z'l-.l turnitin Page 2 of 32 - Integrity Overview Submission ID _ trn:oid::3618:149225067

15% Overall Similarity

The combined total of all matches, including overlapping sources, for each database.

Filtered from the Report

» Bibliography

Match Groups Top Sources

. 60 Not Cited or Quoted 10% 8% @ Internetsources

Matches with neither in-text citation nor quotation marks 12% ME Publications

99 27 Missing Quotations 5% 7% 2 Submitted works (Student Papers)
Matches that are still very similar to source material

0 Missing Citation 0%
Matches that have quotation marks, but no in-text citation

“

0 Cited and Quoted 0%
Matches with in-text citation present, but no quotation marks

Integrity Flags

0 Integrity Flags for Review
Our system's algorithms look deeply at a document for any inconsistencies that
would set it apart from a normal submission. If we notice something strange, we flag
it for you to review.

A Flag is not necessarily an indicator of a problem. However, we'd recommend you
focus your attention there for further review.

z"j turnitln Page 2 of 32 - Integrity Overview Submission ID  trn:oid:::3618:149225067



zﬂ turnitin Page 3 of 32 - Integrity Overview

Match Groups Top Sources

. 60 Not Cited or Quoted 10% 8% @ Internetsources

Matches with neither in-text citation nor quotation marks 12% ME Publications

93 27 Missing Quotations 5% 7% °
Matches that are still very similar to source material

0 Missing Citation 0%
Matches that have quotation marks, but no in-text citation

“

0 Cited and Quoted 0%
Matches with in-text citation present, but no quotation marks

Top Sources

The sources with the highest number of matches within the submission. Overlapping sources will not be displayed.

o Publication

Marzieh Habibi, Ezzatollah Joudaki, Abdolreza Moghadassi, Omid Moini Jazani. " E... <1%
Internet

m.scirp.org <1%
Internet

www.mdpi.com <1%
Internet

pmc.ncbi.nim.nih.gov <1%
o Publication

Bakr Ahmed Taha, Ali J. Addie, Ghassan M. Sulaiman, Elsadig M. Ahmed, Khalil A. ... <1%
° Publication

Delaram Somali, Omid Moini Jazani, Payam Molla-Abbasi, Majid Moghadam, Seyy... <1%
Internet

lutpub.lut.fi <1%
° Student papers

Cardiff University on 2011-04-08 <1%
° Student papers

Federal University of Technology on 2025-11-25 <1%
c Publication

Alireza Mirkhani Deligani, Omid Moini Jazani, Payam Molla-Abbasi, Majid Moghad... <1%

zr'j turnit"’] Page 3 of 32 - Integrity Overview

= Submitted works (Student Papers)

Submission ID  trn:oid:::3618:149225067

Submission ID  trn:oid:::3618:149225067


https://doi.org/10.1002/pc.70887
https://m.scirp.org/papers/98353
https://www.mdpi.com/2076-3417/14/15/6473
https://pmc.ncbi.nlm.nih.gov/articles/PMC11991163/
https://doi.org/10.1002/adtp.202500495
https://doi.org/10.1016/j.matdes.2026.116703
https://lutpub.lut.fi/bitstream/handle/10024/172707/arif_et_al_sulfanilic_acid-functionalized_publishers_version.pdf?isAllowed=y&sequence=3
https://doi.org/10.1016/j.rineng.2026.111918

zﬂ turnitin Page 4 of 32 - Integrity Overview

Publication

Paul Beatty, Marshall Tumperi, Harrison Nguyen, Danielle Howe et al. "A method...

Publication

A. Douba, M. Genedy, E.N. Matteo, U.F. Kandil, J. Stormont, M.M. Reda Taha. "The ...

Publication

Jayaraman Ariyagounder, Senthilkumar Veerasamy. "Experimental Investigation ...

° Student papers

University College London on 2021-12-17

o Publication

"Emerging Nanomaterials", Springer Science and Business Media LLC, 2023

e Student papers

Universiti Sains Malaysia on 2026-07-06

Internet

edepot.wur.nl

a Internet

www.researchgate.net

o Publication

Azmi, Iffat. "Neogene Expansion of C4 Grasslands in South America: Interactions ...

a Student papers

Indian Institute of Technology, Madras on 2026-05-20

Publication

Junru Li, Lin Yang, Yuxuan Gao, Zongze Li, Ying Li, Danying Gao. "Sulfate resistanc...

Publication

Saleh S. Abdelhady, Said H. Zoalfakar, Rehab E. Elbadawi, Shaimaa M. Mohamed. "...

Internet

par.nsf.gov

a Publication

Adawiya ). Haider, Sharafaldin Al-Musawi, Raad Shaker Alnayli, Rusul Al-Obaidy et...

z"j ‘turn|t|n Page 4 of 32 - Integrity Overview

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

Submission ID  trn:oid:::3618:149225067

Submission ID  trn:oid:::3618:149225067


https://doi.org/10.3389/fphys.2026.1759280
https://doi.org/10.1016/j.ijadhadh.2017.01.001
https://doi.org/10.1007/s40996-021-00584-0
https://doi.org/10.1007/978-3-031-17378-3
https://edepot.wur.nl/672836
https://www.researchgate.net/publication/248392720_Activated_Carbon_from_Various_Agricultural_Wastes_by_Chemical_Activation_with_KOH_Preparation_and_Characterization
https://gateway.proquest.com/openurl?res_dat=xri%3Apqm&rft_dat=xri%3Apqdiss%3A32536437&rft_val_fmt=info%3Aofi%2Ffmt%3Akev%3Amtx%3Adissertation&url_ver=Z39.88-2004
https://doi.org/10.1016/j.jobe.2026.115327
https://doi.org/10.1007/s12633-026-03667-7
https://par.nsf.gov/servlets/purl/10573788
https://doi.org/10.1007/s12668-025-02144-6

zﬂ turnitin Page 5 of 32 - Integrity Overview

Publication

John D. McCoy, Windy B. Ancipink, Salomon R. Maestas, Lara R. Draelos, David B. ...

a Publication

Mehmet Veysel Cakir, Mikail Aslan, Zeynal Abidin Oguz. "Structure-property relat...

Publication

Nivedha Balasubramanian, Ashok Mahalingam. "Study of variation in physical an...

a Publication

Xiangwei Yuan, Liping Ouyang, Yao Luo, Zhenjie Sun, Chao Yang, Jiaxing Wang, X...

Internet

en.wikipedia.org

Internet

pubs.rsc.org

Internet

www.djas.org

Student papers

Khulna University of Engineering & Technology on 2026-08-17

Student papers

Positivo Educacional Ltda on 2025-05-22

Publication

Zhendong Liu, Longguan Zhu, Yulan Hu, Bingjian Zhang. "Feasibility study on ma...

Internet

digitalcommons.Isu.edu

Internet

mobt3ath.com

Internet

www.engineersgallery.com

Publication

Dapeng Zhang, Shuo Yan, Hongfei Guo, Yuxuan Zhang, Lili Gao, Yun Li, Jilin Cao. "...

zl'j ‘turn|t|n Page 5 of 32 - Integrity Overview

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

Submission ID  trn:oid:::3618:149225067

Submission ID  trn:oid:::3618:149225067


https://doi.org/10.1016/j.tca.2018.11.013
https://doi.org/10.1016/j.ijadhadh.2026.104332
https://doi.org/10.21203/rs.3.rs-4820066/v1
https://doi.org/10.1016/j.actbio.2019.01.016
https://en.wikipedia.org/wiki?curid=5642037
https://pubs.rsc.org/en/content/articlehtml/2019/ta/c9ta09429f
https://www.djas.org/doi/DJAS/pdf/10.5005/djas-11014-0019
https://doi.org/10.1016/j.conbuildmat.2025.141345
https://digitalcommons.lsu.edu/petroleum_engineering_pubs/288
https://mobt3ath.com/uplode/books/book-2733.pdf
https://www.engineersgallery.com/tensile-test/
https://doi.org/10.1016/j.jece.2025.115404

zﬂ turnitin Page 6 of 32 - Integrity Overview

Student papers

Kingston University on 2010-05-26

m Publication

Pooya Parvizi, Milad Jalilian, Karl D. Dearn. "Epoxy Composites Reinforced with Na...

Student papers

Universidad de Sevilla on 2026-02-25

Student papers

University of Leeds on 2016-08-15

Student papers

University of Sheffield on 2025-06-26

m Internet

books.fe.up.pt

e Internet

mdpi-res.com

e Internet

research-information.bris.ac.uk

Publication

Amel Boukhlif, Sahnoun Zengah, Abdelghani Baltach, Ali Benhamena et al. "Cree...

m Student papers

Brunel University on 2026-05-29

e Publication

Salih Y. Darweesh, Ghazi F. Mahal. "Effect of Adding Nano Silica on Some Structur...

e Student papers

The Courtauld Institute of Art on 2023-02-24

Publication

Varsha Srivastava, Sangeeta Garg, Amit D. Saran. "Advanced polymer nanocompo...

Internet

dokumen.pub

zl'j ‘turn|t|n Page 6 of 32 - Integrity Overview

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

Submission ID  trn:oid:::3618:149225067

Submission ID  trn:oid:::3618:149225067


https://doi.org/10.1016/j.polymertesting.2025.108761
https://books.fe.up.pt/index.php/feup/catalog/download/140/380/667
https://mdpi-res.com/d_attachment/jcs/jcs-08-00459/article_deploy/jcs-08-00459.pdf
https://research-information.bris.ac.uk/ws/files/283844211/Final_Thesis_31.7.2021.pdf
https://doi.org/10.1016/j.jmrt.2026.06.187
https://doi.org/10.55810/2313-0083.1094
https://doi.org/10.1515/polyeng-2024-0248
https://dokumen.pub/advanced-bionanocomposite-materials-innovations-for-sustainable-development.html

zﬂ turnitin Page 7 of 32 - Integrity Overview

Internet

libra.unine.ch

e Internet

mpm.spbstu.ru

e Internet

repository.aust.edu.ng

a Internet

repozitorij.unizg.hr

Internet

theses.hal.science

e Publication

Maduka L. Weththimuni, Marwa Ben Chobba, Donatella Sacchi, Mouna Messaoud...

e Publication

Suphalak Khamruang Marshall, Phuchisa Tepnarin, Wuttipat Wattanaphonpinich,...

a Student papers

Universiti Teknologi MARA on 2026-07-19

ZI'j turn't'n Page 7 of 32 - Integrity Overview

<1%

<1%

<1%

<1%

<1%

<1%

<1%

<1%

Submission ID  trn:oid:::3618:149225067

Submission ID  trn:oid:::3618:149225067


https://libra.unine.ch/server/api/core/bitstreams/b549be68-7d5f-470a-b316-9875d74dacfd/content
https://mpm.spbstu.ru/userfiles/files/Vol%2054%20No%202/7_solairaju_ja_et_al.pdf
https://repository.aust.edu.ng/xmlui/bitstream/handle/123456789/5204/Development%20and%20Characterization%20of%20Bio_based%20Basalt%20Fibre_Abdulrahman_Musa_Adeiza.pdf?isAllowed=y&sequence=1
https://repozitorij.unizg.hr/islandora/object/rgn:2921/datastream/FILE0
https://theses.hal.science/tel-04624613v1/document
https://doi.org/10.3390/chemistry4010006
https://doi.org/10.3390/polym18151804

Z'l—.l turnitin Page 8 of 32 - Integrity Submission Submission ID  trn:oid:::3618:149225067

Development of Nanofiller-Reinforced Polymeric
Adhesives Combined with an Acrylic Copolymer for
Archaeological Stone Restoration
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Abstract

Epoxy resin and polyvinyl acetate adhesives are widely used to treat cracks and fractures in
stone antiquities. This study describes the development, mechanical evaluation, and
application of high-performance epoxy resin and polyvinyl acetate (PVAc) adhesives
reinforced with inorganic fillers, specifically engineered for archaeological stone
restoration. The epoxy resin was reinforced with silica nanoparticles (SiO2, ~50 nm) and
zinc oxide nanoparticles (ZnO, ~50 nm) at two loading levels: 2 wt% SiOz + 2 wt% ZnO
and 5 wt% SiO: + 5 wt% ZnO. Similarly, PVAc was reinforced with the same proportions
of both additives. An acrylic copolymer (Paraloid B-72) was applied as a barrier coating to
the stone surface before adhesive application. This intervening barrier protects the original
substrate by preventing direct contact between the adhesive and the artifact. Consequently,
if adhesive removal becomes necessary, the solvent-removable coating is intended to
facilitate separation while minimizing the risk of damage to the underlying archaeological
stone. The epoxy composite containing 5% nano-SiO2 and 5% ZnO exhibited the highest
shear strength (46.94 MPa), whereas the corresponding PVAc composite achieved 35.90
MPa. At the lower nanoparticle loading, the epoxy composite containing 2% nano-SiO- and
2% ZnO achieved a maximum shear strength of 39.99 MPa, compared with 17.289 MPa
for the corresponding PVAc composite. Fourier-transform infrared (FTIR) spectroscopy
was used to characterize the adhesive formulations, whereas XRF was used to determine
the elemental composition of the limestone and marble samples.

Keywords: archaeological restoration; polymeric adhesives; nanoparticles; acrylic
copolymer
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1. Introduction

Iraq possesses an extremely rich archaeological heritage, comprising thousands
of artifacts made of stone, ceramics, and metal. These materials are vulnerable to
biological deterioration and to damage caused by environmental conditions,
transportation, storage, and armed conflicts. Consequently, reliable restoration
materials, including polymeric adhesives, are essential for ensuring the structural
stability of artifacts while preserving their historical authenticity (1). Polymeric
adhesives address evolving needs in industries ranging from aerospace and
automotive engineering to construction (2). They offer a combination of properties,
including a high strength-to-weight ratio, excellent thermal and corrosion resistance,
stability, and flexibility, making them suitable for diverse applications in critical
sectors (3—5). Adhesives are used to join solid surfaces, whereas adhesion is the
interfacial process that enables load transfer between bonded substrates (6). Adhesion
involves intimate contact between two substrates, allowing mechanical forces to be
transferred across the interface and through the bonded joint (7). Adhesives are used
to bond materials such as metal, paper, and stone, and to reassemble fractured artifacts
and statues damaged by weather, environmental fluctuations, impact, or accidental
falls (8).

Epoxy resin is among the most widely used structural adhesives for stone
conservation and the reassembly of fractured stone because of its outstanding
mechanical properties (9), chemical and moisture resistance, and long-term durability
(10). It has been successfully employed to reconstruct fractured stone, ceramic, and
metallic artifacts. However, the irreversibility of cured epoxy and the difficulty of its
removal are significant limitations (11). Its strong adhesion is associated with polar
functional groups, including hydroxyl and ether groups, which contribute to
interfacial interactions and the mechanical performance of the cured material (12).
Since polymers began to be widely used to consolidate decayed stone in the 1960s,
epoxy materials have attracted considerable interest as stone adhesives and gap fillers
because of their mechanical strength, durability, and exceptional adhesion (13—15).
Epoxy formulations are used for applications requiring high mechanical performance,
including the bonding of marble and granite; depending on their formulation and
viscosity, they may also be applied as coatings (16—17). Polyvinyl acetate (PVAc) is
another adhesive frequently used in restoration because of its ease of application,
flexibility, and comparatively greater reversibility than epoxy adhesives. It also
exhibits good compatibility with various archaeological materials (18). Nevertheless,
its lower mechanical strength and limited moisture resistance restrict its use in
demanding conservation environments (19). Its principal advantages include ease of
application, flexibility, availability, low cost, and reported resistance to aging and
biological attack (20). Fillers can occupy spaces within a polymer matrix and enhance
the strength, durability, and hardness of the resulting product (21). Stone materials
were used to produce statues, obelisks, and panels. Limestone, which occurs in Iraqi
antiquities, is composed principally of calcium carbonate and may also contain silica,
iron oxides, and small amounts of magnesium carbonate (22-23); its color is typically
white or yellowish. Marble is a metamorphic rock derived from carbonate rocks such
as limestone and consists predominantly of calcite and/or dolomite, with accessory
minerals depending on the source rock (24-25). Nanomaterials have considerable
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potential to enhance the performance and functionality of composites in diverse
industrial applications (26). They have been used to improve polymer durability and
thermal, physical, and mechanical performance, including hardness and bond strength
(27). Their small size, high specific surface area, and high surface energy can enhance
physical and chemical interactions and interfacial bonding between a polymer matrix
and its reinforcement (28). Previous studies have examined inorganic nanofillers such
as silicon dioxide (SiO2) in polymer systems for conservation applications and have
reported that particle size can affect mechanical properties, including hardness and
toughness (29). Nanotechnology has numerous applications, including the preparation
of epoxy- and PVAc-based adhesives (30-31). Zinc oxide is one of the most widely
investigated nanomaterials for cultural heritage conservation because of its UV-
shielding capacity, thermal stability, antimicrobial activity, and potential to enhance
the mechanical performance of polymeric adhesives (32). When incorporated into
polymeric systems such as epoxy and PVAc, ZnO nanoparticles have been reported to
improve selected functional properties (33—36). Protecting the original surface of an
archaeological artifact is a fundamental principle of conservation practice (37).
Acrylic copolymers, particularly Paraloid B-72, are therefore widely used in
conservation, although other formulations, including Paraloid B-67, B-44, and B-66,
are also available (38). Paraloid B-72 reportedly does not discolor the surface when
used for consolidation and is therefore considered suitable for cultural heritage
preservation (39). It may also increase the water resistance of artifact surfaces (40)
and is widely used as a removable barrier layer between an artifact surface and a
structural adhesive (41). This protective layer prevents direct adhesion to the original
substrate and can reduce the risk of damage during lifting, transportation, and
conservation procedures (42). Acrylic polymers used in surface coatings or adhesives
can be removed using solvents such as acetone and methyl ethyl ketone (43).
Although several studies have investigated epoxy or PVAc modified with individual
nanoparticles such as SiO: or ZnO, limited research has explored the combined
incorporation of both nanoparticles into the same adhesive system for archaeological
conservation. Comparative studies evaluating epoxy and PVAc reinforced with SiO-
and ZnO nanoparticles under identical conditions are also scarce. Furthermore, the
use of Paraloid B-72 as a removable isolation layer before adhesive bonding has not
been comprehensively evaluated. This study therefore seeks to address these gaps by
developing nanoparticle-reinforced adhesive systems that combine high mechanical
performance and durability with the reversibility and compatibility required for
cultural heritage conservation.

This study aimed to develop and evaluate epoxy- and PVAc-based adhesive
systems reinforced with silicon dioxide and zinc oxide nanoparticles, with Paraloid B-
72 used as a removable barrier layer. The objectives were to improve bond, shear,
tensile, and slip-resistance performance while protecting the artifact substrate and to
assess the potential of these systems for repairing cracks and fractures in stone pieces
of different sizes and types.
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2. Experimental Part

2.1. Chemicals

2.1.1. Conbextra EP10 epoxy resin (Fosroc, Jordan), based on diglycidyl ether of
bisphenol A (DGEBA), was used, as shown in Fig. 1 (44). The resin and
ethylenediamine hardener were mixed at a 3:1 ratio. The resin had a density of 1,050
kg/m? and a viscosity of 150-200 cP at 25 °C.

0 CH, OH CH, 0
£ % I | | 2%
CH,~CH-CH,0 - 0—CH,—~CH-CH,1—0 . 0—CH,~CH-CH,
CHy = CHs

Fig. 1. Chemical structure of the epoxy resin.

2.1.2. Polyvinyl acetate adhesive was obtained from Abnilshimi Company,
Islamic Republic of Iran. The PVAc adhesive was supplied as an emulsion with a
viscosity of 29,000-30,000 cP, a density of 1.30-1.35 g/cm?, a solids content of 59%,
and a pH of 9. PVAc is widely used in waterborne adhesive formulations and polymer
films because of its low cost, excellent adhesion to polar substrates, ease of
processing, and low toxicity. Its molecular formula is (C4aHsO2),, and its repeating unit
is [FCH>—CH(OCOCHS:)—]. (45).

2.1.3. Paraloid B-72 (Acraloid B-72) is an acrylic copolymer composed of ethyl
methacrylate (70%) and methyl acrylate (30%) monomers (EMA/MA) (Aldrich,
Darmstadt, Germany), as shown in Fig. 2. It has a density of 1.15 g/cm® and a
refractive index of 1.479-1.489 and was supplied as transparent granules (46). It was
dissolved in acetone or methyl ethyl ketone to prepare a primer coating for the stone
surface.

e} CHj
/
o \\C/o
CH; g |
C m n
Oé \cl) H
"
CH3

Fig. 2. Chemical structure of Paraloid B-72.
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2.1.4. The inorganic nanofillers were nano-SiO. and ZnO nanoparticles, each
with a nominal particle size of 50 nm. The nanofillers had a reported purity of 99.7%
and a bulk density of 0.3-0.5 g/mL (47).

2.2. Materials

Preparation of Experimental Limestone Samples

Experimental limestone blocks were cut into rectangular specimens measuring 10
x 2 x 2 cm for tensile-strength testing. Specimens measuring 75 x 75 mm were
prepared for bond-strength testing, and specimens measuring 12 x 12 mm were
prepared for slip-resistance testing (48). Before the nanocomposite adhesives were
applied, the specimens were cleaned with a soft brush, washed with distilled water,
and dried in an oven at 100 °C.

2.3. Methodologies

2.3.1. Preparation of Nanocomposite Adhesives

Nanoparticles were dispersed in the epoxy resin to obtain nanocomposites with
the most homogeneous filler distribution possible (49-50). Epoxy nanocomposites are
typically prepared by first dispersing the nanoparticles in the epoxy component before
the hardener is added (51). SiO: and ZnO nanoparticles were incorporated into the
epoxy resin at two loading levels: 2 wt% SiO2 + 2 wt% ZnO (sample 2) and 5 wt%
SiO2 + 5 wt% ZnO (sample 3). Each formulation was initially mixed with a glass rod
and then mechanically stirred at 500 rpm for 1 h to promote nanoparticle dispersion
and minimize agglomeration. Finally, the hardener was added to each formulation at a
resin-to-hardener ratio of 3:1.

2.3.2. Preparation of Epoxy- and PVAc-Nanoparticle Samples

Sample 1 consisted of epoxy resin and hardener mixed at a ratio of 3:1.

Sample 2 consisted of epoxy resin containing 2 wt% SiO2 and 2 wt% ZnO (nominal
particle size: 50 nm), mixed with hardener at a ratio of 3:1.

Sample 3 consisted of epoxy resin containing 5 wt% SiO2 and 5 wt% ZnO (nominal
particle size: 50 nm), mixed with hardener at a ratio of 3:1.

Sample 4 consisted of neat PVAc.

Sample 5 consisted of PVAc containing 2 wt% SiO2 and 2 wt% ZnO.

Sample 6 consisted of PVAc containing 5 wt% SiO2 and 5 wt% ZnO.

Sample 7 consisted of a 50% Paraloid B-72 solution in acetone. The solution was
allowed to dissolve for 24 h, applied to the stone surface as a coating, and allowed to
dry for 3—5 min (52).

2.3.3. Scanning Electron Microscopy (SEM)

SEM images of nano-SiO: with an average particle size of approximately 50 nm
were obtained, as shown in Fig. 3 (53). SEM analysis was performed at the
Nanotechnology Laboratory, Centre for Industrial Applications Research and
Materials Technology, Scientific Research Commission, Baghdad, Iraq.
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SEM MAG: 50.0 kx Det: SE
SEM HV: 20.0 kV Date(m/d/y): 10/06/16 | 1 pm

Fig. 3. Scanning electron microscopy (SEM) image of nano-SiOs-.

2.3.4. Preparation of Bonded Experimental Limestone Specimens

A. Two chemically modified limestone blocks were prepared in accordance with
ASTM C321-00 (reapproved 2005). This standard method uses a compression-testing
machine to measure the bond strength of the prepared polymeric adhesives. Paraloid
B-72 was applied to the 75 x 75 mm joint area between the two blocks as a barrier
coating. A 2-3 mm layer was applied and allowed to dry for 3—5 min. The polymeric
adhesive was then applied over the same area at the same thickness and allowed to
cure for at least 7 days for epoxy resin or dry for 3 days for PVAc (54-55). Adhesive
testing was conducted at the Cement Laboratory, Building Research Centre, Baghdad,
Iraq. Bond strength was calculated using Eq. (1).

c b=L/J 1)
J =joint area between the adhesive and mortar (75 x 75 mm?)
L = maximum applied load (N)
c_b =bond strength (MPa or N/mm?)

B. Limestone specimens measuring 12 x 12 mm were used to evaluate slip
resistance. The adhesive was applied under normal laboratory conditions at a
thickness of 2—3 mm. Each stone was then fixed to a vertical wall without additional
support, and the interval between adhesive application and stone placement did not
exceed 5 min (56). Vertical displacement was subsequently assessed in accordance
with Iraqi Standard Specification MQA 1476/1992.

C. Stone samples were finely ground and pressed into circular discs, as shown in
Fig. 4, and analyzed using a SPECTRO XEPOS X-ray fluorescence (XRF)
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spectrometer. XRF was used to determine the concentrations and types of elements
and oxides present in stones used in restoration and construction, including stone
materials in Iraqi museums (57). The analysis was performed at the XRF Laboratory,
Centre for Industrial Applications Research and Materials Technology, Scientific
Research Commission, Baghdad, Iraq. Oxide percentages were calculated from
elemental concentrations using Eq. (2).

Oxide (%) = Element (%) % Stoichiometric factor (2)

Stoichiometric factor = molar mass of the oxide/molar mass of the element

Fig. 4. Circular disc prepared from a stone sample.

2.3.5. Laboratory Testing

The prepared adhesives and bonded experimental limestone specimens were
subjected to two accelerated-weathering protocols, as follows:

A. Salt-crystallization weathering

The experimental specimens were subjected to five salt-crystallization cycles.
Each cycle consisted of immersion in saturated Na.SO. for 5 h, exposure to air at 25
°C and 50% relative humidity for 30 h, and oven drying at 70 °C for 16 h (58).

B. Water-immersion weathering. Water-immersion testing was used to evaluate
the resistance of the prepared adhesives to water and moisture when bonding stone
pieces. The specimens underwent 20 immersion—drying cycles, each consisting of
complete immersion in distilled water for 6 h followed by oven drying at 70 °C for
4 h (59). This protocol was intended to assess whether bonded stone pieces could
tolerate washing when surface salts appear, as may occur in museum conservation
practice.
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3. Characterization

The mechanical properties of the nanocomposite adhesives were evaluated using
the following mechanical and physicochemical characterization methods.

3.1. Bond-strength testing was performed using a universal/compression-testing
machine in accordance with the stated procedure (ST-con.12) and ASTM C321-00
(reapproved 2005), a standard method for measuring bond strength (60).

3.2. Shear Strength. Shear strength is the maximum shear stress sustained by a
specimen before failure (61). It was measured using a CESH-001.TSQ-1 H50KT
testing machine (UK) in accordance with Ministry of Industry and Trade Standard
Specification No. 1476/1992 and calculated using Eq. (3).

Tu = Fmax/As 3)

T, = ultimate shear strength (MPa or N/mm?)

Fmax = maximum load at failure (N)

A, = shear area (mm?)

3.3. Tensile Strength. Tensile strength (MPa or N/mm?) is the maximum tensile
stress that a material can withstand before fracture or failure (62). It was measured
using a Tinius Olsen H50KT testing machine (UK) at a crosshead speed of 10
mm/min in accordance with ASTM D638-89 and calculated using Eq. (4).

oUTS = Fmax/Ao “4)
oUTS = ultimate tensile strength (MPa or N/mm?)
Fmax = maximum tensile load applied before fracture (N)
Ao = original cross-sectional area of the specimen (mm?)

Adhesive specimens were prepared in the standard dumbbell shape specified in
ASTM D638-89, as shown in Fig. 5.

Fig. 5. Standard dumbbell-shaped adhesive specimen.

3.4. Compressive Strength. Compressive strength was determined by subjecting
each specimen to axial compression using a Tinius Olsen HSOKT testing machine (63)
and was calculated using Eq. (5).

oUCS = Fmax/Ao 5)
oUCS = ultimate compressive strength (MPa or N/mm?)
Fmax = maximum compressive load applied before failure (N)
Ao = original cross-sectional area of the specimen (mm?)

Cylindrical adhesive specimens (50 mm in diameter and 100 mm in height) were
prepared in accordance with ASTM C579. Compressive-strength testing was
performed at the Materials Laboratory, Centre for Industrial Applications Research
and Materials Technology, Scientific Research Commission, Baghdad, Iraq.
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3.5. X-ray Fluorescence. X-ray fluorescence (XRF) spectroscopy was used to
determine the concentrations and types of elements in the stone specimens by
measuring the characteristic X-rays emitted following excitation (64).

3.6. Slip Resistance. Slip resistance is a fundamental physical-mechanical
property of adhesives used in vertical applications, such as fixing stone to walls and
fagades. It describes the ability of an uncured adhesive to prevent a stone from
moving downward under its own weight before the adhesive develops its final bond
strength.

Slip resistance depends on several factors:

A. Apparent viscosity: a higher apparent viscosity generally increases slip resistance.
B. Initial yield stress: a higher minimum of shear stress required to initiate adhesive
flow generally helps resist sagging or slip before setting.

C. Bond-line thickness: thinner adhesive layers generally reduce the tendency to slip.

3.7. Curing and Drying Times. Epoxy curing time is the period during which the
resin—hardener reaction develops a crosslinked network. In contrast, the drying time
of a PVAc emulsion is governed primarily by water loss and film formation.

3.8. Fourier-Transform Infrared Spectroscopy. FTIR spectra were recorded for all
epoxy and PVAc samples using the KBr-pellet method on a Shimadzu FTIR-8300
instrument over the range 400—4,000 cm™ (64). The measurements were performed at
the FTIR Laboratory, Centre for Industrial Applications Research and Materials
Technology, Scientific Research Commission, Baghdad, Iraq.

4. Results and Discussion

4.1. Bond Strength

The prepared adhesives (samples 1-7) were investigated, as shown in Table 1.
The neat epoxy adhesive bonded to the stone specimens exhibited a bond strength of
30.481 N/mm?. However, the addition of nanomaterials to the epoxy produced higher
bond strengths of 45.519 N/mm? for the epoxy adhesive containing 5% silicon
dioxide and 5% zinc oxide nanoparticles and 40.441 N/mm? for that containing 2%
silicon dioxide and 2% zinc oxide nanoparticles. This improvement is attributed to the
synergistic effect of the combined nanomaterials. They form a single, cohesive
network capable of distributing compressive loads over a larger area, increasing the
bond strength from 30.481 N/mm? to 40.441 and 45.519 N/mm?, respectively. Silicon
dioxide (SiO2) provides structural rigidity and a load-bearing network, whereas zinc
oxide (ZnO) provides chemical adhesion and environmental protection. When
combined at the 2% and 5% ratios, they produce strong, cohesive, and durable
adhesives. The nanoparticle-reinforced epoxy can withstand high mechanical loads,
making the newly prepared formulations suitable for restoring large and medium-
sized stone fragments in archaeological and architectural applications (65). The bond-
strength values of the PVAc formulations containing 5% and 2% nanoparticles were
25.244 and 18.318 N/mm?, respectively, whereas neat PVAc exhibited a bond strength
of 10.10 N/mm?. Although these values were lower than those obtained for epoxy, the
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formulations were suitable for bonding small stones. Adding nano to PVAc enhances
its properties (66). The increase in strength may be associated with nanoparticle
reinforcement and improved interfacial load transfer. Paraloid B-72 was used as a pre-
applied barrier coating rather than as a component of the adhesive mixtures.

4.2. Shear Strength

The results showed that adding SiO. and ZnO nanoparticles to epoxy resin
improved its resistance to layer slippage. The shear strength increased from 30.057
MPa for neat epoxy to 39.99 MPa following the addition of 2% nano-SiO- and 2%
ZnO and to 46.94 MPa following the addition of 5% nano-SiO: and 5% ZnO, as
shown in Table 1. This improvement is attributed to the formation of a nanonetwork
that inhibits the slippage of polymer chains, enhances chemical adhesion at the
epoxy—stone contact surface, and fills voids that weaken shear strength (67). The
shear strength of PVAc increased from 10.34 MPa for neat PVAc to 17.289 MPa and
35.90 MPa for the formulations containing 2% and 5% nanoparticles, respectively.
Fig. 6 demonstrates a marked improvement in the force-extension curves as
nanoparticle concentration increases. While the neat epoxy sample exhibited a
relatively low peak force at a given extension, the curve peak rose substantially for
the 5% sample, along with a noticeable increase in the steepness of the initial linear
slope. This behavior reflects an enhancement in both the elastic modulus and the
resistance to layer slippage. Such improvements are attributed to the ability of SiO2
and ZnO nanoparticles to construct a three-dimensional network that restricts mobility
of polymer chains and delays the onset of plastic deformation. These results confirm
the dual functionality of these nanoparticles in simultaneously improving both the
stiffness and the ultimate shear strength.

4.3. Tensile Strength

The tensile strength results showed that adding zinc oxide (ZnO) and silicon
dioxide (SiO2) nanoparticles to epoxy increased its tensile strength. The tensile
strength increased from 9.25 MPa for neat epoxy to 16.09 MPa for the formulation
containing 2% nano-SiO2 and 2% ZnO, as shown in Fig. 7, and to 20.4 MPa for the
formulation containing 5% nano-SiO2 and 5% ZnO. Tensile stress is the applied force
divided by the original cross-sectional area, and failure occurs when the specimen can
no longer sustain the applied stress. The improved tensile strength may be related to
nanoparticle reinforcement, crack-path modification, and interfacial load transfer (68).
The separate effects of ZnO and SiO: cannot be determined from the present
combined-filler design. The tensile strength of neat PVAc was 8.2 MPa, whereas the
formulations containing 2% nano-SiO: and 2% ZnO and 5% nano-SiO: and 5% ZnO
achieved 11.21 and 13.21 MPa, respectively, as shown in Table 1 and Fig. 8.

4.4. Compressive Strength

The compressive-strength results showed that adding nanoparticles to epoxy
progressively improved its compressive strength in proportion to the percentages
used. The value increased from 56.3 MPa for neat epoxy to 67.3 MPa for the
formulation containing 2% nano-SiO: and 2% ZnO and to 86.20 MPa for the
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formulation containing 5% nano-SiO2 and 5% ZnO, as shown in Table 1 and Fig. 9.
This improvement is attributed to the formation of a nanonetwork at the 5% loading,
which inhibits crack propagation, distributes stress, fills gaps, and enhances cohesion
between the polymer chains (69-70). Therefore, this percentage is suitable for
bonding large stones, whereas the 2% loading is suitable for bonding medium- and
small-sized stones. The compressive strength of neat PVAc was 25.9 MPa, whereas
the formulations containing 2% nano-SiO2 and 2% ZnO and 5% nano-SiO: and 5%
ZnO achieved 55.9 and 61.4 MPa, respectively, as shown in Table 1.

4.5. Slip Resistance

The slip-resistance test measures the time required for a stone to adhere to a
vertical limestone or marble wall using an adhesive. A good adhesive is characterized
by its ability to fix the stone and prevent slippage, thereby providing a high degree of
stability and rapid adhesion without requiring additional support. This property helps
the worker complete the bonding of stones and ancient statues quickly. The adhesives
prepared in this study achieved this outcome. The PVAc nano adhesives containing
5% nano-SiO:2 and 5% ZnO and 2% nano-SiO: and 2% ZnO recorded a short fixing
time of 2—3 min without slippage or additional support. Epoxy adhesive samples 1, 2,
and 3 exhibited lower slip resistance, with a fixing time of 15 min, whereas Paraloid
B-72 required approximately 5 min. All results are shown in Table 2.

4.6. Water-Immersion Testing

Water-immersion testing is important for determining the water and moisture
resistance of prepared adhesives used to bond stone pieces. The test consisted of 20
immersion—drying cycles: 6 h of complete immersion in distilled water followed by 4
h in an oven at 70 °C. The results showed that the adhesives resisted water immersion
and were neither affected nor dissolved. Consequently, the stone pieces can be washed
when salt appears, as practiced in museums to remove salt from artifact surfaces.

4.7. Curing and Drying Times.

The curing time of epoxy is the period during which epoxy resin (A) reacts with
hardener (B). For all epoxy-resin adhesives, the initial curing time ranged from 2 to 3
h, whereas the final curing time reached 7 days, depending on the laboratory
temperature of 45 °C. The initial drying time of PVAc was 5—6 h for all formulations,
whereas the final drying time was 3 days. The Paraloid B-72 isolation coating had an
initial drying time of 1-2 h and a final drying time of 24 h, also depending on the
laboratory temperature of 45 °C. All results are shown in Table 2.
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4.8. X-ray Fluorescence Analysis.

XRF was used to determine the concentrations and types of elements present in
the stones used in the bonding processes and in artifact stones, as shown in Figs. 10
and 11 and Table 3. The elemental weight percentages (wt.%) obtained by XRF were
converted into oxide weight percentages (wt.%) as shown in Table 4 using
internationally recognized stoichiometric factors (IUPAC standards). This conversion
was performed to standardize the results with those of previous geological and
archaeological studies and to comply with Iraqi Standard Specification MQA
1476/1992 for building and restoration materials. The XRF spectrum of the limestone
and marble (Figs. 10,11), reveals a clear two distinct peaks; the first, at 0.45 keV, is
attributed to the line of calcium (Ca), confirming that the primary component of the
samples is calcium carbonate. The second prominent peak at 1.74 keV corresponds to
silicon (Si), indicating the presence of silicate impurities (such as quartz or clay
minerals) within the structure of the stones. Limestone recorded higher values of iron
0.1309% and manganese 0.0103% respectively, compared to marble 0.0257% and
0.0051% of iron and manganese. The high iron and manganese content in limestone
is attributed to its sedimentary origin and its content of mineral and clay impurities,
which increases its surface roughness and porosity. These characteristics interlock
with adhesives, but they may reduce its chemical purity compared to marble

4.9. FTIR Analysis.

The FTIR spectra revealed significant changes in the 5% nanofiller samples
compared with the neat polymers. For sample 3 (epoxy + 5% SiO: + 5% ZnO), a new
peak appeared at 1,605 cm™ (C=C), and the C-O band shifted from 1,183 to 1,100
cm . These changes indicate chemical interactions between the nanoparticles and the
epoxy network, together with structural crosslinking, as shown in Table 5 and Fig. 12.
For sample 6 (PVAc + 5% SiOz + 5% ZnO), the C=0 stretching frequency decreased
to 1,737 ecm™, the C—O band shifted to 1,022 cm™, and a new band appeared at 946
cm!' (CH2=CH) (70), as shown in Table 5 and Fig. 13. These changes suggest
weakening of the ester bond and the formation of hydrogen bonds with the
nanoparticles, while the main polymer backbone remained intact. Compared with the
2% nanofiller samples, the 5% formulations exhibited more pronounced spectral
changes, indicating that the higher nanoparticle content produced greater interaction,
better dispersion, and improved polymer—nanoparticle compatibility. The Paraloid B-
72 spectrum confirmed its typical acrylic structure without new chemical interactions
(71), as shown in Table 5 and Fig. 14.

5. Conclusions and Recommendations

Paraloid B-72 was used as a primer layer on the stone surface before the
application of the structural adhesives. This primer acts as a protective layer that
safeguards the original substrate by preventing direct contact between the adhesive
and the artifact. Therefore, if the adhesive must be removed in the future, this solvent-
removable layer, which can be removed using organic solvents such as acetone,
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facilitates separation without causing physical or chemical damage to the underlying
stone. The tested formulations showed promising mechanical performance for
bonding the experimental limestone and marble specimens. Their use in
archaeological conservation should be considered in conjunction with compatibility,
reversibility, aging, and appearance requirements. The tests showed that adding
nanofillers to epoxy strengthened all measured mechanical properties as the
percentage of the additives increased. This improvement is attributed to mechanical
crosslinking through the formation of a nanonetwork, particularly at the 5%
concentration, which inhibits crack propagation, distributes stress, and fills voids in
the polymer matrix; the force-extension curves showed that the addition of 5%
nanoparticles achieved the highest shear strength and highest stiffness compared to
the other samples, confirming the effectiveness of this ratio in improving the
mechanical properties of the epoxy the stone surface. PVAc also exhibited improved
mechanical properties following the addition of the nanofillers, although it
underperformed epoxy in all mechanical tests because its interaction with the
nanoparticles is physical rather than chemical. Therefore, epoxy reinforced with 5%
Si0: and 5% ZnO exhibited the highest mechanical performance among the tested
formulations. PVAc-based formulations may be considered for less demanding
repairs. Paraloid B-72 should be described consistently as a removable protective
barrier coating rather than as a structural adhesive because it prevents epoxy or PVAc
from penetrating the stone and thereby preserves the artifact. This removable barrier
coating can be dissolved using acetone or other suitable solvents. Future studies are
recommended to investigate higher nanoparticle loadings, such as 7% or 10%, to
determine the maximum improvement limit and to explore other nanoparticle
additives, such as titanium dioxide, together with their ability to strengthen the
adhesives and their economic feasibility and cost-effectiveness.

Table 1. Mechanical properties of epoxy- and PVAc-based samples 1-7.

Bond Shear Compressive Tensile

No. Samples Strength Strength Strength Strength
N/mm? MPa MPa MPa
1 Epoxy with hardener 30.481 30.057 56.3 9.25
2 Epoxy + 2% nano-SiO: + 2% ZnO 40.441 39.99 67.3 16.09
8 Epoxy + 5% nano-SiO: + 5% ZnO 45519 46.94 86.20 20.4

4 Neat PVAc 10.10 10.34 25.9 8.2
5 PVAc + 2% nano-SiO: + 2% ZnO 18.318 17.289 55.9 11.21
0, Qi o,

6 PVAc + 5% nano-8i0: +5% ZnO 25244 35.90 614 1321
7 Paraloid B-72 (50%) - 8.8 - 5.26
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Table 2. Physical properties of epoxy- and PVAc-based samples 1-7.

No. Samples Stone setting Curing time Viscosity
time without hour
slipping (Min.) Initial Final Poise

1 Epoxy with hardener 15 (2-3) 168 1.22
2 Epoxy + 2% nano-SiO:z + 2% 15 (2-3) 168 3.51

Zn0O
3 Epoxy + 5% nano-SiO: + 5% 13 (2-3) 168 4.50

ZnO

Drying time Drying time
Initial (h) Final (h.)

4 Neat PVAc 4 5-6 72 4.9
5 PVAc + 2% nano-SiO: + 2% ZnO 3 5-6 72 5.12
6 PVAc + 5% Nano SiO, and 5% 2 5-6 72 5.2

Zn0)
7 (Paraloid B-72) 5 1-2 24 4

Table 3. Selected elemental concentrations determined by XRF (%).

No. Samples elements
Mn% Fe% Mg% Na% Si% Ca%
Limestone stone
1 0.0103 0.1309 0.031 0.21 0.1045 37.68
2 Marble stone 0.0051 0.0279 0.034 0.22 0.0653 34.06

Table 4. Selected oxide concentrations determined by XRF (%).

No. Samples % oxides
MnO Fe O3 MgO Na,O SiO, CaO
! IImESIons Sions 0.013 0.187 0.051 0.283 0.224 5272
2 Marble stone 0.0066 0.040 0.056 0.297 0.140 47.66
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Table 5. FTIR bands of epoxy-, PVAc-, and Paraloid B-72-based samples 1-7.

No. Samples (FT-IR) Spectral characterisation bands (cm™)
v CH, v C=0 v C-O Others
1 Epoxy with hardener 2966 - 1033 v C-H out-of-plane (732)
2927 vC=C(1605)

CF (864-914)
(0)

2 2% Nano SiO, and 2% ZnO +Epoxy 2955 - 1162 C\-\—}C (864-914)
2918 0
3 5% Nano SiO; and 5% ZnO +Epoxy 2955 - 1183 vC=C (1605)
2918
v C-H (3051)
4 Neat PVAc
3093 1755 1132 0O- C=0 (1206)
5 2% Nano SiO2 and 2% ZnO + 3093 2964 1735 1018 0-C=0 (1212)
PVAc C-0-C= (1125)
6 5% Nano SiO2 and 5% ZnO +PVAc 2921 1737 1022 C-O-C=(1118)

CH,=CH (946)

7 50% (Paraloid B-72) 2982 1719 1023 C-O-C=(1138)
2951 0-C=0(1233)
v C-H 2920

1600

= == epoxy with hardener
epoxy with 2% (nano-Si0O: and Zn0O)
epoxy with 5% (nano-SiO: and Zn0O)

Force (N)

0.0 0.5 1.0 15 2.0 25 3.0 3.5 4.0
Extension (mm)

Fig. 6. Load—extension curves obtained during shear testing of neat epoxy and epoxy
containing 2% or 5% each of nano-SiO: and ZnO.
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Fig. 7. Load—extension curve obtained during tensile testing of epoxy containing 2% nano-SiO- and 2%
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Fig. 8. Load—extension curve obtained during shear testing of PVAc containing 5% nano-SiO: and 5% ZnO.
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Fig. 9. Load—extension curve obtained during compressive-strength testing of epoxy containing 5% nano-

Si0:2 and 5% ZnO.
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Fig. 10. X-ray fluorescence (XRF) analysis of limestone.
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Fig. 11. X-ray fluorescence (XRF) analysis of marble.
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Fig. 12. FTIR spectra of neat epoxy and epoxy containing 5% nano-SiO: and 5% ZnO.
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Fig. 13. FTIR spectra of neat PVAc and PVAc containing 5% nano-SiO: and 5% ZnO.
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