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Synthesis, Characterization
and Glass/Carbon
Reinforcement of Acetone-
Formaldehyde-1,5-
Dihydroxynaphthalene-
Epoxy Resin System

Hasmukh S. Patel and Bhavdeep K. Patel

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

Acetone-formaldehyde (AF) resin containing the methylol group (�CH2OH) has been
prepared and condensed with 1,5-dihydroxynaphthalene (DN) in the presence of an
alcoholic alkali catalyst at varying ratios of AF:DN: 1:1, 1:1.5 and 1:2, respectively.
The resultant AFDN resins were characterized by elemental analyses, IR spectral
studies, and number average molecular weight determined by the nonaqueous conduc-
tometric titration method. Further reaction of the AFDN resins was carried out
with different epoxy resins (i.e., DGEBA, DGEBC and DGEBF). The curing of these
resins was monitored by differential scanning calorimeter (DSC) and their kinetic
parameters have been evaluated. Based on DSC thermograms both glass and carbon
fiber-reinforced composites have been laminated and characterized for chemical,
mechanical and electrical properties. The unreinforced cured resins were subjected
to thermogravimetric analysis (TGA).

Keywords acetone-formaldehyde-1,5-dihydroxynaphthalene (AFDN) resin, acetone-
formaldehyde (AF) resin, carbon fiber-reinforced composites (CFRC), glass fiber-
reinforced composites (GFRC)
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INTRODUCTION

The study of acetone-formaldehyde resinification is well established [1–3]. The

AF resin, having two to three methylol groups (�CH2OH), has foundmany appli-

cations, such as for corrosion protection of building materials and metallic sur-

faces, ion exchange resin, adhesive, binder, and the hydraulic seal of oil wells

[4–6]. Like resol (having�CH2OHself-curable groups), suchAFresin (i.e., having

�CH2OH groups) may afford condensationwith phenol derivatives. Such aspects

have been reported from our laboratory in this direction [7–10]. In extension of

this work [7–10], it was thought interesting to study the acetone-formaldehyde-

1,5-dihydroxynaphthalene (AFDN) resinification with different epoxy resins

(i.e., DGEBA, DGEBC and DGEBF) and their glass and carbon reinforcement.

Hence the present article comprises synthesis, characterization, glass

and carbon reinforcement of the AFDN-epoxy resin system. Based on DSC

Scheme 1: Synthesis steps.
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thermograms, both glass and carbon fiber-reinforced composites were

laminated and characterized for chemical, mechanical and electrical proper-

ties. The whole work is scanned in Scheme 1.

EXPERIMENTAL

Materials
The specifications of all epoxy resins are as follows:

Epoxy equivalent weight of diglycidylether of bisphenol-A (DGEBA), 190

Epoxy equivalent weight of diglycidylether of bisphenol-C (DGEBC), 210

Epoxy equivalent weight of diglycidylether of bisphenol-F (DGEBF), 160

E-type glass-woven fabric (0.25mm thick) was obtained from Unnati

Chemicals, India. Carbon fiber (12K) was obtained from Reliance, IPCL,

Vadodara, India. All other chemicals were of pure grade.

Preparation of Acetone-Formaldehyde Resin
Acetone-formaldehyde (AF) resin has been prepared by following the

method reported in our earlier communication [7]. The general procedure is

as follows:

A mixture of acetone (1M) and formaldehyde (0.66M) with 5% alcoholic

KOH was heated at 40–50�C with constant stirring for 15 minutes. The resul-

tant mixture was cooled to room temperature. The so-called resin obtained

was a colorless thick liquid. It was neutralized by formic acid. Preliminary

characterization of acetone-formaldehyde (AF) resin is furnished in Table 1.

Preparation of Acetone-Formaldehyde-
1,5-Dihydroxynaphthalene (AFDN) Resin
The AF and 1,5-dihydroxynaphthalene (DN) in molar rations of 1:1, 1:1.5,

and 1:2 respectively, were refluxed in dioxane solvent using 2.5% KOH of the

Table 1: Preliminary characterization of acetone-formaldehyde (AF) resin.

Molecular formula C5H10O3

Elemental Analysis %C %H
Calc. 50.84 8.47
Found 50.01 8.30

Solubility Soluble in water
(2g in 10ml)

No. of –OH group 1.98
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total weight for 2h. The resulting solution is then poured immediately into

distilled water and washed several times with distilled water in order to

remove unreacted reactants. The yields of resins were 85, 87, and 90%, respec-

tively. Characterization of AFDN resins is furnished in Table 2.

Preparation of AFDN-Epoxy Resin Curing System
An AFDN-epoxy resin system was prepared by mixing AFDN resin and

epoxy resin (DGEBA) in different proportions (as shown in Table 3). To this

mixture the catalyst Hexamethylenetetraamine (HEXA) (0.5% of weight

of AFDN resin) was added under continuous stirring and stirred well for

15 minutes to form a homogeneous system.

Similarly, other AFDN-epoxy resin systems for different epoxy resins like

DGEBC and DGEBF were prepared by using the same method and conditions

used for DGEBA.

Three different AFDN-epoxy resin systems were prepared by using

different proportions of AFDN and epoxy resins (i.e., DGEBA, DGEBC, and

DGEBF as shown in Table 3).

Composite Fabrication
Glass and carbon fiber composites were prepared by the same method.

The preparation method of glass fiber-reinforced composites and carbon

fiber-reinforced composites is given briefly as follows:

The composites were prepared by using E-type glass fiber. Suspensions

of AFDN-epoxy resin systemswere prepared in tetrahydrofuran (THF). Themix-

ture was applied with a brush to a 200mm� 200mm glass cloth and the solvent

was allowed to evaporate. The ten dried prepregs prepared in this way were then

stacked one on top of another and pressed between steel plates coated with a

Teflon release sheet and compressed under 70psi pressure. The prepreg stacks

Table 2: Characterizations of AFDN resins.

Elemental
analysis calc./

(found)

Nonaqueous
conductometric

titration

Molar ratio of
AFDN resins

Color and
State %C %H �DP Mn

1:1 Brown 74.38 5.78 8 1936
Pasty Mass (74.28) (5.67)

1:1.5 Brown 74.38 5.78 6 1452
Pasty Mass (74.30) (5.69)

1:2 Brown 74.38 5.78 3 726
Pasty Mass (74.27) (5.69)

�DP¼Degree of Polymerization.
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were cured by heating in an autoclave oven at 180� 5�C for 5 hours. The

composites so obtained were cooled to 45–50�C before the pressure was released.

Carbon fiber-reinforced composites (CFRC) were prepared by using 30

tows (12K) of carbon fiber. Then by following a similar method and molding

conditions as above, carbon fiber-reinforced composites were laminated.

ANALYSIS AND CURING

Analysis
The C, H contents were estimated by means of Thermofinagan 1101 Flash

Elemental Analyzer (Italy). The IR spectra of all the samples were taken

in KBr pellets on a Nicolet 760 D spectrophotometer. The number average

molecular weight was estimated by using nonaqueous conductometric

titration method [11].

Curing
A Du Pont 900 DSC was used for the curing study of AFDN-epoxy resin

curing systems. The instrument was calibrated using standard indium metal

with known heat of fusion (DH¼ 28.45 J=g). Curing was carried out using a

single heating rate of 10�C=min in air. The sample weight for this investiga-

tion was in the range of 4–5mg along with an empty reference cell.

Thermogravimetric analysis (TGA) of AFDN-epoxy resin curing systems

have been carried out using a Du Pont 950 thermogravimetric analyzer at a

heating rate of 10�C=min in air. The sample weight for this investigation

was in the range of 4–5mg.

COMPOSITE CHARACTERIZATION

All the chemical, mechanical and electrical tests on composites were con-

ducted according to ASTM methods (as listed below) using three specimens

for each test.

Chemical Resistance Test
ASTM D 543-67 was used to measure the chemical resistance of the

composites towards sodium hydroxide, organic solvents and mineral acids.

Mechanical and Electrical Testing

(1) The flexural strength was measured according to ASTM D 790.

(2) The compressive strength was measured according to ASTM D 695.
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(3) The impact strength was measured according to ASTM D 256.

(4) The Rockwell hardness was measured according to ASTM D 785.

(5) The electrical strength was measured according to ASTM D 149.

RESULTS AND DISCUSSION

The AF resin, having two active methylol groups (–CH2OH groups) per mole-

cule, was used for further condensation with 1,5-dihydroxynaphthalene (DN)

following the same reported method [7]. The AFDN condensation product was

a brown, pasty mass. The freshly prepared products were soluble in most

organic solvents, but on longer storage they slightly harden. It was observed

that in the absence of 1,5-dihydroxynaphthalene, acetone-formaldehyde (AF)

resin under similar conditions remained relatively intact. The AFDN-epoxy

resin systems for different epoxy resins (i.e., DGEBA, DGEBC, and DGEBF)

were prepared as per Table 3.

The elemental analysis of all the AFDN resins was found to be consistent

with their predicted structures. Number average molecular weight (Mn) of all

three resins, estimated by nonaqueous conductometric titration [11], indicate

that Mn decreases with increasing molar proportion of DN. The results of ele-

mental analysis, number average molecular weight (Mn) and degree of polymer-

ization (DP) are furnished in Table 2. Typical IR spectra for all the resins were

found to be consistent with the ones expected from the structures of resins.

The curing study of AFDN-epoxy resin systems was carried out on DSC. The

data obtained from DSC thermograms for all AFDN-epoxy resin systems give a

single exothermic peak in the range of 137 to 195�C. The activation energy (Ea)

values for these systems did not vary widely. The results of curing temperature

with activation energy (Ea) and order of reaction are furnished in Table 3.

The unreinforced cured AFDN-epoxy resin samples were prepared

at 180� 5�C for 5 hours. They crumbled to a powder under normal hand

Table 4: TGA of unreinforced cured AFDN-epoxy resin systems.

%Weight loss at various temperature �C from TGA

Designation 200 300 400 500 600 700

1a 2.9 32.1 41.6 49.8 72.3 87.4
1b 2.8 30.8 40.1 48.2 68.4 85.2
1c 2.6 29.7 38.6 42.4 61.3 81.5
1d 3.8 35.4 44.3 52.6 74.6 89.6
1e 3.6 34.6 43.8 51.8 73.8 88.4
1f 3.2 33.3 42.6 50.3 72.9 87.8
1g 3.9 37.4 46.8 54.9 76.3 92.4
1h 4.2 36.8 46.1 54.1 75.4 91.3
1i 4.6 36.1 45.7 53.4 74.8 90.2
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pressure, and were insoluble in all common organic solvents. TG data are

shown in Table 4 for unreinforced cured resin samples and show that they

all degrade in a single step and their decomposition started around 200�C.

The rate of decomposition becomes faster in the range of 300 to 600�C. The

product was lost completely beyond 700�C. The glass fiber-reinforced compo-

sites based on AFDN-epoxy resin systems were also prepared at 180� 5�C

for 5 hours. Chemical resistance tests revealed that all composites had

remarkable resistance to organic solvents and concentrated acids (25%

V=V). However, the concentrated alkali (25% W=V) caused losses in their

thickness and weight (as shown in Tables 5 and 6). Results shown in

Tables 5 and 6 suggest that both glass and carbon-reinforced composites have

good chemical, mechanical and electrical properties.

CONCLUSIONS

The following conclusions have been made:

(1) Ease of preparation of acetone-formaldehyde (AF) resin, AFDN resins and

AFDN-epoxy resin system.

(2) Ease of the preparation of glass and carbon-reinforced composites from

AFDN-epoxy resin system.

(3) Glass fiber-reinforced composites have better chemical, mechanical and

electrical properties than carbon fiber-reinforced composites. This is due

to the unidirectional fibers in carbon fiber-reinforced composites.
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