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Abstract:  

In this study, dynamic-mechanical analysis, mechanic properties, adhesive strength, and water absorption of 

networks based on glycerol diglycidyl ether cured with aliphatic diamines were studied. Dynamical-

mechanical spectra were used to study both and  relaxations. The mechanical properties were evaluated 

by tensile, flexural and compression testing. The adhesive strength was evaluated in terms single lap-shear 

using 316L stainless steel as the adherend. The water absorption was evaluated by immersion at (37  

0.2)C. The fracture mechanisms of the adhesive joints were determined by optical microscopy. The 

polymers based on cyclic diamine showed relative high-Tg, high tensile and flexural modulus and 

compression yield stress, the best adhesive strength, and greater participation of cohesive fracture 

mechanisms. In addition, the increases molecular rigidity in the diamine decreases the water absorption. 

 

Keywords: 316L stainless steel; epoxy/amine networks; mechanical properties; adhesive strength; water 

absorption. 
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1. INTRODUCTION 

Epoxy polymers are one of the most important classes of thermosetting materials and have wide use as 

adhesives. Formulations containing nanoclays, polyhedral oligomer silsesquioxanes, block copolymers, 

carbon nanotubes and so on are being continuously developed of matrices for composites materials. The 

study of the epoxy polymers is still of great interest by many researched (Pascault J.P. et al., 

2010).Unfortunately, these materials have a drawback, being brittle and having poor resistance to crack 

propagation. This negative aspect is usually improved by changes of the crosslink density and/or flexibility 

of chain between crosslinks to act on the structure of the epoxy monomer(Cukierman S. et al., 1991, Morel, 

E. et al., 1989, Choy, I. et al., 1986) or of the diamine comonomer (González Garcia F. et al., 2010,Grillet 

A.C. et al., 1989, Varma I.F. et al., 1986, Delvigs P. et al., 1986).The better method to the control to the 

crosslink density isby using a mixture of a monoamine and primary diamine comonomer(Charlesworth J.et 

al., 1988, Won, Y.G. et al., 1990). Another possible way is by addition of modifiers such as; elastomers or 

thermoplastics (Abadyan M. et al., 2012, Tripathy R. et al., 2011, Khoee S. et al., 2010, Kuan H.C.et al. 

2010, González Garcia F.et al., 2010, Maiez-Tribu S.et al., 2007). 

The use of sterically hindered aliphatic or cycloaliphatic diamines comonomer as curing agent have 

long gel times which is a fascinating place for purposes of easy processing. For more than twenty years, 

much attention has been paid to the characterization of networks based on cycloaliphatic diamine such as 

methane diamine or isophorone diamine (IPD) (Won Y.G.et al., 1990, Mortarnal S.et al., 1989) and 

sterically hindered cycloaliphatic diamine such as 4,4’-diamino-3,3’-dimethyldicyclohexylmethane (3DCM) 

(Urbaczewski-Espuche E. et al., 1991). Also, another type of hardener based on sterically hindered aliphatic 

flexible diamines as such poly(oxypropylene diamine) backbone known by Jeffamines has been studied. 

Thepoly(oxypropylene diamine) are a polyether oligomers of different molecular weight terminated at each 

end with an amine primary group which a methyl group derived from the polyester, which corresponds to 

the poly(oxypropylene) structure. These compounds (e.g., D230, D2000, T403, etc.) have low viscosity and 

vapor pressure, and have been developed and achieved commercial success for many years. In addition, as 

curing agent for epoxy monomers, the polymers most exhibit toughness (Cai H. et al., 2008, Froimowicz 

P.et al., 2005, Fernandez-Nograro F. et al., 1996), and in most cases an improved in elongation at break and 

impact strength (Yan G. et al., 2007). 

The glycerol diglycidyl ether (DGEG) as an epoxy monomer has a low viscosity at room 

temperature. These epoxy monomers was recently investigated for coating applications (Omrani A. et al., 

2011 and 2013). The study of the networks based on this aliphatic epoxy prepolymer is very interesting 

because the cure with aliphatic diamines can be result in thermosetting materials with greater flexibility 

compared to the networks based on aromatic epoxy monomer (bisphenol A diglycidyl ether, DGEBA). In 

this way it is believed that the aliphatic epoxy polymers are more advantageous for cardiovascular 

applications, as for example for surface coating of coronary stents manufactured with 316L stainless steel, 

because ours studies with in vitro biological properties indicate that the something aliphatic epoxy polymers 

are haemocompatible, no signs of cytotoxicity to Chinese hamster ovary cells and to MG63 osteoblasts-like 

cells (González Garcia F.et al., 2009, 2016 and 2017, Silva A. et al., 2016).However, for this application it’s 

necessary to found a coating material with adequate mechanical properties, good adhesive strength, and low 

water absorption in physiological environment (37 ºC). 

Numerous studies have been published on the mechanical properties (Yan G. et al., 2007, González 

Garcia F. et al., 2009 and 2007, Crawford E.D. et al., 1999, Cook W.D. et al., 1988), adhesiveness 

(González GarciaF.et al., 2011, Hu X.et al., 2005, Lapique F.et al., 2002),water absorption (Colombini D. et 

al., 2002, Pineda A.F.Eet al., 2016), adhesive applications of epoxy formulations, for various metals, 

including stainless steel (De Morais, A.B. et al., 2007) and dynamical-mechanical properties (Fernandez-
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Nograro, F. et al., 1996, Colombini, D. et al., 2002). However, to our knowledge we did not find a 

comparative study of the dynamical-mechanical analysis, mechanical properties and adhesive resistance for 

the 316L stainless steel substrate and water absorption in physiological environment (at 37 C) of epoxy 

formulations from diglycidyl ether of bisphenol A (DGEBA) and glycerol diglycidyl ether (DGEG) cured 

with poly (oxypropylene diamine) (D230). 

The aim of this work is an attempt to evaluate the effects chemical structure of the diamine on the 

thermal relaxation, mechanical properties, and adhesive strength on 316L stainless steel and water 

absorptionin physiological environment (at 37 C). 

In order to maintain a linear structure in the aliphatic diamine, the poly(oxypropylene diamine) 

(D230) was chosen. The other aliphatic diamines were based on isophorone diamine (IPD) and 4,4'-

diamino-3,3'-dimethyldicyclohexylmethane (3DCM), both having cyclic structures. 

 

2. MATERIALS AND METHODS 

2.1 Materials 

Glycerol diglycidyl ether (DGEG) which epoxide equivalent weight of 143.0 g/eq as determined by acid 

titration was used as the epoxy monomer in all studied formulations. Three conventional diamine as curing 

agents, i.e. an aliphatic diamine, poly(oxypropylene diamine) (D230),and two cycloaliphatic diamines; 

isophorone diamine (IPD) and 4,4’-diamino-3,3’-dimethyldicyclohexylmethane (3DCM) having amine-

hydrogen equivalent weights of 48.0, 42.6 and 59.6 g/eq, respectively, as determined by potentiometric 

titration in an aqueous medium (González Garcia F. et al., 2007) were used without purification. The 

chemical structures, suppliers, purities, molecular weights, and functionalities of the monomers are listed in 

Table 1. Reagent and solvents including (3-aminopropyl) trimethoxysilane (APTS, 97%, Sigma-Aldrich) 

and analytical-grade; acetone99%, and ethanol 95% (Vetec, Brazil) were used as received. The medical-

grade 316L stainless steel was the commercial VI 138 stainless steel (specialty alloy, ASTM – F138) from 

Villares Metals, Brazil. 

 

Table 1. Structure and characteristics of the various monomers 

  Monomers                         Chemical Structure                             Supplied                        g mol-1       F         

M

~230.00      4
Sigma-Aldrich

Jeffamine D230

O O
OO

Diglycidyl ether of

glycerol          

(DGEG)

Sigma-Aldrich

(technical grade)
204.22      2

Poly(oxypropylene)

diamine

(D230)

OH

O

H2N NH2
[ ]

CH3

n

CH3

   Aldrich

   (99.0%)

CH3

CH3

H2N

CH3

238.41        4
Aldrich

(99.0%)

Isophorone diamine

        (IPD)

CH3
CH3

NH2
H2N

170.30        4

4,4'-Diamino-3,3'-dimethyl-

dicyclohexylmethane 

(3DCM)

H2N

=2.6

 
M: Molecular weight, F: Functionality. 
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2.2 Preparations of the specimens 

The specimens were prepared by carefully weighing of the monomers at stoichiometric amount 

(epoxy/amine hydrogen e/a= 1). All mixtures were degassed at room temperature (25 C) under magnetic 

stirring until a homogeneous liquid was obtained. The mixtures were poured in to a silicone mold, cured in 

forced-air oven at 60 ºC for4 h, and submitted to post-cure state at 180 ºC, 160 ºC and 130 °C during 2 h, for 

the formulations based on 3DCM, IPD and D230, respectively, then allowed to cool slowly to room 

temperature. Specimens for mechanical and water absorption testing were machined as plates or cylinders 

from the molded material, to reach the final required dimensions and improve the surface finish. 

 

2.2 Preparations of lap shear specimens 

The adhesive strength was evaluated for mechanical tests using single-lap shear joint. The geometry of 

adhesive joint is shown in Figure 1. The 316L stainless steel used was a commercial material from the 

Villares Metals(Brazil). In order to increase the adhesive properties, the metallic adherend surfaces were 

treated by ultrasonic cleaning in acetone at 45 °C for 5 min, dipped in acetone 45 °C for 5 min, and dried by 

dabbing with absorbent paper and a dry nitrogen flow. The metal plate surfaces where then chemically 

treated in a sulfochromic bath (97 % sulfuric acid and 3% potassium dichromate) at 60 °C for 10 min, rinsed 

with distilled water and blown dry with nitrogen gas. After the chemical treatment, the metal surfaces were 

silanized by a silane solution (APTS, 0.12 % v/v) in a mixture of ethanol and distilled water at 25%/75% 

(v/v), according to the methodology reported elsewhere (ChovelonJ.M. et al., 1995). The specimens were 

stored in a glass dryer with silica gel until testing. 

For the adhesive applications, specific metallic mold was designed for adhesive joint. The design of 

the mold allows control the exactly layer thickness. After surface treatment, metallic pieces were assembled 

for adhesive single-lap shear joint. The adhesive formulations were prepared as mentioned in the specimen 

preparation. The epoxy formulation was applied uniformly on both surfaces of the adherend with the sample 

introduced in the specific metallic molds. The applied contact pressure was kept constant, which allows 

obtaining specimens with uniform adhesive thickness, 0.2  0.04 mm. The specimens in the molds were 

cured as mentioned in the specimen preparation. To reduce the deviation of the adhesive layer, respect to the 

tensile axis, chocks in the extremes of the specimens were used (see Fig. 1). These specimens were 

maintained at room temperature 22 ± 2 C and relative humidity of 50 ± 5 % during 24 h before testing. 

 

 
Fig. 1. Dimensions of the adhesives joints of single lap shear using 316L stainless steel adherend 

(measured in mm). 
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2.3 Testing of the adhesive specimens  

The adhesive strength of the single-lap shear joints were performed on a DL2000 EMIC machine at a 

crosshead speed of 3 mm/min with a 0.5 kN load cell, according to ASTM D 1002 standard. The lap shear 

strength was expressed in MPa. The adhesion tests were carried out at 22 ± 2 C and relative humidity of 50 

± 5 %. The average values were taken from at least eight specimens. 

 

2.4 Differential scanning calorimetry measurements (DSC) 

Differential scanning calorimetry measurements (DSC) were performed on a Shimadzu model DSC-60 

under nitrogen purge. The samples 10  2 mg were heated from –30 to 200 C at a rate of 10C/min. The 

presence of residual heat (HR) was evaluated from the first scan. The samples were rapidly cooled at –30 

C and heated again at the same rate, to obtain the glass transition temperature (Tg). The Tg was taken as the 

temperature corresponding to the middle of the middle of heat capacity base-line change. The first scans of 

all samples showed that no residual heat appear indicating that no additional cure occurs. 

 

2.5 Dynamic mechanical measurements (DMA) 

The dynamic mechanical measurements (DMA) of the epoxy networks were performed on a dynamic 

mechanic analyzer Q800 (TA Instruments) using single cantilever-type clam. The experiments were carried 

out on prismatic samples of dimension equal to 2.5 mm in depth, 10 mm in width, and 2.5 mm in length. 

The  transition was studied between 30 and 190 C at a heating rate of 2 C/min and a frequency of 1 Hz in 

nitrogen atmosphere. The  relaxation was studied between -120 and 40 C at a heating rate of 2 C/min in a 

frequency range from 3.0x10
-1

 Hz to 3.0x10
1
 Hz always in nitrogen atmosphere. The apparent activation 

energy Ea of the  relaxation was determined using an Arrhenius law on the maxima of the  peak (T). 

These experiments yield the storage modulus, E’ the loss modulus, E” and the damping factor, tan  (E”/E’) 

was determined from the peak of the tan  curve. 

 

log = Ea/RT + constant         (1) 

 

2.6 Tensile tests 

Tensile tests were performed on a DL2000 EMIC machine at a crosshead speed of 3 mm/min with a 0.5 kN 

load cell, according to ASTM D638M. The Young’s modulus E was computed from the linear part of the 

curve; yield strain and yield stress at break were also recorded. Condition the test specimens at 23 ± 2 C 

and 50 ± 5 % relative humidity. The results were taken from an average of at least six specimens and the 

results averaged to obtain a mean value. 

 

2.7 Flexural tests 

The specimens were tested under flexural conditions. The mechanical tests were made using the same 

testing machine with specimen dimensions equal to 100 ± 0.1 mm x 10.0 ± 0.1 mm x 4.5 ± 0.1 mm 

according ASTM D790 standard. The values of flexural modulus, flexural stress, and flexural strain at break 

were determinates. All measurements were conducted in three-point bending and a fixed span length of 80  

0.1 mm at a speed of 5 mm/min. Measurements were performed for each specimens at 50 ± 5 % relative 

humidity at 23 ± 2 C, and the report value were averaged from measurement of at least ten specimens. The 

specimens were tested to fracture and the flexural stress (f), flexural strain (f) and the flexural modulus 

(Ey) were calculated from the following equations: 
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f =                 (2)
 

 

f =       (3) 

 

Ef= (4) 

where: P is the load at the break or yield, b and d are the width and the thickness of the specimen 

respectively, L is the length between supports, d is the maximum deflection of the center of the beam and m 

is the slope of the tangent of the initial straight-line portion of the load-deflection curve. 

 

2.8 Compression tests 

Compression tests were made using the same testing machine under ASTM D695 protocol at 23 ± 2 C with 

a 5 kN load cell at speed of 1 mm/mm. Cylindrical specimens 20.0 ± 0.2 mm long with, 10.0 ± 0.2 mm 

diameter were deformed in a compression ring between steel plates. The compressive yield strength (c) and 

the compressive yield strain (r) were determined. The reported values were average from measurement of at 

least ten specimens. 

 

2.9 The failure mechanisms 

The failure mechanisms of the different adhesive joints were determined by optical microscopy (Topcon) 

with imaging analysis software. The fracture surfaces were observed and recorded by optical microscopy. 

The images were transmitted by a video camera to a personal computer. The dark and clear regions were 

attributed to cohesive and adhesive failure, respectively. The percentage of cohesive failure was calculated 

as the quotient of the dark areas and the total area of the metal substrate multiplied by 100. 

 

2.10 Water absorptions 

Test specimens of (15.0 ± 0.2) mm x (10.0 ± 0.2) mm x (3.2 ± 0.2) mm were used for water absorption tests, 

following the recommendations of ASTM D570 standard of testing specimens of sheet materials. The 

samples were removed at regular intervals from a bath of distilled water (at 37.0 ± 0.2)C, carefully wiped 

with a filter paper, and weighed on an analytical balance with a precision of ± 0.01 mg. Three specimens 

were used per each epoxy polymer. The mass water absorbed Ct (%) by the specimens was calculated with 

the following expression (Equation 1): 

 

𝐶𝑡 % = ( 
𝑤𝑡−𝑤0

𝑤0
) ∗ 100     (5) 

 

where: wt is the mass of the specimens at time t, wo is the mass of the dry specimen. The average standard 

deviation corresponds to the value less than 0.05% on the Ct (%) scale. 

 

3. RESULTS AND DISCUSSION 

3.1 Dynamic mechanical measurements (DMA) 

A typical plot of the storage modulus E’ and tan , measured at 1Hz, as a function of temperature, is shown 

in Figure 2 for the DGEG/3DCM network. Three relaxations are observed: 

(i) a main transition, in the high-temperature region, is associated with the glass transition; 

(ii) a secondary relaxation,,below 0 C;  

223 bdPL

26 LDd

33 4bdmL
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Fig. 2. Dynamical mechanical properties of the DGEG/3DCM network, measured at 1 Hz. 

 

Table 2 gives the values of the mechanical relaxation T determined at the maximum of the loss peak 

and the intensity at this maximum (tan ). 

 

Table 2. Characteristics of the  relaxation at 1 Hzfor the epoxy networks 

Epoxy Networks T(C) tan  

DGEG/3DCM 76.4 0.49 

DGEG/IPD 63.8 0.58 

DGEG/D230 25.4 0.98 

T = temperature at the maximum, tan  = amplitude of the loss peak at its maximum. 

 

The effect of different curing agents for the different epoxy networks on the tan δ in the high-

temperature region is shown in Figure 3. 
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Fig. 3. Tan δ of the epoxy networks as a function of temperature at 1 Hz. 

 

The differences between the shapes of the peaks are related to the structure of the diamine as curing 

agent. The epoxy network based on 3DCM and IPD (cyclic diamines) present relative higher T and lower 

tan  values than that based on D230 as the curing agent, due to the increase in molecular rigidity of the 

systems cured with cyclic diamine. 

From these results, it is possible to infer that the linear diamine D230 originates a more flexible 

network. This can be explained considering that the network formation involves an aliphatic epoxy 

monomer with a linear aliphatic amine comonomer, this with flexibility chain segments (see Table 1)and 

this structural segment provokes the formation of chains between two crosslinks with greater spacing, and 

consequently lower-Tg value as expected (Urbaczewski-Espuche E. et al., 1991, González Garcia F. et al., 

2007, Pascault J.P. et al., 2001). 

The  relaxation is related to the short molecular segment motion and depends on the chemical 

structure of the compounds (Ochi M. et al., 1987 and 1986). For epoxy/amine networks, most authors 

(Heux, L. et al., 1997, Struik L.C.E. 1987, Ochi M. et al., 1985) associate the  relaxation (between –80 C 

and –40 C) with motion contributions of diphenylpropane groups and glyceryl units: 

Spectra for three epoxy networks are shown in Fig. 4 and their characteristics (T = temperature of tan 

max and Ea = activation energy) are reported in Table 3. 

The  relaxation in the cyclic diamine series 3DCM and IPD are similar, while in the linear diamine 

D230 the relaxation presents very low intensity and shifted to lower temperature. The apparent activation 

energy (Ea) is related to the experimental molecular weight segment between the crosslinking points. It has 

been suggested that the Ea value decreases with increasing molecular weight of segment between 
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crosslinked points (Grillet A.C. et al., 1989, González Garcia F. et al., 2009). In Table 3 it can be observed 

that the Ea values for the linear and cyclic diamine series agree with expectations. 
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Fig. 4.β Relaxation for the various networks measured at 1 Hz. 

 

Table 3. Characteristics of the  relaxation at 1 Hz 

Epoxy Networks  T (C) Ea (kJ mol
-1

) 

DGEG/3DCM -25.8 52 

DGEG/IPD -32.0 54 

DGEG/D230 -66.1 60 

T = temperature at the maximum, Ea = activation energy. 

 

3.2 Mechanical and adhesive properties 

Tensile, flexural and compression tests were performed to evaluate the effects of the chemical structure of 

the comonomer on the mechanical properties of epoxy networks. As shown in Tables 4, 5 and 6 the Tg of the 

epoxy networks presents large influence on the mechanical behavior. The system cured with 3DCM or IPD 

(cyclic amines) present relative higher-Tg value, and better mechanical strength in terms of modulus and 

tensile, flexural or compression resistances that those observed for the system cured with D230. This is 

associated with the more molecular rigidity of the cyclic diamine series compared to a linear diamine. From 

these results, it is possible to infer that the diamine D230 originated a flexible material. This is in agreement 

with results in dynamical mechanical analysis and this behavior was only observed for this system (see 

Figure 5). 
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Table 4. Thermal and mechanical properties of the epoxy networks in tensile tests 

Epoxy Networks Tg(°C) E (GPa)  (MPa) (%) 

DGEG/3DCM 78.2 5.81 ± 0.37 56.12 ± 2.27 11.99 ± 0.52 

DGEG/IPD 65.5 4.58 ± 0.88 49.12 ± 3.10 13.36 ± 0.21 

DGEG/D230 12.6 0.03 ± 0.002 2.81 ± 1.59 33.39 ± 7.88 

E= Tensile modulus; ,  = tensile stress, strain at the maximum. 

 

Table 5. Thermal and mechanical properties of the epoxy networks in flexural tests 

Epoxy Networks Tg(°C) Ef (GPa) f (MPa) f(%) 

DGEG/3DCM 78.2 2.67 ± 0.06 87.67 ± 1.03 3.65 ± 0.17 

DGEG/IPD 65.5 2.32 ± 0.09 72.67 ± 1.04 3.14 ± 0.19 

DGEG/D230 12.6 0.02 ± 0.01 - - 

Ef= Flexural modulus; f, f= flexural stress, strain at the maximum. 

 

Table 6. Thermal and mechanical properties of the epoxy networks in compression tests 

Epoxy Networks Tg(°C) c (MPa) c (%) f(%) 

DGEG/3DCM 78.2 82.87 ± 0.38 6.30 ± 0.29 45.71 ± 0.37 

DGEG/IPD 65.5 75.40 ± 0.43 7.91 ± 0.75 57.41 ± 0.51 

DGEG/D230 12.6 8.04 ± 0.04 25.01 ± 0.89 67.41 ± 0.51 

c, c and f = compression yield stress, yield strain and yield strain at the maximum. 
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Fig. 5.Typical stress-strain plots for the polymers in compression tests. DGEG/3DCM (black line), 

DGEG/IPD (LT gray line) and DGEG/D230 (gray line). 
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The adhesive properties of the different epoxy systems were evaluated in terms single-lap shear using 

316L stainless steel which was clean and chemically treated. Table 7 compares the Tg values and the 

adhesive properties for the three epoxy formulations. The Tg of the epoxy adhesives also presents large 

influence on the adhesive strength. The systems with relative higher-Tg value (cyclic amines) displayed 

better adhesive strength.  

 

Table 7. Thermal and adhesive properties of the epoxy networks from single-lap shear tests 

Formulations Tg(C) Adhesive strength in lap shear joints (MPa) 

DGEG/3DCM 78.2 16.36  0.85 

DGEG/IPD 65.5 18.06  0.83 

DGEG/D230 12.6 8.91  0.53 

 

In this case for a proper interpretation of the relationship between lap-shear strength and Tg value it is 

important to compare the Tgof the systems with those reported for other epoxy/amine systems (González 

Garcia F.et al., 2007 and 2010, Pascault J.P. et al., 2002). In this way, the systems with cyclic amines 

showed lower-Tg values, and the system with the linear amine showed a much lower-Tg value. Therefore, 

the systems with cyclic amines is in agreement with the relationships between the increased the lap-shear 

strength with a low-Tg value (González Garcia, F. et al., 2011, Hu X.et al., 2005); but the system with D230 

does not meet the relationship. To explain this particular behavior was evaluated the influence of 

participation of cohesive fracture mechanisms in the lap-shear joints. This information was obtained by 

analysis of different failures types in the adhesive joints by optical microscopy. 

 

3.3 The failure mechanisms 

Different failures types in the adhesive joints can be occur. Failure can occur inside the adhesive layer 

(cohesive failure with adhesive residues on both surfaces) or at the interface between the adhesive layer and 

the adherend surface (adhesive failure). The images of the joints after fracture reveal dark and clear regions, 

corresponding to adhesive and stainless steel surface, respectively. The prevalence of each surface type is 

shown numerically in Table 8. As can be seen, the cohesive fracture mechanisms have limited participation 

in the adhesive based on linear diamine D230. However, the adhesive based on cyclic diamine series 3DCM 

and IPD showed greater participation of cohesive fracture mechanisms. Thus it can be say that the cohesive 

fracture mechanisms (percentage of cohesive area) significant influence on increased the lap-shear strength 

(Sampaio E.M.et al., 2006, Prolongo S.G.et al., 2006). 

 

Table 8. Percentage of cohesive failure in the fractured joints with different epoxy adhesive 

Adhesive Cohesive failure (%) 

DGEG/3DCM 94 

DGEG/IPD 92 

DGEG/D230 65 

 

3.4 Water absorption 

Solvent transport in organic polymer matrices is usually depicted as occurring by a two-step mechanism. In 

the first step, the solvent dissolves in the superficial polymer layer. This process, which can be considered to 

occur virtually instantaneously with water as investigated here, creates a concentration gradient. In the 

second step, the solvent diffuses in the direction of the concentration gradient. This process is described by 
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the differential mass balance expressed in Fick’s second law(PascaultJ.P. et al., 2002, Apostol T.M. 

1974),,
(42,51)

 which may be written for a one-dimensional case as: 

 

∆𝐶𝑡

𝜕𝑡
= 𝐷

𝜕2𝐶𝑡

𝜕𝑥2
                  (5) 

 

where: D is the diffusion coefficient and x the coordinate along the sample’s thickness L. For a membrane-

shape sample (Apostol T.M. 1974), the resolution of this differential equation is expressed as: 

 

𝐶𝑡

𝐶∞
= 1 −  

8

(2𝑛+1)2 𝜋2
∞
𝑛=0 exp [(

−𝐷 (𝑛+1/2)2𝜋2𝑡

𝐿2 )            (6) 

 

At short times frames, typically when C ≤ 0.5 C∞, this function can be well approximated by: 

 

𝐶𝑡

𝐶∞
= 1 −

8

𝜋2 𝑒
(
−𝐷𝜋2𝑡

4𝐿2 )
                                 (7) 

 

D= 
𝜋

16
 𝐿2∆(𝐶𝑡/𝐶∞)

∆( 𝑡)
                                      (8) 

 

where: Ct is the mass of water absorbed at time t, C∞ is the amount of water absorbed at saturation, L is the 

thickness of the free-standing specimen, and D is the diffusion coefficient.  

It is usual to plot ln(1- Ct/C∞) versus lnt. The linearity of the curve at small lnt is considered a validity 

criterion for the application of Fick’s second law. The slope of the linear portion allows the determination of 

the diffusion coefficient (D). To obtain the diffusion time (tD), the weight gain (%) is plotted over time (h
1/2

). 

In this plot, tDis defined as the duration of the transient, can be taken at the intersection of the tangent at the 

origin and the asymptote.C∞was considered the maximum value of the weight gain of the sample. This point 

corresponds to the value at which the absorption stabilizes. 

Figure6 shows the experimental data for the weight gain over time. All epoxy polymers show linear 

relationships between the weight gain and the immersion time initially. This behavior is well described by 

Eq. (8), showing that the initial stage of water absorption behavior is governed by Fick’s second law. 

Therefore, the water concentration gradient drives water absorption in these epoxy polymers. As seen in 

Figure 6 that the immersion time used caused saturation in all samples. 
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Fig. 6. The gain weight vs. time curve showing the water sorption behavior of the different epoxy 

adhesives. DGEG/3DCM (■), DGEG/IPD (●) and DGEG/D230 (▲). 

 

The obtained values for C∞, D and tDare listed in Table 9. Notably, the obtained D is consistent with 

the values cited for other epoxy polymers (Berry N.G.et al., 2007, Pascault J.P. et al., 2002, Maggana C.et 

al., 1999, Moy, P.et al., 1980). C∞, D and tDchange for each epoxy network depending on the diamine as 

curing agents employed. C∞and D for the linear diamine D230 are always higher than those of the series 

based on cyclic diamines and tD is the smallest for all the networks. The series based on cyclic amines 

(3DCM and IPD) exhibit similar C∞. However the D and tD values do not follow the same behavior. In this 

case, the cyclic amine 3DCM present higher values compared with cyclic amine IPD. This may be related 

with the molecular structure of these compounds. 

 

Table 9. Diffusion coefficient (D, m
2
/s), saturation value (C∞, %) and diffusion time tD, days) obtained 

from experimental weight gain vs. time curve of DGEG/3DCM, DGEG/IPD and DGEG/D230 systems. 

Epoxy networks DGEG/3DCM DGEG/IPD DGEG/D230 

C∞ (%) 1.711 1.782 1.870 

D(x10
-12

) 0.929 1.455 7.752 

tD(days) 74.41 35.86 9.28 

 

Some authors suggest that the diffusion kinetics, in aliphatic diepoxide cured by aromatic diamine, the 

diffusion rate of water is controlled by the presence of strong hydrogen bonds between water molecules and 

the polar groups (essentially hydroxyls) of the polymer (Tcharkhtchi, A. et al., 2000). On the other hands, 

others authors support that the molecular structures of the diamines and the degree of crosslinking affect the 

water absorption (Abdelkader A.F. et al., 2005). Nevertheless, the structure-diffusivity relationships have 

not clearly established. Considering these factors the series based on cyclic (3DCM and IPD) and linear 
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diamine (D230) the polar groups (essentially hydroxyls)concentration may be disregarded; but the molecular 

structure of the aliphatic diamine D230 has a linear and have a greater mobility between elastically active 

chains spacing(flexibility) and this may be improve the diffusion rate of water. In particular for the series 

based on cyclic diamines 3DCM and IPD the first diamine has a more rigid molecular structure than the 

latter diamine, decreasing D and tD values. In this case, can be more complicates to explain the diffusion rate 

of water. However, our results indicate that the diffusion rate of water decease with increase of the rigidity 

of the molecular structure of the curing agent. 

 

4. CONCLUSIONS 

The dynamical mechanical behavior, mechanical properties, adhesive strength in terms single lap-shear 

using 316L stainless steel as the adherend and water absorption of the tested epoxy networks are compared 

with the chemical structures of linear and cyclic aliphatic diamine used as comonomer, which change the 

structures of the epoxy networks. The polymers based on cyclic diamines showed relative higher-Tg values, 

greater compression, yield stress and the best adhesive strength compared with the polymer based on linear 

diamine. Nevertheless, the polymer based on linear diamine shows the best flexibility, but poor adhesive 

strength, and higher water absorption. Finally, was demonstrating that the cohesive fracture mechanisms 

increased the lap-shear strength and the diffusion rate of water decreased with increasing with the rigidity of 

the molecular structure of the curing agent. 
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