
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 30 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

International Journal of Polymeric Materials
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713647664

Composites of Poly(Keto-Sulfide)-Epoxy Resin Systems and Their Thermal
and Mechanical Properties
Hasmukh S. Patela; Amel M. Najia

a Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar, India

Online publication date: 28 December 2009

To cite this Article Patel, Hasmukh S. and Naji, Amel M.(2010) 'Composites of Poly(Keto-Sulfide)-Epoxy Resin Systems
and Their Thermal and Mechanical Properties', International Journal of Polymeric Materials, 59: 3, 215 — 229
To link to this Article: DOI: 10.1080/00914030902936493
URL: http://dx.doi.org/10.1080/00914030902936493

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713647664
http://dx.doi.org/10.1080/00914030902936493
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Composites of Poly(Keto-
Sulfide)–Epoxy Resin
Systems and Their Thermal
and Mechanical Properties

Hasmukh S. Patel and Amel M. Naji

Department of Chemistry, Sardar Patel University, Vallabh Vidyanagar, India

A novel matrix resin system, poly(keto-sulfide)–epoxy resin, has been developed. The
poly(keto-sulfide)s (PKS), based on various ketones, formaldehyde, and sodium
hydrogen sulfide (NaSH), were prepared by the reported process. These (PKS) having
terminal thiol (–SH) groups were used for curing commercial epoxy resin (i.e., diglycidyl
ether of bisphenol A – DGEBA), to fabricate crosslinked epoxy-poly(keto-sulfide) resin
glass fiber-reinforced composites (GRC). Various epoxy=hardener (PKS) mixing ratios
were used, and the curing of epoxy-PKS has been monitored using differential scanning
calorimetry (DSC) in dynamic mode. Based on DSC parameters the GRC of epoxy-PKS
were prepared and characterized by thermal and mechanical methods. The variation in
resin=hardener ratio led to variations in thermal and mechanical properties.

Keywords differential scanning calorimetry, epoxy resin, glass fiber-reinforced
composites, mechanical properties, poly(keto-sulfide)s, thermogravimetric analysis, thiol

INTRODUCTION

Only one instant has been reported for poly(keto-sulfide)s (PKS) by Russian

scientists [1]. In extension of that work [1], one of the present authors (HSP)

have studied the (PKS) resins systematically [2–4]. Having resinous properties

and active hydrogen in mercaptan group (–SH), it may interact with epoxy

resins diglycidyl ether of bisphenol A (DGEBA). Hence, it was thought
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interesting to study a DGEBA-PKS curing system. The large spectrum of

properties available with epoxy thermosets coupled with their formulating and

processing versatility have made epoxy resins useful in several applications,

such as adhesives and coating [5,6], corrosion protectants [7,8], electronic

encapsulants, [9,10], fiber optic-sheathing [11], building construction, aerospace

industries, sport applications, laminates and composites [12–14].

In order to fulfill a demand for high – performance epoxy resin, novel curing

agents are still being sought. Various curing agents can be used to cure epoxy

resins. The curing reaction of the thermosetting polymers originate infusible,

three-dimensional networks after chemical reaction of the epoxy resin and the

chosenhardener,which lead to coupling aswell as crosslinking. The active hydro-

gen catalysts are polyamins [15], polyamides [16], polyureas [17], polyurethanes

[18], polyisocyanates [19], imadozole [20], aminoamides [21], polyphenoles [22],

Scheme 1: Poly(keto-sulfide)-epoxy thermosets.
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polycarboxylic acids [23], acid anhydrides [24], silanes [25], and esters [22], thiols

and polymercaptans [26–30]. Excellent reviews of curing epoxide system with

mercaptans have been published by Lee et al. [31], and Zaheer [32], Newey

[33] has established that mercaptans react faster than amines and that the

addition of mercaptide ion to epoxy group is the rate determining step:

To achieve the desired end properties of this thermosetting material it is

essential to control the degree of the cure. The curing behavior and kinetics

of epoxy systems can be studied by many different analytical methods such

as gel permeation chromatography (GPC) [34], nuclear magnetic resonance

(NMR) [35,36] vibrational spectroscopy [36,37]. However, because of the

highly exothermic character of the polymerization process of epoxy resins, in

which the librated heat can self-accelerate the reaction, the techniques used

in the characterization of the curing stage are fundamentally calorimetric.

Scheme 2: Poly (cyclohexanone-formaldehyde-sulfide)-epoxy thermosets.
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Differential scanning calorimetry (DSC) has been widely recognized as a

useful method to determine cure kinetics of thermoset resins [23,38–42].

In this work we investigated cure kinetics of DGEBA with PKS, and the

effect of various loading on the mechanical and thermal behavior is studied.

The network forms by polyaddition reaction during which resin and hardener

molecules are connected via thiol group and oxirane rings as depicted in

Schemes 1 and 2.

EXPERIMENTAL

Materials
All poly(keto-sulfide)s were prepared by the method reported in the litera-

ture [1]. Commercial diglycidyl ether bisphenol A (DGEBA) epoxy resin was

obtained from Synpole Product Pvt. Ltd., Ahmedabad, India. The specification

of the epoxy resin is as follows: epoxy equivalent weight 190–210, viscosity

4–10 p at 25�C, density at 25�C 1.16–1.17 g=cm3. E-type fiberglass woven

fabric of 0.25mm thickness (Unnati Chemicals, Ahmedabad, India) of areal

weight 270 g=m2 was used for laminate preparation. All other chemicals used

were of laboratory grades.

Composite Fabrication
A typical method of composite fabrication is given below:

A suspension mixture of poly(keto-sulfide) – DGEBA epoxy resin in tetra-

hydrofuran was prepared and stirred well for 10 to 15min. The suspension

mixture was applied with a brush onto a 250mm� 250mm fiberglass cloth

and the solvent was allowed to evaporate. The 10 dried prepregs prepared

by this way were stacked one on top of another and pressed between steel

plates coated with a Teflon release sheet and compressed in a flat platen press

under about 70 psi pressure. The prepreg stack was cured by heating in the

press at 240–250�C for 2 h. The composite so obtained was cooled to 45�C

before the pressure was released. Test specimens were made by cutting the

composite and machining them to final dimensions. All the chemical, mechan-

ical and electrical tests were conducted according to ASTM or IS methods (as

listed below) using three test specimens for each test.

MEASUREMENTS

Differential Scanning Calorimetry
The prepared poly(keto-sulfides)s were used as a hardener to cure DGEBA

epoxy resin. The resin and the hardener were mixed using weight ratio of
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DGEBA: PKS 40:60, 30:70, 20:80, 10:90. T. A. Instrument DSC 2920

differential scanning calorimeter was used to measure the heat flow under

dynamic conditions, at a heating rate of 10�C=min. The calorimeter was

previously calibrated according to ASTM D 3417 for temperature calibration

and Joule effect for power calibration. The reference used was a sealed empty

pan. The mass of the sample was about 3.0–4.6mg.

Chemical Resistance
The chemical resistance of the composite was measured according to

ASTM D543. The sample size was approximately 20mm� 20mm.

Thermogravimetric Analysis
The thermogravimetric (TG) analysis of DGEBA: PKS systems I-VI were

carried out on Perkin – Elmer Pyres 1 TGA. For this, the samples were

prepared by mixing the DGEBA: PKS of given ratio in a glass crucible and

heated at the DSC cure temperature for 15–20min. The material was then

crushed by pestel pressure and 4–8mg of the cured resin were used. The

samples were heated at a rate of 10�C=min in air atmosphere.

Mechanical Properties
All the mechanical properties were measured on three individual

specimens and average results have been recorded.

Compression Strength Test
The compression strength was measured according to ASTM D 3410. The

sample size was 12.5mm� 12.5mm� 12.5mm and the cross head speed was

0.5� 1.0mm=min.

Impact Strength Test
Izod impact strength of notched samples was measured on a pendulum

impact testing machine at room temperature following the method of ASTM

D 256 with a notch angle of 45�.

Hardness Test
The Rockwell hardness strength was measured according to ASTM D785.

The sample size was 25mm� 25mm. A hardness TSE machine was used.
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RESULTS AND DISCUSSION

Commercial DGEBA epoxy resin was cured by using aromatic, aliphatic and

cyclic poly(keto-sulfide)s (PKS). The curing process of epoxy-PKS systems

has been studied by differential scanning calorimetry. The structure of the

cured epoxy resin depends on cure specifics, the kinetics of the reaction, the

steric and diffusive restrictions of the reactants during cure, and the function-

ality of epoxide curing agent [33,43,44].

The kinetic data were obtained from DSC thermograms Figures 1–2 of the

I-VI epoxy: poly(keto-sulfide)s systems at 10�C=min heating rate. The curing

reactions for various ratios of epoxy: poly(keto-sulfide)s systems were found

to be different in respect of total heat of reaction and the temperature at which

the reactions were initiated, peaked and terminated. From the characteristic

DSC scans, the temperature at which the curing reaction started (Ti), attained

a maximum (Tp) and completed (Tf), values of total exothermic heat of curing

DH and the activation energy (kj=mol) are shown in Table 1.

Arrhenius plots Figures 3–8 for all the systems are linear, hence it is

reasonable to assume that any change in the curing mechanism with curing

temperature does not affect the overall reaction rate. It was observed that

the curing temperature of the different epoxy: PKS systems increases with

increasing PKS ratios.

Figure 1: DSC curves for system-II.
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Figure 2: DSC curves for system-IV.

Table 1: Curing characteristics of epoxy-PKS systems I-VI at 10�C=minutes
scan rate.

System
no. PHR Ti �C Tp �C Tf �C DH j/g�1

Activation
energy kj/mol

I 40:60 214.42 273.03 310.81 44.39 115.8
30:70 215.07 307.54 320.77 52.72 120.4
20:80 216.60 321.46 342.98 73.81 150.1
10:90 223.28 332.18 352.18 105.1 274.3

II 40:60 160.80 258.11 302.66 143.1 88.3
30:70 170.60 276.52 320.67 174.9 89.8
20:80 180.1 323.08 345.08 306.8 140.5
10:90 210.63 340.42 380.7 336.7 191.7

III 40:60 227.33 281.55 324.6 53.22 158.4
30:70 244.18 304.33 326.13 81.76 159.4
20:80 244.94 309.58 335.32 85.02 251.1
10:90 258.73 325.73 351.41 122.4 258.0

IV 40:60 213.54 259.49 293.96 59.5 112.4
30:70 220.43 274.18 302.39 84.37 139.1
20:80 224.26 284.84 306.45 105.7 254.8
10:90 228.86 285.20 313.11 145.4 342.7

V 40:60 260.1 309.47 321.54 49.08 216.8
30:70 261.03 312.27 323.84 63.68 227.0
20:80 270.98 323.16 337.62 73.05 271.3
10:90 282.47 328.76 352.94 75.55 345.7

VI 40:60 280.18 317.45 350.41 76.43 364.4
30:70 283.77 320.91 355.07 88.92 368.8
20:80 286.3 326.14 360.88 94.12 372.0
10:90 289.71 331.31 370.01 99.21 391.4
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Typical TGA traces are shown in Figures 9–10. The TGA data of all

(epoxy-PKS) systems are given in Table 2. The thermal parameters estimated

from TGA curves showed that all systems of 10:90 polymer hardener ratio

(phr) are more thermally stable than the system of 40:60 phr. This may be

attributed to the high degree of crosslinking. This is further confirmed by

the DSC data which shows that all the 10:90 phr systems have higher total

exothermic heat of curing than those of 40:60 phr. Examination of thermogra-

vemetric data reveals that all the resin samples undergo stepwise degrada-

tion. In the first stage, below 200�C, the polymer remains virtually intact.

During this stage mainly residual solvent and unreacted monomers which

Figure 3: Arrhenius plot for epoxy-cyclohexanone-formaldehyde-sulfide (system-I).

Figure 4: Arrhenius plot for epoxy-acetoacetanalide-formaldehyde-sulfide (system-II).
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were trapped during curing are released. All the samples exhibited less than

2.5% and 4% weight loss at 200�C for 10:90 and 40:60 phr, respectively.

Decomposition commences at approximately 300�C, and samples degraded

completely in the range 300–600�C. A very rapid rate of weight loss was

observed around 350–550�C for almost all systems. The polymer samples

showed 50% weight loss in the ranges of 547–401�C and 475–356�C for

10:90 and 40:60 phr, respectively. The systems based on aromatic PKS are

more stable than those based on cyclic and aliphatic PKS. Comparison of

Figure 5: Arrhenius plot for epoxy-acetophenone-formaldehyde-sulfide (system-III).

Figure 6: Arrhenius plot for epoxy-acetone-formaldehyde-sulfide (system-IV).
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Figure 7: Arrhenius plot for epoxy-p-br-acetophenone-formaldehyde-sulfide (system-V).

Figure 8: Arrhenius plot for epoxy-(2-acetyl napthone)-formaldehyde-sulfide (system-VI).

Figure 9: TGA thermogram of system-III.
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the thermal stability of all systems based on 50% weight loss temperature,

reveals the following order of stability

II > III > V > VI > I > IV

All composites were prepared at 240–250�C for 2 hours and were in the

form of light to dark brown sheets. The specific gravity of these composites

is in the range of 1.60–1.180, Table 3. It looks that there is no appreciable

change in the specific gravity with respect of nature of system. The results

of chemical resistance of all composites (Table 3) to organic solvents, acids

and alkali reveal that the organic solvents and concentrated (15% vnv) acid
did not affect the composites which have remarkable resistance to acids. How-

ever, the concentrated alkali, causes changes of about (0.8–1.2) % in their

thickness and weight (Table 3).

The mechanical properties of all composites are shown in Table 3, and the

results reveal that all composites have good mechanical properties. It can be

Figure 10: TGA thermogram of system-VI.

TABLE 2: Thermogravimetric analysis of epoxy-PKS systems I-VI.

System
no. PHR

% wt. loss
at 200�C

% wt. loss
at 300�C

% wt. loss
at 400�C

% wt. loss
at 500�C

50% wt. loss
temp. �C

I 40–60 3.1 24.5 69.5 88.5 402
I 10–90 2.1 13.8 39.3 62.4 453
II 40–60 1.6 3.2 10.2 62.2 475
II 10–90 0.5 1.2 3.2 31.4 547
III 40–60 1.2 14.5 35.2 70.0 438
III 10–90 1.0 7.1 18.7 59.1 483
IV 40–60 3.6 25.1 69.5 89.9 356
IV 10–90 2.2 15.6 44.6 77.7 401
V 40–60 1.0 21.6 41.5 66.1 431
V 10–90 0.6 2.4 3.6 55.3 482
VI 40–60 1.3 6.4 32.7 72.4 421
VI 10–90 1.0 1.6 3.5 57.4 480
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observed that as the hardener loading increases in the epoxy resin, the

mechanical properties decrease, and system based on 10:90 phr shows better

mechanical properties than that based on 40:60 phr. This is traced to the fact

that in most epoxy resin systems the chemical reaction between the epoxy

functional group and the hardener are diffusion controlled and don’t proceed

to completion [45]. Therefore, due to steric and diffusional restriction, not

all the poly(keto-sulfide)s would fully react with the epoxy resin. The applied

stress, therefore, would be unevenly distributed on the network chains [46,47].

Thus, the highly stressed chains break first and their loads are distributed to

other network chains, forcing them to break or slip to relieve the stress on

them. Furthermore, the unreacted PKS molecules in the epoxy resin would

lead to failure in the epoxy resin. Consequently the mechanical strength

reduces.

CONCLUSION

1. PKS can be used as a curing agent for epoxy DGEBA resin.

2. Void-free composites could be prepared with good mechanical properties.

3. At high levels of hardener, a heterogeneous crosslink network is formed

and it is unable to hold the molecular chains tightly together, leading to

a reduced stiffness of the resin.

4. The curing behavior of epoxy resin can be altered by changing the molar

ratio of the curing agent. Thermal and mechanical stability of the cured

material was found to be dependent on the structure of the network.
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