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Abstract. The curing kinetics of thermoset-thermoplastic compounds based on diglycidyl ether of bisphenol A (DGEBA),
methyl tetrahydrophthalic anhydride (MTHPA) as the hardener, 2,4,6-tris(dimethylaminomethyl)phenol (DEH 35) as a catalyzer, and poly(lactic acid) (PLA) as workable (i.e., with repairable bonds) phase was investigated using Fourier transform
infrared spectroscopy (FTIR) and differential scanning calorimetry (DSC). Hydrogen bonding between PLA carbonyl and
epoxy hydroxyl and oxirane groups is the main influent interaction taking place, which acts as changing providers (i.e. hydrogen bonded groups able to move) of curing rate and degree of curing as evaluated from the vibration bands and exothermal
released heat. With increasing PLA content, the real crosslink density decreases as also the curing rate is delayed. Partially
miscibility between epoxy and PLA is proposed, whereas after reaching epoxy’s solubility limit PLA precipitates, hence the
microstructure is suggested to be composed by the epoxy network, interacted Epoxy/PLA and precipitated PLA. Reported
data offer reliable tools to reach the aimed degree of crosslinking, controlling of epoxy microstructure overcoming the brittle
fracture providing a wider window of processing and applications.
Keywords: polymer blends and alloys, epoxy, PLA, curing kinetics, workable microstructure

1. Introduction
Diglycidyl ether of bisphenol A (DGEBA) is an
epoxy resin made from epichlorohydrin with bisphenol A and a basic catalyst, whose properties are handled through chemical structure changes performed
during curing. DGEBA is widely used in the industry, mainly in electronics and aerospace goods, due
to its characters such as adhesion, low shrinkage,
high strength, excellent electrical insulation, and corrosion resistance [1–3]. However, low impact strength
and non-workability resulted from the three-dimensional reticulated network, are hinderers in applications where toughness is a required property [4, 5].
Development of epoxy compounds with better performance can be reached upon the addition of thermoplastics to toughening and flexibilizes their stiff

networks, expanding the scientific background and
technological interest [1–3].
Thermoplastics addition to epoxies besides increasing toughness does not significantly damage other
mechanical properties, such as elastic modulus or
tensile strength [6–8]. The thermoplastic phase can
behave as a workable phase inside the thermoset matrix, currently, with polymerization and phase morphology controlling, the cracked or micro fractured
layers are prone to be repaired by supramolecular
network reorganizing, especially secondary interactions such as hydrogen bonding [9–12].
Epoxy (DGEBA) has reactive chemical groups such
as epoxy ring and hydroxyls, which are able to chemically interact with thermoplastics, such as PCL [13],
polycarbonate (PC) [14], poly(hydroxyalkanoates)
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(PHA) [15], poly(ether ketone) (PEEK) [16] and
poly(lactic acid) (PLA) [17]. Specifically for PLA,
esters, carboxyl, and hydroxyl in its macromolecular
structure favor chemical and physical interactions
with polymers in which carboxylic, hydroxyl, peroxide, isocyanate, and epoxide, are present in the
polymeric chains [18].
An interesting achievement was reported by Luo et
al. [9] who produced workable epoxy (DGEBA)/
PCL compound with reversible adhesive properties
attributed to the hydrogen bonding between PCL
carbonyl group and an epoxy hydroxyl group. According to Acebo et al. [17], adding 10 wt% of the
copolymer poly(ethylene imine) (PEI) PLA branched
(PEI-PLA), led to epoxy curing rate decrease due to
the slow mobility of reactive species. Improvement
of 16% in impact strength was reported for epoxy/
PEI-PLA related to neat epoxy, no phase separation
was observed. Under appropriate thermal conditions,
the crosslinking density of epoxy/PEI-PLA decreased
due to PLA ester bonds cleavage, leading to thermal
workability. Hameed et al. [19] reported hydrogen
bonding in nanostructured epoxy (DGEBA) with
triblock copolymer poly(ε-caprolactone)-block-poly
(dimethyl siloxane)-block-poly(ε-caprolactone)
(PCL-PDMS-PCL) cured with 4,4′-methylenedianiline (MDA); which are interacting through epoxy
hydroxyl and PCL carbonyl.
The chemical reactions developed during epoxy curing in contact with thermoplastics greatly influence
the whole compound morphology, significant changes
are usually verified such as the crosslinking density,
the curing kinetics parameters, as well as the melting
and crystallization behaviors (for crystallizable thermoplastic) which lead to property changes [7].
Through thermal and chemical analyses, the curing
reactions can be elucidated, and the rational control
of their mechanisms allows mimicking proper performance for various applications. The main purpose
of this work was elucidating the evolution of conversion of epoxy/PLA compounds, defining the phase
transition, which takes place along with it applying
Fourier-transform infrared spectroscopy (FTIR). The
curing kinetics was followed using differential scanning calorimetry (DSC), kinetics and thermodynamic parameters were evaluated. The collected data, besides supporting the understanding of reactions and
chemical interactions which take place during compounding, provide appropriate tools to control the
desired degree of curing, and therefore the intended

microstructure. This work presents a new approach
for evaluating the epoxy curing where FTIR and
DSC were simultaneously applied, through mutual
protocols where both are corroborated, information
about the relative and real degrees of conversion are
reported as well as specific parameters of the curing,
together present an approach not yet reported in the
literature.

2. Experimental
2.1. Materials
Poly(lactic acid) (PLA) Biopolymer 3251, extrusion
grade 2003D, was purchased from NatureWorks
Ingeo (Minnesota, USA). Diglycidyl ether of
bisphenol A – DGEBA (DER 331) with epoxide
equivalent weight of 182–192 g/eq, anhydride
methyl tetrahydrophthalic (MTHPA) and 2,4,6tris(dimethylaminomethyl)phenol (DEH 35) were
supplied by Olin Corporation (São Paulo, Brazil).
The chemical structures of raw material, as well as
their reactive groups (red and blue highlighted) and
suggested interactions between MTHPA/DEH 35,
are displayed in Figure 1.

2.2. Methods
2.2.1. Epoxy/PLA compounds
As the first step, PLA (at contents of 10, 20, 30, and
90 phr) was dissolved in the uncured epoxy resin
using a magnetic stirring; the mixing carried out at
160 °C, 800 rpm for 30 min. Afterward, the temperature naturally decreased to 40 °C.

Figure 1. Chemical structures of raw materials.
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2.2.2. Epoxy/PLA/MTHPA/DEH 35 – uncured
compounds
As the second step, the hardener (MTHPA) and catalyst (DEH 35) were added to the epoxy/PLA. All
materials were mixed using a magnetic stirrer for 10
min, at 800 rpm, and at 40 °C. Produced compounds
and components contents are coded in Table 1.
2.2.3. Epoxy/PLA/MTHPA/DEH 35 cured
compounds under temperature influence
As the third step, compounds were poured on molds
and cured in an oven with the heating rate 10 °C/min
from ambient temperature (20 °C) to 40, 60, 80, 100,
120 and 140 °C; compounds were kept at the final
temperature for 30 min. This range was based on
DSC scans, where at 20 °C no evidence of curing
while at 140 C the curing is complete. Afterward,
spectra were collected according to 2.3.1 section.
This procedure was performed to gather quantitative
information related to the reaction development and
interaction among the functional groups, i.e., epoxide ring, hydroxyl, and carboxyl, along with temperature; therefore, to elucidate the curing kinetics using
FTIR.

2.3. Characterization of E/P/M/D compounds
2.3.1. Investigation of curing reactions using
FTIR
After the isothermal heating (2.2.3 section) compounds in Table 1 were characterized using FTIR
and DSC (as described in 2.3.3. section). Spectra
were collected in the wavenumber range 4000–
600 cm–1, with 16 scans and 4 cm–1 resolution, applying ATR mode. The equipment used was Perkin Elmer
Spectrum 400 (Waltham, Massachusetts, USA), and
data modeling was done in the Spectrum software.

2.3.2. Investigation of the curing kinetics using
FTIR
The degree of conversion (α) was computed using
an adaptation of the Beer-Lambert Law, as shown in
Equation (1), in which the reference band used is
theoretically constant throughout the reaction
(AR)0→T, in this case, this is the corresponding band
to the elongation vibration of C=C bond at
1510 cm–1, characteristic of the aromatic ring; the
second band is associated with the reactive functional groups that will take part in the curing reaction
(AC)0→T, i.e., the band at 910 cm–1 which is associated with the epoxide ring and during the curing development it decreases, due to the epoxy ring opening [20, 21].
A

a = 1-

S ARC X
S

t
AC
AR X
0

(1)

2.3.3. Investigation of the curing kinetics by DSC
The curing of E/P/M/D was monitored using DSC
Q20 from TA Instruments (New Castle, DE, USA).
Samples with approximately 3 mg were tested in a
standard closed aluminum pan under a nitrogen gas
flow of 50 ml/min. The samples were thermally
heated from 25 to 200 °C, at heating/cooling/reheating rates of 2.5, 5, 10, 15, and 20 °C/min.

3. Results and discussion
3.1. Chemical analysis through FTIR
E/P compounds
FTIR spectra of PLA, epoxy, and E/P are presented
in Figure 2. PLA spectra displayed bands at 2995–
2946 cm–1 due to the stretching vibrations of CH
(CH2, CH3), at 1748 cm–1 due to C=O stretching

Table 1. Codes and contents of produced epoxy/PLA/MTHPA/DEH 35 compounds.
Compound

Epoxy resin

Hardener

Catalyst

Thermoplastic

DER 331

MTHPA

DEH 35

PLA

E

100

87

5

E/M/D

100

87

5

0

E/P10/M/D

100

87

5

10

E/P20/M/D

100

87

5

20

E/P30/M/D

100

87

5

30

E/P90/M/D

100

87

5

90

0

0

0

100

P100

E – Epoxy resin DGEBA; P – PLA; M – MTHPA; D – DEH 35.
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Figure 2. FTIR spectra of PLA, epoxy and E/P (without addition of M/D).

(ester carbonyl), at 1450 cm–1 related to C–H bending (scissoring, CH2, CH3), and at 1180–955 cm–1
associated to C–O, C–O–C stretching and OH deformation. Epoxy spectra presented bands at 2965–
2873 cm–1 attributed to stretching vibrations of CH
(CH2, CH3), at 1608 cm-1 due to C=C stretching on
the aromatic ring, at 1510 cm–1 related to C=C elongation of the aromatic ring, at 1132 cm–1 attributed
to C–O–C elongation, and at 915 cm–1 corresponding to the oxirane C–O elongation [22–25].
E/P compounds presented displacement of 8 cm–1 related to the carbonyl band of PLA ester group (from

1748 to 1756 cm–1), as evidenced in Figure 2 and
Table 2, which can be linked to hydrogen bonding
between PLA carbonyl and epoxy hydroxyl and/or
oxirane group, such secondary bonds can help compound workability, as these are low energy bonds
which may repeatedly de-bonding and re-bonding
under external agent influence such as heating and/or
stressing, without considerable damaging the microstructure. During heating in the temperature range
from PLA Tg to near Tm, rotational and translational
movements of PLA are freely unimpeded, and structural dilation may occur, for subtle flaws such as

Table 2. Main observed bands in FTIR spectra. Compounds and vibration range indicated.
Compound
P100
E

Oxirane
C–O

Aromatic ring
C=C

Ester
C=O

Carboxyl
C=O

Anhydride
C=O

–

–

1748

–

–

915

1510

–

–

–
1780

M

–

–

–

–

E/P

915

1510

1756

–

–

Uncured E/P/M/D

915

1510

1730

–

1780

–

1510

1730

1700

–

Cured E/P/M/D
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Figure 3. Hydrogen bonding between epoxy and PLA.

micro-cracks living in this environment the propagation can be avoided as well as micro-structural repair can be achieved since PLA in the rubbery or
fluid state can fill the micro hollows, reinforcing
compound workability, as later on presented in Figure 10. Suggested interactions between epoxy and
PLA are presented in Figure 3.
A similar phenomenon was observed by Al-Mulla et
al. [26], who suggested hydrogen bonding between
the epoxidized palm oil (EPO) oxirane group and
PLA terminal hydroxyl. Xu and Qu [27] suggested
hydrogen bonding between PLA ester and EPO oxirane group. Hydrogen bonding interactions have also
been observed between PCL carbonyl and the epoxy
hydroxyl, as reported by Ni and Zheng [28].
Epoxy rings are highly susceptible to react due to the
polarity and tension of oxirane. Chemical reactions
between epoxide ring and reactive groups, such as
hydroxyl and carboxyl from polyesters [29, 30], anhydrides and amines [31], take place with epoxide
ring-opening heading to decrease or absence of
915 cm–1 (corresponding to the CO elongation of
epoxy ring) in FTIR spectrum [32], while the band
1510 cm–1, related to C=C elongation in aromatic
epoxy ring remains unchanged due to thermal and
chemical stability of the aromatic group; therefore
they can properly be used as reference band during
the degree of curing conversion measurements.
In the present work, as illustrated in Figure 2 and
Table 3, the band area at 915 cm–1 related to epoxide
ring, decreased by 11 and 8% after adding 30 and
90 phr PLA, respectively, compared to neat epoxy.
Nevertheless, the band area at 1510 cm–1 also decreased, establishing a constant ratio between 915
and 1510 cm–1 bands (see Table 3). Although secondary interactions took place between epoxy/PLA
(E/P), it is suggested there were no primary reactions
of epoxy ring-opening with PLA hydroxyl and carboxyl. These organic compounds are supposed to be
chemically stable under applied mixing parameters.

Table 3. Wavenumber, bands area and ratio (between 915
and 1510 cm–1).
Compound
E
E/P10
E/P20
E/P30
E/P90

Wavenumber
[cm–1]

Band area
[cm2]

915

12.340

1510

6.100

915

12.000

1510

6.190

915

12.000

1510

6.081

915

10.930

1510

5.588

915

5.790

1510

2.948

Bands ratio
(1510/915)
0.495
0.500
0.506
0.510
0.508

In E/P without adding MTHPA and DEH 35, only
secondary reactions are assumed to take place
through hydrogen bonding between PLA carbonyl
and epoxy hydroxyl or epoxide ring. Through reaction control, i.e., component contents, temperature,
and curing time, the rational control of hydrogen
bonds may be reached.
Uncured epoxy/PLA/MTHPA/DEH 35 (E/P/M/D)
FTIR spectra of uncured E/P with the addition of
M/D are displayed in Figure 4 (from 1000 to
2000 cm–1). The carbonyl band was observed between 1730 and 1860 cm–1. In the MTHPA spectrum (not showed) two main carbonyl bands are observed at 1860 and 1780 cm–1, attributed to symmetric and asymmetric vibrations of cyclic anhydride stretching, respectively. The addition of M/D
to E/P, shifted the carbonyl band (PLA ester) from
1756 to 1780 cm–1 (Table 2 and Figure 4). It is also
notable a shoulder ~1730 cm–1, which is assumed
belonging to PLA (C=O) ester, it would be reasonable suggesting:
There is a carboxyl group at a lower spectrum range,
with distinct binding energy and reactivity to that
seen in PLA and MTHPA; therefore, it is hypothesized might be associated with lower energy ester
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section 2.2.2), did not promote curing reactions, as
desired. The curing developed under the applied procedure of sections 2.2.3 and 2.3.3; afterward, curing
kinetics was investigated through FTIR and DSC.

Figure 4. FTIR spectra of uncured E/M/D and E/P/M/D.

bonds as well as secondarily interacting among anhydride, PLA carbonyl, and epoxy hydroxyl.
FTIR spectra of uncured E/P/M/D compounds are
shown in Figure 5 for wavenumber between 600 and
4000 cm–1. Among presented spectra only E/P90/M/D
showed double band in the carbonyl vibration range,
i.e. at 1780 cm–1, assigned to C=O from MTHPA, and
at 1756 cm–1 assigned to C=O from PLA ester, respectively, from this double band phase separation
is suggested, i.e., after reaching PLA solubility limit
in the epoxy network, PLA precipitates, and a heterogeneous morphology is developed, further on in
Figure 9 and Figure 10 additional comments about
phase separation mechanism are mentioned. Additionally, verified bands at 1860 and 1780 cm–1 from
cyclic anhydride, and at 915 cm–1 from epoxide ring
CO, indicate applied mixing process (described in

Figure 5. FTIR spectra of uncured E/P/M/D compounds.

Cured E/P/M/D compounds
To investigate the curing evolution of E/P/M/D compounds, selected samples were heated at distinct
temperatures ranging from 20 °C (uncured compounds) to 140 °C (cured compounds). The evolution of reactive ester, carboxylic acid and anhydride
groups during curing reactions followed by FTIR is
displayed in Figure 6. Crosslinking reactions taking
place during curing are in Figure 7.
From 20 to 100 °C, all compounds presented related
vibrations to MTHPA anhydride carbonyl bands at
1860 and 1780 cm–1. Under curing reactions, epoxy
hydroxyl reacts by anhydride ring opening to produce semi-esters (C=O, 1731 cm–1) and carboxyl
acid (C=O, 1701 cm–1). After 100 °C MTHPA bands
at 1860 and 1780 cm–1 disappear, suggesting all anhydride groups reacted. The resulting carboxylic
acids react with epoxide rings through opening epoxide ring, producing esters (C=O at 1728 cm–1), and
releasing OH group, thus progressing the curing. At
the final curing temperatures, 140 °C, there is only
the band at 1728 cm–1 due to ester groups from crosslinking reactions. Similar mechanism was observed
for all compounds, with the exception of E/P90/
M/D, since at 140 ° C the band at 1701 cm–1 due to
unreacted carboxyl is still observed.
From the literature database, the curing is usually investigated through epoxy ring-opening [25, 33]. The
bands at 915 and 1510 cm–1, related to epoxide ring
and epoxy aromatic ring, respectively, are used as
curing progressing indicators.

Figure 6. FTIR spectra of E/P/M/D compounds acquired at
indicated temperatures. (a) E/P10/M/D and
(b) E/P90/M/D.
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Figure 7. Crosslinking reactions: through esterification of MTHPA and epoxy for E/P/M/D compounds.

As illustrated in Figure 7 during curing:
(1) Epoxy rings are opened by carboxylic acids produced from anhydride with epoxy OH reactions;
(2) In the presence of tertiary amine (DEH 35) as a
catalyst the reaction is improved and additionally takes place through epoxy ring-opening with
activated anhydride by amine [34].
FTIR spectral changes, as well as 915 and 1510 cm–1
bands evolution during curing at different temperatures, are shown in Figure 8. Temperature increasing

improved crosslinking reactions, conducting to increased band at 3500 cm–1 (OH stretch) and reduced
band at 915 cm–1 due to epoxy ring-opening; absent
band at 1860 and 1780 cm–1 due to MTHPA consumption through ring-opening reaction. At all investigated temperatures, the band at 1510 cm–1 remained
invariable, evidencing the aromatic ring stability
during applied curing parameters.
In investigations based on thermosetting/thermoplastic compounds, through FTIR analyses, Yin and
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Figure 8. FTIR spectra of E/P/M/D compounds as a function of temperature for E/P30/M/D.

Zheng [35] reported hydrogen bonding interactions
among crosslinked DGEBA, PCL and poly (ethylene
oxide) (PEO). Hydrogen bonding between epoxy hydroxyl and PEO oxygen atoms was stronger than
those between epoxy hydroxyl and PCL carbonyl providing competitive interactions in ternary epoxy compounds. Displaced epoxy hydroxyl band to higher
wavenumber was verified by Zheng et al. [36] during epoxy (DGEBA)/PCL curing; additionally, hydrogen bonding was observed between PCL carbonyl
and epoxy hydroxyl cured with aromatic amine; related band to PCL carbonyl presented shoulders at
lower wavenumber (1702 cm–1) in all epoxy/PCL
compounds, such result was attributed to the carbonyl stretching vibration hydrogen bonded.
Curing kinetics measurements by FTIR
Adopting the reference band at 1510 cm–1 and the
curing band at 915 cm–1, the relative degree of curing could be evaluated using Beer-Lambert Law, as
plotted in Figure 9.

E/P/M/D compounds presented a sigmoidal ‘S’ shape
indicating curing without discontinuities. In general
‘S’ plots can be divided into three steps:
1°: Reactive centers development (induction period)
and reticulation starting, which takes place at
slow curing rate, with a degree of conversion
0 < α < 5%;
2°: Reticulation takes place at accelerating rate, the
main epoxy network is properly produced in this
stage, with a degree of conversion 5 < α < 90%;
3°: The reticulated system hinders the molecular
groups from moving freely, decelerating the curing rate; at this stage, the reaction is governed by
a diffusional mechanism, with a degree of conversion >90%.
Nevertheless, from Figure 9, a distinct rate profile is
clearly verified for E/P90/M/D; for the 2° stage its
curing rate is higher than the others. Two assumptions should be pointed here:
1°: ‘S’ plots are built from the rational integration
of FTIR bands, i.e., at the band beginning is

1187

Silva et al. – eXPRESS Polymer Letters Vol.14, No.12 (2020) 1180–1196

Figure 9. Degree of conversion estimated using Beer-Lambert Law.

assumed α = 0 and at the end α = 100% , therefore based on this range, the relative degree of
conversion is reported (which it always goes
from 0 to 100%).
2°: According to DSC released enthalpy as presented in Table 4, increasing PLA content ∆H decreased, i.e., lower real degree of epoxy reticulation. Although ‘S’ plot presents a higher degree
of conversion, it is worth mentioning based on
the curing ∆H (as reported from DSC scans and
presented in Table 4) lower crosslinked epoxy
content is present, i.e., fewer hinderers to the
molecular movements; additionally, epoxy oligomers (and monomers) are present which improve increased PLA solubility into the epoxy
network.
Related to epoxy compounds with 10 and 20 phr
PLA, their sigmoids presented similar aspects to the
neat epoxy one, whereas at 30 phr PLA the sigmoid
aspect is between neat epoxy and E/P90/M/D. Phase

separation mechanisms such as spinodal decomposition and nucleation and growth are suggested taking place along with the curing progressing. In general, for E/P/M/D compounds, the reaction-induced
phase separation occurs because of the increment in
the epoxy molecular weight as the curing reaction
proceeds, thereby resulting in PLA precipitation as
the second phase.
A schematic microstructure development as temperature function is proposed in Figure 10, from which,
based on the above discussion, some suggestions can
be hypothesized.
In stage 1, crosslinked epoxy, interacted PLA, precipitated PLA, and micro-cracks are assumed to be
present. At temperatures lower to Tg the compound
is in the solid/stiff state, being unable to significantly
deforming; in this state, the epoxy compound fracture is brittle, i.e., without energy consumption.
In stage 2, at temperatures nearby Tg, PLA macromolecular movements take place, hydrogen-bonding
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Table 4. Thermodynamics and kinetics curing parameters E/P/M/D.
Φ
[°C/min]

Compounds

E/M/D

E/P10/M/D

E/P20/M/D

E/P30/M/D

E/P90/M/D

2.5

Cmax

[min–1]

T0.01

[°C]

71.18

Tp

[°C]

T0.99

[°C]

5

0.0995

10

0.1803

0.3394

15
0.4971

20
0.7423

77.90

88.08

96.11

106.86

108.01

119.90

130.54

138.94

147.80

149.72

153.89

165.38

169.82

177.11

239.4

220.8

248.92

215.13

251.39

∆H

[J/g]

Cmax

[min–1]

T0.01

[°C]

Tp

[°C]

111.60

123.39

134.69

141.73

147.23

T0.99

[°C]

135.24

146.18

156.50

165.45

173.26

∆H

[J/g]

259.03

195.9

231.21

234.6

249.88

αreal

[%]

100.0

75.0

88.9

90.2

96.1

Cmax

[min–1]

T0.01

[°C]

76.94

82.78

90.85

97.84

100.38

Tp

[°C]

109.19

121.15

132.95

139.71

144.82

T0.99

[°C]

123.32

141.39

157.65

167.17

174.84

∆H

[J/g]

175.27

168.97

183.60

162.89

188.23

αreal

[%]

67.4

65.0

70.6

62.6

72.4

Cmax

[min–1]

T0.01

[°C]

66.65

75.83

82.21

89.91

98.44

Tp

[°C]

103.33

116.41

126.16

134.91

142.78

0.1065
71.60

0.1923
80.06

0.1331

0.1940

0.0829

0.1743

0.3870
93.03

0.3530

0.2991

0.5524
101.82

0.5111

0.4705

0.7022
100.30

0.6314

0.6298

T0.99

[°C]

152.44

155.24

166.69

168.19

176.00

∆H

[J/g]

167.49

204.75

162.41

196.52

214.03

αreal

[%]

64.40

78.75

62.50

75.60

82.30

–1

0.0865

0.1127

0.2419

0.4401

0.5480

Cmax

[min ]

T0.01

[°C]

70.40

82.37

91.84

102.38

109.58

Tp

[°C]

108.50

131.06

138.85

140.96

146.21

T0.99

[°C]

128.24

168.90

180.07

170.63

179.29

∆H

[J/g]

101.47

72.35

111.99

98.76

110.77

αreal

[%]

39.0

27.8

43.1

38.1

42.7

Cmax: curing rate at the highest peak intensity. T0.01: temperature at 0.01° of conversion (assumed as initial curing temperature). Tp: curing
peak temperature. T0.99: temperature at 0.99° of conversion (assumed as ﬁnal curing temperature). ∆H: released heat during curing. αreal:
real degree of curing, αreal = ∆Hreleased/∆Hfull where: ∆Hreleased is the released heat during curing and ∆Hfull is the full heat of epoxy (DGEBA)
curing, assumed as 260 J/g.

interactions between epoxy and PLA can move (rotational and translational movements), bonding and
de-bonding interactions are expected to occur between epoxy and PLA depending on temperature and
composition. Precipitated PLA is in the rubbery state,
which might provide additional deformation as well
as hiders the faster micro-cracks propagation.
In stage 3, at temperatures nearby 160 °C (usual PLA
melting), PLA is in the fluid state, macromolecular
movements are intensified, and microcracks nearby
fluid PLA might be filled, hindering the brittle fracture.
The curing parameters such as temperature, heating
rates, time and reagent content display direct influence
on the developed reactions leading to changes in the

crosslinking morphology and density; therefore, the
curing kinetics of E/P was also followed using DSC
aiming to elucidate the kinetics and thermodynamic
parameters as well as to collect correct data.

3.2. Curing analysis through DSC
Figure 11 shows nonisothermal DSC scans of epoxy
and E/P/M/D compounds at applied heating rates.
During the first heating, an exothermic peak was observed for all compounds, indicating the curing reaction, which was observed ranging ∆T from 70 to
180 °C with the temperature peak Tp ranging from
105 to 150°C, depending on the heating rate and composition, in general peaks were displaced to higher
temperatures upon the increase of the heating rates
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Figure 10. Proposed microstructure development (in cases
where micro-cracks are present) for epoxy/PLA
as temperature function.

from 2.5 to 20 °C/min due to the time lag effect. All
DSC scans presented a single bell-shaped peak, which
corresponds to the ring-opening reaction of the epoxy
oxirane group with M/D, corroborating the FTIR results [37]. Neither Tg nor PLA melting were detected
during the first heating, suggesting PLA phase is dissolved or trapped in the epoxy network, during the
reheating stage Tgs were measured and are presented
in Table 5 [38].
Upon 10 and 20 phr of PLA addition, the exothermic
peaks were displaced to higher temperatures, which
may be related to PLA functional groups that compete
and/or hinder the crosslinking reactions, at 90 phr
PLA the effect is clearly evidenced, as illustrated in
Figure 11c [39]. However, at 30 phr PLA, the opposite behavior is observed, i.e., apparently, the curing
is improved. Related to the exothermic enthalpy ∆H,
it decreased upon PLA addition leading to decreased
crosslinking density; based on FTIR data presented
above, it is assumed PLA reacts with the epoxy system, the lower the epoxy network molecular weight,

Figure 11. DSC scans of E/P/M/D compounds. a) E/P10/M/D and b) E/P20/M/D, at indicated heating rates. c) and
d) E/P/M/D compounds heated at 5 and 15 °C/min, respectively.
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Table 5. Tg of E/P/M/D compounds.
Heating rate
[°C·min–1]

Composition
2.5

5

10

15

20

E/M/D

116.50

113.62

116.65

112.14

112.14

E/P10/M/D

104.62

102.89

107.10

109.68

108.85

E/P20/M/D

112.30

107.08

107.89

106.54

109.64

E/P30/M/D

114.38

113.88

119.62

117.50

119.64

E/P90/M/D

71.94

55.30

53.58

40.82

37.61

128.69

99.14

90.71

78.11

76.15

the greater the solubility with PLA. Decreased degree of reticulation and interactions with PLA, are
supposed to be properly characters for increasing the
workability of E/P/M/D system.
As observed by previous researchers addition of
20 wt% hydroxyl-functionalized hyper-branched
poly(ester amide) (HBP) provided accelerate effect
in the early stages of epoxy (DGEBA)/MTHPA curing, which was attributed to the high hydroxyl content in HBP that favored the non-catalyzed mechanism [40].
Figure 12 and Table 5 illustrate the glass transition
temperature (Tg) of cured E/P/M/D acquired during
the second heating. For compounds with 10, 20 and
30 phr PLA only one Tg was observed around 110 °C
associated with epoxy Tg, whereas the compound with
90 phr PLA, two Tgs were verified, i.e., the PLA and
epoxy ones, evidencing the phase separation between
epoxy and PLA, most due in compounds with 90 phr
PLA a different reaction mechanism takes place,
such as esterification, rather than epoxy ring-opening.
As shown in Table 5, epoxy Tg decreases upon PLA
addition. In general, Tg of epoxy resins tends to increase with the curing development, since crosslinking stiffs the microstructure hindering rotational and

translational molecular movements. Nevertheless,
due to the PLA addition, these molecular movements
took place with lower energy consumption most due
to the epoxy lower crosslinked density and precipitated PLA, configuring the workable character of
E/P/M/D compound related to neat epoxy.
In previous researches based on DGEBA/PCL and
poly (ether sulfone) (PES)/DGEBA before curing
one well defined Tg was verified; nevertheless, upon
polymerization, the formulations were no longer
miscible. In those cases, after curing the phase separation process was induced, which depended on the
curing composition and temperature, higher Tgs were
observed for completely cured systems, while lower
Tgs were seen in partially reticulated ones [41, 42].
Plots of the relative degree of conversion (α) versus
temperature are presented in Figure 13. The sigmoidal shape was observed for all compounds, suggesting the autocatalytic curing kinetics mechanism
[43, 44]. Following the curing, the reaction undergoes gelation (liquid-to-rubber transition) and vitrification (rubber-to-glass transition). In the first stage
of curing, 0 < α < 5%, the reaction rate is slow and
gradually increases as the curing advances; in the
second stage 5 < α < 90% the reaction develops at
higher rates due to the high reactive groups’ concentration and easy molecular movement, in the third
stage α > 90% the curing rate decelerates because of
lower functional groups concentration and increased
viscosity (dense network) which reduces the molecular mobility at this point the curing is translated
from kinetics to diffusional control [44–46].
The gel point or gelation defined as the critical degree of branching where an infinite network and
an insoluble material is formed is supposed to be

Figure 12. Tg of E/P/M/D compounds. a) E/P90/M/D at indicated heating rates. b) E/P/M/D compounds heated at 20 °C/min.
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Figure 13. Degree of conversion of E/P/M/D compounds. a) E/P30/M/D at indicated heating rates. b) E/P/M/D compounds
heated at 15 °C/min.

approximately α > 50% (i.e., during the second stage),
from DSC scans both PLA and higher heating rate
act delaying it. After the gelation, successive crosslinking reactions increase the crosslink density, and
the stiffness of epoxy is steadily increased, leading,
at the end of the process, to the glassy structure (vitrification) of the fully cured thermoset. In this way,
PLA providing repairable bonds with epoxy network
is considered useful for interlamellar toughening or
inter-parts adhesion applications [45, 46].
The degree of conversion rate (dα/dt) as α function
is presented in Figure 14. Increasing the heating rates
increased (dα/dt), plots presented a single bell-shape
with a maximum ranging from 0.4 to 0.6 [%], suggesting the reaction mechanism did not change upon
PLA addition nor applied heating rates.
Related to E/P30/M/D, from Figure 13b, it cures at
lower temperatures which could suggest occurring at
faster curing rates; however, from Figure 14 it is just
faster than E/P90/M/D. Although in the sigmoid in
Figure 9 for E/P90/M/D if assumed the degree of

conversion at the same temperature, E/P90/M/D
shows higher (relative) conversion but slower curing
rate.
Thermodynamics and kinetics parameters computed
from DSC scans such as the maximum curing rate
Cmax, released heat during curing ∆H, real degree of
curing (αreal), and curing peak temperatures (T0.01,
Tp, T0.99) are presented in Table 4. Figure 15 graphically displays Cmax, Tp, and ∆H as heating rate function, Cmax and Tp (as well as T0.01 and T0.99) increased
with the heating rates, regarding the PLA addition
effect for these parameters, its influence is not clearly defined contrarily to the already verified in Figure 14. Relate to ∆H while the heating rates have no
significant influence, the released heat during curing
is strongly dependent on the added PLA content,
similarly, the heating rate does not significantly influence αreal, contrarily PLA greatly modifies it. Based
on these reported data, parameters as temperature,
heating rate, and thermoplastic content can be assumed as efficient tools on curing manipulation.

Figure 14. Conversion rate of E/P/M/D compounds. a) E/P30/M/D at indicated heating rates. b) E/P/M/D compounds heated
at 10 °C/min.
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Figure 15. Effect of heating rates and PLA content on the curing parameters of E/P/M/D compounds. a) Cmax. b) Tp. c) ∆H.

4. Conclusions
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