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Abstract

Full sequential interpenetrating polymer networks (seq-IPN) of cross-linked polyurethane (CPU) and heterocyclic polymer networks
(HPN) based on thermally cured dicyanic ether of Bisphenol A (DCE) were characterized by small-angle X-ray diffraction, dynamic
mechanical analysis, stretching calorimetry and microhardness measurements. Neat CPU was shown to be a microphase-separated systel
characterized by a regular, three-dimensional macrolattice of network junctions, embedded in uniform-size microdomains of stiff chain
fragments which spanned the continuous matrix of soft chain fragments. In contrast, no large-scale structural heterogeneities were detected in
the HPN. The X-ray long spacind.), the degree of microphase segregation (DMS), dhelaxation temperature and the mechanical
properties (elastic modulus and microhardness) were studied as a function of HPN content. Results are explained in the light of a model that
discusses the maximum degree of CPV swelling by molten DCE as a function of composition. It is suggested that predominantly chemical
interactions between the molten DCE and the stiff chain fragment microdomains, reinforcing primary physical interactions, are responsible
for the observed transition at 40% HPN content to a more homogeneous phase morphology of seg-208G Published by Elsevier
Science Ltd. All rights reserved.
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1. Introduction ships for a series of full, sequential IPNs based on a cross-
linked polyurethane and an HPN.

Heterocyclic polymer networks (HPNs) produced by
polycyclotrimerization of dicyanates, diisocyanates, etc.
exhibit a number of advantages including excellent chemi-
cal resistance, low dielectric losses and good adhesion to
metals [1-5]. However, the mechanical performance of 5 1 Materials
HPNs under conditions of shock loading is rather poor. A
possible way to improve the impact properties of HPNs  Fyll, sequential IPN (seq-IPN) were obtained by the stan-
could be the preparation of full or semi-interpenetrating dard procedure. The network component 1 (cross-linked
polymer networks (IPNs) from an HPN and an appropriately polyurethane, CPU) prepared at the first stage was then
chosen elastic polymer component [6-8]. In preceding swollen in a molten dicyanic ether of Bisphenol A (DCE),
publications [9-12], two series of semi-IPNs based on the and the latter was thermally cured at the second stage to
same linear polyurethane and two different HPNs, respec-produce the network component 2 (HPN).
tively, were characterized by small-angle X-ray scattering,  Stage 1 Prior to reaction, the oligoether (oligotetra-
calorimetry, dynamic mechanical analysis and micro- methylene glycol, molar mass 1 kg/mol) was dehumidized
hardness measurements. by heating to 353 K and evacuation at 10 mm/Hg. There-

The aim of the present paper is to extend the above after, the oligoether was mixed with 70% solution, in
investigations to the study of structure—property relation- ethylacetate of the adduct of glycerol and 2,4-toluene

diisocyanate, and the mixture was evacuated for a duration
* Corresponding author. of 1 h at room temperature to remove the solvent. The

2. Experimental
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(a) /CH3s absorption band at 2270 crhcharacteristic to isocyanate
NCO groups [13].
THZ OCONH=— cH, Stage 2 Full seq-IPNs with different HPN contents
2 CH- OCONH CECO + 3H{O-(CHZhOH —> (determined from the weight gain after swelling) were
< NéO prepared by swelling of CPU films in the molten DCE at
CHy OCONH 353 K and subsequent step-wise isothermal curing of the
latter by storage, first, at 423 K for a duration of 5 h, and
(CHs HaCy then at 453 K for a duration of 3 h. The degree of the DCE
CHy OCONH. C”HCO{O‘(CHT)I}nO*CON'iE NHCO- cure was checked by monitoring the intensity decrease: (till
' NSHCO{O*(CHﬁz]ﬁO— CONH completeldlsappea_lranc_e) of_the IR absorption band at 2272—
CH- OCONH CHs HaCo=tNHCO - 2236 cm - (stretching vibrations of RC—O- groups) and
NHCO {0 —(CHz)gr0~ cow@ concomitant appearance (and increase of intensity) of
CHy OCONH NHCO- absorption bands at 1570 and 1370 ¢ngvibrations of a
cyanurate cycle) [13]. Presumably, the main structural
(b) 3NEC_O*R_NO_CEN - entities in the HPN are thermally stable six-membered,
N=C O-R O C \\C_ O-R O three-arm triazine rings (Fig. 1b).
o A
“e? N 2.2. Techniques
| X
Q Small-angle X-ray scattering (SAXS) profiles were

B obtained with a Kratky camera (KRM-type diffractometer).
The primary beam intensity was controlled with a monitor-
CHs ing channel in the scattering range betweéarl 5 (20).
R= _©_'c@_ Cu K, radiation and nickel filtering of the primary beam
ch3 were used. Recording of the scattering radiation with a scin-
tillation counter and digital conversion was performed using
Fig. 1. Reaction schemes for: (a) the synthesis of CPU and (b) for curing of the step-by-step scanning regime. The geometrical para-
DCE. meters of the X-ray beam in the specimen plane and the
detector position were chosen so as to satisfy the conditions
solvent-free mixture was sandwiched between two glass of an “infinite” slit collimation (30 mm for the length of the
plates and finally cured by heating to 353 K and subsequenthomogeneous portion of X-ray beam and 290 mm for the
isothermal storage for a duration of 8 h to produce the 1-mm specimen—detector distance). The absolute scattering
thick film of the CPU (Fig. 1a). The cure completion was intensity of the samples was determined by calibrating the
checked by monitoring the disappearance of the IR instrument with a standard Kratky sample of Lupolen
[14,15]. The mean interdomain spacing (“long periods”),
L, was calculated using Bragg’s equation.

The dynamic elastic modulu& and the mechanical loss
tangent (tar®) were measured with a dynamic mechanical
thermal analyzer (Seiko DMS 210) the temperature
interval 130-625 K (loading mode: tension; frequency:
1 Hz; heating rate: 2 deg/min).

The mechanical workW) and concurrent heat effect®)
in the step-wise loading (stretching)/unloading (contraction)
cycles were measured (with the estimated mean error below
2%) at room temperature with the stretching calorimeter
described in detail elsewhere [16—19]. In a typical run,
each specimen was stretched at a constant velqcity a
predetermined straig, stored at fixed; to the full comple-
tion of mechanical and thermal relaxations, and, thereafter,
allowed to contract at the same velociy to zero force.

0 " 30 60 90 120 150 180 The typical difference between fixed strains in two succes-

sive stepse .1 — €, varied from several digits in the fourth
place to a few digits in the third place within the strain
Fig. 2. SAXS curves for CPUA) and HPN M), and for seq-IPN with the intervals below and above 0.02, respectively.

following CPU/HPN compositions: 89/1(, 86/14 (¥), 82/18 (7), 65/35 A Leitz Tester equipped with a square-based diamond
(0), 55/45 @) and 42/52 Q). indenter was used for the room-temperature microhardness
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Table 1 the neat HPN suggests the absence of large-scale structural

Properties of seq-IPNs heterogeneities.

CPUHPN T, (K) EGPa) 16xa (K'Y  H(MPa) In the case of seg-IPNs, one can distinguish among three
composition intervals to describe the behavior of the long

100/0 365 020 18.4 43.6 period (cf. Table 1 and Fig. 3): (1) an initial sharp (nearly

88/12 360  0.26 10.0 31.6 ; .

28/29 375 0.52 61 636 two-fold) increase oL at small HPN contenfe =< 0.15);

62/38 205 110 53 1781 (2) a constancy ok in the intermediate composition range

51/49 435 260 4.0 2471 (up to ¢ = 0.5); (3) an absence of clear-cut SAXS reflec-

37/63 455/540 3.50 3.2 236.2 tions for ¢ = 0.5. The SAXS peak intensity (which can

0/100 485/570  4.05 2.2 2417 serve as an indirect measure of the degree of microphase

segregation, DMS [14,15,21]) changes in a non-additive

fashion with the seqg-IPN composition (Fig. 3), exhibiting
(H) measurements. Thd-values were calculated from the large positive deviations from linear additivity (broken line
standard equation [19,2H = kS (MPa), whereS is the in Fig. 3) in the intervalp = 0.4, and negative deviations at
slope of the straight-line plot of the residual projected inden- higher HPN contents.
tation areaA(n?) = d? vs. the contact load appliedl (in These results can be explained as follows: in the range
Newton),d (in meter) is the diagonal length of the impres- ¢ = 0.15, the sudden increase bffrom Lcp; = 8.8 nm for
sion, andk = 1.854 is the geometrical factor. In a loading the initial neat CPU, up td,py = 16.5 nm for the corre-
cycle of 0.1 min the loads of 0.5, 1 and 1.5 N were used. For sponding seq-IPN, and the concurrent “overshoot” of the
each point, at least 3—5 measurements were averaged. ThEAXS peak intensity above the additivity value are in
correlation coefficients and the standard deviations for the favor of: (a) an homogeneous swelling of the continuous
linear A vs. P fits obtained were 0.994-0.998 and 1.40- soft matrix of CPU by molten DCE; and (b) an increased
1.16, respectively. DMS of the resulting seg-IPN due to the subsequent
formation of sharp interfaces between isolated inclusions
of the HPN and the SFT-rich matrix of CPU,
respectively.

The constancy of = 155 nm in the composition inter-
val (0.15 < ¢ = 0.5) suggests that the maximum degree of
the CPU swellingQnmax is reached already in the first inter-
val. AssumingQmax = (Lipn/Lepy)® = (155/8.8)° = 5.5, it
can be readily seen that the volume increment of the swollen
CPU exceeds, by far, the actual content of the HPN within
corresponding seqg-IPNs. Hence, it can be concluded that in
the second composition interval, only a relatively small
fraction (i.e. of the order ofp = 0.15) of the available
molten DCE was in a direct interaction with the expanded
24 25 SFT fragments of the CPU. On the other hand, the remain-

3. Results and discussion
3.1. Phase morphology

The occurrence of a distinct SAXS reflection for the neat
CPU (Fig. 2) supports the concept of a regular, three-dimen-
sional macrolattice of network junctions embedded in
uniform-size microdomains of stiff chain fragments (STF)
which span the continuous matrix of soft chain fragments
(SFT). In contrast, the smooth decay of the SAXS curve for

»n ing DCE simply filled the empty space created by swelling.
T A similar argument was invoked [22] to explain the equi-
20 - librium swelling of polyurethane elastomers in more
£ common solvents.
f During the subsequent cure of the molten DCE, one could
e 15 have anticipated the further increase of a structural hetero-
c ‘,g geneity of the seqg-IPN due to the formation of a larger total
-~ 9 interfacial area between cured components. However, the
ﬁ 10 & observed smooth decrease of the SAXS peak intensity
A g’ below the additivity value (Figs. 2 and 3) is contrary to
'qt, the expected trend. Apparently, the only reasonable expla-
5 % nation for the observed lowering of the DMS of seq-IPNs is
O the smearing out of the sharp interface between components
v . . .
oL . . . A due to strong chemical interactions of the excess of the DCE

0,0 ' 02 ' 0.4 ' 06 ' 08 1,0 with unreacted functional groups at the periphery of STF-
rich microdomains of the CPU. This hypothesis seems
reasonable in view of the well known ability of cyanates
Fig. 3. Composition dependence of long spacifi§) Gnd SAXS peak for chemical interactions with compounds containing the
intensity @). active hydrogen [23]. Thus, the increased contribution of
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Fig. 4. Temperature dependence of the dynamic Young’'s modulus and of the mechanical loss tangent @) &RUHPN @), and for seq-IPNs of the
following CPU/HPN compositions: 88/12\), 78/22 (J), 62/38 (), 51/49 (&) and 37/63 ().

such interactions is the most probable cause for the 3.2. Thermal transitions

gradual decrease of the DMS of seqg-IPNs (eventually,
to zero) in the third composition interval, as evidenced

The unique feature of the plot of mechanical loss tangent

by a disappearance of the SAXS peak and by a further vs. temperature for the neat CPU (Fig. 4) is the weak relaxa-
decrease of the SAXS intensity in the relevant range of tion at the glass transition temperature of the SFT-rich

scattering angles ap = 0.5 to well below the additivity

(Fig. 3).

T /K

Fig. 5. Composition dependence of theelaxation temperature.
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microphasgTg; =~ 195 K) which is followed by the much
stronger, asymmetric relaxation spanning an unusually
broad temperature interval and passing through a maximum
at the apparent softening point of STF-rich microdomains
(Ts1 = 365 K). In case of the neat HPN, one observes the
relatively weak sub-glassBj relaxation aroundTg, ~

335 K, and the major ¢) relaxation with a peak at,, =
570K and a low-temperature shoulder Bt, =~ 485K
(Fig. 4).

A feature common to all seq-IPNs is the essentially
composition-invariant, weak low-temperature relaxation of
the SFT microphase of the CPU (Fig. 4). In addition, the
temperature values of the-relaxation also remain nearly
unchanged in the first composition intervak 0.4 (cf. Fig.

5 and Table 1). These observations are consistent with the
concept of a microheterogeneous structure of seg-IPNs in
this composition interval, comprising the SFT microphase
of CPU swollen by the DCE, and the macrolattice of STF
microdomains.

In contrast, a steady increaseTQfwith ¢ in the compo-
sition interval abovep =~ 0.4 (Fig. 5) can be considered as
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Fig. 6. Specific mechanical workd) and specific heat effect®] for (a) CPU, (b) HPN and (c) for CPU/HPN with (51/49) composition.

experimental evidence for a gradual decrease of the DMS 0f3.3. Thermoelastic properties

seq-IPNs due to the onset and further development of strong o o

interactions between the excess of the molten DCE and the [N the range of sufficiently small strains (i.e. below the
STF microdomains of the CPU. Here the relevant result is @Pparent yield straie”) the specific (per unit sample mass
the “overshoot” of the experimental valuesTfabove the M) mechanical work\(\/m) and specific heat effectQ(m)
linear additivity line (broken line in Fig. 5) which is the for all studied systems quantitatively fitted the classical
theoretical upper limit for compatible, “physical’ polymer €quations of the thermoelasticity of solids [25]

blends [24] (at least, for components obeying, approxi- E

mately, the empirical ruleAc,T, = constant where Ac, Wim= —; (18
. . Y P 2p

is the specific heat capacity jump &). It can, thus, be

concluded that predominantly chemical interactions Ea Te

between molten DCE and the STF microdomains, Q/m= # (1b)

complementing primary physical interactions (dilution),
are the ones responsible for the observed cross-over to avhereE is the Young's modulusy, is the linear expansion
more homogeneous phase morphology of seq-IPNs atcoefficient, andp is the density. Fig. 6 illustrates the
¢ > 04 comparison of experimental and calculated dat&voand
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Fig. 7. Composition dependence of: (a) the linear thermal expansion coeffi-
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Fig. 8. Composition dependence of the microhardness.
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Q as a function of strain for CPU, HPN and for the 51/49
CPU/HPN composition. As expected, the best-fittoand

a) values (Table 1) increase and decrease, respectively,
with increasing of the stiffer component contept The
overall decrease of. with ¢ can be accounted for by
any current theoretical approach available [26] such as the
simple Turner equation [27] (broken line in Fig. 7a):

a1Bi(l— @) + a :Bre

2
Bi(1 - ¢) + Byo .

o =

whereq ; andB,, and« , andB; are the linear expansion
coefficients and bulk moduli of CPU and HPN, respectively.
However, no model can reproduce the apparent deviation
around¢ = 0.4 (by using Eq. (2), both components were
assumed to have identical Poisson’s coefficiantdience,
bulk moduliB; = E;/3(1 — 2;) could be substituted by the
corresponding Young’'s modul;).

Similarly neither can any theoretical model explain the
observed S-shapdglvs. ¢ plot over the entire composition
interval (Fig. 7b). Within the range < 0.5, the values ot
were considerably below the theoretical upper bound
(broken straight line in Fig. 7b) for the parallel model (i.e.
the additivity of moduli) but somewhat higher than the
theoretical lower bound for the series model (i.e. the addi-
tivity of reciprocal moduli or compliances). In this interval,
the data could be fitted to the Budiansky equation [28],

1 1 1—-Gi/Gy)(1— o)

G G+DG,—G) ’ ®

G G,

where G,, G, are the shear moduli anB = 2(4 — 5v)/
151 — ») (the best-fit, dotted line in Fig. 7b was calculated
with Eg. (3) substitutings by E/2(1 + v) and assuming =
VL=V = 025)

It is obvious that the unusually large overshoot ©f
values in the intervab = 0.5 above the theoretical upper
bound (broken straight line in Fig. 7b) cannot be accounted
for by any theoretical model assuming composition-invar-
iant structure and properties of each component in the neat
state and in the seq-IPN, respectively. From the foregoing it
can be inferred that the above basic assumption is approxi-
mately valid only belowy = 0.5 but it does not apply at
higher HPN contents. In other words, we have to explain the
observed effect by the increased contribution of strong
chemical interactions between the components akowe
0.5, resulting in the gradual development of a new structure
with basically different thermoelastic properties.

3.4. Microhardness

Qualitatively, the plot oH vs. ¢ (Fig. 8) resembles the
variation of E as a function of the composition shown in
Fig. 7b. In fact, one observes negative and positive
deviations from linear additivity (broken line in Fig. 8)
below and aboveg = 0.4, respectively. In line with
the foregoing arguments, this behavior can be attributed
to the continuously increasing contribution of strong
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Fig. 9. Composition dependence of the effective Poisson coefficient.

From this equation, botid and E should have a similar
composition dependence for systems with essentially
composition-invariant Poisson coefficients. In addition, the
value ofrv can be estimated from this equation. Fig. 9 shows
the composition dependence of the “effective” value afs
a function ofe. Here the identity of both quantitieg,andC
in the loading modes of uniaxial compression and of
uniaxial stretching was assumed in the calculation. It
seems worth noting at this point that the valuesgf
below ¢ = 0.4 (Fig. 9) are reasonably close o= 0.25
which ensured the best fit of the experimental Young’s
moduli E to the Budiansky equation (4) over the same
composition interval (Fig. 7b).

The similar variation obtained for, botf, andH vs. ¢
(cf. Figs. 5 and 8) suggests the possibility to draw a correla-
tion between the former quantities. In fact, assuming the
excess enthalpy to be an alternative measure of the strength
of a glassy quasilattice, the following relationship can be
derived [12]:

chemical interactions between components of seq-PNsH =~ C(Ac, (T’ — Ty), (5)

for ¢ = 0.4.

The observed similarity of composition dependence where C' is a numerical parameter, andAc,) =

betweenE andH can be discussed in the light of Tabor’'s
equation [29],

H =~ Coy, 4

whereo is the yield stress an@ is the geometrical constant
(C = 3inthe case of uniaxial compression). Approximating
oy as the product of the Young’s modul&sand the yield
strain €y, and using the semi-empirical relationship [30]
€ ~ (1 — 2v)/6(1 + v), one can derive from Eq. (4):

_ EQ-2y)

H 21+ v )

300 |
250 | o
200 |-

150 |-

H/ MPa

100 |

50 |-

| i 1 1 1 "
360 400 440 480
T /K
a

Fig. 10. Correlation between microhardness and the temperatuse of
relaxation.

Cpomelt — Cpglass Fepresents the mean difference between the
specific heat capacities of a polymer in the melt and in the
glassy state, respectively, in the temperature interval
between the temperature of measureniénand the glass
transition temperature;.

Eq. (5) provides a reasonable explanation for the
observed increasing correlation betweknand T, (cf.
Table 1 and Fig. 10). However, the fit of the present data
for full, seg-IPNs to the earlier empirical correlation for
semi-IPNs of a similar nature [12] (broken line in Fig. 10)
is not quantitative. This is not surprising, in so far as the
fitting parameter€’ and(Ac,) in Eq. (5) should depend, in
general, on the chemical nature of a glassy polymer. More-
over, it can be readily shown that the negative deviations of
H for seg-IPNs in the intervap < 0.4 are the obvious result
of the contribution of mechanically weak SFT regions in the
CPU. In fact, for these regiong;; < T’. Hence, in view of
Eg. (5) the contribution to the overall microhardness of the
CPU can be neglected. In this respect, the SFT regions in the
CPU are equivalent to the non-crystalline regions in a semi-
crystalline polymer like polyethylene. In the latter case, the
microhardness of the bulk specimen is directly proportional
to its degree of crystallinityX (i.e. H = XH,, where H,
is the microhardness of crystalline regions [31]). In the
light of these considerations, the microhardness of the
macrolattice of STF microdomains in the CPU can be
estimated aHgr = H/W = 110 MPa (hereW = 0.4 is
the mass fraction of STF fragments). It can be easily
verified that the latter value fits much better to the
expected correlation betwedt and T, (broken line in
Fig. 10). A similar correction can be also applied to
other data points for seg-IPNs in the composition interval
¢ <04
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ad between the molten DCE and the STF microdomains of
the CPU complementing primary physical interactions
(dilution) are suggested to be responsible for the observed
cross-over to a more homogeneous phase morphology of
seq-IPNs at ¢ > 0.4. The latter conclusion requires
experimental verification.
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