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Abstract

The influence of photo-oxidation on Young’s modulus (E) and hardness (H) variations of two epoxy matrixes (DGEBA-
MTHPA and DGEBA-IPDA) has been investigated using a Nano-Indentation test. The results show that these mechanical prop-
erties increase with irradiation time for both systems and continuously decrease with the indentation depth. These decreases are

characteristic of the presence of a hard film on a softer substrate [Int. J. Solids Struct. 24 (1988) 1287]. Indeed, it was shown that the
photo-degradation of these polymers leads to the formation of a thin photo-oxidation layer at the matrix’s surface.# 2002 Elsevier
Science Ltd. All rights reserved.

1. Introduction

In order to best optimize the use of epoxy matrixes in
composite materials or in other forms, it is necessary to
understand their behaviour when they are exposed to
photo-oxidative conditions. In the literature, it was
shown that the chemical degradation of these matrixes
occurrs through their progressive removal by loss of
volatile photo-oxidation products [2]. After a few hun-
dred hours, the removal showed a linear evolution ver-
sus the light energy of irradiation [3,4]. This
phenomenon revealed the progressive formation of a
thin photo-oxidation layer near the irradiated surface,
which then spatially advances into the organic matrix at
the same speed as the ablation.
In this work, we attempted using Nano-Indentation

experiments, to highlight the photo-oxidation effects on
the evolution of the two main mechanical properties of
the materials, i.e. Young’s modulus E and the hardnessH.
The tests were performed on two epoxy systems
(DGEBA-MTHPA and DGEBA-IPDA) that were arti-
ficially photo-aged.

2. Experimental

2.1. Materials

The epoxy matrixes were obtained from a Bisphenol
A diglycidyl ether resin epoxy (DGEBA) (Scheme 1).
The first matrix was cured using methyltetra-

hydrophthalic anhydride as hardener (MTHPA, system
I), and the second with a cycloaliphatic diamine hard-
ener, 3-aminomethyl-3,5,5-trimethylcyclohexylamine or
Isophorone diamine (IPDA, system II). The cross-linking
of system I was initiated by an imidazole accelerator.

Table 1 shows the ratio by weight (%) for both epoxy
systems [5,6].

2.2. Artificial photo-ageing

Systems I and II were artificially photo-aged in a
Suntest# CPS Heraeus cell [7]. They were irradiated
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between 300 and 800 nm using a Xenon arc lamp, since
solar radiation outside these limits does not reach the
earth’s surface. Samples were irradiated under an aver-
age light energy EL of 85�5 W m�2. Irradiation times
for both epoxy systems were:

System I (DGEBA-MTHPA):
t=0, 25, 48, 72, 96, 213, 246, 309, 412 and 530 h.

System II (DGEBA-IPDA):
t=0, 100, 200, 300, 506, 994, 1993 and 2500 h.

3. Nano-indentation

3.1. Mechanical properties

The mechanical properties measured most frequently
using the load and depth sensing indentation techniques
are the elastic modulus E and the hardness H. In a
commonly used method, data are obtained from one
complete cycle of loading and unloading (Fig. 1) [8].
The parameters noted in Fig. 1 are: Pmax the peak

indentation load, hmax the indenter displacement at the
peak load, hf the final depth of the contact impression
after unloading and S the initial unloading stiffness.
The unloading data are then analyzed using a model

for the deformation of an elastic half space by an elastic
punch, which links the contact area at the peak load to
the elastic modulus. Methods for independently esti-
mating the contact area from the indenter shape func-
tion are then used to provide separate measurements of
E and H [8].
For a Berkovich-type indenter, the hardness H was

calculated from the relation:

H ¼
P

A
with A ¼ f hð Þ ¼ 24:5h2 þ

X6
n¼1=2;1;2:::

anh
1=2n ð1Þ

P: applied load,
A: projected contact area,
h: indentation depth.P6

n¼1=2;1;2:::anh
1=2n: geometric correction of the inden-

ter shape, performed for the very weak displacements.

Note that an elastic correction linked to the elastic
displacement recovered during the unloading is made
for each hardness measurement [8].
Young’s modulus E is determined from the initial

unloading stiffness S ¼ dP
dh (Fig. 1) through the equation:

Er ¼

ffiffiffi
�

p

2b
ffiffiffiffi
A

p
dP

dh
with

1

Er
¼

ð1� �2Þ

E
þ
ð1� �2i Þ

Ei
ð2Þ

Table 1

Compounds that make up the epoxy systems

Epoxy system Compounds Ratio by

weight (%)

I Resin: DGEBA (CIBA Araldite LY 556)Diglicyl ether of Bisphenol A 52.4

DGEBA-MTHPA Hardener: MTHPA (CIBA HY 917)Methyltetrahydrophthalic anhydride 47.1

Accelerator: imidazole (CIBA DY 070) 0.5

II Resin: DGEBA (CIBA Araldite LY 556)Diglicyl ether of Bisphenol A 81.3

DGEBA-IPDA Hardener: IPDA (CIBA HY 2962)Isophorone diamine or 3-aminomethyl-3, 5, 5-trimethylcyclohexylamine 18.7

Scheme 1. Bisphenol A diglycidyl ether resin epoxy (DGEBA)

Fig. 1. Schematic representation of a loading–unloading cycle versus

the indenter displacement data for an indentation experiment [8].
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Er: composite modulus including the indenter Ei and
the matrix being studied E, �i, �: Poisson coefficients for
the indenter and the matrix under test, respectively.
The standard Poisson coefficient � =0.3 was chosen,

because it is a standard value for organic polymers.
b=1.034 for a triangular tip shape.

3.2. Indentation procedure

The tests were performed on a Nano-Indenter IIs. In
this experiment, a diamond Berkovich-type indenter tip
was forced into the matrix being studied under con-
tinuous conditions [9]. The indentation depth was linked
to the contact area between the indenter and the mate-
rial under test. This procedure allows the mechanical
properties of the sample to be investigated and can
provide data to calculate the hardness H and Young’s
modulus E [1,8,10,11]. The calculation is made by mak-
ing an indentation with a well-controlled force P while
continuously monitoring and measuring the displace-
ment, h, of the indenter.
During the entire indentation procedure, the con-

tinuous measurement of the contact stiffness S was
accomplished by applying a small oscillation to the dis-
placement signal at relatively high frequency (45 Hz).
The amplitude of the displacement oscillation was kept
sufficiently small, in our case 1.5 nm, so that the defor-
mation process was not affected by its addition. The
corresponding force oscillation was monitored at the
excitation frequency using a two-channel phase-sensitive
detector [8]. It is thus possible to continuously measure
the contact stiffness S between the sample and the
indenter and to deduce the hardness H and the Young’s
modulus E of the studied matrix.
In our experiment, the maximum indentation depth

was fixed at 1800 nm, except for some tests that were
performed at up to 3000 nm. Fifteen indentation tests
were performed for each sample on a 300�300 mm2 area.

4. Results and discussion

4.1. System I: DGEBA-MTHPA

The artificial photo-ageing of system I was conducted
over 530 h of irradiation. Fig. 2 shows an example of
the load–displacement curve versus the indentation
depth h (after the irradiation time t=246 h). The non-
linearity is mainly due to the change of the contact area
during the indenter penetration and to the viscoelastic
properties of the sample.
Figs. 3 and 4 show the evolution of E and H versus

the indentation depth of system I (after irradiation time
t=246 h). The small points represent the E or H data,
which corresponds to one indentation experiment. The
black points are the means with their standard deviation
calculated from all the indentation tests after 246 h of
irradiation for h=100, 250, 500, 1000, 1500 and 1800 nm.
Two hundred and fifty-three indentations were made

for the DGEBA-MTHPA matrix according to the proce-
dure described above. Young’s modulus E and hardness

Fig. 2. Example of load–displacement curve (t=246 h).

Fig. 3. E versus h (t=246 h).

Fig. 4. H versus h (t=246 h).
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H versus the indentation depth h after different irradiation
times t are presented in Figs. 5 and 6.
For a better legibility, these figs. do not represent all the

measured points, in contrast to Figs. 9 and 10. Moreover,
Fig. 5, the curve noted ‘‘plateau’’ corresponds to a mean
obtained from the data measured at t=213, 246, 309, 412
and 530 h. Indeed, after about 200–250 h of irradiation,
no change appears, which confirms previous physico-
chemical analyses [3,4,12–14].

The standard deviation for Young’s modulus con-
tinuously decreased from 0.45 GPa (h=100 nm) to 0.05
GPa (h=3000 nm). Concerning the hardness, the stan-
dard deviation decreased from 49 MPa (h=100 nm) to 3
MPa (h=3000 nm). These decreases in the standard
deviations probably express the weak part of the surface
roughness in the measurements for the strong indenta-
tion depth. But, the previous surface roughnesses were
not quantified.
In Figs. 5 and 6, Young’s modulus and hardness evo-

lution for t=0 h and h > 200 nm (to avoid roughness
effects on the measurements) are representative of the
bulk mechanical properties of system I. Thus, the non-
irradiated matrix presents the following characteristics:

Young’s modulus: E0 I=5.1�0.05 GPa
Hardness: H0 I=370�3 MPa

According to Figs. 5 and 6, Young’s modulus and
hardness continuously decrease with the indentation
depth h and increase with the irradiation time. Thus, the
photo-oxidation of the DGEBA-MTHPA matrix
increases the elastic and inelastic (decreases of E and H
with h, respectively) properties of the matrix’s surface.
These decreases are characteristic of a material including
two phases: a hard film on a softer substrate [1,15], i.e., in
our case, a photo-oxidation layer on the non-oxidised
matrix, respectively. Indeed, it was shown that the
photo-ageing of the DGEBA-MTHPA matrix induced
the formation of a thin photo-oxidation layer in which
the degradation occurred [3,4,12–14].
Moreover, for the large indentation depth (h 52000

nm), the E and H values converge, whatever the irra-
diation time, to be about equal to the E0 I and H0 I

values of the non-oxidised matrix corresponding to theFig. 6. H versus h (after different irradiation times)—System I.

Fig. 5. E versus h (after different irradiation times)—System I.

Fig. 7. Example of Young’s modulus evolution up to a high indentation depth (3000 nm).
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bulk properties (Figs. 7 and 8). These indentations were
carried out at up to 3000 nm for t=0, 309 and 530 h of
irradiation.
These results show that the effects of photo-ageing on

the mechanical properties of the analyzed system are
mainly located in a thin photo-oxidation layer. Indeed,
according to the evolution of the mechanical properties,
the convergence of the curves (Figs. 5–8) with that of
the bulk made it possible to estimate this thickness at
about 1.8 mm. This is in good accordance with the
photo-oxidation layer’s thickness of the DGEBA-
MTHPA system previously estimated at about 1.8–2 mm
by IR-ATR spectroscopy [12].
As for the evolution of the mechanical properties with

the irradiation time, Figs. 9 and 10 represent the evolutions

of E and H versus t for different indentation depths h,
respectively. The results show a very fast increase in the
studied parameters during the first 100 h, and a satura-
tion phenomenon clearly appears at about 250 hours of
photo-ageing in regard to the standard deviation. That
means that the photo-degradation of this system takes
place in two successive steps: the establishment of the
photo-oxidation layer, which then spatially advances at
the same speed as the ablation [3,4]. Thus, the evolution
of the surface’s layer resulting from the removal of the
organic matrix during the artificial photo-ageing process
is well described from a mechanical point of view.
Note that, in Fig. 9, the calculated evolution for h=0

nm has been presented as a rough guide. Moreover, for
both figures, the calculated evolution has been reported

Fig. 9. E versus the irradiation time (different indentation depths)—System I (-, x, �,&,^,*: experimental points; curves: model).

Fig. 8. Example of the hardness evolution up to a high indentation depth (3000 nm).
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for each indentation depth. These evolutions were calcu-
lated from a model described in Section 5 and correspond
to Eqs. (8), (9) for E, and (13), (14) for H.

4.2. System II: DGEBA-IPDA

The study of system II was carried out following the
same protocol applied to system I. The photo-ageing
was conducted over 2500 h and 142 indents were made.
Figs. 11 and 12 represent the evolution of Young’s

modulus and hardness, respectively, versus the indenta-
tion depth h after different irradiation times. The stan-
dard deviation for Young’s modulus continuously
decreased from 1.13 GPa (h=100 nm) to 0.1 GPa
(h=3000 nm). Concerning the hardness, the standard
deviation decreased from 123 MPa (h=100 nm) to 10
MPa (h=3000 nm). These standard deviations are higher
than they were for system I, probably due to a difference
of previous surface roughnesses (not characterized).
As previously observed for the first system, E and H

decreased with the indentation depth h and increased
with the irradiation time. Thus, the DGEBA-IPDA
matrix behaves similarly to system I under photo-oxida-
tive conditions, i.e. the formation of a hard film (photo-
oxidation layer) on a softer substrate (matrix).
Like the first system, it is possible to estimate in

Figs. 11 and 12, the mechanical properties of the bulk
matrix. The characteristics of the non-aged DGEBA-
IPDA system were found to be (rough values):

Young’s elasticity modulus: E0 II=4.6�0.1 GPa
Hardness: H0 II=370�10 MPa

The evolution for both mechanical parameters to a
high indentation depth (3000 nm) are presented in
Figs. 13 and 14.

These results show that the thickness of the estab-
lished photo-oxidation layer can be estimated at about
2.5–3 mm, according to the standard deviation.
Figs. 15 and 16 present the evolution of E and H ver-

sus the irradiation time for several indentation depths.
Like system I, the increase in E and H is very fast for
the first 100 hours of irradiation and then saturates after
250–300 h.

Fig. 10. H versus the irradiation time (different indentation depths)—System I (x, �,&,^: experimental points; curves: model).

Fig 11. E versus h (after different irradiation times)—System II.

Fig 12. H versus h (after different irradiation times)—System II.
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Note that Figs. 15 and 16 represent the calculated
evolution of the studied parameters from the model
described in Section 5. Previous experiments performed
on these two epoxy systems showed the linear behaviour

of their ablation under photo-oxidative conditions [3,4].
Moreover, the IR-ATR analyses carried out on the
DGEBA-MTHPA matrix [12] prove that the photo-
degradation process mainly occurred in a thin and
quickly established photo-oxidation layer at the
matrix’s surface.
In this paper, the Nano-Indentation experiments

show, for both analysed systems, the formation and the
presence of this layer through the characterization of a
hard film on a softer substrate. Moreover, the evolution
of Young’s modulus with the irradiation time highlights
the chemical modifications at the matrix’s surface. This
study, based on the evolution of two mechanical prop-
erties, is thus in strong agreement with the previous
physico-chemical analyses.

5. Quantitative analysis of Young’s modulus and

hardness evolution

5.1. Young’s modulus E

The curves in Figs. 5 and 9 (system I) and in Figs. 11
and 15 (system II) show a gradient of evolution of E
versus the indentation depth and the irradiation time. In
regard to these results, we have searched to establish a
‘‘law of evolution’’ for Young’s modulus versus the
irradiation time t and the indentation depth h: E(t, h).
Figs. 5, 6, 11 and 12 show the decreases in E and H

with h. These gradients are characteristic of a thin hard
film on a softer substrate [1,15]. Thus, the intrinsic
values of the film are obtained when h!0, and those of
the substrate when h >> ft (ft=film thickness).
In that case, the equivalent measured modulus can be

approximated by the following equation [1,15]:
Fig. 14. Example of hardness evolution up to a high indentation

depth (3000 nm).

Fig. 15. E versus the irradiation time (different indentation depths)—System II. (-, x, �,&,^: experimental points; curves: model).

Fig. 13. Example of Young’s modulus evolution up to a high inden-

tation depth (3000 nm).
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Er¼
1��2f
Ef

1�exp��
ftE
h

� �
þ
1� �2s
Es

exp��
ftE
h
þ
1��2i
Ei

" #�1

ð3Þ

Ef, Es, Ei: Young’s modulus of the film, the substrate
and the indenter, respectively,
�f, �s, �i: Poisson coefficients of the film, the substrate
and the indenter, respectively,
ftE : film thickness calculated from Young’s modulus
evolution,
h: indentation depth,
�: coefficient depending on the shape of the indenter.

In the present case, the term relative to the indenter
can be neglected (Ei=1145 GPa, �i=0.07), which leads
to the following equation:

Er ¼
1� �2f
Ef

1� exp � �
ftE
h

� �
þ
1� �2s
Es

exp � �
ftE
h

� 	�1
ð4Þ

The geometric coefficient � is punch-geometry and
indentation-depth dependent. Given that in this study
the used indenter was a Berkovich-type indenter (three-
sided pyramid), and according to King’s analyses [16]
for a pyramidal punch, � can be described as:

� ¼ 1:12	0:42 with 	 ¼

ffiffiffiffi
A

p

ftE
¼
4:95h

ftE
ð5Þ

Combining Eqs. (4) and (5):

1

Er
¼
1� �2f
Ef

þ
1� �2s
Es

�
1� �2f
Ef

� �
exp�2:19

ftE
h

� �0:58
ð6Þ

When h! 0, the film properties are reached: Er ¼
Ef

1��2
f

When h ! 1, the substrate properties are reached:
Er ¼

Es

1��2s

With such a theoretical structural model, i.e. a hard
film on a softer substrate, the experimental curves
Er=f(h) can be adjusted using Eq. (6). The standard
data �s=�f=0.3 were chosen to be the Poisson coeffi-
cient of the substrate and the film, respectively. Young’s
modulus for both of the non-oxidised matrixes were:

System I: ES I=5.1�0.05 GPa (DGEBA-MTHPA).
System II: ES II=4.6�0.1 GPa (DGEBA-IPDA).

In that case, Ef and ftE are the two unknowns of Eq.
(6). However, according to the dispersion, the Ef data
are quite close to those measured at 50 nm. The calcu-
lated values for the unknowns Ef and ftE, are given in
Tables 2 and 3. Two examples of adjusted curves are
given in Figs. 17 and 18 for systems I and II, respectively.
Table 2 shows that Ef increases with the irradiation time
t until saturation, as previously observed in Figs. 9 and
15. On the other hand, the ftE value is relatively constant
for each system:

System I: ftE=50 nm.
System II: ftE=100 nm.

In this study, Ef corresponds to the calculated value of
Young’s modulus at the sample’s surface, i.e. when h! 0.
If we write E(t, h), the Young’s modulus for t and h fixed,
then, the modulus of the film Ef is given by E(t, 0) and the
substrate ES by E 0;1ð Þ.

Fig. 16. H versus the irradiation time (different indentation depths)—System II (-, x, �,&, ^: experimental points; curves: model).
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Figs. 9 (system I) and 15 (system II) show that the
evolution of E(t, 0) versus t, follows a typical law:

E t; 0ð Þ¼E 0; 0ð Þ þ E 1; 0ð Þ � E 0; 0ð Þð Þ 1�exp�	Et½ � ð7Þ

with

	E=1.3 10�2 h�1, E(0, 0)=7.0 GPa and E(1,
0)=10.4 GPa (system I).
	E=1.1 10

�2 h�1, E(0, 0)=4.6 GPa and E(1, 0)=12
GPa (system II).

According to Eq. (6), the evolution versus the inden-
tation depth h of Young’s modulus to the limits E(0, h)
and E(1, h) can be written for t=0 and t=1 as:

E 0;hð Þ ¼
1

E 0;0ð Þ
þ

1

E 0;1ð Þ
�

1

E 0;0ð Þ

� �
exp��

ftE
h

� �0:58" #�1

E 1; hð Þ ¼
1

E 1; 0ð Þ
þ

1

E 1;1ð Þ
�

1

E 1; 0ð Þ

� �
exp

�

� �
ftE
h

� �0:58#�1 ð8Þ

with ftE=50 nm, �=2.19 and E 0; 0ð Þ ¼ E 1;1ð Þ ¼ 5:1
GPa.
Combining Eqs. (7) and (8), the expression for

Young’s modulus versus t and h can be extracted:

E t; hð Þ ¼ E 0; hð Þ þ E 1; hð Þ � E 0; hð Þð Þ

� 1� exp � 	Et½ � ð9Þ

with E(0, h) and E 1; hð Þ given by relations (8).
Therefore, it is possible to plot the kinetics of Young’s

modulus evolution for each indentation depth studied
(Fig. 9—system I). The calculated points are in good

agreement with the measurements. However, Fig. 9
reveals that Young’s modulus of the non-irradiated
sample changes with the indentation depth. In fact, it is
possible that a post-ageing occurred at the surface sam-
ples after the photo-ageing inside the cell. Thus, the
origin of the photo-ageing time has been displaced.
According to the same argument, the post-ageing for

system II (unpolished samples) is lower. Indeed, the
modulus value of the non-oxidised samples is not very
dependent on the indentation depth (Fig. 15). Note that
the value ftE=5 nm for system II (Table 2) confirms this
tendency.

5.2. Hardness H

According to the same protocol described above, we
tried to fit the hardness evolution versus the indentation
depth by a simple analytical function. In Nano-Inden-
tation, when the substrate is softer than the film, the
relation between H and h can be described by the equa-
tion [1]:

H ¼ HS þ Hf �HSð Þexp � 
h ð10Þ

with 
 ¼
Hf

HS

�S
�f

ffiffiffiffiffiffi
ES

Ef

r
1

ftH

Table 2

Calculated values of Ef and ftE for the DGEBA-MTHPA matrix

System I (ES I=5.1 GPa)

t (h) 0 25 48 75 96 213 246 309 412 530

Ef (GPa) 7.0 8.0 8.8 9.2 9.0 10.4 10.2 10.6 10.4 10.4

ftE (nm) 50 35 50 50 50 50 50 50 50 50

Table 3

Calculated values of Ef and ftE for the DGEBA-IPDA matrix

System II (ES II=4.6 GPa)

t (h) 0 100 200 506 994 1993 2500

Ef (GPa) 6.5 9.2 11.7 12 12 12 12

ftE (nm) 5 90 110 100 100 100 100

Fig. 17. Example of adjusted curve fort t=75 h of irradiation (System I).

Fig. 18. Example of adjusted curves fort t=0 and 994 h of irradiation

(System II).
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Hf, Hs: hardness of the film and the substrate respec-
tively,
�f, �s: yield strengths,
Ef, Es: Young’s modulus,
ftH : film thickness calculated from hardness evolution.

An example of the adjusted curves is given in Fig. 19
for system I. The calculated values Hf and 
 are given in
Tables 4 and 5.


 Values are of the order of 3 10�3–3.5 10�3 nm�1, i.e.
1/
=330–286 nm for system I. For the system II, 
 =2
10�3 nm�1, i.e. 1/
=500 nm. The calculated points are
reported in Fig. 20 [Hf=f(t)]. In spite of the scatter, Hf

increases with the irradiation time t.
According to Eq. (10), ft is dependent on �S/�f [Eq.

(11)] whose value is unknown.

ftH ¼
1




Hf

HS

�S
�f

ffiffiffiffiffiffi
ES

Ef

r
ð11Þ

when 
=3.5 10�3 nm�1, ftH=300
�S
�f
(system I). When


=2 10�3 nm�1, ftH=730
�S
�f
(system II).

Using the commonly realized hypothesis, �S
�f

 HS

Hf
, the

two 
 values lead to ftH=200 nm (system I) and ftH=310
nm (system II).
Using a kinetic law identical to Eq. (7), the hardness

evolution with irradiation time t, can be expressed by
the relation:

H t; 0ð Þ ¼ H 0; 0ð Þ þ H 1; 0ð Þ �H 0; 0ð Þð Þ

� 1� exp � 	Ht½ � ð12Þ

Thus, according to Eq. (10), the hardness evolution
with the indentation depth for t=0 and t=1 can be
written as:

H 0; hð Þ ¼ H 0; 0ð Þ þ H 0;1ð Þ �H 0; 0ð Þ½ �exp � 
h

and

H 1; hð Þ ¼H 1; 0ð Þþ H 1;1ð Þ�H 1;0ð Þ½ �exp�
h ð13Þ

Combining Eqs. (12) and (13), the expression of the
hardness versus t and h can be extracted:

H t; hð Þ ¼ H 0; 0ð Þ þ H 1; 0ð Þ �H 0; 0ð Þð Þ

� 1� exp � 	Ht½ � ð14Þ

The calculated curves for both analyzed systems are
reported in Figs. 10 (system I) and 16 (system II).
To summarize this quantitative analysis, the calcu-

lated parameters for both systems are reported in
Tables 6 and 7. It shows that for both systems, the 	
values are about identical. It confirms the similar beha-
viour of the two epoxy matrixes under photo-oxidative
conditions, i.e. a very fast increase in E and H during

Table 4

Calculated values of Hf and 
 for system I

System I: DGEBA-MTHPA: Hs I=370 MPa

t (h) 0 25 48 75 96 213 246 309 530

Hf (MPa) 480 500 560 540 510 520 560 560 540


 (nm�1) 3.5 10�3 3.5 10�3 3/3.5 10�3 3/3.5 10�3 3.5 10�3 3.5 10�3 3/3.5 10�3 3.5 10�3 3.5 10�3

Table 5

Calculated values of Hf and 
 for system II

System II: DGEBA-IPDA: Hs II=370 MPa

t (h) 0 100 200 506 994 1993 2500

Hf (MPa) 460 650 850 870 860 830 850


 (nm�1) 4 10�3 2 10�3 2 10�3 2 10�3 2 10�3 2 10�3 2 10�3

Fig. 20. Hf versus t (System I).

Fig. 19. Example of an adjusted curve for t=75 h (System I).
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the first 100 h of irradiation and a stabilization once the
photo-oxidation layer is established.
Moreover, ftE (I)/ftE (II)=0.5 and ftH (I)/ftH (II)=0.6.

These values confirm the previous analyses [4,14], i.e.
the ablation coefficient of system I is twice as weak as
the one in system II, and the thickness of the photo-
oxidation layer is greater for system II than system I.

6. Conclusion

After UV-Visible artificial photo-ageing, the measure-
ments by Nano-Indentation show that the mechanical
properties of the analyzed systems (DGEBA-MTHPA
and DGEBA-IPDA) changed near the irradiated sur-

face. Indeed, Young’s modulus and the hardness of
these epoxy matrixes increase similarly with the irradia-
tion time in two separate phases: a very fast increase
during the first 100 h and a stabilisation at about 250–
300 h. Moreover, this study confirms the presence of a
thin photo-oxidation layer (hard film) at the matrix’s
surface, previously highlighted by physico-chemical
analyses [2,12,13]. The minimum and maximum values
of E and H are summarized in Table 8.
It was shown that Young’s modulus increases with the

irradiation time, which is characteristic of the chemical
modifications that take place near the matrix’s surface.
Thus, from a mechanical point of view, the Nano-inden-
tation highlights the photo-chemical degradation effects
of these polymeric matrixes.
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Table 6

Calculated Young’s modulus for both epoxy systems

E(t, h)

E(0, 0)

(GPa)

E(0,1) =

E(1,1)

E(1, 0) ftE
(nm)

	E
(h�1)

1/	E
(h)

System I 7.0 5.1 10.4 50 1.3 10�2 77

System II 4.6 4.6 12 100 1.1 10�2 91

Table 7

Calculated hardness for both epoxy systems

H(t, h)

H(0, 0)

(MPa)

H(0,1)

= H(1,1)

H(1, 0) 


(nm�1)

1/


(nm)

	H
(h�1)

1/	H
(h)

System I 480 370 550 3.5 10�3 280 1.3 10�2 77

System II 370 370 870 2.0 10�3 500 1.1 10�2 91

Table 8

Summary of E and H values

System I System II

Ef (GPa) 10.4 12.0

ES (GPa) 5.1 4.6

Hf (MPa) 550 950

HS (MPa) 370 370

Ef/ES 2.0 2.6

Hf/HS 1.5 2.6
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