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Abstract: A thiol/epoxy/acrylate-based dual-cure adhesive is designed to accompany a curing reaction via two curing
mechanisms. The addition of a stabilizer to the adhesive is shown to provide a dual-cure adhesive with improved storage
stability by suppressing premature polymerization. The dual-curing reaction entails a UV/heating process, wherein the
photo-curing is performed via light irradiation at 365 nm for 3 min, followed by thermal-curing at 90 ‘C for 30 min. In
addition, the effect of the stabilizer is studied by the addition of either a single species or a mixture of two stabilizers, and
the changes in the viscosity of the adhesive according to stabilizer type and content are closely monitored for 3 days. The
adhesive strength of the dual-curing adhesive is measured using a universal testing machine. The optimum storage sta-
bility and adhesive strength are obtained when 0.3 wt% pyrogallol and 0.1 wt% lauryl gallate are used as a mixed stabilizer.
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Algf & B, HEA AZRE S8l dHH R A=
thiol, epoxy, acrylateE AF-8 3} T} Pentaerythritol tetrakis
(3-mercaptopropionate) (PETMP, >95%, Sigma Aldrich, USA),
Bisphenol A diglycidyl etherBADGE, EEW=172-176, Sigma
Aldrich, USA), Acrylic acid(AA, Sigma Aldrich, USA) %
Trimethylolpropane triacrylate(TMPTA, Sigma Aldrich, USA)+=
5 QA glo] atE ARSItk B7HAAIZE 2,2
Dimethoxy-2-phenylacetophenone(DMPA, Sigma Aldrich, USA),
EZ1]= 1-methyl imidazole(1-MI, Sigma Aldrich, USA)E
A8, QFYSIAIZE pyrogallol(Sigma Aldrich, USA)}
lauryl gallate(Sigma Aldrich, USA)E 8= ARE-51310mH
5 AAA glol 2z 488t

e Zsl ®EX Q| MZ=. Thiol/acrylate/epoxy 714+ F2
73} H2ZAE 5.25 mmole] PETMPS}F 0.02 mol®] Acrylic
acid % 0.01 mol®] TMPTA, 28|32 0.01 mol®] BADGEZ
upol ol FPsATE T & F, 1-MI R F7HAAIR]
DMPAS Zste] Hio]dol ¢ Tt AT o=,
EFEL 1AZF B 800 RPMOE WA T,

Table 1. Single Stabilizer Systems for the Dual-cure Adhesive

(unit: wt%)
Stabilizer
Sample*
Pyrogallol Lauryl gallate
control None None
Pos 0.1 0.0
Pos3 0.3 0.0
Pos 0.6 0.0
Poy 0.9 0.0
L. 0.0 0.1
Los 0.0 0.3
Los 0.0 0.6
Loso 0.0 0.9

*Conditions: PETMP =5.25 mmol, BADGE =0.01 mol, TMPTA =
0.01 mol, AA =0.02 mol, UV curing time =3 min, wavelength =365
nm, heating time =30 min, and heating temperature =90 C.
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Table 2. The Hybrid Stabilizer Systems for the Dual-cure Adhesive

(unit: wt%)
Sample* Stabilizer
Pyrogallol Lauryl gallate
control None None
PosLo. 0.3 0.1
PosLo2 0.3 0.2
PosLos 0.3 0.3
PosLos 0.3 0.6
PosLos 0.2 0.6
Po.iLog 0.1 0.6

*Conditions: PETMP = 5.25 mmol, BADGE = 0.01 mol, TMPTA = 0.01 mol,
AA =0.02 mol, UV curing time =3 min, wavelength =365 nm, heating
time = 30 min, and heating temperature =90 C.
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Figure 1. Schematic illustration of the dual-curing process.
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Figure 2. FTIR spectra of the adhesive (a) before; (b) after UV/ther-
mal dual curing.
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Figure 3. Schematic stabilization mechanisms of (a) pyrogallol; (b)
lauryl gallate.
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Table 3. Pencil Hardnesses of the Various Dual-cure Adhesives

Sample name Pencil hardness

Control 5H
Py, SH
Pys3 4H
Pos 3H
Py 2H
L. SH
Los SH
Los 4H
Loso 3H

PosLo. 4H

PosLos 4H

PosLlos 3H

Poslos 3H

PosLog 3H

PyiLos 3H

80

75 —

Contact Angle (°)

70
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T
Conl- Pﬂ 1 I:’III 3 pO 6 |:“III -] I‘-III 1 LO 3 LEI 6 LO 9
Run

Figure 4. Water contact angles of the various single-stabilizer sys-
tems.
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Figure 5. Water contact angles of the various hybrid stabilizer sys-
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Figure 7. Viscosity graphs obtained over 72 h for the various hybrid
stabilizer systems.
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Figure 8. Shear strengths of the various single-stabilizer systems.
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Figure 9. Shear strengths of the various hybrid stabilizer systems.

lauryl gallateE 0.6 wt% 32783t pyrogallol®t &4 F4F
HEA = pyrogallol®] o] ZHAadtel wma} HAAET) o
ORIt} pyrogallol#} lauryl gallate?} A2 YAF}F AR} Afo]
784 AASA] FE1L pyrogallol thE] 2] lauryl gallate
o] & B0 Adk HA Aot sl AR & 4 k.

a4 =

—_

B\
Fol 7lofahe A BriRg Teske B del TR
sk sl B3 BT 5 A,

PskAE SRS ol 7= FRA ol FAe) A

==

i
-0,
o
£
il
o~
oo
s

ool A g 7Fse YA B A7t ASH O o]
oo} s Bs} ol4r} Blio] BHNSHoII I3 B
AAE Ag 7Pse 7Y A8 BAA Mgl A 715
ol 91& Ao ARH.

ZAle] 2 B ATe AR Abe) e
Hrrde o] AT A Ye A A7) &N EAY
(20010106)] gtz F3=|L 7)ol AAL=HY T

Ola&tE: AAEL olalldEe] flve Adgnh

1. Stabile, P.; Ballo, F.; Gianpiero Mastinu G.; Gobbi, M. An Ultra-
Efficient Lightweight Electric Vehicle-Power Demand Analysis
to Enable Lightweight Construction. Energies 2021, 14, 766.

2. Fan J.; Njuguna J. An Introduction to Lightweight Composite
Materials and Their Use in Transport Structures. LCS. 2016, 67,
3-34.

3. Shen, Z.; Fanini, O. Die-Attach Materials for Extreme Conditions
and Harsh Environments. Die-Attach Mater. High Temp. Appl.
Microelectron. Packag. 2019, 251-274.

4. Bayramoglu, G; Kahraman, M. V.; Kayaman-Apohan, N.; Gungor,
A. Synthesis and Characterization of UV-curable Dual Hybrid
Oligomers Based on Epoxy Acrylate Containing Pendant
Alkoxysilane Groups. Prog. Org. Coat. 2006, 57, 50.

5. Kayaman, N. A.; Demirci, R.; Cakir, M.; Gungor, A. UV-curable
Interpenetrating Polymer Networks Based on Acrylate/vinylether
Functionalized Urethane Oligomers. Radiat. Phys. Chem. 2005,
73, 254-262.

6. Lee, J. G; Shim, G. S.; Park J. W.; Kim, H. J.; Han K. Y. Kinetic
and Mechanical Properties of Dual Curable Adhesives for Display
Bonding Process. Int. J. Adhes. Adhes. 2016, 70, 249-259.

7. Jensen, O. M.; The Curing Meter. Adv. Test. Fresh Cem. Mater.
2006, 1, 139-146.

8. Park, J. K.; Kim, T. H.; Ko, C. C.; Garcia-Godoy, F.; G; Kim, H.
I.; Kwon, Y. H.; Effect of Staining Solutions on Discoloration of
Resin Nanocomposites. Am. J. Dent. 2010, 6, 331-334.

9. Park, C. H; Lee, S. W,; Park, J. W.; Kim, H. J.; Preparation and
Characterization of Dual Curable Adhesives Containing Epoxy and
Acrylate Functionalities. React. Funct. Polym. 2013, 73, 641-646.

10. Russo, C.; Serra, A.; Fernandez-Francos, X.; De la Flor, S.
Characterization of Sequential Dual-curing of Thiol-acrylate-
epoxy Systems with Controlled Thermal Properties. Eur: Polym.
J. 2019, 112, 376-388.

11. Proller, S. Dual-curing Adhesives for Fast Cycle Times and High-
precision Alignment of Components. Vehicles of Tomorrow 2019,
67-74.

12. Raetzke, K.; Shaikh, M. Q.; Faupel, F.; Noeske, P. L. M.; Shelf
Stability of Reactive Adhesive Formulations: A Case Study for
Dicyandiamide-cured Epoxy Systems. Int. J. Adhes. Adhes. 2010,

Polym. Korea, Vol. 47, No. 2, 2023



134

13.

14.

15.

16.

=7

AeA - AR - DS

30, 105-110.

Hu, B.; Wang, J.; Wang, J.; Yang, S.; Li, C.; Wang, F.; Huo, S.;
Song, P.; Fang, Z.; Wang, H. Flame-retardant Single-component
Epoxy Resin Cured by Benzimidazolyl-substituted Cyclotriphosphazene:
Storage Stability, Curing Behaviors and Flame Retardancy. Polym.
Degrad. Stab. 2022, 204, 110092.

Klemm, E.; Sensfuss, S.; Holfter, U.; Flammersheim, H. J.; Free-
Radical Stabilizers for the Thiol/ene-systems. Angew. Makromol.
Chem. 1993, 212, 121-127.

D'Souza, V. T.; Nanjundiah, R.; Baeza, H. J.; Szmant, H. H.
Thiol-olefin Cooxidation (TOCO) Reaction. 9. A Self-consistent
Mechanism Under Nonradical-inducing Conditions. J. Org. Chem.
1987, 52, 1729-1740.

Magnani, L.; Gaydou E. M.; Hubaud, J. C. Spectrophotometric
Measurement of Antioxidant Properties of Flavones and
Flavonols Against Superoxide Anion. Anal. Chim. Acta 2000,

o, #4778 A28, 20233

G

17.

18.

&
s

ke

A9 AE

411, 209-216.
Masek, A.; Chrzescijanska, E.; Zaborski, M.; Piotrowska, M.
Dodecyl Gallate as a Pro-ecological Antioxidant for Food
Packing Materials. Comptes Remdus Chim. 2014, 17, 1116-1127.
Lee Sanchez, W. A.; Li, J. W.; Chiu, H. T.; Cheng, C. C.; Chiou
K. C; Lee, T. M.; Chiu C. W. Highly Thermally Conductive
Epoxy Composites with AIN/BN Hybrid Filler as Underfill
Encapsulation Material for Electronic Packaging. Polymers
2022, 14, 2950.
. Jurak, M.; Miflones Jr, J. Interactions of Lauryl Gallate with
Phospholipid Components of Biological Membranes. Biochim.
Biophys. Acta 2016, 1858, 1821-1832.

=]

2 717 szl

AR e T

mA} BRAE: S EASEE A =
9 747 Bl TR FAFUT



