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Abstract
In this work, a largely miscible second-generation aliphatic polyester hyperbranched polymer (HBP) is used as a modifier in
a cured epoxy amine network to explore molecular mobility in the glassy state and its impact on compressive properties. The
β relaxation determined by dynamic mechanical analysis is used as a measure of short-range motion in the glassy state and is
related to the compressive modulus and yield properties. The parameters explored include an increased HBP concentration,
enhanced HBP, and epoxy matrix interactions through pre-reaction via a rigid covalent linkage and a modified epoxy
network of flexible butanediol diglycidyl ether (BDDGE) and highly crosslinkable tetraglycidyl diamino diphenyl methane
(TGDDM). The β relaxation peaks are analyzed in terms of their area, FWHM, and position (Tβ) and are observed to
correlate strongly with changes in the modulus, yield stress, and strain.

Introduction

Epoxy resins are critical to the modern world because of an
array of structural applications in the construction, auto-
motive, oil and gas, and aerospace industries that take
advantage of their superior mechanical and thermal prop-
erties and comparatively low cost and processability [1, 2].
However, as crosslinked polymer networks, they are
inherently brittle, which has limited their even wider
application. Multitudes of studies over the years have
sought to improve the ductility of these materials, with
various degrees of success [3, 4], but invariably, this has
led to a reduction in other desirable properties, such as
stiffness and processability. Hyperbranched polymers
(HBPs) have a unique chemical structure, which has pro-
ven beneficial in enhancing ductility while often not
reducing processability [5–7]. They have a three-
dimensional spherical dendrimer-like structure with many
surface functional groups. Their compact 3D structure
generally allows them to flow easily past each other under
applied stress, resulting in a low melt viscosity, even at

high molecular weights [5, 7, 8]. A low melt viscosity
combined with a high density of surface functional groups
therefore presents an opportunity to tailor HBPs as next-
generation additives to simultaneously improve competing
properties in epoxy resin formulations. However, the pur-
pose of this study is not to add to the myriad of studies on
toughening epoxy networks [8] but to use an HBP as a
modifier for an epoxy network and further understand the
role of β relaxation or short-range molecular mobility
within glassy networks in controlling macroscopic
mechanical properties, such as yield and modulus.
Although there have been many systematic studies on
structure–property relationships in epoxy networks to
improve specific properties [9–12], understanding and
increasing the yield stress and strain has not been a com-
mon focus, despite the importance of these properties.
Mayr et al. calculated the size of the plastic deformation
zone (i.e., short-range molecular mobility) and reported its
relationship to the yield stress of the network polymer.
Oleinik [13] also studied yield in epoxy networks and
described the plastic deformation of an amorphous glassy
polymer as repeated localized plastic shear transformations
that store internal energy until a critical point is reached,
after which they relax and yield.

Mobility in the glassy state has been widely character-
ized using a number of techniques, including solid-state 13C
NMR [14–16], dielectric spectroscopy [17], FTIR [18, 19]
and, most commonly, dynamic mechanical analysis
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[20, 21]. Conveniently measured from the tan δ response
using subambient dynamic mechanical analysis, the β
relaxation is a broad low-intensity peak consisting of
overlapping transitions attributed to different short-range
motions within the epoxy amine network structure con-
trolled by crosslink density [8, 17, 22], chemical archi-
tecture [23], and free volume [19].

With respect to HBP addition, whether miscible, cova-
lently attached to an epoxy network or phase separated from
the epoxy network, β relaxation is used here to gain new
insights into mobility in the glassy state and to better under-
stand its role in determining the compressive yield and
modulus. To do this, a 2nd-generation commercially available
polyester HBP that does not phase separate at lower con-
centrations during cure has been used as a modifier for a
diglycidyl ether of bisphenol A (DGEBA)/diamino diphenyl
sulfone (DDS) cured network. Their subambient β relaxations
have been measured, and their relationship to macroscopic
properties, such as compressive properties, has been dis-
cussed. The parameters explored in this work include HBP
concentration and covalent bonding between HBP and the
epoxy matrix. Finally, the 10-wt% HBP-modified system was
modified using tetraglycidyl diphenyl diaminomethane
(TGDDM) and butanediol diglycidyl ether (BDDGE) to fur-
ther explore the effect of increased crosslink density and
flexibility on network properties, respectively.

Experimental

Materials

The epoxy resins used were DGEBA (DER-331, Dow
USA), EEW= 182–192 g/eq.; TGDDM, EEW= 117–134
g/eq. (MY720, Vantico, Australia); and BDDGE, EEW=
101 g/eq. (Sigma-Aldrich, Australia). The epoxy resins
were dried in a vacuum oven at 80 °C overnight prior to use;
otherwise, they were used as received. The aromatic amine
used was 4,4 DDS, AEW= 62 g/eq. (Aradur 9664–1,
Vantico, Australia), supplied in powder form. Prior to use,
the DDS was ground into a fine powder using a mortar and
pestle by rigorous grinding for 5 min and then stored in a
dark and dry place prior to use. The chemical structures of
the epoxy resins and DDS are shown in Fig. 1. Methylene
diphenyl diisocyanate (MDI) was obtained from Sigma-
Aldrich (Australia). The 2nd-generation polyester HBP
used is based upon a polyalcohol core and 2,2-dimethylol
propionic acid (Boltorn H20, Perstorp, Sweden). It consists
of 16 surface hydroxyl groups and has a hydroxyl value
between 490 and 520-mg KOH/g. Its theoretical molecular
weight is 1749 g/mol, and it has a Tg of 30 °C. Boltorn H20
(HBP) was used as received, but care was taken to prevent
moisture ingress of the samples during storage by placing

the samples in a desiccator over dried silica. Its chemical
structure is shown in Fig. 2.

Sample preparation

Unmodified

To prepare the unmodified DGEBA/DDS formulation,
DGEBA was placed in a round-bottom flask along with
sufficient DDS to achieve a 1:1 epoxide:amino stoichio-
metry ratio. The blend was mixed using a rotary evaporator
under vacuum at 110 °C for ~30 min until the DDS had
completely dissolved and was free from bubbles.

Blending with HBP

The HBP-modified DGEBA/DDS samples were prepared
by dissolving the HBP into DGEBA in the minimum
quantity of acetone required through refluxing and stirring
using a magnetic stirrer bar. When the sample was fully
dissolved, the solvent was completely removed using a
rotary evaporator, and DDS was added to ensure a 1:1
epoxide:amino stoichiometry. Mixing was then continued
until the DDS had completely dissolved and was free of
bubbles.

a)

b)

c)
d)

Fig. 1 Chemical structures of the epoxy resins used in this work,
including a diglycidyl ether of bisphenol A (DGEBA), b tetraglycidyl
methylene dianiline (TGDDM), c butanediol diglycidyl ether
(BDDGE), and d the aromatic amine hardener diamino diphenyl
sulfone (DDS)

Fig. 2 Idealized structure of Boltorn H20
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Pre-reaction

Pre-reacted formulations containing HBP and DGEBA/
DDS were prepared according to a method described else-
where [24], but the general process was as follows. HBP
(25 g, 223.2 mmol) was dissolved in dichloromethane and
added dropwise over 2 h to a stirred solution of MDI (5.6 g,
224.1 mmol) at 40 °C under a blanket of nitrogen and then
heated and stirred for an additional 2 h. The stoichiometric
composition of HBP and MDI was intended to promote
covalent attachment while not unnecessarily consuming the
high concentration of OH groups from the HBP. After this
time, the solvent was removed using a rotary evaporator,
DGEBA was added, and DDS was blended with DGEBA/
HPB in the same manner as for the blended systems.

Dual epoxy modified resin systems

The 10-wt% HBP DGEBA/DDS resin systems were sys-
tematically modified using flexible bi-functional BDDGE
epoxy resins and highly crosslinkable tetrafunctional
TGDDM epoxy resin. The blended only 10-wt% HBP resin
was prepared in the same way as above, with the only dif-
ference being that the BDDGE or TGDDM was first blended
with the DGEBA prior to addition of the HBP. Care was
taken to ensure that a 1:1 epoxide:amino stoichiometric ratio
was maintained. The formulations prepared and the prepara-
tion strategies explored in this work are described in Table 1.

All of the prepared resin systems were poured into pre-
heated molds, cured in an oven at 177 °C for 5 h and then
allowed to cool to room temperature overnight. Figure 3
shows selected samples of the 2.5, 7.5, and 10-wt% HBP-
modified DGEBA/DDS blends, highlighting the transition
from miscible (and transparent) to phase separated (and
translucent) at higher concentrations of HBP.

Dynamic mechanical thermal analysis (DMTA)

DMTA was performed using a Rheometrics Scientific IV
dynamic mechanical thermal analyzer. Samples with
dimensions of 50 ×10 × 2 mm were placed in a dual canti-
lever configuration and heated at a rate of 2 °C/min while

applying a strain of 0.05% and a frequency of 1 Hz.
For subambient analysis, samples were heated from −100
to 50 °C, and for the above ambient analysis, samples were
heated from 50 to 300 °C. The glass transition (Tg) and β
relaxation (Tβ) temperatures were determined from peaks in
the tan δ spectra above and below ambient conditions,
respectively. The crosslink densities (νe) of the networks
were calculated using the following equation:

νe ¼ Er

3RTr
;

where Er is the rubbery modulus at Tr (Tg+ 30 °C) and R is
the real gas constant.

Compressive properties

The compressive modulus, yield strain, and stress were
determined using an Instron Universal Testing Machine
4468. Samples were placed between parallel plates and
loaded in compression using a 50-kN load cell at a cross-
head rate of 1 mm/min. The cylindrical samples had dia-
meters and lengths of 12 mm.

Results

Dynamic mechanical analysis

Dynamic mechanical analysis of the cured HBP-modified
DGEBA/DDS networks displays a consistent decrease in Tg

Table 1 Description of the HBP-
modified epoxy amine
formulations prepared in
this work

Epoxy #1 (mol%) Epoxy #2 (mol %) Preparation %wt HBP

DGEBA (100) – Blended 2.5 5.0 7.5 10.0 15.0 20.0

DGEBA (100) – Pre-reacted (MDI) – 5.0 – 10.0 15.0 –

DGEBA (90) BDDGE (10) Blended – – – 10.0 – –

DGEBA (80) BDDGE (20) Blended – – – 10.0 – –

DGEBA (70) BDDGE (30) Blended – – – 10.0 – –

DGEBA (70) TGDDM (30) Blended – – – 10.0 – –

DGEBA (50) TGDDM (50) Blended – – – 10.0 – –

Fig. 3 a 2.5 wt%, b 7.5 wt%, and c 10 wt% HBP-modified DGEBA/
DDS blends

The role of β relaxations in controlling compressive properties in hyperbranched polymer-modified epoxy. . .



with increasing HBP concentration, as measured by the
peak in the tan δ and the exponential decrease in the storage
modulus (E′) shown in Fig. 4a. The unimodal nature of the
tan δ peak suggests a homogeneous microstructure and is
consistent with the HBP being miscible within the DGEBA/
DDS network after curing. The large decrease in Tg, as
shown in Fig. 4b, from 223 °C for the unmodified network
to 169 °C for the 20-wt% HBP-modified epoxy network is
consistent with plasticization due to high levels of mis-
cibility but also from the steric hindrance of the HBP, which
reduces the final Tg at higher concentrations.

The effect of isocyanate pre-reaction of the HBP on the
Tg of the modified networks is also shown in Fig. 4b,
which reveals higher Tgs than those of the simply blended
samples, with values between ~9 and 15 °C depending

upon the concentration. The storage modulus and tan δ
spectra are compared directly in Fig. 4c for the pre-reacted
and blended networks at 5 and 15 wt% concentrations and
clearly illustrate these consistently higher Tgs as well as
higher rubbery moduli, Er. Increased Tg and Er likely arise
because of the enhanced covalent bonding and increased
rigidity of the rigid aromatic MDI structure. A qualitative
assessment of the increased miscibility as a result of pre-
reaction is shown in Fig. 5, which compares pre-reacted
and blended only samples at 15 wt% HBP where the pre-
reacted sample is less opaque than the corresponding
blended only sample.

Despite the reductions in Tg shown in Table 2 (blended
only) and Table 3 (pre-reacted), the glassy moduli (Eg) at 60 °
C were relatively unaffected by HBP addition. However,
despite some scatter, the Er and crosslink density νe initially
increase with increasing concentration up to 10 wt% HBP,
after which they decrease, almost to the values of the
unmodified network. This likely reflects the high level of
HBP miscibility within the epoxy network at concentrations
of up to 10-wt% HBP, but as phase separation becomes more
important at higher HBP concentrations, Er and νe approach
the values of the unmodified network. Finally, pre-reaction
was also observed to increase Er and νe, providing support for
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Fig. 4 a Storage moduli (E′) and
tan δ of the cured networks as a
function of HBP concentration,
b plot of the impact of blending
and pre-reaction on Tg, including
the calculated Tg, and c storage
moduli (E′) and tan δ of the 5
and 10-wt% HBP blended and
pre-reacted networks

Fig. 5 Examples of the cured 15 wt% HBP DGEBA/DDS samples
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the suggestion that pre-reaction increased miscibility between
the HBP and the epoxy matrix.

To further explore the effect of HBP addition on the
thermal properties of the DGEBA/DDS network, the tetra-
functional epoxy resin TGDDM was added at 30 mol%
and 50 mol%, while the BDDGE epoxy resin was added at
10 mol%, 20 mol% and 30 mol%. As might be expected,
Fig. 6 shows that the Tgs of the 10-wt% HBP epoxy net-
works increased consistently with TGDDM but decreased
with BDDGE addition. Clearly, the changes in Tg are
dominated by the increased crosslink density imparted by
the TGDDM and the inherent flexibility of the BDDGE.
These effects are also reflected in small increases and
decreases in the glassy moduli at 60 °C (Eg) shown in
Table 4 for TGDDM and BDDGE addition, respectively.
Table 4 shows that there is an initial increase in Er and νe
with increasing BDDGE, followed by a somewhat unex-
pected decrease at higher concentrations given the lower

molecular weight of BDDGE. A similar decrease is also
observed unexpectedly with increasing addition of the
highly crosslinkable TGDDM. Both decreases in νe can be
attributed to the onset of network degradation, which dra-
matically reduces Er at Tg+ 30 °C. The larger effect for the
TGDDM-modified network likely reflects the greater
degradation at higher temperatures due to the higher Tg of
these networks than of the BDDGE networks.

Subambient β relaxation

The subambient β relaxation reflects short-range molecular
mobility, such as phenylene rotations of the epoxy (low
temperature side of the peak) and amine (high temperature
side of the peak) components of the network and motion of
the aliphatic crosslinked unit and the hydroxyl propyl ether
linkage (central region) [21, 23]. Figure 7a–c shows these β
relaxations as a function of the tan δ spectrum for the HBP
blends, the pre-reacted blends, and the BDDGE- and
TGDDM-modified blends, respectively. All of the relaxa-
tions appear as broad, low-intensity peaks across a tem-
perature range from ~−90 °C to ~0 °C. Importantly, at
temperatures above 0 °C, tan δ, particularly at higher HBP
concentrations, trends upwards, likely from the onset of a
peak reflecting increasing HBP phase separation from the
DGEBA/DDS network, as discussed above.

Figure 7a illustrates the effect of increasing HBP con-
centration on the β relaxation peak, while Table 2 presents
the calculated peak areas, the full width half maximum
(FWHM), and the β relaxation peak temperature (Tβ). The
overall size of the peak decreases (FWHM and area) with
increasing concentration, while Tβ decreases. The reduction
in the peak area reflects the reduced short-range molecular
motions of the epoxy network, while Tβ, that is, the

Table 2 Dynamic mechanical analysis of the blended only HBP DGEBA/DDS networks

HBP (wt%) Tg (tan δ) (°C) Eg (@60 °C) (GPa) Er (@Tg+ 30 °C) (MPa) νe (mol cm−3) Tβ (°C) FWHM (°C) Peak area

0 222.1 2.06 9.23 704.8 −52.5 63.91 2.98

2.5 208.5 1.99 13.85 1085.5 −54.0 48.43 2.45

5 206.1 1.95 14.18 1116.7 −54.8 44.54 2.25

7.5 192.6 2.06 11.99 969.8 −55.0 44.36 2.21

10 188.9 2.12 14.34 1168.6 −54.9 43.90 1.95

15 176.5 2.00 9.28 775.2 n/a n/a n/a

20 167.4 2.17 9.97 849.0 −55.7 38.38 1.74

Table 3 Dynamic mechanical analysis of the MDI pre-reacted HBP DGEBA/DDS networks

HBP (wt%) Tg (tan δ) (°C) Eg (@60 °C) (GPa) Er (@Tg+ 30 °C) (MPa) νe (mol cm−3) Tβ (°C) FWHM (°C) Peak area

0 222.1 2.06 9.23 704.8 −52.5 63.91 2.98

5 215.4 1.96 14.52 1134.1 −52.9 50.45 2.41

10 206.2 2.04a 14.60 1140.6 −53.5 49.55 2.39

15 189.3 1.97 10.77 841.5 −54.4 46.56 2.21

aMeasured at 80 °C
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temperature where the network reaches a maximum
mechanical activation, is also reduced or depressed. The
changes in peak area and Tβ are plotted as a function of
HBP in Fig. 8a (see also Table 2) and emphasize that most
of the decreases occur at concentrations of up to 10 wt%,
where the HBP is still largely miscible in the network. As
the HBP concentration increases and phase separation
becomes more apparent, further reductions in Tβ, peak area,
and FWHM are far more modest.

Figure 7b illustrates the effect of MDI pre-reaction
between the HBP and the epoxy network on the β relaxa-
tions, with Table 3 presenting the calculated Tβ, peak area,
and FWHM. A comparison between the 5 and 10 wt% pre-
reacted and blended only HBP samples reveals increases in
the FWHM and peak area for the pre-reacted samples,
indicative of increases in short-range molecular mobility. It
is proposed that the increased molecular mobility arises
from an expected increase in free volume due to the rigid
aromatic MDI linkage between the HBP and epoxy net-
work. Despite this increase in mobility, similar reductions in
the peak areas and Tβs with increasing HBP concentration
compared to the blended only samples are also shown in
Fig. 8a. Although modest, the reduced increase in tan δ,
considered to be evidence for phase separation, from ~0 °C
and above, shown in Fig. 7b also supports the hypothesis
that covalently linking the HBP to the epoxy network
enhances its miscibility.

The β relaxation for the 10-wt% HBP network modified
with BDDGE and TGDDM is shown in Fig. 7c along with
the analysis in Table 4. Figure 8b also plots the Tβ and peak
area as a function of additive, where the impact of BDDGE
and TGDDM on molecular mobility and mechanical acti-
vation is more clearly compared. Compared to the 10-wt%
HBP DGEBA/DDS network only, increasing the con-
centration of the flexible aliphatic BDDGE increases the
peak areas very modestly but increases the peak height
while reducing FWHM and decreasing Tβ. The inherent
flexibility of the BDDGE therefore appears to marginally
increase mobility but over a narrow range at lower tem-
perature. The effect of TGDDM addition is even less, dis-
playing a small reduction in molecular mobility and similar
mechanical activation temperatures. This is somewhat
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Fig. 7 Dynamic mechanical analysis (tan δ) of the β relaxation of the a
HBP blended only modified networks, b 5-wt% and 10-wt% pre-reacted
networks and c 2nd epoxy compound to the 10-wt% HBP network

Table 4 Dynamic mechanical analysis of the 10-wt% HBP/DGEBA/DDS network with a 2nd epoxy compound

2nd Epoxy compound Tg (tan δ) (°C) Eg (@60 °C) (GPa) Er (@Tg+ 30 °C) (MPa) νe (mol cm−3) Tβ (°C) FWHM (°C) Peak area

+30 mol% BDDGE 158.2 1.98 11.33 984.8 −57.8 39.22 2.01

+20 mol% BDDGE 164.3 1.98 12.01 1030.2 −55.8 40.04 2.03

+10 mol% BDDGE 176.4 1.88 15.78 1318.9 −55.2 40.75 2.15

(100 mol% DGEBA) 188.9 2.12 14.34 1168.6 −54.9 43.90 1.95

+30 mol% TGDDM 218.3 2.17 8.10 622.4 −55.2 43.75 1.89

+50 mol% TGDDM 228.0 2.14 9.97 752.4 −54.9 40.53 1.90
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surprising given its rigid aromatic structure and capacity for
increasing the crosslinking density.

Compressive properties

The compressive stress versus strain plots for the unmodi-
fied and modified epoxy networks in Fig. 9 exhibit behavior
typical of glassy epoxy amine networks, beginning with an
elastic response followed by yield, strain hardening, and
ultimately failure. Immediately apparent is the increase in
modulus and yield stress as a result of HBP addition and a
clear additional increase as a result of pre-reaction. The
addition of the flexible BDDGE reduces the stress and yield
strain while still increasing the modulus, while the addition
of the highly crosslinkable TGDDM increased the modulus,
stress, and yield strain.

The overall compressive properties of the HBP blended
and pre-reacted epoxy networks are shown in Fig. 10a–c for
the modulus, yield stress, and yield strain, respectively. HBP
addition increases the modulus (in Fig. 10a) regardless of the
preparation method, but more so for the blended only samples
than for the pre-reacted samples. Indeed, a maximum 18%
increase in modulus is achieved for the 15-wt% HBP-
modified samples, while an increase of 14% is achieved for
the pre-reacted sample at the same concentration. Once the
network is vitrified and completely cured, the modulus is
dependent upon short-range molecular motions and free
volume [7, 25, 26], so the increases observed here appear to
correlate well with the reduced mobility observed from the
measured β relaxations. Furthermore, the comparative
decrease in modulus for the pre-reacted samples at the
respective HBP concentrations can be attributed to the
increased freedom of motion evident in the larger β relaxation
peaks observed [4, 7, 21, 23]. Figure 10b similarly shows an
increase in the yield stress with HBP addition, which
increases up to 10 wt% and then decreases as the concentra-
tion increases. This result likely reflects the changing micro-
structure as phase separation becomes more evident. The HBP
is a thermoplastic that would be expected to have a much
lower stress than the DGEBA/DDS network, particularly for a

phase-separated microstructure. However, the pre-reacted
systems at each concentration reveal a higher comparative
yield stress due to the enhanced covalent interaction between
the HBP and cured epoxy matrix. The yield strain in Fig. 10c
decreases consistently with increasing HBP concentration,
with no evidence of a difference between miscible and phase-
separated systems. Again, this can be attributed to the
reduction in short-range mobility and free volume increasing
the yield point. Pre-reaction again reveals a higher compara-
tive strain at each respective HBP concentration and can again
be related to the higher free volume and enhanced mobility
observed from the β relaxation traces.

The mechanical properties of the BDDGE- and TGDDM-
modified epoxy networks are plotted against the addition of
the second epoxy compound in Fig. 11. For these formula-
tions, the 2nd epoxy compounds were entirely miscible in the
DGEBA, and the changes in the β relaxations were more
modest than those of the other systems. As a result, it is
difficult to correlate mechanical properties with the observed
β relaxations, particularly the peak areas and the FWHM.
Despite this, Fig. 11a shows a relatively unchanging modulus
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regardless of epoxy modifier, while the corresponding β
relaxations also show little change. The yield stress and strain
plots in Fig. 11b reveal consistent changes with flexibility
(BDDGE) and crosslink density (TGDDM), decreasing with
increasing flexibility and increasing with increasing crosslink
density. Although there is little relationship with the peak area
or FWHM of the β relaxations, the changes do correlate well
with the mechanical activation temperatures, Tβ, in Fig. 8b.

Conclusion

This study explored short-range molecular mobility within a
glassy epoxy amine network using a HBP (HBP). Although
the miscibility of the HBP within the DGEBA/DDS network
decreased at higher HBP concentrations, useful insights
were gained concerning the role of β relaxations in con-
trolling the mechanical properties of the material. Increasing
the HBP concentration decreased the short-range glassy
mobility, as evidenced by a reduction in the peak size of the
β relaxation transition, which correlated closely with an
increase in the modulus and a decrease in the yield strain.
Pre-reaction with MDI increased the size and area of the β
relaxations, which also correlated with the observed further
increase in modulus and the comparatively higher yield
strain. This was attributed to the covalent aromatic MDI
linkage between the HBP and epoxy network enabling

greater molecular mobility and likely increasing the free
volume. The addition of the flexible BDDGE and the highly
crosslinkable TGDDM had a modest impact on the β
relaxations, although the yield stress and strain were strongly
correlated with increased flexibility and crosslink density.

Acknowledgements This work was partially supported by The Aus-
tralian Research Council (DP180100094).

Compliance with ethical standards

Conflict of interest The authors declares that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

References

1. Vidil T, Tournilhac F, Musso S, Robisson A, Leibler L. Control of
reactions and network structures of epoxy thermosets. Prog Polym
Sci. 2016;62:126–79.

2. Francois C, Pourchet S, Boni G, Rautiainen S, Samec J, Fournier L,
et al. Design and synthesis of biobased epoxy thermosets
from biorenewable resources. Comptes Rendus Chim. 2017;
20:1006–16.

3. Tian N, Ning RC, Kong J. Self-toughening of epoxy resin through
controlling topology of cross-linked networks. Polymer.
2016;99:376–85.

1500

1700

1900

2100

2300

2500

0 2.5 5 7.5 10 15 20

M
od

ul
us

 (M
Pa

)

%wt HBP 

blended
pre-reacted

125

130

135

140

145

150

155

0 2.5 5 7.5 10 15 20

Yi
el

d 
St

re
ss

 (M
Pa

)

%wt HBP 

blended
pre-reacted

8
9

10
11
12
13
14
15

0 2.5 5 7.5 10 15 20

Yi
el

d 
St

ra
in

 (%
)

%wt HBP 

blended
pre-reacted

a)
b)

c)

Fig. 10 The a modulus, b yield stress, and c yield strain of the HBP-modified DGEBA/DDS networks comparing preparation methods

1500

1600

1700

1800

1900

2000

2100

2200

2300
M

od
ul

us
 (M

Pa
)

0

2

4

6

8

10

12

14

16

0

20

40

60

80

100

120

140

160

180

Yi
el

d 
St

ra
in

 (%
)

Yi
el

d 
St

re
ss

 (M
Pa

)

stress strain
Fig. 11 a Modulus and b yield
stress and strain of the 10-wt%
HBP/DGEBA/DDS networks
blended with a 2nd epoxy
compound as a function of Tg
(30 and 50 mol% TGDDM
values from a single
measurement)

L. Q. Reyes et al.



4. Wu JH, Xiao CD, Yee AF, Klug CA, Schaefer J. Controlling
molecular mobility and ductile-brittle transitions of polycarbonate
copolymers. J Polym Sci Part B-Polym Phys. 2001;39:1730–40.

5. Fei XM, Wei W, Tang YY, Zhu Y, Luo J, Chen MQ, et al.
Simultaneous enhancements in toughness, tensile strength, and
thermal properties of epoxy-anhydride thermosets with a carboxyl-
terminated hyperbranched polyester. Eur Polym J. 2017;90:431–41.

6. Liu HC, Zhang JQ, Gao XX, Huang GS. Simultaneous reinfor-
cement and toughness improvement of an epoxy-phenolic net-
work with a hyperbranched polysiloxane modifier. Rsc Adv.
2018;8:17606–15.

7. Misasi JM, Jin QF, Knauer KM, Morgan SE, Wiggins JS. Hybrid
poss-hyperbranched polymer additives for simultaneous reinfor-
cement and toughness improvements in epoxy networks. Polymer.
2017;117:54–63.

8. Wang YM, Chen SF, Chen XC, Lu YF, Miao MH, Zhang DH.
Controllability of epoxy equivalent weight and performance of
hyperbranched epoxy resins. Compos Part B-Eng. 2019;160:615–25.

9. Cook WD, Mayr AE, Edward GH. Yielding behaviour in model
epoxy thermosets—ii. Temp Depend, Polym. 1998;39:3725–33.

10. Mayr AE, Cook WD, Edward GH. Yielding behaviour in model
epoxy thermosets—i. Effect of strain rate and composition.
Polymer. 1998;39:3719–24.

11. Espuche E, Galy J, Gerard JF, Pascault JP, Sautereau H. Influence
of cross-link density and chain flexibility on mechanical-properties
of model epoxy networks. Macromol Symposia. 1995;93:107–15.

12. Urbaczewskiespuche E, Galy J, Gerard JF, Pascault JP, Sautereau
H. Influence of chain flexibility and cross-link density on
mechanical-properties of epoxy amine networks. Polym Eng Sci.
1991;31:1572–80.

13. Oleinik EF. Epoxy-aromatic amine networks in the glassy state
structure and properties. Adv Polym Sci. 1986;80:49–99.

14. Heux L, Halary JL, Laupretre F, Monnerie L. Dynamic mechan-
ical and c-13 nmr investigations of molecular motions involved in
the beta relaxation of epoxy networks based on dgeba and ali-
phatic amines. Polymer. 1997;38:1767–78.

15. Heux L, Laupretre F, Halary JL, Monnerie L. Dynamic mechan-
ical and c-13 nmr analyses of the effects of antiplasticization on

the beta secondary relaxation of aryl-aliphatic epoxy resins.
Polymer. 1998;39:1269–78.

16. Shi JF, Inglefield PT, Jones AA, Meadows MD. Sub-glass tran-
sition motions in linear and cross-linked bisphenol-type epoxy
resins by deuterium line shape nmr. Macromolecules.
1996;29:605–9.

17. Hardis R, Jessop JLP, Peters FE, Kessler MR. Cure kinetics
characterization and monitoring of an epoxy resin using dsc,
raman spectroscopy, and dea. Compos Part a-Appl Sci Manuf.
2013;49:100–8.

18. Scherzer T. Ftir-rheo-optical characterization of the molecular
orientation behaviour of amine cured epoxy resins during cyclic
deformation. Polymer. 1996;37:5807–16.

19. Scherzer T. Characterization of the molecular deformation beha-
vior of glassy epoxy resins by rheo-optical ftir spectroscopy. J
Polym Sci Part B-Polym Phys. 1996;34:459–70.

20. Heinz S, Tu JW, Jackson M, Wiggins J. Digital image correlation
analysis of strain recovery in glassy polymer network isomers.
Polymer. 2016;82:87–92.

21. Ramsdale-Capper R, Foreman JP. Internal antiplasticisation in
highly crosslinked amine cured multifunctional epoxy resins.
Polymer. 2018;146:321–30.

22. Tu JW, Tucker SJ, Christensen S, Sayed AR, Jarrett WL, Wiggins
JS. Phenylene ring motions in isomeric glassy epoxy networks
and their contributions to thermal and mechanical properties.
Macromolecules. 2015;48:1748–58.

23. Jin QF, Misasi JM, Wiggins JS, Morgan SE. Simultaneous rein-
forcement and toughness improvement in an aromatic epoxy
network with an aliphatic hyperbranched epoxy modifier. Poly-
mer. 2015;73:174–82.

24. Pham S, Burchill PJ. Toughening of vinyl ester resins with
modified polybutadienes. Polymer. 1995;36:3279–85.

25. Lee SE, Jeong E, Lee MY, Lee MK, Lee YS. Improvement of the
mechanical and thermal properties of polyethersulfone-modified
epoxy composites. J Ind Eng Chem. 2016;33:73–9.

26. Matejka L, Amici Kroutilova I, Lichtenhan JD, Haddad TS.
Structure ordering and reinforcement in poss containing hybrids.
Eur Polym J. 2014;52:117–26.

The role of β relaxations in controlling compressive properties in hyperbranched polymer-modified epoxy. . .


	The role of β relaxations in controlling compressive properties in hyperbranched polymer-modified epoxy networks
	Abstract
	Introduction
	Experimental
	Materials
	Sample preparation
	Unmodified
	Blending with HBP
	Pre-reaction
	Dual epoxy modified resin systems
	Dynamic mechanical thermal analysis (DMTA)
	Compressive properties

	Results
	Dynamic mechanical analysis
	Subambient β relaxation
	Compressive properties

	Conclusion
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




