallel to the
z-axis. The surface were first ground and then polished with diamond
suspensions followed by a 20-min silica suspension step. Finally, the mi-
crostructure was revealed with a chemical etching of 30 seconds in a so-
lution composed of 3mL HF, 6mL HNO3 and 91 mL water. Micrographs
were taken using scanning electron microscope (SEM) (Ultra-55 FEG SEM,
Carl Zeiss, Oberlochen, Germany). A backscattered electon detector (AsB)
with 20kV acceleration voltage was used.
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Fractography

Fractographies were taken with Keyence VHX-7000 3D microscope using
3D stitching.

6.2.3 Experimental and numerical methods

Fatigue testing

Short specimens of 10 cm length were cut in the rods. Untreated samples
have been machined to get a diameter equal to the diameter of the shot-
peened rods. Two thirds of the samples have been bent by a surgeon, using
a French bender, matching the practices performed during surgeries. The
bending angles, measured with profile projector (Mitutoyo PJ 300, Illinois,
USA), spread over a range from 2°3’ to 13°3’, determined by the maximum
amplitude achieved with a one step bending process.

The samples were then tested using an original in house 3-point fatigue
bending device. To mimic the in-vivo crack propagation path, the rod
needs to be placed in an unstable configuration. Therefore, a specific setup,
described and validated in Chapter 5, has been used to maintain the rods
with the concave side head on (which is an unstable position) all along the
test duration. The full setup has been adapted to a Bionix (25kN) machine,
and the distance between the external points was fixed at 4 cm. The di-
ameter of the support rods were of 6.35 mm. The frequency of dynamic
loadings was fixed at 5Hz to avoid self-heating and resonance effects.

The real solicitations in growing rods once implanted are complex and
variable. Based on the data presented in Ribesse et al. study [82], we com-
puted an approximated maximal moment, for each of the seven patients,
at fracture site by means of Equation 6.3. The mean moment was 27.3 N.m
with a standard error of 2.1 N.m. This value is slightly overestimated be-
cause the term d(x) is unknown and was considered as zero for the sake of
simplicity:

M(x) = Fop (6(Lrog) — 6(x)) + Fp2(Lyoq — X)- (6.3)

Our experimental protocol has been subdivided into two categories of tests
to represent two different situations. The first category represents force-
controlled loading. When a child carry a load, the stress in the rod will be
proportional to the weight of the object carried. A force of 1470 N has been
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set arbitrarily to reach 90% of the yield stress for straight shot-peened rod.
The same force represents a loading at 99% of the yield stress for straight
and untreated rod. The maximal torque associated to this force is 14.7 N.m,
which is in the same order of magnitude as the one found above. The sec-
ond category of fatigue tests carried out in this study are strain-controlled
tests. When the patient movement is driven by reaching a position (i.e.
grab the chocolate pot at the center of the table during breakfast), the am-
plitude of the deformation is the main parameter controlled by the patient.
To be able to control strain amplitude, deformation gauge were glued on
the concave surface of the rod at its central position, allowing longitudi-
nal extension measurement. The gauges were placed using MBond 200
cyanocrylate glue.

The protocol for the strain-controlled configuration is composed of two
steps:

(i) At first, a static loading is performed to reach the expected strain
level. In our case, this strain level was fixed to 0.011. This strain level
induces a low-cycle fatigue failure for both batches. As the rod may
enter plasticity during the first cycle, the loading is repeated three
times to reach a reproducible curve. The force needed to reach the
strain level is then recorded and is used in the second step.

(ii) The cyclic test is started, using the force level recorded at stage 1. The
gauge measurements cannot be used as instruction during fatigue
loading because the acquisition frequency is too low, and that the
gauge progressively detaches during the test. The test plays out until
sample failure or 3,000,000 cycles run out.

The force levels reached in this second category, leads to moments values
between 11 and 22 N.m. These moments again match relatively well with
the one determined by the analytical model of Ribesse et al. [82].

Table 6.1 provides a comprehensive overview of the tested samples for
both protocols, detailing the angles corresponding to each supplier. In the
result’s figures, configurations subjected to multiple tests are marked only
once and labeled by the notation N x, with N representing the number of
tests conducted on each configuration.

Numerical model

To supplement the experimental results, the bending model developed in
Chapter 5, has been used. It is composed of three steps: (a) an optional
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6 | On the mitigation of fatigue failure in growing rods

Table 6.1 Summary of the geometries tested in force-controlled mode
and in strain-controlled mode.

Force-controlled Strain-controlled
Shot-peened | Untreated Shot-peened | Untreated
0° 0° 0° 0°
0° 0° 0° 0°
3° 3° 3° 0°
6° 6° 4° 0°
7° 8° 8° 2°
9° 10° 10° 6°
13° 13° 11°
13° 13°

thermal step to introduce periphery compressive stress, (b) a bending de-
flection which reproduces surgeon handling and (c) a 3-pt bend aiming
to replicate a single cycle test as represented in Figure 6.6. The same pa-
rameter set was used as in Chapter 4 (presented in Section 4.4.2a) for the
kinematic model. The material parameters and stress-strain curves can be
found in Appendix B. A complete description of the geometry of the mesh
as well as the steps (a) and (b) can be found in Croonenborghs et. Al [80].

a)

Figure 6.6 Fatigue 3-pt bending test: (a) experimental setup; (b) numeri-
cal model.
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6.3 Results

6.3.1 Fatigue lifetime

Strain-controlled fatigue tests

Figure 6.7 represents the number of cycles to failure (or run out) during
fatigue test as a function of the bending angle of the two materials. If the
sample does not break after 3,000,000 cycles, the test is stopped. The run
out events are depicted by full symbols with an arrow while empty sym-
bols depict samples that fail during the test. For straight rods, rods from
both suppliers fail between 69,000 and 185,000 cycles apart from one sam-
ple owing to the untreated batch. When bent rods are tested, all untreated
rods reach 3,000,000 cycles without failure while shot-peened rods fail after
reaching between 38,000 and 181,200 cycles.

/\ Untreated
O Shot-peened

$107:
o A A A A A
o
‘510% - :
g
E . ©) e
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Figure 6.7 Fatigue resistance of the rods in strain-controlled configura-
tion (€=0.011). Triangles and circles are for untreated and shot-peened
rods, respectively. Empty symbols depict failure by fatigue, while full sym-
bols represents a run out after 3,000,000 cycles.

In Figure 6.7, a significant scattering of the fatigue performances can be ob-
served for the untreated straight rods and for the ~13° shot-peened rods.
The dispersion in fatigue results can have multiple origins [112]. At first,
the material itself can present variation in fatigue resistance along the rod
or among different batches. These fluctuations can originate from the pres-
ence or the absence of initial defects, or from local variation of microstruc-
ture. If the 3-pt bending setup is aligned with a weak or strong region, the
resistance will invariably vary. It is important to mention that in the field of
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biomaterials, it is necessary to ensure high stability in the material’s qual-
ity. A second source of scattering originates from the experimental protocol
itself. A misalignment of the sample in the setup or of the strain gauge on
the sample can result in differences in stress levels. To check if such mis-
alignment could have occurred, Figure 6.8, illustrating the forces applied
for each bending angle in the strain-controlled protocol and highlighting
the linear trend among the bent rods using linear regression, is presented
below. A 100 N difference was applied between the two shot-peened rods,
both bent approximately to 13°. Notably, the rod subjected to the lower
loading level lasted 4 times longer during the fatigue test. Although mis-
alignment have been kept to a minimum, they might still have occurred
resulting in results scattering.

2500
Z
S 2000 - é |
T
.._.w Linear regression
g 1500~ T °- A--o..0 / for bent rods
o AL oA
B O "M A a
(e 5O-
1000
- 4 6 8 10 12 14

Bending angle [°]

Figure 6.8 Forces applied for each bending angle during fatigue solicita-
tion in the strain-controlled protocol. Triangles and circles are for untreated
and shot-peened rods, respectively. A linear regression among the bent rod
is highlighted.

To statistically analyze the effect of bending on fatigue resistance of shot-
peened rods, an ANOVA test is carried out on a linear regression method.
The null hypothesis is that the linear regression on the angle parameter
does not explain the variance of the number of cycles to failure. Using
SPSS software, a p-value of 0.73 is found. We can thus accept the null
hypothesis.

Figure 6.9 shows the residual stress in longitudinal direction at crack initi-
ation site during fatigue solicitation as a function of the bending angle as
predicted by the FE simulations for both types of rods with their respec-
tive FEA stress contours nearby. The stress level in shot-peened rods at a
strain level of 0.011 is close to 100 MPa, for any bending angle while it is
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around 1,000 MPa for the untreated ones. The tensile stresses decrease by
approximately 100 MPa for pre-bent untreated rods, representing a drop
of 8% compared to straight rod.
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Figure 6.9 Residual stress in longitudinal direction at crack initiation site
during fatigue solicitation (€=0.011) for four mechanical histories. Trian-
gles and circles are for untreated and shot-peened rods, respectively. The
respective FEA stress contours are presented nearby.

Figure 6.10 presents the variation in stress and strain during the two first
cycles of the fatigue loading at the crack initiation site. The strain variation
A€, takes as reference the strain at the beginning of fatigue loading. On
the first cycle, all configurations undergo plastic deformation. The stress
levels, reached at a strain level of 0.011, are identical in each batch for any
angle as already illustrated in Figure 6.9. During the second loading, the
only rod accumulating plastic strain is the initially straight shot-peened
rod while the three other configurations stay in the elastic domain. The
gradual accumulation of plastic deformation over repeated cyclic loading
is called ratcheting effect. It accelerates the damage process which can lead
to premature failure [113]. The R ratios, defined as 0,,;;, / Oinax, of the second
loading are indicated in the same figure.

Force-controlled fatigue tests

Figure 6.11 represents the fatigue performance of the rods for fatigue tests
performed with a constant force of 1470N. As in Fig. 6.7, the run-out events
are depicted by full symbols with an arrow while empty symbols depict
samples that fail during the test. For both rods, small or unbent rods show
high fatigue resistance (>3,000,000 cycles) while all rods with a bending
angle higher than 3°23’ fail. Moreover, the shot-peened rods show lower
performances compared to the untreated ones.
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Figure 6.10 Stress level as a function of strain variation in longitudinal
direction during the two first fatigue loadings to a strain level of 0.011 for
four mechanical histories. The R ratios of the second loading are presented
nearby.
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Figure 6.11 Fatigue resistance of the rods in force-controlled configura-
tion (F=1470 N). Triangles and circles are for untreated and shot-peened
rods, respectively. Empty symbols depict failure by fatigue, while full sym-
bols represents a run out after 3,000,000 cycles.

Figure 6.12 shows the residual stress in longitudinal direction at crack initi-
ation site during fatigue solicitation as a function of the bending angle pre-
dicted by the FE simulations for both types of rods. Their respective FEA
stress contours are presented nearby. The predicted stresses in Abaqus
show a higher stress level in untreated rods, for any bending angle com-
pared to shot-peened rods. The stress field at the initiation site can even
be in compression during fatigue loading as shown by the straight shot-
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peened rods. The stress level increases with bending by 140 MPa for un-
treated rods and by 170 MPa for shot-peened rods.
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Figure 6.12 Residual stress in longitudinal direction at crack initiation
site during fatigue solicitation (F=1470 N) for four mechanical histories.
Triangles and circles are for untreated and shot-peened rods, respectively.
The respective FEA stress contours are presented nearby.

The stress and strain variations during the two first cycles of force-controlled
fatigue loading at the crack initiation site are presented in Figure 6.13. The
strain variation Ae,, takes as reference the strain at the beginning of fatigue
loading. During initial loading, the straight untreated rod is purely elasti-
cally solicited while the three other configurations undergo plastic defor-
mation. In the subsequent loading, all rods are purely elastically loaded.
The associated R ratios are indicated in the same figure.
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Figure 6.13 Stress level as a function of strain variation in longitudinal
direction during the two first fatigue loadings to a force level of 1470 N for
four mechanical histories. The R ratios of the second loading are presented
nearby.
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Effect of surface roughness on fatigue resistance

To grasp how roughness plays a role on fatigue lifetime for growing rod
applications, we have conducted two supplementary fatigue tests. The
first one was performed on a untreated specimen, bent to 5°35, slightly
depolished with P80 SiC paper to increase its roughness on the concave
side. The second one was performed on a shot-peened specimen, bent
to 6°00, whose surface roughness was decreased to get a mirror polished
aspect using SiC papers and OPS on its concave side. Their initial and final
surface states are shown in Figure 6.14.

10 10 —_———
b) Initial profile Initial profile
—&- After P80 -o- After OPS
= 5r = 5
=" =
5 5
2 0| 20
I T
-5 -5
0 100 200 300 400 500 0 100 200 300 400 500
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Figure 6.14 Surface states: (a) optical images before (top) and after (bot-
tom) polishing step; (b) superposition cross section profiles (light profile =
before, dark profile =after) at x400 magnification.

The bending angle and diameter reduction were controlled before and af-
ter polishing using profile projector measurements. The rod angle did not
change, and only the shot-peened rod underwent a “significant” diameter
change of 40,1 pm. As the difference in fatigue resistance between un-
treated and shot-peened is well marked in strain-controlled protocol, the
two polished rods were tested on this basis without correcting the little
change of diameter.
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Figure 6.15 compares the fatigue performances of the two polished rods
to the unpolished specimen as already presented in Figure 6.7. The major
impact is that the fatigue lifetime of the two rods are switched. The depol-
ished (and untreated) rod failed after 67,000 cycles, while the polished (and
shot-peened) did not fail after 3,000,000 cycles, indicating a major effect of
surface finish.

Untreated | Depolished
w107+ Shot-peened Polished
[0}
S () ) ) ) )
o
5108+
@
€
5. ]
2 10
10* ‘
0 5 10 15

Bending angle [°]

Figure 6.15 Fatigue resistance of the rods in strain-controlled configura-
tion (€=0.011). Grey symbols depict the results presented in Fig. 6.7. The
yellow triangle is the untreated rod depolished. The yellow circle is the
polished shot-peened rod.

6.3.2 Fractographies

In-vitro testing does never completely reproduce in-vivo conditions. How-
ever, it is important to check if the failure patterns are sufficiently similar to
the one observed on rods that broke in-vivo, to assess the reproducibility
of the protocol.

The failure pattern analysis of in-vivo broken rods was discussed in the
Article of Ribesse et al. The cracking process is composed of three main
zones shown at the top of Figure 6.16 [82]. The first area is characterized
by clamshell marks, indicating the successive arrests in crack propagation.
This area is also characterized by ratchet marks which indicate the pres-
ence of multiple cracks propagating in different planes. Further, the failure
pattern in the central zone shows striations with dimples. This represents
the second stage of crack propagation. The transition between clamshell
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marks to striations with dimples is highlighted in Figure 6.16a by a dashed
red line. The last regions composing the fractured surface are the two sym-
metric slant edges. These shear lips develop at the end of fracture, due to
plastic localization and are highlighted by full red lines in the same Figure.
All the others fracture surfaces shown in Figure 6.16 (b to h) are the frac-
tographies of broken rods presented in this study. The same zones, as the
broken in-vivo rod, were highlighted in white.

a) Invivo, Reference — from [7]

Shear lips —,

* Transition
" 1mm
Strain-controlled Force-controlled

Low angle High angle Low angle High angle

C) ’7 13“ d@ @
g 5° h) 13°
No rods
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Figure 6.16 Fatigue fractographies from an in-vivo broken rod (a), Shot-
peened in-vitro broken rods (b-e) and untreated in-vitro broken rods (f-h).
Enlarged pictures are presented in Appendix C.

Shot-peened

Untreated

Discussion

This study proposes an in depth exploration of the effect of bending on
fatigue lifetime of growing rods. The fatigue results are discussed here-
after, with support of the FE simulations, materials characterizations and
literature.
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a. Representativeness of the test method

The experimental approach followed in this study is, to the best of our
knowledge, a first-of-a-kind in terms of reproducing in-vitro as realisti-
cally as possible the fatigue failure conditions experienced in a growing
rod based on fractographies and crack propagation direction. These tests
are obviously not perfectly representative as they have not been performed
into a fluid mimicking the body fluid, and the solicitation was not variable
and complex as in real life. Flexion bending was selected for this study
as fractography analysis from Ribesse et al. indicated that failures were
dominated by anteroposterior bending, suggesting that torsion motions
were negligible [82]. With the same approach, the fractography analysis of
this study showed that the tests properly reproduce the failure pattern ob-
served on in-vivo broken rods. Therefore, the trends observed in this study
can be considered as representative to what would happen in the human
body, while the absolute values should be discussed with caution.

As predicted in previous studies, a lordotic configuration during fatigue
test results in lower lifetime compared to kyphotic configuration [75, 82].
While fracture occurs after around 200,000 cycles in the study of Ribesse
et.al, the average in the present study is around 38,000 cycles for the same
rods (i.e. shot-peened, Medtronics rods), tested under the same force lev-
els. Still in the same research, Ribesse et al. computed a theoretical fre-
quency of solicitation based on a number of cycles obtained experimentally
and average lifetime of rods after implantation. The computed value of 1
mechanical solicitation every 3 minutes was given as a lower bound. The
frequency can now be recomputed based on the average number of cycles
to failure for all tested lordotic configurations (i.e. 70,000 cycles). The new
frequency computed is about 1 mechanical solicitation every 10 minutes.
The conclusion on the type of human activities causing fatigue failure, as
cited in Ribesse et al. article, is still realistic: walking, squatting, jumping,
which are regular movements in a child’s life.

b. Effect of bending angle

The evolution of the fatigue resistance with bending angle is crucial to
guide surgeons practice. Within a strain-controlled protocol, shot-peened
rods keep a relatively constant resistance level (Fig. 6.7) while, based on
numerical prediction, the stress imposed level is constant with bending an-
gle (Fig. 6.9). These two results are consistent with one another. By look-
ing closer at the stress-strain curves, a ratcheting effect is observed for the
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straight rod. In addition, the R ratio evolves from -8.9 to -6.6 going from a
straight to a bent configuration. These two observations, known for reduc-
ing fatigue resistance, were not associated with a shorter service life of the
straight rod. In the second protocol, based on force-control, straight rods
resist to 3,000,000 cycles while bent rods fail after approximately 38,000 cy-
cles (Fig. 6.11). A first explanation for this decrease could be the increase
in the residual stress level at the crack initiation site. Indeed, simulations
show an increase of 170 MPa between the straight rod and the one bent at
12°. This lower fatigue strength could also be explained by the lower yield
force needed to plastically deform the bent rods compared to the straight
ones. Indeed, stressing a structure below its yield stress leads to higher
fatigue life. This seems to be the most likely explanation.

For the second batch, made of untreated Ti-6Al-4V, some interesting trends
are worth considering. Indeed, in the strain-controlled protocol, the exper-
imental results (see Fig. 6.7) show an enhancement of the fatigue proper-
ties when untreated rods are bent. Comparing those performances to the
stress levels predicted by numerical simulations, the enhancement can be
hardly anticipated. Indeed, even if bent rods are supporting a 8% lower
tensile stress level than straight rods, its level is still too high (around 1,000
MPa) to explain a fatigue run-out. Taking a look at full the stress-strain
curves (Fig. 6.10), the straight rod experiences cycles of larger amplitude
with a lower mean stress. Lower mean stress is usually resulting in better
fatigue performance. Unfortunately, even with the information given by
the numerical model, the experimental result remains to be understood.
In the fatigue protocol with a force-controlled mode, a trend really close
to the shot-peened rods is observed: the low bending angles resist to a
higher number of cycles (see Fig. 6.11). Simulations show an increase of
140 MPa in residual stress between the straight rod and the one bent at
12°. However, the favored explanation for this reduction in properties is
the lowering in the yield stress level with bending.

The former experimental papers comparing straight and bend rods, con-
cluded that bending was detrimental to fatigue resistance [69, 74], and that
cyclic loading in lordotic configuration leads a higher failure rate than in
kyphotic configuration [75]. An in-depth analysis of residual stress demon-
strated that even a slight bending was erasing the initial compressive
stresses present on shot-peened rods, but that changing the bending angle
does not result in large residual stress variations [80]. This stabilizing trend
is also present in the present study which considered a one-step bending
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process using FB, limiting all conclusions for angles below 13°. The biggest
contrasts in fatigue lifetime are mainly between straight and bent rods.
However, bending was not always detrimental. Indeed, the untreated bent
rods, showed exceptional fatigue resistance compared to shot-peened rods
in the strain-controlled tests. In any case, as a firm conclusion, imposing
some bending never leads to major systematic drop in fatigue resistance
under strain control conditions but it does under force control when com-
pared to straight rod. In future investigations, it would be interesting to
focus on other tools as in-situ benders, which allow larger angles to be
reached in one pass compared to FB [114]. The rod surface state evolution
during bending across a broader range of angles could be characterized us-
ing tomography to observe the development of shear bands. Subsequently,
it becomes pertinent to discern whether a reduction in fatigue strength oc-
curs beyond 13°.

¢. Impact of shot-peening

In both protocols, untreated rods performed better than the shot-peened
ones. This difference is particularly noticeable under strain controlled con-
ditions, for which untreated rods survived 3,000,000 cycles while shot-
peened rods failed after approximately 100,000 cycles. For both protocols,
the FE model predicts a significantly lower stress level in the shot-peened
rods compared to the untreated ones, which is not consistent with the fa-
tigue results.

By looking at Fig. 6.5¢c, a major difference between the two batches are their
roughness. Roughness plays an important role in fatigue, and titanium al-
loys are well known for their notch sensitivity [69, 76, 105]. As shot-peened
rods have a rougher surface, their fatigue lifetime are reduced compared
to untreated rods, even if the later have larger tensile stresses during load-
ing. To confirm this hypothesis, we changed roughness of two rods. The
result demonstrated that by increasing roughness of untreated rod, their
fatigue resistance is drastically reduced, while smoothing shot-peened rod
increased their performance by at least 3,000%. For few millimeters thick
structures, the benefit brought by the reduction in internal stresses close to
the surface can quickly be counterbalanced by the increase in roughness
coming from shot impacts. Further study on the potential increase in fa-
tigue resistance by smoothing rod surface after shot-peening could be of
high interest.

The FE simulations allow isolating a stress effect from others side effects,
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as roughness. In both configurations, the residual stresses of shot-peened
rods are significantly lower than in the untreated rods. This suggests that
shot-peening, through residual stress variations, is promoting higher grow-
ing rods lifetime. This is still consistent with the results of a previous study
which was focused on residual stress prior to fatigue loading [80]. They
have concluded that shot-peening was efficient even at locations that un-
dergo subsequent plastic deformation due to bending process. The numer-
ical results in this paper took this conclusion even further by considering
an arbitrary in-vivo solicitation after the bending process.

Finally, the trajectories of the stress-strain curves in growing rods can be
quite complex. The first non-monotonic loading applied to the rods is
the shot-peening process where impacts induce a series of cyclic plastic
deformations (both tension and compression) in the rod periphery. This
leads to Bauschinger effects in the material [42]. The subsequent non-
monotonic loading occurs during bending, where the rod successively un-
dergoes plasticity in forward bending and elastic recovery [80]. Finally,
fatigue loading introduces plastic deformation during the initial loading
cycle and even more if the material undergoes ratcheting. This sequence
of solicitations can raise questions about the benefits of shot-peening in
a material with low hardening capacity, such as Ti-6Al-4V. If the resid-
ual stresses are indeed lower with this technique, it may potentially sig-
nificantly compromise the remaining material’s work-hardening capacity,
which could be examined in further investigations.

Conclusion

Fatigue is a multifactorial phenomenon and growing rods constitute a con-
crete example where events linked to plastic deformation prior to opera-
tion, such as shot-peening and bending, modify both the surface roughness
and the internal stress field while accumulating large amounts of plastic
deformation within the material. In this study, we used a specific setup to
evaluate fatigue resistance on a continuous range of bending angles, while
reproducing as closely as possible the fracture pattern observed in vivo.
These results, for shot-peened and untreated rods, were subsequently com-
pared to the residual stresses predicted by FEA as well as to their surface
conditions.

The combination of numerical and experimental analyses has led to con-
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siderable progress in our understanding of the early failure of growing
rods with the following findings:

¢ Shot-peening process does not give the expected enhancement in fa-
tigue resistance. The roughness introduced by the process is exces-
sive, overcoming the effect of the reduction of residual stresses.

* Sometimes, a difference in fatigue resistance of straight rods is ob-
served compared with bent rods. However, among the bent rods,
there is no marked change in the fatigue lifetime. Therefore, when
the surgeon has to bend a rod, the bending angle can be increased as
much as necessary without worrying about reducing the life of the
implant.

* The choice of the protocol for assessing the fatigue resistance of grow-
ing rods is crucial. Nowadays, the type and amplitude of in-vivo
stresses are not perfectly characterized. It is therefore important to
keep a critical view on the results obtained as rods can reach run-out
in one condition while suffering from failure in the other.

Peening techniques associated to lower roughness introduction as laser
shock peening or a polishing of the rod prior surgery should be further
considered. Exploring operative methods, the investigation of the impact
of two closely spaced bends or examining the outcome of a larger bend
achieved through tools distinct from the French Bender would offer valu-
able insights. Additionally, a more in-depth study on post-operative load-
ing and the comparison with the option of wearing a corset are of interest.

| 137






PART III
Failure analysis of stents






Context of stents:
characteristic sizes and
expansion process

cases, is treated with biomedical implants called stents. These im-

plants are presented with a particular focus on their material spec-
ifications. Emphasis will be placed on their topological evolution and on
the expansion process taking place during stent placement.

THIS chapter introduces the disease of arteriosclerosis, which, in some
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7.1 Arteriosclerosis

Arteriosclerosis consists in accumulation of fatty deposits on blood ves-
sel walls. These deposits leads to a progressive narrowing of the vessels
alongwith the decrease of the blood flow. It is the first cause of coronary
heart disease which is responsible of 1.8 million deaths each year in Europe
[115].

A serious heart attack

All around the world, it has been noticed that the number of
g coronary events is significantly higher on days the national soc-

cer team is playing [116-118]. These stressful moments are

responsible for higher plaque rupture event rates, leading to

higher risk of myocardial infarction [119]. Who is being at-

tacked? The goalkeeper or the supporter?

7.1.1 Treatments

If plaque deposition is detected early enough, various treatments exist to
restore the blood flow and prevent future heart attack. Each of these treat-
ments uses a specific healing strategy:

* Change in lifestyle: Increasing physical activity and improving diet
help reducing cholesterol.

* Medication: Various drugs can help by lowering the cholesterol level,
decreasing the blood pressure, or by preventing clot formation which
all help to reduce the risk of heart attack.

¢ Coronary artery bypass grafting surgery: A new alternative path
for the rich-oxygen blood is created by taking a piece of vein from
elsewhere in the body and place it alongside the blocked artery.

* Angioplasty without stent: This technique aims to re-open the ves-
sel. During this surgery, a catheter with a balloon is placed at the po-
sition of plaque deposition. The balloon is then inflated, compress-
ing the fatty deposits along the vessel walls. This compression of
the plaque is intended to restore a sufficient cross-sectional area for
blood flow. The main condition for success is that the deposits must
preserve the opening created by the balloon once it has been deflated.
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* Angioplasty with stent: In cases where stentless angioplasty does
not result in sufficient space after the balloon is deflated, a similar
but improved technique with a stent can be considered. A small
cylindrical mesh, called a stent, is placed around the balloon. Dur-
ing expansion, this mesh is permanently stretched and thus supports
the vessel walls after deflation to maintain a sufficient diameter as
illustrated in Figure 7.1.

Source: Brittanica.com

Figure 7.1 Placement of a stent in a vessel with plaque deposits.

7.2 Stent implants

Stent design is a complex project requiring expertise from many fields such
as biomedicine, biomedical engineering, materials science, cardiology and
small-scale manufacturing. From the point of view of materials science,
the specifications of a stent are particularly demanding [115, 120] :

During implantation, the stent should be able to travel through curvy ves-
sels to reach its final position. A thinner stent, with higher flexibility, can
be achieved using a material with higher mechanical strength. In addi-
tion, radiopacity allows surgeons to observe the progression through the
arteries and ensure proper positioning before expansion.

While expanding the balloon, another set of properties is needed. Again
radio-opacity is required to stop inflation when the stent achieves a suf-
ficient size. A material with a low yield strength is preferred to limit the
pressure required to deploy the stent while a large ductility is needed to be
able to deform until the new diameter.

| 143



7 | Context of stents: characteristic sizes and expansion process

Finally, once the stent is in place, the material should withstand radial
strength. Therefore, a high strain hardening allows increasing the yield
strength during the expansion process, giving to the final device a higher
resistance to recoil. The implant, being subjected to the regular pulse of the
artery, should be fatigue resistant. Besides mechanical properties, the stent
needs also to be harmless and thus should be biocompatible with blood
and vascular tissues while being resistant to corrosion.

But stents present a second challenge to materials science. Because of their
size, the physical mechanisms that underlie their mechanical properties
may be different from those of larger structures [121]. This is called the
size effect. Indeed, as shown in Figure 7.2, a stent is generally 1 to 2 cm
long when deployed, and the struts of which it is composed are only 50 to
100 pm thick.

Figure 7.2 Size of a stent before and after implantation on a human scale
- [122].

Research about strut thickness have been conducted to evaluate complica-
tion rate for 2 struts thicknesses of 50pm and 140 pm [123]. It has been ob-
served that thicker struts showed a higher risk of developing angiographic
restenosis compared to thin-struts (26% and 15%, respectively). Moreover,
thinner struts give to the structure better deliverability properties. Still,
the strut cannot be thinned out indefinitely as their radiopacity decreases
with their thickness. As metallic stents have good mechanical properties,
their strut diameter are smaller compared to polymer based stents. Figure
7.3 illustrates the span of strut thicknesses available on the market in 2018,
but the thinnest stents that are currently used are 50pm thick, and were
developed by Meril Life Sciences company [124].
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Figure 7.3 Comparison of strut thickness made by SMT company for var-
ious commercially available stents in 2018 - [125].

7.2.1 Surface state

The final surface roughness is the result of successive surface modifica-
tions:

The selected manufacturing technique for mesh creation is associated to
a roughness amplitude. Nowadays, commercially available stents are pro-
duced from seamless metallic tubes carved by laser cutting as illustrated in
Figure 7.4a. The outer surface roughness will depend on initial tube qual-
ity while the laser machining surface depends on cutting parameters. Zhao
et al. [126] evaluated those roughnesses for a 316 stainless steel coronary
stent to 120.52 & 25.65 nm and 491.26 £ 52.46 nm, respectively. The laser
machining surface conditions is too high to be implanted right away and
will need a further processing step as, according to the PN-EN ISO 14630
standard, the mean roughness coefficient, R,, for implants made from 316L
steel should be smaller than 160 nm. Another technique that is currently
being extensively studied in the literature is Selective Laser Melting (SLM)
(see Fig. 7.4b). The advantage of SLM is that it not only reduces the number
of steps required to manufacture a stent, but also allows the stent profile
to be easily customized to suit the patient’s profile [127-129]. Langi et al.
evaluated the mean roughness of a 316 stainless steel stent made by SLM
to 8,450 nm [128].

Both of these manufacturing techniques require a post-treatment step to
achieve the roughness levels specified by the standards. Laser-cut stents
are usually followed by pickling, heat treatment and electropolishing. In
the article of Zhao et al. these different steps allow a roughness of 491.26
nm to be reduced to 268.67, 302.90 and 15.01 nm, respectively. The post-
processing after SLM varies from one study to another, but electrochemical
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Figure 7.4 Stent manufacturing techniques (a) Laser cutting [130] (b)
SLM process [131].

polishing is a common method. The roughness of Langi stents after elec-
tropolishing decreases by 30%, to 5,960 nm.

Finally, during expansion process, roughness increases as plastic defor-
mation takes place in the material. Migliavacca et al. observed in scanning
electron microscope the zone which underwent the largest equivalent plas-
tic deformation in a 316L stent. As illustrated in Figure 7.5, some surface
markings are present in this zone [132].

Figure 7.5 SEM images of the stent surface after plastic deformation.
The FEM illustration depicts the equivalent plastic deformation field in the
strut - [132].
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Stent roughness is a key point in manufacturing process as their biocom-
patibility with blood are directly related. Multiple in vitro studies, per-
formed between 1996 and 2002, showed that a smoother surface result in
lower risk of thrombosis [133-137]. These studies have led to the introduc-
tion of standards to limit stent roughness. In addition, smoother surfaces
reduce the risk of perforating the balloon during angioplasty [138]. Fig-
ure 7.6 shows the surface state of two stents which are used commercially
nowadays presenting respectively a mean roughness of 61.55 + 13.45 nm
and 22.93 + 3.62 nm.

Blem200kV JI.ZEE 2017700 SE Slem200kVU 312E2 2018-00 SE

Figure 7.6 SEM images of the stent surfaces of commercially used stents
(Cook and ACS respectively) - [126].

While the prevailing trend has been towards making stents smooth in or-
der to reduce the risk of thrombosis, a more recent branch of the literature
has shown that rough stents are just as safe as smooth stents [139] and can
even accelerate the endothelialisation process [19]. In 2005, Dibra et al. im-
planted smooth and rough stents to 200 patients and compared the com-
plication rate during the follow-up. No significant difference was found
comparing the major adverse cardiac events during the next 12 months in
the two groups [139]. Rougher stents are however more promising as they
can be associated with antirestenotic drug at their surface using a polymer
coating.

Further research on rough stents has shown that by mimicking the surface
state of the aortic lumen, the endothelialisation process is accelerated. In
the 2013 research by Li et al., a roughness combining a micron-scale struc-
ture (from 1,000 to 20,000 nm) and a nanometer-scale structure (from 50 to
500 nm), as illustrated in the Figure 7.7, was able to promote the adhesion
and proliferation of endothelial cells. In a recent review on surface engi-
neering by laser-based processes on stents, Dong et al. indicate that the
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current state of the art is well developed in this field [140]. The laser based
processes offers various 3D topographic possibilities such as grooves, pits,
pillars,... These techniques also go along with changes in surface chem-
istry which also have a huge impact on biological response. Therefore,
such kind of surface modification techniques are now incorporated in the
latest generation of stents.

Figure 7.7 SEM image of the laser engineered surface of a 316L stent -
[19].

7.2.2 Mechanical answer of a stent

In addition to acute biological responses as restenosis, long-term success
of stent implantation is subject to stent fracture itself. Such fracture events
are reported in 1 to 2 % of patients within the 10 first months after angio-
plasty, but the failure rate increases up to 29% with time [141]. This increase
of fracture events with time suggests that the origin of fracture is fatigue.
Indeed, stents are subject to cyclic pulse loading. The literature does not
indicate that stent expansion is a cause of early implant rupture. However,
stent overexpansion is indicated as a factor that weakens the struts over
the long term [142].

While the expansion process does not currently represent a risk, future ad-
vances in the field of stents, and more specifically their topological evolu-
tion as presented above, could cause this expansion fracture. The mechan-
ical answer of stent during expansion is described in the following.

Due to their small dimensions and their complex shape, the mechanical
answer of stent is commonly investigated in the literature. With an average
grain size of 25pum, stainless steel stent struts consists in oligo-crystals, with
only 5 to 10 grains along their cross-sections as illustrated by Figure 7.8.
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Figure 7.8 316L stent strut with its grain structure highlighted in white -
[143].

In the study from Murphy et al., the dependence of strut size on mechani-
cal response was analysed for 316L stainless steels [143]. Figure 7.9 shows
that the strain at necking decreases with strut size, in the range size of stent
struts. Indeed, when the number of grains across the thickness decreases,
the presence of a less well-oriented grain cannot be compensated by better-
oriented neighboring grains [144]. It is therefore important to assess the
mechanical properties of the material at the adequate scale otherwise the
structure could experience an unexpected local failure.
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Figure 7.9 Effect of strut size on strain at necking for 316L struts - [143].

Stent expansion includes large deformations in the material. The mesh
opening, as illustrated by Figure 7.10, is stent geometry dependent. In
general, there are two stages in the expansion process as depicted by Figure
7.11. In the first stage, the curved struts open up through a process of
unfolding, allowing large deformation with low loading pressure. Once
straightened, the struts offer larger resistance because it is subjected to a
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global axial load. Larger pressure must therefore be applied to the balloon
in order to continue increasing the diameter of the mesh [132].

(b)

Figure 7.10 Stent crimped on a balloon and then expanded - [145].
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Figure 7.11 Relation between balloon pressure and stent diameter during
expansion process (triangles are from FEA, and squares from experiments)
- [132].

Finite element analyses are often used in stent design as they provide im-
portant informations on structural integrity which are difficult to obtain
experimentally [146]. Numerical methods are efficient to test multiple con-
figurations and to converge to the most effective one [147].

In their research, Dumoulin and Cochelin observed stress and strain fields
in 316L stent struts upon expansion. For the larger final diameter, their
model predicts a maximum local strain of 40% as illustrated in Figure 7.12
[147]. Other values of maximum strain upon expansion can be found in
the literature. In 2002, Migliavacca performed multiple FE analyses on
diamond-shape stents with variable dimensions. Their parametric analy-
sis included the variation of the slot length I, the stent thickness s and the
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metal/artery index ap/ay (see Figure 7.13). All the stents were loaded
with an uniform radial pressure up to a central radius of 1.5 mm, fol-
lowed by a load removal. After elastic recoil, the equivalent plastic strains
(PEEQ) were evaluated for each structure. From the 10 tested geometries,
the PEEQ variation goes from 10% to 40%.
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Figure 7.12 Equivalent plastic strain field (PEEQ) in cell during its open-
ing (yellow structure represents the initial configuration) - [147].
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Figure 7.13 Geometry of a diamond-shape stent - [148].

Finally, in another study from Migliavacca et al., they observed the global
behavior of the stent during radial expansion and elastic recoil, and com-
pared their results to some laboratory experiments [132]. From Figure
7.11, they concluded that their model was able to predict correctly the rela-
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tion between pressure and expansion diameter up to 0.5 MPa. Figure 7.14
shows the strain field in the stent structure at that pressure. The maximum
local strain is 27%.

2.75x 10"
2.20x 10"
162 x 10"
1.04 x 10"
4.75% 107
-9.42 x 107
663 x 107

Figure 7.14 Equivalent plastic strains obtained by FEA in 316L stent
opened with 0.5 MPa pressure - [132].

As all these numerical analyses show it, the maximum local strain in a stent
structure is highly variable but always exceeds 20%. Moreover, the strain
field is not uniform as the stent expansion occurs in two steps: the opening
of the cell followed by a uniaxial loading.

Research questions

As presented above, the trend of surface engineering is in expansion in
the context of stent implants. It is therefore important to know how these
surface pattern could change the expansion capacity of such small struc-
tures. In addition, some singular geometrical imperfections coming from
manufacturing processes could be detected and a limit on defect tolerance
should be set to avoid early implant failure.

Before checking that the surface irregularities will not reduce the fatigue
life of the stents too much, these structures must still be able to be plasti-
cally deformed to reach the radius of the blood vessel. The expansion pro-
cess involves large plastic deformations, first through an unfolding process
and then under a global axial loading.
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In the initial sections of the thesis, two types of implants were
introduced: growing rods, prone to surface irregularities due to
handling tools and shot-peening, and stents, with deliberately
engineered surface textures. It is reasonable to inquire about the
potential impact of these irregularities on the implants” func-
tionality, particularly under plastic deformation. However, as
these implants are predominantly subjected to non-axial load-
ing, the analysis becomes complex. This complexity led us to
shift our research focus, choosing to simplify the forthcoming
chapter’s analysis by concentrating on a more straightforward
scenario: uniaxial tension loading in straight macroscopic spec-
imens. Consequently, readers should not be surprised by the
limited connection to the implant context in the subsequent
chapter.

The research question for the next chapter is therefore the following:

How does the geometry of surface imperfections influence the localization condi-
tions of a simple structure in tensile loading condition?

Chapter 8 will start by presenting the state of the art of localization in sam-
ple with geometrical imperfections. Then, some experimental DIC results
will be compared to analytical and FE analyses. On the basis of these re-
sults, the elongation capacity of long metallic components will be exam-
ined in relation to stent context.

| 153






Plastic localization in
inhomogeneous rods

which present an initial geometrical inhomogeneity. This study

combines experimental, numerical and analytical results to com-
pletely characterize the evolution of neck shape as the initial imperfection
geometry is modified. The final objective is to extrapolate these results to
the effect of an inhomogeneity in a stent strut.

THIS chapter addresses the question of necking in elongated profiles
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8 | Plastic localization in inhomogeneous rods

Introduction

When a material sample is loaded in uniaxial tension, a plastic instability
occurs once the material is no longer able to compensate the reduction of
cross-section area by work hardening as illustrated by Figure 8.1. During
that stage, the deformation in a localized zone continues to increase, while
the deformation outside experiences elastic recovery. Several studies have
already quantified the height of the necking zone as a function of the ini-
tial geometry of the sample. The presence of imperfections in the sample is
known to reduce its elongation capacity and has been the subject of multi-
ple studies since the 1980s.

Onom
A

L localized

» Enom l

Figure 8.1 Illustration of plastic localization in a cylindrical specimen
during a uniaxial tensile test.

Localization length definitions

The analysis of necking under uniaxial tension conditions is an old subject
but still involving some open questions. Some theoretical or numerical
results were published in the recent years to analyze the post peak behavior
[149-151] and it is only in 2020, that few papers analyzed this localization
phenomenon with 3D DIC methods [152, 153].

In the literature, different criteria have been defined to evaluate the necking
zone length Ljycarized:

a. Average strain method

The average strain method is the most common criterion found in the lit-
erature. The principle is to compute the average strain along the sample
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for each step after necking initiation. The length of the localized zone is
deduced from the intersection of the strain profile of this step with the av-
erage value as illustrated in Figure 8.2.

1.00
Average longitudinal
strain at instant 4
‘E’ 0.50 o Length of localized
Unloading in 4 zone at instant 4
outer segment 3 Liocaized
0.00 T
0 0.5 1
(d) x/L

Figure 8.2 Illustration of strain field at 4 loading levels. The length of
neck for curve 4, using the average strain method, is depicted - [149].

With this method, Kolwankar et al. [149] observed in their numerical sim-
ulations that the localized length is decreasing with strain after peak load
(Figure 8.3). Moreover, for different bar diameter, the localized length at
onset of necking was approximately 5 times the initial diameter of the bar.

15
dpar = 25mm J
per = 20mmJ
10
dper = 16.5mm A

3 Neck sharpening
dyer = 13.5mm 4. post-localization

Li (i(‘(llf:l’([/ dpar

W
]

Localized length at onset
of necking ~5dj.r

0

necking
Eeng -€ eng

Figure 8.3 Localization length normalized by the diameter of the bar for
different strains. The origin is set to the initiation of necking - [149].
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The major drawback of this method is that the total length of the sample
has an influence on the computed neck length. Moreover, this criterion
applied to experimental results showed that localization could start before
peak load which is not coherent with the theoretical instability condition
of necking [152].

b. Longitudinal strain method

In this second method, each longitudinal strain profile is compared to the
last longitudinal engineering strain profile before failure. The distance be-
tween the intersections of the two curves gives the localization length for
each step. Figure 8.4 illustrates this method.

------- Point |
--- Point2

—— Point 3
—— Rupture

Lei

Figure 8.4 Illustration of the localization length for 3 strain curves using
the longitudinal strain method - [152].

In the experimental study of Altai et al., this method gave an average lo-
calization length at onset of necking of almost 5 times the initial diameter
of the sample (for 3 samples with initial total length larger to 5D). The evo-
lution of the localization length between bifurcation event and failure is
similar for those 3 samples as illustrated in Figure 8.5.

If this method allows to get rid of the dependence on the sample length, it
takes the strain field of the last stage as an arbitrary reference.

158 |



Introduction | 8.1

100
80
£ 60
¢ 40
20
0
-0.5 0 0.5 1
(d) (ax'aloc) / (gr'gloc)

Figure 8.5 Localization length for 4 tensile rods of same initial diameter
(12.7mm), but different initial lengths (3D, 6D, 12D and 24D). The x-axis is
normalized to have the bifurcation event represented by 0 and the failure
represented by 1 - adapted from [152].

c. Active necking zone method

In the study of Pardoen et al. in 2004, a finite element analysis was per-
formed on simple tension of cylindrical bars [154]. Using the effective
plastic strain rate as indicator, the shape of the active necking zone was
established with 1, being the current height of the active region (e? > 0),
and t, its current thickness as illustrated by Figure 8.6a. A adimensional
shape factor, denoted by « is defined as the ratio of the current height of
the neck (hy,) over its current thickness (t,). This factor has the advantage
of being independent of the initial length of the sample and of another de-
formation step. Figure 8.6b shows the evolution of this factor as a function
of straining (€) for different strain hardening exponents (1). All curves are
decreasing with straining, with an asymptotic trend for an alpha value of
1. The hardening coefficient plays an important role on the neck shape.
Indeed, smaller hardening capacity gives a smaller localized neck.
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(a)

Figure 8.6 (a) Representation of the characteristic dimensions of the neck
and the zone being actively strained (b) Evolution of the shape factor of the
active necking zone as a function of straining for different strain hardening
exponents for a cylindrical rod in tension - [154].

d. Versaillot's method

The experimental method developed in the study of Versaillot et al. is
based on longitudinal or transverse strain measurement by 3D-DIC. This
method is independent of the length of the sample, and can be computed at
each step independently. To evaluate the necking zone length, the authors
subtract the constant (longitudinal or transverse) strain outside the necking
zone, from the entire strain profile for different loads (see Figure 8.7).

Figure 8.7 The longitudinal or transverse strain profile is modified by
subtracting the strain level reached outside from the necking zone.
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By using this criterion, the necking length is increasing while the material
is strained after maximum loading peak [153]. This trend is opposed to the
trends observed in the three other methods. As a matter of fact, the three
first methods characterize the portion of material which is still deforming
and thus it decreases as it is getting closer to failure. In Versaillot’s method,
the length includes all portions which underwent larger deformation than
the reference section as illustrated in Figure 8.8. Additionally, by compar-
ing the average necking length of 3 materials, Versaillot et al. found that
the length at failure was 4 to 6 times the initial diameter of the tested sam-
ples. They concluded that their method gives longer necking zone for more
materials showing high uniform elongation.

loaded
zone

loaded
zone

Figure 8.8 Progressive increase of the neck length according to Versail-
lot’s method.

As illustrated by these four methods, the necking length is not a singular
value: it evolves during postpeak straining. However, the length range
is in some way reproducible whichever method is used, making necking
length an attractive parameter to consider.

8.1.2 Effect of geometrical imperfections on necking

A metallic part is never perfectly homogeneous. They may exhibit het-
erogeneities in grain size, shape, texture, impurities or thickness due to
roughness or the presence of a surface imperfection [24]. All these imper-
fections can lead to local weakening, giving the structure a preferential site
for necking. In the second half of the twentieth century, the effect of ge-
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ometric imperfections associated with necking was extensively studied in
the scientific literature [26, 155-163].

Imperfections in metallic sheets

Many forming processes include stretching of metallic sheets. As those
sheets are stretched, their thickness decreases until strain concentrates in a
region of the sheet, before its definitive fracture occurs. It was important
to be able to predict the Forming Limit Diagram (FLD) to know ahead of
time, if the structure will be able to undergo the forming process without
necking [164].

In 1967, Marciniak and Kuczynski developed a model which takes into ac-
count the presence of a local reduction of section in an infinite sheet [26].
This model, still widely used nowadays, allows to predict the instability
generated by the imperfection. In their model, they considered two zones,
depicted by A and B in Figure 8.9a, with two different thicknesses: 4 and
tg. The groove was placed normally to the greater principal stress. Based
on the force equilibrium, an analytical development allows to find an ex-
pression which related the strain in zone A, €; 4, with the strain in the zone
B, €; . The expression, which depend on many material parameters, can
be resolved for various initial imperfection f = tp/t4 size and the result-
ing curves are presented in Figure 8.9b. Points C depict the moment where
strain localizes in the imperfection and that the limit strain, €* is reached in
zone A. The theoretical analysis was complement by an experimental test,
represented by a dashed curve in Figure 8.9b. As the curve reaches a limit
strain between the curves of {=0.99 and 0.98, they concluded that the sheet
used in the experiment presented an imperfection bounded by these two
values [26].

Within a sample, there are microstructural heterogeneities. These hetero-
geneities can locally create a weaker zone in which plastic localization can
develop. When a geometric imperfection is present on the surface, neck-
ing can appear either in the intrinsically weaker zone or in the zone with a
cross-sectional irregularity, depending on the size of the irregularity [156].
As each material is different, the critical dimension of the imperfection for
moving the position of the neck will also be different. As an example, in
the study of Hiroi et al. two aluminum with different thermal treatments
were compared. The FLD of the softer sheet was unchanged for imperfec-
tions below 2% thickness reduction while the hard sheet could withstand
only 0.5% imperfections [157].
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Figure 8.9 (a) MK model imperfection (b) Experimental curve compared
to MK model - [26].

Based on M-K model, other studies have been carried out to better under-
stand and characterize the effect of imperfections on metal sheets. In 1984
and 1988, Chan et al. and McCarron et al. furthered the analysis by ad-
dressing the effect of the orientation of the imperfection (Figure 8.10a) as
well as of its size (Figure 8.10b) [156, 159]. The analytical model predicted
that the orientation of the groove influences the location where necking ini-
tiates while experimental results demonstrated that increasing the width or
length of the imperfection both reduces the limit strain €*.

A more recent study, from Pilkey et al. introduced grooved imperfection
on both sides either symmetrically (as in M-K model) or asymmetrically
[165]. Through experiments and numerical models, they found that this
new spacial arrangement promotes a through thickness shearing as com-
pared to necking in the symmetrical configuration. Moreover, the config-
uration with the lowest limit strain depends on the width of the groove.

Imperfections in long metallic components

Imperfections in flat profiles have been widely analyzed in the literature by
means of numerical simulations, analytical models and experiments be-
cause of its industrial importance [158]. It is less the case for very long
profiles such as wire or long rods to which stent strut can be compared.

The majority of the papers dealing with plasticity instabilities in tensile
samples with geometric imperfections were published in the 1980s [158,
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Figure 8.10 (a) Groove orientation from [156] (b) Groove size from [159].

160-162]. These studies are mainly based on analytical models and pri-
marily focus on the effect of material parameters such as m, the rate sensi-
tivity exponent, and 7, the strain hardening exponent. In addition, it worth
mentioning that some of these works are based on Hart’s model, which has
since been discussed.

In 1971, Chen emphasizes the necessity of knowing the stress-strain fields
at any position of a uniaxial tensile specimen at any loading moment. He
performed numerical analyses to evaluate the effect of an imperfection in
a cylindrical rod following the expression

R(z) = Ro(1 — ee™%%"), (8.1)

with € being the maximum amplitude of the imperfection.

At this time, Chen performed the first numerical analysis of a inhomo-
geneous cylindrical profile (see Figure 8.11a) and was able to extract the
geometrical evolution as well as the stress and strain fields in the complete
structure 8.11b. The author mentioned in the conclusions that this analy-
sis, even if it involved some inaccuracies, helps to further understand the
fracture phenomenon inside necking regions.
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Figure 8.11 (a) Geometric representation of the grid used for numerical
analysis by Chen (b) Radial displacement along the sample surface at dif-
ferent elongations - [163].

In a simpler approach, Champier carried out a analytical study based on a
2-slice sample in 1968 (Figure 8.12) [155]. For this sample, force equilibrium
and sample elongation can be expressed as the following.

Figure 8.12 2-slice model used by Champier to determine €;, with respect
to €, - [155].

Force equilibrium imposes that
F,=F, (8.2)

F; being the force in the part i. Based on material hardening law, each term
can be written as:

Fi = O'iAi = f(ei)Air (83)
where 0; is the stress in part i, A; is its cross-section and f(¢;) is the hard-
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ening law of the material which depends on the strain level ¢;. The current
cross section A; can be linked to its initial size A;( by the mean of defor-
mation

E=/ ifj) Aip. (8.4)

Equation 8.2 then becomes

flea)

ecA Anp =

fles) 4 85)

o5 L1BO:

It it then possible to determine ep for a known €4, and based on these two
values, to determine to average strain of the sample €,:

L L
e = —LA(;O A + Li(’)oeeB. (8.6)

Ten years later, a study by Canova et al. [161] looked at the effect of a geo-
metric or metallurgical imperfection using the same principle as Champier
[155] but for a specimen with N+1 slices. This refined method provides a
better spatial resolution of the strain distribution along the sample. Based
on their calculations, they divided the plastic instability into 3 phases:

* A gradual transition in which the slices progressively transition from
elastic to plastic deformation

* A slow localization phase in which all the slices deform plastically,
but the deformation is faster in the smallest slice.

* Arapid localization, once the maximum load has been reached, where
the deformation concentrates in the thinnest slice.

Finally, using the N+1 slice method, Christodoulou and Jonas addressed
the effect of imperfection geometry by comparing sinusoidal and expo-
nential profiles [158]. They showed that the global strain at fracture was
slightly lower for the exponential imperfection. In addition, the depth of
the geometrical imperfection had a significant effect on the global strain
at fracture. They also observed that increasing the neck-to bulk-length,
Limper fection/ Louik, increased the overall strain before the onset of necking,
as well as the overall strain at fracture.
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As presented above, only few studies analyzed necking in elongated pro-
files compared to sheets. Given that (i) few studies combining analyti-
cal, numerical and experimental analyses have been carried out on uniax-
ial tension specimens with geometrical imperfection and (ii) that modern
techniques, such as DIC, can provide very detailed information that was
not available in the 1980s, it seems interesting to carry out a study com-
bining these different characteristics. More specifically, the combination of
these features will enable us to analyze the following questions in details:

* How does the geometry of imperfections influence localization phe-
nomenon in uniaxial tension in terms of strain field, necking devel-
opment, and total elongation capacity ?

¢ Are experimental results consistent with analytical and numerical
predictions ?

8.2 Experimental and numerical procedures

8.2.1 Material characterization

Stainless steel 316L was purchased at Testas in the form of cylindrical rod
of 13mm of diameter. To restore its microstructure, the rod underwent a
thermal treatment in a resistive air furnace at 1050°C for 10 minutes, fol-
lowed by a water quench to obtain a fully austenitic microstructure. The
resulting microstructure is represented in Figure 8.13. The microstructure
is equiaxed and the average grain size is equal to 30pm.

Figure 8.13 Microstructure of 316L rod, after heat treatment. (a) Cross-
section view (b) Longitudinal view.

In this rod, a tensile specimen was machined to determine response under
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uniaxial tension. The dimensions of the dog-bone specimen are presented
in Figure 8.14. The specimen was deformed at a cross-head speed of 1
mm/min up to failure on a Zwick Roell tensile machine. The elongation
was measured by the mean of an extensometer and the final diameter was
evaluated using a profile projector. Figure 8.15 presents the true stress-
strain curve obtained for this specimen in terms of the true stress :

F u
as a function of true strain:
L
=In|—|, 8.8
e—in ( LO) (8.9)

where F is the applied force, A is the initial section, u is the elongation, Ly
and L are respectively the initial and the deformed gauge length. The cross
in Figure 8.14 indicates the fracture strain, deduced from the cross section

area and defined as :
Ap

where Ay is the final section. The corresponding true stress is defined as

F

or= —. (8.10)
f Af

The Young’s modulus is 212 GPa, the yield stress is 246 MPa, and the frac-
ture stress and strain are equal to 1952 MPa and 1.65 respectively.
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Figure 8.14 Geometry of the tensile specimen.
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Figure 8.15 True stress- true strain curve and fracture stress and strain,
for 316L uniaxial cylindrical tensile specimen.

8.2.2 Imperfection characterization

The imperfections in the cylindrical specimens were all machined at mid-
height. These are characterized by a diameter reduction (D; < D,), and
this reduced section has a specific length (L;), different from the length out
of the imperfection (L,), as illustrated in Figure 8.16. In order not to be
influenced by the irregularities present in the area close to the fillets (R4),
a gap of 3mm was introduced between the end of the fillet and the start of
the outer zone of length L,. Based on these 4 characteristic dimensions, 3
adimensional parameters have been defined.

3mm,
2mm, -,

Figure 8.16 Geometry of the tensile specimen with central imperfection.

Section variation x4 The section variation, x 4, is defined by the transver-
sal area ratio between the inner zone and the outer zone as illustrated in
Equation 8.11.

nD? 4  D?
4 7D2 D2

Xa = (8.11)
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Length variation x; The length variation, x1, is defined by the length
ratio between the inner zone and the outer zone as illustrated in Equation
8.12.

L L
B Ltot B LiJFZLo

XL (8.12)

Length over diameter ratio variation xyp The length over diameter ratio
variation, xp, is defined by the length over diameter ratio of the inner
zone as illustrated in Equation 8.13.

_ L
XLD = 5 (8.13)

1

The parameters selected for sample design are listed in the Table 8.1. The
exact sample geometries can be found in Appendix D. In the following of
the manuscript, the samples will be denoted by the name of the parameter
(X), and the level of the parameter 1 as x.

Table 8.1 Imperfection geometries: Values for x4, x; and x p parame-
ters.

Parameter Fixed values Parameter level
100%
XA XL =33% and XLD =200% 98%
90%
25%
XL XA =90% and XLD =100% 20%
16%
300%
XLD XA =90% and XL =20% 100%
75%

8.2.3 Mechanical testing

Prior testing, all samples with geometric imperfections were coated with a
black and white speckled pattern, allowing Digital Image Correlation tech-
nique (DIC). The samples are subsequently tested under uniaxial tension
with cross head speed set to Imm/min. The deformations were measured
using 4 cameras placed on both sides of the specimens and the acquisition
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frequency was fixed to 1 Hz. Images were then treated using the software
Istra4D with a facet size of 39 pixels and a grid spacing of 17 or 6 pixels.

From DIC analysis, the 3D positions and the principal strain are extracted
for each frame (see Fig. 8.17). From these data, the position of the maxi-
mum strain is extracted up to fracture.
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Figure 8.17 ¥ representation of DIC data at an arbitrary step after neck-
ing: (a) 3D view of the sample (b) radial cross-section profile (c) Strain field
along the upper red line (d) longitudinal cross-section.

8.2.4 Finite element model

An axisymmetric 2D FE model of a uniaxial tensile test has been developed
in Abaqus/ Standard. Isotropic linear elasticity is used to model the elastic
behavior and ]2 flow theory for the plastic behavior using a Swift type
hardening law:

eP\"
Oy = 0y (1 + > (8.14)
Po

where, 0y is the initial yield stress, €” is the accumulated plastic strain,
po is a hardening parameter and n is the strain hardening exponent. The
following values were selected, op= 915 MPa, pg= 0.044, and n = 0.57, based
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on experimental uniaxial stress curve corresponding to 316L. For all simu-
lations the Nlgeom algorithm was used to account for large deformations.

Taking advantages of symmetries, 1/2 of a slice has been modeled. CAX4R
elements were used. The mesh size was kept constant for all sample ge-
ometries. The average element size is equal to 0.06 x 0.06 mm. As an
illustration, the mesh of sample x? is presented in Figure 8.18. A conver-
gence analysis was made and is presented in Appendix E. The material
properties are extracted from the load displacement data. Strain data were
extracted at the central integration points in the surface element set to be
comparable with DIC measurements.

Y symmetry

X symmetry

Figure 8.18 Representation of x> mesh.

8.3 Results

In the following section, a red color will be used in the plots to refer to
experimental results while a blue color will be used for the FE results.
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8.3.1 Deformation along the surface

a. Comparing DIC strain measurements with analytical calculations inside and
outside the imperfection

As explained in Section 8.1.2, the strains inside and outside the imperfec-
tion regions can be predicted based on analytical calculations for various
x4 values (method used by Marciniak and Kuczynski for sheets [26] and
Champier in rods [155]). Figure 8.19a shows the superposition of the an-
alytic resolution of force equilibrium (straight lines), with the strain field
measured by DIC (transparent dots). The strain €;, is taken at the center of
the neck region, while the strain €,,; is taken at a different distance from
the neck dependent of the geometry of the sample. The distance for each
geometries are gathered in Table 8.2.

Table 8.2 Distance between €;, and €, for each geometry.

Parameters Values Distances between €;,, and €,,;
100% 15 mm
XA 98% 15 mm
90% 15 mm
25% 10 mm
XL 20% 10 mm
16% 10 mm
300% 20 mm
XLD 100% 15 mm
75% 15 mm

Figure 8.19a indicates a good agreement between the analytical prediction
and DIC measurements. Figures 8.19b and 8.19¢c give the same graph for
parameters x1 and x.p. As presented in Table 8.1, x 4 is kept constant to
90% for all geometries. As predicted by the analytical solution, the evolu-
tion of €, with respect to €;,, is thus identical for each set of 3 samples.
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Figure 8.19 Strain fields in and out from the imperfection for x 4, x1 and
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b. Comparing DIC strain profile with FE results all along the surface

If the analytic model gives the strain level in the outer region, it does not
give the evolution close to imperfection boundaries. Therefore, numeri-
cal simulations have been used to be able to compare the strain variations
all along sample height with the field extracted by DIC. Figure 8.20 su-
perposes the strain profile obtain by DIC and numerical simulations are
depicted for each sample geometry. The last curve corresponds to the last
step for which the speckled allowed for proper DIC correlation. The plots
represent the true strain profiles for multiple steps, with the necking posi-
tion indicated at the left side of each graph. The profiles are taken on a ver-
tical line, of initial fixed length (see gauge length below each graph). The
x axis represents the initial position along this gauge length normalized by
the initial length. The strain at necking position was used to associate the
numerical profiles to the DIC measurements.

Figure 8.20 presents in pairs the superposition of the strain profile obtained
by DIC and numerical simulations for five arbitrary frames with the strain
fields obtained by the two methods during necking, for each sample ge-
ometry.

On the left-hand side, the plots represent the true strain profiles for multi-
ple steps, with the necking position indicated at the left side of each graph.
The profiles are taken on a vertical line, of initial fixed length (see gauge
length below each graph). The x axis represents the initial position along
this gauge length normalized by the initial length. The strain at necking
position was used to associate the numerical profiles to the DIC measure-
ments. The last curve corresponds to the last step for which the speckled
pattern allowed for proper DIC correlation.

On the right-hand side, strain fields from numerical simulations and DIC
are compared for an arbitrary maximum strain level during necking. The
strain field from Abaqus is represented at mid-thickness while the DIC
strain field is measured at the surface. Due to light reflection, some areas of
the sample could not be analyzed by DIC, leaving gaps in the deformation
field.
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Figure 8.20 Superposition of deformation fields from DIC and Abaqus.
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Abaqus strain field Principal strain [-] 1
T G-
0

Principal strain [-] I- 1

Off-camera =05

100
XA

- Strain fields at a maximum strain level of 1.

Abaqus strain field Principal strain [-] 11

)(?f - Strain fields at a maximum strain level of 1.1.

Abaqus strain field Principal strain [-] 09

x?f - Strain fields at a maximum strain level of 0.9.

Strain fields from DIC and Abaqus during necking.
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Figure 8.20 Superposition of deformation fields from DIC and Abaqus
(cont.).
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Strain fields from DIC and Abaqus during necking (cont.).
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all 9 subfigures, a relatively good agreement between DIC and nu-

merical model is found. The main discrepancies are the followings

After necking, the strain measured in the outer zone is larger than
the one predicted by the simulations for all samples with an imper-
fection.

For all samples with varying cross-sections, a wavy deformation pro-
file is observed at the position of the diameter change. However, for
some samples, a misalignment of this wave between the two profiles
is found. In addition, the wave in the numerical results is accentu-
ated compared to experimental data.

The experimental strain profile in the neck is not always perfectly

matching the numerical results. It is sometimes overestimated (as in

)dtl)g) and sometime underestimated (as in )(?f).

The origin of the difference in strain in the outer zone could originate from
the material properties given to the numerical model. Indeed, the postpeak
hardening law was not extracted from the uniaxial tensile test, and thus the
approximation can generate variations in strain response.

A wavy pattern is observed in all samples with geometrical imperfections.
By looking at the FEA strain contour, peak and drop positions are clearly
identified (see Figure 8.21). The strain drop is positioned in a zone which

is not

mechanically stresses as it is in the external corner. The strain peak is

positioned at a place which experience a diagonal component of the stress
due to nearby fillet.

LE, Max. In-Plane Principal
(Avg: 75%)
+5.082e-02
+4.661e-02
+4.241e-02
+3.820e-02 T
+3.399e-02 |
+2.979e-02
+2.558e-02

+1.716e-02 |
+8.751e-03 |
4.

Figure 8.21 x? strain contour from FE model at the imperfection sur-
roundings.

The most likely origin for the wave misalignment between DIC and Abaqus

data,
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is because the neck position was always centered in the numerical
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model, while it was not always the case in real test condition. Finally,
the numerical model show an accentuated wavy pattern compared to val-
ues extracted by DIC. As represented by Figure 8.22, the FE results have
a larger discretisation than DIC results. Using a smaller facet size in DIC
analysis could reconcile the shapes of the wave.

0.6 Abaqus Data
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—X —X ~
— ' \
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X \
w903 N e
= A

©
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o
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0.25 0.3 0.35 0.4 0.45
Normalized vertical position [-]

Figure 8.22 Comparison of )(%5 strain field at the imperfection surround-
ings.

Finally, the strain discrepancies in the neck can come from the combination

of theses two origins: poor approximation of postpeak hardening law and
misalignment in neck position. However, it is important to point out that
the global fitting is good.

The next section will compare profiles among the numerical model to as-
sess the effect of the three adimensional parameters.
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8.3.2 Comparison of neck length based on imperfection characteristic di-
mensions

Figure 8.23 superimposes the numerical strain profile at the central inte-
gration points, along the whole surface element set when the maximum
strain is equal to 1. The horizontal axis coordinate is defined as :

X — Xneck
—_— 8.15
D, (815)
This normalization allows comparing the neck developments for any ini-
tial diameter.

Figure 8.23a shows that slightly away from the middle of the neck, the
three curves overlap with an identical slope. However, since the strain in
the outer zone of x% is lower than the strain of x°° (which is respectively
lower than the one of x}fo), the slope continues over a greater distance in

the sample. The smaller is x 4, the wider is the neck.

Figure 8.23b shows strain profile for x; parameter. One can observed that
the neck develops in a strictly similar way for any values.

Finally, the x1p variable plays an important role in controlling the neck
development. As illustrated by 8.23c, the neck width increases with x;p
evolution. As a matter of fact, while the strain profile decreases progres-
sively in the neck, the strain experience a large drop at the imperfection

boundaries. Therefore, the further this boundary is, the larger the neck
will be.
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(c) Strain fields from numerical simulation for the parameter x;p.

Figure 8.23 Strain fields from numerical simulation.
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Bridgman expressions are commonly used to evaluate stress triaxiality af-
ter onset of necking [166]. It states that when the neck radius decreases, the
triaxiality increases. Moreover, higher triaxiality can lead to lower fracture
strain [167]. Apart for x|, the others adimensional parameters appears to
have an impact on neck width as presented in Figure 8.23. However, the
change in neck width does not appear to have a big impact on stress tri-
axiality as the fracture strains, measured on DIC samples, are not varying
significantly as illustrated by Figure 8.24

2 2 2
o oo 8 ° ° oo o
1.5 1 1.5} 1 1.5}
0.5 1 0.5] 1 0.5¢
0 0 0
90 100 15 20 25 100 200 300
Xp [ x [ X.p I

Figure 8.24 Fracture strains obtained by profile projection on DIC sample
post-mortem.

8.3.3 Total elongation criteria

This last section will define a total elongation criteria. Considering a struc-
tural part of initial length Ly, and suppose that the field of application re-
quires that this part extends to a length L;. The final elongation goal can
be expressed as:

L — Lo

" (8.16)

* —
€tot =

If the structure present an imperfection, its total elongation capacity will
be impact. While €}2¢* is greater than €} ;, the imperfection is not problem-
atic. The goal of this Section is to assess the respective importance of the 3
adimensional parameters on the decrease in total elongation capacity of a

structure.
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In the experiments, the total elongation is defined as the difference in length
of the 3 zones (L = 2L, + L;) compared to the initial length:

L— Lo
Ly

Etot = (8.17)

Figure 8.25 shows how the total elongation at the onset of necking and at
fracture event evolves for each parameter.

Reducing the inner diameter (changing x 4), while keeping x1 and xrp
constant, has a marked effect. Figure 8.25a shows that the achievable total
elongation is drastically reduced going from x 4 = 100% to x4 = 90%. This
can be linked to the fact that the strain level reached in the outside zone is
limited due to force equilibrium. It is in agreement with the conclusions of
Christodoulou and Jonas [158].

Figure 8.25b indicates that a lower x|, gives smaller elongation capacity. As
X4 is constant for the 3 samples, the strain levels reached in both zones (¢;
and €,) are supposed to be the same for all x; values. If the length of the
inner zone takes a larger part of the total length (i.e. x increases), the area
which undergoes larger strains (¢; > €,) will contribute more to the total
elongation and therefore, the total elongation is larger for higher x. These
results are in agreement with the observations made by Christodoulou and
Jonas [158].

The last graph in Figure 8.25, represent the elongation for samples with
XLD=75% and 100%. This parameter has not been studied in the literature
yet. The third geometry (x;p=300%) was not included in this graph be-
cause DIC measurements did not allow to capture the whole length of the
sample!. The two remaining samples are close to one another, which do
not allow to have a clear view on the effect of x;p parameter. However a
decreasing trend is expected with larger x;p. When xp is getting larger,
the neck has more and more space to develop inside the reduced section.
Conversely, if x;p decreases, the reduced section is too narrowed to con-
tain the whole neck profile. The outer region, close to the imperfection
will undergo larger strain which give to the total structure a larger total
elongation capacity.

The strain difference between onset of necking and fracture is kept constant

1Using numerical simulation, the total elongation at necking can be estimated at 0.32 [-].
This value is reliable as the values for 75% and 100% were validated by the same way.
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for all imperfections as illustrated by Figure 8.25. A reduced spacing could
be observed in material with higher triaxiality as fracture strain would be
lower. However, as shown previously in Figure 8.24, the fracture strain
is not significantly modified here and therefore, the strain gap between

necking onset and fracture is constant.

Figure 8.25
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8.3.4 Discussion

Taking a step back from the analyses carried out above, it is logical to ask
how these results can be used in a more practical point of view. The pres-
ence of imperfections is generally noticed after the machining stage, or dur-
ing visual inspection once the part is in service. The total length (L) of
the structure is thus fixed, and it is therefore more natural to focus the dis-
cussion on the section variation (x 4) as well as the imperfection width (L;).

The imperfection depth is the major key parameter for elongation capacity.
By increasing its depth, x4 decreases while x;p increases. The first effect
is on the total elongation capacity. Indeed, as the deformation reached out-
side from the imperfection will be significantly reduced, it will greatly re-
duce the total elongation capacity of the structure. It is worth noticing that
this reduction of section will have a second detrimental effect on loading
capacity of the structure. It is therefore necessary to determine to what ex-
tent this section modification reduces, or exceeds, the safety factor initially
put in the specifications.

If a narrow imperfection (small L;) is found in the structure, the question of
re-machining to increase its length, L; (without modifying x 4) could arise.
As a matter of fact, this re-machining will not have the effect of changing
the load capacity of the structure. By lengthening the imperfection, L;/ Lt
will increase, as will L;/D;. By increasing yx;, this will have the effect of
allowing greater elongation of the whole structure, while x;p has an op-
posite but lower effect. In the ranges of values analyzed, in this study,
increasing imperfection length could result in a really small enhancement
of the elongation potential.

In the context of stents, the typical strut size range between 120 and 50
pm [124, 125]. Thinner strut size are preferred over larger struts for their
good deliverability and lower risk of developing angiographic restenosis.
The mean roughness coefficient (R,) of 316L implants are limited by the
an ISO standard (PN-EN ISO 14630) to 0.16 ym [168]. The arithmetical
mean roughness value (R,) does not represent the largest imperfection size
in a rough profile as illustrated by Figure 8.26. Values as R;, the mean
roughness depth, gives a better approximation of the amplitude of local
imperfections. However, this value could be divided by 2 to consider only
the groove depth with respect to the mean surface profile.

In the EN ISO 4288 norm, the R, amplitudes of 0.1 to 2 pm are associated
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Figure 8.26 Comparison of R;, R and R; - [169].

to R; of 0.5 to 10 pm [169]. Considering an annular reduction of section
of 0.25 pm over a strut thickness of 50 pm, x 4 parameter is equal to 98%.
As it has been presented before, the impact of such area reduction is not
negligible on total elongation capacity. Indeed, this amplitude of imper-
fection resulted in a 15% drop of total elongation capacity. However, in the
literature on stent specifications, it is common to find a requirement of 20%
elongation [170, 171]. The material tested in this research always reached a
minimum 34 % for imperfect conditions.

Cross-section reduction in a stent, originating from its roughness, has in
fact a really small length L; with respect to the strut length. It constitutes
a major difference between this study and stent application which is kept
for further investigation.

Conclusions and perspectives

The effect of geometry imperfection on a bar subjected to uniaxial tension
was observed by comparing the predictions of an analytical model, numer-
ical simulations and experimental results. Here are the main outcomes of
the fundamental approach from this study:

* All the predictions were relatively in good agreement with the mea-
sured strain levels inside and outside the imperfection before neck-
ing.

190 |



Conclusions and perspectives | 8.4

* After necking, the experimental measurements were slightly higher
than the one predicted which probably results from a poor approx-
imation of the strain hardening law after necking in the numerical
model.

* The numerical simulations predict well the strain field in the neck.

* Among the three adimensional parameters, x4, xr and xrp, only
those including the diameter of the imperfection had a noticeable im-
pact on neck development.

By looking at the applied side of this research, we concluded that the im-
perfection depth is the key parameter to limit the elongation capacity of a
structure, while its length plays a limited role.

To answer the question: What are the limits in dimension for an imperfection
on a stent strut? further studies are needed. Indeed, when a structure is
damaged in shaping process, the imperfection is rarely uniform all around
the structure. Therefore an assessment of such asymmetric or irregular im-
perfections should be done. Moreover, it would be interested to downscale
the experimental setup. At such scales, it becomes important to consider
statistical scattering of the results. To increase the number of results with-
out becoming time-consuming, structures as the one presented in Figure
8.27, could be further developed. A preliminary trial was done on such
structure and gave interesting results which will not be described further
in this manuscript.

In addition to scattered results, small-sized metallic specimens exhibit
changes in mechanical properties, known as the size effect. One of these
effects, as discussed in Chapter 7, involves a reduction in ductility (in
terms of fracture strain) as the specimen diameter decreases. As the num-
ber of grains across the thickness decreases, the presence of a less well-
oriented grain cannot be compensated for by better-oriented neighboring
grains [143]. In the presence of an initial imperfection, the grain orien-
tation distribution is also responsible for an increase in result scattering.
Indeed, an imperfection located at the level of grains with different orien-
tations could alter the mechanical responses. Finally, even in a hypothetical
imperfection-free specimen, surface roughness develops upon straining, as
plastic strain promotes crystal lattice rotation [172]. At such a small scale,
roughness introduced by grain rotation of a few microns can already rep-
resent a local reduction of a few percentage points in diameter.
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Figure 8.27 Multi-tensile sample (a) Sketch; (b) Sample ready for DIC
testing; (c) Picture after 2 failures; (d) Picture after 7 failures; (e) Picture
after complete failures of the sample.

Finally, the deployment sequence of a stent strut is composed of two stages:
flexion to unfold followed by tensile loading. The effect of loading path on
imperfection stability is therefore still an open question.
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Conclusions and
perspectives

The general objective of this thesis is to contribute to an enhancement of the
lifetime of biomedical implants, with an emphasis on growing rods.

To achieve this objective, it was necessary to develop a new experimental
method, which was presented in Chapter 5 and illustrated by Figure 9.1.
This setup was designed to maintain a rod in its unstable position, in 3-pt
bending test, during cyclic loading. The yield force was observed to vary
with the bending angle in both the numerical simulations and the exper-
iments. After validating the setup for use in monotonic and cyclic opera-
tions, two fatigue protocols were compared based on either strain or force
control. The main outcome of this assessment is that the type of protocol
can significantly modify the conclusions of an experimental campaign: it
should be carefully selected based on the context and the purpose of the
study.

Increasing the fatigue resistance of growing rods

Chapters 4 and 6 aimed at unravelling the effect of plastic deformation in
growing rods on their fatigue life. As internal stresses were suspected to
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Figure 9.1 Design of a new fatigue setup: Main ideas compiled from
Chapter 5.

be the main issue, a finite element model based on an advanced hardening
law was developed in Chapter 4. Using this model, a parametric analyses
allows establishing the respective influence of multiple parameters on fa-
tigue resistance. As summarized in Figure 9.2, hardening properties such
as the initial yield stress and the hardening coefficients as well as the ini-
tial residual stress state have major influence on the final stress in the rods.
The shot-peening depth and bending angle, on the other hand, play a mi-
nor role.

Given that growing rods undergo several plastic loadings, the model has
demonstrated the importance of choosing the appropriate work hardening
type to reproduce measured stress fields. For Ti-6Al-4V, selecting a kine-
matic hardening law is essential. To guide material selection towards fur-
ther improvement in their fatigue strength, a reduction of the yield point
while promoting kinematic hardening seem promising. Shot-peening is a
good practice aiming at reducing internal stress but the subsequent bend-
ing process significantly modifies the stress level. As rods are slightly bent,
the stress level increases suddenly while it tends to level off for larger an-
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gles, suggesting that if surgeons need to bend the rod, they can apply any
angle with similar outcomes.
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Figure 9.2 Identification of the major and minor parameters to introduce
compressive stresses at rod surface based on the numerical model devel-
oped in Chapter 4.

Using the aforementioned setup, the impact of plastic deformation (asso-
ciated to shot-peening and bending) on fatigue resistance was experimen-
tally evaluated in Chapter 6. After a comparison of failure patterns with the
in-vivo broken rods, two fatigue protocols were tested: (i) a series of force-
controlled tests supposed to mimic solicitations where the child imposes
a specific bending moment to the rod, for example when carrying a load
(Figure 9.3a), and (ii) a series of strain-controlled tests which represent ac-
tions of the child of a given amplitude, such as dressing up in the morning
(Figure 9.3b). As in the literature, a decrease in strength between straight
and bent rods was observed in the force-controlled protocol. However,
and perhaps most importantly, the main outcome of this study is that con-
toured rods show identical levels of fatigue resistance whatever the bend-
ing angle. As concerns the influence of the shot-peening process on fatigue
resistance, it turns out that the shot-peened rods (certified as growing rods)
fail approximately after 70,000 cycles, as compared to untreated rods (from
a non-healthcare supplier) which in some instances hold 3,000,000 cycles
without failure. The fatigue resistance of growing rods can thus be related
to a frequency of in-vivo solicitation of 1 every 10 minutes. The better fa-
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tigue life of untreated rods raises the question of the importance of the
various parameters influencing fatigue life.
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Figure 9.3 Fatigue results from Chapter 6: (a) for a force-controlled pro-
tocol (F=1470N) and (b) for a strain-controlled protocol (€=0.011).

All the work suggests that, contrary to our initial expectations, the level of
stress in the rods is not enough to predict directly their fatigue life. As
illustrated by Figure 9.4 a presumed relative importance degree among
the various parameters emerges when compiling results from Chapters 4,
6 and from Appendix A. First, polishing shot-peened rods has led to a clear
improvement in fatigue properties: Roughness should therefore be ad-
dressed in priority by ensuring the smoothest surface finish. The choice
of rod contouring during surgery comes second in terms of importance.
This choice (i.e. keeping the rod straight or bending it), as already men-
tioned in the literature and confirmed by controlled force tests, reduces the
life expectancy of the rods by significantly increasing the level of internal
stresses in the rod as well as by decreasing their yield strength. At a rela-
tively similar level of importance, we find the amplitude of shot-peening.
Apart from the roughness increase induced by the process, the compres-
sive stresses introduced at rod periphery can significantly increase fatigue
resistance in straight rods. However, this improvement is not as marked
once the rods have been plastically deformed during bending. Material
selection is placed at the next level. Among the materials used for grow-
ing rods nowadays, Ti-6Al-4V already has a high endurance limit (as com-
pared to Co-Cr or TiCP2). However, one can hope to improve the fatigue
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strength of bent rods by adapting the microstructure of the alloy so as to
develop a maximum of residual stresses in compression. Finally, consid-
ering contoured rods, the bending angle does not affect significantly their
internal stress state nor their fatigue resistance.

Roughness Straight or
contoured Shot peening .
amplitude Material

selection

Figure 9.4 Presumed classification of the importance degree of various
parameters on growing rod lifetime.

As indicated above, a more in-depth study of the roughness of the grow-
ing rods, considering realistic ways of improving their surface condition,
seems to be a priority. A study comparing straight and bent samples with
different surface conditions (in terms of roughness and internal stresses)
would allow assessing the relative importance of these different parame-
ters. Future work could also focus on other techniques used commonly
by surgeons, e.g. contouring correction (by de-bending) or multiple adja-
cent bending to achieve larger angles. The advantage of this type of study
is that the solutions found can be implemented rapidly, as they depend
solely on the surgeons’ practices. The development of an optimized mi-
crostructure, in biocompatible materials, for improving fatigue resistance,
is a technical challenge left for future considerations as it would require
more time before being implemented at an industrial scale. Finally, the de-
veloped fatigue setup paves the way for a wide range of analyses on differ-
ent materials with multiple plastic deformation backgrounds. At first, one
could study materials with different hardening modes as their respective
strain-hardening mechanisms could induce variation in fatigue resistance.
Moreover, fatigue resistance increases with tensile strength and ductility.
As these properties are usually a trade-off, the question arises whether one
of them has a predominant influence on the fatigue resistance of bent com-
ponents.
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9.2 Geometrical imperfections in long metallic components

The analyses of the presence of necking in components displaying geo-
metric inhomogeneities, carried out in Chapter 8, showed that the analyt-
ical and numerical methods were reliable for predicting the strain levels
obtained experimentally by DIC. The origins of the variations in the de-
formation field have been perfectly identified and explained as illustrated
by Figure 9.5. Subsequently, the adimensional geometric parameters that
have the main effect on strain development were identified, and include
cross-sectional variation (i.e. imperfection depth) as well as the ratio be-
tween diameter and width. The depth of the imperfection was also found
to be the most significant effect on the total elongation capacity of a struc-
ture loaded in uniaxial tension.

Although these results cannot be directly applied to biomedical applica-
tions such as stents, they do contribute to a better understanding of funda-
mental principles such as the development of a localization phenomenon
within an inhomogeneous metallic structure. They could subsequently be
adapted to smaller, more complex structures such as stents or structures
dominated by elongation. Indeed, going down to smaller scales, the ratio
between volume and free surface decreases, which is known to have an
effect on the mechanical behavior of structures. One can wonder if surface
effects could influence necking dimensions and if the geometric parame-
ters of an inhomogeneity would have similar effects.
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Figure 9.5 Overview of the results obtained in Chapter 8.
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A | Fracture mechanisms in growing rods

Introduction

The management of progressive early onset scoliosis (EOS) is a challenging
medical issue. The treatment should produce and maintain a correction
without interfering with the spinal growth and lung development [173].
A surgical treatment is considered in case of brace/cast treatment failure
or of contraindication [174, 175]. Growth-friendly techniques were pro-
gressively developed and non-fusion procedures (growing rod based tech-
niques) are now commonly used for the management of evolutive EOS,
unresponsive to conservative treatment [57, 175, 176].

Fusionless surgeries exhibit high complication rates, whatever treatment
modality, as reported by [173, 177-179]. Fig. A.1 shows an example of a
growing rod fracture through a comparison of X-rays at the time of inser-
tion and after fracture. The consequences of a growth-rod failure are quite
dramatic. They lead to severe pain, to a loss of the scoliosis correction
and to the need for a new invasive surgery. Such failure events have been
described by different authors (e.g. [72, 177]), but the underlying failure
mechanisms are still poorly understood. Yang et al. studied 86 stainless
steel or titanium alloy broken rods from both single-rod and dual-rod con-
structs in 49 patients and determined the fracture location based on X-ray
images [72]. The most common fracture locations were above or below the
tandem connectors (34 out of 86) and near the thoracolumbar junction (35
out of 86). Standard dual growing rods, hybrid growing rods with rib an-
chors proximally and spine anchors distally, and vertical expandable pros-
thetic titanium rib are the most commonly used techniques. Single grow-
ing rod techniques exhibit a higher complication rate compared to dual-rod
constructs [180]. Regarding the failure of dual-rod constructs, Yamanaka et
al. observed fatigue crack patterns and suggested that these fatigue cracks
occurred during rod use, whereas the application of a large external stress,
during falling or twisting movements, was responsible for final rod frac-
ture [73]. According to Agarwal et al. studies [71, 96], the stress distribu-
tion and stress amplitude depend on various factors including the scoliotic
curvature and the loading conditions during the distraction events. Ac-
cording to their model, the stress in the rod reaches from 85 up to 810 MPa
depending on the frequency and amplitude of the distractions and on the
spine curvature. In a very recent study, Agarwal et al. discussed the link
between high stress regions and fracture locations in dual-rod constructs
[181]. Based on finite element analysis (FEA), it was concluded that these
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regions coincide and are located on the posterior surface of the rods, close
to the distal anchors and at mid construct level [181].

Proximal
screw

Figure A.1 X-ray of patient “1” with EOS before surgery (left), with H352
construct (middle) and rod failure (right).

In the present study, we investigated broken growing rods removed after
diagnosis of fracture. These rods are made of three different materials:
Ti-6Al-4V alloy, pure Ti grade 2 (Ti Cp 2) and Co—Cr alloy. The specific
construct used by our team is composed of a single-rod and is called the “3-
hook & 2-screw” (H3S2) construct [64, 182]. This construct is often selected
for progressive scoliosis in skeletally immature patients. It involves no
connector and a reserve located distally for future lengthening.

The first objective of the research is to unravel the mechanisms of fracture
and to investigate the factors that control the failure process. The second
objective is, based on the analysis of the failure mechanisms, to deduce
strategies to guide towards novel practices that can reduce the risk of frac-
ture. For this purpose, scanning electron microscopy is combined to X-ray
analysis and to an analytical beam model to determine the failure mecha-
nisms as well as to estimate the magnitude of the forces at the origin of the
fracture process. This analysis finally motivates the formulation of several
failure mitigation strategies.
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Materials

Seven broken rods from three patients were analyzed. Patient “1” fractured
one rod, patient “2” broke two rods and patient “3” broke four rods. The
rods were rapidly removed after radiographic diagnosis. All patients were
males treated for severe EOS, with mean age at first surgery of 8.1 years
[6.2-10.9]. All three patients had a right thoracic primary structural curve
according to Lenke’s classification [183].

No patient had thoracic hyperkyphosis as the antero-posterior curvature
of the thoracic spine was always in the range [10° — 34°]. A H3S52 con-
struct on a single sub-muscular growing rod was selected for each surgical
procedure, as described by [64, 182]. The CD Horizon ®Legacy ™ device
(Medtronic, Memphis, TN) was used. The Cobb angle is used to quantify
the severity of the spine deformities. The patient is considered scoliotic
when the Cobb angle exceeds 10°.

The Cobb angle was corrected from 50° to 26° for patient 1, from 48° to
43° for patient 2 and from 102° to 35° for patient 3. The initial correction
was maintained owing to rod lengthening (involving a surgical step) per-
formed when a 10° increase of the Cobb angle was observed. The average
number of instrumented vertebral segments was equal to 11 [10-13]. The
mean duration between insertion and fracture was 13.9 months [4.8-29.6].
The mean body mass index (BMI) at surgery was 16.5 kg/m? [14.8-18].
Table A.1 provides all relevant data about the H3S2 constructs and rod
characteristics.

An additional rod made of the alloy Ti-6Al-4V with 5.5 mm diameter, pur-
chased from Medtronic Sofamor Danek under the trade name CD Hori-
zon® Legacy™ System, was used to perform bending fatigue tests.

Methods

X-ray analysis

Posteroanterior (PA) and lateral X-rays, performed using a flat panel sen-
sor (Konica) and a picture archiving and communication system for the
archiving of the images (Carestream), were analyzed to identify the loca-
tion of the crack initiation process. Five geometrical parameters, identified
in Fig. A.2, can be extracted from the post fracture X-ray radiography pro-
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Table A.1 H3S2 constructs and rods characteristics. The rod materials
are made of a titanium alloy Ti-6Al-4V, a pure titanium grade 2 (Ti Cp
2) and of a cobalt-chromium (Co-Cr) alloy. The H3S52 construct extends
from thoracic (T) spine to lumbar (L) spine. The time elapsed between rod
insertion and rod fracture (rod survival time) is given.

Patient1 Patient 2 Patient 3
Rod Rod Rod Rod Rod Rod
1 2 1 2 3 4
Rod material Ti Ti Ti Ti Ti TiCP2 Co-Cr
Alloy  Alloy Alloy Alloy Alloy

Rod 5.5 5.5 5.5 5.5 5.5 6.35 5.5
diameter
(mm)
Instrumented from T5 from T4 from T3
levels to L2 toL1l to L3
Rod
survival 17.7 224 29.6 4.8 8.4 7.1 7.3
time
(months)

file of the patients to be used in the beam model. The length of the spine
(Lspine) is defined as the distance between the apexes of the lumbar lordo-
sis and the cervical lordosis. The apexes of the spine are measured along
a curved line passing through the center of each of the bodies of vertebrae
(Fig. A.2). The sagittal sinuosity of the spine (Jspin) is defined as the dis-
tance between two parallel lines, one line being tangent to the two apexes
of the lumbar and cervical lordoses and the other line being tangent to the
apex of the dorsal kyphosis. Xj is the distance between the apex of the
lumbar lordosis and the proximal screw. Xy, is the distance between the
proximal screw and the fracture location. L,,; is the distance between the
proximal screw and the distal pedicular hook.

The post fracture X-ray radiography profiles of the patients were analyzed
using the Image] v1.48 software (Image] v1.48, 2014, NIH Image, USA) in
order to determine the five parameters defined above. The scaling refer-
ence is the diameter of the rod given in Table 1. This reference is used to
evaluate the conversion between the pixels and the real length.
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Figure A.2 Post fracture lateral X-ray radiography of patient 1, 3rd rod,
with the representation of the five characteristic lengths to be used in the
beam model. The yellow line connects the center of vertebrae bodies.

Microstructure analysis

The microstructure of the three rod materials was characterized based on
metallographic cross-sections taken parallel to the rod axis. The prepara-
tion involved grinding and polishing with diamond suspensions followed
by a 20-min silica suspension step for the Ti materials and by a 2-min alu-
mina suspension step for the Co—Cr alloy. The titanium microstructures
were revealed after etching, which consisted in 30-s immersion in a 3 mL
HF, 6 mL HNOj3, and 91 mL water solution. The Co-Cr specimen was im-
mersed 15 min in 40% HF, followed by a new 10-min alumina suspension
polishing.

Micrographs were taken using scanning electron microscopy (SEM) (Ultra-
55 FEG SEM, Carl Zeiss, Oberkochen, Germany). The three materials were
characterized using backscattered electron detector (AsB) with an acceler-
ation voltage of 20 kV.

Fracture surface analysis

Both pieces of in vivo fractured rod were compared to the corresponding
PA and lateral X-rays in order to determine the orientation of the fracture
surface with respect to the patient. All samples were cut 1 cm away from
the fracture site using a water cooled saw (RGA commodore 300, Meylan,
France). The fracture surfaces were analyzed by SEM. The SEM images
were compared to PA and lateral X-rays to correlate with the direction of
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the forces acting on the rod.

Fatigue tests

Prior to the laboratory fatigue tests, a Ti-6Al-4V rod was cut into three
specimens of 10 cm length and subsequently bent by a surgeon using a
French rod bender following the surgical practice as closely as possible.
Bending angles were measured with a profile projector (Mitutoyo PJ 300,
Mlinois, USA). The specimens were bent with different angles equal to
4°29/,10°32" and 13°02.

The fatigue tests were performed on a hydraulic testing machine (Dartec,
15 kN) using the three-point bending setup shown in Fig. A.3. The bending
setup has three cylindrical supports with a diameter of 6.35 mm. The span
between the two lower external supports was fixed at 4 cm.

Figure A.3 Three-point fatigue bending setup with a sample bent at an
angle a using a French bender prior to fatigue test. The span is equal to 40
mm. Selfheating was monitored to avoid variations of more than 5°C in
the central part.

Force-controlled experiments were carried out at a frequency of 10 Hz on
all samples. The loading conditions were set to reach a maximum stress
inside the rod varying from 10 to 90% of the yield stress of the material,
i.e. 100-900 MPa, giving an R ratio equal to 1/9. The number of cycles
to failure was determined when detecting a sudden variation in crosshead
displacement at fracture event and was rounded to the nearest thousand.
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Results

Microstructures of the three rod materials

The microstructures of the three materials presented in Fig. A.4 correspond
to cross-sections taken parallel to the rod axis (i.e. horizontal direction in
the micrographs).

Figure A.4 SEM micrographs of axial microstructures from rods made of
(a) Ti-6Al—4V alloy, (b) Ti Cp 2 and (c) Co—Cr alloy.

Fig. A.4a shows that the Ti-6Al-4V alloy is made of two phases: an a
matrix composed of isotropic grains with a mean grain size of 3 pm to-

gether with smaller elongated f grains with a mean grain size of 0.5 nm.
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The volume fraction of the § phase is equal to 5%. In the case of the
Ti Cp 2 (Fig. A.4b), the microstructure is equiaxed with a mean grain
size of about 10 ym. Most grains at the rod surface present twins, as
shown in Fig. A.5, which indicates a plastic accommodation associated
to a shot peening process often used to increase fatigue resistance [41]. Fi-
nally, the Co—Cr alloy also presents equiaxed grains with an average size
close to 40 um with twins present over the entire diameter (see Fig. A.4c).
The equiaxed microstructure is obtained by thermal treatment after wire-
drawing/extrusion process.

Figure A.5 SEM micrograph of twins at rod surface of Ti Cp 2.

X-ray characterization

Table A.2 reports the location of fracture initiation for each patient ex-
tracted from the X-ray images. Table A.3 summarizes the values of the
characteristic lengths measured as explained in the Methods section and of
the average for all seven patients. Individual patients’ data are provided
in the Appendix.

Table A.2 Fracture location expressed as spine level, including thoracic
(T), lumbar (L) and intervertebral disk (IV disk).

Patient1 Patient2 Patient 3

Rod Rod Rod Rod Rod Rod

1 2 1 2 3 4
Fracture T12-T13 T12 T12 L2 L1 T11-T12 Ti12-L1
Location IV Disk IV Disk 1V Disk
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Table A.3 Average values with standard deviations of the five charac-
teristic lengths (see Fig. A.2) extracted from X-ray for the 7 patients. All
distances are given in centimeters.

5spine (cm) Lspine (em)  Xj(em)  Lyog (em)  Xgraet (cm)
55£1.1 359+21 90+10 143£17 19+18

SEM fractography of in vivo broken rods
Ti-6Al1-4V

Fig. A.6 shows typical fracture surfaces of Ti-6Al-4V rods. The five
Ti-6Al-4V rods involve similar fracture patterns.

Fig. A.7a shows that the surface is covered by curved and striated marks
known as “clamshell marks”. These constitute the usual imprints of suc-
cessive arrests of a propagating fatigue crack. Other lines, only found on
the dorsal side, originate from the posterior surface and align perpendic-
ular to the clamshell marks. These lines are called “ratchet marks” (see
also Fig. A.6), indicating the intersection locus of two cracks propagating
in different planes [184] and proving thus the existence of multiple crack
initiation sites [185]. Four out of the five rods exhibit a slant region, on
both left and right sides. These so-called “shear lips”, observed in Fig. A.6,
develop when a crack approaches a surface due to plastic localization in
45° inclined bands [185] and lead to a shear-type ductile mechanism.

In the center, the clamshell profile evolves into a set of striations covered
with small dimples as observed in Fig. A.7b and known as “fatigue dim-
ples”. This pattern indicates a transition of the fatigue propagation mecha-
nism [186], to a low-cycle fatigue mechanism caused by ductile void grow.
This last mechanism involves relatively large crack advance at each cycle,
quite similar to a static ductile failure .

TiCp2

The fracture surface corresponding to a Ti Cp 2 rod shown in Fig. A.8 ex-
hibits ratchet marks on the dorsal side as well as clamshell marks. Lines
perpendicular to clamshell marks were also observed, originating from
the crack initiation site. These so-called “river marks”, similar to ratchet
marks, indicate the confluence of different crack propagation planes [184].
The final fracture zone exhibits a small shear lip between the ventral side
and the left side.
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Figure A.6 Top image: SEM micrographs of the fracture surfaces of a
broken Ti-6Al-4V rod. The lower part of the broken rods is on the left,
the mating counterpart is on the right. Bottom image: schematic represen-
tation of the spreading of the fatigue cracks along the two corresponding
fracture surfaces.

CoCr

A long ratchet mark can be observed on the fracture surface of the Co—Cr
shown in Fig. A.9, starting in the middle of the dorsal region and end-
ing near the rod center. As indicated in Fig. A.10a, river marks can be
found on both sides of the ratchet marks with small striations. The rest of
the fracture surface exhibits a flat topography suggesting that the propa-
gation direction was repeatedly deviated. The intermediate magnification
of Fig. A.10b reveals transverse cracks and the higher magnification (Fig.
A.10c) shows striations parallel to each other, with direction varying from
one grain to another. This indicates a relatively brittle transgranular fa-
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Figure A.7 SEM micrographs of the fracture surface of a broken
Ti-6Al-4V alloy rod; (a) clamshell marks in the dorsal side of the surface
of the rod; (b) fatigue ductile dimples between the two shear lips; (c) inver-
sion of the clamshell marks curvature surrounding the final fractured zone
in the ventral side of the rod.

tigue mechanism. The comparison between the SEM micrographs with the
corresponding PA and lateral X-rays shows that, in all investigated rods,
cracking initiates on the dorsal side and propagates towards the ventral
side, with a tendency to deviate along the left side (bottom images in Figs.
A.6, A8and A.9).
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Figure A.8 Top image: SEM micrographs of the fracture surface of a bro-
ken pure titanium rod. The lower part of the broken rod is on the left,
the mating counterpart is on the right. Bottom image: schematic represen-
tation of the spreading of the fatigue cracks along the two corresponding
fracture surfaces.

Laboratory fatigue tests

The number of cycles to fracture was extracted from laboratory fatigue
bending tests performed on Ti-6Al-4V rod specimens under a maximum
stress equal to 90% of the yield stress. Fracture occurs after 369,000 cycles,
162,000 cycles, and 163,000 cycles for bending angles equal to 4°, 10° and
13°, respectively.

Fractographies of the broken 10° bent rod are presented in Fig. A.11. No
ratchet marks are observed close to the initiation site. The fracture surface
involves an area covered with beachmarks (Fig. A.11lc), expressing a rel-
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Figure A.9 Top image: SEM micrographs of the fracture surface of a bro-
ken Co-Cr alloy rod. The lower part of the broken rod is on the left, the
mating counterpart is on the right. Bottom image: schematic representa-
tion of the spreading of the fatigue cracks along the two corresponding
fracture surfaces.

atively brittle mechanism of initiation during the first stage of the fatigue
process, followed by larger striations covered with dimples (Fig. A.11d),
indicating a transition to a more ductile low-cycle fatigue failure mecha-
nism. Finally, shear lips are present on both sides. The mechanisms are
quite similar to the one observed in the in vivo rods, especially for the low-
cycle fatigue part.

Analytical beam bending model of the spine

The model considers a healthy spine with no scoliosis. The shape of the
spine between the apex of the lumbar lordosis and the cervical lordosis is
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Figure A.10 SEM micrographs of the fracture surface of a broken Co—Cr
alloy rod; (a) river marks on the dorsal side of the surface of the rod; (b)
transverse cracks from the center of the surface to the ventral side of the
rod; (c) fatigue striation at the scale of a single grain exhibiting a stair-step
morphology.

approximated, as shown in Fig. A.12, by a perfect sinusoidal function with
a periodicity equal to Lgpn. and an amplitude equal to iy / 2:

Ourri
5(x) = Sg""cos( 2

Lspine

(x+ X1)> . (A1)
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Figure A.11 (a) SEM micrographs of the fracture surface of a 10° bent rod
after laboratory fatigue testing (Ti-6Al-4V alloy); (b) schematic represen-
tation of the spreading of the fatigue cracks; (c) fatigue striations close to
initiation site; (d) fatigue ductile dimples between the two shear lips.

The rod is approximated by a beam with a circular section of radius R,,4.
The rod follows the sinusoidal shape of the spine between the upper prox-
imal screw and the distal hook. The lower fixation of the rod in the lumbar
vertebra is approximated by an embedment acting with a vertical force Fy;,
a horizontal force F;; and a bending moment M. In the same way, the up-
per fixation imposes a vertical force F, a horizontal force F; and a bend-
ing moment M. Due to the mobility of the hooks in the upper fixation,
M, is considered negligible and taken equal to zero. The rod is assumed
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Figure A.12 Schematic representation of the spinal column model.

defect free with no stress concentrator.

Using classical beam bending theory and applying the equilibrium condi-
tions (the complete derivation is given in the Supplementary material !),
the tensile stress on the dorsal side of the rod is equal to

F vZRrod &
Irod F 02

+ 5<Lrod) - 5(36) + @(Lrod - x) - sz (A.Z)

Osurf = ’
f Fy Arod

where I,,; is the second moment of inertia of the rod equal to ano /4
and the cross-section area of the rod A,,; is given by A,y = anod. By
differentiating Equation A.2 with respect to x, the position of the maximum
tensile stress (Xgmax ), is found by solving

th (Sspine 27T . 27
= = sin X +X1) |- A3
Fyp 2 Lspine Lspine ( ome 1) ( )

lavailable online at https://www.sciencedirect.com/science/article/pii/
S51751616121003015
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As a first lower bound approximation, we assume that fracture occurs at
the position corresponding to the maximum tensile stress (X fqct = Xomax)
when the tensile stress along the dorsal part of the rod reaches the fatigue
endurance limit o,,,; of the rod material (i.e. when 0y4x = 0y,4). Equation
A.3 gives the ratio of the two critical forces (Fj, and Fy) that would po-
tentially lead to fracture of the rod. From this ratio, one can estimate their
intensities from (with M, = 0)

o, F 1
Fp = Rend ‘S(Lrod) - ‘S(xfmct) + £<Lrod - xfract) ~— T (A4)
rod Fyp Arod

Lrod

The endurance limit is a material property that depends on a large number
of parameters related, among others, to the processing conditions and to
the resulting microstructure, surface state, temperature, and/or presence
of internal stresses. The endurance limit defined at 107 cycles is equal to
655 £ 136 MPa for Ti-6Al-4V [107, 187-194], to 286 £ 39 MPa for Ti Cp
grade 2 [188, 191, 194, 195], and to 462 + 231 MPa for Co-Cr [107, 188, 193,
196-199]. The uncertainty in the measurements and the dispersion on the
values of ¢,,; have been taken into account through an error propagation
analysis.

Knowing x ¢4 from post-fracture X-ray radiographies, F,; and Fj, can be
calculated for each patient by solving Eqns A.3 and A.4: F,, varies from
171 to 424 N, and F, varies from 79 to 152 N. The mean value and the
standard deviation of F;,» and F; are presented in Fig. A.13.

An interesting outcome of the model is the possibility to predict the risk
of failure of a construct and the position of the maximum stress in a rod
directly from the geometrical data extracted from an X-ray radiography
(Ospines Lspines X1, Lyoq) and on the forces acting on the rod (Fy; and Fp).
If F,; and Fy, are known, the location of the point of maximum stress in
the rod (Xgmax) can be calculated using Eqn A.3. Due to the periodicity of
the sinus function, solving Eqn A.3 leads to a multiplicity of solutions for
Xomax and one should carefully select the appropriate one.

This approach was used to predict the position of the maximum stress in
a rod and the amplitude of the maximum stress for a hypothetical patient
with geometrical dimensions taken as an average of the 3 patients of this
study (dspine = 5.5 cm, Lgpiye = 36 cm, X3 =9 cm and Loy = 14 cm). The
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Figure A.13 Vertical and horizontal forces responsible for the fatigue
fracture of the rods calculated from the model at the x,; position. The
error bars represent the standard deviations.

variation of the maximum stress on the dorsal side of the rod as a function
of F and Fy, is shown in Fig. A.14 along with the endurance limit of the
three materials investigated in this study.

The horizontal forces have a larger influence on the attainment of a critical
stress state in the rod compared to the vertical forces. This phenomenon
is due to a lever effect and is proportional to the lever ratio L,,;/d,04—0,
3r04—0 being defined as 6(L,,4) — 6(0), which is roughly equivalent to the
ratio Lspin, /5spine-

The model addressed above aimed at representing the mechanical response
of a rod in a H352 construct in the sagittal plane. The estimates are based
on X-ray measurements and fractography analysis. The model has sev-
eral limitations such as: (i) the residual stress field and the indentation
marks coming from the contouring process are not taken into account, nei-
ther stress concentrations close to anchorages; (ii) M; is neglected because
hooks are used at the top fixation systems, while this hypothesis would be-
come incorrect if only screws were used; (iii) torsion motions were not con-
sidered but fractographies indicate that failure events were dominated by
anteroposterior bending; (iv) the spine curve between the apex of the lum-
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Figure A.14 Variation of the maximum stress in the dorsal side of the
rod as a function of the imposed forces Fj, and F;p at the upper hook for
Ryoq = 5.5 mm, spiye = 5.5 cm, Lgpine = 36 cm, X3 =9 cm and L,y = 14
cm. The endurance limit of Ti-6Al-4V alloy, Ti Cp 2 and Co-Cr alloy is
indicated in red. A positive value of the stress corresponds to a tensile
stress. The green surface represents a safe zone for a rod made of pure Ti.

bar lordosis and the cervical lordosis in the sagittal plane is approximated
by a perfect sinusoidal function; (v) the spine deformation in the frontal
plane, i.e. Cobb angle, is not considered because the model only represents
the rod geometry, and the rods are mainly bent in the sagittal plane, be-
ing straight in the frontal plane; (vi) stresses resulting from spine growth
are not taken into account. Considering these limitations, the predictions
should only be taken as semi-quantitative. Nevertheless, even though the
considered constructs were not identical, the predicted critical forces are in
agreement with results from previous studies [96, 200-202].

Discussion

Lifetime of the rods

The present investigation indicates that growth rods fail by fatigue as a
result of everyday solicitation related to basic movements such as sitting,
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playing, or getting dressed. In order to evaluate the solicitation frequency,
the number of cycles up to failure should be divided by the rod lifetime.
In our study, the resistance of Ti-6Al-4V rods tested in kyphotic config-
uration was around 200,000 cycles. Piovesan et al. performed four-point
bending fatigue tests on similar rods. In kyphotic configuration, rods run-
out 10° cycles without failure for a maximum stress level of 577 MPa. In
lordotic configuration, rods break after 2.4 x 10* cycles for a maximum
stress level of 944 MPa [75]. Stresses acting in vivo are not as regular as
in laboratory fatigue tests. We may consider that fatigue solicitation is a
combination of low and high stresses. Our fatigue tests invariably induced
900 MPa in Ti-6Al-4V rods, which is a high-stress level not far from the
yield stress. 2 x 10°cycles is thus probably a lower bound on the number
of cycles. The average lifetime of the seven broken rods after implantation
is 14 months. Only seven rods have been considered for estimation of the
average lifetime. Yang et al. found a larger average time before fracture af-
ter initial insertion, of 25 & 21 months, considering eighty-six broken rods
[72]. Assuming that the forces used during fatigue tests are of the same
order of magnitude as the one in the back of the child, this is equivalent
to a mechanical solicitation every 3 min associated to a bending moment
of 14.7 Nm applied to the rod. On this basis, solicitations playing a role
on setting the fatigue lifetime should occur over a time scale of the order
of a few minutes. A smaller frequency would have been linked to occa-
sional high intensity events, such as coughing or vomiting [109], whereas
a higher frequency would depict events occurring every second such as
breathing. The obtained frequency fits classical movements such as walk-
ing, squatting, jumping, which are regular movements in a child’s life.

The four broken rods in patient 3 exhibit a survival time shorter than for
the two other patients. This cannot be explained by a higher BMI, nor by
severe thoracic kyphosis (i.e. excessive outward curvature of the spine).
The high percentage of scoliosis correction could be a predisposing factor
but this was not investigated in our study.

Failure location

Thoracolumbar junction is an at-risk location due to stress concentration.
Smith et al. evaluated 30 patients with symptomatic rod fracture after pos-
terior instrumented fusion for adult spine deformity, with most fractures
occurring in the lumbar spine or thoracolumbar junction [94]. 35 of the 86
rod fractures analyzed by Yang et al. occurred in that region as well [72].
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Agarwal et al. concluded, using FEA, that at-risk failure regions are close
to distal anchors and at mid construct in dual-rod constructs. From X-ray
radiography analyses, it was found that all rods but one (rod 1, patient 3)
broke at the thoracolumbar junction. In patient 3, rod 1 failed at the level of
L2 vertebra, close to the thoracolumbar junction. Even if the type of grow-
ing rod construct can influence the location of the fracture initiation site,
thoracolumbar is certainly an at-risk location.

The fatigue cracks always initiate from the dorsal side of the rod and prop-
agate towards the ventral side, with a tendency to slightly deviate towards
the left side. This suggests that the rods break mainly because of repeated
action of a bending moment in the anteroposterior direction. Piovesan et
al. compared residual stresses in kyphotic and lordotic conditions. At the
thoracolumbar junction, rods are usually bent in lordotic configuration. In
this configuration, the stress state along the dorsal side results from two
tensile contributions: residual stresses induced by the contouring process
and extra stress induced by anterior flexural loading [75]. Tensile residual
stresses favor crack initiation, reducing rod lifetime. The bending process
induces residual stresses leading to an effective decrease of the fatigue re-
sistance in the thoracolumbar region. Residual stress after rod bending
affects rod fatigue performance [74]. As the spine experiences higher and
more frequent loads in flexion [203], rods contoured in lordosis and in-
serted at the thoracolumbar junction or in the lumbar spine would thus
be more susceptible to fatigue cracking due to residual stress contribution
[75].

Fatigue mechanisms

Multiple initiation sites are activated due to imperfections at the rod sur-
face. Fatigue cracks usually initiate in areas subjected to the largest cyclic
tensile stress. In addition, defects such as surface roughness, indentation,
pre-cracks, inclusions, or porosity favor crack initiation by acting as stress
concentrators [33]. These defects mostly originate from the manufacturing
process [65, 73]. Additional defects can be subsequently introduced during
rod contouring and manipulation by the surgeon [65, 68]. Bending instru-
ments such as the French rod bender and the in situ bender are known to
introduce shallow notches, affecting the fatigue resistance [65, 69, 76]. The
connection between the rod and the screws or hooks also creates perma-
nent marks [65]. The ratchet marks on the dorsal side of each rod denote
the presence of multiple initiation sites. No ratchet mark was found on lab-
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oratory fatigue rod fractography. In the studied laboratory configuration,
the crack initiates along the convex side of the rod. The surface on that
side of the laboratory fatigue specimens can be assumed defect-free as no
indentation marks were induced in this area during the bending process.

The Ti-6Al-4V rods all show evidences of striations after initiation, typical
of a crack tip plasticity induced fatigue mechanism, followed by a low-
cycle fatigue ductile stage and a final tearing step, independent of com-
position and diameter. In all materials, the final ductile tearing process
occurs when the crack is sufficiently long for the stress intensity factor to
reach the fracture toughness under a particularly severe load excursion.
This is consistent with previous studies on different spinal constructs, e.g.
Harrington rods [204], Harrington rod cervical stents [205], and posterior
rods [73]. Only the Co—Cr rod does not show the same plastic void growth
dominated failure stage.

Leaving aside the detrimental effect of the marks and surface defects (that
can potentially be mitigated), our calculations show that the observed fail-
ure events cannot be attributed to particular internal material defects or
to non-expected microstructural problems, but are the consequences of the
cyclic stresses generated in daily life which reach, at reasonable force lev-
els, the expected endurance limit.

Loading

The anteroposterior forces have different origins. Distraction is used to
maintain the correction of scoliosis, independent of the construct [57, 175].
The force required to straighten the spine is transferred to the rod as a com-
pressive and bending stress. The spine “pushes” on the rod with a force
that depends on the correction amplitude. Teli et al. showed a linear rela-
tionship between this vertical force and the distraction needed for scoliosis
correction [202]. Waugh added the effect of vertical forces during day-to-
day movements (20% increase while sitting and standing up), with peaks
during involuntary movements like coughing (206% increase) and vom-
iting (490% increase) [109]. The day-to-day physical activities of a child
(walking, running, jumping ...) are expected to increase these vertical
forces in a cyclic way. These forces, acting in a direction parallel to the rod
axis, are due to the constraint necessary to hold the correction of the scoli-
otic curve and to resist gravity. Associated, bending moment in the antero-
posterior direction may also occur because of anterior flexion movements
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of the spine. In our research, all three patients had a right thoracic primary
structural curvature without any thoracic hyperkyphosis. The vertical and
horizontal forces, responsible for each rod failure, have the same general
trend: vertical forces are two to three times larger than horizontal forces.
However, the horizontal forces play a dominant role on maximum stress
levels due to a greater lever effect in the structure.

Rod diameter

The effect of rod diameter on their lifetime is uncertain. During the con-
touring phase, Slivka et al. explained in their study that a larger diameter
leads to larger strains at the rod periphery for the same bending curvature,
which negatively affects fatigue resistance as larger diameter rods are then
more prone to fatigue crack initiation [74]. However, the same authors [74]
also pointed out that higher rates of fracture were associated to smaller
diameters. As a matter of fact, the key question is whether daily activi-
ties are force/moment-controlled or deflection/bending angle-controlled.
Force-controlled activity is typical of carrying dead loads, but a flexure to
reach an object is closer to deflection control. In our study, the effect of the
radius of the rods was not investigated experimentally as only one radius
was used for each rod material.

Material choice

The clinical objective when using a non-fusion growth-rod technique is to
minimize the risks of failure, as already identified in earlier studies [72,
94]. Fracture initiation is influenced by the defects and residual stresses
induced by the manufacturing process and preoperative handling. Before
being inserted in a patient, a rod is exposed to a succession of contouring
operations combined, in some case, with indentation marking. After inser-
tion in the patient, the rod is subjected to fatigue loading. As the bending
moment in the anteroposterior direction was identified as the main com-
ponent responsible for fracture, wearing an anti-kyphosis brace could be
seen as an alternative. However, a brace will only decrease the bending
forces due to anterior flexion movement of the spine. Therefore, it will, at
best, delay fracture, but not prevent it.

Selecting materials with a higher fatigue endurance limit only is not suf-
ficient to prevent rod failure nor does it guarantee a longer lifetime of the
rod. Indeed, regarding patient 3, while Ti-6Al-4V exhibits a larger en-
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durance limit compared to Co—Cr rods, both were used and showed a
similar lifetime. Some studies specifically investigated the fatigue life of
contoured rods [65, 74, 94, 110, 206]. Co—Cr rods showed superior fatigue
performance compared to Ti alloys, but both lead to failure issues. The op-
timal material should thus have a high fatigue endurance limit and keep it
after the contouring process.

The stiffness of the construct is also important to consider. As already
touched upon above, there is still an uncertainty regarding the dominant
(cyclic) loading mode of the rod by the patient. Whether it is mainly load-
controlled (i.e: the patient applies a given force on the rod) or displacement-
controlled (i.e. the patient applies a given deflection on the rod) is not
precisely known. If we assume that growth rods are being loaded in a
displacement-controlled mode, the stiffness of the Co—Cr alloy (210-220
GPa) being larger than those of the alloys Ti-6A1-4V (110-119 GPa) and
Ti Cp 2 (100-105 GPa) [207], the Co—Cr rod will undergo proportionally
larger stresses (for similar diameter).

This illustrates the complexity of material selection for a growth rod ap-
plication. A fail-safe material should have a high fatigue endurance limit,
which is related to a high yield stress (the endurance limit is typically equal
to 1/3 of the yield stress). A high yield stress makes the contouring pro-
cess more difficult as the surgeons will need more force for bending and
may worsen the indents and thus the defects favoring fracture initiation.
Vice versa, a high yield stress guarantees the absence of plastic bending
induced by the movements of the patient. A moderately low elastic mod-
ulus is preferable to favor an elastic behavior, but it should not be too low,
otherwise the correction cannot be maintained (or at the expense of a very
thick rod). Future developments should thus focus on selecting new ma-
terials with higher strength, strong enough to hold the scoliosis correction,
and compliant enough to allow enough spine mobility. This ideal material
should resist marking, which means that no or minimum surface defect
is induced by the rod contouring or by the connection to the screws and
hooks. An option could be offered by new generations of metallic glasses
with very high strength and large elastic deformation potential, but only if
they can be made less brittle through different types of ductilization mech-
anisms (e.g. [208]).

In the meantime, alternative solutions exist to improve lifetime based on
predictive patient-specific models. One could adapt the rod geometry at
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the critical sites. Cui et al. [209] indeed demonstrated better biomechan-
ical performance for square cross-section rods compared to circular cross-
section rods. A second solution would be to use pre-contoured rods with
internal stress relaxed by adequate thermal treatment or, alternatively, by
compressive internal stress pre-induced at the predicted location. The de-
velopment of advanced predictive models to guide practice optimization
is currently under study based on both finite element methods and fatigue
tests.

Conclusions

Growing rod fracture is a major complication of fusionless surgeries used
to treat early onset scoliosis. The fracture mechanism in seven growing
rods from patients with early onset scoliosis and treated by H3S2 construct
was analyzed relying on fractography, fatigue testing and beam theory.
The main conclusions of the analysis are the following;:

* Fracture occurs through classical fatigue mechanisms caused by a re-
peated bending in the anteroposterior direction, for all diameters and
material types.

* Fracture generally initiates at the thoracolumbar junction, but vari-
ous fatigue crack initiation sites were found on every rod, stemming
from imperfections presumably induced by the manufacturing pro-
cess and from rod contouring.

* The vertical and horizontal forces predicted based on the beam model,
combined to the number of cycles to failure determined from the lab-
oratory fatigue tests on pre-bent specimens, indicate that the fatigue
process is controlled by daily life activities taking place at frequency
in the minutes to a few tens of minutes range.

¢ The failure risks can be decreased by wearing an anti-kyphosis brace,
changing the intrinsic rod characteristics/materials (strength, com-
pliance, resistance to marking), adapting rod geometry and/or in-
ducing compressive stress at critical sites or using pre-contoured rods
with internal stress relaxed.
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Figure A.15 Geometrical characteristics of each patient.
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Appendix of Chapter 06 -
Hardening laws

Table B.1 Core and skin parameters for the kinematic hardening for Ti-
6Al-4V alloy for shot-peened rods (Medtronic) and untreated rods (Sa-
lomon).

Parameter | E[MPa] | op[MPa] | A[MPa] | B[—]
Medtronic
Core model 113000 1017 3955 20
Skin model 113000 565 6780 5
Salomon
Skin + core model | 113000 | 1017 3955 20
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Figure B.1 Cyclic stress - strain curves for the identification of the
isotropic hardening and kinematic hardening models: (a) for the core of
the rod compared to the tensile stress strain curve from experiment; (b) for
the skin of the rod.
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Supplementary of Chapter 6
- Fractographies

(a) In-vivo broken rod.

Figure C.1 Fractographies of Ti-6Al-4V broken rods in different configu-
rations.
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(b) 0°, shot-peened rod, tested experimentally in strain-controlled
configuration.

(c) 13°, shot-peened rod, tested experimentally in strain-
controlled configuration.

d)

(d) 3°, shot-peened rod, tested experimentally in force-controlled
configuration.

Figure C.1 Fractographies of Ti-6Al-4V broken rods (cont.)
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(e) 9°, shot-peened rod, tested experimentally in force-controlled
configuration.

(f) 0°, untreated rod, tested experimentally in strain-controlled
configuration.

(g) 5° untreated rod, tested experimentally in force-controlled
configuration.

Figure C.1 Fractographies of Ti-6Al-4V broken rods (cont.)
| 251



C | Supplementary of Chapter 6 - Fractographies

(h) 13°, untreated rod, tested experimentally in force-controlled
configuration.

Figure C.1 Fractographies of Ti-6Al-4V broken rods (cont.)
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Appendix of Chapter 8 -
Samples Dimensions
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Figure D.1 Geometry of the tensile specimen for x 4 parameter.
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Figure D.2 Geometry of the tensile specimen for x; parameter.
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Figure D.3 Geometry of the tensile specimen for x;p parameter.
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Appendix of Chapter 8 -
Mesh convergence analysis

Two additional simulations were run for the x? geometry with a coarser
and a finer mesh. Figure E.1 summarizes the dimensions of the 3 meshes.
The average element size used in the manuscriptis 0.06 x 0.06 mm, leading
to a distribution of 70 elements through the radius. The coarser mesh is
composed of 13 elements through the radius, of approximately 0.35 x 0.7
mm, while the finer mesh is composed of 130 elements through the radius,
of approximately 0.03 x 0.03 mm.

The resulting strain fields, illustrated in Figure E.2, show a good conver-
gence of the medium mesh as the strain profile is identical to the one of the
finer mesh. However, the coarser mesh is not able to capture correctly the
wavy pattern at the imperfection boarder. It was concluded that mesh size
used in the manuscript was sufficient to ensure good convergence of the
results.
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Figure E.1 Representation of 3 meshes in x3° geometry highlighting the
number of element along the radius and the average element size in mm.
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Figure E.2 Representation of the strain fields for 3 meshes in X%S geome-
try.
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