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Toughness Enhancement of Thermosetting Polymers using a Novel Partially Reacted
Substructure Curing Protocol: A Combined Molecular Simulation and Experimental
Study

Changwoon JartgMajid Shariff, Giuseppe R. Palmesand Cameron. F. Abrarms

!Department of Chemical and Biological Engineering, Drexel University, Philadelphia,
Pennsylvania 19104, United States

ABSTRACT

Curing epoxies with a mixture of low- and high-@iamines has been proposed as a way to
increase thermoset toughness. We seek here tostaak the origins of toughness enhancement
in systems comprised of the diamines poly(oxyprepg)diamine (POPDA) and
diethyltoluenediamine (DETDA) together with the gpaesin diglycidyl ether of bisphenol A
(DGEBA) via control of network isomerization. Twauring protocols at constant overall
DGEBA/DETDA/POPDA 2:1 amine:epoxy stoichiometricnggosition are compared: (i) curing

a liquid mixture of DGEBA, DETDA and POPDA, and)(ipartially curing DGEBA with
POPDA (60% of amines reacted), then adding DETDé mwore DGEBA to continue to a fully
cured stoichiometric sample; the latter is refeteds the “partially reacted substructure” (PRS)
method. PRS samples are 50% tougher than the cimopally-identical mixed samples yet
have higher {'s than the mixed samples. We show here that Miikitions of model systems
provide a molecular-level rationale for this obsgion. First, MD yields reasonably accurate
densities and Js. Lower Ty's in the mixed systems are correlated to largemtal fluctuations

in positions of monomer centers enabled by moréumidispersion of the POPDA molecules.
Furthermore, the onset of crosslink bond stretchinder steady uniaxial tensile strain occurs at

lower strains in the mixed samples, which corraldtetheir lower experimental ductility. This



behavior is shown to arise from POPDA moleculeshmn PRS system more easily deforming
from their unstrained conformations than they cathe mixed systems. These findings provide
further guidance in the use of control over netwmdmerization at constant composition to

enhance toughness of thermoset systems.

1. INTRODUCTION

Thermoset polymers are important synthetic materthle to their high moduli, high
glass transition temperatures, and good thermaticla resistance [1-3]. They cure irreversibly,
forming dense, stiff, highly crosslinked networkustures. They are widely used in an extensive
variety of applications such as matrix materials feinforced composites [4, 5], electrical
insulators [6] and adhesives [7] because of thatively easy processing to cure by heating
liquid or powder within a mold. The highly cros#ed networks, however, make these materials
inherently more brittle than typical thermoplastidherefore, increasing fracture toughness
remains an important objective of research intorttosetting polymer materials.

Conventional thermoset toughening approaches iechatiling elastomers or plasticizers
[8-11]. Recently we demonstrated, in contrasthesé additive methods, that curing protocols
that allow for control of network isomerization ¢dbe used to enhance toughness at constant
composition. For instance, reactive-encapsulatbrinert solvent during cure followed by
annealing and drying allowed the production of sespp to two-and-a-half times tougher than
unmodified samples with no sacrifice ig dr strength [12]. Another method, which we fooas
here, involves the use of a blend of diamines, ohevhich displays a lower gTbut better
ductility when used exclusively in an epoxy-baskertoset. Our major motivation here is to

control the blending and curing protocol of suctiual-diamine/single-epoxy system in order to



maximize both ductility and I We hypothesized that blending partially curedv-,
diamine/epoxy with uncured highydiamine and enough epoxy to guarantee a stoicliiamme
ratio of epoxy to amines would results in a hetermgpus microstructure that would permit a
higher degree of energy dissipation under tensi@mr po failure than would a compositionally
identical system cured from a blended monomer diqeontaining all three components. We
term this approach the partially reacted substrecfBRS) method. We recently demonstrated
success with this approach using poly(oxypropyleiaeine (POPDA, low ) and
diethyltoluenediamine (DETDA, high gJ together with the epoxy resin diglycidyl ether of
bisphenol A (DGEBA), with PRS samples displayinghbdigher fracture toughnesses and
higher Ty's than fully mixed samples [13]. Despite this @egs, it remains somewhat unclear
how the PRS method gives rise to better toughmestdz primarily because in the experimental
systems it is essentially impossible to determihe tnolecular architecture and network
rearrangement upon loading the amorphous crosslistkactures.

The major approach we take here is all-atom mogeaynamics (MD) simulations. MD
has been used to characterize a wide range of dpdastic and thermoset polymers and their
applications at the molecular level [12, 14-18]. kédy motivation for using MD in our current
systems is to begin to understand the links betwasa- and inter-monomer structure of
network isomers and material properties. This ireguthat we build models of crosslinked
networks with atomic resolution. We validate otnusture-building approach by comparing
computed densities andy3 to experiments. We then show via analysis oSitpmal
fluctuations in the simulation trajectories why RS samples have highey We further show

via analysis of bond-stretching why the PRS samgibs®rb more energy before break.



2.METHODS
2.1 Simulation Methods

Structures of DGEBA, DETDA, and POPDA are showrfFig. 1. We used a DGEBA-
DETDA/POPDA 2:1 epoxy-amine stoichiometric ratioiethneeds to fully reacted without any
remaining reactants after 100% cure, and a diatvigred composition with 15wt% of the lowg T
diamine, realized by systems containing 400 mofd3@EBA’s, 188 moles of DETDA, and 12
moles of POPDA molecules. A classical molecular aigyits code, Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMRE) [19], was used as the MD engine,
and the Generalized Amber force field (GAFF) [2Q-gBvided all interaction parameters. All
MD simulations were performed using a 0.1 fs arfd fime step during and after generating a
crosslinked network, respectively. We chose 0.1ifee step helping the system to be stable
during the ad-hoc bond create and break. The Naé«t thermostat and barostat (P = 1 bar)

were applied to control the pressure and temperatur

H3C
07/\0 O O O%/\O O O O]WO HoN NH,
OH
n CH,
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H,N NH,
O X
CH, CHs

(c)
Figure 1. Chemical structures of (a) DGEBA epoxyiligt-Stephensen) ,n=0.07, (b) DETDA
(Miller-Stephensen), and (c) POPDA (Jeffamine D20@0ntsman), x=33. A typical MD system

has a composition of these three of 400:188:12.



We used a previously described curing protocol [fet]build non-PRS crosslinked
samples from random liquid blends. In order to gat@ean isolated PRS inside the 85 wt%
DGEBA/DETDA solution, liquid DGEBA/POPDA (15 wt%) as first separately equilibrated
and then added to the unequilibrated liquid DGEBRIDA (85 wt%). The equilibrated
DGEBA/POPDA was then held rigid, so the system amimg DGEBA/DETDA/POPDA
(including DGEBA/POPDA PRS) can be relaxed withdigpersing individual molecules of
DGEBA-POPDA into the DGEBA-DETDA. Then carbon-nigen crosslink bonds involving
only POPDA nitrogens are allowed to form until 6@¥e cured. Then, the curing algorithm
cures all remaining epoxy carbon/amine nitrogematto form a 100% cured network. Figure 2

illustrates this process. Generation of the crokslil network was performed at 600 K.

60 A

(@) (b) () (d)

Figure 2. Generation of a PRS sample. (a) 15 wtpov®GEBA/POPDA at low density is
condensed to (b) a liquid state. (c) The equitémtdiquid DGEBA/POPDA structure (15 wt%)
is inserted into a vapor-phase DGEBA/DETDA solut{@ wt%) which is condensed and (d)
then cured. Curing proceeds from this state in $tages: first, 60% cure involving only the

DGEBA/POPDA crosslinking, followed by unrestricteisslinking.



We measured the average mass densities of themsysteroom temperature (300 K)
after quenching the cured polymer from 600 K atchtthe crosslinked structures were created.
The cured polymer first equilibrated for 6 ns a0 6Q then the system was cooled down to 300
K using 15 K/200ps rate at 1 bar. After coolinge ystem was re-equilibrated at 300 K for
another 5 ns to make sure that the system is weililerated at 300 K. In order to measure the
glass transition temperatureg(;Tthe equilibrium system was cooled down from RO 150 K
by employing a step-wise temperature decrease KR2bS cooling rate. This gives the density-
temperature plot to obtain the intersection whér@ glass transition occurs after fitting two
linear regressions in the rubbery and glassy states
2.2 Experimental Methods

Along with the sample preparation for MD simulagosimilar samples were prepared in
our laboratory. Stoichiometric amounts of POPDA &@GEBA were mixed and cured at 80 °C
for 15 hours. We determined the epoxy-amine chdnmuoaversion using a Nexus FTIR
spectrometer in near-IR region and by tracking pibaek height corresponding to the oxirane
bands at the wavenumbers of 4530"ci24]. Results indicated that 15 hours at 80 °CtFis
system is sufficient to bring the fractional corsien of epoxy-amine reactions to 60%. At this
time, the mixtures were removed from the reactiomditions and cooled down to room
temperature. The resulting reactive liquid samplestermed as “60% conversion PRS”. Next,
we made stoichiometric blends of DGEBA and DETDAhMS wt% PRS inclusion by weight.
These batches were well mixed, degassed and cur&® &C for 12 hours followed by a
subsequent post-curing step for 4 hours at 160rh€.resulting cured samples were labeled as
“PRS” or “PRS-modified”. Similarly, non-PRS (Mixed)lends were made by mixing the same

components with the same compositions as thoseinsh@ PRS-modified samples. The three



components were well mixed and degassed withoutaaiajtional pre-curing steps and cured
under the same curing conditions as for the PRSfiraddsamples. The resulting samples were
labeled as “non-PRS” or “Mixed” in this study. Tlesvo systems referred to as “polymer
network isomers” due to their compositions similas.

Three sets of experimental characterization werelgcted and reported in this study.
Density values were determined using water disph&ce technique at room temperature
following the ASTM D792. The measured average dgnsilues and the associated deviations
are based on at least five replicates.

Additionally, a Thermo-mechanical Analyzer TA-294pparatus was utilized to
determine values of glass transition temperati@gndrical specimens (5 mm in diameter and
5-6 mm in height) were used for this purpose. TM@asurements were conducted via a cyclic
heat/cool/heat protocol with a temperature ram@ o0& °C/min in the temperature range of 300
K to 500 K. The reportedgk are based on the onset off slope change ingéeifec volume vs.
temperature curves at the second heating cycle.

Finally, linear elastic fracture mechanics (LEFMasvused to characterize material’s
toughness. Accordingly, compact tension specimeese prepared and tested under a quasi-
static uniaxial extension with a crosshead speet mim/min following the ASTM D5045. The
average values of strain energy release ratg, &d the corresponding deviations were
measured from at least 8 replicate per each batch.
3.RESULTS
3.1. Static Properties: Intermolecular Structure the Glass Transition Temperature

In Table 1, we report (i) densities at 300K, aslvesl (ii) Tg's computed using MD

simulations along with values from experiments, @indstrain energy release rates.



Our prediction of densities is uniformly low butthin 1% of the experimental values, T
predictions are systematically lower but within ab8.5% of the experimental values, and the T
of the PRS samples are higher by about 10 K. Tiverd values compared to experimental
values in this study may be due to the mismatchvémt the simulated and experimental
structures. The experimental system has heterogsmaixture of pre-reacted substructures but
the simulated system was modeled with only a sipgéereacted substructure due to accessible
system sizes. We show density vs. temperaturen®simulated PRS and non-PRS systems in

Fig. 3, to illustrate the method of estimatingffom the simulations.
1.18
116
1.14
112
11 |
108 |

1.06

Density, g/cm3

1.04 -

1.02

0.98
100 150 200 250 300 350 400 450 500

Temperature, K

Figure 3. The glass transition temperatures foPR& and Mixed systems.
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Table 1. The densities, glass transition tempegafuand fracture energies for PRS and non-PRS
systems from both experiment and simulations.

Density at 300K Glass Transition Temperaturg Fracture
(glcnt) (K) Energy
System g (kJ/nf)
Experiment Simulation Experiment Simulatiom Expegith
PRS 1.150+0.003 1.134+0.005 435+2.9 420+1040 0.06&9
Mixed 1.155+0.004 1.130+0.007 425+4.3 410+12.0 8+16049




It is generally thought that the glass transitiemperature correlates to the uniformity of
intermolecular packing and the degree of chairingtefs, because more efficiently packed and
stiffer chains require more energy to activate egmental motion necessary to enter the
rubbery state [25]. OurgTresults are identical with the predicted densitiethe PRS and mixed
samples: the PRS samples show slightly the highesuggesting that the PRS samples reflect
more efficient packing than the mixed samples. \&% asked how does this manifest the higher
barriers to segmental mobility the PRS samples rmedent? We hypothesized that this is a
result of differences in nearest-neighbor interroolar interactions between the PRS and mixed
systems. First, consider that PRS samples mostjyester the flexible POPDA molecules into
the pre-reacted domains whereas, the mixed sarhples more uniformly dispersed POPDA
molecules. This is captured quantitatively in thethyl-methyl radial distribution function
(RDF) shown in Fig. 4. Here we see, as expected,the intramolecular packing structure of
the methyls in POPDA’s is insensitive to the curprgtocol, while the intermolecular packing
clearly shows strongly pronounced packing in th&RBmples compared to the mixed samples.
This is simply because POPDA's are on averagerdigpersed and therefore nearest neighbors
are on average farther apart in the mixed sampWs. illustrate the degree of this difference
using representative system snapshots showingthalynethyl group carbon atoms in Fig. 5.
Interestingly, we also find that the mixed systaats® show a change in the packing statistics of
the DETDA molecules. The RDF's for DETDA centersméss is shown in Fig. 6. Though
generally similar with a nearest-neighbor cutoffiieh is the first minimum of RDF, in both
systems at about 7.5 A, we see that the numbegarest neighbors is slightly higher in the PRS
system. The first coordination number, which is ttumber of nearest neighbors, is computed

from the RDF according to



N = 4mp forfg(r) r2dr (1)

wherep is the number density of DEDTA centers of massnid the cutoff distance. We find

N = 0.668 in the PRS systems and 0.548 in the msystems. We see therefore that dispersing
the small amount (15 wt-% of the diamines) of POP&ifers the ordering of DETDA (the
remainder of the diamines), which here happen tonbeh stiffer and amenable to efficient
packing because of their aromaticity. In genettad, amorphous structure of the PRS vs. the
mixed samples qualitatively reflects the localizesl dispersed nature, respectively, of the
POPDA'’s. However, because POPDA’s are more flextbhn DETDA'’s, does this dispersal

mean that overall segment mobility is higher inthiged samples?

4,5
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| H = = MIXED, INTRA-MOLECULAR RDF for Methyl
__ 25 [
L
B2
1.5
1
0.5
ﬂ i
0 4 8 12 16 20
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Figure 4. The inter- and intra-molecular radialtrdiition functions for methyl-methyl pairs of

POPDA molecules.
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Figure 5. Representative MD system snapshots sigoanly POPDA methyls in the (a) mixed

and (b) PRS samples. All other atom types areshaoivn for clarity.
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Figure 6. DETDA-DETDA RDF vs center-of-mass dis&nc

To answer this question, we turn to the root-mepraged fluctuations (RMSF) [26],

21"/
RMSF = [L58 () =] @

ref

where is the trajectory time over which one wants torage and-; ~ is the average position

of particlei over the timer. We reasoned that the intramolecular flexibiltly POPDA's is

11



probably not strongly dependent on whether theyaraized or dispersed, and instead consider
the effect of POPDA localization or dispersion dre tsegmental mobility of the always
uniformly dispersed DGEBA molecules. Fig. 7 repdite RMSF of the isopropylidene carbons
from DGEBA as a function of temperature for the P&® mixed samples. We find that the
RMSF'’s are generally lower in the PRS systems thahe mixed systems, with the degree of
difference larger belowgl' This shows that the DGEBA molecules on averagerence larger
amplitude segmental motion in the mixed systema thahe PRS systems, again corroborating
the observations regarding. TFrom both the static and dynamic viewpointse#ras clear that
the observed differences i Between PRS and mixed systems can be attributedtlgtito the
degree of localization of the minority, more flelepdiamine: the more dispersed is the POPDA

in the network, the lower the material’'g. T

3.1

—— MIXED

w
T

Average RMSF(A)
N
[Vs]

N
[+]
T

2'7 1 1 1 1 1 1 |
300 325 350 375 400 425 450 475

Temperature (K)
Figure 7. Root mean square fluctuations (RMSF)hef ¢enters of mass of DGEBA molecules

vs. temperature.
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3.2. Correlation of cross-link bond stretching xperimental fracture toughness

Preliminary experiments as shown in Table 1 revedimt PRS samples with partial
curing of 60% and a PRS mass fraction of 0.15 disfrlacture toughnesses more than 50% that
of the compositionally identical mixed systems. Takationship between network structure and
fracture toughness remains unclear. It is genedficult to relate fracture toughness measured
experimentally according to standard protocols tolecular structure, because of the
complicated nature of material failure in thermopetymers. Also, direct use of molecular
simulations to measure fracture toughness is pnodtie because most interatomic potentials do
not allow for bond breaking, and those that do iermary computationally expensive. For this
reason, we sought a way to qualitatively correlagdavior in a simulated thermoset to its
associated experimental fracture toughness. WWseneal that a tougher material is characterized
at the molecular level as one that, when put urglebal uniaxial tension, has a network
architecture that does a better job protecting lemtebonds from that strain than a less tough
material would. That is, a tougher thermoset hastaork architecture and molecular packing
that allows significant slippage and rearrangeneérihe atomic constituents under strain before
asking covalent bonds to stretch.

To test whether this hypothesis is correct, we ettbpur simulated systems to uniaxial
strains up to 100% and tracked (1) the averageHeoigall C-N crosslink bonds (Fig. 8a), and
(2) the average -Ph-C(G)-Ph- valence angle (Fig. 8b). In Fig. 9, we sltibe average C-N
bond length as a function of axial strain, compgutinmee systems: (a) the PRS system, (b) the
mixed system, and (c) a system in which 100% ofdiaenines are DETDA. Also included in
the plot are subsets from the PRS and mixed systemtsining data from C-N bonds in which

the N is in a DETDA. There are several interesfegfures of these data. First, below about

13



30% strain, the C-N bond lengths grow very littksarly indicating that, generally, the overall
strain is not manifest in these bonds. In thismeg the network architecture is not relevant for
determining the slope. However, above 30%, diffees in network architecture become
apparent: bond length stretching accelerates fimsthe mixed and pure-DETDA systems (at
about 35% strain), and later for the PRS systeral{atit 42% strain). Clearly, the PRS systems’
networks are configured such that the crosslinkdscsre more effectively protected from the
overall system strain. We note also that thisdregmains in place if we only consider C-N
bonds to the DETDA’s as shown by dots in Figurel@.Fig. 10, we show the average —Ph-
C(CH3)2-Ph- valence angle as a function of uniasiiin, and the acceleration is greater for the
mixed system compared to the PRS system, againisfalaat the covalent structures are better

protected from the global strain by the PRS systeetsvork architectures.

POPDA or DETDA el
CHyewwer DGEBA

(@

H4C CH,

T
kA ‘|
Network s 0 e s Natwork
R d
OH OH

(b)

Figure 8. (a) Crosslink bonds between DGEBA anéhguagents, and (b) the angle between

phenyl rings on the DGEBA molecule.
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What aspect of the network architecture of the BRSems gives rise to this property?
We hypothesized that the localized POPDA’s in tRSystems form domains that are better
able to absorb strain without transmitting it tce throsslink bonds than do the dispersed
POPDA's in the mixed systems. The rationale fos thypothesis is that, in the blended systems,
the environment around the average POPDA is matéctive to conformational rearrangement
of that POPDA than is the environment around theraye POPDA in the PRS system. This
would imply that, under strain, the POPDA chainthia PRS sample should deform more easily.
To confirm this, we measured the end-to-end (N-jadiStance of each POPDA chain, and we
plot the average of this quantity as a functiorstohin for both the PRS and mixed systems in
Fig. 11. Indeed, we see that the POPDA chains & RRS samples begin to experience
deformation at much earlier strains than do the P®REhains through the packing in the PRS
samples. This supports the idea that sequestdnmdotv-Ty diamines in a homogenous in a
homogenous nanodomain provides access to energipatisn mechanisms that are absent in
the mixed systems.

a8 -
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N-N Distance (A)
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34 ﬁ,,‘~.A; i
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Figure 11. Average N-to-N distanoEPOPDA monomers vs. uniaxial strain.
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4. CONCLUSION

We have used molecular simulations to explore tigins of improved § and fracture
toughness of systems cured with the PRS methodpaced to compositionally identical
systems cured as uniformly dispersed mixtures. €omulated samples display reasonable
densities and /s compared to the experiment. We find that, beeate minority diamine in
the blend of diamines used in the cure is veryilfliex that sequestering it as much as possible
increases bothgland resistance to bond-stretching. It improvgbélcause when sequestered in
a PRS region, each POPDA influences the flexibdityewer DETDA and DGEBA molecules.
We predict that the PRS method improves toughnesause the PRS regions can absorb more
strain before covalent bond stretching occurs ttema mixed system. These findings provide
further insight into how one can improve materiedgerties in thermoset systems at constant

overall composition by careful control of netwoslomerization.
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Highlights

* Molecular simulations and experiments of DGEBA/DETDA/POPDA thermosets.
» Partialy-reacted substructures (PRS) of DGEBA/POPDA enhance toughness.
» Toughness enhancement occurs via conformational relaxation in PRS domains.



