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Abstract

A system research of the possibility of regulating the deformation-strength, adhesion and dynamic mechanical
properties of epoxy-polysulphide composites based on the products of the preliminary thioetherification reaction
(PRTE) by varying the concentration of polysulphide rubber, as well as changing the amount of the hardener and
using a mineral filler has been carried out. An increase in the content of rubber in the product of the preliminary
thioetherification reaction was found to promote an increase in the characteristics of cohesive and adhesive
strength, deformation at break and the work of destruction of the material. An increase in the complex of
properties is assumed to result from the formation of higher molecular weight products with an increase in the
rubber content in the composition subjected to PRTE. The formation of such products is confirmed by the data of
dynamic mechanical spectrometry. It has been shown that by changing the amount of the introduced hardener, i.e.,
by changing the ratio of amine and epoxy groups, it is possible to effectively regulate the deformation and strength
characteristics of epoxy-polysulphide mixtures. With an increase in the content of the hardener, the tensile
strength, deformation at break and the work of fracture of the material increase very significantly. It was found that
the introduction of a filler into an epoxy system containing a large amount of rubber promotes an increase in
cohesive strength with a relatively small decrease in adhesion strength and deformation at break.

Keywords: epoxy resin; polysulphide rubber; preliminary thioetherification reaction; hardener; deformation-strength;
adhesion and dynamic mechanical properties; filler
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BJIACTUBOCTI EHOKCUAHO-IIOJIICYJAb®IAHUX KOMIIO3UTIB
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AHoTalif

IIpoBeJeHO cHCTEeMHe JAOCAiJ)KeHH MOXJIMBOCTI peryJjioBaHHA JAedopManiiHO-MiLHICHUX, ajresidHux i
AUHAMIYHUX MeXaHiYHUX BJIACTMBOCTENl eNOKCHUAHO-NOoJicy/1bdiAHUX KOMNO3UTIB HAa OCHOBI NPOAYKTIB
nonepegHboi peakiii Tioerepudikanii (IIPTE) BapiloBaHHAM KOHLeHTpauii mosicyibdifHOro Kaydyky, a Takox
3MiHOI KiJIBKOCTi TBepAHMKA i 3a J0NOMOrol MiHepa/JIbHOr0O HanOBHIOBa4a. BcraHOBJIeHO, 110 36i/bIIEHHS BMicCTy
Kay4yyKy B MNpOAYKTi mnomepeaHboi peaknii Tioerepudikanii cnpuse 36i1blIeHHI0 NOKa3HMKIB KoresilHoi i
aaresiiiHoi minHocTi, gedopmanii npu po3puBi i po6oTi pyliHyBaHHA MaTepiajy. [IpunymeHo, mo nigBuULLEeHHA
KOMILJIEKCY BJIACTMBOCTell 0GYMOBJIEHO YTBOPEHHAM Gi/ibIl BUCOKOMOJIEKY/IIPHUX NPOJAYKTIiB y Mipy 36i/JbIIeHHS
BMiCTy Kay4yKy B KOMIO3UTi Ha ocHOBi I[IPTE. YTBOpeHHA TaKMX NPOAYKTIB MiATBepJK€eHO AAHMMHU AUHAMIYHOI
MexaHiyHOi cnekTpoMmetpii. I[loka3aHo, O 3MiHOKW KiJIbKOCTIi BBeJAEHOro TBEpAHHKA, TOGTO 3MiHOIO
crniBBiAHOIIEHHsA aMIHHMX i eNOKCHAHUX TIpyn, MoXHa edeKTUBHO peryawBaTH AedopmaniiHo-MinHicHI
XapaKTePUCTUKU eNOKCHAHO-NOJIicy/ibPifHUX KOMMNO3UTIB. 3a 36i/blIeHHS BMiCTy TBepJHHUKa BeJIbMHM iCTOTHO
3pOCTal0Th MiIJHICTh NPH PO3TATyBaHHI, JedopMmania npu po3puBi i po6oTa pyiiHyBaHHS MaTepiaay. BctaHoB/eHo,
10 BBeJleHHs HalOBHIOBA4a B €MOKCHAHY CHUCTEMY, IKa MiCTUTh BeJIMKY KiJIbKiCThb Kay4yKy, CIPUSI€ 36i/IbIIEHHI0
Kore3iifHoi MiIJHOCTi IpH BiJHOCHO HEBEJIUKOMY 3HMKeHHI aAre3iliHoi minHocTi i Aedopmanii npu po3pusi.

Kawuosi ca0ea: enokcuaHa CMoJia; TOJCyabQiAHUNA Kaydyk; ToNepeHs peakiis TioeTepidikamii; oTBepmKyBay;
nedbopmMaliiHo-MillHiCHI, aAre3iliHi Ta JUHAMiYHi MeXaHi4Hi BJIaCTUBOCTIi; HAalOBHIOBAY.
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BJINAHUE KOHHEHTPAIIUU TUOKOJIA, KOJIMYECTBA OTBEPAUTEJ/IA U
HAITOJIHUTEJISI HA CBOUCTBA 3ITIOKCUAHO-NTIOJINCYJIb®UAHBIX KOMIIO3UTOB
Koncrantun M. Cyxuii!, Enena A. BesisnoBckas?, Anta H. Hocogal, I0goHr XyaHr?

Opuii C. Koueprun?, Tatbsina U. ['puropeHko?
1T'ocydapcmeeHnHoe sbicuiee yyebHoe 3asedeHue «YKpauHcKull 20cy0apcmeeHHbIl XUMUKO-MEeXHO102U4ecKUll yHu8epcumemy,
np. l'azapuna 8, [Jnenp, 49005, YkpauHa
2Xap6uHckuil noaumexHuveckutl ynusepcumem, Xap6uH, Kumaiickast HapodHas Pecny6auka

AHHOTanuga

HpOBEAEHO CHCTEMHOe HuccjaeaoBaHHue BO3MOXHOCTH peryJinpoBaHusAa ,Eleq)opMal.lﬂOHHO-l'lpO‘-IHOCTHle,
AAT€3MOHHbIX U AMHAMHUYECKHUX MEXaHHYE€CKHX CBOMCTB 3HOKCI/IAHO-HOJIPICYJIL(I)HAHLIX KOMIIO3BUTOB HA OCHOBe€
NPOAYKTOB IMpeABapUTE/JIbHOM peakuuu THodTepudukanuu (I[IPTI) BapbupoBaHUEeM KOHIEHTpaLUuU
l'lOJll/IchIb(l)l/I,Z[HOI‘O Kay4yKa, a TaKXe H3MEHEHHEM KOJIM4eCTBa OTBEPpAUTE/IA U C NOMOLIbBI MHHEPA/IBHOTO
HAIIOJIHUTEJIA. ycTaHOBJIeHO, 4TO yYBE€JIMYEHHE COJAEPIKAHUA KaydyKa B HNPOAYKTE ﬂpeﬂBapI/lTeﬂbHOfI peaKnuu
Tno:—)Tepn(])mcaunn Cl'[OCOﬁCTByeT YBE€JINYUECHHUIO IoKa3aTejied KOre3sMOHHOM Hu HAFGSHOHHOI‘;I NPOYHOCTH,
AedopManuy NpU paspbiBe U paGoThl pa3pylieHUs MaTepuasa. [Ipeanos0xuTeabHO, NOBbINIeHNE (yaydlleHUue?)
KOMILIJIEKCAa CBOMCTB 06yc110311e1-10 06pa301aal-meM o6o0J1ee BBICOKOMOJIEKYJIAPHBIX NIPOAYKTOB IO Me€pe€ yBE/INYEHUuA
cojepKaHMsA KaydyKa B KoMmmnosunuu, nmogsepraemoil IIPTJ. O6pa3soBaHMe TakKMX NPOAYKTOB MOJTBEpPKAEHO
AAaHHBIMH }IHHaMH‘leCKOﬁ MeXaHH4YeCKOH CIIEKTPOMETPHH. l'loxa3aHo, 4YTO U3MEHEHHEM Ko/IM4YeCcTBa BBOJHUMOTIO
oTBepauTeJid, T. €. U3BMEHEHHEM COOTHOIIEHUA aMHUHHBIX U ANIOKCUAHBIX Py, MOXXKHO 3(l)(l)eKTI/lBHO peryjimpoBaThb
Ae(l)opMa].ll/IOHHO-l'lpO‘lHOCTHI:Ie XdpaAKTEPUCTUKHA SHOKCI/I,Z[HO-HOJIP[CYJIL(I)HAHLIX cMeceid. le/l YBE/IMUECHUHA
COAEepiKaHUA OTBEPAUTE/IA BE€CbMaAa CYLIECTBEHHO BO3PACTAOT NPOYHOCTH NPH PACTAXKEHUH, Ae(l)opmaunﬂ npu
paspbiBe U pa6oTa pa3pylleHHMsi MaTepUasa. YCTaHOBJIEHO, YTO BBeJeHHE HANOJHHUTEJS B 3NOKCUJHYI0 CUCTEMY,
coJepiKalyro 60JIbIIOE KOJIMYECTBO Kay4yka, Cl'l0C06CTByeT YBEeJINYEHUI0 KOTr'e3HUOHHOM NPOYHOCTH MNPH
OTHOCHTEJIbHO HEGOJILIIOM CHH2KEHUH a,qresuox-moi«’l NPOYHOCTH H Ae(l)opMaulm pH pa3pbiBe.

Knarwvueswvle crosa: 3IMOKCHUJHadA CMO0JIa, I'IOJ'II/ICyJ'lb(bI/IAHbII‘/‘I Kay4dyK; IpeaBapuTeJIbHasd peakuud THOSTepI/lCl)I/IKaLU/lI/l;

OTBEpAHTEJIb; ,C[eCl)OpMaL[I/IOHHO-l'lpO‘{HOCTHbIe, aAre3anoOHHble U JUHAMHUYE€CKHE ME€XaHHUYEeCKHe CBOMCTBA; HAMOJIHUTEJb

Introduction

It was previously shown [1; 2] that in order to
increase the adhesive and physicomechanical
properties of compositions based on epoxy resin
and polysulphide rubber (thiokol), hardened
without heat treatment, it is necessary to carry
out a preliminary thioetherification reaction
(PRTE) before introducing the hardener due to
the interaction of mercaptan groups of rubber
and oxirane cycles of epoxy resin at an elevated
temperature, and then use the product of this
reaction to harden at room temperature. It is
shown that composite materials based on the
products of the thioetherification reaction
significantly surpass analogues based on
mechanical mixtures of epoxy resin and thiokol in
terms of cohesive and adhesive strength,
deformation capacity, fracture work, and specific
impact strength.

In continuation of the research, the purpose of
this work is to study the possibility of regulating
the deformation-strength, adhesive and dynamic
mechanical properties of epoxy-polysulphide
composites by changing the concentration of
thiokol in the initial product of the preliminary
thioetherification reaction, as well as the amount
of the hardener and the use of the filler.

Models and methods
The objects of study were Epikote-828 epoxy
resin (mass fraction of epoxy groups (EG) 22.6 %,
viscosity 12 Pa's at 25 °C), polysulphide rubber
(liquid thiokol grade I with a viscosity of 28 Pa,

content of sulphhydryl groups 3.1%). The
combination of epoxy resin and thiokol was
carried out at 160°C for 2 h with thorough
stirring. Hardening of the compositions was
carried out with diethylenetriamine DETA in two
modes: I - 25°C/24 h + 50 °C/8 h (hardening at
moderate temperature) and II - 25°C/24 h +
120°C/3 h (hardening with heat treatment at
elevated temperature).

The mechanical properties under uniaxial
tension (tensile strength o: and deformation at
rupture &) were determined on a Polyany-type
device with a rigid dynamometer and automatic
recording of measured values [3]. The
deformation rate was 3.83-10-5 m/s. The elastic
modulus (E) was calculated from the slope of the
initial portion of the o - € curve. The area under
the stress-strain curve served as a measure of the
fracture work (Ay).

The adhesion strength in shear (tsn) and tear off
(0w) was determined according to State
Standards 14759 and 14760, respectively. The
surfaces for gluing steel samples (Steel 3) were
processed on a grinding plate using
electrocorundum to a uniform roughness, then
degreased with acetone.

Dynamic mechanical characteristics (dynamic
modulus of elasticity E’, loss modulus E” and
tangent of the angle of mechanical losses tg §)
were measured on a DMA 983 unit of the
thermoanalytical complex DuPont 9900 on
25x4x2 mm samples with heating at a rate of
10°C/min. The rubber elasticity modulus (E:.)
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was determined at a temperature equal to Ty +
50°C, where Ty is the glass transition temperature
of the polymer.

The molecular weight of the chain section
between the nodes of the chemical network (M)
was calculated by the formula:

M, =3pRT/E,,

rae R refers to the absolute gas constant; T is
an absolute temperature; p is the density of the
polymer.

Density of nodes of the chemical network (nc)
was calculated using the formula:

n =-—
M, _

The density of the samples was measured by

the gradient column method according to State

Standard 15139.

Results of research and their analysis

Epoxy materials in technology are usually
used’ in the form of multicomponent curable
compositions containing, in addition to resin and
hardener, solvents and plasticizers, active
diluents and flexibilizers, fine and granular fillers,
dyes and pigments, and other functional additives
that impart specific properties [4-9]. In practice,
epoxy resins are always modified to improve
processing properties and reduce their cost.
However, the main goal of epoxy polymer
modification is to enhance them [10;24].
Strengthening implies, first of all, an increase in
the mechanical strength, hardness, elastic
modulus, wear resistance of the material, i.e., the
degree of its resistance to external force effects.
In addition, the term "reinforcement of polymers"
also includes an increase in resistance to external
destructive factors, in particular, chemically and
physically active media.

Generally, the methods for modifying cross-
linked polymers obtained on the basis of reactive
monomers and oligomers can be divided into
three groups: chemical, physicochemical, and
physical.

The possibilities of chemical modification are
extremely large, since dozens of types of epoxy

resins and individual hardeners (as well as their
mixtures) make it possible to obtain cross-linked
polymers with a huge variety of chemical
structures. Therefore, chemical modification
based on varying the structure of molecules of
epoxy resins, and, even more often, on the choice
of one or another hardener, is the main way to
change the technological and operational
properties of binders, matrices, film-forming [10-
18]. In technological practice, however, it is
necessary (often for economic reasons) to create
materials with specified technological and
operational properties, using a limited set of
industrial epoxy resins (98 % Dian) and several
hardeners. Therefore, they often resort to the
methods of physicochemical and, less often,
physical modification [10; 26]. In the first case,
this is plasticization, finely-dispersed filling,
combination with liquid rubbers and other
polymers [19-23]. The essence of physical
modification is the effect of mechanical, electrical
and electromagnetic fields on the initial reactive
systems in order to change the supramolecular
structure of cross-linked polymers [10; 23-26].

In order to further improve the complex of
properties of epoxy-thiokol composite materials
based on PRTE, we studied the possibilities of
regulating their properties by modifying them
due to changing the concentration of thiokol in
the initial product of the preliminary
thioetherification reaction, the amount of the
introduced hardener, and other factors.

Let us consider the effect of thiokol
concentrations in PRTE products on the
properties of samples containing the same
amount of polysulphide rubber. For this purpose,
the products of PRTE containing 60 and 200
parts by mass of thiokol, diluted with epoxy resin
to obtain a mixture containing 20 parts by mass
of modifier, and compared with the base
composition based on a mixture of 100 parts by
mass including the same epoxy resin Epikot-828
and 20 parts by mass of thiokol subjected to
PRTE. As can be seen from Fig. 1, as the content of
thiokol in the PRTE increased, the property
indices increase quite significantly in comparison
with the base sample.
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Fig. 1. Dependences ot (a), &s (b), At (c) and tsh (d) vs. content of thiokol in the base product of PRTE. Rubber content
in PRTE-products: 20 (1), 60 (2) u 200 (3) parts by mass per 100 parts by mass Epikote-828. The samples were
hardened by the mode I

So the parameters o increase by 18.2 and
25.4; &s - by 48.1 and 76.2, Ar - by 48.7 and 80.6,
Tsh - by 7.6 and 32.7 %, respectively, for samples
based on PRTE containing 60 and 200 parts by
mass of thiokol. The observed effect can be
explained as follows. In the base mixture
containing 20 parts by mass of thiokol, there is a
large excess of epoxy. Assuming that 2 molecules
of epoxy resin are consumed per thiokol molecule

OH

and taking into account the fact that the
molecular weight of thiokol is 2000, and of epoxy
resin 380, it is easy to calculate that only 7.6 mass
parts of resin is enough for the complete
exhaustion of SH-groups (for a mixture of 100
parts by mass of epoxy resin and 20 parts by
mass of thiokol).

PRTE results in a product that is a block
oligomer with the structure

OH

| |
H,C—CH—R'—CH—CH,—S—R—S—CH,—CH—R'—CH-CH,
\ / \ /

where

R= _(02H4-O_CH2-O_C2H4—S_S)n_CzH4-O_CH2-O_C2H4

R': -CHZ-OO

As the content of thiokol increases as a result
of PRTE, the probability of the formation of high
molecular products of the general formula

CH;

I
mUaas

CH;
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OH

OH

| |
H2C—CH-éR'—CH—CH2—S—R—S—CHz—CH—R'%CH—CHZ
\/ \/

O
which have a greater modifying effect on a
complex of properties.

The formation of structures of this type can be
confirmed by the data of dynamic mechanical
spectrometry. It can be seen (Table 1) that when
the PRTE products with a high thiokol content
are introduced into the epoxy resin (for samples
hardened according to mode II), the parameters

Ere, N, Tg, Tof, and temperatures tg dm and E"n
increase, which may be due to the smaller
amount of epoxy groups that react with thiokol
by thioetherification. And, therefore, the larger
number of unbound epoxy groups will participate
in the formation of a denser chemical network
when interacting with the amine groups of the
hardener.

Table 1

Influence of thiokol content in PRTE-products on dynamic mechanical properties of epoxy-thiokol
composites?!)

Thiokol content in the PRTE-product, parts by mass 2)

Parameters
60 200

Dynamic modulus of elasticity, E’ at 25°C, GPa 1.58/1.433) 1.45/1.21 1.39/1.20
&‘inib” clastity modulus, Ere. atT =Ty + 50°C, 18.6/28.5 15.5/34,9 13.7/38.5
Molecular weight of chain segment between
cross-linking, M, kg/kmol 621.9/396.0 717.3/348.2 810.5/317.1
Density of nodes of the chemical network, nc, 1.77/2.78 154/3.16 1.36/3.47
kmol/m3
The temperature of the initial section of the
transition from the glassy state to the highly 71.1/92.8 75.1/103.3 69.1/104.9
elastic, Tg, °C
The temperature of the final section of the
transition from the glassy state to the highly 89.2/129.8 90.5/135.5 86.8/138.4
elastic, Tgf, °C
Maximal value of tangent of the angle of 0.9802/0.3614 0.8971/0.3423 0.9152,/0.3403
mechanical losses tg 6m
Temperature tg &m, °C 88.3/128.3 91.5/131.2 84.3/135.2
Maximal value of loss modulus, E”m, MPa 177.4/96.2 209.7/80.1 181.1/85.1
Temperature Tg"m, °C 82.8/115.0 85.7/125.8 77.4/128.5

Notes:

1) Total concentration of thiokol in composition is 20 parts by mass per 100 parts by mass of Epikote-828;

2) per 100 parts by mass Epikote-828;

3) before the line — the samples were hardened by the mode I; after the line - samples were hardened by the mode II.

It is quite effective to regulate the properties
of epoxy-polysulphide mixtures by changing the
amount of the introduced hardener (Fig. 2), i.e, by
changing the ratio of amine (A) and epoxy (E)
groups. When the content of diethylenetriamine
increase, the tensile strength, deformation at
break, and the work of fracture of the material
rise very significantly. The magnitude of the
effect achieved in this case is somewhat higher
than when using PRTE with an increased content
of thiokol (Fig. 1).

At the same time, in contrast to the first
method, with an excess of the hardener, the
adhesive strength does not increase, but rather
decreases. Thus, an excess of the hardener affects

positively the deformation and strength
properties of the epoxy-thiokol composition, but
causes a decrease in the adhesive strength. This
may indicate that an excess of the hardener in the
volume of the polymer sample shows an
enhancing effect on the properties of the material
(and the possible release of the hardener on the
sample surface does not have a noticeable
negative effect). In an adhesive joint, such a
release of a part of the free hardener at the
adhesive-substrate interface leads to a decrease
in the adhesive strength.

The plasticizing effect of an excess of the
hardener is clearly seen from the data in Table 2.
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Fig. 2. Dependences ot (a), &s (b), At (c) 1 tsh (d) vs. ratio of amine (A) and epoxide groups (E). Thiokol content in
PRTE-products is 20 parts by mass per 100 parts by mass Epikote-828.

A/E equals: 1 (1), 1.25 (2) and 1.5 (3). Samples were hardened by the mode I

As the ratio A/E increases, the dynamic
modulus of elasticity, measured at 25°C (i.e, in

the region of the glassy state of the polymer), and
the rubber elasticity modulus E.., as well as the

parameters n, Tgl, T,f and temperatures tg 6m and
E"n decrease.

Table 2

Influence of the amount of hardener on dynamic and mechanic properties
of epoxy-thiokol composites 1)

Parameters

Ratio of amine and epoxy groups

1:1 1.25:1 1.5:1
Dynamic modulus of elasticity, E’ at 25°C, GPa 1.58/1.432 1.45/1.26 1.30/1.16
Rubber elastity modulus, Ere npu T = Tg +
50°C, MPa 18.6/28.5 16.3/21.6 12.4/13.6
Molecular weight of chain segment between
cross-linking, Me, kg/kmol 621.9/396.0 679.6/548.7 891.8/857.4
Density of nodes of the chemical network, nc, 1.77/2.78 1.62/2.00 1.23/1.28
kmol/ms3
The temperature of the initial section of the
transition from the glassy state to the highly 71.1/92.8 70.9/92.0 65.5/80.3
elastic, Tg, °C
The temperature of the final section of the
transition from the glassy state to the highly 89.2/119.8 86.9/114.1 82.2/102.8

elastic, Tgf, °C

Maximal value of tanget of the angle of
mechanical losses tg 6m

0.9802/0.3614

0.8218/0.4831

0.9303/0.5841

Temperature tg Sm, °C 88.3/128.3 87.6/111.4 84.3/101.6
Maximal value of loss modulus, E"m, MPa 177.4/96.2 154.9/149.7 232.7/179.0
Temperature Tg"m, °C 82.8/115.0 81.6/106.2 77.5/94.9
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Notes:

1) Thiokol concentration 20 parts by mass per 100 parts by mass Epikote-828;
2) before the line — the samples were hardened by the mode I; after the line - samples were hardened by the mode II.

When a filler (quartz sand) is introduced into
an epoxy system containing a large amount of
thiokol (200 parts by mass per 100 parts by mass
of Epikote-828), a slight increase in cohesive

10
10 9.1
©
o
=
& 5
1.8
. 1l
1 2 3
30
20
X
wlh
10
0

1

strength and a relatively small decrease in
adhesion strength and deformation at break are
observed (Fig. 3).

3.6

©
o
23
2
(9]

2 3

Fig. 3. Dependences 1sh (a), ot (b) u & (c) vs. method of method of combining epoxy resin with thiokol and
concentration of filler. Ratio: Epikote-828 : thiokol = 100 : 200 parts by mass.
1 - mechanical mixture; 2 - PRTE-product; 3 - PRTE-product filled with quartz sand.
Filler concentration 100 parts by mass per 100 parts by mass of polymer. Samples were hardened by the mode II.

From the results obtained, it can be concluded
that the introduction of a cheap filler can
significantly reduce the cost of the epoxy-thiokol
composition without fear of a noticeable
deterioration in the complex of properties.

Conclusion

1. A system research of the possibility of
regulating the deformation-strength, adhesive
and dynamic mechanical properties of epoxy-
polysulphide composites by varying the
concentration of thiokol in the initial product of
the preliminary thioetherification reaction, as
well as changing the amount of the hardener and
using a mineral filler has been carried out.

2. It was found that increasing the thiokol
content in the product of the preliminary
thioetherification reaction promotes a growth in
the indicators of cohesive and adhesive strength,
deformation at break and the work of destruction
of the material. An increase in the complex of
properties is assumed to result from the
formation of higher molecular weight products
with an increase in the thiokol content in the
composition subjected to PRTE. The formation of
such products is confirmed by the data of
dynamic mechanical spectrometry.

3. It has been shown that by changing the
amount of the introduced hardener, i.e. by
changing the ratio of amine and epoxy groups, it
is possible to effectively regulate the properties
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of epoxy-polysulphide mixtures. With an increase

in

diethylenetriamine,

of
the

hardener
strength,

the
tensile

the content

deformation at break, and the work of fracture of
the material increase very significantly.

4. The introduction of a filler into an epoxy
system containing a large amount of thiokol was
found to promote an increase in cohesive
strength with a relatively small decrease in
adhesion strength and deformation at break.
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