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ABSTRACT: Honeycombs with hexagonal cells were fabricated from Nomex and Kraft papers.
Individual sheets were bonded together by a DGEBA epoxy system and then impregnated by
phenolic resins. Curing behavior of epoxy and phenolic systems was measured by DSC and analy-
zed independently according to the method of Barrett and of Kissinger. Compressive strength
and modulus of honeycombs increased with the core density. When the honeycombs were subject
to laboratory aging, reduction in mechanical properties was more pronounced in Kraft/phenolic

honeycomb than in Nomex/phenolic honeycomb.

Introduction

Ever since honeycombs were introduced in the
1940s, they have been mainly used as cores of san-
dwich panels.! During the second world war they
began to be used for aircrafts due to the excellent
specific strength, dimensional stability, weatherabil-
ity, thermal stability, electrical properties and
light-weight. Metals such as stainless steels, alumi-
num and its alloys, and non-metals such as Aramid
papers, Kraft papers and glass-fiber reinforced pla-
stics can be made into the honeycomb structure.
Typically, non-metallics are impregnated in pheno-
lic, polyester, or polyamide resins to enhance the
mechanical properties.® Applicability of the honey-
combs can further be widened by varying the shape
and the size of the individual cell and the density,
etc. Nomex honeycombs, along with aluminum alloy
honeycombs, are used for aircraft and aerospace
applications, especially for the interior of the air-
craft, antennas, wing-to-body fairings, helicopter
blades, etc.!” Good heat resistance, weatherability,
corrosion resistance, superb mechanical properties
and light-weight are the main attributes of Nomex
honeycombs.

This paper reports the curing behavior of the
Nomex/phenolic honeycomb. The mechanical prop-
erties and the effect of the aging on the mechan-

ical properties of the Nomex/phenolic honeycombs
were compared with those of the Kraft/phenolic
honeycombs.

Experimental

Nomex papers (T-412, DuPont, 0.05 mm thick)
were bonded with an epoxy adhesive to form the
honeycomb structure (2X2X0.5 inches) by the ex-
pansion method. In comparison, Kraft papers of 0.14
mm thick were corrugated and then bonded to form
the honeycomb structure using the same adhesive
system. The size of each hexagonal cell was 3/8
inches. Both were impregnated in phenolic resin
(KRD-HM2, Kolon Chem. Co.), which was diluted
in ethanol (25~30 wt%). Curing of the phenolic
resin was done in the following sequence: 2 hr at
room temperature, 1 hr at 70 C, 1 hr at 100 T,
1 hr at 120 €, 1.5 hr at 150 T. The density of
the honeycomb was changed by varying the pheno-
lic resin concentration and the number of dipping.
The room temperature curing adhesive system con-
tained DGEBA epoxy (Epon 828, Shell Chem. Co.),
polyamide curing agent (G-5022, Kukdo Chem. Co.)
and tertiary amine accelerator (2, 4, 6-tri(dimethyl
aminoethyl)phenol, DMP-30, Kukdo Chem. Co.).

Curing of the epoxy and phenolic systems was
monitored by DSC (PL-DSC, Polymer Laboratories).
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Figure 1. Effect of the curing agent on AH and the
maximum exothermal peak temperature of Epon 828/
G-5022 system.

Various kinetic parameters were obtained by cha-
nging the heating rate of the curing reaction. Ther-
mal stability was examined by TGA (TGA-1000, Po-
lymer Laboratories). Compressive strength and
modulus were measured by an Instron (Model
8501) according to ASTM (C365. The relative rate
of water absorption was evaluated by the procedure
described in ASTM C272-53, where honeycombs
were completely immersed in distilled water at 23
T for 24 hr. The resistance of honeycomb cores
to severe exposure conditions was determined by
subjecting honeycombs to six cycles of laboratory
aging according to the ASTM C481-62 Cycle A.
Specimens were immersed in water (49 C, 1 hr),
sprayed with steam (93 C, 3 hr), stored (—12 C,
20 hr), heated in dry air (99 C, 3 hr), sprayed again
with steam (93 C, 3 hr), and then heated in dry
air at 99 C for 3 hr.

Results and Discussion

To investigate the curing characteristics the heat
of the curing reaction (AH) and the maximum exo-
thermal peak temperature (7,) were obtained from
DSC curves under various conditions. In Figure 1
the effect of the amount of the curing agent on
AH and T, of the epoxy adhesive system is shown.
As the amount of the curing agent was increased,
the heat of the reaction was increased and 7, was
decreased. However, the change in T, was narrower
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Figure 2. Effect of the accelerator on AH and the

maximum exothermal peak temperature of Epon 828/
G-5022 system.

than that of AH. The stoichiometric amount of the
curing agent is 56 wt% (or 129 phr), however, the
processibility of the mixture becomes significantly
impaired due to the high viscosity of the curing
agent. In fact the viscosity of curing agent at 25
C ranges from 50,000 to 70,000 cps. Therefore, the
amount of the curing agent was determined to be
40 wt% (or 67 phr), taking both the processibility
and the reactivity into consideration.

The effect of the accelerator on AH and T, is
shown in Figure 2, where the amount of the curing
agent is fixed at 67 phr. As the amount of the accel-
erator was increased, AH was increased and 7,
was decreased. The change in both AH and 7, was
somewhat reduced when the amount of the accel-
erator was higher than 10 phr. Therefore, the com-
position of the epoxy system was determined to
be Epon 828:G-5022: DMP-30=100:67:10 (by
weight). It should be noted that the highly viscous
polyamide curing agent could be readily applied to
the porous Kraft papers, while the curing agent had
to be diluted in acetone for Nomex papers.

Kinetic parameters of curing reactions were ana-
lyzed using two independent methods, one of which
requires the information on the order of the curing
reaction. When the curing reaction is assumed to
be of an n-th order,
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where a, the extent of the curing reaction, is defi-
ned by a=AH/AH7,,%° AH, and AH;,., the en-
thalpy of the curing reaction at the time t and the
end of the curing, respectively, can be determined
from the DSC thermogram.

The rate constant can be expressed as

k=Ae ERT (2)

where A is the frequency factor and E, is the acti-
vation energy.
Then,

da/dt

In k:m[w]:m A-

E,
RT 3)
When the order of the reaction is properly assu-
med, a plot of In &2 vs. 1/T allows us to predict
A and E,. This procedure is called the Barrett’s
method. The validity of the numerical value of the
assumed reaction order can be verified as follows.'
Eq (1) can be rewritten as

da
d=ay kdt )

Since the heating rate ¢ can be expressed as ¢

=dT/dt, the integral form of eq (4) becomes

e da
0 (1—a)

. j " BT ®)
(0} Ty

The left-hand side of eq (5) can be integrated and
the right-hand side can be solved by replacing z
with (E,/R)X(1/T) as follows:

1 1 = A E [, .,
e il et o WG

According to Ozawa," the right-hand side of eq (6)
can be approximated. If we take an example of n=
2, we obtain

a0 ~
‘“[ 0.29064(E./R)(1— )

}: -1.0516 £, 1 (7)

Therefore, by comparing both sides of eq (7) using
numerical values for the parameters, we can inspect
the appropriateness of the earlier assumption.

Meanwhile, Murray and White' claimed that eq
(5) could be expanded into

1 1 \_ART® . (. 2RT
__1)= o EgRL (] L
n~1(. (1—ay ! 1) En ¢ ( E ) ®)
And, eq (1) is combined wirth eq (2) to yield

do _ da_[ E,

at  dt L RT?

¢’7An{1 . a)n ['67 l:'”r’k"l'jl (9)

Korea Polym. J., Vol. 3, No. 1. 1995

Ink

30

UTx 10°

Figure 3. Linear regression using the Barrett’s tech-
nique; © Epon 828/G-5022 system, @ Epon 828/G-5022/
DMP-30 system, (] KRD-HM2.

T, is the temperature when da/dt*=0, because the
reaction rate becomes the greatest at T=T,. Thus,

E "
L - — VL., —E RT
RT? An(l—a)y” e " (10)

where subscript p denotes the condition at T=T,.
Eq (10) is combined with eq (8) to produce

17 1 _ 1 (1 2RT, \
n—1l(1—oy ! I]A n(l—a); \l=g ) 4

Rearranging eq (11) yields
n-a) =1+ (- DR (12)

Kissinger'® proposed that the right hand side of
eq (12) could be assumed to be equal to 1. Thus,
eq (10) becomes

E, — A, E RT
RT? Aot (13)
By taking logarithm of eq (13), the Kissinger equa-
tion is obtained as follows™":

"¢ \_, AR E.
. S P Lo e
ln(\ 7 > In E, RT,
Now, A and E, can be obtained by plotting —In
(o/T%) against 1/T,. It should be noted that the Kis-

singer method does not require the information on
the order of the curing reaction.

(14)

37



1-]. Chin et al.

s -
1o}
105 |
100 |
»

90 |-

85 |-

8.0 L 1 1 —1 i
20 22 24 26 28 30

3
l/Tpx 10

Figure 4. Linear regression using the Kissinger's
technique; O Epon 828/G-5022 system, @ Epon 828/G-
5022/DMP-30 system, ] KRD-HM2.

Kinetic parameters of the curing reaction of both
the epoxy adhesive system and phenolic system were
obtained by the method of Barrett and Kissin-
ger, independently. Figure 3 demonstrates the
Barrett’s procedure for n =2, while Figure 4 depicts
the Kissinger plot. Results of both analyses for
epoxy and phenolic systems are tabulated in Tables
I & II. As Table I clearly indicates, the Barrett’s
method produced activation energies that are rela-
tively large. The activation energy obtained by the
Barrett's method indeed is greater than that by the

Table 1. Kinetic Parameters Obtained by the Barrett’s
Analysis® (n=2)

E, A k(s™h
(Kcal/mol) (s~ 1) 25 ¢ 100
Epon 828/
G-5022 2464 1.28X10" 1.31X10°* 540X 107!
system
Epon 828/
G-5022/ 6 s
DMP-30 2801 2.43X10'% 8.70%10 1.12
system
KRD-HM2 35.18 8.83X10% 1.84X10°° 2.67X10 *

“Based on the data in Figure 3.

Kissinger’s analysis or that obtained for the isother-
mal analysis.” Rate constants of epoxy system at
25 C cured with the accelerator were lower than
those without the accelerator. It is due to the in-
creased activation energy resulting from the steric
hindrance of the tertiary amine accelerator.® As
the temperature was raised, however, the rate con-
stants of the epoxy system containing the accelera-
tor surpassed those of the system without the accel-
erator. On the other hand, the rate constant of phe-
nolic resin at room temperature was much smaller
than those of epoxy resins, partly because there
remained some residual reactants and solvents.
Moreover, the formation of quinone methide
through the condensation of methylol groups is ef-
fective at relatively high temperatures.'

Thermal stabilities of Nomex/phenolic and
Kraft/phenolic honeycombs before and after aging

Table II. Kinetic Parameters Obtained by the Kissinger's Analysis*

Hearing rate, - £ (keal/mol 4 \ E(s™)
/o, . C a
¢ (C/min) » (©) (keal/mol ¢ 25¢ 100C
2 91.80
Epon 828/G-5022 5 104.85 . 3 O
system 10 121.09 13.86 2.23X10 1.54 X 10 1.70X 10
20 135.60
2 86.96
Epon 828/G-5022/ 5 100.25 o 4 .
DMP-30 system 10 109.20 16.30 1.04 X 10 1.17X10 2.94 %10
20 123.81
2 151.88
KRD-HM?2 5 168.48 . 5 -
10 189.92 15.02 470X 10 458%10 749x10
20 205.86

*Based on the data in Figure 4.
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Figure 5. Thermograms for (a) crosslinked KRD-HM2,
(b) and (c) Nomex/phenolic honeycomb before and af-
ter aging, (d) Nomex paper, (e) and (f) Kraft/phenolic
honeycomb before and after aging, and (g) Kraft paper.
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Figure 6. Compressive properties of Nomex/phenolic
honeycombs; O@ compressive strengths, (]l compres-
sive modulus.

are compared in Figure 5. Thermal degradation of
the Kraft paper begins at a lower temperature com-
pared with the Nomex paper. Kraft/phenolic honey-
comb was thermally stable up to about 300 C, and
its stability was not affected much by aging. No-
mex/phenolic honeycombs were stable up to 400
C regardless of aging, with a 65% residue remain-
ing at 800 C. The thermal stability of honeycombs
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Figure 7. Compressive properties of Kraft/phenolic
honeycombs; O@ compressive strengths, CJl compres-
sive modulus.

was found to be insensitive to aging, once they
were reinforced by phenolic resin.

Figures 6 and 7 show the effect of aging and
the change in density on the compressive strength
and modulus of honeycombs. For both Nomex and
Kraft papers the compressive strength and modulus
increased almost linearly with the density. How-
ever, densities of 3 1b/ft® for the Nomex/phenolic
and 5 Ib/ft® for the Kraft/phenolic honeycomb were
believed to be adequate for our purpose. The com-
pressive strength ranged from 100 to 400 psi at
above densities. The reduction in mechanical prop-
erties resulting from aging was much more severe
for Kraft/phenolic honeycomb. In particular, the
compressive modulus was significantly decreased.
Aging of Nomex/phenolic and Kraft/phenolic honey-
combs yielded discoloration, but no macroscopic
fracture was observed.

Water absorption of the honeycomb was exam-
ined as a function of the density of the honeycomb.
In Figure 8 the extent of water absorption of the
Nomex/phenolic honeycomb was much lower than
that of the Kraft/phenolic honeycomb. Figure 8 also
shows an inverse correlation between the density
and the water uptake in the density range investi-
gated in this study. It is interesting to note that
the water uptake became almost constant at densi-
ties higher than 3 Ib/ft® and 5 Ib/ft® for the No-
mex/phenolic honeycomb and the Kraft/phenolic
honeycomb, respectively. It is due to the fact that

39



1.-J. Chin et al.

3
°
ok °
9
=3
H o
4r
QL
2 °
_— L OO
o)
o e
0 1 L i 1 1
1 2 3 4 5 6
Density (Ib/ft%)

Figure 8. Water absorption of honeycombs; @
Kraft/phenolic honeycomb, O Nomex/phenolic honey-
comb.

the increasing number of microscopic pores on the
surface of Nomex and Kraft papers was covered
by the impregnated phenolic resin as the density
was increased. However, when the density becomes
still higher than a certain value, the water absorp-
tion will be increased in proportional to the density
due to presence of the thick phenolic layer on the
honeycomb surface.

Conclusion

Honeycombs with hexagonal-shaped cells were
made of Nomex and Kraft papers, which were rein-
forced by the phenolic resin. Individiual papers
were bonded by a room temperature -curing
DGEBA epoxy system. Curing kinetics of the epoxy
adhesive and phenolic resin systems were charac-
terized by two methods. Compressive strength and
modulus of both Nomex/phenolic and Kraft/pheno-
lic honeycombs increased with the density, while
the water absorption decreased with the density.
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Compressive properties of both honeycombs were
reduced after aging, although the thermal stability
of honeycombs changed little as a result of aging.
By considering the balance between the density and
the physical properties, the appropriate density of
Nomex/phenolic honeycomb was found to be 3 Ib/ft®
and that of Kraft/phenoclic honeycomb was 5 1b/ft3.
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