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Studies on the effect of curing conditions on the curing rate and

mechanical properties of moisture-cured poly(urethane-urea)

elastomers containing oligocarbonate segments

Summary — In this paper the results of studies on the effect of the curing conditions on the me-
chanical properties, appearance and curing rate of poly(urethane-urea) elastomer (PURE) ob-
tained by moisture-curing of the corresponding urethane prepolymer (URE) synthesized from
isophorone diisocyanate (IPDI) and oligocarbonate diol (OCD) are presented. OCD was synthe-
sized from dimethyl carbonate and 1,6-hexanediol. A designed experiment was conducted where
two parameters [curing temperature (T,— X;) and relative air humidity (RH—X,)] were changed at
the same time according to the standard 2> model. The results were analyzed by Statistica com-
puter programme and were presented in the form of X;-X, graphs. The graphs were produced for a
set of Y parameters characterizing the properties of PURE (mechanical properties, curing rate and
sample appearance). The Y = {(X, X,) equations were also obtained. The results showed the dis-
tinct dependence of the curing rate and PURE properties on curing parameters and allowed to se-
lect a range of optimum curing conditions.

Keywords: polyurethane elastomers, poly(urethane-urea), oligocarbonate diol, 1,6-hexanediol,
dimethyl carbonate, isophorone diisocyanate, mechanical properties, moisture curing.

BADANIA WPEYWU WARUNKOW UTWARDZANIA NA SZYBKOSC UTWARDZANIA I
WEASCIWOSCI MECHANICZNE ELASTOMEROW POLI(URETANO-MOCZNIKOWYCH)
UTWARDZANYCH WILGOCIA

Streszczenie — W artykule przedstawiono wyniki badan nad wptywem warunkéw utwardzania
wilgocia na wlasciwosci mechaniczne, wyglad oraz szybkos¢ utwardzania elastomeru poli(ureta-
no-mocznikowego) (PURE) otrzymanego w wyniku utwardzania wilgocia odpowiedniego pre-
polimeru uretanowego (URE) syntezowanego z izoforonodiizocyjanianu (IPDI) i oligoweglano-
diolu (OCD). OCD otrzymano z weglanu dimetylu i 1,6-heksanodiolu. Przeprowadzono zaplano-
wane zgodnie ze standardowym modelem 2 dogwiadczenie czynnikowe, w ktérym zmieniano
dwa parametry [temperature utwardzania (T.—X;) i wilgotnos¢ wzgledna powietrza (RH—X,)].
Wyniki analizowano za pomoca programu komputerowego Statistica i przedstawiono je w postaci
wykreséw szeregu parametréw Y charakteryzujacych wtasciwosci PURE (wtasciwosci mecha-
niczne, szybko$¢ utwardzania, wyglad probki) w zaleznosci od parametréw X;-X,. Otrzymano
rowniez réwnania opisujace funkcje Y =£(X;, X,). Wyniki pokazaty, Ze istnieje wyrazna zaleznos¢
szybkosci utwardzania i wlasciwosci PURE od parametréw utwardzania. W szczegdlnos$ci zauwa-
zono, ze nie tylko wytrzymatos¢ na rozciagganie, ale takze wydtuzenie przy zerwaniu wzrasta ze
wzrostem T, i RH. Analiza wynikow doswiadczenia czynnikowego umozliwita wybdr optymal-
nego zakresu parametrow T, =70—75 °C i RH = 60 %, ktorych zastosowanie pozwala uzyskac
przezroczyste, pozbawione pecherzy elastomery o znakomitych wtasciwosciach mechanicznych.
Stowa kluczowe: elastomery poliuretanowe, poli(uretano-mocznik), oligoweglanodiol, 1,6-he-
ksanodiol, weglan dimetylu, diizocyjanian izoforonu, wlasciwosci mechaniczne, utwardzanie wil-

gocia.
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Polyurethanes containing oligocarbonate segments
synthesized from oligocarbonate diols and diisocyanates
[also called poly(carbonate-urethane)s] combine good
hydrolytic stability of poly(ether urethane)s and good re-
sistance to oxidation of poly(ester urethane)s and there-



POLIMERY 2011, 56, nr 7—8

565

fore are widely used in highly responsible medical appli-
cations [1—3] and also in certain other highly demanding
sectors like specialty coatings for exterior use or sealants
[4—6]. The same is true for polyureas containing oligo-
carbonate segments synthesized from oligocarbonate
diols and diamines [also called poly(carbonate-urea)s]
[7, 8] and for poly(urethane-urea)s containing oligo-
carbonate segments obtained from NCO-terminated ure-
thane-carbonate prepolymers synthesized from oligo-
carbonate diols and diisocyanates [also called poly(car-
bonate-urethane-urea)s]. In July 2009 a poly(carbo-
nate-urethane-urea) elastomer scaffold material pro-
duced by Biomerix was given “Biomaterial of the Month”
name by The Society for Biomaterials [9]. An excellent
hydrolytic stability of poly(carbonate-urethane-urea)s
was proved in our recent studies [10]. As poly(carbo-

m=4,n=16,x=2—3

nate-urethane-urea)s are obtained by moisture-curing,
understanding the effect of curing conditions on their
properties is essential for the selection of curing parame-
ters that would allow for the optimum performance of
the resulting cured material. In spite of that, no data have
been found in the literature on such effect, but there are
reports available on the investigations of moisture curing
conditions on the properties of other poly(urethane-urea)
materials [11, 12]. Earlier, a detailed study on the effect of
moisture curing conditions on the properties of poly(ure-
thane-urea) sealants used in the construction industry
was made in a statistically designed experiment [13].

In this paper the results of the study on the effect of
curing conditions on the curing rate and mechanical
properties of poly(urethane-urea) elastomers (PURE)
obtained by moisture-curing of the corresponding ure-
thane prepolymer containing oligocarbonate seg-
ments (URE) synthesized from isophorone diiso-
cyanate (IPDI) and oligocarbonate diol (OCD) are pre-
sented. This study was conducted as a statistically
designed experiment.

EXPERIMENTAL
Materials

Anhydrous dimethyl carbonate (DMC) and 1,6-he-
xanediol (purity of 97 %) were supplied by Aldrich. Iso-
phorone diisocyanate (trade name VESTANAT IPDI) was
obtained from EVONIK Industries.

Synthesis of OCD, URE and PURE

For the purpose of this study OCD, URE and PURE
were synthesized according to the procedure described
in detail in our earlier paper [10]. OCD was synthesized
from dimethylcarbonate and 1,6-hexanediol by using a
two-step condensation reaction [14].

Bis(methylenecarbonate)hexamethylene that was
formed in the first step of that reaction was further re-
acted with 1,6-hexanediol in the presence of a catalyst
(potassium carbonate) to yield OCD of molecular weight
M,, =2200 as determined by 'H NMR.

URE of NCO content of 5.86 % was synthesized from
OCD and isophorone diisocyanate (IPDI) by using
NCO/OH ratio = 3/1. The reaction proceeds according to
following equation:

o

H CH,-N=C=0

PURE was obtained via moisture-curing of URE at a
curing temperature T, = 70 °C and relative air humidity
RH =10 % for two days, followed by the temperature and
humidity regime specific for the particular experiment
according to the curing parameters fixed in the experi-
ment design. The moisture curing process of URE that
leads to PURE is shown in Scheme A.

Methods of testing

NCO content in the URE was determined by titration
with amine according to standard EN ISO 14896. The me-
chanical properties of the PURE samples were measured
on Instron 4505 apparatus at a speed of 50 mm/min using
dumb-bell shaped tensile test specimens, as described in
EN ISO 527 standard. The dimensions of the operative
part of the specimen were 30 x 6 x 1 mm.

Relative integral absorbancy (RIA) of NCO groups
was calculated as:
= % 100 % ()
[C— H/NCQ],
where: [C-H/NCOJ], — ratio of integral absorbancy of the
sum of C-H stretching (3145—2780 cm™) bands to integral
absorbancy of NCO stretching band (2323 —2200 cm™) mea-
sured by FT-IR before curing, [C-H/NCOYJ, — ratio of integral
absorbancy of the sum of C-H bands to integral absorbancy of
NCO band measured by FT-IR after 7 days of curing.

Curing rate was calculated as the ratio of the sum of
C-H stretching (3145—2780 cm™) bands/NCO stretching
band (2323—2200 cm™) integral absorbancy measured by

RIA
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Scheme A. The moisture-curing process of urethane prepolymer containing oligocarbonate segments (URE) leading to poly(ure-
thane-urea) elastomer containing oligocarbonate segments (PURE) and side reactions of allophanate bond or urea bond formation

that lead to crosslinking of PURE

FT-IR after 7 days of curing at conditions set for a given
experimental point to the sum of C-H bands/NCO band
integral absorbancy measured by FI-IR before curing.

Experiment design

Before the designed experiment was started the pre-
liminary test of moisture-curing of URE prepolymer at
relatively mild conditions (RH =35 % and T, =55 °C) was
conducted in order to see what level of a lower limit of
RH and T, could guarantee that the moisture curing
would be completed in 7 days (fixed curing time for all
experimental points in the designed experiment). It was
found that RH = 35 % was not sufficient for achieving the
curing in 7 days, so RH = 45 % was selected as the mini-
mum RH level for the designed experiment.

The designed experiment was planned to be con-
ducted in a 22 mode, with two independent variables i.c.
T.—X; and RH—X,. Based on the instructions from
Statistica computer programme (that was used for the ex-
periment design and the analysis of the results) five ex-
perimental points were selected. Four points were situ-
ated in the corners of the experiment space and one in the
centre of the experiment space as it was presented in

Figure 1. In Table 1 the virtual designations of experimen-
tal points and corresponding real curing conditions are
presented. For five different curing conditions given by
(Xy, X,) variables the following dependent variables (Y),
i.e. measured parameters, were selected:

Y, — tensile strength (stress at maximum load),

Y, — stress at break,

A X,
Q +1,-1 o +1,+1
0,0

O >
X
Q -1-1 Q -1+1

Fig. 1. Plan of a designed experiment conducted in a 2> mode
with virtual designations of experimental points
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Y; — stress at 100 % elongation, °ShA 76.6 64.5 65.8 69.8 63.6
Y, — elongation at break, y 64.5
Ys; — Shore A hardness, > 64.5
Y, — curing rate, 64.5
Y, — film transparency, visual assessment in 1 to 5 Ye — 7 31 20 27 25
scale (1 correspond to the highest transparency),
. . . Yy — 5 1 1 1 1.5
Yz — degree of sample bubbling, visual assessment in v . 5 - . 3
1 to 5 scale (1 correspond to the lowest degree of bub- 8 — -

bling).

Table 1. Virtual designations of curing conditions (X, and X,)
and corresponding real curing conditions (T, and RH) for five
cured samples

Virtual independent Real curing
Number of variables conditions
cure sample
Xq X T, °C RH, %
1 -1 -1 55 45
2 0 0 65 60
3 -1 +1 55 75
4 +1 -1 75 45
5 +1 +1 75 75
RESULTS AND DISCUSSION

All results obtained in the designed experiment, i.e.
the values of measured parameters Y obtained for parti-
cular curing conditions are presented in Table 2.

Table 2. Results of dependent variables (Y) corresponding to
the properties of five samples cured in conditions specified by in-
dependent variables X, and X,

Depen-
dent
variable

Y values obtained for particular (X3, X;) values

Unit

¢1,-1) | (0,0) | (-1,+1) | (+1,-1) | (+1,+1)

MPa |7.7 (12.7)0 | 29.1
242
282
26.8
29.1
24.2
282
26.8
37(61)» | 3.8 42 44 41
39
38
4.0
% | 478 (503)) | 651 638 658 668
664
712

655

24.0 25.7 29.6

Y1

MPa | 7.6 (12.7)2) 240 | 230 | 296

Y>

MPa

Y3

Yy

3 The results in brackets are obtained for additional tests made after
two weeks because the film prepared after 7 days of curing was not
fully cured.

Effect of curing conditions on mechanical properties
of PURE

The analysis of mechanical properties results was con-
ducted with the assistance of the Statistica computer pro-
gram and the results of that analysis are shown on graphs
(Figures 2—6). In each of those figures the dependence of
Y on X; and X, is presented graphically as a function Y =
(X, X5).

The first important observation from the results
shown in Table 2 and Figs. 2—6 is that the mechanical
properties of PURE containing oligocarbonate segments
obtained by moisture-curing of the corresponding ure-
thane prepolymers terminated with NCO groups are
generally excellent. After 7 days of moisture-curing in ap-
propriate conditions PURE of tensile strength (Y;) of ca.
30 MPa, elongation at break (Y) of ca. 600 % and Shore A
hardness (Y5) of ca. 65 °ShA could be obtained. It is also
essential that despite very high tensile strength, the stress
at 100 % elongation (Y3) was still quite low, what meant
that the sample elasticity was very good.

It is clear from Fig. 2 and 3 that tensile strength and
stress at break (Y,) distinctly increase with the increase in
both curing parameters, i.e. T, (X;) and RH (X,) that were
independent variables changed in the designed experi-
ment. Those results show that in order to achieve reason-
able tensile strength of 20 MPa in 7 days of moisture-cur-
ing, raising T, to 60 °C and RH to 55 % would be neces-
sary. It also seems that tensile strength is more dependent
on T, than on RH, while the opposite effect is observed for
stress at break.

Similar observations can be made based on the analy-
sis of Fig. 5 where elongation at break (Y,) is plotted
against the same two curing parameters. The higher T,
and RH — the higher is elongation at break, and here the
effect of T, seems to be significantly stronger than the
effect of RH and generally stronger than in the case of
tensile strength.

The increase in tensile strength with the increase in T,
and RH can be explained by a higher degree of cross-
linking that was reported to occur in moisture-cured
poly(urethane-urea)s [15]. It should be noted, that in this
process two types of crosslinking are possible: derived
from covalent bonds formation (allophanate and biuret
linkages) and hydrogen bonds formation between ure-
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O 0.8 g 0.8
y, 04 y, 04
B 9.198 0734
11587 0.0 mEmi2.134 0.0
= =i
18754 -0.4 319334 0.4
2 =
B 25921 -().8 B 26.535 -().8
R =
B above -1.2 Bl above -1.2

1.2 ) ) 0.4 0.8 1.2

Fig. 2. Effect of moisture-curing conditions on tensile strength
(Y1) of PURE presented graphically as Y, = f(X1, X,) function

Y,=3.9875+0.15X,+0.05,-0.2X,.X,

0.8

-0.8 -0.4 0.0 1.2
X

Fig. 4. Effect of moisture-curing conditions on stress at 100 %

elongation (Y3) of PURE presented graphically as Y; = f(X;,

X,) function

0.4

thane and urea groups [16, 17]. At higher temperature,
the higher molecules mobility can lead to their better or-
ganization and more hydrogen bonds can be formed, so
the mechanical strength of the polymer increases. At
higher temperature more allophanate and urea linkages
can also be formed what may also result in higher me-
chanical strength. However, it is difficult to explain the
simultaneous increase in elongation at break with an in-
crease in the same curing parameters. As it is known that
conditions of the formation of poly(urethane-urea) dur-
ing the moisture-curing process may affect the domain
microstructure of the cured polymer [18] and that, sub-
sequently, the microstructure affects the mechanical pro-
perties, one explanation could be that the said observed
effect is due to the different domain structure of the same
polymer obtained at higher T, with higher RH and at
lower T, with lower RH. However, detailed studies of the
microstructure by SAXS would be needed to confirm that
suggestion. A more obvious explanation could be that at
higher T. and RH the reaction between NCO and H,O
proceeds to a more advanced stage, so the number of lon-
ger polymer chains is increased what results in higher
elongation at break (see Scheme A). That suggestion

0.4 0.8 1.2

Fig. 3. Effect of moisture-curing conditions on stress at break
(Y;) of PURE presented graphically as Y, = f(Xy, X,) function

=557.591
C1578.364 -0.4
1 600.136

Bl above -1.2
-1.2

-0.8 -0.4 0.0 0.4 0.8 1.2

Fig. 5. Effect of moisture-curing conditions on elongation at
break (Y,) of PURE presented graphically as Y, = f(X;, X;)
function

—
=7

B 73261 -().8
B 74.680
B 7
|

4680 Y,=68.06-2.25X,-4.25X,+ 115X, X,
above -1.2
-1.2

-0.8 -0.4 0.0 0.4 0.8 1.2

X
Fig. 6. Effect of moisture-curing conditions on Shore A hard-
ness (Ys) of PURE presented graphically as Y5 =f(X;, X,) func-
tion

could be confirmed by the determination of the molecu-
lar weight, but attempts to make such determinations
failed due to lack of solubility of PURE in standard sol-
vents used for GPC.

Regarding the effect of the curing conditions on other
mechanical properties it is clear from Fig. 4 that the stress
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at 100 % elongation (Y3) does not depend distinctly on the
curing parameters. However, as it could be expected, the
increase in tensile strength and elongation at break with
anincrease in T.and RH correlates well with a decrease in
Shore A hardness (Y5) (see Fig. 6).

Effect of curing conditions on the curing rate of PURE

The results of the analysis of the curing rate using pro-
gram Statistica are presented in Figure 7. Curing rate (Y;)
depends more on T, than on RH but it increases with an
increase in those two curing parameters only up to a cer-
tain level (ca. T. =67 °C and RH =70 %). Above that level

0.0 0.4 0.8 1.2

Fig. 7. Effect of moisture-curing conditions on curing rate (Y)
of PURE presented graphically as Y, = f(X;, X,) function

the curing rate remains practically unchanged. This phe-
nomenon can also be observed in Figure 8 that shows
how the relative integral absorbancy (RIA) of NCO
groups was diminishing with the progress of the mois-
ture curing process depending on the curing conditions.
In the first phase of curing the decrease in NCO groups
content was fast and in the next phase it slowed down sig-
nificantly. A similar behavior was reported in [11], where

120 :
—— (+1,+1)
100 —— = (1) [
© \ \ - (+1,-1)
VQ" 60 —— (-1,+1) |
= \
40

N |
. ==

0 50 100 150
Moisture curing time, h

200

Fig. 8. Effect of curing conditions on the character of the de-
crease in relative integral absorbancy (RIA) of NCO groups
with curing time

the moisture curing kinetics of various urethane prepoly-
mers were described.

Effect of curing conditions on visual appearance of
PURE

The results of the analysis of film transparency and
degree of bubbling are presented in Figures 9 and 10. As
it can be seen from Fig. 9, the transparency of mois-
ture-cured PURE containing oligocarbonate segments
(Y;) depends equally on both T, and RH and becomes
satisfactory when T, value is above 65 °C and RH is above
60 %. A further increase in T, and RH leads to still better
sample transparency. However, as it is evident from Fig.
10, the degree of bubbling seems to depend practically
only on RH. The higher RH, the higher the degree of
bubbling.

5
=)
i

O N

-0.4 0.0 0.4 0.8 1.2
X

Fig. 9. Effect of moisture-curing conditions on film trans-

parency (Y7) of PURE presented graphically as Y; = f(X;, X;)

function

I DY = =

o W

-0.8 -0.4 0.0 0.4 0.8 1.2

Fig. 10. Effect of moisture-curing conditions on the degree of
bubbling (Ys) of PURE presented graphically as Yg=f(X1, X;)
function

The results presented above could be used to find out
the optimum range of T. and RH values which would
allow for obtaining moisture-cured PURE of satisfactory
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properties. From the practical point of view, the limiting
factors should be good transparency (i.e. Y, <2 what cor-
responds to T, > 60 °C, RH > 70 %), and in the same time a
minimum degree of bubbling (Yg <2 what corresponds to
RH < 65 %) for any T, value in the investigated range.
Based on that analysis it can be concluded that optimum
RH level should be 60—65 %.

CONCLUSIONS

The combined effect of moisture-curing conditions (T,
and RH) on the curing rate, appearance and mechanical
properties of cured PURE containing oligocarbonate seg-
ments was studied in the designed experiment. It was
found that not only tensile strength but also elongation at
break increased with the increase in T, and RH. That phe-
nomenon was explained by a higher chance of formation
of allophanate and urea linkages (covalent crosslinking)
and better organization of macromolecules assisting in
hydrogen bonds formation (physical crosslinking), and
simultaneous higher chance of formation of longer poly-
mer chains at higher temperatures. The analysis of all re-
sults of that experiment by the Statistica computer pro-
gram led to the selection of optimum values of T, =70—
75 °C and RH = 60 % at which transparent, bubble-free
elastomers of excellent mechanical properties — tensile
strength (ca. 30 MPa), elongation at break (ca. 600 %) and
Shore A hardness (ca. 65 °ShA) can be obtained.
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