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Tlne-"enendent var1¢tlons have been observed in mechanical
and physical properties of polymeric network epoxies and also cearbor-
Iiber-reinforced composites with epoxy-matrices. These property
variations are the result of differences in specimen preparztion
conditions and/or thermal histories which the materials have

experienced (1 - 7). In general, with slower cooling rate from

a2bove the glass temperéfure, Tg, and/or increasing the sub-Tg

annealing time, the density increases, while impact strength (8),

fracture energy (8), ultimate elongation (9), mechaniéal damping

(5), creep rates (10), and stress-relaxation rates (5) decrease.
Of particular concern in the processing and application of

structural epoxies is the loss of ductility of such materiels

on sudb-Tg annealiné, i.e., thermal aging a2t temperatures below

the glass transition of epoxy resin., This sub-Tg annealing

process, more commonly known as "physical aging" (10), is confirmed

to be thermoreversible (5). That is, with a brief anneal =zt

temperatures in excess of the resin Tg, the thermzl history ol an
aged epoxy can be erased, A sudsequent guench from above Tg
would render & "rejuvenated" epoxy. In othe:‘words, the polymer
exbrittles during sudb-Tg annealing. 3But with an aging history -
erasure zdove Ig, the duétile behavior can be restored (5,10).

If epoxies are to bs strong cancdidates a2s structural

nmatrices of composites materiels, it is of oprimary importance
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*r that an uﬁderstanding of the nature of this volume recovery process
as well as an assessment of the magnitude of its effects be
athieved. gp'date, there it a general consensus that tbe property
changes in glassy bolymers on sub-Tg annealing are the result of
relaxafion Phenomena associated with the non-eguilibrium nature of
the glassy state (11, 12). However, é basic understanding on the
changes in the molecular level is still lacking. Fortunately,
substantial progress has béen made in the past few years in
characterizing the glassy state from the molecular point of view
by powérful techniques such as proton-decoupled cross-poliarized

magic-angle-spinning (CP/MAS) nuclear magnetic resonance (NMR)

spectroscopy (13). Combining such technicues with other conventional

instrumental tools, which measures excess thermodynamic properties,

it is now possible to ascertain the changes in properties that can

be attributed to relaxations of excess thermodynamic state functions -

such as enthalpy and volume. This paver addresses the pertinent
relations between excess thermodynamic properties and the tinme-
dependent behavior of epoxy glasses, Also, an attempt is made to
describe the molecular nature of this relaxation process.

Moisture is a well-lmown plasticizer for macromolecules (1¢).
Specifically, water penetrates into an epoxy network and can lower
the glass temperature of the resin (15). In this report, moisture
for the first time has been utilized as a2 prodbe to characterize

th

3]

densification process during epoxy aging. -~ Also, using the
same rationale, heavy water is used to cdiffuse into the epoxy reszin
in order to study the interactions of rmsisture vith the aging

polymer by hydrogen-2 (deuterium) XIR spectroscody.
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3 + -7
Bxperimenteél

The epoxy used in this study was Fidberite 934 resin supplied
by Fiberite Corporation, Winona, Minnesota, U.S.A. The chemical .
formulation-of th%s resin is shown in Figure 1. T@e chemical
constituents are 63.2% by weight of tetraglycidyl- 4,4'---
diaminodiphenyl methane (TIDDM tetrafunctional epoxy), 11.2% of
diglycidyl orthoprhthalate (DGOP difunctionsl epoxy), 25.3% of
the crosslinking agent 4,4' -diaminodivhenyl sulfone (DiiS
crosslinker), and 0.4% of the boron trifluoride/ethylamine
catalyst complex (16, 17).

The neat evoxy resin was prepared by casting. Thg as-received
B-stage material was subjected to degasification at 85°C inside a
vacuun oven. The softened resin was then transferred into a
preheated silicon-rubdber mold., The curing schedule was 121°¢ for
2 hour, 177°C for 2.5 hour, followed by 2 slow cooling at ca. .
0.5°C per minute to room temperature (23°C).

Thornel 300 Carbon-fiber-reinforced Fiberite 934 epoxy laninates
(ca. 60% fiber and 40% resin by volume) were Iabricated from
prepreg tapes manufactured by Fiberite Corporation. The deteils
of this fabrication process have been disclosed elsewhere (2, 5).

With the exception of five specimens (which were to be
tested in the as-fabricated condition), all svecimens were
postcured for 16 hour at 250°C, followed by a Slow cooling to
roon temperature at a2 rate of 0.5% per mirute, Testing was then

performed on the five as-postcured specimens. The other postcured

‘specimens were heated to 260°C for 20 minute and then immediatel

air-quenched to room temperature. TFive of theze quenched specizens

vere irmediately tested,‘others were sub-Tg annealed in darknaszs at

r

either 80, 110, or 140°C (in nitrogen) for time increaments ¢f 10,

102, 10%, 10%, and up to 10° min. Time zero was teken as the tire

3.
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, Wwhen a mercury thermometer placed adjacent to the specimens reached
the sub-Tg annealing temperature. At each decade of aging time,
five specimens were removed from the environmental chamber and
‘storé at room tenperature prior to testing. -

In order to denonstrate the "thermoreversibility" of ophysical
aging 4 the following requenching procedure was carried out.
Specifically, some 104 min.-aged specimens were heated to above
Tg for 20 minute (260°C), followed by air quenching to room
temperature. Five of these requenched specimens were tested
immediately. while the rest were subjected to "re-aging" in
darkness at either 80, 110, or 140°¢C in nitrogen for time
increments of 10, 102, 103, 104, and up to 105 minute, At least
five specimens were tested for each decade of aging time.

The technicues reported in this paper for the study of volume
recovery in carbon/evoxy composites is summarized as follows:.

1. Instron 1122 tensile tester was utilized to study the
time~dependent stress-~strain behavior of the neat resins. Dog-
bone-shaped epoxy specimens were prevared in accordance to
ASTM: D1708-66.  Strain rate used was 5 x 1077 sec™',

2. Dynamic mechanical analysis was performed on 8-+ply Thormsl
3G0/Fiverite 934 comzosites that were symmetrically reinferced in
configuration of (& 450)23. A dynamic mechanical thermal analyzer
interfaced with a Hewlett Packard 85 computer was. kindly supplied by
Pro{éessor R.E. Vetton of polymer Laboratories/Lougkorough University,
Loughborough, United Kingdom. This instrument utilized 2 )
sinusoida} benfing mode of mechanical deformation on a doudle

cantilever beam (18). Both mechanical dispersiong and dypanic Slorage

modulus were nmeasured in nitrogen fronm -100°C to 300°C 2% 1 Hz and

5% per minute heating rate.
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3. Differential scanning calorimetry was used to measure
both the extent of cure as well as the progress of enthalpy
recovery in the neat epoxy resin. 4 PerkinfElmer DSC=-2
diffe}entiéf'scanning calorimeter equipped with a scanning-auto- '
zero unit for baseline optimization was utilized to measﬁre the
heat capacity of the polymeric network glasses. Each disc-like,
0.8m thick specimen of diameter Smm was measured from 50 to 280°C in
nitrogen at a heating raterof 10°C/min, Each spscimen was scanned
(160°C cooling rate from 280 to 50°C after the first scan.) The
enthalpy recovery measurements were made by superimposing the
first and the second scans for each specimen using a2 data-
analysis method suggested by M.G. VWyzgoski (19).

4. Density measurenents were made at 23°C on spherical
neat resins of 5mm ciameter using the flotation method in
accordance to ASTi: D-1505. The density gradient column (ﬁodel
DC1) was supplied by Techne Incorporated, Princeton, New Jersey.
Calcium nitrafe galution columm was set up which could measure
dgnsity that ranges from 1.210 to 1,290,

5. Hardness reasurements were mace on 5002 gold~decorated
epoxy square plates (2.5cm. by 2.5cm., 2mm thick) using a
Leitz miniload micro~hardness tester, supplied by Ernst Leitz
Compahy, Midland Ontario, Canada. A load of 200gm was applied
to the specimen. ASTM D-785 and ASTH D-1706 test procedures
were consulted.

6. Thermel meckanical analysis was performed on 2,5mm
thick neat epoxy discs of 6mm diameter using a Perkin Elmer
T:S=-2 anaiyzer. The expansion mode was utilized in order to
study the therral expansion behavior of the network epoxies.

Each specimen was measured from/50°€ to 260°c at 5°C ver rinute ‘.
heating rate ir helium atmosphere. Similar to the DST experiment

N
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describel earlier, each specimen was scanned twice from 50°¢C
to 260°0. After the first scan, a cooling rate of 160°C per
minute was utilized to quench the system from 260°¢C to 50°¢,
The }irst-ghh second scans were then superimposed at tﬁe—high-
temperature "rubbery" domain in order to measure the volume
recovery during sub-Tg annealing. Thermal expansivity was

measured at the linear expansion regions below and above the epoxy

glass temperature.

7. Yoisture sorption kinetics by neat epoxies were measured
using gravimetric analysis using a Mettler balance which was
accurate to ¥ 0.05 mg. This technigue was described in details
elsewhere (20). Another method was used to monitor the sorption

kinetics of heavy water diffusing into neat epoxies. This

technique involved the use of solid state hydrogen-2 NMR
spectroscopy. 3By the use of the normelized Free Induction decay
(FID) ¥R signal, one can readily determine the amount of heavy water
sorbed by the epoxy specimen. . _ Cylindrical-shaped .20/mﬂ-1%y
epoxy specimens of 5 mn diameter were immersed in heavy vater at
23°C for 2 months and 40°C for 1 month‘before the NI'R experiment.
~The hydrogen-2 NMR experiment involved locating the non-spinning
heavy~wzter-saturated solid polymer in a magnetic field ¢f 5
Tesla vhile puising the meterial with a radio frecuency of
30.7 ¥Hz. This technigue was used to study the mcisture-epoxy
interactions in the moleculaY level (14).

8. 1In order to study the molecular aggregation during the
volume relaxation of network evoxies, CF/MAS carbon-13

(natural abundance) MR was utilized., The Harimzn-Hahn cross-

polarization technicue (21) was used with a cross-contact time

of 1 mesec for transfer of proton polarization to carbon nuclei.

[34]
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The proton-decoupling was achieved at the radio frequency of 56.4 ¥¥z,
Cérbon-13 14.2 MHz spectra were measured in a 1.4 Tesla magnetic
field. Roon temperature (23°¢) experiments were performed at )
54_76‘MAS ;;.fKHi. The brittle, aged epoxies posed some experimental
difficulties in using higher spinning rates (e.g;, 4 KHz) at vhich the
spectrur would have a higher resolution, The probe was constructea using
double-tuned/single-coil circuity. The spinner was constructed

using an Andrew-type rotor driven by compressed air.

9. A Bruker WM-500 NiR Spectrometer was used to study the
carbon-13 resonances for edoxy components (TGDDH and DDS) dissolved
in deuterateé chloroform (CDCIB). TGDDM or DDS components were
dissolved in solvent-contzining 10 mm NMR tube. 125 MHz carbon-13
NMR spectra weré measured at 23°C using a superconducting magnetic
field of 11.7 Tesla. |

Results and Discussion

In previous communications (4,7,9,22), we reported the
importance of physical aging processes in affecting time-
dependent changes in mechanical properties of TGDIM-DDS network
epoxies and their carbon-fiber-reinforced conposites, Recently,
by means of a transport experiment, we have conclusively
demonstrated the time-~dependent "free volume collapse" in neat,
fully-crosslinked TGDDM-DDS epoxies by water diffusion
experiments (£,23). In addition, the mechanical damping and
stress relaxation rates of such epoxies were observed to decrease,
while tensile modulus of.the carbon-fiber-reinforced epoxies
was sugge§tedto increase by our stress-relaration studies (gg).

In this paper results from vaiious instrunental technicues

will be discussed and critically reviewed, Thermal analysis

a
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performed by differential scanning calorimetry (DSC) of as-cast

epoxy inéicated the material was not fully crosslinked --- an

exotherm with 2 maxirun veak temperature at 263°C was detected

during the~first scan from room temperature to 300°C, using a
heating rate of 20% rer ninute, Because it is obvious that
continued "chemical agingﬁ such as increase in crosslink density
can change the physical and mechanical properties of an epoxy,
it was important to this study that all possibilities of continuous
chenical aging be eliminated to permit a full evaluation of the
effect of the physical aging phenomenon on mechanical behavior.
The Fiberite 934 epoxies and their composites were given a
vostcuring treatoment o 16 hours at 250°C in nitrogen. After
postcuring, DSC confirmed that the epoxy matrix was in a fully-
cured state with a regular steg-function increase in heat
capacity at a2 Tg range of 180°C to 270°C, This result was also
confirmed, using dynamic mechanical analysis and Fourier
transform infrared spectroscopy (24}, |

Stress-Strain Analysis

Tensile tests were Dverformed on neat evoxy resins in the

following conéditions: as-cest, as-postcured, as—-quenched, anc

aged at decads increments fronm 10 to 10* ninute at 1£0°C in
nitrogen while stored in darmess., A summary of the observed
resin stress-strain beravior is shown in Figure 2. As can be
seen, the epcxy polymer wae found to be extremely sensitive

to thermal history. The as-cast specinmens exhibited the highest
value of ultimate-tensiie-strenguh (U23) and by far the

reatest values of strzin-tc-bresk (& ané *oughness.
8 &

Toughness here is defizned as the areaunder the stress-strain
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éurve, vhich is éifferent from the dymamic toughness values
ob%aiﬁed fror impact tests. As reporied earlier in the carbon/
epoxy composites investigations (4, gz), the postcuring treatment
resulted in"2 significant reduction in thes= mechanical prozer rties,
Tris effect is undoubtably due to the comdletion of the crosslinking
reactions in the thermoset.

0dély enough, the postcured specimens given an air-guench
from above Tg eXJlblted a loss in strength, ductility, and
toughness --~ significantly greater than that of the as-vostcured
specimens (Figure 2). This observation was unexpected, based on
the free-volume concent A ranid quench will result in a larger
dnv1atﬁon freo the egquilibrium glassy state; thus, a relatively
large amount of free volume will be frozen into the epoxy.
Because more free volume can be interrzreteé to mean higher chain
mobiiity ané shorter molecular relaxation time, an increasé in
free volume was anticipated to result in an increase in epoxy
tensile propsrties instead of a severe decrease,

Quenchel speéimens given a brief thermsi ammealing at 1£2°C
f&r 10 minute were to exhibit toughness similar to that obssrved
for as-postcured svecimens (Table 1). Z=ven though the strength
for 10 minute annealed specimens was not toitzally restored
cempared to the as—postcured specimens, the ductility for
the former vz:s ruch improved, This rzpid restoration of
meczanical properties over that observed in as-guenched behevior
is an artifazt of the qugnching process and not an indicaticn
of the inhersnt tensile behavior of the epoxy material itself

One exzZznztion for these observations is the presence

of residuzl Itrerma2l stresses, which can develop-in the bulk

ORIGINAL F/CE 5
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materizl as the result of rapid therm2l changes. The skin and

fhe core of the bulk epoxy would experience a different cooling

rate during the air-quench, and rapid

wou.d not permit the tlme-dependent re

cooling of the specimen

laxztion of these strecsss.,

The fzct that a brief thermal annealing results in restoratiocn

of ex-oxy tensile properties suggests
stresses have been removed and have no
damage in specinen.

Thermal annealing at 140°C in ine
for times investigated up to 1O4 minut

severe effect on the polymer tensile b

that the residual thermel

+ caused irreversidvle

rt and dark atmosphere‘
e was found to have 2

ehavior, as seen in Figure

2 amé Table 1. The continual reduction in the stress-strain

curve with decrement interval increase
140°C is shown in Table 1. These obse

ductility, and toughness are interpret

s in exposure time at
rved decreases in strenzth,

eéd to be the results of

the dhysical eging process occuring in the glassy polymer., &as

an aéditional check to assure that comrositional changes were

not occuring in the laminete with thermzl exposure, svecimen

veights were followed. No resolvable weight change was observzad

in any of the aged specimens,

The detailed influences of phyeil

Fiberite 934 ednoxies are shown in Figur

network epoxies, the results are prese
was found to decrease from 2.1% to 1,03

to decrease for 35.5% during this psri

cal aging on UIS and €5 of

es 3 and 4, respectivelsy.

nted in Figure 5. Ductiiity (55)

% vin strength was fcund

od of 104 ninuteseging

at 1409, fThe éGecreases in UTS ani C%B aroeared to be linear =z

a function of logarithmic aging time

10

L g R0 O el et e

(see Figures 3 and 4)



. Likewise, toughness decreased with time to a reduction of
80.65 after 104 minutes of 140°C aging (Table 1). The scatter

in the results for modulus (E) and yield strength ( q; ) was

o

large, however, In general, E was found to remain essen%ially
- constant at ca. 11 G?a (11,000 }Pa). Vhile q} was found tc
decrease with aging time (see Table 1).

Dynanic Mechanical Analysis

Dynamic mechanical apalysis of polymeric materials, incluiing
epoxies (25-43), is an established tool in measuring the
mechanical dispersion peaks as well as other parameters such
as the dynamic storage modulus of the macromolecules, 'Wetton
has reported some effects by sub-Tg annealing on the modulus
and damping pea¥s a low-Tg epoxies (gg). In Ehis_investigaticn on
high-performance/high-Tg epoxy-matrix composites, we have .observed
decrease of damping and increase in dynamic storage modulus of the
composite as a function of physical aging time (5). Figure € shows
a specific exarple of a.14O°C/102 min.-aged carbon/epoxy corrosite
having a glass transition maximum peak temperature near 242°3, The
onset of the Tz is near 175°¢C. If is rather easy to characterize the &
mechanical dispersion peak (tanf or loss tangent) for this srstem.
This composite, which is 2 45° carbon-fiber-reinforced,
shows a dynamic storage modulus of the epoxy metrix in the
glassy-state of ca. 15 GPa. At the onset of the glass-to~
rubber transition (see Figure 6), the modulus drops grazduallx
from 15 G2a (175°C) to zbout 3 GPa (300°C), as the rubbdery
plateau is reached, |

With physical aging at 120°C in nitrogen/dark aimosshers,
hovever, the dynamic storage modulus is demons{rated 10 be
very sensitive to aging time. We Bbserved the modulus increzsed

11
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from 13 GPa (1C min.-aged) 18 GPa for samples aged up to 10° min.
af 140°C (see Figure 7). These results agrees with the observations
made in the stress relaxation experiments reported earlier (5) in
which the epoxy tensile modulus increased with sub-Tg &dnnealing.

The mechanical dispersion peaks in low-Tg epoxies, e.g.,
Epon 828 resin, were subject to numerous studies (26,28-31,35-
38, 42). The X peak can undoubtedly be attributed to the

large~-scale cooverature segmental motion of the macromolecules.

The P relaxation near -55°C, however, is subjected to much
controversies (29,36). One postulated origin of the
dispersion peak is the "crankshaft mechanism" (29,42,45) at
. the junction point of the network epoxiés (Figure 8). The
"ecrankshaft motion" for linear macromolecules was first proposed
(46-49) as the molecular origin for secondary relaxationms,
which involved restricted motion of the main chain requiring
at least 5 and as many as 7 bonds (50). This kiné of crank-
shaft rotation needs an energy of activation in the order of
11 to 15 Kcal/mol and most likely requires creation of free
volume in order that the crankshaft may rotate (50). While it
is difficult to prove or disprove the crankshaft mechanism in
the epoxy P relaxation (2§), it is the purpose of this paper
to show the effects of physical aging on the magnitude of
secondary loss peaks in TGDDM-DDS net work resins,

Figure 9 shows the effects of thermel histories on the
mechanical dispersionjpegks inFiberite 934 epoxy composites.

The as-fzbricated materials show by far the largest cdamping

(?p spans frow -1009¢ to ca, 20°C for this epoxy system).

Postcuring completes the crosslinking and results in a

12



" significantly lower-damping coﬁposite. (see Figure 9). In other
w%rdé, a fully-crosslinked époxy matrix.after postcuring would
most likely have a smaller amoﬁnt of free volume, hence a lower
damping system compared to as-fabricated material. -

With 2 quench from above Tg, which conceivebly
would have created a larger amount of trapped free volume
compared to the as-postcured matrix, the loss tangent data near -55¢
indeed. . showed 2 higher-damping as-quenched material. .

Physical aging affects significantly the mechanicel
damping in both the K and /3 relaxation peaks. Figure 10
shows the decrease in the area under the /3 loss peak-as a
function of aging time at 140°C in nitrogen. This gradual
decrease in damping can be explained by the relaxation model
in which the evpoxy network loses mobility and free volume
during its asymtotic approach towards the equilibdbriuz glaésy
state, and, as a2 result, the 2bility to dissipate energy is

‘reduced. This is a2 significant observation in view of the
fact that the arez under this secondary mechanical dispersion
ﬁeak is often correlated with the impact resistance of the
polymer (51). Uopon requenching from above Tg and re-a2ging

such material, the thermoreversible nature of physiczl aging

can be demonstratively shown. The effect of 140°C aging on
the ﬂ ~transition in the edoxy matrix of reguenched specimens
is shown in Figure 11.

The X mechanical dispersion peak correspording to the
glass transition (175 to 270°C) is also affected by sub-"g
annealiné. Darping decreases froc 10.3940 (arbitrary units)

for 10 min.-aged samples to a2bout 92,4735 for 10° min.-

13




aged specimens. On requenching eni reeging, the arez under
the of dispersion peak again decreases from 10,2110 (10 min,
reaging) to 2bout 9.5673 for 1¢° min,-reaged samples, In
the /3 region, damning decreases froz £.0170 to 5.£670

in the First aging e:xperiment froc 10 =in, to 105 min,

at 140°C. Rezging results in again a Tﬁ’ damping cecrease from

5.8851 to abcut 5.4970 (arbitrary units of mechanical darmping

neasured fron area under the peak).

With sub~Tg annealing at 140%C the maximum peek temperature

of Tg tended to shift to higher temperatures. For example,
the value was 242,0°C for 10 min.-aged samples. In the two
aging/reaging ex?erimeﬁfs, Tg shifted to 25%2,0°C for both 1O5
min.-aged and reaged samples, TP , however, appeared to
be less sensitive to phjsical aging time ané the /3 maximum
veak temperature stayed at the -55°¢ region rather constantly.

Differential Scanning Calorimetry

DSC was utilized to study both the state of the cure

(extent of ciosslinking) as well as the kinetics of enthalpy
‘relaxation in network epoxies (5, 12, 52, 53). DSC results
ccnfirmed 2 fully-crosslinked epoxy network having nc exotherm
at tenmperatures up to 280°¢C.

In an earlier comrmunication (5), we reported enthalpy
relaxation studies at 140°C aging. In tkis paper, both 1410°C
ani 80°C sub-Tg annealing data are4disclosei for neat-epoxy
2ging. Figure 12 shows the DSC scans of fullé-cureé epoxy
sarples that were quenchéd from zbove Tz and then subjected to
aging at 1109, The full line is the firsi scan, and the
dotted line ranresents the seconi scon takern x»ight =z2fte

=~
-
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csoline from the initial one. The followine~ ohgervatione vere
made:

1. 'The enthalrv rel=xetion peal avpears nesr the onset of tha
trensition from the glassy state to the rubvery state. This
peak anmears after only 10 min, of agines at 110°¢.,

2., Durin

3

srh="7 annealing, the relaxation =2l chilte 1o

1y

igher temperature anl grows in nmzgnitude.

5. This recover; »he:omenon is thermoreversitle., Upon re-zzing
material that is cooleéd from zbove Tg, the relaxation peak
will reajpear and grow with annealing time (see Figure 13).

Compared to the 140°¢ enthaloy relaxation data revorted
earlier (5), the 110°C aging kinetics are definitely slowsr. A 5'~’“""°P
80°¢ sub-Tg annealing exveriments were also performed using
_ similar postcured-and-quenched specimens., "Aging peaks" were
again observed for 80°¢ annealing even though this time the
mégnitude of the relexetion peak was mugh smaller compared to
110°¢ aging data, In £0°C 2ging, the peak temperature shifted
fron the 100°C (10min.) to 125% (10%nin). In the case of 110°3
aging, that peak temperature shifted from 130°C to 180°C (10 min;
to 10° min, aging). In an earlier feport, wve noticed a shift
fron 160%(10 min.-agei) to 210°C (10° nin.-aged) for 140°C
sub-Tg annealing (5).

As mentioned earlier, the relaxation eatheloy was measureil
by surerimposing the Tirst and second DSC scans for each specinen,
Figure 14 shows the relaxation-enthalpy loss versus logarithmic
| sub-Tg aqpealing tinme at 140°, 1109, and 80°C. Cne can fellow
clearly é linear relationckrip between this enthaloy relaxation

process and the logarithmic aging time. It is interesting to
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observe that a linear relatioﬁship was also reported earlier in
this paper between the decrease in ulticate tensile properties
kand the logarithmic aging time. | |
"In Figure 14, it is clearly demonstrated that aging_kinetics
slow down as one increase the temperature increment, (Tg - 1,),
i.e., the recovery process is a thermally-stizulated odhenomenon
which requires segmental mobility of the polycer in its glassy
state. So the lower the sub-Tg annealing texzperature, T,, the
slower is the aging kinetics. , 4 S
An attmept is made to calculate the activation energy for
the enthalpy relaxation process, based on the information
" displayed in Figure 14: Since there exists a linear felationship
between A ¥ (decrease in enthalpy) and agiﬁg time, we can
analyze the activation energy assuming the Arrhenius equation
holds., Figure 15 shows the Arrhenius élot. From the slope, we
can estimate the activation energy to be 5.2 Ecal/mol.
This activation energy of 5.9 Kcal/mol. is very close to
the typical hycérogen bond dissociation energy for a majority
of hydrogen-bdonded systems (54-56). It is suggested that
during the resin contraction (densification) orocess in volume
.relaxations, hydrogen bonds may be broken énd re~formed in
this network polymer.
The activation energy for epoxy polymer relaxation of
5.9 Ecal/mol, estimated from the Arrhenius an2lysis is a low
value comnared to enthalpy relaxation in inorganic glasses
such as the B,0; system as reported by Koyniken et al. (57)
having AH activation energy values of the order of 90 kKcal/mol.

Tris simply suggests that relations in epoxy polymer-network-
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. glasses (PNG) may have different mechanisn compared to structural

relaxation in inorgenic glasses. The low value estimated may
also suggest that the relaxation mechanism at 140°C versus
those at 1{660 and 80°C in this epoxy sycstem may be diff;rent
from each other.
Density

The density of the evoxy PNG was follow=d closely as
2 function of its therﬁal history., Ve foﬁnd posteuring by
far caused the most drastiﬁ decrease In density (4.65% decrease)
from 1.290 gm/cms. for as-cast eposy to 1.230 gm/cm3 for
as-postoured/slowly-cooled epoxy. This decrease in roém—
temperature-density can be explzined partizlily by escepe of
unreacted DDS crosslinker in the epoxy system during pesicuring.
On the other hand, Aherns et al,, (58) who a2lso observed density drop
with Epon 828 epoxy postcuring, argued froom 2 free~volunme
explanation for the observation. A Priori, one would assume
fron the crosslink-density point of view that a postcured
systen (presumably with a higher crosslink density) wouid have
a higher density. ©That may actually be the case at the postoure
temperature. At 2300, however, Gillham et al. believed that the kigher-
crosslinked system may be guenched further frox the hypothetical
equilibriuan glassy state and thus resulted in a higher
value of free volume, i.e,, lower epoxy density (59).

With an air-guench, the fully-crosslinied epoxy now possesses
a higher free volune comdared to the az-posicured material,
Hence density again drops frez 1.230 t0 1.215 gm/cma. (1.22%
drop).

¥ith sub-Tg ammealing, en increase of 0.E2§-in the resin

o aw
L
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density was observed during the 140°C aging. This fits the
"free volume collapse"” model in which the resin densifies,
Vie observed an aged evoxy PNG (105_min./14O°C) having a density
of 1:225 gﬁme3 compared to 1.215 gm/cm3 for freshly qﬁenched
material., TFigure 16 summarizes our observations,
Hardness
The hardness of a material is related to its resistance to
scratching or denting. The hardness value is actu2lly inversely
proportional to the "depth of penetrationé. We observed that
hardness value for epoxy PNG is very dependent on its thermal
hisfory and is also a time-dependent parameter during physical
aging. M-scale of the Rockwell hardness index is reported., As-cast
epoxy has a low rhardness value of M70i3. With postcuring the value
increased to ¥97%3. This represents a 39% increass of hardness with
posteuring, vhich zgrees with thé observations in tensile testing in
which we reported resin embrittlement with postcuring (see Figure 2).
With an air-guench, the epoxy hardness dropned slightly
for about 4% to Y¥o3¥3, This is reaéonable since the excess
trapped free volure in the as-guenched PNG may wvell soften the
~system,
Vith aging at 140°C, the epoxy hardened from N93%3 to
M110%3  for 10% min. aged material (an 18% increase). This
hardening process actually is accompanying the embrittlement
phenomenon that the polymer is experiencing. .
With a requenching of 10 min.~aged epoxy, we observed a
drop of.7% in the hardness, probably due to a restoration of
free volume in the resin, as menifested in & softened harivess
index of ¥92.5%2.5, Hence, once again, we have demonstrated
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the thermoreversibility of the physical aglng process, Figure
17 summarizes our observations.

We understand that this hardness value.only reflects the
surféce properties of fhe epoxy FNG. In this experiment,-the "skin"
oroverties show significant time-denendent changes. It is therefore
reasonabtle to expect the "core" or bulk troperties to experience

sirilar® time-dependent variations in nicrohardness.

Thermal }Mechanical Analysis

Thermzl Mechanical Analysis (TMA) was utilized by Ophir

(60) to study the demsification of Epon 828 epoxy. In this
ihvestigation, it is again proven to be a useful tool to study
the physical aging in Fiberite 934 epoxies. The glass transition
temperature can be easily characterized by a2 slove change as
the resin tresits from the glassy state to the rudbery state
(see_Figure 18). Hence, in glassy material, it is tynlcaTIy
represented by two thermal expansity parameters, one below
Tg (glassy thermal expansivity) and one.above Tg (rubbery
thermal expansivity).

. Figure 18 shows the thermal exparsion behavior of a fully-
crosslinked epoxy as a function of aging tire at 140°¢ sub-Tg

ennealing. 3y superimposing the first scan (for zgeé meterial)

fu

and the seconi scan (for as~qguenched =szterizl) at the high-
temperature rubbery region, it is »nossidle <o monitor the
cevelopment of aging in the resin, i.e., the progress of the
densification zrocess. ;

As shown in Figure 18, the 2ged glass typically has a lesser
volume in the glassy state as cozpares to the as-quenched szate. It
is obv1ous from the data that ixe longzr tk2 aging time, tae
larger is the amount of volume lost due to sub-Tg énnealing

calio s
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a2+ 1229C, Tnic chservation alsc fits well intc cur "free-
voiume-collapse" molel as discussed earlier.

Figure 19 shows the thermal expansion behavior of reguenched
époxies. Upon reaging, the densification process was again
measurable, Data shown in Figure 19 therefore supports ;he
thermoreversible nature in physical aging.

By analyzing the linea2r portion of the thermal expansion
curves below and above Tg, it is possible to calculate the
expansivity cf each specimen taking into accoﬁnt its individual
thickness, Throﬁgh such analysis, significant variations were
observed in the thermal expansivity of epoxy FNG both below
and above its Tg. -

Figure 20 shows the expansivity variations as a function
of thermel history. 4s-cast epoxy has a value of 5.43 x 10"'5 °C"1
(bslow Tg). Expansivity below Tg decreased with postcuring to
5.20 x 1072 °C'1, vhich is reasonable because postcuring resulted
in & network which has higher crosslink-density hence lesser
moblility. Quenching, which introduced a thermal shock and
2lso residual thermel stresses, caused the epoxy to be less
expansible below Tg (4.98 x 1072 °C'1), inspite of the
increased free volume through guenching. In this experiment,
sinilar to the resulis suggested by the stress-strain anzlysis,
residual thermal stresses seem to override the importance of
free volume consideratibné in affecting the glassy expansivity
of the as-quenched reéin.

With 10mirutes of sub-Tg anneal at 140°C, the thermel

- - -q -
expansity below Tz decreased to 4,78 x 1077 O¢ 1, Throughout
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. the 120°C aging experiment, this parameier keot decreasing. After
10° minutes of aging, the value decreased to 4.30 x 1072 °¢~1,
Durigg physical aging, the glassy state expansivity decreased
13,7%. This time) the free volume decrease dictates tﬁe'thermal
expahsivity in the glassy state during sub-Tg annealing.

To erase resin history, aged samples were quenched from ahove Tg.
With the requenching, glassy-state expansivity was restored
to a high value of 5.22 x 102 °C'1, comparable to as-postcured
value. Requenching obviously have introduced 2 significantly
larger amount of free volume in the resin and thus made the
resin more expansible (see Figure 20).

Reaging the resin at 140% again caused 2 decrease in
glassy-state expansivity. This time, reaging caused a decréase
of 25.,7% in that varameter. This is a significantly larger
decrease compared fo the first round of aging. However,
evaluating the % decrease for 104 minute data in to two series
of aging indicated that the aging kinetics was jrobably similar,
Specifically, in both series, a decrease of ca. 13.0% was
registered in both cases. (see Figure 20).

Figure 21 shows the thermal expansity of the epoxy above
its Tg as & function of thermal history. Rubbery-state
expansivity is generally an order of magnituce larger compared
to the glassy-state expansivity. (see Tadle 2) As-cast epoxy

-4 Op= - R
' °C-1. i7ith posteuring

has an expansivity above Ig of 3.22 x 10
and quenching, this parameter tend to increase due to interdlay
of free jplume variations and factors inveling residual thermal
stresses (see Figure 21),

Wwith postcuring and slow cooling, ths rezin actually

-
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. physically eges, i.e., contracts, when it goes through the

temperature range from 175°Cvto_23°C and resulted in lost

free volume. At temperatures above Tg where enough thermal

energy is availabIe, the resin can catch up its lost volume i
an attempt to reach thermodynamic equilibriun, Hence the
apparent rubbery-state expansivity is larger for postcured
resin (3.77 x 1074 °Q°1) compared to that of as-cast resin.

As is clearly indicated by the data in Figure 21, expans
above Tg for epoxies tend to increase with aging at 140%C
This increase in ex?ansivity in the rubbery-state undoubtely
can be traced to a "catching-up-pdrocess" for lost volume

during physical 2ging. At temperatures above Tg, there are

enough thermzl energy around for the system to utilize i

o]

order to reach ecuilibriun. Since volume was lost durin

7]
0

paysical aging, the high temperatures provide the thermal

energy to recover for the "lost volume". The longer the glass

subjected to aging,‘the higher would be its tendency to recov

n

ity

Q

er

the lost volume, hence manifested in a larger valus of thermel

-

exsansivity ebcve Tg. Ve cbserveld zn increas

oc~1 tc 5.11 x 1074 °c"1 (62.7% increase).

D
]
(@)

L4 x 1

\

ol

a)

With recuenching anc reaging, expansiviiy zbove Tg agai“

increased with reaging time (96.£% increase), demostrating

K]

once agaln the thermoreversiblity of physical aging. Table

summarizes all the results observed in the T11L investigations

Moisture Sormtion Kinetics

120°¢ ezed edoxy glasses wvere subjectel to 4992 moisture

Penetration. Ii

d

re 22 szovs the results of this transpori

NESER
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experiment. Ve observed both a decrease of initial sordtion
kinetics as well as/a decrease of equilidbrium sorption

level- as 2 function of aging time. This surports the idea that
during sub-Tg annealing, the resin contracts and densifi;;,
resulted in lesser amount of free volume.

In another series of diffusion experiments, as-postcured,

epoxies were first immersed in 23°C heavy water for 2 months.
Then the temperature of the epoxy/heavy water interacting
system was increased to 40°C. The continuous influx of
heavy water into the epoxy can be easily moritored by deuterium
¥MR spectroscopy. The free-induction-decay signzl as normalized
by the srecimen weight showed an increase as a function of
sorption %time (see Figure 23). TFor example, 2 2 months room-
temperature-sorption results in an epoxy having 2.10% of
moisture (deiermined by gravimeiry). Vith €57 h of additional
sorption at 40°C, 3,14% of moisture resided in the epoxy.
Correspondingly, the sorption kinetics foxr XR FID signal showed
an increase from 275 (arbitrary units) for 2 months/23°C diffusion
to ca. 990 with additional 667 h of diffusion at 40°C (Pigure
'23).1In general, the enoxy-water gravimetry exrerinent and
the evoxy-heavy water deuterium NFR agrees w21l with each other.
In addition to detecting the heavy water content, we
2lso utilized the deuterium NMR technigque tc study epoxy/
moisture interactions; Figure 24 showed ths 4,65 oom nuclear
magnetic reconance of freely-tumbling heavy wzter. TFigure 25

shows the-NK2 spectrum of deuterium as it rezidez inside
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' an as-quenched epoxy after the diffusion Qas carried for 2
months at 23°C and then 1 month at 40°C,

In Figure 25, we can clearly see the sharp component (with
little broading) that is due to isotrozically gumbling-héévy water.
The wide broadening of the deuterium resonance could be due
to deuterium oxide trapped by the hydrogen tonds of epoxy
resin, It is well knowm that the deuteriurm of heavy water
can exchange with the ﬁrotons in the epexy (61) so the broadening
mey only reflect deuterons that have exchanged and now resided in the
epoxy network. Experiments using deuterated resin can clarify this point.

In the TGDDM-~DDS evoxies, hydrogen bonds may be fo&med
among the polar groups. Figure 26 swmarized such possible
hydrogen bonding possibles. To propose one example, hydroxyl

groups may hydrogen bond in the following fashion: : .
H
~

Similar to water, it is also known that heavy water is
highly associateé by hycérogen boniing. It is very likely
that the heavy water hydrogen bending systez disrupts the
epoxy hydrogen-bondinz system (Figure 27), thereby causing
swelling in the moisture-saturated-resin network (6,20,62)
The epoxy-heavy water interacting model is »roposed in Figurs
22 in which some freely {fumbling moisiture rslecules would resids in

voids (free volume) hence giving rise to the sharp IR

24
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, co nonenu, vhereas some moisture would be Irapped by the epoxy
kyérogen bonds, resulting in the X:R broad component. From
the NHR broadening, it can be estimatel that the correlation

tize for heavy water among the epoxy Lrirogen bonds is im the
orier of 1077 sec.

Bariier we reported that physical =2ging affects the
"swelling efficiency" and diffusivity of edoxy asmoisture is
tremsportsd into the metwork (6). In conjusction with this
earlier commmication (§), we can nov sumnarize the finding=
for intoractions between moisture and #:inz encizies:

1. +s epoxies densify, The azount ¢ moisture uptalte
decrazsas,
2. Aas éjoxy censify, the "swsllin: efficiency" (§,10) of

agel epoxy is increzased,

3. Diffusivity () decreases wit: paysicel eging.
4. ioisture can either resiées in the free volume or

disrupts the edoxy hydrogen bcozids,

Droton-Decounled CP/MAS NIR

For the first time, proton-decourling, cross-polarization,
andé negic angle spinning NMR technicues are aoplied to study
the Fiberite 934 TGDIN-DDS system. Tiguire 22 shows a carbon-13
svectruz of as-cast epoxy. In the s»ezirum, the aromatic
carbons (residing in downfield between 100 *o 150 ppm) can
clearly be resolved from the aliphaticz (20 %o. 80 pom).
3y integratlon, tke population of 2lizzztic améd aromztic carbons

was showm tc e rcughly the same (Figurs 22).

\ll

In **der to stuéy physical aging im thz molecular level,

i

CE/AS R was a2 used to study tna encim- dernzification process.
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Figure 30 shows the spectral ‘difference between as-cast,

10 min.-aged, and 10? min.-aged epoxies; Postcuring and
aging clearly has resulted in much spectral changes (see Figure
30). Of gééétest’interest was the observation that the sharp
and highest aromatic resonance a2t 127 opm (as-cast epoxy)
tended to shift downfield with aging, With aging to 10° min,,
this resonance peak shifted to ca. 131 ppm. We can interprete
this downfield shift of th}s arometic resonancé to molecular
aggregation of the phenyl rings in the resin causing "ring-
current effects" (€3) during volume relaxation in the epoxy -
resins., -

Solution Carbon-13 iR

125 13z carbon-13 spectra of the 23DD and DDS in deutérated
chloroforr solutions are showvn in Figures 31 and 32 respectively.
The spectra shows sharp comdonents of resonance neaks for the
eromatics between 110 to 150 ppm and fer the alishatics between
40 to 80 ppm. The large peak at 77 pzm is cdue to CDCl3 or
deuterated cholroform carbon-13 resonance. The solution work
was done in order to help peak assignments for the CP/iiS
NI‘R studies.

Conclusions

For the first time, it is now »nossible to characterize
the molecular aggregation during physical 2ging in network
epoxies by spectroscopic technigque. Cther importznt findings
are summarized: withprogress of ENG physical aging,

e Dam»ing-decreases

¢ Ultimate mechanical properties decreases

2€
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. tress relexation rates (2lso creep rates) decreases
o loisture sorption decreases
e Moisture diffusivity decreases
¢ Density increases

¢ Mcdulus increases

¢ FHardness increases

e Moisture-epoxy interaction increases (i.e., swelling

increases)
o Thermel expensivity varies: glassy-state expansivity
decreases; rubbery-state expansity increases

Abstract

Matrix~-doninated ﬁiysical eni mechanical properties of
a2 carbon-fiber-reinforced epoxy cozposite and 2 neat epoxy
resin have been found to be affected by sub-Tg amnezling in
nitrcgen and cdark atmosphere. Postcured specimens of‘Thornel
300 carbon-fiber/Fiberite 934 evoxy as well as ?iberite 934
epoxy resin were quenched from above Tg and given aunealing
at 140°C, 110°C, or 80°C, for time un to 105 minute. ¥No weight
loss was observed during annezaling at these temperziures,
Significant variations were founé in fexnsity, wmolulus, hardness,
aamping, noisture absorption abilitly, thermal expansivity.
Meisture-enoxy interactious were zlso studied. Ihe kinetics
of aging as well as the molecular zggregaticn Zuring this
densification process vere monitersi by diffe erant tizl scanning
calorimetry, dynamic mechan1ca1 analysis, édensity gradient
columm, nuc*o“aranosstester, Instron, and solid-state nuclear

megnetic resonance spectroscovy.
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Tables Caption OF POOR QUALITY
1. Kechanical properties of Fiberite 934 epoxy as a function of
. thermal history and sub-Tg annealing time,

2. Thermal eéxXpansivity of Fiberite 93£ neat epoxies as a function
of thermel history. ‘

b
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{ i 1
SUB-Tg ANNEALING
ANNEALI .
THERMAL POSTCURING | g3k (2'5 ,a'iﬁ, 10 min 102 min 103 min 104 min
HISTORY | AS-CAST 16 hr +QUENCHING | 413K (140°C) | 413K (140°C) | 413K (140°C) | 413K (140°C)
523K (250°C) 296K (2300, Nz atm NZ atm N2 atm. NZ atm
102.20 17.71 13.76 14.73 13.30 11.66 950
UTS, MPa +1.16 +1.14 +1.13 +1.11 + 1.11 +1.19 +1.01
g, % 26:082 | 1.7:0.90 15+ 0.90 2.1+ 058 1.6 + 0.55 1.2:+055 1.0+ 050
HN :
ijgm3 ESS 2.69 0.30 0.21 0.31 0.10 0.07 0.06
E, MPa 13000 12381 11063 11817 8965 8666 10399
oy, MPa 7.59 4.47 355 2.66 2.37 2.00 1.80
* TOUGHNESS (J/cm3) = UTS x eg )
Tahle 1




v

THERMAL HISTORY

olBELOW Tg) X 108 k-1

ol ABOVE Tg) X 105 k-1

{ca. 60 - 160°C)

{ca. 200 - 240°C)

AS-CAST 5.43 32.2
AS-POSTCURED 5.20 37.7
AS-QUENCHED 4.98 52.9
:gz 478 DE. :1 .: IN-
o 3 463 W CREASE 24 | CREASE
140°C AGED | 10 4.40 WITH 339 f WITH
~ 104 432 1 AGING 40.1 J& AGING
10° min 4.30 51.1
AS-REQUENCHED 5.22 38.8
10 513 26.2 -

2 DE- N
140°C 0] 5.00 B creasE 33.3 § CREASE
REAGED 10° 4.82 WITH 345 WITH
104 456 1 AGING 36.6 & AGING
10% min - 3.88 51.5 '

Table 2
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ORIGINAL FACH ©

rigure Cantions OF POOR QUALITY

1. Chemiczl constituents of Fiberite 934 epoxy resin.

2. Stress-strain behavior of Fiberite 934 neat resirs as a function
of thermal history. . )

3. Ultimate tensile strength of fully-crosslin¥%el Fibverite 234
epoxy as a function of log sub-Tg aging at 14302,

4, Ductility of Fiberite 934 epoxy as a function of log sub-Tg
aging at 140°C. :

5. Ductiliiy of Fiberite 934 evoxy as a funciion of thermal history.
. Dymamic mechenical analysis of 102-min.-aged : 450)23 Thornel
300/Fiberite 934 composite showing the loss tangent and the

dynzmic storage modulus.

7. 'The influence of physical aging time on the éynaric storage
modulus cf Thornel 300/Fiberite 934 composiies.

8, Proposed "crankshaft motion" at the junction point of a crosslinked
TGDDYM~-DIS epoxy.

9. Secondary mechanical dismersion peaks of Thornel 300/Fiberite
934 conmposites as influenced by their specimen thermal history.

10, The influence of physical aging time on the s=conéary loss
peaks of Thornel 300/Fiberite 934 composites.

11. The influence of requenching followed by reaging on the
secondary loss peaks of Thormel 300/Fiberite 934 comsosites.

12, .The influence of 110°C physical aging on tiae endothermic
enthzlpy relexetion peak of neat Fiberite 934 zpcries,

13, The effect of 110°C reaging on the enthzloy relzrz=tion peak
of as-recuenched Fiberite 934 epoxies.

14, Enthalpy loss at 80°C, 110°C, ani 140°C aging 2s =z function
log sub-Tg annealing time.

15, Arrhenius analysic of the enthalpy loss cdata of Iigure 14,

16, Density of neat Fiberite 934 epoxy as a2 function cf thermal
history. : :

17. Hardness of nesat Fiberite 934 ezoxy as a2 functiicrn of thermal
history.

18. Thermal”etp nsion behavior of neat Fiberivte 3¢ sroxies as

influenced Ev aging history at 140°¢,

~
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. ’ YALE sa s .
19, 'Thermal expansion beh%grfc%)%P%ea‘;YFlbente 034 epoxies as
influenceé by requenching (erasure of thermel history) and
subseguent reaging at 1400°cC,

20. Glassy-state thermal expansivity (60-160°C) of Fiberite 934
epoxies ‘&s a function of thermal history. -

21. Rubberv-sizie thermal expansivity (200-240°C) of Fiberite
954 epoxies as & function of thermal history.

22. Moisture ebsorption behavibr of fully-crosslinked Fiberite
934 epoxy as influenced by 140°C sudb-Tg aging.

23. Heavy water absorption by Fiberite 934 epoxy as z function of
immersion time at 400C as monitored by deuterium FMR spectrocopy.

24, Deuteriun NFNR spectrum of isotroplcally-tumbling heavy water
molecules,

25. Deuterium IMR spectrum of heavy water absorbed by an as-
guenchec Fiberite 934 epoxy. :

26, Various hydrogen bonding possibilites by polar zgroups in
Fiberite ©3¢ edoxy (N.B.: Diglycidyl orthophithalate is given
the acronya of DGCP). ;

27. Hydrogen-bonded network of Fiberite 934 epoxy (%.B.: T electrons
may also participate in hydrogen bonding).

28. ©Proposed model for "heavy water-epoxy interactions" (N.3.:
Heavy vater may form aggregates in the voids or disrupt
the epoxy hydrogen bonds).

29. Procton-decounled CP/MAS carbon-13 MR spectrum of an as-cast
Fiberite 934 epoxy showing also the integration of the
eromatic (downfield) and aliphatic (upfield) carbons,

30. The effect of physical aging on the spectral chznzes in
' proton-Zzcounled CP/IZAS carbon-13 IR measuremenis.

31a., 125 Mz carbon~13 solution MR spectrum of TEDIN moiety
dissclvel in deuterated chloroform.

319, Same stectrum as Figure 312 on TGDDIY/CDClz sclution with righer
resolution to show doublets near 45 and 50 pzn (Goudlets
due to TGDII. gaving 2 conformational isomers arising fron
'"me§ella-like“ inversion at the pyranmidal-bonded nitrogen
avon) .

322, 125 F¥z carbsn-~13 solution spectrum of 2DS ecrossiinking agent
cissolwed in deuterated chlorofornm.

32b, Same spectrun as Figure 322 on DDS/CDC1z solution sheowing
als
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FIBERITE 934 EPOXY AS A FUNCTION
OF THERMAL HISTORY
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DEUTERIUM NMR SPECTROSCOPY
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AS-QUENCHED 934 RESIN -
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CROSS-POLARIZED MAS CARBON-13 NMR SPECTRUM
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125 MHz CARBON-13 NMR SPECTRUM OF TGDDM !M CDCI3
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125 MHz CARBON-13 NMR SPECTRUM OF TCDDM IN CDCi3
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PROTON-DECOQUPLED CARBON-13 125 MHz NMR SPECTRUM
213 SOLUTION

OF DDS*/CT
i
*DDS = HyN ~0)—S—0)—NH,
0

BRUKER WM 500 SPECTROMETER
CALIFORNIA INSTITUTE OF TECHNOL:

E. S. W, KONG, L. MUELLER, AND S. 1. CHAN (1983).
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‘ 0
*DDS = H,N —@—;s;—@- NH,

PROTON-DECOUPLED CARBON-13 125 Mtz NMR SPECTRUM
OF DDS* MONOMER/CDCI3 SOLUTION .

BRUKER WM 500 SPECTROMETER
CALIFORNIA INSTITUTE OF TECHNOLOGY
£, S. W. KONG, L. MUELLER, AND S, |, CHAN (1983).
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