
Author’s Accepted Manuscript

Mechanical properties and adhesive behavior of

epoxy-graphene nanocomposites

C. Salom, M.G. Prolongo, A. Toribio, A.J.

Martínez-Martínez, I. Aguirre de Cárcer, S.G.

Prolongo

PII: S0143-7496(17)30220-8

DOI: https://doi.org/10.1016/j.ijadhadh.2017.12.004

Reference: JAAD2092

To appear in: International Journal of Adhesion and Adhesives

Received date: 6 July 2017

Accepted date: 14 November 2017

Cite this article as: C. Salom, M.G. Prolongo, A. Toribio, A.J. Martínez-

Martínez, I. Aguirre de Cárcer and S.G. Prolongo, Mechanical properties and

adhesive behavior of epoxy-graphene nanocomposites, International Journal of
Adhesion and Adhesives, https://doi.org/10.1016/j.ijadhadh.2017.12.004

This is a PDF file of an unedited manuscript that has been accepted for

publication. As a service to our customers we are providing this early version of

the manuscript. The manuscript will undergo copyediting, typesetting, and

review of the resulting galley proof before it is published in its final citable form.

Please note that during the production process errors may be discovered which

could affect the content, and all legal disclaimers that apply to the journal pertain.

www.elsevier.com/locate/ijadhadh



Mechanical properties and adhesive behavior of epoxy-

graphene nanocomposites 
 

C. Salom
1
, M.G. Prolongo

1*
, A. Toribio

1
, A.J. Martínez-Martínez

1
, I. Aguirre de Cárcer

1
, 

S.G. Prolongo
2
 

1
Dpt. Materiales y Producción Aeroespacial, Universidad Politécnica de Madrid, Spain 

2
Dpt. Ciencia e Ingeniería de Materiales, Universidad Rey Juan Carlos, Madrid, Spain 

*
Correspondence to: Dpt. Materiales y Producción Aeroespacial. Universidad Politécnica de 

Madrid, ETSI Aeronáutica y del Espacio. Plza. Cardenal Cisneros 3, 29040 Madrid, Spain. 

mg.prolongo@upm.es 

Abstract 

The influence of the type and content of graphene nanoplatelets (GNP) on the thermo-

mechanical and adhesive properties of epoxy-graphene nanocomposites was investigated. 

Two types of graphene have been used: un-functionalized and functionalized graphene. 

The functionalized graphene (GNPNH2) contains amine groups that react with the epoxy 

prepolymer. Two types of un-functionalized graphene with different nanoplatelet 

dimensions were used. A universal testing machine was used to determine the Young´s 

modulus, deformation at break, mechanical strength and toughness at 22ºC. Dynamic 

Mechanical Thermal Analysis experiments were performed to compare the glass 

transition temperature and the storage modulus in the glassy and rubber states. Epoxy-

graphene nanocomposites were used as adhesives on aluminum substrates in single lap 

geometry, and the shear strengths were determined. All nanocomposites presented higher 

modulus than the neat epoxy thermoset. The increase in the storage modulus was higher 

in the in the rubbery state than in the glassy state. Nanocomposites showed lower tensile 

strength and were more fragile than the neat epoxy thermoset, which was attributed to the 

aggregation of graphene nanoplatelets. Epoxy/GNPNH2 nanocomposites presented a lower 

decrease of tensile strength and less fragile behavior. Epoxy/graphene adhesives 



presented lower lap shear strength than neat epoxy adhesive. Increasing GNP content 

caused the lap shear strength to decrease.  
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1. Introduction 

Graphene has become popular as a reinforcement for advanced nanocomposites. 

Graphene nanoplatelets, GNP, can increase the mechanical properties and thermal 

stability of polymers. Moreover they are available at low prices [1]. Graphene 

nanoplatelets are often difficult to disperse in polymer matrices; GNP/polymer 

nanocomposites with weak interfaces and GNP aggregation yield poor mechanical 

properties [2,3].   

The improvement in mechanical properties is determined by high interfacial adhesion and 

good stress transfer across the interface, which can be achieved by introducing covalent 

bonds between the matrix and the nanoplatelets. Carbon nanomaterials have been 

functionalized to achieve chemical interactions with the polymer matrix. Epoxy 

nanocomposites reinforced with modified graphene nanoplatelets have been investigated 

recently [4-8]. The results revealed that the inclusion of unmodified GNP, oxidized and 

amine functionalized GNP enhanced the elastic modulus of the epoxy matrix. However 

there is an undoubted conclusion in relation to the ultimate strength, in general best 

results have been reported for low graphene concentrations (<3%)  [2-5,8]. 

Recently, several studies have used GNP as a reinforcement for epoxy adhesives [9-15]. 

It has been reported that higher concentrations of GNP lead to poor dispersion of the 

nanoplataletes, causing a decrease in joint strength. 

A study of the effect of graphene content and the type of graphene on the mechanical and 

adhesive properties of epoxy thermosets would be useful. Therefore, in this work, 

epoxy/GNP nanocomposites were prepared using three different graphenes: two un-

functionalized graphenes (GNPn and GNPM25) having different lateral sizes and an amine 

functionalized graphene (GNPNH2) of similar dimensions to GNPn. The aim was to 



investigate the effect of the different graphenes on the mechanical and adhesive 

properties of an epoxy resin. 

 

2.  Materials and methods 

2.1   Materials 

An aeronautical grade epoxy prepolymer based on a basic DGEBA, Araldite LY556, 

cured with an aromatic amine, Araldite XB3473 was used as matrix. Both products were 

purchased from Huntsman.  

The study of the epoxy-graphene systems was carried out using two types of graphene: 

un-functionalized and functionalized graphene. The functionalized graphene containing 

amine groups (0.5 %) average thickness < 4 nm and an average lateral size of 1-2 μm 

(GNPNH2) was purchased from Cheap-Tubes (GNPS grade 4).  

Two un-functionalized graphenes with different nanoplatelet dimensions: graphene 

nanoplatelets with an average thickness of 6-8 nm and an average lateral size of 25 μm 

provided by XGScience (GNPM25), and graphene nanoplatelets with an average thickness 

< 4 nm and an average lateral size of 1-2μm (GNPn) provided by Cheap-Tubes with 

similar geometric characteristics than GNPNH2, were selected. 

Frekote from Loctite was employed as mold release product.  

 

2.2 Methods 

2.2.1  Preparation of nanocomposites 

Dispersions of graphene nanoplatelets on LY556 were obtained through mechanical  

stirring  at  700 rpm for 10 min. at 70 ºC, followed by sonication for 60 min with a horn 

and a UP400S Hielscher sonicator: 0.5 s cycles with a power of 400 W and amplitude of 

50%. The temperature did not exceed 40 ºC. Once the dispersions were obtained, the 

appropriate amount of curing agent (XB3473) for a stoichiometric ratio (weight fraction 

prepolymer/ hardener = 100/23) was added and mixed for 5 min, and then the samples 

were degassed under vacuum (40 mbar) at 80 °C for 15 minutes 

These dispersions were used to prepare lap shear joints, specimens for tensile tests, and 

samples for DMTA experiments.  The dispersions were poured into aluminum molds, 

previously treated with mold release product, and were cured at 140 °C for 8 h under 

atmospheric pressure [10].  



Nanocomposites having 2, 4, 6, 8 10, 12 wt% of GNPNH2, 2, 4 and 6 wt% of GNPn and 6 

wt% of GNPM25 together with the neat epoxy thermoset (LY556+XB3473) were 

prepared. These GNP proportions were selected based on a previously published study 

[13,15].  

 

2.2.2  Experimental 

Tensile mechanical properties of the nanocomposites were measured using a QTest 2L 

model MTS machine fitted with a MTS extensometer (model 63411F-54) with 2 kN load 

cell capability. The experiments were conducted at room temperature (22 ºC). The 

rectangular specimens (140x10x1.8 mm
3
) were loaded at a constant rate of 1 mm min

-1
 

until fracture. Stress–strain curves were recorded for six or more specimens of each 

composition to obtain the average value of the mechanical properties. Tensile modulus, 

tensile strength, strain at break were obtained and toughness was determined by 

integrating the area under the curve of the engineering stress versus engineering strain.  

Dynamic mechanical thermal analysis (DMTA) of cured samples was performed in dual 

cantilever bending mode using a DMTA V Rheometric Scientific instrument. 

Measurements were done at 1, 2, 5, 10 and 50 Hz, with temperature increasing from 20 

°C to 220 °C at a heating rate of 1 °C min
-1

. Specimen dimensions were: 35x10x1.8 mm
3
. 

The elastic or storage modulus (E´), loss modulus (E´´), and loss tangent (tan ) 

isochrones as a function of temperature were recorded.  

Joint strength was determined by single lap shear test following the ASTM D1002-01 

standard. After surface treatment, aluminum pieces (100x25x2 mm
3
) were assembled into 

single-lap shear joints with 12.5 mm of overlap length. At least five samples were tested 

for each adhesive composition. The adhesive thickness was controlled to 0.220.02 mm 

and the dimensions of the overlapped joints were 25x12.5 mm
2
. 

 
Two

 
surface treatments for the aluminum substrates were performed: Treatment 1 (T1) 

involved abrasive blasting, rinsing in tap water, degreasing with methyl ethyl ketone 

(MEK) at room temperature, rinsing in tap water, etching with 100 g/ L NaOH solution at 

60 ºC for 1 min, rinsing in tap water; Treatment (T2) included all steps of T1 with a final 

step of oxidation  by immersion in an aqueous solution of 127 g/L Fe2(SO4)3-7H2O and 



185 mL/L H2SO4. Treatment T2 is usually named as P2 etch. Finally, all the specimens 

were rinsed with distilled water and dried in the open air. 

 

3.  Results and discussion 
3.1 Tensile properties of epoxy/GNP nanocomposites 

To investigate the effect of graphene content on epoxy/GNP nanocomposites as well as 

the influence of different graphene nanoplatelets on the mechanical properties of the 

epoxy matrix, tensile testing was carried out. The most representative stress-strain curves 

of pure epoxy thermoset and epoxy/GNPNH2 nanocomposites are shown in Figure 1. 

Figure 2 shows the comparison of the stress-strain representative curves of the neat 

epoxy and the nanocomposites prepared with 6% of the three types of graphene 

nanoplatelets used, GNPNH2, GNPn and GNPM25. 

The variation of the tensile properties (Young´s modulus, tensile strength, strain at break 

and toughness) of epoxy/GNPNH2 nanocomposites with graphene content is shown in 

Figure 3. It can be observed that the nanocomposites showed higher modulus than the 

pure epoxy matrix, which increased as the GNPNH2 content increased. However, in 

general, the nanocomposites showed lower strength, deformation at break and toughness 

than neat epoxy thermoset. Epoxy/GNPn nanocomposites presented a similar mechanical 

behavior to epoxy/GNPNH2 nanocomposites (see Figure 4).  

Table 1 shows the comparison of the neat epoxy and the nanocomposites prepared with 

6% of the three types of graphene nanoplatelets, GNPNH2, GNPn and GNPM25. In all the 

cases, the nanocomposites showed an increase in stiffening with respect to the neat 

epoxy. The improvement in modulus can be attributed to the high Young´s modulus of 

graphene nanoplatelets.  Yasmin et al [8] found an analogous variation of the elastic 

modulus of epoxy/un-functionalized graphene nanocomposites using a graphene similar 

to GNPn. The nanocomposite reinforced with 6% GNPn showed about 40% increase in 

elastic modulus, a similar increase was reached for epoxy/GNPNH2 nanocomposites only 

when GNPNH2 content was 12%. The stoichiometric imbalance originated by the reaction 

of the amine groups of GNPNH2 and epoxy would give rise to networks with lower cross-

linking density, thus GNPNH2 nanocomposites have a lower modulus than GNPn 

nanocomposites.  



Epoxy/graphene nanocomposites prepared with 6% GNPM25 graphene had a slightly 

lower Young´s modulus than the epoxy nanocomposites prepared with 6% GNPn. This 

could be a consequence of the different platelet dimensions of these graphenes. Larger 

nanoplatelets tend to bend; indeed it has been shown that GNPM25 nanoplatelets adopt 

wavy or wrinkled structures, which may effectively reduce the modulus [13]. On the 

other hand, from measurements of flexural modulus, Chatterjee et al. [14] concluded that 

the reinforcing capability of 25 m GNP was higher than that of 5 m GNP for epoxy 

nanocomposites at low GNP concentrations 1-2%. This is evidence of different behavior 

of nanocomposites, with low and high GNP concentrations. 

The tensile strength of the epoxy/GNPNH2 nanocomposites at low GNPNH2 contents (2-

4%) was similar to that of the neat epoxy thermoset, while higher GNPNH2 content 

induced a decrease of tensile strength (see Figure 3b). This behavior has been observed 

for nanocomposites [8,13,15] and is associated with poor nanoplatelet dispersion. Higher 

nanoparticle content favors their aggregation, and the aggregates may cause a high stress 

concentration and premature failure. The nanocomposites obtained with the other 

graphene nanoplatelets, GNPn and GNPM25, exhibited lower strength than the neat epoxy 

thermoset, as can be observed in Figure 2 and Table 1. The interfacial strength usually 

controls the ultimate mechanical properties. Thus the aggregation of nanoplatelets and 

weak interfacial adhesion between them and the epoxy matrix, can explain the reduction 

of strength. Epoxy/6% GNPM25 nanocomposites showed a lower strength in comparison 

to epoxy/6%GNPn nanocomposites; this could be a consequence of the different 

dimensions of the graphenes. Larger GNP nanoplatelets tend to bend favoring the 

presence of defects, and lower strength. The lower decrease in tensile strength found for 

epoxy/GNPNH2 nanocomposites (see Table 1) is related to the bonds formed between 

GNPNH2 nanoplatelets and the epoxy matrix.  

It can be observed that the strain at break decreased as the GNP content increased for all 

the nanocomposites. Nevertheless, the differences in the strain at break of the three types 

of nanocomposites were close to experimental error (see Table 1). 

As can be seen in Figures 3d, 4d and Table 1, all nanocomposites presented lower 

toughness than the neat epoxy thermoset, that is, the nanocomposites were more fragile. 

As expected, GNPNH2 led to less fragile nanocomposites, because strain at break and 



toughness are related to the interactions between phases, and GNPNH2 nanoplatelets are 

bonded to epoxy matrix by chemical bonds. The chemical reaction between the amine-

functionalized nanoparticles and the epoxy matrix has been confirmed by different 

techniques in a previous study [16].  

 

3.2 DMTA of epoxy/GNP nanocomposites 

The storage modulus (E´), the loss modulus (E´´), and loss tangent (tan ) isochrones as a 

function of temperature were recorded for neat epoxy thermoset and epoxy/GNP 

nanocomposites. The variation in the storage modulus of epoxy thermoset and 

epoxy/GNPNH2 nanocomposites as a function of temperature at 1Hz is shown in Figure 5. 

As the temperature increased, there was a gradual decrease in storage modulus, followed 

by a sudden decrease at the glass transition temperature (Tg). The incorporation of 

graphene nanoplatelets resulted in an increase of the storage modulus over the whole 

temperature range. Indeed, all the nanocomposites showed a higher storage modulus than 

the neat epoxy thermoset, both in the glassy (T< Tg) and rubbery states (T >Tg). The 

behavior of the storage modulus for epoxy/GNPn. was similar to that observed for 

epoxy/GNPNH2 nanocomposites. Figure 6 shows the comparison of neat epoxy with 

nanocomposites having 6% of the three types of graphene nanoplatelets used, GNPNH2, 

GNPn and GNPM25. As usual, the storage modulus values were lower than Young´s 

modulus determined by tensile tests.  

Tables 2 and Table 3 collect the values of the relative storage modulus: Er´ = 

E'(sample)/ E'(neat epoxy thermoset) at T=80 ºC (glassy state) and at T =200 ºC (rubbery 

state). The variation of E´ with the composition was in accordance with the variation of 

Young´s modulus. The nanocomposites with 2-6% of graphene presented an increased 

storage modulus with regard to neat epoxy thermoset, in the glassy state being 10-20% 

higher for GNPNH2, 20-30% higher for GNPn and 50% higher for GNPM25. In the 

rubbery state, the graphene nanoplatelets gave rise to major increases of E´, being 40-

70% higher for GNPNH2, 100-150% higher for GNPn and 110% higher for GNPM25. The 

storage modulus in the rubbery state is related to the cross-linking density; the 

stoichiometric unbalance caused by the presence of amine groups in the GNPNH2 gives 

rise to less cross-linked networks. Therefore, in the rubbery state, the GNPNH2 



nanocomposites showed lower storage modulus than GNPn and GNPM25 nanocomposites. 

Consequently the relative storage modulus (see Tables 2 and 3) behaves similar. It is 

worth noting that the sample having 12% GNPNH2 presented an Er´ value similar to those 

of the samples containing 6% GNPM25 or 6% GNPn. 

In order to evaluate the effect of the graphene nanoplatelets on the glass transition of the 

epoxy thermoset, Table 2 shows the temperature at which the loss modulus presented a 

maximum together with the temperature of the maximum in tan ; these maximums are a 

consequence of -relaxation related to the glass transition temperature, Tg of the epoxy 

network. The presence of graphene led to higher Tg values than for neat epoxy thermoset. 

However, there was no correlation with the content of graphene, that is, higher graphene 

content did not lead to higher Tg. Furthermore, higher increases appeared at lower GNP 

content (2-4%). This is in accordance with results previously reported for very low 

graphene content (thermally reduced graphite oxide < 0.2%) [17]. It was concluded that 

at lower GNP content, the well-dispersed nanoplatelets were much more effective in 

improving the Tg.  

The increase in Tg is associated with a restriction in molecular motions, a reduction in 

free volume or a higher degree of cross-linking. The Tg of 6% GNPNH2 was higher than 

the Tg of 6% GNPn. This result means that the motion restriction caused by the GNPNH2-

epoxy bond outweighs the lower degree of cross-linking due to the stoichiometric 

unbalance. When the content of GNPNH2 increased up to 12%, Tg reached a value similar 

to that of neat epoxy thermoset. This would mean that in this sample, the stoichiometric 

unbalance caused by GNPNH2 produced a decrease in Tg that offset the increases in Tg due 

to restriction in molecular motions by the GNP nanoplatelets. The comparison of the 

glass transitions of nanocomposites with un-functionalized graphenes (GNPn and 

GNPM25) containing 6% GNP (see Table 3) provides evidence for a higher restriction of 

the molecular motion caused by the largest nanoplatelets.  

The Tgs (determined as the temperature of tan max) increased as a function of frequency 

(). The Arrhenius equation was used to evaluate the apparent value of the activation 

energy of the glass transition relaxation (EaGT), which is the energy barrier that must be 

overcome by the molecular motions causing the transition. EaGT was calculated, from the 

slope of the plots of ln () vs. Tg
-1

, giving similar values for neat epoxy thermoset 



(50030 kJ·mol
-1

)
 
and the nanocomposites

 
6%GNPNH2 (45030 kJ·mol

-1
), 6% GNPn, 

(45040 kJ·mol
-1

), EaGT being slightly higher (56030 kJ·mol
-1

) for the 6% GNPM25 

nanocomposites.  

 

3.3 Lap shear strength of epoxy/GNP adhesives  

Lap shear strength of epoxy adhesives was determined according to the ASTM D1002-

01 at 22 ºC with aluminum substrates in single lap shear configuration. The surface 

treatments were specified in the experimental section. The experiments were performed 

on freshly prepared joints and the results obtained are shown in Table 4. 

The shear strength of neat epoxy adhesive (LY+XB) depends on the surface treatment, 

becoming 10% higher when the complete treatment T2 was applied. Nevertheless, the 

surface treatment had no effect on epoxy/graphene adhesives. 

The largest strength value was found with the neat epoxy adhesive, where the shear 

strength for all epoxy/graphene adhesives was lower, independently of the type of 

graphene. This behavior can be attributed to the lower tensile strength and toughness of 

the epoxy/GNP nanocomposites (see Figures 3, 4 and Table 1). The failure surfaces of 

joints are shown in Figure 7. It can be seen for epoxy/graphene adhesives that the 

greater amount of adhesive is located on one of the surfaces, with bits of graphene 

remaining adhered on the other surface, confirming cohesive failure. For the LY+XB 

adhesive, the fracture may appear as an adhesive fracture with the naked eye, however 

there remains a thin epoxy layer adhered to one of the surfaces together with a thick 

layer on the opposite surface. Therefore, the adhesive joints also failed cohesively in the 

adhesive but close to the interface. 

The lap shear strength for 1% GNP nanocomposites was higher than for 6% GNP; these 

results are in agreement with those reported in the literature [8-11]. Specifically, it was 

found that for low GNP content (0.5%) joint strength was improved, but when the GNP 

content was increased, the strength of the joints decreased. This behavior has been 

attributed to the formation of agglomerates when the GNP content is increased.  

Adhesive containing 6% GNPNH2 presented similar joint strength to that containing 6% 

GNPn (see Table 4). Thus the formation of chemical bonds between GNPNH2 and the 

epoxy matrix did not significantly influence joint strength. 



 

4. Conclusions 

This work investigated the influence of three types of graphene nanoplatelets on the 

mechanical and adhesive properties of an epoxy resin. Two un-functionalized graphenes 

(GNPn and epoxy GNPM25) having different lateral size and an amine functionalized 

graphene (GNPNH2) with similar dimensions to GNPn were used. 

It was found that all nanocomposites presented higher Young´s modulus than the neat 

epoxy thermoset and Young´s modulus increased as the GNP content increased. 

The tensile strength of the epoxy/GNP nanocomposites was lower than that of neat epoxy 

thermoset, except for nanocomposites having low GNPNH2 content (2-4%) which showed 

similar strength to the neat epoxy thermoset. The decrease in the tensile strength is 

attributed to the aggregation of graphene nanoplatelets. The lower decrease in tensile 

strength of epoxy/GNPNH2 nanocomposites could be the consequence of the bonds 

formed between GNPNH2 nanoplatelets and the epoxy matrix.  

For all the nanocomposites, the strain at break and the toughness decreased as the GNP 

content increased, that is, the epoxy/GNP nanocomposites were more fragile than the neat 

epoxy thermoset. GNPNH2 nanocomposites were the least fragile. 

In the rubbery state, graphene nanoplatelets resulted in higher increases in the storage 

modulus, determined by DMTA, than in the glassy state. Epoxy/GNPNH2 nanocomposites 

presented lower rubber modulus than epoxy/unmodified GNP nanocomposites, which is 

related to less cross-linked networks.  

Epoxy/graphene adhesives had lower lap shear strength than neat epoxy adhesive 

independently of the type of graphene. This is a consequence of their lower tensile 

strength and toughness.  

The lap shear strength for 1% GNP nanocomposites was higher than for 6% GNP, which 

is a consequence of agglomerates when the GNP content is increased. The formation of 

chemical bonds between GNPNH2 and the epoxy matrix had no significant influence on 

the joint strength.  
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Fig. 1. Stress-strain curves for epoxy thermoset and epoxy/GNPNH2 nanocomposites at 22 ºC. 
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Fig.  2.   Stress-strain curves for epoxy thermoset, epoxy/GNP nanocomposites containing 

6% GNPn at 22 ºC. 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  3.   Tensile properties of epoxy thermoset and epoxy/GNPNH2 nanocomposites at 22 ºC.  
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Fig.  4.  Tensile properties of epoxy thermoset and epoxy/GNPn nanocomposites at 22 ºC.   

 

  

0 2 4 6 8
2

3

4

E
 (

G
P

a
)

wt% GPn

a

0 2 4 6 8

40

60

b

wt% GPn

T
e

n
s
ile

 s
tr

e
n

g
th

 (
M

P
a

)

0 2 4 6 8
0

1

2

3
c

 wt% GP
n

S
tr

a
in

 a
t 

b
re

a
k
 (

%
)

0 2 4 6 8
0.0

0.5

1.0

d
T

o
u
g
h
n
e
s
s
 (

M
J
·m

-3
)

wt% GPn



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.  5.   E´ vs. temperature for epoxy thermoset and epoxy/GNPNH2 nanocomposites at 1Hz. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.  E´ vs. Temperature for epoxy thermoset and  epoxy/6% GNP nanocomposites at 1Hz. 
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Fig. 7.  Faillure surfaces of epoxy adhesives on aluminum joints: a) and a´) neat LY+XB, 

b) and b´) LY+XB+6%GNPNH2  c) and c´) LY+XB+6%GNPn.  

 

 

 

 

 

 

 

 

 



 

Table 1 Tensile properties of epoxy thermoset and epoxy/GNP nanocomposites containing 

6% GNP at 22 ºC. 

 Young´s 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Strain  at 

break (%) 

Toughness* 

(MJ·m-3) 

LY+XB 2.9±0.2 65±4 3.0±0.2 1.30±0.1 

LY+XB+ 6%GNPNH2 3.4±0.1 53±3 2.0±0.2 0.70±0.06 

LY+XB+ 6%GNPn 4.0±0.3 48±1 1.8±0.1 0.47±0.04 

LY+XB+ 6%GNPM25 3.6±0.2 44±2 1.7±0.1 0.49±0.04 

*Area under the stress-strain curve. 

 

 
Table 2 Relative storage modulus (Er´= E'(sample)/E'(neat epoxy thermoset)) in the 

glassy (80 ºC) and rubbery (200 ºC) states, E´´max and tan max temperatures of neat epoxy 

thermoset and epoxy/GNPNH2 nanocomposites at 1Hz. 

 
Er' 80ºC Er' 200ºC E´´max (ºC) tan max 

(ºC) 

LY+XB 1 1 143 160 

LY+XB+ 2%GNP NH2 1.2 1.5 158 172 

LY+XB+ 4%GNP NH2 1.1 1.4 156 172 

LY+XB+ 6%GNP NH2 1.1 1.7 150 163 

LY+XB+ 8%GNPNH2 1.2 1.8 154 171 

LY+XB+ 12%GNP NH2 1.7 2.3 146 160 

 

  



 

Table 3 Relative storage modulus (Er´= E'(sample)/E'(neat epoxy thermoset)) in the 

glassy (80 ºC) and rubbery (200 ºC) states, E´´max and tan max temperatures of neat epoxy 

thermoset, epoxy/GNPn and epoxy/GNPM25 nanocomposites at 1Hz. 

 
Er' 80ºC Er' 200ºC E´´max (ºC) tan max 

(ºC) 

LY+XB 1 1 143 160 

LY+XB+ 2%GNP n 1.2 2.0 157 169 

LY+XB+ 4%GNP n 1.3 2.5 152 167 

LY+XB+ 6%GNP n 1.3 2.3 143 159 

LY+XB+ 6%GNP M25 1.5 2.1 147 165 

 

 

Table 4 Lap shear strength of epoxy and epoxy/GNP adhesives at 22 ºC. Surface 

treatments: T1: Alkaline Bath (100 g/L) and T2: Alkaline bath + oxidation with Fe2 

(SO4)3. 

Adhesive Shear Strength 

(MPa) 

Surface treatment 

LY+XB 9.30.8 T1 

LY+XB 11.20.4 T2 

LY+XB+6%GNPNH2 8.50.6 T1 

LY+XB+6%GNPNH2 8.90.6 T2 

LY+XB+6%GNPn 9.10.6 T1 

LY+XB+6%GNPn 9.10.3 T2 

LY+XB+ 1%GNPNH2 9.80.7 T2 

LY+XB+1%GNPn 9.60.6 T2 

 

 


