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FEASIBILITY STUDY FOR THE DEVELOPMENT QF
LOW TEMPERATURE CURING ADHESIVES

by
H. E. Green,. J. D. Sutherland and C.-H. Sheppard

SUMMARY

This final report describes the work performed by TRW Systems during
the period from 16 May 1973 to 16 Febfdany 1974 under Contract NAS1-12309,
"Feasibility Study for the Development of Low Temperature Curing Adhesives,"
sponsored by the National Aeronautics and Space Administration, Langley
Research Center.

The objective of this program was to determine the feasibility of a
new approach for the development of stable, easily handled adhesive formu-
lations which cure at ambient room temperature (293 K-311 K/68°F-100°F).
Such materials will satisfy an existing need for adhesive resins with the
versatility for use in field repair and initial fabrication of high perfor-
mance bonded structures under a variety of environmental conditions, and
will avoid undesirable stress build-up caused by elevated temperature cures.

The program objective was accomplished in a nine month technical effort
concentrating on a versatile new family of resins which incorporate amide
and ester chemical groups to provide high adhesion to metal substrates,
as well as reactive vinyl-type chemical groups which can be made to combine
to form a hard, mechanically strong structure between the bonded parts. The
adhesive resinshave been designed to be liquids at room temperatures to
avoid the need for using toxic of flammable solvents to apply them. The
study was conducted according to four’principal tasks: 1) synthesis of
candidate resins, 2) curing studies, 3) screening studies and 4) detailed
characterization studies.

During the first task, twelve candidate resins were prepared from
three readily available, multifunctional amino-alcohols and the acid
chloride derivatives of four simple, unsaturated carboxylic acids. After
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screening several conventional amide-ester synthetic methods, a procedure
involving the interfacial reaction of an aqueous solution of an amine-
alcohol, with a tetrahydrofuran solution of an acid chloride, was chosen

as the standard preparative method. This method was found to offer the

best balance of high yield, short reaction time and ease of product recovery.

The candidate resins were characterized for correct structure by in-
frared and nuclear magnetic resonance spectroscopy. They were found to be
>95% pure and free of unreacted starting materials by thin layer chromato-
graphic analysis. In all instances, the resins were moderately viscous
1iquids at room temperature.

The curing studies, undertaken during Task II, were directed toward
defining the most satisfactory resin curing agents and cure conditions for
each resin system to facilitate a preliminary ranking of the candidates
during the sgreening studies (Task III).

The curing reactions were conducted for up to 48 hours on each resin
in the presence of 1%, 3% and 5% (w/w) of each activator=catalyst system.
The tests were performed by mixing the appropriate quantities of an
activator-catalyst system with a weighed sample of a resin, dividing the
mixture into three approximately equal portions and then placing the
portions on a glass grid. If an experimental sample showed evidence of cure
(solidification with 1ittle or no tack) after the desigﬁated reaction
time, it was placed in a sufficient quantity of concentrated (36 N)
sulfuric acid to produce a 0.5% (w/w) solution if it dissolved. A
sample was considered to be cured if it retained its integrity after
two hours at room temperature (293 K/68°F) in the sulfuric acid.

The results of the curing studies provided clear evidence of the
greater reactivity of the six candidate resins derived from acrylic (A)
and methacry]ic/acfdsb(8)~than the six from crotonic (C) and vinylacetic
acids (D). The latter resins resisted room temperature cure by a
number of curing agents representing a variety of chemical types and
activities. By contrast, the A and B derived resins could be cured in
less than 24 hours with conventional peroxide/activator cure systems
such as methyl ethyl ketone peroxide/cobalt naphthanate (MEKP/CN) or N,
N-dimethylaniline/benzoyl peroxide (DMA/BP). In view of the resistance

vi
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to room temperature cure evidenced by the crotonic and vinylacetic acid
derived resins, work on those materials was de-emphasized during the
later portions of the program and experimental efforts were concentrated
on the screening and detailed characterization of the other, more promis-
ing candidates.

The screening studies (Task III) employed aluminum/titanium bimetallic
curvature measurement specimens to aid in a preliminary evaluation of the
candidate resins in terms of cure completion, adherence and resin/metal
interactions.

The test specimens were prepared by bonding the metal strips with the
candidate resin. After a 24-hour ambient room temperature cure, the speci-
mens were heated at 344 K (160°F) for 16 hrs. After the test specimen had
cooled to ambient room temperature, it was examined for residual curvature,
adhesion and mode of bond rupture when separated.

The bimetallic strips bonded with the six candidate A and B resins
were free of residual curvature, indicating that no further cure occurred
in the hot air oven. Separation.of the strips resulted in bond failure
that was principally cohesive in nature. There was no evidence of deleter-
ious adhesive/metal interactions.

The final portion of the program, the Task IV detailed characterization
studies, 'was designed to assess the adhesion, thermo-oxidative stability
and moisture sensitivity of the candidate resins. The results of these
studies were used to rank the resins and aid in the selection of the three
most promising candidates.

To test the moisture sensitivity of the resins, they were used to bond
pairs of aluminum strips, which were then immersed in boiling water for two
hours.. - The test specimens ‘were monitored for retention of adhesive bond
\ﬁﬁtegrity_and for changes in weight. The results of these tests served to
differentiate clearly between the moisture sensitivity of the acrylic and
methacrylic resins in that all of the former remained intact and suffered
weight losses of less than 0.1%, whereas all of the specimens bonded with
the B resins separated during the immersion or suffered severe loss of bond
strength.

vii
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The acrylic acid derived resins also showed their superiority in lap-
shear strength tests. A11 of the A resins had room temperature lap-shear
strengths with aluminum adherends in excess of 7.6 x 106 N/m2 (1100 psi),
whereas the B resin bonded coupons failed at 5.3 x 106 N/m2 (770 psi) or
less. The generally superior performance of the A resins is probably due
to greater adhesion to the aluminum substrates. That interpretaion is
supported by evidence for 90-100% adhesive failure for the B resins, whereas
the principal failure mode for the A resin bonded coupons was cohesive. The
results of the room temperature lap-shear strength tests are extremely en-
couraging in view of the early stage of development of this resin system.

By contrast to lap-shear strengths as high as 11.7 x ]06 N/m2 (1700 psi)
for these neat resins, lap shear strengths of neat, room temperature cured
epoxy resins are generally less than 6.9 x ]06 N/m2 (1000 psi).

The results of the detailed characterization studies clearly identify
the three resins employing acrylic acid acyl components as the most promis-
ing candidate resins for further development as fully formulated adhesives.

viii
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I.  INTRODUCTION

This final report describes the work performed by TRW Systems during
the period from 16 May 1973 to 16 February 1974 under Contract NAS1-12309,
"Feasibility Study for the Development of Low Temperature Curing Adhesives,"
sponsored by the National Aeronautics and Space Administration, Langley
Research Center.

The objective of this program has been to determine the feasibility of
a new approach for the development of stable, easily handled adhesive resins
which will cure at ambient room temperature (293 K-311 K/68°F-100°F). Such
materials will satisfy an existing need for adhesive resins with the versa-
tility for use in field repair and initial fabrication of high performance
bonded structures under a variety of environmental conditions. The need for
an improved adhesive system is a consequence of certain significant deficien-
cies of currently used materials. Of particular importance is the pro-
longed cure time (e.g., 4 hours) at elevated temperatures (often >340 K)
required for full property development of state of the art high performance
adhesive bonding systems. These stringent processing conditions render
them unsuitable for use in field repair. Another significant problem
associated with adhesives cured at elevated temperatures, arises from
the introduction of undesired residual stresses when the part is cooled
to room temperature or below. TRW's approach to provide the required
improved room temperature curing resins concentrated on a new family of
multifunctional, unsaturated amide/esters having the general structure
shown below: ’ '

0 0

I 1
(R"CH=CHR'C-T)n-R-(OCR'CH=CHR")m

x
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lhere R = an aliphatic, or cycloaliphatic moiety; R' may be absent, or if
present may be a moiety the same or different than R; R" = H or a moiety
the same or different than R or R'; m =0 to 3, n =0 to 3 and m + n must
total 3 or greater. This basic structure, conceived and reduced to prac-
tice under a TRW Internal Research and Development effort, was designed to
provide for a high degree of control of physical, chemical and mechanical
properties through variation of its molecular components and choice of
catalyst, in addition to the usual techniques of adhesive formulary.

The nine-month technical program to prove the feasibility of this new
adhesive resin system was conducted according to four principal tasks: 1)
synthesis of candidate resins, 2) curing studies, 3) screening studies and
4) detailed characterization studies.

During the first task, twelve candidate resins were prepared from
three readily available, multifunctional amino-alcohols and the acid
chloride derivatives of four simple, unsaturated carboxylic acids. After
screening several conventional amide-ester synthetic methods, a procedure
involving the interfacial reaction of an aqueous solution of an amine-
alcohol, with a tetrahydrofuran solution of an acid chloride, was chosen
as the standard preparative method. This method was found to offer the
best balance of high yield, short reaction time and ease of product
recovery.

The candidate resins were characterized for correct structure by in-
frared and nuclear magnetic resonance spectroscopy. They were found to
be >95% pure and free of unreacted starting materials by thin layer chroma-
tographic analysis. In all instances, the resins were moderately viscous
liquids at room temperature.

The curing studies, undertaken during Task II, were directed toward
defining the most satisfactory resin curing agents and cure conditions
for each resin system to facilitate a preliminary ranking of the candi-
dates during the screening studies (Task III).

The results of the curing studies provided clear evidence of the
greater reactivity of the six candidate resins derived from acrylic (A)
and methacrylic acids (B) than those from crotonic (C) and vinylacetic
acids (D). The b and C resins resisted room temperature cure by a number

-2-
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of curing agents representing a variety of chemical types and activities.
By contrast, the A and B derived resins could be cured in less than 24
hours with conventional peroxide/activator cure systems such as methy!l
ethyl ketone peroxide/cobalt naphthanate (MEKP/CN) or N,N-dimethylaniline/
benzoyl peroxide (DMA/BP).

The screening studies employed aluminum/titanium bimetallic curvature
measurement specimens to aid in a preliminary evaluation of the candidate
resins in terms of cure compietion, adherence and resin/metal interactions.
The test was performed by heating the specimens bonded with the resins for
16 hrs. at 344 K (160°F), in an oven, allowing them to cool and examining
them for residual curvature adhesion and mode of bond rupture when separated.

The bimetallic strips bonded with the six candidate A and B resins
were free of residual curvature, indicating that no further cure occurred
in the hot air oven. Separation of the strips resulted in bond failure
that was principally (>70%) cohesive in nature. Where evidence of adhesive
failure was noted it was found at the aluminum surface. There was no evi-
dence of deleterious adhesive/metal interactions.

The final portion of the-program, the detailed characterization studies,
were designed to assess the adhesion, thermo-oxidative stability and moisture
sensitivity of the candidate resins. The results of these studies were used
to rank the resins and aid in the selection of the three most promising candi-
dates.

To test the moisture sensitivity of the resins, they were used to bond
pairs of aluminum strips, which were then immersed in boiling water for two
hours. The test specimens were monitored for retention of adhesive bond
integrity and for changes in weight. The results of these tests served to
differentiate clearly between the moisture sensitivity of the acrylic and
methacrylic resins in that all of the former remained intact and suffered
weight losses of less than 0.1%, whereas all of the specimens bonded with
the B resins separated during the immersion or suffered severe loss of bond
strength.

The acrylic acid derived resins also showed their superiority in lap-
shear strength tests. All of the A resins had room temperature lap-shear
strengths with aluminum adherends in excess of 7.6 x 106 N/m2 (1100 psi),

-3-
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whereas the B resin bonded coupons failed at 5.3 x 10° n/m® (776 psi) or
less. The gererally superior performance of the A resins is probably due
to greater adhesion to the aluminum substrates.

The results of the detailed characterization studies clearly identify
the three resins employing acrylic acid acyl components as the most promis-
ing candidate resins for further development as fully formulated adhesives.

The body of this final report is divided into four sections covering
the program technical tasks: (Section II) TASK I - Synthesis of Candidate
Resins, (Section III) TASK II - Curing Studies, (Section IV) TASK III -
Screening Studies and (Section V) TASK IV - Detailed Characterization
Studies. Section VI is devoted to a presentation of the principal con-
clusions reached as a result of this feasibility study along with rec-
cnmendation for further study. The information provided in the body of
this report is supplemented by detailed accounts of experimental procedures
in the Appendix.
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IT. TASK I - SYNTHESIS OF CANDIDATE RESINS

The objective of this task was the preparation of samples of the candi-
date resins to be assessed during this feasibility study. Seven commercially
available resin precursors were selected as building blocks that could be
joined in a variety of combinations to impart a broad range of physical and
chemical properties to the resins and cured adhesives. For the purposes of
this feasibility study, the resin syntheses were performed with acid chloride
derivatives of the carboxylic acids to take advantage of the simple and rapid
acylation afforded by those reactive species.

Details of the Task I resin synthesis studies are presented below.
Representative synthetic procedures and supporting analytical data may be
found in the Appendix.

2.1 RESIN PRECURSORS

The seven resin precursors which were combined to prepare the twelve
resins proposed for study during this program are shown in Table I. Each
of the four acyl and three amine-alcohol components was assigned a letter
designation in the table (e.g., A = acrylic, E = 3-amino-1,2-propanediol,
etc.) which, for the sake of brevity, will be employed in the remainder of

this report for identification of all resin components. For example, resin
A-G refers to the acrylic diester-amide of 2-amino-2-ethyl-1,3-propanediol,

shown in the structure below:

0

1
CHZOC-CH=CH2

i
CH3CH2-?-NHC-CH=CH2

CHZOC'-CH=CH2

Resin A-G
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A1l of the resin starting materials were purchased from commercial
sources. The amino-alcohols were assayed by thin layer chromatography
(t1c) and neutralization equivalent titration and all were found to
exceed the minimum 90% purity specification for use in resin synthesis.
The acyl components were purchased as the acid chloride derivatives and
were also found to be of greater than 90% purity by chioride analysis.
Since the precursors met or exceeded the minimum purity standards as
received, no further purification was undertaken.

2.2 RESIN SYNTHESIS

The effort to prepare the candidate resins was begun by screening
several conventional amide-ester synthetic methods to find one that
would serve, with appropriate minor modifications, as a standard pre-
parative procedure for the resins to be used in the cure studies (Task
II). Resin A-G was employed as the model system for the two solution
and two interfacial methods investigated. The results of the experiments
are shown in Table II. The solution reactions were performed in round
bottomed flasks under nitrogen with mechanical agitation. The interfacial
reactions were performed in blenders by rapidly adding a solution of the
acid chloride in the organic solvent to an aqueous solution of the amine-
alcohol containing an inorganic acid acceptor. The procedures used for
these test reactions were modeled after examples found in Reference 1.

The tetrahydrofuran (THF)/H20 interfacial method was chosen as the
standard preparative method for the preparation of the candidate resins
used in the study because of the relatively good yields, short reaction
time and ease of product recovery. Although the resin yield in the
solution reaction employing dimethylacetamide (DMAC) was higher, the
relatively high boiling point of the solvent (439 K/330°F) greatly
increases the danger of polymerizing the resins during isolation. A
detailed experimental procedure representative of those employed for
the preparation of all of the candidate resins is presented in the
Appendix.

Table II1 shows the yields typically obtained for the resins using the
standard procedure. Since the primary concern of the Task I synthesis work
was to prepare small (ca. 0.5 mole) resin samples for the Task II cure

-7-
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TABLE III

RESIN YIELDS FROM STANDARD PROCEDURE

3see Table 1 for resin code.

bSee_ Appendix for standard preparation procedure.
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studies, a concerted effort to maximize resin yield was not made during
this program. It is believed that an effort of that sort would be more
profitably undertaken after the feasibility of this new family of adhesives
is demonstrated and the most promising resins are selected. At that point
larger quantities of material will be needed for in depth study and optimi-
zation and a more economical route will be required.

The candidate resins are clear, yellow to light brown, viscous 1iquids
at room temperature. The resins containing A (acrylic) and B (methacrylic)
acyl components which have vinyl unsaturation are, as might be expected,
more susceptible to premature polymerization than the C and D resins con-
taining allylic functions. Gellation occurred in several instances during
product isolation or storage in a refrigerator at 273 K (32°F). It was found
that inclusion of 0.3% by weight (based on theoretical yield) of an autioxidant
(2,6-di-tert-butyl-4-methyl-phenol,"Ionol1") before final isolation of the A
and B resins provided sufficient protection to assure a storage life of
greater than one month at 273 K. Additijon of an antioxidant to the less
reactive C and D resins was found to be unnecessary.

The molecular structures of the resins were confirmed by their infrared
spectra (ir) which showed the characteristic absorption bands for amide,
ester and double bond functionality, and by their nuclear magnetic resonance
spectra (nmr). The ir and nmr spectra of the twelve candidate resins may be
found in the Appendix. Thin layer chromatograms (tic) of the resins indicated
that they were all >95% pure, and free of unreacted starting materials. The
minor components present in the resins displayed essentially the same elution
behavior (i.e., similar Rf) as the major components and probably represent
partially acylated amine-alcohols.

-10-
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IIT1. TASK IT -~ CURING STUDIES

The Task II curing studies were directed toward defining the most
satisfactory resin curing agents and cure conditions for each resin
system to facilitate a preliminary ranking of the candidates in Task
11T (Section IV).

The discussion of the curing studies, presented below, is organized
in two subsections. The first describes the main study in which two
conventional peroxide/activator systems, methyl ethyl ketone peroxide/
cobalt naphthanate (MEKP/CN) and N,N-dimethylaniline/benzoyl peroxide
(DMA/BP), were tested. The second subsection describes supplementary
studies employing a variety of catalyst types in an effort to effect
room temperature cure with the relatively unreactive C and D resins.

3.1 MAIN CURING STUDIES

The curing reactions were conducted for 6, 24 and 48 hours on each
resin in the presence of 1%, 3% and 5% (w/w) of each activator catalyst
system (a total of 9 samples for each resin-catalyst set). The tests
were performed by mixing the appropriate quantities of an activator-
catalyst system with a weighed sample of a resin, dividing the mixture
into three approximately equal portions and then placing the portions on
a glass grid. If an experimental sample showed evidence of cure (solidi-
fication with little or no tack) after the designated reaction time, it
was placed in a sufficient quantity of concentrated (36 N) sulfuric acid
to produce a 0.5% (w/w) solution if it dissolved. A sample was considered
to be cured if it retained its integrity after two hours at room tempera-
ture (293 K/68°F) .in the sulfuric acid. If more than 50% of the sample
remained undissolved after two hours in the acid it was considered to be
partially cured. Dissolution of more than 50% of a sample was designated
as evidence of no cure. The results of the curing experiments performed
with methyl ethyl ketone peroxide/cobalt naphthanate (MEKP/CN) and N,N-
dimethylaniline/benzoyl peroxide (DMA/BP) are shown in Table IV.

The tested candidate resins which possess vinyl cure sites, i.e., A
and B resins, cured more rapidly than the allylic C and D resins. This
behavior is in keeping with the known relative reactivity of vinylic and

-11-
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RESULTS OF CURING STUDIES®
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Minimum Time For Cure (Hrs)

MEKP/CNS oma/BpPY
Resin® | 12 32 s 13 3w 59
A-E NCE 24 6 48f 69 69
A-F N NC 24 6 69 69
A-G NG 48 6 a8 g9 g9
B-E ne  48f 22 N 69 69
B-F ne a8f 22 N 69 69
B-G ne a8f 22 N 69 69
C-E NC NC NG NC NG NG
C-F NC NC NG NC NG NC
-G NC NG NG NC NC NG
D-E NC NG NG NC NG NC
D-F NC NC NG NC NG NC
D-G NG NC NCNC NG NC

qcure studies performed at 293 K (68°F) in air.

contained 0.3% by weight Ionol stabilizer.

b

cMethyl ethyl ketone peroxide/cobalt naphthanate,

d

See Table I for resin code .

N,N-Dimethylaniline/benzoyl peroxide.

The A & 8 resins

eNC = no cure; more than 50% dissolved in concentrated sulfuric

acid.

fPartia1 cure; less than 50% dissolved in concentrated sulfuric

acid.

IExothermic reaction on mixing .
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allylic double bonds towards free radical agents. With the exception of
resin D-F, which gradually gelled over a period of five days, none of the

C and D resins gave evidence of polymerization in the presence of the MEKP/
CN and DMA/BP catalyst/activator systems.

On the basis of these studies, 5% by weight MEKP/CN was chosen as the
catalyst formulation for use with the A and B resins in the Task III
screening studies. Smaller concentrations of MEKP/CN cured too slowly when
sufficient (0.3% w/w) Ionol stabilizer was present to provide adequate shelf
1ife. The other cure system tested, N,N-dimethylaniline/benzoyl peroxide,
proved to be excessively energetic, causing very rapid, exothermic gellation
with most of the candidate resins.

3.2 SUPPLEMENTARY CURING STUDIES

Several other cure methods (not shown in Table IV) were assessed in an
effort to effect room temperature cure of the C and D resins in 48 hours or
less. The most successful system employed involved the use of bis(4-male--
imidophenyl)methane(BMPM). The structure of this material is shown below.
It functions as an unsaturated cocuring agent, in conjunction with methyl
ethyl ketone peroxide/cobalt naphthanate (MEKP/CN). A C-F resin containing
5% by weight of BMPM-MEKP-CN cured gradually over a four day period. Other
cure systems that were screened included: divinyl cocuratives (divinyl-
benzene-MEKP/CN), hydroperoxide/activators (tert-butyl hydroperoxide/CN and
tert-butyl hydroperoxide/formamide), Lewis acid (SnC14.5H20), strong acid
(trifluoroacetic acid), strong base (calcium hydride and sodium methoxide)
and redox (ferrous ammonjum sulfate/ascorbic acid). A1l of the agents were
tested at the 5% by weight level, both in air and anaerobicly.

In view of the difficulties encountered in effecting acceptable room
temperature cures with the C and D resins, and with the concurrence of the
NASA Technical Monitor, curing studies on these resins were de-emphasized
in favor of greater concentration on the remaining program tasks.

o o
c C
| Y CH { |
N
/ 2 \
C C
" BMPM "
o O
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IV.  TASK IITI - SCREENING STUDIES

The screening studies task employed titanium/aluminum bimetallic curva-
ture measurement specimens to aid in a preliminary evaluation of the candi-
date resins in terms of cure completion, adherence and resin/metal inter-
actions. This relatively rapid and simple test was designed to uncover
gross deficiencies in any of the candidates before subjecting them to more
extensive testing in Task IV.

The test specimens were prepared by spreading a candidate resin/catalyst
composition on the surface of matching, specially cleaned (the cleaning pro-
cedure is described in the Appendix), 0.15-m x 0.013-m x 0.0013-m (6.0-in x
0.5-in x 0.05-in) strips of 6A1-4V titanium and 2024 T-4 aluminum. The
coated surfaces were placed together and the resin was allowed to cure for
24 hours at room temperature under 1.1 x 104 N/m2 (1.6 psi) pressure. The
bimetallic strip was then heated in an air oven at 344 K (160°F) for 16
hours. After the test specimen had cooled to ambient room temperature, it
was examined for residual curvature, adhesion and mode of bond rupture when
separated.

The bimetallic strips bonded with the six A and B candidate resins
were free of residual curvature, indicating that no further cure occurred
in the hot air oven. Separation of the strips resulted in bond failure
that was principally (>70%) cohesive in nature. Where evidence of adhesive
failure was noted it was found at the aluminum surface. There was no evi-
dence of deleterious adhesive/metal interactions. A representative example
(bonded with resin B-G) of the appearance of the bimetallic strips after
the heating treatment is shown in Figures 1 and 2. Since all of the A
and B resins showed acceptable behavior in these tests, they were all
subjected to the detailed characterization studies described in Section V.

Although the C and D resins failed to cure during the Task II curing
studies, a bimetallic curvature measurement specimen was prepared with the
C-D material and 5% by weight MEKP/CN to test the effect of higher temper-
ature. Unfortunately, the C-F resin specimen remained uncured even after
completion of the 16-hour heating period.
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Figure 1. Edge View of Bimetallic Curvature
Measurements Specimen (B-G Resin)
After 344°K/16 hr Heat Treatment

s PRI ol G st . o iy

R s o

Figure 2. Detail (10 x magnification) of Edge of
Bimetallic Curvature Measurement Specimen
(B-G Resin) After 344 K/16 hr Heat Treatment
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V. TASK IV - DETAILED CHARACTERIZATION STUDIES

The Task IV detailed characterization studies were designed to assess
the adhesion, thermo-oxidative stability, and moisture sensitivity of the
candidate resins. The results of these studies were used in the final rank-
ing of the resins and aided in the selection of the three most promising
candidates.

The tests employed in this task included a water boil moisture sensi-
tivity test, described in Section 5.1 and room temperature lap-shear
strength measurements described in Section 5.2. The effect of moisture
and heat aging on the lap-shear strengths of coupons bonded by the candidate
resins are described in Sections 5.3 and 5.4, respectively. The results of
the first two tests (water boil and room temperature lap-shear) clearly
established the superiority of the A resins, and only those materials were
subjected to the second two, more time consuming, tests.

5.1 MOISTURE SENSITIVITY TESTS

In order to assess the moisture sensitivity of the resins qualitatively,
they were used to bond pairs of aluminum strips, which were monitored for
retention of adhesive bond integrity and for changes in weight after immersion
in boiling water for two hours. To prepare the test specimens, the aluminum
strips were cleaned and then bonded with the candidate resins using the tech-
niques described in the Appendix for the preparation of curvature measurement
specimens. After cure was complete, the bonded test strips were dried in a
circulating-air oven for two hours at 373 K (212°F). The dried strips were
weighed, immersed in boiling water for two hours, dried and then weighed
again.

The results of the moisture sensitivity tests of the A and B resins are
shown in Table V. The adhesive bonds of all of the A resins and BF remained
intact and suffered resin weight losses of less than 0.1%. The BE and BG
specimens separated before the end of the two hour water boil. The bond
strength of the BG specimen that survived the test was significantly reduced
by the exposure, but there was no apparent swelling of the resin and very
little weight loss.

-17-
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Table V
Moisture Sensitivity Tests
Resin §¥§tema Weight Loss (%)2

AE 0.0640
AF A 0.0156
AG 0.0741
BE b
BF 0.0278
BG 0.0156°

a. After 2-hour immersion in boiling water; duplicate runs.
b. Both specimens separated after 90 min.

c. One specimen separated after 105 min.

d. See Table I for resin code.

5.2 ROOM TEMPERATURE LAP-SHEAR STRENGTH

To perform the lap-shear strength tests,aluminum lap-shear coupons
were cleaned in the same manner as the curvature measurement strips (see
Appendix for procedure) and then primed with a thin coat of the test
resin. A 0.025-m x 0.051-m (1-in x 2-in) piece of 120 style glass cloth
was immediately pleced on the primed surface and then impregnated with the
resin. The lap-shear coupon was then assembled with a bonded overlap area
of 0.013-m x 0.025-m (1/2-in x 1-in) and cured under a pressure of 3.4 x 10°
N/m2 (5 psi) for 24 hr. The specimens were tested according to Federal Test
Method Standard No. 175.

The results of the lap-shear strength tests of the A and B resins,
cured with 5% by weight MEKP/CN are shown in Table VI. A1l of the A
resins displayed lap-shear strengths in excess of 7.6 x 10° N/m2 (1100
Psi), whereas the B resin bonded coupons had strengths of 5.3 x 106 N/m2
(770 psi) or less. The generally superior performance of the A resins
is probably due to greater adhesion to the aluminum substrates. That
interpretation is supported by evidence for 90-100% adhesive failure for
the B resins, whereas the principal failure mode for the A resin bonded
coupons was cohesive. Further support for the contention of relatively
poor B Resins aluminum adherence is found in their high moisture sensitivity,
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reported in Section 5.1.

Lap-shear strength tests utilizing neat resins provide a useful guide
to the property level that might be attained by a new material as a fully
formulated adhesive, when they are compared with the results of neat resin
tests of more mature products. In that context, the results of the lap-
shear strength tests shown in Table VI are extremely encouraging. By
contrast to strengths as high as 11.7 x 106 N/m2 (1700 psi) for these
new resins, lap-shear strengths of neat, room temperature cured epoxy
resins are generally less than 6.9 x 10° N/m2 (1000 psi) (Reference 2).

TABLE VI
Lap-Shear Strength Tests?

Strength,C
___Resin SvstemP /o %1078 (psi)
AE 8.7 (1260)
AF 11.7 (1700)
AG ' 7.6 (1100)
BE 5.3 ( 770)
BF 4.4 " ( 640)
BG 3.1 ( 455)

%Resins cured with 5% by weight MEKP/CN

bSee Table I for resin code

: CTr'ipl icate breaks.

5.3 LAP-SHEAR STRENGTHS AFTER WATER BOIL

This portion of the detailed characterization studies was devoted to
an assessment of the effect of moisture on the lap-shear strength of the
most promising candidates. The high moisture sensitivity displayed by the
B resins (see Section 5.1) precludes their testing by this method and only
the A resins were included in the tests.

Aluminum lap-shear coupbns, prepared as described in Section 5.2, were
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immersed in boiling water for two hours. The specimens were then immersed
in fresh distilled water at room temperature. After conditioning for at
least 15 minutes the specimens were sponged dry and tested immediately at
a loading rate of 8.3 x 108 N/m2 (1200 psi) per minute. The results of
these tests are shown in Table VII.

The A-G and A-F samples retained greater than 88% of their preimmersion
strengths, confirming the low moisture sensitivity evidenced in the qualita-
tive tests described in Section 5.1. The reason for the lesser strength
retention (67%) of the A-E specimens is not clear. However, it should be
noted that the strength of the control specimens was lower than those pre-
viously attained (compare with value in Table VI) and the proportion of
adhesive failure was greater. Minor variations in properties such as these
are typical of new materials for which optimized application procedures have

not been developed.

5.4 Lap-Shear Strengths After Heat Aging

The effect of heat aging on lap-shear strength is shown in Table VII.
For these tests, aluminum lap-shear coupons were heated for 300 hours at
340 K (160°F) in a circulating air oven. The lap-shear strengths of the
specimens were determined at room temperature in the manner described

above.

The A-F bonded specimens retained a creditable 78% of their original
strength. The surprising result of apparent higher strength after heat
aging for the A-G coupons is undoubtedly due to the property variations
induced by non-optimized processing conditions mentioned in Section 5.3.
The same’phenbmenon may be responsible for a portion of the 45% strength
loss exhibited by the A-E specimens.
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TABLE VII
EFFECT OF WATER BOIL AND HEAT AGING
ON LAP-SHEAR STRENGTHS

LAP-SHEAR STRENGTHD

ONTROL

7.0 (1020) 4.7 (690) . 3.9 (560)

12.0 (1750) 10.7.(1550) 9.5 (1370)
4.6 (670) 4.1 (590) 5.8 (840)

" %5ee Table I for resin code.

PResin cured with 5% by weight MEKP/CN.

" “Two hour immersion in boiling water.

dAged for 300 hours at 344 K (160°F) in air.
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VI.  CONCLUSICNS AND RECOMMENDATIONS

Summarized below are the conclusions reached during this experimental
study to determine the feasibility of a new approach for the development
of stable, easily handled adhesive resins which will cure at ambient tem-
peratures. Recommendations are made, based on the findings of this study,
for further work to develop and optimize these new materials.

6.1 CONCLUSIONS.

1. Twelve members of this new family of adhesive resins were success-
fully prepared and their correct chemical structure was confirmed.
A1l of the resins were liquids at room temperature, permitting
their application without solvents.

2. Six of the resins, containing vinyl unsaturation were easily and
completely cured at ambient room temperature in <48 hours using
conventional free radical catalyst/activator systems.

3. The new resin systems show promise by virtue of:
e Good adherence to Al and Ti.
o Freedom from deleterious resin/metal interactions
o Excellent resistance tc water boil
e Good lap-shear performance

4. The three most promising resin candidates are those obtained by
the reaction of acrylic acid with the three amino-alcohels (i.e.,
the A resins) included in this study, by virtue of their superior
mcisture resistance and lap-shear strength test results.

6.2 RECCMMYENDATIONS

1. Studies should be undertaken, using the three most promising resins
identified during this program, to effect improvements in the follow-
ing areas:

e Optimization of resin mechanical properties for 219 K
(-65°F) to 344 K (160°F) use
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o Optimization of catalyst/accelerator/stabilizer
combinations '

e Definition of minimum cure conditions in terms
of time and temperature

® Resin synthesis optimization in terms of yield,
reproducibility and cost

¢ Long term resin shelf stability
e Long term isothermal aging and hydrolytic stability.

Adhesive development studies should be undertaken to test and
evaluate the effects of standard formulary techniques on the
properties of these resins. Such techniques would include:

o Metallic fillers (e.g., aluminum alloy powder)
e Thixotropic agents (e.g., Cab-0-Sil)

e Copolymers (e.g., amide resins)

e Coupling agents (e.g., organic silanes)

o Carriers (e.g., Style 104 glass scrim with various
finishes).

The data obtained in the adhesive development study should be used
to design and prepare an optimized adhesive formulation for detailed

evaluation of:
e Residual stresses developed at elevated temperatures
e llechanical properties

¢ Thermal and hydrolytic stability.
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The standard preparative procedure used in the syrthesis of the candi-
date resins used in this study is presented heicw, along with reproductions
of the infrared and nuclear magnetic rescnance spectra ¢f tne respective
resins. The procedures used for preparing aluminum and titanium surfaces
for the resins are also described.

1. STANDARD RESIN PREPARATIVE PROCEDURZ

The foliowing experimental procedure for ine synthesis of
resin A-G is representative cf those employcd for the prepara-
tion of all of the resins used in this stuay.

A cold (ca. 273 K) solution of 27.2 g (0.3 mole) of acryloy]
chloride (A) in 60 ml of dry THF was poured all at once into a
one-liter blender jar containing e vigorousiy agitated, cold
(ca. 273 K) solution of 11.9 g (0.1 mole) of 2-amino-2-ethyl-1,
3-propanediol (G) and 12.0 g (0.3 mole) of sodium hydroxide.
During the reaction the blender jar was cooled with an ice-water
jacket to maintain a reaction temperature >293 K (68°F). Mixing
was continued for 10 minutes, then the solution was extracted
twice with 300-m? portions of chicroform. The combined chloro-
form solutions were washed twice with saturatecd sodium bicarbo-
nate solution and then driec over magnesium suifate. IJonol anti-
oxidant (C.08g) was added to the soiution and then the chloro-
form was removed at rcem temperatuve under reduced prassure. The
isciated resin was stored uncer nilircgen in & refrigerator at ca.
273 K (32°F).

The infrares (neat resin szeavs, end nuclzar magnetic spectra
of this and the otrer eievern cencidetz resins ere presanted in
igures 3-25, inciusive.
2. METAL SURFACE PREPARATION PROCLOURES
Tre following arecedures were emdioyac to clean the aluvinum

A ) P
TN OUResE sTlULNes.

n
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Aluminum:

1.

Titanium:

1.

0w ~N O O W

N 0T D W

NASA CR-132422
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Vapor degrease - 1 min.

Chromic acid etch at 338 K - 343 K
(149°F-158°F) - 12 min.

Cold tap water rinse - 3 min.
Distilled water soak - 6 min.
Repeat 3 and 4

Dry at 343 K (158°F) - 10 min.

Sandblast both sides

Soak in HTC Alkaline Clear at 343 K (158°F) -
15 min

Hot tap water rinse - 3 min.
Cold tap water rinse - 3 min.
Coat with Pasa Jel - 20 min.
Cold tap water rinse - 3 min.
Distilled water rinse - 3 min,

Dry at 343 K (159°F) - 10 min.

-26-



NASA CR-132422
22743-6009-RU-00

J-Y ULS3Y 4O WNU03dS pauedju] ‘¢ aunbl4

(WD) ADNINDIYS
008 00lL 00¥VL  00ZL 000Z 00SZ O000E Q0SS 000¥

1 0t et e T O H e + H HH 4 HH T O
T i H g sghgd € I3 anulngs H3 4 ]
£S5 S5EEs {HHE R
HIH HE H T RTH HET T TR
28 LR T L R D
- - 3377 RS yae 0 e (41 Amvghauggeuakpny dusy 3 % %
Emn p= 31 14 P HHHH T rw pigphan g1 3 ﬁ
T g o gt agh g B e o vy § 18 Synig g gkt 17 brpgay & LTI H I H

2 st
M 1
]

.
1
T
ML
t
1ETY B
H N
a3
¥
ol
i
e
i
1
HNM
11
—+H
HH
1
: ]
1
i
T
1
15
AT
i
o na
T
T T
T
1
T
T
1
T
1
1
%
5
11T
T
T
Thet
+
T
T

s

B Eds = paN g R i 177 .,# CHE L EA R A H A R LT § v

1S HiRHEARAERaSRERS S R TR R R H R TR Wm

SSEgcogess . 52 §is8E § B EEaEcRagRcpRcn e e i T T 5
34EEEE {iSoes M B B Sl SR e R RN aRas it R TR .ovw
DHEERERE IR R io Bnceenetas e Gese ek Biseks il e s RGUEI et s BT S sl SR
EEEE RESS 2 o L R B R L e R HH T e T R mu

asraise s : TR T sl L wi{ dehrtichibesiniciched OA» Z
‘ i3E ERSEraEesLs gatkisi i it I ER RIS - A
TV Feo B EETH b EL T T HH R I m

R

g SEgaICEGERS 3 SRR b SRR Y
33E £ g T e e T o E R
. | -3 fotas—{ 4 -+ = ks mlans $t H+H
IESEgEsgasas SRR s 12 N
] Eestk TR LA HHrHEE RN H
sy - Py

s
Tt
f

L4y {44 gy sSEeN. 34340

ot s 4 0y 14+ 1 HLXA.IrM lJ Al! {4+ I} 1 .- +11
a H43 Swygduugdaid Ra 1]

HIH L FHHTTE an Sghun

| L ] .
OL 6 8 V4 9 G 14 € G'C

SNOJIIW HLONITIAVM

_
vl Cl

-27-



NASA CR-132422
22743-6009-RU-00

€190 ut 3-y uisay 4o

wna3dads aoueunsay dijaubey aeajonN ‘p aunbiL4
0 o'l (X4 [/} oy {9) wdd oS 09 0L ()]
i ’ T T ] T I i T T ] T T . T I

L ! 1 1 AR R |

8—8

3_

§_

=

oy ot (x4

-28-~



NASA CR-132422
22743-6009-RU-00

4V uLsay 40 wnu3dads padeaju] ‘g aunbid

(LWD) ADNINOIA
orlL 00/ 000Z 00

)

)
S
o
1o
12
)

R REE I e NN e NI E i A N I I T R s T e gi,:u% T
SEEEa st T R0 ) EE ] MR TR SRS EERRR D S SR NI i
13 T 31 HE % : - i IS T SRS REE REERR I I __ﬁ
FPEETE §IE23E3 s 3253810 et RRARARE AR R Rl Ittt H
- 1B e e o - ~-J ¥ 3 IR S I Prirer +q v 3 :
TH - i Y E3gs 155 %5 .W 18 .w; ERERN H”T EERR i nn il
Myt e P i=e B tBB3RS IR 1 -1 tee i k3 it
R N TSI ISIREERSERE 'K ERERSRRRLIntIir: Eh HINY
Tr ,.ulm_. SEER3ERE A iidsd SR LRI i LT“ [EERE N m uli : , MON
R R Sl I RIS IET (IS T I IR R RS ERERRY T ! 13
T FHIFEN SR i ; By :w 1 i M*
EEZEICREE | GRIIRER ic 451 43357 Jreang MANNTFAARE T T : .
FHEEF L T U E R ] : L] PP w% i
PEEsuESUE=S i SRS RIRS i Bui T shaT 3 ESSHE ¥ 3K RN IR AR 1hin ! {
EEeE PR e HIh TS 1S A HHH i I
A ia = pewwnas L :
bR e TR i S EEEEHIL o T Hl g
EEEESEE i FES L SEd X 1= TIEIT ES Y i 1 b IER RN 11 I O.V
M HE L HER G T EH 2E 2 ISaa A i .Wf SRR HTH
TR 4 ESEZES 4 ISR B T 3 1 . 1 124 I
T A SEEREE FE 23ISR N! : il St i
=mmmms T TT T ’ 2 ’ ! 1231 T
R ﬁ‘m,, 1 M‘nmL EEH 1 ! : f.xl 4 2.1 m” 21,
Fr SISt RIFEEIE T ES e L 3 : i HHH Hiiitig
SHa: s S E == R (09
1HH : 25 T E 14 wp | 1 % I\ L w ! ‘ r 1
11 - 1 oy = oS £ 113 L, £ 32 ire 2 M
IR PR g o gy G i TR st
T g T 138 i T T o
Ft HEF f = - SPEs 1] W SEEREE ’ thre £ 440 et
13 4 ¥ pA e
RO TR R 33 1111113 \ VR b
T H 13 5 17 w ¢ . }: : - ow
: EF i r e E =SST S EEESEEREERE N 1 Pyt ; i H1
SEEfsiizcieees I pHHERI I a8l S .
R R R RS SEE ITE 1 : RS T ; ] = T
T FEEER EZafaasat I.“Hwﬁjxmﬂ SEEEEls S LS it Hi ‘ i i it ! i
T3 T T F3 4 +4+4 4414 -+ 4 1 4 4 + 4 —4 4 ++4 -4 44 b t b 44 nlf T H 13 «. T 3+
A I HH EEET u.,uuw.,.. AZEE w EASRSERE=RT R EIA! HHAT 1)1t ns 9 bEs SaaskEsEdsnadle 3 w»
; SEISTITIESTS T T T AL AR s e e AR RO H 3 H 3
3 £3 2 22395 I e U e e R Mu atiseaseetiysd JEyNtals T
E L _ EIREXETETERA IREZTTRIARTILITIIT22AS ! sE23231 R332 : 1 OO—.
| ' I

TTT 1]
vL ¢l Ol 6 8 L 9 S 14 € §'¢C

SNOIDIW H1ONITIAVM

-29-

% IDNVLLIWSNVIL



NASA CR-132422
22743-6009-RU-00

€900 uL 4-v uLsay 40

§-8—8—s

wnua3oads asueuosay orjaubey JdealonN 9 aunbiyg

0 ot (x4 0t oy {9) Wdd o's 09 0L (X ]
] | | ! | v 1. T | ' 1 1 M |
) v | ! i T { r g 1 iy
__

H P [} [+14 00f

A:A_w
! I DUSU ISR I —— t o ] " I
ql 06 08 oL 09 {4)Wdd oS [+3 4 o't 0T

-30-



DY UlSaY 40 wnugdads padedajuy °/ aanbid

(LWD) ADNINOIAA

008 0O0tL 00)41 0041 000C 00S¢ 000€ 00SE€ 000V

NASA CR-132422

111 ﬂu“.w W o

22743-6009-RU-00

SSEg=asazEsanll iisstinssiatatie Mx it i
- M ; n‘w ,.“r‘m.rh.L T i ] ” 3 & H w H i {1 ~ .; #wﬁ
£ S HTIELE INEE: TR 3 0C

+
N
+H

T

1

[~

<
u:
M
1
IO
;
T

|
MENS ERRRA AR
H
H
Tt
T
1
T
1
T
;i
t

\aas
.
A
3
a4

el

+

t
T

e smm e
-
+ T
I
3
TR
PaS Anaps SOUEY msae
» oo e

o
v

Hil
T

+

}

1

I

t
A

!
190N A
t
et L
1
1
¥

4
1
T
4

1
T
T
T
|
+++
V04 BT
1
S =
1
T
T

T
19
t

7
:
o

K
b
11
m—ne
I 0NN
sns mama:
1.1
1
-
'i +
181 i
11 1
S RS H
HHH
rede N
T
i T M
1 e
T
e
t 1
t
+ e
e
T
1
amd
T
t
u
"
e
1
T
T
e~
»?,255—-..-»-" [y
o be pases
ye
el
s
1

e H :
I T & H 1 113
3 i oF 8 9 &5 b o agboy 11114 H ow
= L H T
- 1 13 = as§iis 8
- T3 BA & - 1
Bitiats H

00l
11 T

_ ]
L ¢1 Ol 6 8 [ 9 S 14 £ A
SNOJ¥IIW HLONJTIAVM

~31-



NASA CR-132422
22743-6009~RU-00

€900 uL 9-y uisay 4o
wn4329dg 3dueuosay olyaubey aeaony g dunbLy

(] oL ar o€ oy (g} wad 0's 09 'L o9
) ] - 1 ! ] v | 7 1 ! I I i
T " T v T T T i T T T
\\
of
+
5T
o0 001 X 00z 00t ooy H
€H=¢ )
-t 1 : t : —— — : f 1 X t — !
al 0'6 0’8 0L 09 {LTwdd 0§ : o'y (Y3 0T

-32-



NASA CR-132422
22743-6009-RU-00

008

3-g ulsay 40 wnu3dads padesjul

(WD) ADNINOIYA
00lL o0¥L 00/l

‘6 a4nbL4

000C 00¢C 000€ 00S€

000¥

_
14 B Al

o 6 8 [/ 9 S
SNO¥IIW HLONI13AVM

£

R R e SeE SERCERESRES=aIL e H T R [ BT w;uo
R e e e T R T
R, EEESSs SEsgE=x ER T R TR R T agERaze
E FEH HEEE 5 ZESSCEEESSS =X 2t 2 I 3
] + S BFEE R i P B £ g EE T R T T HH
S PR SEagEsazazacaps: = 4F 1H %-UIL:L. HHt i HE m HiH o i ON
T N A N SEE=gs TR R Y T 5 i =
F1 FE L f + t T HHH B RERgE %; H TR A
it H FEI = : H 1 e EEET=as AR R T TR I 3 xxxu V
T e e ey Z
Sl Bl e i A oy &
= & THA R e P13 TR T HHH i1 L HHE W
HEH T N TP P T T 1 F T PRI H A T HTHH HH HH —_—
HH PR R ey 2SR imag B P pe s R FHA P R HT T HE L AR :
= HEEE A R i=1i3 RPN L e BHAT ifEdE iesERsREasy ShESEES TRORIRERRS H u
= ESES:E: imSSiES FpSS5S sEmmm=coesm: i SSEISgEsienases sans ihnes >
HIHY Y 1 HAd T H A HHH iR H HHTHY
S8 3T B =E=ER SESERE JARERRE FRENV R é
P!  § p [ i1 414
1 IS gsEEnaEs TN FH i i t °
= g FERFIST A AN BERp H HH i R R T w
! | [

G'¢

-33-



NASA CR-132422
22743-6009-RU-00

€100 uL 3-q uisay o |
wnJa32ads soueuosay odL3aubey sesponyN gL aunbLd

o o1 0z o'e oy __ [e)Wdd__ oS 09 02 o8
] ] I ! ] i ] _ I i I ! I 1
T I ’ 1 N LI I I LI L ! | !
™M 0 oot ooz 00€ oor
€H=<
= " - o " | ——— T . e X m
ql 0’6 o8 0L 09 [l)wad  OFS oy o't 0T

-34-




NASA CR-132422
22743-6009-RU-00

4-g uis3ay JO wnu}dals padedajul

(WD) ADNINOIA

"Ll 34nbLy

008 (0 0] 11 010) 4| 0041 000C 00SC 000€ 00S€ Oowv

.du...n . e H ON
1 —
: + i .
- e : i .
-
: i et H : =
gjiEss HiEH W : : =
v.xm - 1 g i W
el P =109 A
25 m
= N

08

: : 001

L Cl1 OL 6 8 L 9 G 1 4 € G'¢C

SNO¥IW

HLIONITIAVM

-35-



€907 ut 3-9 uisey 4o
wnu329ds 3dueuosay oLjaubel aeadony  *Z| adnbiLy

)} o't o'e oy () Wdd oS 09 04 ('X:]

NASA CR-132422
22743-6009-RU-00

-§—§-3—8—2

-36-



9-g ULS3Y 40 WNu3dads pauedyul ‘gl sanbid

(WD) ADNINDIA

008 0O0lLL ool 00/1 000C 00SC 000€ 00SE€ 000¥

SEESERES SRR - 1! TR O

1113 rrrils 3 HIFH gk

AR |1 t14] ’

ame = R HHH T

NASA CR-132422

22743-6009-RU-00

0 e o e o e e g T HH PR H I A HR
0 gt ot vt o0 [ ] S I s i o g e st o 8! A L nagd SgugRy 11

t
+
H
T
3
T
1
1
)
IR bR
JER AN
1
i
J
t
1
Kl
Il
t
|
t
T
T
t
1
7
e
Ty
i
T
T
HT
11
II
t
T
T
+
yas
t
vl
T

EeasfEs GH i L LEef st H T
E 334 = Tglusasijasigs 1]
- e = = T = sgn T .
= =2 i I SRRaRCRREsRI LREL HAH T

e

A

1

]

T

T

i

s
1
}

]

i

f

[

% ]

X3 0]

11k 1]

1

.

1
;

1 1

JL:'

1

H

T

iaaia
I

t

I:l

+

¥

G0
e
=i

i MR BAN

T

i
!
H
4
!
+
i
1
1]
}
1
H I
T
.
1l
:
1
s
I
H
L}
T
e e;
T
T
+
1T
+
1
<=
T
‘l
1
t
1
BEE
o
'I '
+ +
t
Y
=t
t
b
t
1
it
+

4
HE ittt 313 155 H 1 HHAR N I EHTH
= =i Ay FHER HHH HETTEH 5
s im = ] = 1=
E=iisemany IR {] HEHI
=5 o e 39 L 15 raslipigas gaddegl

% JDNVLLIWSNWVIL

e

|
—
Il
T
H

:

q
s
1

1

T

H

H

|

1

el
i

1

T

T

T
T

1

e ¥w3
T
'

e
1

' 881

t 8

T
T

a8 a1

Tt
v’
T
1
1

I I ! _ 001

| _ I
ve ¢l Ol 6 8 [ 9 S 14 £ S¢
SNO¥IIW HLONITIAVM !

-37-



£1907 uL 9-g utsay o
wnJa323ds aoueuosay oLyaubey 4ed(INN ‘| d4anbL4

o't oy (0) Wdd 0's

-—{o

0T
] : | l | l Y

NASA CR-132422
22743-6009-RU-00

I 1 R | T

-38-

-§-43-8-2



NASA CR-132422
22743-6009-RU-00

3-9) uUjp53y 40 upa303dS padedjul Gl auanbig

(WD) ADNINDIYA
008 00LL 00¥L 004l  000Z 00SZ 000 00SE 00

014

o
N

O (@]
O <t
% JDNVLLIWSNVIL

+ - .
sngpinud gsagigen Shgugs
ReaER THHTTEH TTHH
/ 44 1-4 -4 4++4 H 444 111
ES & wign . -
- I IT o= I gEpa asgege H
A H4 Suuns B 1]
[ e e EE P A TR 334 : H 1 H {14 H
3333 311 . B e i i Y 9o W B i TR R - SppRgE P 3 Il
LTt 1% e MOy iy Sy ond | @ . E0dRRE 4 ]
- - o g g 1] 3 H [ 28 Hi1H
s g o - p {" P TITTII+T T  t - w g 3 » - p -
P g & 5 i s i g o L1
- i i - 3 EET 114 3 ru 1] 8 H
] 101 5 s o G ol e gl i e o o 3 s ® ips » H
1] FEEGEE SERIE - 1 LRI HT A SEeasbisssaLs Hi{ R L]
= 3 13 -, P LT 1334 ] a3 3 111
“+4+4 +4 +444 -+ 14 - ¢ -+ -4 - 44
= i1t ETg 1111 =i S5/ I SEE eEepaly (45 is Jeb S H £8 S328 1t TH 3
I MI3IE P o amm . Bie ig & - 1141 5 HiH sengen {14 .
13 = p o By & [ WO e | S gei AW 1] YT 4+ F+ H a8 » g
ITI33E T ] - sgar DGl RS RGN | 10 3 R o 1 g O BHIHIEIH {] . ¢ H .
IYEF ¥ 111 I LY PR - - & 4 s
P - LT 13 E 1] 3 & g po 4 ] ' ]
p mma EXY 2 29 - pa - = an TR »
SRR IR i SE S A HE T HH ® T ] g
s3Egss ' FY HiigrE H H H
WeSEwmmER § SNgys e 3 = p u ] » ] »
g - H 5w Spad 1 3 000 g o 5 ] ]
Ll r i PNy & o - e - Ep Seuh i - g Ry g8 1 1T
- EIT] 2% (1 FEFEEETE X o111 ediduingus H
- p - TR T TR Y Y o e | .
Pt -+ttt - 3 44 t—t +——¢ H 4 lIIA'..I <+ ot bttt 41 412 4 .l 4
- -+ 44— -4 -4~ 3 41+ 1+ & - +% -3+ 44 <+—i8+ 4 +H apaal -4 I H 1 R
- E A ¥ o Wity ey 8 ® HTHF
p i b n g 113 P
F 1194 F1 P 3 BT FEA I
I T A”Il gl T H {1 11y .
=g =y -y 0 g g o A e B . o o ae ¥y, 1ae H
s ol g 13 F Py [ H t 1
-4 4 — =3~ + P S0 A B S S Rk O B - ft4-1 - 4 -3 ¢
o gt 0 4 - 0 28 o e i A g g g o ==
§ o ol - el {3
' P et pmp F3-H3 {1
o ot g i X S r apgaape
4 LT IR - 13
- iy g o g e [ ey o i 4 sgpenguundady 2 ] BEgagaiaginy . 114
E= oo g o e 1 3~ 141 -
0 o o B O ot o 33 ] i 0 e g i o iy g ks g g e 1T
- 333 He EE 13133 AT 1311 ] g HIHTY ]
- 0 0 S O 00 1 At D W iy o 1] ﬁﬂmmmmnnnnnnnnnn 9 By
1F gy 5 o g o s ) o s s T : sgpw T
T3 SEHE AR T A HHIN H T H H HHH
o [ 444 14

T T 1 ]
vt ¢L oL 6 8 £ 9 g 14 £ S°¢C

SNO¥DIIW HLONITIAVM

-30-



NASA CR-132422
22743-6009-RU-00

€1909 ur 3-5 uisay o
unagoadg adueuosay otyaubey Aealony  °gqf aunbiL4

0 o'l 0z 0t o'v () wdd oS 09 0/ (1]
T I T ! T T | T ] T 1 T T "7
1 T T —T T = T T ™ T =
\l\\ltl\
[+:9
I
o0
ok
w0 001 00z oog 14 Fa
< oho
" i " - e, " U i - " )
— I T n ] " | ’ ] " T L I X T
qt 06 og 04 09 {1YwWdd 0's or (X3 0T

-40-



NASA CR-132422
22743-6009-RU-00

4-9 ulsSay 30 wnud3ads paueyul 7| a4nbi4

(LWD) ADNINOIA

008 OOlL  00¥L  00ZL 000 00SCT OOOE O00SE 000F
- oz
: -
] =
gEa w5
: 1 =
3
: >
83
m
PO}

HE 8

| | I | | ! oot
vLecL oL 6 8 £ 9 G 14 € A

SNOUDIW HIONITIAVM

-41-



NASA CR-132422
22743-6009-RU-00

€1900 ut 4-7 utsey 4o
wnu3oads doueuosay dljaubey Jaea(onN ‘gL a4nbid

o ot oz ot oy (0)wad __ 0'S 09 0 o
7 T _ I T I ' I 7 Y T T I I
t T 1 T T —— — T
>
\ \\
o
s
Aux o [+ 41} [+ 4 00€ 14
H—~
— 1 ! - L t — — - ) : — — 1 t
o 06 0 0z 09  (ilWdd 0% o 3 o¢

-42-



NASA CR-132422
22743-6009-RU-00

9-9 ULS3Y 0 WNU3d3dg padeajul

(LWD) ADNINOIYA

008 0Ooll oorl

61 34nbLyg

0041 000C 00SC 000€ 00SE€ 000Y

1 T
vL ¢t Ot 6 8 £
SNOJIIW

9 g
HLONITIAVM

SEE i s &
s Z25] T R i H
1 ,Jnl,mlﬁum P T S 5 & =2 T H sislifeisant HIHHH THA T
qmmrmwuurJMI SEx e e 8 o o e o e e PR HiH HHHTHTH H H
fREESCosEpasEanir. b SEasses P T T 0c
SE e SEaoaskl EES s - o ] i HEHHH -
SeE3sEagzcCIasizIois: E33zadamazal. ogdicdiigsassess R x
FESEEREES: sasfes=El . ¢ Sea=3 I3 T fastisdsadie’snacs gasitasashacss o8 v
§sasisiifs isa3 sa) Sigal SpiEasseEzEogac: SR AR S ] Z
SIS A FHEMEE R il o -
i i e i o2
2 : £
A3 rIrrT e s 131137 I Ix e 3 H .“ o
: g . . N
: je5s : 08
Nttt : 5
= _ 00l

14 € N A

-43-



NASA CR-132422
22743-6009-RU-00

€1007 utL 9-3 uisay jo0
wnu32adg 3dueuosay dr3aubey aea|dnN ‘0z aunbiL4

oL [+ )4 o't o'y {9} iL.Lm 0's [X] 0L [} ]
— — _ T — L} _ T — T — t m T —
| | T 1 T t 1 |} M i
\ \
r‘ \\\\.\
y
"
.\
/
e
-
i)
o
Ai 0 001 [+ °4 o0t ooy H
H=(
) 3 1 " 1 3 ]
|} 1 1 1 1 1 1 L 1 1 1 N ] 1 L
q 0’6 oS Y3 09 (1]Wdd ©0S oF ot 6z

-44-



J-Q ulS9Y 40 wWnu3dads padedju] ‘|2 aunbid

(LWD) ADN3INDO3IYA

008 ooil oorl 0041 000C 00¢C O000E 00SE O000F

NASA CR-132422

22743-6009-RU-00

-45-

TETH T e & It 5 TR T ] TES33 o
A B HEEE B + HHH H HH T R HET T
=HHH i HHHH
-~ o R e ! o R A o T U (3 A W 8 4114 $-4- -1 41
s e e e AR e 3 3 H H 1 - : HR T H1HHTH
3. HE TR A PR S e e e R FHEH 3 sanasbaladgasds R RS
A T e R AT T TR T 1 HHH § T
F N R ERR Do TREsaTRIREEEE3aEEES=E i H b e H0Z
SRR T R T T 3T HITFEH Sy EAEEERa: HE AT Hid T HHHH A HH HH] 11
9 4y T 14 o op o i o s ol g g ik o ot o 1 1 s t]
=4k 3 PR T P T T T A BT g R e AT T {
SIHAH T E e G e L PR PR Hif 2 HIE R A (i H T H B v
- Fiti3rr e bi e biad it o ittt i434 bt T I T I L geddagenasdech V
RO B S o vb 0 Tt r 3 ] aRgedgans wiggad
SR HE T AN T R T R e e + easeles ] 11 H i H; N
BRI TE) SES=ERS2E HIT HH A H 1 H HHHH O.V
AR ET T SRS 1 JESSEECISEREREaE (RS IR AERATERSSLSRIL: i3 8 I H H »
I H Y P - HHY P SEl R i fm Ip JE R R PR IR i W
rL EESEdaliSsRaginis] T L Bl T HH T EERa: H L H —
I I EHEHHEHHITETE Bt et T EN TR R B R 1 tH HHHIHT H 1HIH u
EEEESEEESRTFEE 3 AT S R aRES EE Nl ERg ine T H T (HH
EEE EE R R R T HITHEE AR R L H Hit
E T - S PR EER R i | BE: gl B e mn R 8 sn._ iR R V
T4+ H E f4-17 11 e RS R H 3 H HHH
FISFESESESEEEES = SSgE - ! IR REEREESE =SEEET ; o H T OO N
EEIE=TE HH A 1] HHH : siear 3 'a)
- - 19 p & Eaum! ne:

I o mnn hmia ol s Sl o o 4 1 m
=2 1 .
FIT R ] {15 11
. . n¢

s H o 4

vi Cl

]
oL 6 8
SNO¥OIW

T !
L 9 g
HLIONJ13AVM

o
o o)

0[0]]

A



NASA CR-132422
22743-6009-RU-00

ol

€900 uL 3-q utsay 40
wna32ads aoueuosay dLjaubey Jeajony

oz o€ ov

"22 aunbLg

o's

o9 [\ 4 (X ]

(2) Wdd
_ . | I

]

0
IS B R R

T T

~§-§-8—-2-=

oy ot 0T

-46-



4-Q u1say j0 wnu3oads padedsul €z 34anbL4

(WD) ADNINOIA
0oLl 0OvL  00ZL  000Z 00SZ 000€ 00SE 00Q¥

NASA CR-132422

22743-6009-RU-00

1 NEe

Efifaze=2 m.lul.v,nw. SxEs: S HEE AT it iR it 1 O
. TITIRTE I I11 TIETER o 3 111 § ITT1353 T3 43 audSEnd
; WW A Hi11HTH T T FEE R LR HEHHIH HHH shaths
R e e s e R
=

+
iy

111

e R A B T T e ﬁwﬁON
R e U e e e e e it

P

+
=+
3

1
il
i
.

:

+

{
1

"

1
A
1
!
Lad
I
e
ot

1
b
JNH

1

u:_r
+
oy
v
H
I
+
i
T
(e
I
T
;I
H
—t
:
"
e
o
R
Il :
1
N
117
it
I
i
;
#
T
b &
i
=
1
L)
1
+
1
T

1]
s

e

1
1
H
1
T
'l

b
i
t
T
+
{
:
H
E;!

T
3
T
i i
i
H

1]
H
"
i
)
IN
H
H
+
o
M
L
T
1
JEABSNE SN
oA R
o
-
- +
| 110
T
+
St
ena sanra i vngy
2as =
HITNH
T
N e
-
T
H
-}t
}
T
i
e
H
T
Tt
3
t
T
T
-t
T+
;

Ed ] B8 i31i8F g RNRTTIETIRT: i EEESRRERRNS: ahl et i) HTT
itilE fratasags fuaydun: i soREsNaranani 3L Uine ERpRRpasRRR ittt s iRt Ra RSy

;
1

H

+
T
1
H+
T
7
IS
-y
e
B
-
tr
=~
1
gy
I
n
h
T
H
;
I
"ri
SuLH t
U PURNR PRI R3S
IR
I
.
T
"
T
T
a
a8 te!
pa
T
L
17
T
t
+
T
saan

T

131

T

f" T
T i
ot
% JDNVLILIWSNVYL

]
L
I
H)
et
Y
14
1
I
—
!
N
I
¥
I
™
b
oy
+
1]
+t
s
B
oy
"
1
T
1
+
I
ot
}
et
H|
t
N
[
H
T
T
T
i
e
ol
T

o

4

n
T
t
~+
3
T
i
|
T
T
t
+
vy
1
bz
it
e

|
L
H
;
;
.
|
:
)]
s
34
H
+
Y
;
:
I
ISy
i
1 I
o
:
.
B
:
RS U1
158 |
b
. Y
bR «ml &
b 94 |
9
Ty
1
.
3

i
+
1
1
T
MMy
I
1]
H
+
H
H
e
t
+
Il
H
|
t
-
+
+
H
H
1y
H
i
F1
i
-
5]
+
+
TR T
e
T
T
T
T
1
T
L 3
1
L 5
bn v
T
o
—r
maas
T
t
T
1T
T
:
1
T
t
1+
i
T
T
T
T
t

- [ gt g o, 0 o (g 0 o 8 4 o o = T HTH T o
I g i 0 e s e e 1 F oo i ) i 1 sugsafish 8w 1 .
o g b rd T shfjhanneguns
ST o ]

_ T
OL 6 8 Z 9 G 14 £ G'C
SNOJWDIW H1IONITTAVM

_47-



NASA CR-132422
22743-6009-RU-00

.mGS ul 4-Q uLsS3y 40

N

wna323ds 2oueuos3y dL3aubey 4ea|InN  *pz unbl4
0 ol ot ot oy ___(9)wdd __ O 09 0 o
i T T T T T T _ [ T I T
T T _ + T T T y T " *
™ 0 00} 00T 00¢ oor
€H<
i ) * 1 ; f — —— : i —+ ' 1 1
ai 06 ) 0z 09 (iTWéd 0% o ot Y3

-48-



NASA CR-132422
22743-6009-RU-00

J-Q uls3y JO wnu3zoads paseajuy ‘gz aunbiy

(WD) ADNINDIY4

00lLL oovl 0041 000C 00SZ 000¢

00¢€ 000¥

SHEEEE R SEgss - R T T AT n.mo
a7 0 o ot 1 o o i g A Hinnuaint e BERRARRARRS SHeR
REzfecdsbsenntfISRIRRIRE SyuEh 5 il e o 108 b o 3 1 o 2 o Sune: gadiunds ek g HEIEE tH]
e e e T e e e e
S e e e e e R T SESZEMeisisind T T AT 0z
e e R e e e F e e R d e S a b s (R R e H _
B R e e e e R A R IR 0
SR e R T sES3fdsstRsccRRsEcRRNiINInHINAN N R wNv
THE T TR e e e e e e e i R R ETIT
e e e A e e e e T i 10y ©
ST PR e H 1 HREH LRI HTEE T 1 1 H1 FEHEEHT HEY W
SEHEER e T N e L e e e e T T R ;H.._
SH e o R e e e e T T B L T T >
B2edci ABEgzcc Rar N Re0  BE 1Ak, 0 SENREE WICE T3 EEY Mi REadjEziceRijntnn T HINHIRT 100 Z

E L R e N e R e T T il i 0
BEESREs:c RESSER! EES 3! 1 g AESESESFRG S )81 ISER R I3SRGUE RS T H T ’ HHIH EREEdSAEREE m
By 655 1§ §35358)/5 15 /SRR E 5 ASER NS  soom e ns YAl | EES 50 sEEBEa R NG R i R N
pa e b 1 131 sl e ool iy i 4 ERTEESE 1 o e e g gl e g e Bl o Eys 331 11 b3 13 11 o I b
JiEEA J.nrlm. IEEEEES FRFSIoECERSICRRIVIoaNRER REESRS SSEaisteiiaIn: ] 1 R ﬂ THHERE AT B A.A m °©
= NS e e e e T e e T A T e 08
5 ESER ESEERIS T R o N T e T e T T T e HE T

SES3escs=ssszempREsscops-cpeass e A o : T N,
_ ( I

T
vl Cl

_
oL 6 8 ¢ 9 S v
SNOJIW HLONIIFIAVYM

£ G'¢

-49-



NASA CR-132422
22743-6009-RU-00

[+] oL 0T ot oy

.m58 UL 9-q utsay jo

wna3oadg adueuosay or3aube 4eaonN 9z aanbi4

(9) Wdd 0§ 09 (74

(X}

T T | T m § T | H T T T I T

i ] I | I |

] 8_8
Lgirn = &

0T

-50-



NASA CR-132422
22743-6009-RU~00

REFERENCES

1. P. W. Morgan, "Condensation Polymers: By Interfacial and Solution
Methods," Interscience Publishers, New York, 1965.

2. H. Lee and K. Neville, "Handbook of Epoxy Resins," McGraw-Hi1l Book
CO-, ]967, po 21-33.

~ -51-



"Page missing from available version”



NASA CR-132422
22743-6009-RU-00

DISTRIBUTION LIST

NASA Langley Research Center
Hampton, VA 23665

ATTN: Report & Manuscript Control Office, Mail Stop 180A

Raymond L. Zavasky, Mail Stop 115

Technology Utilization Office, Mail Stop 139A
William A. Brooks, Mail Stop 188M

Eldon E. Mathauser, Mail Stop 188A

Edward L. Hoffman, Mail Stop 188A

Richard A. Pride, Mail Stop 188A

Dr. Norman J. Johnston, Mail Stop 226

Thomas P. Kelly, Mail Stop 206

Dr. Vernon L. Bell, Mail Stop 226

NASA Ames Research Center
Moffett Field, CA 94035
ATTN: Library, Mail Stop 202-3
Dr. John A. Parker, Mail Stop 223-6

NASA Flight Research Center
P.0. Box 273
Edwards, CA 93523

ATTN: Library

NASA Goddard Space Flight Center
Greenbelt, MD 20771
ATTN: Library

NASA Lyndon B. Johnson Space Center
2101 Webster Seabrook Road
Houston, TX 77058

ATTN: Library, Code JM6

Jet Propulsion Laboratory
4800 0ak Grove Drive
Pasadena, CA 91103
ATTN: Library, Mail 111-113
W. D. Roper, Mail 158-235

NASA Lewis Research Center
21000 Brookpark Road
Cleveland, OH 44135
- ATTN: Library, Mail Stop 60-3
Dr. Tito T. Serafini, Mail Stop 49-1

NASA John F. Kennedy Space Center

Kennedy Space Center, FL 32899
ATTN: Library, IS-DOC-IL

-53-



NASA Marshall Space Flight Center
Huntsville, AL 35812
ATTN: Library

National Aeronautics & Space Administration
Washington, DC 20546
ATTN: KSS-10/Library
RWM/Bernard G. Achhammer

Virginia Polytechnic Institute & State University
Blacksburg, VA 24060 '
ATTN: Dr., J. P. Wightman, Chemistry Department

Air Force Materials Laboratory .
Wright-Patterson Air Force Base, OH 45433
ATTN: T. J. Reinhart, AFML/MBC

V. J. Russo/AFML/LLS

Naval Research Laboratory
Washington, DC 20375
ATTN: Dr. W. D. Bascom, Chemistry Division

Picatinny Arsenal ,

Materials Engineering Division

Dover, NJ 07801 ’
ATTN: W. C. Tanner, SMUPA-FR-M-A

National "Academy of Sciences
National Materials Advisory Board
2101 Constitution Avenue, NW
Washington, DC 20418
ATTN:  Dr. Robert S. Shane, Staff Scientist

Amicon Corporation
Polymer Products Division
25 Hartwell Avenue
Lexington, MA 02173

NASA CR-132422
22743-6009-RU-00

Copies

ATTN: Dr. Justin Bolger, Vice President & General Manager 1

U. S. Department of Agriculture
Forestry Sciences Laboratory
Southeastern Forest Experiment Station
Athens, GA 30601

ATTN: Dr. R. F. Blomquist

Bendix Research Laboratories
Materials & Processes Department
Bendix Center
Southfield, MI 48075

ATTN: R. M. Summers

-54-




Whittaker Corporation
Research & Development Division
3540 Aero Court
San Diego, CA 92123
ATTN: P. M. Hergenrother

The B. F. Goodrich Company
Adhesives Research Section
General Products Technical Center
Brecksville, OH 44141

ATTN: J. F. Coleman

Materials Systems Corporation
751 Citracado Parkway
Escondido, CA 92025

ATTN: H. H. Levine

Ciba-Geigy Corporation
Ardsley, NY 10502
ATTN: Dr. R. J. Kray

NASA Scientific & Technical Information Facility

P.0. Box 33
College Park, MD 20740

Northrop Aircraft Company
3901 West Broadway
Hawthorne, CA-90250

ATTN: David Crabtree, Mail Code 3772-62

Commander

Army Materials & Mechanics Research Center

Watertown, MA 02172

ATTN: Dr. R. Sacher, AMXMR-RA -

-55-

NASA CR-132422
22743-6009-RU-00

Copies

12 plus
Reproducible



