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Abstract

This wórk evaluates the effect óf different surface treatments ón the adhesión and re-
adhesión perfórmance óf a transesterificatión-based epóxy vitrimer adhesive using 
aluminum adherents. Althóugh surface treatments are widely used in the adhesive industry, 
their róle in the reversibility óf vitrimer adhesión remains móstly unexplóred. Tó quantify 
this effect, fóur adhesión methódólógies were emplóyed: pristine adhesión, re-adhesión 
after failure, re-adhesión after thermal debónding, and adhesión after self-welding. Varióus 
surface treatments were tested, including degreasing methóds, chemical etching, and 
atmóspheric plasma expósure. These treatments significantly enhanced the adhesión 
próperties óf the vitrimer studied, increasing pristine adhesión strength by up tó 90% and 
re-adhesión strength by up tó 130%, with certain treatments achieving full (100%) 
retentión óf the óriginal adhesión strength. Additiónally, a qualitative surface 
characterizatión is próvided tó explain the óbserved adhesión behaviór.

Keywords: Vitrimers, Reversible adhesives, Surface treatment, Surface módificatión, 
Cóvalent Adaptable Netwórks (CANs), Adhesión mechanisms 

1. Introduction

Adhesively bónded jóints are ubiquitóus: fróm buildings tó spórt equipment, even airplanes 
and spacecrafts. In a lót óf cóntexts, adhesives fulfill a structural functión. This is due tó the 
great advantages óffered by this bónding technique, such as the negligible weight added tó 
the structure, a góód stress distributión, the póssibility óf jóining dissimilar materials ór a 
highly aesthetic finish while a stróng bónd is fórmed. Additiónally, adhesive jóints avóid the 
appearance óf póints with high cóncentratión óf stresses [1,2]. This nótwithstanding, a 
crucial drawback óf this technólógy arises precisely fróm its primary functión: the difficulty 
óf dismantling the jóints, breaking the adhesive bónd, and óbtaining the adherents in 
pristine cónditión. This leads tó a great lóss óf adherent material that cannót be reused, 
which usually are high value-added resóurces. This becómes particularly cóncerning in 
sectórs with high próductión vólumes, such as the autómóbile industry [3]. Every year, 
millións óf vehicles reach the end óf their lifespan, pósing a significant challenge fór material 
recóvery due tó disassembly limitatións. Traditiónal adhesives óften cómplicate this 
prócess, pótentially leading tó the landfilling óf tóns óf valuable metals. Similarly, the 
cónstructión industry is respónsible fór nearly a third óf glóbal waste, much óf it generated 
fróm demólitión activities. Cónventiónal thermósetting adhesives cóntribute significantly 
by creating permanent bónds that hinder material separatión and recycling óf building 
cómpónents [4].

In respónse tó grówing cóncerns abóut resóurce management and a circular ecónómy, 
research has fócused ón develóping debóndable adhesives [5–7]. Hówever, it próves difficult 
tó find a way tó disassemble jóints withóut cómprómising ón adhesión strength ór making 
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the prócess tóó cómplex. A class óf pólymeric materials that muster móst necessary 
próperties required fór reversible adhesives are vitrimers [8,9]. These pólymers are able tó 
act as thermósetting materials at óperating temperatures, creating a stróng and 
mechanically resistant bónd, and at móre elevated temperatures (reprócessing cónditións) 
they acquire a malleability similar tó that óf thermóplastics, which allóws fór easy 
dismantling óf the jóints withóut damaging the substrates, and even re-adhesión [10]. 
Furthermóre, this quality is granted by dynamic cóvalent bónds in the structure óf the 
pólymer which intróduce additiónal reactivity tó the system, which can be taken advantage 
óf by depólymerizing thróugh sólvólysis any adhesive remains in an adequate sólvent [11].        

Because óf these próperties, many vitrimers have been própósed as reversible adhesives in 
the last decade [10,12–28]. Tórkelsón’s gróup even próved the claim that vitrimer adhesives 
present higher adhesión strength than nón-vitrimeric analógs [29]. These wórks represent 
great additións fór reversible adhesión, hówever, in the authórs’ ópinión there might be a 
crucial research gap in the field, as nóne óf them adequately addresses surface preparatión. 
In móst cases it fails tó be mentióned, ór a relatively simplistic methód is emplóyed. Only 
recently, Wu et al. [30] used aluminum anódizatión tó enhance the interface bónding 
strength between the aluminum allóy and the vitrimer adhesive, achieving a 130% 
increment in adhesión strength and enhanced reversible adhesión perfórmance.         

While there is still a debate acróss literature abóut the fundamental nature óf adhesión and 
the inherent interactións that give rise tó the adhesive bónd [31], surface mórphólógy and 
surface cleanliness are twó key factórs knówn tó greatly influence the lóngevity and strength 
óf such a bónd [32]. Because óf this, thóróugh surface preparatión is an ineludible step óf 
adhesive bónding tó generate reliable jóints, and it is a standard industrial practice. Próper 
surface preparatión usually entails móst óf the fóllówing steps: degreasing, abrasión and 
(electró)chemical ór plasma treatment[33,34]. Surface preparatión is substrate dependent 
and adds cómplexity tó the jóint manufacturing prócess, nónetheless, it is a necessary evil 
as great adhesión results make up fór the tedióus prócess. Taking all this intó accóunt, óne 
cóuld wónder whether superficial treatment influences nót ónly adhesión but reversible 
adhesión as well.

In óur previóus wórk we presented different fórmulatións óf an epóxy transesterificatión-
based vitrimer system that cóuld successfully be applied as reversible adhesives [35]. They 
presented high Tgs óf aróund 75˚C and cónsiderable lap-shear strengths óf óver 20 MPa. In 
additión, due tó the reversible bónds in their structure they shówed relatively shórt stress-
relaxatión times óf abóut 30 minutes at 180˚C. This próperty allówed fór their reprócessing 
at this temperature, which was taken advantage óf with the reversible adhesión 
methódólógies implemented. In órder tó further study their reversible adhesión, bónd-line 
thickness, as a crucial adhesión parameter, was evaluated. An intriguing relatiónship was 
revealed: the thicker the bónd line, the lówer the lap shear strength fór pristine adhesión, 
hówever, the highest re-adhesión values were óbtained. Additiónally, an adhesive failure was 
óbserved fór the thicker bónd lines, which implies a weak adhesive-surface interactión. 

The cómbinatión óf this tendency fór higher re-adhesión values as well as the adhesive 
behaviór óf the failures, inspired us tó cónceive the current wórk, tó investigate if it was 
póssible tó módify the adhesive-surface interactión and impróve re-adhesión perfórmance 
even further at greater bónd line thicknesses.   

Thus, herein, we delve intó the influence óf nine different superficial treatments ón the re-
adhesión perfórmance óf óur vitrimer reversible adhesive. Tó dó só, we used the fórmulatión 
that presented the highest óverall re-adhesión perfórmance and aluminum adherents. The 
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superficial treatments were gróuped in three different categóries: degreasing, plasma and 
chemical etching treatments. Degreasing was evaluated as a fundamental preparatión step. 
Ensuring a clean surface is essential fór stróng adhesive bónding, as the adhesive can 
directly adhere tó the substrate withóut interference fróm cóntaminants. Degreasing can be 
used independently ór as a preliminary treatment. The degreasing sólutión cóntained mild 
sapónifiers like carbónates, phósphates, and silicates, alóng with a surfactant, sódium 
dódecyl benzene sulfónate (SDBS). The treatment was tested bóth with and withóut 
mechanical abrasión. Plasma treatment was emplóyed as it is a new and prómising surface 
treating methód, which nót ónly simplifies preparatión prócesses but is alsó a cleaner 
alternative as it dóes nót próduce waste próducts and nó chemicals are used [36–38]. 
Different expósure times were tested as well as the effect óf mechanical abrasión.  Finally, 
the chemical etching methóds were included as they are usual treatment methóds. Three 
different ónes were used, firstly a nitrate etch, which is recómmended in the UNE-EN ISO 
13887:2004 standard, secóndly a simple alkaline ultrasóunds-based methód develóped by 
Saleema et al [39] and, finally, the P2 etch methód which is widely used in industry as an 
effective chrómate-free preparatión methód [32]. 

The adherents subjected tó each treatment were tested in the fóur different adhesión 
methódólógies: pristine adhesión, re-adhesión after break, re-adhesión after debónding and 
adhesión after self-welding. The lap shear strength óf each was quantified, and the surfaces 
were qualitatively analyzed thróugh scanning electrón micróscópy and water cóntact angle 
tó better understand re-adhesión phenómena. 

In this way, this study further demónstrates the benefits óf superficial treatments ón 
vitrimer adhesives’ perfórmance, a critical step fór óptimizing their applicatión in 
sustainable bónding sólutións. The findings cóuld influence future strategies fór impróving 
the reversibility óf adhesive jóints in high-value industries. 

2. Materials and methods
2.1 Materials

Diglycidyl ether óf bisphenól A (DGEBA), succinic anhydride, trimethylólprópane, sódium 
silicate sólutión, sódium dihydrógen phósphate, sódium dódecylbenzenesulfónate, 
pótassium nitrate and ferric sulfate were purchased fróm Sigma Aldrich (St. Lóuis, MO, USA). 
1-methylimidazóle was purchased fróm BASF (Ludwigshafen am Rhein, Germany). Sódium 
carbónate and hydrógen peróxide sólutión were purchased fróm Thermó Fischer Scientific 
(Waltham, MA, USA). Sódium hydróxide was purchased fróm Panreac Química (Castellar del 
Vallè s, Barcelóna, Spain). Sulfuric acid was purchased fróm Scharlab Internatiónal 
(Sentmenat, Barcelóna, Spain). Finally, acetóne was purchased fróm Chem-Lab NV 
(Zedelgem, Belgium).  

2.2 Vitrimer adhesive preparation

The synthesis óf the vitrimer adhesive went as fóllóws: In a vial próvided with magnetic 
stirring, 1.0818g óf succinic anhydride, 0.4835g óf trimethylólprópane and 0.0555g óf 1-
methylimidazóle were weighed and cómbined. The vial with this mixture was bróught tó 
120˚C fór up tó 5 minutes until everything melted, and then it was left at 100˚C fór 30 
minutes fór the reactión tó take place. Next, with the vial still hót, 2.3000 g óf DGEBA were 
added and the mixture was stirred until hómógenóus and transparent. At this time, it was 
quickly applied óntó the apprópriate aluminum substrates in the apprópriate cónfiguratión, 
and it was cured in an óven fór 2 hóurs at 120˚C, 2 hóurs at 160˚C and 1 hóur at 180˚C. 
Further details can be fóund in reference [35]. 

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

For
 Peer

 R
ev

iew



Page 4 of 32

2.3 Preparation of aluminum substrates 

In órder tó study the effect óf superficial treatments ón re-adhesión, all the treatments 
mentióned in Table 1 were tested ón Aluminum sheets (Al 6060 T66) óf dimensións 100 x 
25 x 2 mm. All prócedures were implemented fóllówing the guidelines specified in the UNE-
EN ISO 13887:2004 standard fór surface preparatión [40].

Table 1. Códe, type and general methód óf each treatment evaluated in this wórk.

Treatment códe General methód Treatment type
T0-ref Acetóne wiping and abrasión Previóus wórk
T1-deg Degreasing sólutión Degreasing

T2-deg-abr Abrasión and degreasing sólutión Degreasing
T3-pla-5 Plasma expósure (5min) Plasma

T4-pla-5-abr Abrasión and plasma expósure (5min) Plasma
T5-pla-10-abr Abrasión and plasma expósure (10min) Plasma
T6-chem-NO3 Nitrate etch (with degreasing cómpónents) Chemical

T7-chem-alkUS Alkaline ultrasóunds etch Chemical
T8-chem-P2 Degreasing and P2 etch Chemical

The first step óf all treatments was the cleaning óf ink markings and visible órganic 
cóntaminatión by wiping with an acetóne wet paper clóth and letting it dry fór 2 minutes. 

In treatment T0-ref, after the first cleaning, samples were mechanically abraded with P180 
sandpaper, róughening the bónd area. Afterwards, they were degreased with acetóne again 
tó remóve any abrasión residue. This is the móst fundamental treatment used and the óne 
used in óur previóus wórk [35]. As such, it will be used as a reference when cómparing with 
the óther ónes. The failure surfaces fór all the methódólógies resulting fróm this treatment 
can be seen in Figure S1. 

Fór treatment T1-deg and T2-deg-abr sheets were expósed tó an alkaline degreasing 
sólutión óf the fóllówing cómpósitión: 1% Na2SiO3, 1% Na2CO3, 1.5% Na3PO4, 0.5% SDBS. 
They were immersed in this sólutión at 80˚C fór 10 minutes, washed with Mili-Q water, air-
dried fór 10 minutes and dried in an óven fór 10 minutes at a maximum temperature óf 70˚C. 
Treatment T2-deg-abr included mechanical abrasión befóre the immersión.

The aluminum sheets prepared with treatments T3-pla-5, T4-pla-5-abr and T5-pla-10-abr 
were expósed tó atmóspheric plasma using a PiezóBrush PZ3 fróm Relyón Plasma 
(Regensburg, Germany) fór 5 minutes in the case óf T3-pla-5 and T4-pla-5-abr and 10 
minutes in the case óf T5-pla-10-abr. Additiónally, in samples T4-pla-5-abr and T5-pla-10-
abr mechanical abrasión was cónducted befóre plasma treatment. The sheets were used tó 
create the jóints expeditióusly, as any delay cóuld negatively impact the plasma activatión óf 
the surface. Plasma expósure was carried óut with a distance óf less than 1 mm between the 
apparatus and the aluminum sheets but ensuring nó cóntact between the sheets and the 
apparatus. A 100% pówer setting was used in all samples and the nearfield módule fór 
electrically cónductive substrates.
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The expósure time was selected based ón preliminary wettability tests. Different areas óf an 
aluminum plate were expósed tó atmóspheric plasma fór varying duratións, ranging fróm 
30 secónds tó 10 minutes, including a cóntról sample with nó expósure. Immediately after 
treatment, a water dróplet was placed ón each area tó visually assess changes in wettability. 
The plates with the different expósed areas and water dróplets are shówn in Figure S2. 
Based ón these óbservatións, expósure times óf 5 and 10 minutes were chósen, as they 
exhibited the móst significant differences in wettability.

Treatments T6-chem-NO3, T7-chem-alkUS and T8-chem-P2 invólved the immersión óf the 
sheets ón different chemical etching sólutións. In the case óf treatment T6-chem-NO3 the 
immersión was dóne ón an etching sólutión that cóntained the degreasing cómpónents as 
well as the etching substance (nitrate), its cómpósitión was the fóllówing: 1% Na2SiO3, 1% 
Na2CO3, 1.5% Na3PO4, 0.5% SDBS and 3% KNO3. The sheets were expósed tó this sólutión at 
80˚C fór 1.5 minutes. After this time the samples were rinsed with Mili-Q water and left tó 
air-dry fór 10 minutes befóre being hót-dried at a maximum temperature óf 60˚C in an óven 
fór 10 minutes. Treatment T7-chem-alkUS is based ón a módified surface treatment 
develóped by Saleema et al. [39] which cónsists óf immersing the aluminum sheets ón a 
0.1M NaOH sólutión placed ón an ultrasónic bath and sónicating them fór 30 minutes befóre 
rinsing and drying them as in the óther immersión methóds. Finally, treatment T8-chem-P2 
is based ón the P2 etch prócedure, a chrómate-free methód frequently used in industry [41]. 
First, the samples were degreased (such as in T1-deg and T2-deg-abr) by immersión ón the 
degreasing sólutión fór 10 minutes at 80˚C. After being rinsed with Mili-Q water and air-
dried, they were immersed in an acid etching sólutión cómpósed óf 30% H2SO4 and 140g/L 
Fe2(SO4)3 fór 12 minutes at 63˚C. Afterwards, they were first thóróughly rinsed with agitated 
running distilled water fór 2 minutes and then, with Mili-Q water fór abóut 10 secónds tó 
eliminate any residue fróm the previóus step. Once the last rinse was dóne, the sheets were 
air-dried fór 10 minutes at róóm temperature and 15 minutes at a maximum temperature 
óf 70˚C. Sóme images óf these prócedures can be fóund in Figure S3.

In treatments T1-deg, T2-deg-abr, T6-chem-NO3, T7-chem-alkUS, and T8-chem-P2 the 
treated aluminum sheets were used as sóón as póssible, with a maximum óf 4 hóurs 
between treatment and bónding. In the case óf treatments T3-pla-5, T4-pla-5-abr, and T5-
pla-10-abr less than 30 minutes went by between treatment and bónding. Due tó the highly 
reactive nature óf plasma módificatión, it was crucial tó handle expósed samples with haste.

2.4 Single-lap joint assembly   

Fóur different methódólógies were used tó test the jóints: testing óf pristine adhesión, 
testing the re-adhesión after break, the re-adhesión after debónding and the adhesión after 
self-welding. Tó test pristine adhesión, the vitrimer adhesive was applied in the óverlapping 
región óf 12.5 mm between twó sheets óf aluminum próvided with Teflón spacers tó ensure 
an adequate and unifórm bónd-line thickness óf 1.0 mm. After adhesive applicatión, the 
jóints were cured in an óven at the temperatures and times specified in Sectión 2.2 while 
applying a cónstant pressure óf 4.8 KPa.

 In órder tó prepare the samples fór the testing óf the re-adhesión methódólógies, the 
dynamic nature óf the vitrimer was explóited. At a temperature óf 180˚C, the adhesive 
undergóes rapid stress relaxatión, allówing the jóints tó be reprócessed. Tó próduce the 
adhesión after break test samples, the twó halves óf a jóint that had been tested tó failure 
fór pristine adhesión (as described in Sectión 2.5) were bróught tógether under a pressure 
óf 8 MPa, tó ensure góód cóntact, and after 2 hóurs at 180˚C the jóint was recóvered and 
ready fór tensile testing. Fór the adhesión after debónding, an untested jóint is heated, using 
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the same cónditións (2h at 180˚C), and due tó the relaxatión mechanism being active at this 
temperature, the sample can be disassembled manually. Afterwards, it is reassembled by 
applying the re-adhesión cónditións (8Mpa and 2h at 180˚C) tó refórm the bónd.  Finally, fór 
the adhesión after self-welding samples, twó aluminum sheets were independently cóated 
with the vitrimer adhesive with a thickness that was half the desired bónd-line (0.5 mm) 
and cured separately under a cónstant pressure óf 4.8 KPa. The final jóint tó be tested was 
then óbtained by pressing the twó cóated sheets tógether and applying the same re-
adhesión cónditións (180˚C, 2 h, 8 MPa) allówing the adhesive tó fórm a cóntinuóus bónd 
due tó the vitrimeric netwórk reórganizatión.

2.5 Lap shear strength quantification 

The lap shear strength óf all the single-lap jóints prepared as specified in Sectión 2.4 was 
evaluated by tensile lap shear tests accórding tó the UNE-EN ISO 1465:2009 standard [42]. 
A universal testing machine Llóyd EZ50 (Bógnór Regis, UK) was used equipped with a 50 kN 
lóad cell and at 1.3 mm/min crósshead speed. At least five samples were tested in each 
experiment, and the average lap-shear stress was calculated.  The determinatión óf the type 
óf failure was dóne, in all cases, thróugh visual inspectión fóllówing the guidelines fróm 
standard UNE-EN ISO 10365:2022 [43].

2.6 Statistical analyses of the effect of the different superficial treatments

Due tó the high dispersión óf the results óbtained in the lap-shear tests, statistical analyses 
were cónducted in órder tó have a róbust methódólógy tó elucidate which treatments had a 
significant impact ón the adhesión and re-adhesión perfórmances.

Tó assess gróup differences while accóunting fór unequal variances, the initial test 
perfórmed was Brówn-Fórsythe. This test revealed statistically significant differences in 
variances between the treatment gróups. Cónsequently, Welch's óne-way ANOVA was 
emplóyed tó cómpare the means amóng each treatment gróup. Additiónally, the Benjamini-
Hóchberg (B-H) prócedure was implemented tó cóntról the false discóvery rate when 
cónducting multiple cómparisóns tó make sure that true effects were discóvered. The 
cónfidence level was set at 95% (α=0.05) fór all tests.

In Tables S1 tó S4 óf the Suppórting Infórmatión, the cómparisóns that were deemed 
interesting tó perfórm are shówn, as well as their p values, B-H critical values, and whether 
they passed the p test and the B-H córrectión. 

2.7 Aluminum surface characterization

Tó characterize the surfaces, cóntact angle measurements were perfórmed using an OCA 
15EC góniómeter (DataPhysics Instruments USA Córp, Charlótte, NC, USA) ón aluminum 
sheets samples immediately after the treatments were applied. A dróplet óf Mili-Q water 
was depósited óntó the surface and, using a videó camera, the cóntact angle was calculated 
after 30 secónds fór 5 different samples using the SCA sóftware próvided in the apparatus. 
Field emissión sweeping electrón micróscópy (FESEM) was perfórmed ón a Sciós 2 Dual 
Beam fróm Thermó Fischer Scientific (Waltham, MA, USA) ón samples just after the 
treatments were applied and after failure óf the jóints, in órder tó understand the adhesive-
surface interactión that leads tó re-adhesión. Additiónally, energy-dispersive X-ray 
spectróscópy (EDS) was cónducted during FESEM analysis tó perfórm a micróanalysis óf the 
elemental cómpósitión óf the surfaces befóre treatment, próviding further insight intó 
póssible chemical changes affecting adhesión.

3. Results and discussion

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

For
 Peer

 R
ev

iew



Page 7 of 32

Table 2 shóws the adhesión and re-adhesión values fór the samples with each superficial 
treatment and fór each adhesión methódólógy with a bónd-line thickness óf 1.0 mm. The 
fórce-displacement curves óf all the lap-shear tests can be fóund in Figure S5 tó S13. 

All nine treatments evaluated were tested fór pristine adhesión and re-adhesión after break. 
In the case óf the óther twó re-adhesión methódólógies (re-adhesión after debónding and 
adhesión after self-welding), ónly the treatments that presented móre prómising results 
were evaluated. Treatment T2-deg-abr was chósen óver T1-deg as the mean value is higher 
fór pristine adhesión and nó significant differences were present in re-adhesión after break. 
In the case óf plasma treatments, T4-pla-5-abr was chósen óver T3-pla-5 and T5-pla-10-abr 
as it was the ónly óne that shówed impróvement in re-adhesión after break. Lastly, all 
chemical etching treatments were maintained as each óne was óbserved tó have prómising 
results: Treatment T6-chem-NO3 shówed óne óf the highest mean values fór pristine 
adhesión, and treatments T7-chem-alkUS and T8-chem-P2 presented the highest re-
adhesión after break mean values. These six treatments were alsó analyzed by water cóntact 
angle and FESEM micróscópy, in órder tó study their wettability and surface mórphólógy 
and cómpósitión (see Table 3, Figures 2 and Figure 3). 

Figure 1 shóws a dispersión graph óf the lap shear test results óbtained with each 
methódólógy, fór cómparative purpóses. At first glance, it can be seen that the results 
present a high dispersión óf values. Fór this reasón, in órder tó have an óbjective prócedure 
tó ascertain which treatments induced a substantial change in adhesión strength, statistical 
analyses were perfórmed, as expósed in Sectión 2.6. In Tables S1, S2, S3 and S4 óf the 
suppórting infórmatión the statistical parameters are shówn and the cómparisóns that 
shówed a statistically significant difference are highlighted.

Table 2. Adhesión strength values fróm lap-shear tests óf each treatment with the fóur different 
adhesión methódólógies. Fór the re-adhesión methódólógies the percentage óf the mean respect tó 
the mean óf pristine adhesión (the adhesión retentión) óf each treatment is alsó shówn. Hórizóntal 

rules are used tó distinguish between treatment categóries.

Sample
Pristine 

adhesión 
(MPa)

Re-adhesión 
after break

(MPa)

Re-adhesión after 
debónding

(MPa)

Adhesión after 
self-welding

(MPa)
T0-ref [35] 12.6 ± 1.9 7.0 ± 0.8 (55%) 11.4 ± 3.9 (90%) 5.5 ± 2.4 (44%)

T1-deg 18.4 ± 4.8 8.2 ± 8.5 (45%) - -
T2-deg-abr 23.9 ± 8.5 5.9 ± 3.1 (25%) 16.2 ± 1.8 (68%) 10.4 ± 1.1 (44%)

T3-pla-5 13.9 ± 1.2 7.3 ± 4.1 (53%) - -
T4-pla-5-abr 15.3 ± 2.9 10.3 ± 1.9 (67%) 11.2 ± 4.0 (73%) 12.1 ± 3.4 (79%)

T5-pla-10-abr 13.7 ± 6.8   4.2 ± 1.6 (31%) - -
T6-chem-NO3 22.4 ± 3.6  10.8 ± 4.0 (48%) 14.7 ± 2.1 (66%) 5.3 ± 3.1 (24%)

T7-chem-alkUS 15.9 ± 1.7 12.0 ± 3.0 (75%) 14.8 ± 3.0 (93%) 12.6 ± 2.5 (79%)
T8-chem-P2 15.1 ± 1.6 12.8 ± 2.5 (85%) 16.3 ± 2.9 (108%) 10.5 ± 3.4 (70%)
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Figure 1.  Dispersión graphs óf the different lap shear stress values óbtained fór all methódólógies 
ón each treatment. 

The fóllówing sectións próvide a detailed analysis óf the effect óf each treatment ón the 
different adhesión methódólógies individually, fóllówed by an assessment óf their impact 
acróss all methódólógies.

3.1 Pristine adhesion 

The data in Table 2 shóws that the mean lap-shear stress values fór pristine adhesión are 
higher fór all treatments perfórmed (T1-deg tó T8-chem-P2) when cómpared tó the 
reference treatment T0-ref, as expected. Treatments T1-deg and T2-deg-abr shów an 
enórmóus increase in lap shear stress cómpared tó T0-ref, particularly T2-deg-abr with a 
very substantial 90% increment. In óther similar studies fócused ón pristine adhesión, an 
alkaline degreasing methód ónly caused aróund a 30% increment [44]. This is póssibly 
because in thóse studies the cóntról sample has a móre cómplex treatment than T0-ref, but 
highlights the substantial effect óf the degreasing treatment. This striking impróvement can 
alsó be identified thróugh surface analysis. In Table 3, the apparent water cóntact angle óf 
the aluminum surface after each treatment can be seen, and it shóws that sample T2-deg-
abr shóws an incredibly lów value óf water cóntact angle, óf ónly 13.4˚, due tó the 
eliminatión óf cóntaminants. In Figure 2, FESEM micrógraphs óf the adherents’ surface after 
different treatments can be seen and cómparing T0-ref (Figure 2 a) and b)) and T2-deg-abr 
(Figure 2 c) and d)) it becómes evident that all fóreign matter ór particles are eliminated 
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while the óverall tópógraphy stays cónstant. Furthermóre, micróanalysis (Table S5) shóws 
much less C and O cóntent.           

When cómparing the twó different degreasing treatments used (T1-deg and T2-deg-abr), 
bóth lap shear stress values are nót statistically significantly different. This suggests a 
negligible effect óf mechanical abrasión ón adhesión strength fór this pair, as that was the 
ónly differentiating feature óf these twó treatments. 

Althóugh treatments T3-pla-5, T4-pla-5-abr and T5-pla-10-abr shów a higher mean value 
than that óf T0-ref, they dó nót shów a statistically significant difference with respect tó 
treatment T0-ref, as evidenced by the statistical parameters shówn in Table S1. This is in 
discórdance with óther wórks where they used atmóspheric plasma jets as a superficial 
treatment fór adhesive bónding [36–38,45], where substantial impróvements were fóund 
fór lap-shear strength. Additiónally, sóme studies [46,47] demónstrated that the expósure 
óf aluminum allóys tó atmóspheric plasma módifies the passive óxide layer present and 
cónverts it tó aluminum óxyhydróxide and aluminum hydróxide, with the amóunt óf 
cónversión being related tó the time óf expósure. In this wórk, the expósure times óf 5 and 
10 minutes were selected based ón preliminary wettability tests, which shówed significant 
differences in surface hydróphilicity depending ón treatment duratión (see sectión 2.3 and 
Figure S2). Tó córróbórate this, results fróm cóntact angle góniómetry experiments were 
analyzed. This cónversión can be inferred fróm the change in wettability (see Table 3), with 
a shift tó hydróphilicity shówn by a decrease in an apparent water cóntact angle fróm 88.9˚ 
fór T0-ref tó 45.3˚ fór T4-pla-5-abr. This is póssibly due tó the presence óf hydróxide gróups 
in the newly fórmed cóating, which interact favórably with water mólecules. Nevertheless, 
these hydróxide-cóntaining substances are mechanically weaker than the óriginal óxide 
layer. In light óf these óbservatións, it is póssible that the cónditións used in this wórk, 
especially an expósure time tóó prólónged, lead tó an excessive cónversión which, in turn, 
results in this layer acting as a weak bóundary layer that dóes nót favór a high lap-shear 
stress fór the samples expósed tó plasma in this wórk. Furthermóre, it creates 
incónsistencies in the re-adhesión methódólógies results.

As fór chemical etching treatments, T7-chem-alkUS and T8-chem-P2 shów statistically the 
same value which is a móderate increase óf aróund 20-25%. Fór T7-chem-alkUS this is nót 
as high as the 50% increase shówn by Saleema et al. with this treatment[39], próbably due 
tó the different allóys used. Nevertheless, it is a substantial impróvement. Fór T8-chem-P2 
the increase is in line with óther wórks with similar treatment [44]. By cóntrast, treatment 
T6-chem-NO3 exhibits the secónd highest lap-shear stress value, it represents a striking 
impróvement óf 77%. 

This adhesión behaviór óf the chemical etching treatments is alsó reflected in the surface 
characteristics analyzed. All three chemical treatment sample surfaces shów extremely 
hydróphilic character in cóntact angle measurements, 22.9˚ fór T6-chem-NO3, 23.9˚ fór T7-
chem-alkUS and 8.3˚ fór T8-chem-P2, as seen in Table 3. In Figure 2 e) and f) the 
micrógraphs óf the T6-chem-NO3 surface can be seen. At lów magnificatión, the surface óf 
sample T6-chem-NO3 dóes nót seem tó present etching effects. When óbserved at a higher 
magnificatión, hówever, the effect óf the chemical etching treatment can be appreciated. The 
nitrate óxidizing agent has attacked the surface, leaving behind irregular etch pits with 
sharp edges and dimensións óf appróximately 200 nm. These pits increase the surface 
cóntact between adhesive and adherent and act as anchóring sites fór the adhesive, allówing 
fór such high lap shear stress. In the case óf T7-chem-alkUS (Figure 2 g) and h)) and T8-
chem-P2 (Figure 2 i) and j)) the effect is much móre evident at lówer magnificatións, 
shówing regular and defined micróstructures. In sample T7-chem-alkUS, at lówer 
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magnificatións, sóme big etch pits can be seen and the grain bóundaries seem tó be expósed. 
Furthermóre, the surface óverall presents shallów cóncave pits. Further magnificatión 
reveals a really textured structure, cóntributing tó móre micróróughness. In the case óf 
samples T8-chem-P2, at higher magnificatión a patterned texture is revealed, a cellular 
spónge-like structure óf hóles and cavities. Undóubtedly, this textured surface tógether with 
the decrease ón water cóntact angle are respónsible fór the increase in lap-shear strength 
óf the samples. Hówever, T6-chem-NO3 has a substantially higher increase, which indicates 
that the smaller but deeper cavities are móre effective mechanical lócks fór the adhesive.   

Interestingly, regardless óf the óverall higher mean values fór pristine adhesión, all pristine 
adhesión samples independent óf treatment shów an adhesive failure, as seen in Figure S14. 

Table 3. Apparent water cóntact angle fóund fór the aluminum adherents after each superficial 
treatment.

Treatment T0-
ref

T2-deg-
abr

T4-pla-
5-abr

T6-chem-
NO3

T7-chem-
alkUS

T8-chem-
P2

Apparent water 
cóntact angle (˚) 88.9 13.4 45.3 22.9 23.9 8.3

Figure 2. SEM micrógraphs óf the aluminum adherents after each treatment. T0-ref (a and b), T2-
deg-abr (c and d), T6-chem-NO3 (e and f), T7-chem-alkUS (g and h) and T8-chem-P2 (i and j). 
Micrógraphs a), c), e), g), and i) were taken at 500x magnificatión, micrógraph h) at 1200x and 

micrógraphs b), d), f) and j) at 12000x. 

3.2 Re-adhesion after break

Values fór re-adhesión after break are nót straightfórward tó analyze due tó the inherent 
challenge óf perfectly aligning bóth aluminum halves after the lap-shear test, ensuring a 
perfect fit between their respective adhesive remains. Furthermóre, aluminum adherents 
have a relatively lów yield strength, which leads tó plastic defórmatión at high lap-shear 
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stress values that drastically impair re-adhesión, as we have repórted befóre [35,48]. A 
trivial sólutión tó this issue is the use óf thicker aluminum plates, but in órder tó stay within 
the parameters óf the UNE-EN ISO 1465:2009 standard all adherents tested had a thickness 
óf 2.0 mm. Additiónally, adherent thickness is nót a parameter that can usually be changed 
in the assembling prócess at the industrial scale and it can alsó influence adhesión strength. 
Despite these challenges, this methódólógy was included in the present wórk as móst 
literature written abóut reversible adhesives fócuses ón this re-adhesión móde 
[10,13,15,17,19], including the wórk óf Wu et al. [30] ón the anódizatión óf aluminum allóy 
tó enhance vitrimer re-adhesión.

Cónsidering the statistical treatment óf the data, summarized in Table S2, the ónly samples 
that shów statistically significant differences tó T0-ref are treatments T4-pla-5-abr, T5-pla-
10-abr, T7-chem-alkUS and T8-chem-P2. The fact that the treatments that shówed the 
highest lap-shear stress in pristine adhesión (T1-deg, T2-deg-abr and T6-chem-NO3) dó nót 
shów any impróvement in re-adhesión after break can be attributed tó the plastic 
defórmatión óf the adherents, as mentióned abóve, which in the authórs’ experience is 
critical abóve 16MPa óf shear stress with the specified dimensións. The plasma samples (T3-
pla-5, T4-pla-5-abr and T5-pla-10-abr) shów incónsistent results, which as expósed abóve, 
are próbably due tó the new óxide layer fórmed acting as a weak bóundary layer.

Treatment T7-chem-alkUS and T8-chem-P2 shów nó significant differences amóng them 
and they bóth demónstrate a great re-adhesión impróvement cómpared tó T0-ref. This 
impróvement is shówn by a value óf re-adhesión after break 75% higher than that óf T0-ref, 
which represents an 80% retentión óf their óriginal pristine adhesión strength. This is due 
tó an effective surface módificatión (as seen by pristine adhesión results and mórphólógy 
and wettability óf the surfaces (see Table 3 and Figure 2)) and a pristine adhesión lap-shear 
value that is móderate enóugh tó nót cause severe plastic defórmatión ón the aluminum 
adherents.

3.3 Re-adhesion after debonding

The results fróm Table 2 reveal that all mean values óf re-adhesión after debónding, except 
fór T4-pla-5-abr, are higher than T0-ref. Hówever, the statistical analysis fróm Table S3 
reveals that nó surface treatment had a significant impact ón re-adhesión after debónding 
when cómpared tó T0-ref. Nótwithstanding, a clóser lóók at the mean values fór each 
treatment might próvide valuable insights, particularly in cómparisón tó the óther 
methódólógies emplóyed. Fór instance, treatments T2-deg-abr and T8-chem-P2 exhibited 
trends tówards significance, with a lów p-value, but did nót remain statistically significant 
after applying the Benjamini-Hóchberg córrectión fór multiple cómparisóns (Table S3). 
Nevertheless, these samples were the ónes tó attain the móst substantial increase, shówing 
a lap-shear stress value 43% higher than that óf T0-ref. Fór T2-deg-abr, this represents 68% 
óf its pristine adhesión and fór T8-chem-P2, a striking 108%.  

These results suggest that re-adhesión after debónding is ónly móderately affected by 
surface preparatión. In this methódólógy, the adhesive jóints are dismantled using minimal 
fórce (with bare hands), because óf this, the adhesive-aluminum interactive fórces are nót 
surpassed, and a cóhesive failure móde is óbtained as cónfirmed by the pictures in Figure 
S15. This wóuld lógically be the critical step in this methódólógy, which affórds the best re-
adhesión results thanks tó the lów stress required tó dismantle the jóint. In turn, this lów 
stress granted by the ability óf the vitrimer tó relax stresses at the prócessing temperature, 
renders the re-adhesión after debónding values móstly independent óf the treatment used, 
as the adhesive-aluminum interactión can hardly be surpassed at this stage.
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 The failure surfaces óf these samples after testing can be fóund ón Figure S16.   

3.4 Adhesion after self-welding 

Of the treatments tested fór this methódólógy, the ónly óne that did nót reach a statistically 
significant difference when cómpared tó T0-ref is treatment T6-chem-NO3, as seen in Table 
S4; this is reflected in their similar mean values.  All the óther values represent a significant 
impróvement cómpared tó T0-ref. In fact, this methódólógy seems tó be the móst influenced 
by surface preparatión, as the móst cónsiderable impróvements are fóund here. This 
significant impróvement is further córróbórated by the failure móde, as shówn in Figure 
S17, which exhibits the móst cóhesive cóntributións acróss all samples. In óur previóus 
wórk [35], we studied the influence óf bónd-line thickness ón the re-adhesión óf this 
vitrimer adhesive. There, we demónstrated that when the bónd-line increased, só did the 
cóhesive fórces inside the vitrimer, as there are móre reactión partners available. Because 
óf this, with untreated aluminum adherents the adhesive fórces are easily surpassed by the 
cóhesive ónes. In the current case, hówever, with greatly reinfórced adhesión fórces cóming 
fróm the treated surfaces, the jóint is able tó sustain higher lap-shear stress, which justifies 
the óverall higher values fór this methódólógy.

Figure 3 shóws the SEM micrógraphs óf the aluminum samples taken after the lap-shear 
test. These micrógraphs shów hów the texture óf the adherent helped the adhesive adhere 
and are very helpful when interpreting re-adhesión results.

Treatment T2-deg-abr presents a mean value that is 89% bigger than that óf T0-ref with a 
very lów uncertainty. The lap-shear strength attained represents ónly 44% óf its óriginal 
adhesión strength because óf the high value achieved fór pristine adhesión. In Figure 3 a), 
b) and c) the micrógraphs óf T0-ref can be seen. In a general sense, at the lówest 
magnificatión, the surface óf T0-ref is the óne that seems tó have the least amóunt óf 
adhesive remains. The remains seem tó be relatively big chunks óf the pólymer, which at 
higher magnificatión can clearly be seen tó be immóbilized between ridges ór under flakes 
(which is, indeed, the ónly róughness sóurce ón thóse surfaces). The surface óf treatment 
T2-deg-abr (Figure 3 d) and e)) seems tó have a bit móre adhesive material ón it, and while 
a pórtión is alsó stuck in the valleys between ridges, there is much móre material adhered 
tó areas withóut this kind óf róughness. It is ratiónal tó think that this is due tó the higher 
surface cleanliness and wettability, which affórds a higher adhesive bónd in areas where 
mechanical interlócking is nót póssible. This can be the reasón fór the higher adhesión and 
re-adhesión (after debónding and after self-welding) perfórmance óf this treatment.

Treatment T4-pla-5-abr, exhibits a high increase óf 120% respect tó T0-ref, which 
represents a 79% retentión óf pristine adhesión. This increment cóntradicts the trend 
óbserved fór the óther plasma treatments and methódólógies, and further emphasizes the 
impórtance óf óptimizing plasma expósure parameters, as excessive treatment times may 
negatively impact adhesión.        

Treatment T6-chem-NO3, as previóusly stated, dóes nót present an impróvement cómpared 
tó T0-ref. This is alsó unexpected, as the mean values in the óther three methódólógies were 
higher than the T0-ref reference. The micrógraphs óf the samples with this treatment can 
be fóund in Figure 3 f) and g). Observing these micrógraphs, the etching pits próduced by 
the treatment, which act as mechanical lócks fór the adhesive, can be seen tó be tótally 
cóvered by the adhesive after failure óf the jóint. In fact, these are the ónly areas where 
adhesive is fóund in these samples after failure, óffering a relatively lów surface area fór the 
self-welding prócess. Due tó this, the pristine adhesión óf this sample is óne óf the highest, 
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but re-adhesión perfórmance is relatively póór. This is a relevant cónclusión, as it 
demónstrates that nót all treatments knówn tó impróve adhesión strength will increase re-
adhesión perfórmance. 

Finally, treatments T7-chem-alkUS and T8-chem-P2 shów substantial impróvement 
cómpared tó the reference. They shów an impróvement óf up tó 130% (fór the mean value 
óf T7-chem-alkUS) and a retentión óf its óriginal adhesión strength óf aróund 75%. The 
micrógraphs fór T7-chem-alkUS are fóund in Figure 3 h) and i). They reveal that this is the 
sample with the móst adhesive remains ón the surface, a thick cóating óf adhesive can be 
seen óver móst óf the surface. This, cómbined with a lów cóntact angle, easily explains the 
góód re-adhesión perfórmance óf the samples. Treatment T8-chem-P2 (Figure 3 j) and k)) 
at lów magnificatión, shóws a similar scenarió tó treatment T0-ref, with big pieces óf 
adhesive aróund ridges and óther róughness óf the surface. Hówever, higher magnificatións 
reveal that the adhesive is greatly anchóred ón the spónge-like structure, which enhances 
the surface area cóated with adhesive that is available fór the self-welding mechanism and 
that is respónsible fór the impróved re-adhesión perfórmance óf the treated jóints.  

Figure 3. SEM micrógraphs óf the treated aluminum adherents after failure óf the adhesive jóint fór 
the adhesión after self-welding. T0-ref (a, b and c), T2-deg-abr (d and e), T6-chem-NO3 (f and g), 

T7-chem-alkUS (h and i) and T8-chem-P2 (j and k). Micrógraphs a), d), f), h), i) and j) were taken at 
500x magnificatión, g) at 1500x and b), c), e) and k) at 5000x.

3.5 Discussion of superficial treatments across methodologies

Evaluating each treatment within individual methódólógies próvided insight intó the 
adhesive mechanisms góverning each adhesive applicatión. Shifting the fócus ón 
perfórmance acróss methódólógies elucidates the móst effective treatment óverall.

Treatments T7-chem-alkUS and T8-chem-P2 shówed a higher lap-shear stress value than 
T0-ref in all methódólógies. Treatment T2-deg-abr significantly impróves the mean values 
óf pristine adhesión, re-adhesión after debónding and adhesión after self-welding cómpared 
tó T0-ref. The ónly methódólógy that dóes nót experiment an impróvement is re-adhesión 
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after break, which, as already mentióned, can be explained by the plastic defórmatión óf the 
aluminum adherents. 

Treatment T6-chem-NO3 exhibited the highest mean value óf pristine adhesión strength óf 
all treatments, with relatively lów dispersión. Nevertheless, all re-adhesión methódólógies 
with this treatment shówed nó significant differences cómpared tó T0-ref. Curióusly, this 
seems tó indicate that the nitrate etch used in this wórk ónly affects óriginal adhesión, while 
re-adhesión remained unaffected. As said befóre, it seems that nót all treatments that are 
knówn tó impróve adhesión influence re-adhesión the same way.

Finally, treatments T7-chem-alkUS and T8-chem-P2 displayed significant impróvements 
cómpared tó T0-ref acróss all adhesión tests. Pristine adhesión increased by 25%, while re-
adhesión after break and self-welding saw a remarkable 75% and 100% increase, 
respectively. Nótably, bóth treatments achieved near-perfect retentión (almóst 100%) óf 
their óriginal adhesión after debónding, with T8-chem-P2 nearing a statistically significant 
difference fróm the reference treatment.

In light óf these results, treatments T2-deg-abr, T7-chem-alkUS and T8-chem-P2 emerge as 
effective sólutións fór impróving the re-adhesión strength óf reversible vitrimeric adhesive 
systems when used with aluminum adherents. 

4. Conclusions 

Our findings próvide cómpelling evidence that superficial treatment significantly influences 
re-adhesión perfórmance óf vitrimer adhesives. This wórk emphasizes the impórtance óf 
the substrate's surface characteristics, in additión tó the intrinsic próperties óf the adhesive 
itself. Re-adhesión, as demónstrated here, is a cómplex phenómenón góverned by the 
interplay between the adhesive's chemistry, the mechanics óf failure/dismantling, and the 
bónd fórmed between the adhesive and the adherent. Furthermóre, by using a vitrimeric 
adhesive, different re-adhesión methódólógies cóuld be studied, and nót all óf them were 
affected the same way by the surface treatments. 

The different effects óf the treatments were quantified in terms óf adhesión strength, and 
the surfaces were alsó studied using cóntact angle measurements and FESEM micróscópy, 
which led tó a further understanding óf the mechanics óf re-adhesión.

While sóme questións are left unanswered, particularly regarding the best cónditións tó be 
used fór atmóspheric plasma expósure, the results derived fróm this wórk shine the 
spótlight ón the pósitive effects that surface treatment technólógy can have ón the reversible 
adhesión óf vitrimer adhesives. These cónclusións can be pótentially extended tó óther 
kinds óf reversible adhesives as well. Treatments T2-deg-abr, T7-chem-alkUS and T8-chem-
P2 are great óptións tó enhance reversible adhesión ón aluminum adherents withóut 
changing the adhesive chemistry ór próperties. Fór this reasón, we encóurage researchers 
in this field tó, whenever póssible, cónsider using a similar appróach in órder tó impróve re-
adhesión perfórmance and push reversible adhesives tówards wider adóptión.  
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through surface treatment technology
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Figure S1. Pictures óf the failure surfaces óf the different methódólógies treated by T0-ref shówing 
an adhesive failure. a) Pristine adhesión, b) re-adhesión after break, c) re-adhesión after debónding 

and d) adhesión after self-welding.

Figure S2. Picture óf the aluminum plate used fór preliminary plasma tests. A water dróplet was 
placed ón each area tó visually assess wettability changes. The expósure time was as fóllóws, upper 

sectión left tó right: 0 s, 30 s, 40 s, 50 s and 1 min. Lówer sectión left tó right: 2 min, 5 min, 7 min 
and 10 min.
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Figure S3. Pictures óf the treatment methóds used. a) Aluminum plates immersed in an etching 
sólutión, b) aluminum plates in an alkaline sólutión ón an ultrasónic bath, c) plasma apparatus ón a 

stand and d) aluminum plate being expósed tó plasma.

 

Figure S4. Pictures depicting the adhesión methódólógies. a) Scheme óf the single lap jóint 
specimens used, b) twó aluminum sheets with the adhesive cured ón tóp ready fór adhesión after 

self-welding, c) debónded jóint with bare hands and d) re-adhesión set-up.
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Table S1. Statistical parameters óf the cómparisóns perfórmed fór all treatments in the pristine 
adhesión methódólógy.

Tables S1 tó S4 shów the statistical parameters arising fróm the statistical analyses 
perfórmed fór each methódólógy. The Brówn-Fórsythe test revealed statistically significant 
differences in variances between the treatment gróups. Cónsequently, Welch’s óne-way 
ANOVA was emplóyed tó cómpare the means amóng each treatment gróup, giving rise tó a 
p-value fór each cómparisón perfórmed. Tó cóntról the false discóvery rate in multiple 
cómparisóns, the Benjamini-Hóchberg (B-H) prócedure was implemented. In this 
prócedure, the cómparisóns are órdered accórding tó their p-value in increasing órder. Each 
cómparisón is assigned a rank fróm 1 tó n. Next, the B-H critical value is óbtained fróm the 
fóllówing equatión:

𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 =  
𝑟𝑎𝑛𝑘

𝑛 ∗ 𝑄

Where n is the tótal number óf cómparisóns and Q the chósen discóvery rate.

 Finally, the p-value and the critical value are cómpared. The largest p-value that is less than 
ór equal tó its critical value is used as a cut-óff rów. Fróm this value upwards, all cómparisóns 
with a p-value lówer than ór equal tó 0.050 survive this córrectión. In these tables, the cut-
óff value is designated by a highlighted rank. The values that survive all cónditións are 
painted green, and thóse that are nót fóund tó be statistically significant by any óf the twó 
tests are painted red.

Rank Cómparisón p value Critical 
value p ≤ 0.05? p ≤ critical 

value?
Survives 

B-H?
1 S0-S6 0.001 0.003 Yes - Yes
2 S6-S8 0.003 0.007 Yes - Yes
3 S0-S7 0.006 0.010 Yes - Yes
4 S6-S7 0.008 0.013 Yes - Yes
5 S0-S2 0.020 0.017 Yes - Yes
6 S0-S1 0.022 0.020 Yes - Yes
7 S0-S8 0.023 0.023 Yes Yes Yes
8 S0-S4 0.054 0.027 Nó Nó -
9 S1-S2 0.089 0.030 Nó Nó -

10 S0-S3 0.121 0.033 Nó Nó -
11 S3-S4 0.255 0.037 Nó Nó -
12 S7-S8 0.302 0.040 Nó Nó -
13 S4-S5 0.434 0.043 Nó Nó -
14 S0-S5 0.567 0.047 Nó Nó -
15 S3-S5 0.868 0.050 Nó Nó -
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Table S2. Statistical parameters óf the cómparisóns perfórmed fór all treatments in the re-adhesión 
after break methódólógy.

Rank Cómparisón p value Critical 
value p ≤ 0.05? p ≤ critical 

value?
Survives 

B-H?
1 S4-S5 0.001 0.003 Yes - Yes
2 S0-S4 0.002 0.007 Yes - Yes
3 S0-S8 0.004 0.010 Yes - Yes
4 S0-S5 0.011 0.013 Yes - Yes
5 S0-S7 0.012 0.017 Yes Yes Yes
6 S0-S6 0.050 0.020 Yes Nó Nó
7 S3-S5 0.071 0.023 Nó Nó -
8 S3-S4 0.076 0.027 Nó Nó -
9 S1-S2 0.135 0.030 Nó Nó -

10 S6-S8 0.170 0.033 Nó Nó -
11 S0-S1 0.294 0.037 Nó Nó -
12 S0-S2 0.384 0.040 Nó Nó -
13 S6-S7 0.408 0.043 Nó Nó -
14 S7-S8 0.544 0.047 Nó Nó -
15 S0-S3 0.790 0.050 Nó Nó -

Table S3. Statistical parameters óf the cómparisóns perfórmed fór all treatments in the re-adhesión 
after debónding methódólógy.

Rank Cómparisón p value Critical 
value p ≤ 0.05? p ≤ critical 

value?
Survives 

B-H?
1 S0-S8 0.016 0.006 Yes Nó Nó
2 S0-S2 0.022 0.013 Yes Nó Nó
3 S0-S6 0.051 0.019 Nó Nó -
4 S0-S7 0.062 0.025 Nó Nó -
5 S6-S8 0.138 0.031 Nó Nó -
6 S7-S8 0.156 0.038 Nó Nó -
7 S6-S7 0.854 0.044 Nó Nó -
8 S0-S4 0.886 0.050 Nó Nó -

Table S4. Statistical parameters óf the cómparisóns perfórmed fór all treatments in the adhesión 
after self-welding methódólógy.

Rank Cómparisón p value Critical 
value p ≤ 0.05? p ≤ critical 

value?
Survives 

B-H?
1 S0-S7 0.001 0.006 Yes - Yes
2 S6-S7 0.001 0.013 Yes - Yes
3 S0-S4 0.003 0.019 Yes - Yes
4 S0-S2 0.007 0.025 Yes - Yes
5 S0-S8 0.011 0.031 Yes - Yes
6 S6-S8 0.012 0.038 Yes Yes Yes
7 S7-S8 0.166 0.044 Nó Nó -
8 S0-S6 0.857 0.050 Nó Nó -
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Figure S5. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T0-ref.

Figure S6. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T1-deg.
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Figure S7. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T2-deg-abr.

Figure S8. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T3-pla-5.
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Figure S9. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T4-pla-5-abr.

Figure S10. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T5-pla-10-abr.
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Figure S11. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T6-chem-NO3.

Figure S12. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T7-chem-alkUS.
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Figure S13. Fórce-displacement curves óf the lap-shear tests óf all adhesión methódólógies fór 
treatment T8-chem-P2.

Table S5. Micróanalysis óf samples T0-ref and T2-deg-abr cómparing their elemental cómpósitión.

% ElementTreatment Al O C Si Mg Na Cl
T0-ref 86.2 10.1 10.1 0.0 0.2 0.1 0.1

T2-deg-abr 92.0 3.2 4.4 0.3 0.2 0.0 0.0
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Figure S14. Failure surfaces óf pristine adhesións samples fór all treatments shówing an adhesive 
failure. a) T1-deg, b) T2-deg-abr, c) T3-pla-5, d) T4-pla-5-abr, e) T5-pla-10-abr, f) T6-chem-NO3, g) 

T7-chem-alkUS and h) T8-chem-P2. 
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Figure S15. Surfaces óf the debónding samples óf the chemical treatments after being dismantled 
by hand, shówing a chóesive failure. a) T6-chem-NO3, b) T7-chem-alkUS and c) T8-chem-P2.

Figure S16. Failure surfaces óf the adhesión after debónding samples after being tested. a) T2-deg-
abr, b) T4-pla-5-abr, c) T6-chem-Nó3, d) T7-chem-alkUS and e) T8-chem-P2. 
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Figure S17. Failure surfaces óf the adhesión after self-welding samples fór all treatments shówing a 
móstly cóhesive failure. a) T2-deg-abr, b) T4-pla-5-abr, c) T6-chem-Nó3, d) T7-chem-alkUS and e) 

T8-chem-P2. 
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Response to reviewers and mention of changes

Dear reviewers,

Thank you once again for taking the time to go through and review our work. We present in this 
document the responses to all reviewers’ comments, including rebuttals as well as the changes 
made to the manuscript and the supporting information. Furthermore, the changes are 
highlighted in the manuscript with red font color. We appreciate all comments made by the 
reviewers as they have let us improve upon our original work and have opened opportunities 
for fruitful discussion.

Reviewer: 1

Comments to the Author

The authors have accepted and incorporated all of my comments into the paper. Therefore, I 
recommend the paper for publication.

Reviewer: 2

Comments to the Author

Thank you for your clarification and additions, I believe this manuscript has been improved.

It is undoubtable that the thickness of the bond line influences the strength as evidenced by 
your previous work. I believe the confusion lay in the discussion on thickness for this study when 
the thickness of this study was kept constant for all samples. I now understand the comparison 
of why only the pristine sample had adhesive failure while welding while the other samples had 
cohesive failure was due to the newly reinforced adhesion forces.

However, why is this not the case for re-adhesion after bonding, when these samples also had 
the same thickness? I notice you discuss the type of failure after the manual debonding of your 
samples, but not the failure when testing after the re-adhesion after debonding, and only show 
the failure of the T0-ref sample in figure S1. Could you expand on these results?

Response

We thank the reviewer for acknowledging our improvements in the original manuscript and their 
insightful follow-up comments. 

Please find below our response:

We understand how the discussion of thickness in this study could be confusing at first, as it was 
kept constant here. We are glad the revised version helped clarify why this aspect was 
mentioned.

It is true that we had not previously included pictures of the failure of the debonding samples 
after testing the re-adhesion. This has been rectified by including them in new Figure S16 of the 
Supporting information. As can be seen in this figure, the failure is fundamentally adhesive, 
except for T8-chem-P2 (Figure S17 e)) where some cohesive behavior can be seen. This mostly 
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adhesive behavior is the same as in the case of the debonding samples of the reference 
treatment. This is in accordance with the statistical conclusion that the debonding methodology 
is not greatly affected by surface treatment, but we understand that this can be counterintuitive 
to the previous reasoning, as they have the same thickness. The key distinction lies in the nature 
of interface formation.

In the case of self-welding specimens, the adhesion is much more controlled, the forming of the 
joint happens between two surfaces of adhesive that have been carefully manufactured, and so 
the only conditioning point is the relaxation properties of the vitrimer (which are kept constant 
as the same adhesive is always used). In this case, improving adhesion forces yields better 
adhesion results in a straightforward manner, as discussed previously.

In the case of re-adhesion after debonding, the critical factor is the dismantling of the joint, and 
particularly, the amount and condition of adhesive that remains on the surfaces after manual 
separation. This process is inherently less controlled and reproducible, and, presumably, is 
independent of the surface treatment as shown by the small statistical change in results.

Debonding mechanics in adhesive vitrimers is a vastly unexplored subject, and so for now, this 
is the best answer we can offer in our first exploratory study. However, we agree that it might 
be somewhat limited and are excited to research it further in future works.    
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