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Abstract

Testing the reliability of bonded joints in material assemblies is one
of the major subjects in the aeronautical industry. One of the methods
for characterizing adhesion is based on the study of the roughness of
the fracture surfaces of assemblies. In this study, the interest is focused
on the quantification of the adhesion of the bonded structure by the
corner cleavage test, allowing the study of crack propagation within
bonded assemblies. Optical profilometry measurements, obtained by
scanning the surface of the fractured surfaces of monoadhesives: ABT
M52, copolymer-doped and non-nanostructured AHT are used. The
aim of the profilometric study is to quantify surface roughness. To
go further than traditional methods of characterizing roughness, we
analyze the profiles using mathematical methods to confirm the ex-
perimental studies and extract more geometric information. We apply
various techniques of topological data analysis (TDA) to extract the
topological features of the profiles. These techniques recover experi-
mental elements in a quantitative manner. Persistence diagrams give
us a multi-scale characterization of the rupture facies, attesting the
voids, micro-cracks at nano-level, quantifying the maximum amplitude
of the peaks at micro level. We extract features vectors using persis-
tent images for each profile and we look for similarities in persistence
diagrams using Bottleneck and Wasserstein distances in perspective of
a machine learning application in a future study. Then the profiles
were studied by Takens embedding which will produce a point cloud
analyzed by homological persistence in order to produce indications
of periodicity or quasi-periodicity. This computational topological ap-
proach makes it possible to extract the essential characteristics of the
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surface and roughness of the profile of the adhesives in order to con-
clude on their toughness and fracture resistance.

Keywords -Roughness, topological data analysis, persistence diagram, ho-
mology, tenacity, adhesion, bonded assembly.

1 Introduction

Structural bonding to assemble different materials has become a major tech-
nique in the industrial world because it is interesting in terms of the cost of
lightening structures and aesthetics. However, the increase in the interval
of use of the seal in temperature remains a source of very pragmatic sci-
entific problem. New joint concepts whose properties are continuous along
the bonded surface have emerged. An adhesive joint, whatever its nature,
must be reliable in time and in service. The adhesion of the mono-adhesive
joints and of the joint with a gradient of properties by a corner cleavage test
is studied. The role of an adhesive joint is to ensure a continuous transfer
of stresses between the different materials that it assembles Hartshor [18];
Bolger et al. [5]. However, it is the glass transition temperature (T'v) of the
adhesive that determines the temperature range for which the bonded as-
sembly can be used. For a temperature well below its T'g, the adhesive is in
a glassy and brittle state. For a temperature well above its T'g, the adhesive
is in a rubbery and flexible state. In both cases, the adhesive cannot provide
optimal stress transfer.

The durability of the assembly can therefore only be ensured within an
interval around its Tv. This interval is called the Zone of Optimal Resistance.
When the service temperature falls within the ZRO of the adhesive, the
latter has an optimal ductility-stiffness couple. A bonded assembly will only
perform well over this limited temperature range. However, Hart-Smith [20]
proposed the concept of the Multi Adhesive Joint (JMA) in order to be able
to extend the ZRO of a bonded assembly. It is enough to combine in the
same joint two or more adhesives having different ZRO. A high temperature
adhesive (AHT) is combined with a low temperature adhesive (ABT). The
combination of the ZROs of ABT and AHT gives the Multi Adhesive Joint
an optimum resistance zone that extends from low to high temperatures.
Indeed, if the temperature is close to the Tg of the ABT adhesive, the two
adhesives participate in the transfer of charges between the substrates, the
AHT thanks to its high modulus and the ABT thanks to its ZRO. If the
temperature is close to the T'g of the AHT adhesive, only the AHT ensures
the transfer of charges between the substrates. The ABT is far from its ZRO
and its modulus is too low to participate in the resistance of the whole. Thus,
this combination should ensure better behavior of the bonded assembly over
a wider temperature range.



Structural adhesives are often brittle below their glass transition tem-
peratures. One way to make them more tenacious is to make them more
flexible, by micro-structuring them. Adding particles (based on rubber, clay
or thermoplastic polymers) allows the adhesive to dissipate more energy
during crack propagation and increases the toughness of the adhesive. By
microscopic observation of fracture patterns of mixtures of epoxy adhesives
and silicone particles, Pearson et al (Yee et al. [33]; Pearson et al., 1991 [23];
Pearson et al., 1993 [24]) list 4 crack propagation regimes: The crack can be
trapped by the particles (crack pinning). Trapping is due to a difference in
toughness between the matrix and the particles. The presence of particles
can deflect the crack, if not trap it. The surface created is greater when
the crack is deflected, which explains the increase in toughness. The crack
can in this case separate into several branches, which further increases the
surface created by its passage. Microcracks, located around the particles up-
stream of the crack head. Particles can also plasticize upon loading. On the
one hand, this plasticization phenomenon can cause a drop in their Young’s
moduli, which creates a contrast with the matrix and causes a stress con-
centration at the particle level. This phenomenon leads to the appearance
of shear bands in the matrix, mechanisms allowing a significant dissipation
of energy during loading, which results in an increase in toughness. The
particles can cavitate, creating cavities (voids) in the matrix which increase
the surface created by the passage of the crack.

One of the solutions to obtain a structuring at the submicron scale lies
in the addition of thermoplastic copolymer. Indeed, the nano-structuring is
done in this case by self-organization of the copolymers in the epoxy matrix.
The addition of copolymers to an AHT adhesive, chosen for its high Tv,
makes it possible to obtain an ABT adhesive, with higher tenacity but an
equivalent Tw. A wedge cleavage test on the adhesives is initiated in order to
assess their durability by studying their resistance to fracture. The roughness
of the various surfaces is studied on the raw profiles of cracked facies. Figures
2 show crack facies and corresponding profiles from O. Tramis’ experiments
[31]:

The main idea of this paper is to analyze these raw profiles by topological
data analysis methods, in particular with the use of persistent homology,
images persistence, Bottleneck and Wasserstein distances, sliding window
embbeding method.

Many physicists have been interested in the adhesion of assemblies with
in particular the corner cleavage test. Cognard [11] uses the wedge cleavage
test in an aggressive medium to show that it is the driving force behind
crack propagation. This test is commonly used to study the durability of
bonded assemblies see Hart-Smith, [21]. An assembly is then considered to
be durable if the crack remains cohesive in the adhesive throughout aging,
and does not propagate. In addition to the quality control test, this test



Figure 1: Cracked facies for the AHT and ABT M52 assemblies. The crack
stopped at the dotted line, for each assembly.
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Figure 2: Profiles measured by optical profilometry of AHT and ABT M52
assemblies.



also allows to study the evolution of an interface according to the type of
environment. It is one of the rare mechanical tests to be able to discrimi-
nate between two different surface treatments, with identical adhesives and
substrate. In the same way, this test is adapted to the discrimination of
adhesives, with identical substrates and surface treatment see Armstrong,
[2]. The wedge can be inserted continuously into the assembly [13]. The
substrates constantly experience loading, which causes several advances of
the crack. Moreover, the crack jumps are constant if the crack remains in
the adhesive throughout the test. Indeed, when the crack is at a standstill,
the wedge must be pushed in a certain amount to cause a crack jump. Once
this depth is reached, the crack propagates. To propagate the crack again,
the wedge must be pushed in an equivalent amount, which will cause a new
crack jump. With regard to the fracture surfaces of the assemblies, Chen et
al [10] were interested in the surface condition of the adhesives during crack
jumps. They showed that, during tests favoring a tensile opening mode, an
unfilled adhesive presented a corrugated fracture surface; For filler concen-
trations close to 10%, the fracture surface of a filled adhesive is less wavy.
This change in surface topography is attributable to the stability of crack
propagation. This stability depends on the phase angle tan_l(K 11/ K1),
which reflects the aperture mode mix. The smaller this angle, the more the
crack propagates in a straight line (smooth facies). The bifurcation of the
crack (wavy facies) therefore results from a mix of modes at the crack head.

Roughness is an essential characteristic of the state of a surface. Con-
cretely, the study of the profile of the fracture facies is an effective means
of quantifying the surface roughness and its influence on the adhesion of
the assemblies. Roughness profiles with many non-stationary characteristics
of high-performance mathematical methods are necessary in order to pre-
cisely characterize the topography of surfaces according to the properties
of assemblies. Known and well-honed measurement techniques in order to
characterize a profile, make it possible to measure the peaks and troughs
recorded over a given length and calculate the roughness parameters such
as: Ra, Rt, Rz. Where the arithmetic mean roughness Ra is the absolute
average of the profile values. The maximum profile height Rz indicates the
absolute vertical difference between the maximum height of the peaks and
the maximum depth of the valleys of the profile and total profile height. Rt
indicates the vertical difference between the maximum peak height and the
maximum valley depth over the profile.

The experimental study was carried out during Olivier Tramis’ thesis
[31], all the data in this article come from his thesis work. The maximum
amplitudes of the roughness peaks of the profiles were calculated during his
work. We then wanted to apply a mathematical method based on the topo-
logical analysis of [8] data on these roughness profiles in order to reinforce
the experimental results and learn additional information. Persistent ho-



mology enables rapid and robust analysis of complex data such as fracture
profiles. Its advantage is that it allows to characterize objects on large and
small scales.

In particular, persistence diagrams which summarized the outputs per-
sistent homology, are introduced in order to quantify micro and nano-level
peaks, voids and micro-cracks, all the topological structures of the fracture
facies. They group together a set of points, each point of which defines the
voids, cavities, peaks which are born at the abscissa  and disappear at the
ordinate y. Homological persistence has already been shown to be a robust
descriptor of roughness characteristics. Yesilli et al. [34] proposed an auto-
matic feature extraction from profiles surface with TDA based approach to
determine the level of roughness. Comparing its performance to traditional
method, their TDA based approach outperform the traditional signal pro-
cessing tools. Senge et al. [27] described the evolution of surface topography
for different shot peened surface usibg TDA. They demonstrate the avantage
of using persistence based parameters relative to existing surfaces roughness
parameters. In additional Machine Learning method Hasan et al. [19] ap-
plied TDA for analysing surface roughness at macro and nano scales. TDA
is used for analysing the contact of roughness surfaces. In [14] Duman et al
chose topological data analysis to describe hydrophobic surfaces and extract
morphological features from the AFM images.The voids, spherulites and fib-
rils of the crystallized polycarbonate (PC) surface studied are summarized
and quantified in the persistence diagrams. They extract feature vectors for
each persistence diagram using Bendich’s method for further use in PCA
and K means algorithms. These clustering methods shown that the surfaces
with high contact angle lie in the same cluster. In [32] Yamamoto analyzes
surface roughness using persistence diagrams by focusing on the life spans of
the islands and lakes, which follow power law distribution where the scaling
exponent vary according to the roughness of the surface.

This paper is organized as follows: In section 2 we will give an introduc-
tion to persistent homology as well as the different TDA techniques used.
Section 3 will focus on describing the experimental scope as well as the
methodology used. Section 4 is devoted to the results of the topological
study of adhesive profiles using persistence diagrams as well as the geomet-
ric structure of sliding windows embedding from the profiles. Finally in
section 5 we will conclude and open up to some perspectives.

2 Mathematical background

We describe the persistent homology analysis that we use in our study. We
present the general mathematical definitions necessary for the study of pro-
files.



2.0.1 Simplicial homology

Let V be a set of vertices, a simplicial complex on V is a set K composed
of subsets of V' (the simplices) such that any 7 € o, nonempty, 7 € K. the
dimension of a simplex dim(o) is the number of vertices of o minus 1.

K =1{0,1,2,3,[0,1],[1,2],]0,3],]0,1, 3]} is a simplicial complex.

If K is a simplicial complex, we denote by K, the set of simplices of
dimension n, we define the n-chains of K, these are linear combinations of
n-dimensional simplexes, It is convenient to work on the field (Z/2Z, +, x)
of integers modulo 2. Thus the n-chains are written formally by:

c= Z €r.0, with: €, € Z /27 (1)
ceK,

and form vector spaces over the field Z/27Z.
We can define the boundary of the n-dimensional simplex o,, = (po, p1, -..Dn):

n

8n0'n :Z(povph'“:@v'“pn) (2)
i=1

The operator 9,, expands to a linear map from C,(K) to C,—1(K) We can
verify that the boundary of the boundary of a simplex is zero:

On-100, =0 (3)
For exemple:
000([1,2,3])) =0([1,2] +[2,3] +[1,3) =14+2+24+3+1+3=0

A vector space sequence:

e Ca(K) 2% Cp (K) 273 Co o (K)o 25 Co(B) — O (4)

is a complex simplicial. The kernel and image of each linear map, 9, are
vector subspaces, the n-cycles: Z,,(K) represent the kernel of 6,: Ker(9,),
the n-edges: B, (K) the image of §,11: Im(9y+1. We have the inclusion:
B, (K) C Z,(K). A topological defect is the obstruction for an n-cycle to
be an n-boundary: it results in the non-nullity of the quotient vector space
(homology vector space H,(K)) given by:

Hy(K) = Zn(K)/Bn(K) = Ker(9,)/Im(n11) (5)

The dimension of each H;(K) is denoted: §;(K) = dim(H;(K)) and repre-
sent the betti numbers of the complex K.

The n-th vector spaces of homologies are finer invariants than the fun-
damental group. Indeed the fundamental group of a point and a sphere are



identically null: any loop, drawn on a sphere, can be retracted on a point.
Yet there is no homotopy retracting a sphere on a point, nor even a home-
omorphism. On the other hand, the second homology vector space of the
point is zero while that of the sphere is non-zero: the sphere is not a bound-
ary because it has no interior. The homology vector spaces of a simplicial
complezr are easily computable: we do linear algebra and matrix calculus,
this explains why it is these invariants that are used in practice.

2.1 Topological data analysis

Data analysis is to the study of a cloud of points in a Euclidean space. The
topological analysis of the data leads, to associate with the point cloud of a
filtration of simplicial complexes in order to calculate the invariants which
are the spaces of homologies of all dimensions, as well as the Betti numbers
which represent the dimensions of these spaces. Let us recall that the fact
of showing homology amounts to detecting all the independent cycles which
are not edges. Filtration is obtained by thickening the cloud of points by
considering the balls of epsilon rays around each of them. At the beginning,
the balls are very small and do not intersect. The topology is simple, the
simplicial complex contains only points and the topology comes down to
count the number of points corresponding to connected components. Then,
when epsilon increases, the balls around each dot begin to intersect.

If two balls intersect, we add an edge between their center, we build what
we call the nerves of the covering see Figure 3. If the intersection of three
balls is not empty, we add the simplex constituted by each of the centers of
these three balls etc...

O
€Y

Figure 3: Nerve of cover

For each value of increasing epsilon, we can therefore associate a sim-
plicial complex and calculate the homology at the resolution epsilon. We
will keep in this evolution, persistent homology see Fig 4. It will report
the topology of the point cloud. This is used in the rest of this article, to



interpret the analyzed data.
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Figure 4: Filtration showm with increasing values of € (top), bottom is the
corresponding persistent barcode on the left and persistence diagram on the
right. Each red bar and each red point in 0-dimensional represent the con-
nected components, the blue barcode and the blue points in 1-dimensional
represent the holes

Definition 2.1 (Nerve cover) Let be X a topological space, a cover of X is
given by the data U = (U;)1<i<n such that U U, =X.
1<i<N
The nerve of U is the simplicial complex with vertex {1,..N} and m-

m
simplices are the subset {iy,...im} C {1,...N} with ﬂ Ui # 0.
k=0

Now we introduce the principle of the Vietoris Rips complex that we will
use in our homological persistence calculations. The Vietoris-Rips Complez,
contains simplices of bounded dimension.

Definition 2.2 (Vietoris-Rips Complex) Given € > 0, the Vietoris-Rips
complex VR(X, €) with vertex set X and the parameter € is defined by:

{xl,xg, .’L‘k} S VR(X, 6) = Hxl — a:J|| <e€

10



foralli,j € {0,1,....,k}.

A filtration of a simplicial complexr K, is a nested sequence of subcom-
plexes starting at the empty set and ending with the full simplicial complex,
i.e.,

gCKyCKyC..CK,=K (6)

Then going back to the Rips complex

Definition 2.3 (Vietoris-Rips filtration) As € goes to 0 from oo the nested
sequence of Rips complezes VR(X,€) defines the Vietoris-Rips filtration.

2.1.1 Persistence module

We consider an increasing thickening sequence of X that denote a filtration:
X0 =X c x% ¢ X922 c X0k . (7)

We have the functor: X% — H;(X%!) acting from the category of sets in
the category of i*h-homology vector spaces. We calculate for each thickening
X0 Betti numbers,

Bo = dim(Ho(X%), B1 = dim(H (X)), 8; = dim(H;(X")...

At the sequence of inclusions:

X XO 1 X02 X03 X04 ) (8)
it corresponds by applying rhe i'h homology functors:

(Z ) (i 3)*

H (XO 0) (lo)* H (XO 1) H (XO 2) (12)* H (XO 3) H,L-(XOA)._. (9)

To the inclusion, corresponds linear map between vector spaces, in the
second sequence, we obtain a persistence module given by the sequence of
vector space:

(Hi(X"); o0,

with linear maps

(k) = Hi(XF) = Hi(X™))i<i

We can define the persistence: Let i,kg > 0, and consider a cycle ¢ €
H;(X0k0),

Its death time is: sup{k > ko/(iﬁo)*(c) # 0}.

Its birth time is: inf{k > ko/(i}°)7 ' (c) # 0}.

Its persistence is the difference:

P(e) = sup{k > ko/(if,)<(c) # 0} —inf{k > ko/(i}*) " (c) # 0} (10)

11



2.1.2 Morse homology

In our context, persistent homology (persistent diagrams, lifespan, persis-
tent images ...) has been adapted to function graphs representing profiles.
Thanks to Morse theory [15] which studies the topology of sublevel sets
for generic functions on simplicial complexes. It is interested in the critical
points of a numerical function. We consider a function of a real variable,
we are interested in the critical points that are not concretely degenerate,
the extrema of a function. Especially, we are interested in sets of sublevels
of fie Ry = f71(] —o00,t]). For a numerical function of a real variable,
the topology of the sets of sub-levels is captured by the connectivity when
we meet a minimum, an interval splits into two connected components. On
the other hand, when we pass by a maximum, two connected components
merge. We thus still have a notion of persistence: the time which separates
the creation of a new connected component named the birth time and its
disappearance named death time, and the persistence or lifespan is the dif-
ference between its death and birth time. Persistence diagram consists of a
one-to-one minimum-maxixum pairing see fig 5. In this paper, it is this func-
tional approach which is privileged. To illustrate this approach we consider
the sublevels of the function of a single real variable: f : I — R illustrated
by the graph below:

y

a [\ / a

o |\ [\ U '
N \J V

o Death

a, 3, 3 Birth

Figure 5: On the left example of a profile and on the right 0-th persistence
diagram associated.

We study the spaces : f~1(] — 00,a]) according to the growth of the
real a. On passage of a; a first connected component is created, then a
second on passage of as and a third on passage of as. The second connected
component ay disappears in a4, the two components al and as merge, only
one remains. Then the component ag disappears in a5, the two values are
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paired and called “the persistent pair” and are represented by a point in the
persistence diagram of the Figure 5. The persistence interval is therefore the
lifetime of the component a3 up to as. Finally, the persistence diagram is
given by interval: D = {(a1,a¢), (a2, a4), (a3, as)}.

2.1.3 Lifetime diagram and persistence image

Directly reading a persistence diagram for roughness profiles is not straight-
forward due to the complexity of the structure. So we extract feature from
persistence diagrams using different methods. We construct lifetime dia-
gram 7 and its vector representation called persistent image. Fig 6 illustrate
our method of computational persistence diagram and lifetime diagram for
AHT P1 profile. The persistent diagram in 0-dimensional and 1-dimensional
describes the coordinate pairs (a;, b;) which represent the birth and death
height of each peaks. We evaluate the maximum amplitude of a peak thanks
to the lifetime diagram. Each point of the persistence diagram (a;, b;) (on the
left) is projected onto Euclidean plane (right) via the linear transformation
(@i, b; — a;), where b; — a; is the lifetime of a peak.

Persistence Image AHT P1

Persistence diagram of Hp and H;
b o » 0.20
e |
0.20 4 ’
/
/
P 0.15
0.15 4 ol o
0 E
% /” H 010
3
& 0.101 P
/
L,
00543 s o005 ] ®
’ N - ®
L,
0,004 7 =
T T T 0.00 |
0.0 0.1 0.2 000 005 010 015 020
Birth Birth

Figure 6: Persistent diagram (left) converts to lifetime diagram (middle) and
its persistence image (right)

Next, we construct a persistent image by considering a continuous piece-
wise derivable non-negative weighting function :

0 pr <0
w(akypk) = pk/pmax 0< Pk < Pmaz (11)
1 Pmazx S Dk

where py, is the lifetime of the points in the diagram [1] and a normal distri-
bution centered at each point of the transformed diagram, with its variance
o, 0 > 0. Then the persistence image is expressed, using the weighting

13



function and the normal distribution, by

S('x:y) = Z W(akapk)gk(wvy) (12)

(akapk)eT

We fix a grid in the plane with n pixels and award to each the integral of
S over that region. The persistent image see Fig 6 is the integral of the
persistent surface over the grid and pixel values :

1558) = [ [ Sta.y)dady. (13)

3 Methods

3.1 Experimental perimeter

The assemblies are made, for these cleavage tests, with 2017 aluminum sub-
strates. A chamfer at the start of the assembly allows facilitate the insertion
of the wedge during the test. Before gluing and assembly, the substrates are
degreased to remove grease and dust present on the surface of the substrates,
as well as to eliminate traces of surface oxides. An assembly prepared with
simply degreased substrates will be denoted SD assembly. Some substrates
undergo a surface treatment after cleaning: phosphoric anodization denoted
SA. The substrates are then glued: only one of the substrates is glued. To
perform continuous wedge cleavage tests on AHT, ABT M52 assemblies, a
crack is initiated by inserting the 0.7 mm thick wedge. Once the crack has
started, the wedge is removed and the 1.2 mm thick one is inserted at a
constant speed of 1 mm/s. The wedge is stopped after having traveled 20
mm, which corresponds to the beginning of the adhesive.

The jerky cracking caused by the continual sinking of the wedge makes it
possible to study several phases of crack initiation and propagation, within
the assembly. Optical profilometry measurements were carried out on the
post-mortem facies 1, in order to quantify the surface roughness. The raw
profiles presented in figures 2 allow a first comparison of the surface rough-
ness: the mentions “Init”, Py, P» and “Ouv” correspond respectively to the
length of adhesive cracked during the initiation, to the lengths of adhesive
cracked during the insertion of the wedge continuously, the test ends with
the opening of the sample.

We apply a homological persistent analysis on the raw facies profiles at
different scales in order to identify the level of roughness of the adhesives.
The appearance of an extremely fractal profile at small scales for the most
tenacious adhesive led us to investigate the height and the number of corre-
sponding peaks.

14



3.2 Methodology

The following protocol is applied to the AHT and ABT M52 profiles: the raw
profile is obtained by scanning a surface, which contains a number of lines.
Once the surface is registered, the lines are averaged into a one-dimensional
profile. This profile is then cut according to the events attributed to the
crack jumps, which were determined by image correlation. The length of
each crack jump, [, gives access to the minimum wave number, i.e. k= 1/1.
The number of measurements is therefore very high, thus providing a lot of
information, but even if the data can be viewed on a graph, a synthesis in a
simple and unrepresentable descriptor is necessary.

With the corner continuously driven into the assembly, it causes jerky
cracking in the adhesive. The principle of the measurement is based on the
analysis of crack jumps caused by the insertion of the wedge continuously.
For a mono-adhesive assembly, all the crack jumps are of the same length,
they are visible and indicated in the figures by thin dotted lines. ABT
adhesives have shorter seed lengths than AHT assemblies. According to the
conclusions of Olivier Tramis’s work [31], ABT M52 adhesives have a superior
capacity to store the energy brought by the wedge during insertion. These
adhesives also have lower crack jumps than AHT assemblies. This result
is due in particular to a higher tenacity. ABT M52 assemblies therefore
have superior adhesion. The rough profiles allow a first comparison of the
surface roughness. The comparison is based on the maximum peak-to-peak
amplitude of the small oscillations. The ABT assemblies tested have a raw
surface condition that is, in principle, smoother than the AHT assemblies,
which is in line with the observations of Chen et al. (Chen et al., 2001)
[10]. ABT M52 adhesives have greater fracture resistance: more energy is
needed to initiate a crack, and it is more difficult to propagate a crack. The
crack propagating only in the joint, this increased resistance is attributed to
a cohesion reinforced by the presence of copolymers. This also ties in with
the fact that ABT adhesives are tougher..

The post mortem crack surfaces will be described by the heights of the
profile peaks and the location of the crack jumps. In a first part, we want
to compare and complete the experimental results through topological anal-
ysis. First we extract features using Vietoris-Rips filtration (see def 2.3)
with all the persistence pairs 0-dimensional (Hp) (connected components)
and 1-dimesional (H;) (holes). We extract statistical features about the
profiles (initiation, Pj, P») from lifetime diagrams. By taking a maximum
height for the edges we include all the edges of length smaller than or equal
to this value. The persistence diagrams give the evolution of the topolog-
ical features of the crack. Peaks of roughness are persistent pairs in 0-th
(Hp) dimensional lifetime diagrams 7 and 9 and the most persistent point
correspond to a maximum height of the peak. The results are summarized
in the table 2 and table 1. In a second time, we convert lifetime diagram
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into persistence images for the H; points. In a third time, Bottleneck and
Wasserstein distances was used to learn the similarity between two persis-
tence diagrams. The interest in their use is based on the fact that these two
distances are stable [12] : a small perturbation in the measured function cre-
ates a small perturbation in the persistence diagram. Then we are interested
in the roughness both at the macro point of view and at the micro level, we
computed the persistence diagrams at different scales. At the various scales,
the number of connected components Hy every 1um is counted. At the micro
scale, which corresponds to the number of peak, at the nano scale which will
identify the number of voids, micro cracks. Indeed, zero dimensional fea-
tures in the persistence diagram determine the persistency of the peaks in
the raw profiles. Statistical information extracted from persistence diagrams
on peak height will allow to compute the distribution of peaks at different
scales and try to find power law behavior linking roughness with persistent
diagram.

Furthermore, the roughness of the raw profiles of the ABT M52 and
AHT adhesives seem to present periodicities. For the ABT M52 adhesive,
the profile shows us fairly close periods, so we will speak of almost periodic,
AHT adhesive exhibits two types of almost periodicity. For detecting the
periodicity, we explore in a second part a method which uses sliding windows
embedding (SWE) followed by homological persistence. The quantization is
carried out by evaluating the circularity of a representation at the level of
initiation, P; and P, jumps of the signal.

4 Results and discussion

4.1 Profile descriptors based on homology persistence
4.1.1 Lifetime diagram for the most persistent point

Peaks are points in the 0-th dimensional lifetime diagram and we look for
the most persistent point. The maximum amplitude of the peak is given by
the most persistent point for the initiation, P} and P, jumps see figure 7 and
figure 9. Then we compare the amplitude of the peaks with the experimental
results and the roughness conclusions. The topological signatures of TDA
of the fracture profiles is computed with the Python library Ripser [30] and
[3].

Table 2 and Table 1 confirm the experimental results of the maximum
amplitudes: 300um for AHT adhesive and 128um for ABT M52 adhesive, (p
136 from O. Tramis’s thesis). Peaks height for ABT adhesive seems to vary
little, which implies that the profile is regular, there is very little difference
between the initiation and propagation parts. Table 2 indicates that the
maximum amplitude belong to the AHT adhesive, and amplitudes increase
for each crack jump. Then the increase of the amplitude of the fluctuations
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AHT

Figure 7: AHT adhesive lifetime diagrams for the different jumps of the raw
profile. The blue dots in the diagrams above represent the birth and death
values of points in the lifetime diagram in O-dimensional and orange dots
represent H; points.
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Figure 8: ABT M52 adhesive lifetime diagrams for the different jumps of

the raw profile.
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Table 1: Maximum amplitude of ABT adhesive.
ABT Maximum peak amplitude

Initiation 128 pm
Py 128um
P 127pum

Table 2: Maximum amplitude of AHT adhesive.
AHT Maximum peak amplitude

Initiation 300pum
P 200pm
P 300pum

induces an increase in the roughness in particular for the last jump.

4.1.2 Persistence images

Now we convert the birth lifetime diagram into persistence images. We
place a Gaussian kernel on each point of component H; of the persistence
diagram associated with a variable weighting function. We consider the
micro-structures by choosing all the points of the persistence diagrams above
the micron to create a pixelated version. We focus on the peaks of the pro-
files larger than 1pm and the features vectors are constructed by considering
the maximum peaks. They are distinguished by pixel intensity. Persistent
images are examined because they allow the persistence diagram to be vec-
torized. The vectors will be, in perspective, integrated into a neural network.

Persistence Image

0
20
40
60

80

Figure 9: The H; persistent image of AHT initiation profile (resolution
100x100, o = 0.1).

For the ABT adhesive, knowing that there are no persistent images for
the jump P; in 1-dimensional, we obtain:
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Persistence Image AHT P2

Persistence Image AHT P1
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Figure 10: The H; persistent images of AHT for P1 and P2 profiles (resolu-
tion 100x100, o = 0.1)

Persistence Image ABT initiation

Persistence Image ABT P2

40

Figure 11: The H; persistent images of ABT initiation and P2 profiles (res-
olution 100x100, o = 0.1)
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4.1.3 Bottleneck and Wasserstein distances

Given the persistence diagram for each crack jump of the profiles, we use
the Bottleneck and the Wasserstein distances between the two persistence
diagrams (initiation - P; and P; - P,) in order to compare the two persis-
tence diagrams. These distances measure the similarity between the two
persistence diagrams

We compute the Bottleneck and Wasserstein distances between their per-
sistence diagrams for Hy and H; points. For two persistence diagrams D
and Dy, to measure their similarity, we consider bijections y : Dy — D, The
bottleneck distance between Dy and D is defined as,

dp(Dy,Dy) = igf Sup P — () lloo (14)
peEDy

where the infimum is over all bijections from Dy and D,.
The Wasserstein distance is defined as,

. 1
dw (Dy, Dy) = inf > lp - w)llE]x (15)
peDf

for any positive real number k.

Fig 12 shows the example of the persistence diagram for crack jump P; of
ABT adhesive as well as the Bottleneck and Wasserstein distances between
the two persistence diagrams of crack jump initiation and P;.

The results of the two distances between the persistence diagrams for Hy
and Hi points corresponding to the crack jump profiles of the two adhesives
are summarized in the following tables:

Table 3: Bottleneck and Wasserstein distances for the Hg points.

Persistence diagrams  Bottleneck distance Wasserstein distance

(AHT) initiation - P, 0.009 0.020
(AHT) P, - P 0.007 0.012
(ABT) initiation - P;  0.007 0.023
(ABT) P, - P 0.012 0.035

The bottleneck distance captures the extreme behavior of topology fea-
tures while the Wasserstein distance captures the average behavior. For two
persistence diagrams obtained on a similar dataset of crack jump we should
expect both distances to be close to zero. However, for the H; points of the
AHT adhesive the Wasserstein distance is not close to zero, the ratio between
the two distances varies from double (for initiation - P1) to quadruple (for
P1 - P2). Unlike the ABT adhesive whose values are negligible for the H;
points. For the Hj points the Wasserstein distance for the AHT adhesive is
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Figure 12: Persistence diagram of ABT M52 adhesive for the P; jump (left),
Bottleneck distance representation between init and P; jump (right), and

Wasserstein representation (bottom).

Table 4: Bottleneck and Wasserstein distances for the H; points.

Persistence diagrams

Bottleneck distance

Wasserstein distance

(AHT) initiation - P,  0.084 0.16
(AHT) P, - P 0.033 0.14
(ABT) initiation - P,  2.01e-04 1.6e-3
(ABT) P, - P, 1.8e-04 9.5e-4

about twice the Bottleneck distances. While both distances are not negligi-
ble for ABT. Noting that the Wasserstein distance is 3 times the Bottleneck
distance for ABT. The results of the Bottleneck and Wasserstein distances
for the ABT adhesive for points Hy and H; indicate similar persistence dia-
grams. While the results are somewhat less negligible for the AHT adhesive.
In conclusion, the similarity of the ABT adhesive persistent diagrams im-
plies that the crack jump profiles are close to each other. On the other hand,
the difference noted for the AHT adhesive, particularly for the H; points,
implies a less good similarity between the crack jumps, particularly in the
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initiation and P;.

4.1.4 Statistical information

Now, we want to count the number of peaks of the profiles, that is to say
of connected components in O-dimensional from the persistence diagrams,
for this we use a sliding window on the profile of the adhesives of length
1mm. We need to characterize the roughness of the profiles at different
scales thanks to the distributions of the height fluctuations. We count of
persistent pairs thanks to persistence diagrams for each scale in the ranges:
above 1um, and below 1lpm. All the results can be found in the following
tables:

Table 5: The number of peaks at the micro and nano level for ABT M52
adhesive. The number increases for the nano-level corresponding the micro-

cracks.
Crack length of ABT 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm

0.01pm — 0.1um 482 459 462 467 452 456 471 475 463
0.1um — lum 339 234 249 229 181 216 287 276 249
> lum 14 4 6 12 1 43 43 10 11

ABT 10mm 11lmm 12mm 13mm 14mm 15mm 16mm 17mm

0.01pm — 0.1pm 473 459 456 437 455 438 448 476
0.1pm — 1pum 251 229 219 172 213 149 221 294
> lpym 26 17 11 4 22 6 6 23

Table 6: The number of peaks at the micro and nano level for AHT adhesive.
The number of peaks at the nano-level is half as many as ABT adhesive.

Crack length of AHT 1mm 2mm 3mm 4mm 5mm 6mm 7mm 8mm 9mm 10mm

0.01um — 0.1um 242 247 217 210 192 167 238 158 241 45
0.1um — 1um 186 210 83 71 22 19 30 19 172 45

> lum 41 29 1 1 1 1 1 1 1 1
AHT 1lmm 12mm 13mm 14mm 15mm 16mm 17mm 18mm 19mm

0.01pgm —0.1um 106 235 232 253 245 248 239 243 240
0.1pm — 1pm 106 135 153 153 190 190 200 210 192
> lum 1 48 33 53 54 41 64 40 45

The persistent pairs that are close to the diagonal represent nano-structures.
The high number of these short-life pairs are formed by the short waviness
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Figure 13: Distribution of the number of peaks at various scales for the
AHT adhesive (top) and ABT adhesive (bottom). The abscissa corresponds
to the different peak heights in micron, the ordinate represents the number
of peaks.

at the surface. They tell us the presence of small-sized cavities and micro
cracks, which results in small ripples at small scales. At first glance, we
notice that the ABT adhesive, which is smoother than the AHT adhesive,
has many fluctuations at the nano-scales. A smooth surface covered with
heterogeneities can be more tenacious than a smooth surface allowing to
reinforce an adhesive interface. Ghatak et al [16] showed that the peeling
of an adhesive film is more difficult on a textured surface for which the tex-
tures are evenly distributed on the substrate. The increase in this toughness
is explained by the fact that the dimension of the deformation zone at the
crack tip is greater than the characteristic dimension of the textures which
cover the surface. We want to show the correlation between the fluctuation
in small scales and the tenacity of the adhesive.
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For the AHT adhesive, Tables 6, between ranks 100um — 1um, give us
the general trend of the curve which is smooth and periodic for the initiation
and the first crack jump. The number of connected components increasing
from the second crack jump marking the increase in roughness. We also
notice that the number of 0 dimensional pairs increase progressively for the
nano-scales. Every millimeter (between 3 and 11 mm), the number of peaks
above 1um is equal to 1 which confirms the periodic nature visible on the
AHT profile graph. Then the number of persistent pairs increases with de-
creasing scales. Moreover, they show that the number of nano-structures
for ABT are more numerous than AHT adhesif. The high number of per-
sistent pairs could be due to cavities, micro cracks. As ABT M52 adhesif
is doped by copolymers, we can think that these nano particules reinforcing
the tenacity of the ABT adhesive, are at the origin of these cavities, micro
cracks. Moreover, it is noted that the number of nano-structures for the
AHT adhesive are much less than for the ABT adhesive. This is explained
by the fact that the AHT adhesive is not doped with copolymers. Hence, the
AHT adhesive surface is soother in nano scale than the ABT M52 surface.

The distribution of the peak numbers at various scales for different crack
lengths is shown on Figures 13 for the AHT, ABT adhesives for the post-
mortem facies. The figure of the AHT adhesive shows us that in the mi-
cro level, the distribution is particularly scattered, which fits well with the
chaotic profile of AHT. The distributions and the tables imply that the
more the number of peaks decreases depending on the scale, the more their
height and therefore their roughness increases. The distributions follow Ya-
mamoto’s constitutive law [32], which links the roughness and the persistence
diagram of: N(z) o z~¢ with N(z) the number of peaks whose scale is larger
or equal to z, and { = 2/, « is then the roughness.

In conclusion of this first part, the homological persistence allowed to
extract the main characteristics of the two mono-adhesives AHT and ABT
M52. It was found that they were in agreement with the experimental re-
sults. Moreover, the multi-scale analysis of the persistence by counting the
number of peaks at various scales made it possible to highlight the existence
of cavities at the nano-level causing ripples on the structures. Faced with
very large sets of data such as the raw profiles of adhesives, homological
persistence makes it possible to simply synthesize their main characteristics
which summarizes the multi-scale analysis carried out for each centimeter of
crack. TDA sum up the topological structure of the high-dimensional data
as it reduces the dimensionality of data.

4.2 Sliding windows and persistence homology

In this second part of the article, the interest focuses on the search for
periodicity in the profiles. The goal is to identify the periodicity of the
maximum peaks of the raw profiles in order to relate these results to Ghatak’s
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work [16, 17]. We want to clarify the link between cavitation, micro cracks
in adhesives and the periodic nature of roughness peaks, by determining the
average period. In [25] Perea et al. and [26] Perea and Harer introduce
SWE used with persistent homology calculations in SW1PerS to quantify
periodicity. Thanks to SWE and the persistence it allows them to classify
the signals as periodic or not periodic and by periodicity alone. We use
sliding windows embedding and persistence homology to show that AHT
and ABT M52 adhesives are almost periodic and to define its period.

The depth of the crack is measured every 0.002mm. Its fully ordered
coordinates index and can be considered as a time series. The initiation,
P, and P, raw profiles measured constitute finite time series composed by
sequence of vectors (zi", i ) ((zht, 2Pt ), (@82, 282, .. We use
Takens’ embedding theorem [28] to reconstruct a new time series, considering
time delays and a sliding window embbeding which converts a time series
into a cloud of points while keeping all the temporal information.

For the two parameters : the embedding dimension d > 0 and the time-
delay 7 where d is an integer greater than 1 and 7 is a positive real number,
we define the discretized sliding windows embedding starting at ¢ as the
vector:

SWarxr = [Tt, Toqr, Teq2r.. Tetdr] € R+ (16)

for initiation, P and P, jumps and where the sliding window size is defined
by dr. We apply the work of Perea et al [26] which showed that maximum
persistence, as a measure of the roundness of a point cloud, is obtained when
the size of the sliding window corresponds to the length of the period of the
signal. We choose this efficient method in order to identify the periodicity
or quasi-periodicity of the ABT and AHT profiles as well as their period.
The definition of the sliding window size is given by:

d 27

dr = (-2 28
=T

(17)
where L is the number of expected periods.

On the graphs, two distinct quasi-periods can be distinguished for the
AHT adhesive and a single “rough” quasi-period of approximately 1mm for
the ABT adhesive. Periodicity of the point cloud reveals the repetition of
the patterns of the profiles. For a almost-periodic behavior the point cloud
representation exhibits different topology. Then the next step is to calculate,
on a finite sample, the n-dimensional persistence diagrams n = 0, 1, 2 via the
Rips filtration. We used the code of a high performance topological machine
learning toolbox in Python Giotto TDA [29] for the crack embedding, the n-
dimensional persistence diagrams. In a 1-dimensional persistence diagram,
circularity manifests as a point far from the diagonal.

We construct a SWE by setting the dimension to d = 3. It is then
observed whether there is roundness of the cloud of points. Then we calculate
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for d and 7 the persistence diagrams (PD) of the cloud of points of the SWE,
of dimensions 0, 1 and 2. L is determined by counting the number of H;
points (holes)in the persistence diagrams furthest from the diagonal, with
the closest points being considered noise and not counted. We can calculate
for the sample of initiation, P; and P, jumps of the two adhesives, the size
of the sliding window given by the definition above of Perea et al. If the
profile is periodic the roundness of SWy rx; maximized when the window-
size approaches the period length.

We present Fig 14 and 15 the representation of the application of Takens
theorem on the point clouds of ABT, AHT adhesives and their corresponding
persistence diagrams. For example, the sample for the P» jump of ABT M52
contains 2546 points, a period is identified by approximately 328 points. We
evaluate the SWy, X (¢) by fixing d = 3 and choosing time delay depending on
the representation and roundness of the point cloud. Then we downsample
the original data point clouds by selecting 846 points to more easily extract
topological features. The process continues with the computation of Rips
persistence diagrams of SWy, X (¢) in dimension n = 0,1,2 with particular
interest in the result in 1 dimension.
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Figure 14: Top left: Representation of point cloud of ABT for the P, jump
and on the right the associated persistence diagram is shown.

Nearly periodic peaks at large amplitudes produce a larger scale 1 cycle
corresponding to the furthest points in the persistence diagram, small oscil-
lations at the smallest scales are found closest to the diagonal of the diagram.
We note that the data of the ABT adhesive reveal five points H; and one
point Hy, but two points associated with 1-dimensional persistent homology
H; and one point associated with 2-dimensional persistent homology Hs at
the top of the persistence diagram is the signature of a torus. Associated
with these persistent points in the diagrams are the cluster points closest to
the birth-death diagonal representing the white noise.

Finally, we determine the length of the period thanks to the SWFE and
their embedding parameters which are summarized in the tables.
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Table 7: Sliding windows embedding size of ABT adhesive.

ABT initiation P1 P2
d 3 3 3

L 6 4 )
SWE size (mm) 1.04 1.17 0.94

Table 8: Sliding windows embedding size of ABT M52 adhesive.

AHT initiation P1 P2
d 3 3 3
L 2 2 7
SWE size (mm) 2.4 2.04 0.7

Based on the study of the detachment of a flexible plate from a thin
textured adhesive film. Ghatak et al. [17] find that the initiation and prop-
agation of cracks, from incision, in these thin adhesive films would be due to
the nucleation of cavitation bubbles behind the contact line which increase
the load necessary for peeling by creating a crack front. Then the bubbles
grow and merge until a viable crack propagates. They show that a textured
elastic film pattern on a length scale less than or equal to the stress decay
length leads to a significant increase in interfacial toughness. It is noted
that the peeling or separation moment as a function of displacement shows
a linear increase in load followed by softening associated with the formation,
and growth of cavitations over a period of approximately 1 mm. In a pre-
vious study, Ghatak and Chaudhury [16] showed that cavitations did not
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occur randomly but were rather the consequence of instabilities leading to
the formation of periodically spaced bubbles with a wavelength of 4 times
the film thickness.

These results should be compared with those of the ABT M52 adhe-
sive which effectively has the highest cavitation contribution as well as an
increased resistance to cracking. In addition, the period length of a rough-
ness peak according to the Table 7 is on average equivalent to 1mm.It has
been seen in the experimental study that the addition of particles makes
it possible to reinforce the tenacity of the adhesives. One of the possible
reinforcement mechanisms lies in the creation of micro-voids (it is possible
to see micro-cracks as voids), cavities. In this case, the adhesive that best
resists cavitation in the gel state should resist the best crack propagation in
the structural state.

5 Conclusion and perspectives

The structural properties of ABT M52 and AHT adhesives were evaluated
using a cleavage test. The topological characteristics of the rupture facies
are identified thanks to the persistence diagrams in order to evaluate the
fluctuations of the raw profile. The persistence diagrams made it possible to
quantify the roughness at various scales: at the nano level were able to show
the existence of voids, cavities, micro-fissures which are the consequences of
the addition of micro particles such as copolymers. As well as at the micro
level, we were able to highlight the smooth or rough passages of the surfaces.
The number of zero-dimensional pairs in the persistence diagrams at
the micro-scale provide evidence of roughness : they count the number of
peaks of the micro level waviness of the profiles. The number of peaks
is very high at the nano level then a significant drop at the micro level
translated by Yamamoto’s power law behaviour, which reveals the increase
in roughness. Moreover, the zero-dimensional pairs at the micro-level in
the persistence diagram, far from the diagonal, characterize the number of
peaks at maximum amplitudes of the profiles and confirm the experimental
results of the maximum amplitudes. The pairs at the nano level characterize
the voids, the micro-cracks which lead to waviness of the profiles. The
topological analysis of data made it possible to synthesize and summarize
all the main and multi-scale characteristics resulting from the raw profiles.
We also consider another approach which consists of vectorizing the per-
sistence diagram by converting it into a persistence image. It is particularly
suited to machine learning problems. The study of similarity of persistent
diagrams using Bottleneck and Wasserstein distances and the sliding win-
dow embedding method confirm through homology the quasi-periodic and
regular profile of the ABT M52 adhesive compared to the much rougher and
irregular profile of AHT. Experimentally it is shown that ABT M52 is more
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resistant to fracture and higher toughness than AHT. However, the presence
of cavitations, of micro cracks quantified using TDA, in ABT M52 creates
resistance to cracking.

In perspective, the vectorization of persistence diagrams in the first part
of the article allows them to be converted into more practical structures.
Machine Learning will be applied to the feature vectors of each persistence
diagram. It will be interesting to inject these feature vectors into an artificial
neural network in order to study and predict the characteristics of no longer
mono-adhesive assemblies but of hybrid joints bringing together the two
principles of ABT M52 and AHT configurations.
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