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Table 1 Curing profile utilized during the molding of specimens

Temperature(C ) Time(h) Pressure( + /—)
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Table 2 Density and apparent shrinkage of different
systems of benzoxazines

Density

System 5%
Monomer Polymer

B(1} 1.2030 1.1854
B(2) 1.2107 1.1896
B(3) 1.4597 1.4048

E-44+ MDA 1.1998 1.1989

+1.48
+1.77
+3.90
+490.075

Testing temperature: 30T
E-44; expoxy resin, S :volumetric shrinkage( % }
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Fig. 1
isothetmnal curing of B{1) (O}, B(2) (&} and B(3)
(#) at 140

Room temperature density changes of the

hBE 28,7 160C F,B(L)M B(3)dH F
RAERFIRES A, M E LA ER, EARE
BT, BN ETEZHEMR XHAB
(DABB)EIOCTEAEZERTRETHR
BBk . W B(2)7E 160C FrEL R ERE AR, A
WHEFEFFAARS 140CHEY. B3I TR,
FEISCT,ZHEHERELCEBRETHAER
f BiBRERS AR EHERRE H=
HEFEBEHNTFREBE L 160T /B X.
ZYEBEER, ERABREKEINRL BE
BETHXHFAEEEAILRNEEMR, BEHH T

TERXBETEMK, FHRDIEPH THE
EHEANRE ERERTRESYK E H &P
K, B8 8 BE B/, A T 3 B A A BB M B
HEHEFEBEARSR BRI AR
AL, AR B GS W R R I, HT IR R ML
EREFOEHEAHA, HEEA LB P EH
ThEREXR. TR, EREREMH KNS
EHEROr THH REREBREAZRE R
HR.NT #4503 3 n8 B B9 o1 TR 0k BURY Bk
BUHERAR N HEHERTHNEEHR
R AT &4 TF 5 A R i i 4 B b (RN
RECRER)ETTHE.

1.5

&

—_
Y
T

*
*

Density (g/cm?)

-
N\
/{/

—
—

3 10
Cure time (h)

(=]

15

Fig. 2
isothermal curing of B{(1) (), B(2) (4A) and B(3)
(@) at 160TC
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Fig. 3
isothermal curing of B{1) (O}, B(2) (&) and B(3}
() a1 180C
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Fig. 4 Volumetric change as a function of time for the
silicone oil at 160°C
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Fig. 5 Volumetric change as a function of time for the
silicone oil at 180°C
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Fig.6 Volumetric shrinkage as a function of time for
isothermal cure of B(1) (&) 150C ; {((OJ) 140C
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Fig. 7 Volumetric shrinkage as a function of time for
isothermal cure of B(2) (@)} 180°C ; (O) 160C
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Fig. 8 Volumetric shrinkage as a function of time for
isothermal cure of B(3) (4} 130T ; (O) 160T;
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Fig- 9 Density changes as a function of temperature for

the silicone oil
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Table 3 Volumetric changes of benzoxazines at different temperature

B{1} B(2} B(3)
T(C)
du d, $% da d, S%

25 1.2040  1.1918 +1.02  1.2229 1.1887 +2.87  1.4664  1.4072 +4.20
50 1.1910  1.1915 ~0.04 1.1924  1.1847 +0.65  1.4721 1.4003 +5.13
75 11722 1.1839 ~0.99 1.1011 1.1625 -5.29  1.4635  1.3906 +5.24
100 1.1547  1.1848 ~2.54 1.0844  1.1464 -5.41 1.3937  1.3816 +1.21
125 1.1541 1.1779 -2.02 1.0680 1.1225 - 4.85 1.2851 1.3790 —6.40
140} 1.1354 1.1780 -3.62 1.0520 1.1062 -4.90 1.2798 1.3627 -6.08
150 1.1347 1.1733 -3.29 1.0518 1.1063 -4.92 1.2797 1.3675 -6.42
160 1.1369 1.1766 -3.37 1.0404 1.1044 ~5.80 1.2517 1.3595 - 7.49
180 1.1372 1.1689 -2.1 1.0374 1.0892 -4.76 1.2405 1.3320 -6.87
200 1.1472  1.1653 -1.56 1.0243  1.0349 -1.02 1.2412  1.3039 -4.81

d . density of monomer; d,: density of polymer; S: volumetric Shrin.kage; + : expansion; — ; shrinkage
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STUDY ON THE VOLUMETRIC CHANGE DURING RING-
OPENING POLYMERIZATION OF BENZOXAZINES

LIU Xin, GU Yi
( State Key Laboratory of Polymer Materials Engineering, Department of Polymer Sciences and Engineering ,
Sichuan University, Chengdu 610065)

Abstract Benzoxazine-based phenolic resin has recently attracted a great deal of attention due to its
versatile properties. One of its unique properties is volumetric expansion or near-zero shrinkage upon
polymerization. However, the cause for the expansion or near-zero shrinkage is not well understood. In this
paper , systematic investigation on the cure shrinkage of three benzoxazines based on bisphenol A, p-cresol
and 2 ,4-dichlorophenol respectively has been made. This research has laid particular emphasis on the effect
of the phenlic portion of the benzoxazine molecule on volumetric expansionl, wich is different from that of
Ishida's work,namely, the effect of the amine moiety of the benzoxazine molecule on volumetric expansion.
The cure reactions of these benzoxazines are carried out without the aid of catalysts above 140C . By means
of gravimetric and dilatometric methods etc. , the studies on volumetric shrinkage, density versus cure time
plots, isothermal cure shrinkage and density versus temperature plots have been performed. The cure
shrinkage of benzoxazine is demonstrated from the point of view of polymerization for the first time. The
volumetric changes of benzoxazines during cure reaction process as well as their effects on volumetric
expansion are discussed. The results of apparent volumetric shrinkage show that both mono-benzoxazine and
bis-benzoxazine precursors exhibit apparent volumetric expansion after polymerization, that is, the densities
of monomer are larger than those of polymers at room temperature. Moreover, the apparent volumetric
expansion of crystalline monomer after polymerization is larger than that of amorphous monomer. The
density versus cure time plots give another point of view of the volumetric expansion of benzoxazines at
room temperature, that is, the higher the cure temperature is, the longer the cure time last, the larger the
volumetric expansion of benzoxazines will be. The analysis of isothermal cure shrinkage reveals that these
benzoxazines exhibit volumetric shrinkage while curing isothermally at elevated temperature. Furthermore,
the isothermal cure shrinkages of bis-benzoxazine precursors are smaller than those of monobenzoxazine
precursors. Results of the density versus temperature plots depict the full view of these benzoxazines as they
undergo thermal expansion, shrinkage by curing, and shrinkage by cooling from the cure temperature to
room temperature, which is in consistent with the results of apparent volumetric shrinkage and isothermal
cure shrinkage. The thermal expansion coefficient of benzoxazine polymer is much smaller than that of
monomer . From the deviated point of the density versus temperature plots of benzoxazine monomers, we can
predict the initial polymerization temperature of benzoxazines. To sum up, these three kinds of benzoxazines
exhibit apparent volumetric expansion after polymerization and volumetric shrinkage while curing
isothermallyl. The volumetric changes of different benzoxazines at different cure reaction temperatures as
well as with different cure times are evidently distinctive. The larger the extent of polymerization is, the
larger the volumetric expansion of benzoxazines will be. Therefore, this volumetric expansion phenomenon of
benzoxazines is a consequence of the molecular packing rather than the ring-opening polymerization
mechanism and the dimension of benzoxazine is associated with its molecular structure, extent of
polymerization and crosslinking density.

Key words Benzoxazine, Cure shrinkage, Volumetric expansion, Density



