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Summarz

The physical properties of amine~cured hydantoin epoxy resins have been
investigated and compared to the state-of-the art MY 720/Eporal resin system
used in advanced carbon fiber composites. Tensile strength and fracture
toughness of castings of the hydantoin resins cured with methylenedianiline
are significantly higher than the MY 720 control castings. Water absorption
of an ethyl, amyl hydantoin formulations was found to be relatively low (2.1%
at equilibrium) and Tg's were about 160°C, approximately 15° beiow the final
cure temperature. These compounds are candidates for matrix resins for
composites with improved structural ptoperties.

Two series of urethane and ester-extended hydantoin epoxy resins were
synthesized to determine the effect of crosslink density and functional
groups on properties. Castings cured with methylenedianiline, or with
hexahydrophthalic anhydride were made from these compounds and evaluated.
The glass transition temperatures, tensile strengths and moduli, and fracture
toughness values were all found. to be much lower than that of the simple
hydantoin epoxy resins. Using a methylene bishydantoin epoxy with a more
rigid structure gave brittle, low-energy fractures, while a more flexibile,
ethoxy-extended hydantoin epoxy resin gave a very low Tg.
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THTRODUCT1ON.

properties of graphita fiber composites.  The opoxy resin used in graphite
composites for acrospace applications is N,N,N'N'=totrvaglycidyl =4,4" smothylene-
dianiline (ARALDITE MY 220%), MY 720 formulated with 4,4 «diaminod iphenyl=
sulfone (Eporal®, or DBS) hardenar is the basis of tho rvosin system which is
widaly used in graphite compusites, a.g., Narmeo 5208%, Laminates made from
theae opoxy/graphite systoms have wmany outstanding proportios but are
doficient in impact strongth. It is important to reduce the hidden interior
damage to such laminates caused by low energy lmpact ,

The objoctive was to develop now matrix vesins for ismproved structural j

The desired improved proporties of prepreg and composites with the new matrix
rasin are as tollows:

1. Materials easily and veproducibly formulated to "acrospace é
quality,"

2. Materials easily quality=controlled, and multiple vendor
aources veadily developed.

3. Proprog with good tack and-drape having & minimum of 30 ]
days out-time at 90YF. ;

4. A cure temperature in the 250VF=300VF range and a cure L
cycle of & to 6 hours duratioa.

5. Long=term composite durability from =65 te 180°F, 1

6. lImproved toughneas over existing 3S0OF epoxy matoriala 2
such as NARMCQ 5208/T300. !

7. Moiature rosistance equal to or better than existing ISOUF :
epoxy materials such as NARMCO $208/71300.

A solution to the impact resistance problom may lio in the use of matrix rosins
that display high modulus and high elongation valuos in uneat casting studiea.
Barlior results at CIBA-GEIGY showed tho promise of the hydantoin epoxy vlaas
of voains as matrix resins for impact-resistance graphite composites.l Other
advantagoous properticn of these reosing are relatively high heat distortion
temporatures, low viscositiea and vase of B-staging and processing. d»2  Noat :
castings of two diglycidyl hvdantoin resina based on 3, 5=dimethyl hydantoin ’
(DMH) and S-methyl-S-othyl=hydantoin (MEH), cured with methylone dianiline
(MDPA) show high modulus and higher elongation than the MY 720/DDS aystem.

Use of wuch materials in compositos has led to systems with improved impact
resintance; a DMH/MDA laminate showed significantly botter Gardoer impact
strength than a MY 720/DDS laminate.? The DMi~based vesitt ured in this
earlier study, XB 2793, was noither deaigned nor optimized for composite
applicationa, but chosen for its high modulua and high elongation properties. |
Modification of the vesin structure might improve theee propertios turther.

% Use of trade namea or names of manufacturers in this report does not
conatitute an official endovsement of such producta or manufacturers,
vither expressed or implied, by the National Aervunautics and Space
Administration,
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Numerous structural modifications are Leaasible with the hydantoin systom,
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as shown in Figure 1,
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FIGURE 1 - HYDANTOIN EPOXY RESIN STRUCTURES

R} and Ry can be alkyl groups such as methyl, ethyl and pentamethylene; X can
be methylene, bis-hydroxyethyl esters of various chain lengths, or urethane
or urea groups. The curing agent used can also affect properties significantly.

The initial work on this contract was to synthesize and screen selected hydantoin
epoxy resins and hardeners and to determine the effect of molecular structure

on pertinent properties, e.g., the effect of different side chains on water
absorption and the effect of an extended structure (yielding a lower crosslink
density) on tensile and fracture toughness propertics. These evaluations were

to include glass transition and heat distortion temperatures, tensile properties,
fracture toughness, impact strength, and water absorption. The compounds which
gave the most promising results would be considered candidate matrices for

carbon fiber composites.
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Experimental Results and Discussion
A.
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Simple, Non=-Extended szantoin Epoxides

Clear, void-free castings were made from nine hydantoin epoxy-diamine
systems and from four control systems using MY 720 and bisphenol-A
diglycidyl ether (DGEBPA) cured with MDA and DDS. The hydantoins

used are of the structure I in Figure 1, cured with wmethylene dianiline
(MDA), diaminophenylindane (DAPI, IV, Fig. 2), and DDS. These thirteen
systems and their curing conditions are listed in Table I. The ratios
used were for stoichiometric equivalent amounts, determined by titratiom.

Iv

Figure 2. Diaminophenylindune (DAPI)

The following measurements were made on the castings described above:

Tg via thermomechanical analysis, tensile strength, modulus and elongation
at break, fracture toughness, and water pick-up at 60°C (140°F) and 95%
R.H. for one-eighth inch thick samples (average of 3 samples). Tensile
tests were petrformed according to ASTM D638, with Type I, 1/8 inch-thick
samples. Fracture toughness values were calculated from the results of a
compact tensile test (similar to ASTM E399) described by Knott and Met.4
Samples were prepared from machined neat resin castings about 6 mm thick.
Controlled cracks were introduced into slots machined into the samples

by tapping a razor blade at their edge (see figure 3). The tensile load
needed to propagate the crack was measured on an Instron tester with a
cross-head speed of 0.5 mm/min. The strain energy release rate, Gjy¢,

was calculated from the measured critical stress intensity factor, Kic,
using the equation Gpc ™ (Kpe 2/E)(1-¥?), E is Young's modulus from the
tensile test and Poisson's ratio, ¥ , was foutd to be 0.38 by the
simultaneous determination of transverse and longitudinal strains on
cured, cast samples.
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Figure 3. Compact Tensile Test Specimen

Results of the tests on these thirteen systems are given in Table I.
Literature values for MY 720 and for NARMCO 5208 are also included
for comparison.

In all cases, MDA-cured epoxides exhibited greater fracture toughness ,
values than the corresponding DDS-cured or DAPI-cured epoxides. Tensile i
strength at break was also generally highest for MDA-cutred castings. ;?
The bifunctional hydantoin epoxides provided significantly higher :
tensile elongation and fracture toughness them the tetrafunctional ¥
MY 720 and were getierally similar in these properties to DGEBPA. i
Within the series of castings cured with MDA, the wmethyl, ethyl ‘
and the ethyl, amyl hydantoin epoxy resins had the highest fracture
toughness values.

Water absorption was lowest with the ethyl, amyl hydantoin systems,
especially with the MDA hardener. Tg retention of resin systems in ¢
a high humidity environment would be expected to be highest for the
latter system.
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B. Urethane-Extended szantoin Epoxides

Five urethane hydantoin cpoxy resins were synthesized from three
different alkyl-substituted hydantoins reacted with toluene diiso~
cycanate and with diphenylmethane diisocyanate, according to the
scheme shown in Figure 4. Reactions with isocyanate were carried
out as in U.S. Patent No. 3,867,3857. The structures are shown on
Table II. The methyl, ethyl and the pentamenthylene derivatives
showed high (19 to 2! kcal/equivalent) heats of reaction with methy-
lenedianiline (MDA). The ethyl, amyl derivative reacted less fully
with MDA, and so it was cured with DDS. As shown in Table 1I, Tg's
were found to be considerably lower than the Tg's found for the simple
hydantoin epoxy resins (160° to 180°C).

The urethane resins were high in viscosity and casting was difficult
because they reacted when heated to reduce viscosity for deaeration
and pouring. However, castings of two of the formulations were made
for testing. Results (given in Table 1I as an average of at least
five determinations) showed-tensile strengths and moduli and fracture
toughness values to be low. Apparently, the conversion to urethanes
makes the castings more flexible but does not improve their physical
properties.

Ester-Extended Hydantoin Epoxides

Four ester-extended hydantoin epoxy resins were prepared from three
different alkyl-substituted hydantoins reacted with adipic acid and
with sebacic acid as in U.S. Patent No. 3,872,0978 (shown schematically
in Figure 4). The structures are given in Table III. Derivatives of
terephthalic acid could not be synthesized, apparently because of

very low solubility; a transesterification reaction might have been
more successful. As shown in the table, curing was not complete for
most of the formulations; soft gummy materials resulted on heating

the mixes. It was found that the ester epoxy resins contain about

35 percent of monoglycidyl compound and do not cure effectively with
any of the usual diamine hardeners. The adipate of l-glycidyl, 3-
hydroxethyl, 5-methyl, S-ethyl hydantoin cured well using hexahydrophthalic
anhydride (HHPA). Castings were made from these materials, but Tg was
found to be very low (56°C), as were the tensile and fracture toughness
values.

Ureas

Preparation of urea derivatives of hydantoins (to synthesize epoxy
resins as shown in Figure 5) was attempted by reacting isocyanates
with hydantoins accogding to the procedure described in the U.S.

Patent No. 3,778,439’. The reaction was incomplete, leaving 2.3

to 6.5 percent of unreacted isocyanate and 4.5 to 9 perceut of un-
reacted hydantoin. Complete glycidylization of one of these products
could not be accomplished; the resulting material had a low epoxy
value (75 percent of theory) and a high chlorine content (8.2 percent).
No castings were made from these compounds.
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E. Methzlane-nridged Epoxy Compounds i !

1. 1,1'-Methylene-Bis(2-Glycidyl,S-Methyl,5=Ethyl Hydantoin) (V)
i ]

The diepoxide of 1,l-methylene-bis(5-methyl, S=ethyl hydantoin),
V, Figure 6, was prepared according to the acheme in Figure 5
(details of the synthesis are given in U.S. Patent No. 3,778.4399). :
A white, crystalline product melting at 132-1349C was formed., It 1
was found to cure well at 1759C with MDA; T3C showed 22.8 kcal/equiv, '
centered at 1799C and a Tg of 160°C. Clear castings were made and
samples were cut for tenmsile and fracture toughness tests. The 3
results of these tests are shown in Table IV, along with the values ;
determined for control samples based on methyl, ethyl hydantoin
diepoxide, on MY 720, and on bisphenol A diepoxide, all cured with o
MDA. The glass transition temperature is reasonably high (160°C)
and the tensile values are higher than those for MY 720 and similar
to those of the simple hydantoin systems. However, the fracture ?
toughness values are low, similar to those of MY 720 cured with MDA.
This bis~hydantoin epoxide appears to undergo a very brittle fracture.
similar. to that of MY 720 castings. A water absorption test at 60°C
and 95 percent relative humidity showed an equilibrium weight gain

of 3.2 percent.

PR
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Figure 6. 1,1'-Methylene-Bis(2-G1ycidy1,S-Methyl,S-Ethyl Hydantoin

2. 1,3-Bis(2'-Glydicyloxyethyl)5,5-Dimethyl Hydantoin (VI)

The ethoxy-extended hydantoin epoxy resin, compound VI, Figure 7,
was synthesized by addition of ethylene oxide to 5,5-dimethyl-
hydantoin, followed by glycidylation. It was cast with MDA and
cured (A H = 12.3 kcal/equiv) at temperatures up to 1759C to make
clear eighth-inch thick and quarter=-inch thick sheets. Tensile and
fracture toughness samples were cut. Test results are given in
Table IV. The glass transition temperature is only 709C, possibly
because of the flexible ethoxy groups in the main chain and possibly
also because of the lower degree of cure. Temsile and fracture
toughness properties are similar to those of the better simple
hydantoin systems, although Gi¢, at 224 Joules/square meter, is

not as high as the best value found for the methyl ethyl hydamtoin,
462 J/mé. Properties of compound VI cured with MDA are also similar |
to those of a standard bisphenol A epoxy resin, except for Tg, which
is considerably lower. Water absorption was relatively high, about

7 percent.
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Figure 7. 1,3-Bis(2'-Glycidyloxyethyl)5,5-Dimethyl Hydantoin




B

!Aﬂi TR - T [2 g st Lo . — S— S— ——
PP i vrsm— sy..,._“.j
B
“m,
i
_.
5
2F
&3 i
. O
o 02
=
23
w-n'
<
00
1
[ ]
-t
'
(sL°1) [A £ (6LL) 9L°C L% (oog) 11¢ (0°01) 0L - 091 v jouaydsig
(zzL°0) 671 (e8%y 1L°1 6°C (6£2) 961 (¢s°L) ¢€°§ - 6Ll 0zl AR
. utozuepiy
(65°C) T97 (yZo1) €9°¢ 8¢ (ose) 9T (z'z1) 9'8 LS 91 14432 “1443IsH
(¢z'1) %2¢ (L8L) 6L°T 6°% (scy) 66C (Lo1) s°L L 114 1A
(L8%7°0) (8 (9€S) 06°1 0t (015)  6S¢ (¢°6) §°9 A 091 A
&E.QAT_.S_NE_. (; \mﬁzcﬁmﬂ_wmm T3 (TsM) g8/ 31 (T3 g/ 3 %) (90) NIS3d AX0dd
: uvotidiosqy 3L
19 o1y uotie3uoiyd snnpon y3a3uaias 193eM

SSANHONOL TANLOVIA SAaNIVA FTISNAL

$3a1X043 amm:u — VaH d0 Salldz2dodd TVOISAHd °Al T4Vl




B .

Bk o

Conclusions

Hydantoin epoxy resins cured with MDA exhibit relatively high tensile
strengths and fracture toughnesses as compared with MY 720 cured with MDA or
DDS. Water absorption of the ethyl, amyl hydantoin cured with any of the
three hardeners used is also significantly lower than those of a MY 720/DDS
system. Physical properties of these hydantoin systems, especially those
cured with MDA, show promise of providing improved matrix resins for
composites.

Urethane-extended hydantoin epoxy resins were found to yield lower glass
transition temperatures, lower teansile strengths and moduli, and lower
fracture toughness than the simple hydantoin epoxy resins. Similarly,
ester-extended hydantoin epoxy resins gave lower values for these physical
properties. Therefore, no advantage was found in modifying the backbone
structure of hydantoin epoxides with flexible urethane or ester groups. A
more rigid, methylene bis-hydantoin was made, but was brittle, offering no
improvement in fracture toughness. An ethoxy~- extended hydantoin epoxy
resin was apparently too flexible, giving a low Tg.
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