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EFFECT OF POLY(AMIC ACID) AND POLYIMIDE ON THE ADHESIVE
STRENGTH AND FRACTURE TOUGHNESS OF EPOXY RESIN
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The present work investigates the effect of polyimide and poly(amic acid) content on the
properties of epoxy resin. Charpy impact strength increased by 80% and 70% with the
addition of 10 wt.% poly(amic acid) and 15 wt.% polyimide, respectively. However, the
flexural strength was improved by 95% and 73% (in comparison with neat epoxy resin) by
the addition of 5 wt.% polyimide and 5 wt.% poly(amic acid), respectively. Moreover, the
addition of 10 wt.% polyimide resulted in two fold increase of impact adhesive strength,
while the tensile adhesive strength of epoxy was increased by 70% with only 5 wt.% poly-
imide. Infrared spectra showed that the obtained compositions containing polyimide or
poly(amic acid) exhibited a semi-interpenetrating polymer networks structures, characte-
rized by a relatively high flexibility and very good mechanical properties.
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Cured epoxy resins are characterized by very good chemical resistance, good pro-
cessing properties and excellent adhesion to metals and glasses. These properties allow
them to be used in various applications such as building, electronics, car industry.
However, their field of application is seriously limited by their low impact strength and
poor resistance to crack propagation. Different types of modifiers were used to improve
the mechanical properties of epoxy resins [1]. Ductile thermoplastics have been used
among others to overcome the drawback of the loss of thermal properties induced by
the incorporation of reactive liquid rubbers such as butadiene — acrylonitrile copoly-
mers terminated with carboxyl or amine groups [2—6].

Agag and Takeichi used the polyimide containing hydroxyl groups to modify a
commercial epoxy resin [7]. Their results showed that the tensile modulus of the
obtained films increased with increasing polyimide content, but with no significant
change in the elongation at break. Moreover, the thermogravimetric analysis showed an
increase in the films thermal stability with the increase of the modifier content.

Gaw and his research group analyzed the cure behavior by differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) of an epoxy resin cured with
poly(amic acid)s [8]. The thermal analysis demonstrated a complex reaction between
the polymer matrix and the hardener. However, they did not observe any phase sepa-
ration and attributed the observed phase behavior to a unique in situ reaction.

However, Harris and coworkers synthesized a series of organo-soluble aromatic
polyimides from four different dianhydrides and two different diamines and used them
as toughening agents for epoxy resins [9]. The authors studied the dependence of the
obtained polyimides structure on the solubility, thermal and mechanical properties of
the epoxy based compositions as well as they selected the polyimide to be used as an
effective toughening agent for epoxy resins.

Jin and Park prepared and used a hyperbranched polyimide (HBPI) to modify dig-
lycidyl ether of bisphenol A (DGEBA) [10]. The thermogravimetric analysis results
showed that the thermal stability of the DGEBA/HBPI blends did not obviously change
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as the amine-terminated hyperbranched polyimide content increased. However, they
noted an increase of the glass transition temperature as well as an enhancement of the
critical stress intensity factor (K¢) and impact strength (IS). The addition of 4 wt.%
polyimide resulted in 2.5 and 2 times increase of K¢ and IS values. Furthermore, SEM
analysis revealed the occurrence of shear deformation, which led to the crack propa-
gation deceleration within the sample.

More recently, Huang and al. prepared nanocomposites based on polyimide and
epoxy resin [11]. The dynamic mechanical analysis showed a significant increase of
the crosslink densities of the obtained polyimide-epoxy nanocomposites. However,
compressive modulus, hardness and coefficient of thermal expansion changed only
slightly.

The purpose of the present work was to investigate the effect of polyimide and po-
ly(amic acid) content on the adhesive properties and fracture toughness of epoxy resin.

Experimental. Materials. The following ingredients were used in the present work:

— Epoxy resin: Epidian 5 from Organika Sarzyna, Nowa Sarzyna — Poland, having
an average molecular weight of 380 and epoxy number of 0.490...0.520 mol/100 g;

— Polyimide: trade name P-94 from Lenzing AG;

— Hardener: triethylene tetramine (trade name Z1) obtained from Organika Sarzyna;

— Oxydianiline from Fluka AG;

— Pyromellitic dianhydride (Aldrich).

Synthesis of poly(amic acid). Poly(amic acid) was prepared from oxydianiline
(0.005 mol) and pyromellitic dianhydride (0.005 mol) in a solution of tetrahydrofurane
and methanol (4:1 by wt.) by means of polyaddition and dianhydride ring opening me-
thod. Oxydianiline and pyromellitic anhydride were purified by sublimation method under
nitrogen atmosphere After the complete dissolution of diamine under constant mixing,
solid dianhydride was added. The reaction was carried out at room temperature for 2 h.

Samples preparations. Epoxy formulations containing polyimide. Polyimide was
first dissolved in a specific amount of dimethylformamide (ratio: 5 g/45 g) to yield a
10% solution. The dissolution of the polymer was carried out under continuous mixing
by means of mechanical stirrer for 10—12 h and a temperature of 100°C. All the sol-
vents were purified before use. Different amounts of polyimide were added to epoxy
resin and mixed for 5 min using a mechanical stirrer until obtaining a homogeneous
mixture. Then a specific amount of hardener Z1 (12 g Z1/100 g resin) was added follo-
wed by mixing for an additional 5 min. The formulations were then poured to metallic
forms coated with anti-adhesive agent and having the required geometries for impact
and flexural strength measurements.

A specific amount of formulations was spread on solvent cleaned metallic surfa-
ces for adhesive strength under impact and tensile conditions.

All samples were then submitted to curing at room temperature for 24 h followed
by post curing at 120°C for 3 h.

Epoxy samples containing poly(amic acid). Epoxy resin and poly(amic acid) were
mechanically mixed until a homogeneous mixture was obtained. Then the hardener
was incorporated and mixing was continued for an additional 5 min. The formulations
were then poured to metallic forms as previously. Moreover, similarly to polyimide
based compositions, a constant amount of adhesive was spread on solvent cleaned me-
tallic surfaces prior to adhesive strength measurements.

Curing and post-curing processes were carried out as for polyimide samples.

Properties evaluation. The impact strength was evaluated on samples having 8 cm
in length, 1 cm in width, 4 mm in thickness and Imm of notch using Zwick 5102 appa-
ratus according to Charpy method and Polish norm PN-81/C-89029.
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The flexural strength was evaluated on samples having the following geometries:
16 mmx10 mmx4 mm using a Dynstat apparatus according to Polish norm PN-72/
C-04243.

The adhesive strength under impact conditions was measured using a Zwick 5102
apparatus by estimating the work needed to separate two jointed metallic plates of
1 cm? surface area which were adapted to the Charpy hammer.

The tensile adhesive strength was evaluated according to Polish norm PN-69/
C-89301 using two metallic cylinders having 1 cm” in the base surface area and Instron
tensile tester 5566 with a deformation rate of 5 mm/min.

Infrared spectrophotometer FT-IR Perkin Elmer 1000 PC was used for the analy-
sis of obtained compositions structure.

Results and discussion. The Charpy impact strength (IS) is shown in Fig. la as a
function of polyimide (PI) and poly(amic acid) (PAA) content. It can be noted, that IS
increases with increasing amount of Pl and PAA. Maximum improvement of 70% (in
comparison with nonmodified resin) is reached with 15 wt.% PI. The impact strength
enhancement might be explained by the significant polyimide toughness at room tem-
perature. Moreover, the addition of 10 wt.% PAA leads to approximately 80% optimum
enhancement of IS in comparison with that of neat epoxy resin. The impact strength
enhancement by poly(amic acid) incorporation can be attributed to the formation of
ether groups arising from PAA which increases the flexibility of the obtained compo-
sition. However, the IS decrease (induced by the higher amount of PAA) might be
explained by the presence of an appreciable amount of stiff segments which prevent the
reactions of ether groups responsible for flexibility improvement.

From Fig. 1b, it can be noted that as polyimide (PI) and poly(amic acid) (PAA)
content is increased, the flexural strength as measured under two point bending method
increases and then decreases.The maximum flexural strength, representing approxi-
mately 95% and 73% in comparison with neat epoxy resin, is obtained with 5 wt.% of
PI and PAA, respectively.

2

. o A
E [« "e-_
=k @ B, = | ® B
: - A o w . Y- S ©
< s . i geenan- --B
4 e . . 60{ .~
m-::'. ----- s 28
34 o 40 1
2 4
1 20 1
0 T T 3 0 T r .
0 5 10 Modifier, % 0 5 10 Modifier, %

Fig. 1. Effect of polyimide (<) and poly(amic acid) ((J) content on impact strength (IS)
of the epoxy resin (@) and on its flexural strength (S) (b).

As shown in Fig. 2, the flexural angle at break measured under two-point bending
mode, increases with the addition of polyimide but is not significantly affected by
poly(amic acid) incorporation. As with impact strength results, the maximum value of
flexural angle is exhibited by the composition containing 10 wt.% of polyimide. The
resin flexibility improvement attains 50% in comparison with that of nonmodified
epoxy resin. The epoxy composition flexibility enhancement might be attributed to the
increase of the free volume that is provided to the systems leading to more chain or
segment movements. Consequently, the modified samples undergo larger deformations
before the occurrence of fracture. Moreover the increase in composition flexibility may
explain the increase of the crack propagation resistance (Fig. 1a).
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composition containing 10 wt.% polyimi-
de (PT) shows maximum TAS value which
corresponds to almost twice the IAS value of unmodified epoxy resin. We can explain
the TAS enhancement by the presence of (-NH-) polar groups in the formed epoxy/po-
lyimide structure. However, for poly(amic acid) based compositions, maximum impro-
vement equating 65% in relation with neat epoxy resin, is reached with 5 wt.% PAA. It
is worth noting that all PI and PAA based compositions exhibits higher or at least equal
impact adhesive strength values as the pristine epoxy samples cured with triethylene
tetramine. We can further observe that as the amount of PI increases, the tensile adhe-
sive strength increases then decreases attaining maximum value, representing 70%
increase in comparison with unmodified epoxy resin, with only 5 wt.% PI. The compo-
sition containing 15 wt.% polyimide exhibit higher TAS values than the neat resin.

Table 1. Values of tensile and impact adhesive strength as a function of polyimide
and poly(amic acid) content

Modifier Impact adhesive strength, MPa Tensile adhesive strength, MPa
content, wt.% Polyimide Poly(amic acid) | Polyimide | Poly(amic acid)
0 1.4 1.4 5.6 5.6
5 1.5 2.3 9.4 32
10 2.8 1.9 8.6 3.4
15 1.6 1.7 5.8 7.8

Moreover, it can be noted that the addition of 5 and 10 wt.% of poly(amic acid)
does not result in TAS improvement. However, the enhancement is relatively quite
significant (40% increase in comparison with nonmodified epoxy resin) with the
addition of 15 wt.% PAA. The tensile adhesive strength enhancement is most probably
due to the significant viscosity increase induced by poly(amic acid) imidization.

To analyze the reaction between the epoxy resin and poly(amic acid), composi-
tions containing the epoxy resin without curing agent and epoxy resin modified with
poly(amic acid) and polyimide were prepared and tested for their infrared spectra.

In Fig. 3a infrared spectra of virgin non-crosslinked epoxy resin and composition
containing 35 wt.% of poly(amic acid) are presented.

The analysis of infrared spectra (IR) spectra of epoxy resin containing 35 wt.%
PAA (Fig. 3b) indicates that the peak appearing at 915 cm ' and corresponding to
epoxy groups is smaller than in epoxy resin without curing agent, as shown in Fig. 3a.
The decrease of the height of the mentioned peak confirms the occurrence of chemical
reaction(s) between epoxy resin and poly(amic acid).
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Fig. 3. Infrared spectra of epoxy resin without curing agent (@)
and containing 35 wt.% poly(amic acid) (b).

The poly(amic acid) imidization results in the formation of imide groups confir-
med by the presence of peaks appearing at 1787 and 1728 cm ', which are characteris-
tic for the vibrations of C=0 of imide groups. These bands are shifted towards the
lower values (1770 and 1720 cm ' according to literature), which is the result of graf-
ting between the networks as well as physical interaction between the two involved po-
lymers. This confirms the formation of a semi-interpenetrating polymer network type
structure with physical and chemical bonding between polymer matrix and polymeric
modifier.

Infrared spectra of epoxy resin cured with trietylenetetraamine for 3 h at a tempe-
rature of 110°C is illustrated in Fig. 4a. However, peaks confirming the existence of
hydroxyl as well secondary amine groups is shifted to 3422.5 cm™'. This peak is higher
in the case where epoxy resin is cured at the lower temperature, indicating that cross-
linking takes place in the bulk of the specimen.
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Fig. 4. Infrared spectra of epoxy resin cured with trietylenetetraamine (7= 110°C, 3 h) (a)
and modified with 10 wt.% of polyimide (b).

However, one can observe in both cases the appearance of a small peak corres-
ponding to epoxy groups, which confirms the complete curing of the epoxy resin.

From infrared spectra of epoxy resin composition containing 10 wt.% of poly-
imide (PI) presented in Fig. 4b, one can observe, that the peak at 1509.0 cm ' is smaller
than that of uncured epoxy resin (Fig. 3a), confirming thus, that the addition of poly-
imide leads to the physical as well as chemical modification of epoxy resin.

The peak appearing at 3408.0 cm ™', which corresponds to the vibrations of —OH
groups is more intensive and insignificantly shifted to higher intensities, which demon-
strates the presence of higher amount of such groups in the considered system.
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The reaction between epoxy resin Epidian 5 and poly(amic acid) can take place
through the reaction of epoxy groups with amine groups of poly(amic acid) as follows
(scheme 1):

HOOC CooH

HooC CDDH H | _©— MH,
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Scheme 1

The epoxy groups will react further to yield a more branched structure as indi-
cated below (scheme 2 ):

Hooo GOOH
HOOC COOH H =4 - _©_ @__"H’
X ARy
H

—L C—H a MHy +q—CH—LCH, —= GH!—GH— GH ::H—
i 2 H—CH, i
| Ju] H | o CI
EH-fH= EHyOH— EHCH— I:H! GH—
aH le dH éH
_ —n
Scheme 2

Moreover, the reticulation reaction of epoxy resin might take place through the
reaction of terminal amine groups of poly(amic acid) with epoxy groups of the matrix
as follows (scheme 3):
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Scheme 3

In this case, the obtained structure is more linear and less branched than in sche-
me 2, which might explain the flexibility increase of the obtained modified compositions.

CONCLUSIONS

Based on the obtained results one can make the following conclusions.

The addition of polyimide resulted in the increase of the flexural strength, the
deflection angle at break, the impact strength as well as adhesive strength under impact
and tensile conditions. The impact strength was improved by approximately 70% and
in comparison with unmodified epoxy resin with the addition of 15 wt.% polyimide.
Moreover, the maximum flexural strength value representing 95% in comparison with
neat epoxy resin, was obtained with 5 wt.% polyimide. The flexibility of epoxy resin
was also improved. The maximum value of flexural angle at break was exhibited by the
composition containing 10 wt.% of polyimide. The enhancement of the mechanical
properties of epoxy resin with polyimide might be due mainly to the high elasticity and
fracture toughness of the modifier.

The addition of poly(amic acid) resulted in the improvement of impact strength,
impact adhesive strength as well as the flexural strength. This latter increased maxi-
mally by about 73% with 5 wt.% of poly(amic acid), while the impact strength was

82



enhanced by approximately 80% with the addition of 10 wt.% poly(amic acid), in com-
parison with that of the neat epoxy resin. The flexibility of epoxy resin was not affec-
ted by poly(amic acid) addition.

Infrared spectroscopy analysis revealed that the obtained structures had semi-in-
terpenetrating polymer networks type structures with the occurrence of chemical reac-
tion between poly(amic acid) and epoxy resin.

PE3FOME. locnimxeHo BiuB BMicTy noiiimiay (PI) ta monmiaminHoi kucnoru (PAA) Ha
BJIACTHUBOCTI €MOKCUIHOI cMonu. BusiBneno, mo micns nogasanus 10% PAA ta 70% PI ymzapna
B’SI3KICTh 3011bLIy€ThCA, BiANOBiAHO, Ha 80 Ta 70% HNOpPIBHAHO 3 HEMOAU(DIKOBAHOK CMOIOM0. 3
nomaBaHHAM y monimep 5% PI ta PAA MilHICT Ha 3THH MiABHINY€EThCS, BIAMOBIAHO, HA 95 Ta
73%. Kpim Toro, 3a Bmicty 10% PI BaBii 3611bIIMIach aAre3iiina MIIHICTb 3a yAapy, a 3a BMic-
Ty 5% PI anresis 3a po3puBy 3pocna Tineku Ha 70% MOPIBHAHO 3 HEMOAN(DIKOBAHOIO CMOJIOIO.
IndpauepBoHa crekTpocKomis MoKa3ala, o KoMro3ulii enokcunHoi cmonu 3 PI ra PAA manu
HAIBB3aEMOINPOHUKHI CITUACTI CTPYKTYPH 3 BIIHOCHO BHCOKMMH €JIACTHUYHICTIO Ta MEXaHIYHH-
MH XapaKTePHCTUKAMH.

PE3FOME. VccnenoBano BiusiHUE cojaepxkanus nonmuumuna (PI) u momuaMuaHo# Kucio-
1ol (PAA) Ha cBolicTBa 3MOKCUAHON cMoJbl. BeisiBneHo, uyTo mocie mpo6asnenus 10% PAA u
70% PI ynapHast BA3KOCTb yBEIMYUBAETCs, COOTBETCTBEHHO, Ha 80 1 70% B cpaBHEHHU HEMO-
qupunuposanHoil cmonoil. C nob6asnenuem B nonumep 5% PI u PAA npounocTs Ha u3rub yse-
JIMYUBAETCs, COOTBETCTBEHHO, Ha 95 u 73%. Kpome toro, npu coaepxkanun 10% PI Basoe yBe-
JIUYMIIACh aAre€3UOHHAs IPOYHOCTH NIPU yaape, a Ipu conepskanuu 5% PI anresus mpu paspbie
BO3pociia Toibko Ha 70% B cpaBHEHUH ¢ HeMoauUIIMpoBaHHOM cMooi. MHbpakpacHas criek-
TPOCKOIUS 10Ka3aJla, YTO KOMIIO3ULUU dM0KcuaHOH cMombl ¢ PI Ta PAA umenu nonys3anmo-
TIPOHUKAEMBIE€ CETYAThIE CTPYKTYPH C OTHOCHUTEIHHO BBICOKHMH JIACTUYHOCTHIO U MEXaHHYEC-
KUMHU XapaKTePUCTUKAMU.
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