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Abstract

We report creep and recovery behavior of novel polymers prepared by the cationic copolymerization of fish oil (FO) and conjugated fish oil
(CFO) with a number of comonomers using boron trifluoride diethyl etherate as the initiator. The experimental results are compared with
classical models of linear viscoelasticity and structural effects on the creep behavior are examined. The models successfully predict the creep
behavior in the static loading range of 0.03—-0.07 MPa, together with a retardation time distribution function, suggesting that the materials are
linearly viscoelastic under the test conditions. Deviations between experimental results and theoretical predictions are explained in terms of
structural effects being controlled by the nature and conjugation of the double bonds in the fish oils, as well as the interactions of the
unreacted oils with the crosslinked network structure of the polymers. At high temperatures, the CFO and divinylbenzene copolymers show
better creep resistance and higher strain recovery than that of the FO polymers. These results together with those obtained from dynamic
mechanical analysis indicate that the polymers may be useful in applications where commercial viscous fish oil systems are not usable.
© 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction conjugating its double bonds [11] and the resulting poly-
mers are generally soft, weak rubbers. In the present study,
Due to the potential limitation of petroleum resources as hard plastics have been obtained when the fish oil is
well as increasingly stringent environmental concerns [1,2], copolymerized with certain comonomers, such as divinyl-
polymers derived from renewable natural resources havebenzene (DVB), norbornadiene (NBD) or dicyclopenta-
recently become one of the most important subjects for diene (DCP) [8]. These polymers are thermosetting and
research and development. In contrast to polymers derivedmay be an alternative source of polymers to the petro-
from petroleum resources, these polymers are inexpensive)eum-based plastics in many applications, such as structural
environmentally friendly and can be made to biodegrade materials. In addition, the present plastics are expected to be
safely during use [3]. good binders for fiber-reinforced polymer composites [12].
Fish oil, a by-product of fish meal, is readily available. In the targeted applications for the fish oil plastics, the
Typically, fish oil has a triglyceride structure with a high materials are subjected to a variety of stress and strain
degree of unsaturation [4-6]. The commercial Norway fish histories and their creep resistance behavior is of prime
oil (FO) used in this study is a mixture @f 3 fatty acid ethyl concern. The creep performance is not only one of the
esters [7,8]. Because of the multitude of carbon—carbon main criteria to assess the long-term performance of the
double bonds, these molecules are suitable for cationic materials in practical applications, but it is also of major
polymerization [9,10]. However, in the past the cationic importance in determining and explaining the molecular
polymerization of fish oil has resulted in polymers that origins of viscoelasticity in these materials [13]. In previous
were always viscous fluids with limited uses [5]. The papers, we reported our progress in understanding the rela-
reactivity of fish oil can be significantly improved by tionships of the synthesis, structure and thermophysical
properties [8,14]. In this paper, we report our results on
ﬁ hor. D  Materials Sci 4 Enai the creep performance and the subsequent strain recovery
et e TorL e oo saSar**" beavior of these polymers. An interesting supermolecular
fax: +1-515-294-5444. structure is used to explain the observed creep behavior
E-mail addressptaigbe@iastate.edu (J.U. Otaigbe). of the polymers. The structure and creep deformation
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Table 1 (BF3-OEd, distilled grade) initiator (Aldrich) was used with-
Compositions of the native and conjugated fish oil polymers out further purification.
Samples Fish oil DVB NBD DCP Initiator L . .
2.2. Cationic copolymerization

FO-DVB-38 mol% 37.7FO 54.6 7.7

wt% 625FO0 327 4.8 The desired amounts of comonomers and the initiator
FO-DVB-NBD-38 mol% 37.7FO 320 22.6 7 were added to the FO or CFO. The reaction mixture was

wt% 650 FO -~ 20.0 ~ 10.0 50 stirred and sealed under air atmosphere. The sealed reaction
FO-DVB-DCP-38 mol% 37.7FO  36.6 180 7.7 . hen h df : : .

Wi% 624EO0 219 109 48 mixture was then eate' or a given time at appropriate
CFO-DVB-38 mol% 37.7 CFO 54.6 7.7 temperatures. The relative compositions of the reactants

wi% 62.5CFO 327 4.8 used in this study are listed in Table 1. The nomenclature
CFO-DVB-NBD-38 mol% 37.7CFO 320 226 7.7 adopted in this paper for the samples is as follows: FO and

0, . . . . . .

wt% 65.0 CFO 20.0 - 10.0 50 CFO represent native fish oil and conjugated fish oil, respec-
CFO-DVB-DCP-38 mol% 37.7 CFO 36.6 18.0 7.7 velv: DVB. NBD and DCP d divinvib b

Wi% 624 CFO 219 109 48 tively; , an enote divinylbenzene, norbor-

nadiene and dicyclopentadiene comonomers, respectively.
For example, CFO-DVB-DCP-38 corresponds to a sample
relationship, if it is generally applicable to all polymers Prepared from conjugated fish oil with divinylbenzene and
derived from food grade oils, is encouraging in terms of dicyclopentadiene comonomers; the mole percent of fish oil
predicting creep rates from the characteristics of cationic IS 38%: The ratio of DVB to DCP or NBD was maintained at
copolymerization of these oils which in turn are connected 2 (WU/wt). The amount of initiator used for the preparation of

to intramolecular and intermolecular features. all polymers was approximately 7.7 mol%. Fig. 1 shows
photograph of the resulting FO and CFO polymers. Typi-

cally, these polymers are rigid, and have a dark-brown

2. Experimental glossy color and a special odor. They can be made into
. various shapes using appropriate matched moulds. Table 2
2.1. Materials summarizes the structure and physical properties of the

o ) polymers. The table shows that these polymer materials
Native fish oil (FO) (Norwegian Pronova EPAX 5500 EE  haye densities of approximately 1000 kg/which appears
Lot no. 60301) supplied by Pronova Biocare, Bergen, tg pe independent of their compositions.
Norway was used in this study. Its average molecular weight

is calculated to be 360 g/ml based on its composition [7]. 2.3. Soxhlet extraction by methylene chloride

Conjugated fish oil (CFO) was prepared from the above

native fish oil in our lab using Wilkinson's catalyst A 2-g sample was extracted with 100 ml of refluxing
[RhCI(PPh)]. The procedure for conjugation of the FO is  solvent (methylene chloride) using Soxhlet extraction in
described elsewhere [15]. The degree of conjugation wasair for 24 h. After extraction, the resulting solution was
calculated to be about 90%. Conjugation does not changeconcentrated by rotary evaporation and subsequent vacuum
the molecular weight of the fish oil, but converts less reac- drying. The soluble substances were isolated for further
tive isolated double bonds into more reactive conjugated characterization. The insoluble solid was dried under
double bonds. The comonomers (DVB, NBD and DCP) vacuum for several hours before weighing.

were analytical reagents purchased from Aldrich Company

and used as received. The boron trifluoride diethyl etherate 2.4. Measurements

Dynamic mechanical analysis (DMA) data were obtained
using a Perkin—Elmer dynamic mechanical analyzer Pyris
DMA-7 in a three-point bending mode. Thin rectangular
specimens of 1 mm thickness and 2.5 mm depth were
used, and the span to depth ratio was around 5.0. The experi-
ments were performed at a heating rate t€/&nin and a
frequency of 1 Hz.

The creep and recovery behavior of the polymers was
evaluated using a Perkin—Elmer thermomechanical analy-
zer Pyris TMA-7 in a three-point bending mode with a
constant span of 10 mm. The samples were placed onto
the bottom support and the top probe was adjusted to just
contact the sample. The oven was set to the desired tempera-
ture and the sample was allowed to equilibrate for 10 min.
Fig. 1. Photograph of the native and conjugated fish oil polymers. Subsequently, a contact pressure of 100 Pa was placed on
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Table 2
Structure and physical properties of the native and conjugated fish oil polymers
Sample Density (kg/f) Ty (°C) Structure (wt%)

Crosslinked Free oil Qil incorporated
FO-DVB-38 1000 66 74.1 235 39.0
FO-DVB-NBD-38 1012 79 725 27.3 37.7
FO-DVB-DCP-38 1015 - 67.6 32.1 30.3
CFO-DVB-38 1005 11 83.1 16.5 46.0
CFO-DVB-NBD-38 1024 108 83.5 15.0 50.0
CFO-DVB-DCP-38 1020 113 83.1 15.9 46.5

the sample. The creep experiments were initiated by apply- polymers increased by almost 10 wt%, implying the

ing stresses of 0.03, 0.07, or 0.20 MPa, respectively and thepresence of less unreacted free oil molecules in the CFO

resulting strain was recorded for 60 min. At applied stressespolymers. This hypothesis is supported by the increased

greater than 0.20 MPa, the creep behavior is similar to the moduli and glass transition temperatures observed for

case of the 0.20 MPa (see Section 3), which is beyond thethese polymers (see Fig. 2a and b).

linear viscoelastic region. Thus, experiments with higher

loading stresses were not included in this study. The stress3 > creep and recovery behavior and analysis

was then released and the subsequent strain recovery

process was monitored. For multi-cycle measurements, all Fig. 3a and b shows the creep and subsequent strain

the specimens were subjected to at least four cycles of load-recovery curves of the FO and CFO polymer specimens

ing and unloading histories. The above experiments were (i.e. FO-DVB-38, CFO-DVB-38) obtained from three stress

conducted in a dry nitrogen atmosphere. levels at room temperature using a new sample for each
testing condition. After 60 min of creep loading, the speci-
mens were unloaded instantaneously to study the strain

3. Results recovery behavior. The creep curves were found to have
the same general form showing an instantaneous elastic
3.1. Dynamic mechanical properties strain on loading that is followed by a period of slow linear

deformation. These two regions are separated by a transition

The temperature dependence of storage modgiand zone that is more pronounced at high load level. As
loss factortan é for the FO polymers is shown in Fig. 2a. expected, high loading stress resulted in large creep strain.
The figure shows that the storage modulus of the plastics atHowever, the final creep strain after 60 min of static loading
room temperature is approximately8.0® Pa Expectedly, was less than 0.5%, regardless of the applied stress level
the modulus gradually decreases with increasing tempera-used. Another feature that is noteworthy in this study is that
ture until an elastic plateau appears at temperatures abovehe CFO polymer showed larger creep strains than that of
15C°C. The elastic plateau indicates the existence of a stablethe FO polymer at the same load levels.
crosslinked network in the bulk polymer. Typically, abroad  The recovery curves of the polymers typically show an
glass transition was observed with ttzan 6 peak centered  instantaneous contraction by an amount equal to the initial
around 806C. The broad transition region results from the elastic strain, followed by a period of slow recovery, which
extensive motion of chain segments diversified by cross- continues for 120 min after unloading. These two regions
linking in these polymeric systems. Fig. 2b shows the corre- are separated by a transition region. After recovery for an
sponding DMA results for the CFO polymers. The glass additional 120 min, the observed residual strains show no
transition temperature of these CFO polymers is approxi- further changes, and can therefore be considered to repre-
mately 110C, and the room temperature modulus is greater sent permanent deformation in the material. Large creep
than 1x 10° Pa These values are significantly higher than strain in the creep process results in higher residual strain
those of the FO polymers shown in Fig. 2a. The differences in the subsequent recovery.
in the dynamic mechanical properties of the FO and CFO The time dependencies of the relaxed moduli in the creep
polymers are mainly due to the variations in the structures of and subsequent recovery processes at different loading
the different polymers discussed later. The reactivity of levels are shown in Table 3. For convenience, the modulus
carbon—carbon double bonds in the FO molecule signifi- at 10 sE;o, was selected to represent the original modulus in
cantly increases upon conjugation [9,10]. This high reactiv- the creep process. The table shows that the FO polymer has
ity results in more oil molecules participating in the a higher creep modulus (lower creep compliance) than the
reactions and being incorporated into the crosslinking poly- CFO polymer over the time scale at the same load levels.
mers when CFO is used in the original composition. As This is inconsistent with the previous DMA results (the
Table 2 shows, the amount of incorporated oil in the CFO DMA data show that the CFO polymers have a higher
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Fig. 2. Temperature dependence of storage mod&lusd loss factotan § for: (a) the native fish oil; and (b) the conjugated fish oil polymer specimens.
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Fig. 3. Creep/recovery curves of: (a) the native fish oil polymer specimen FO-DVB-38; and (b) the conjugated fish oil polymer specimen CFO-DVB-38 with
various load levels at room temperature.

storage modulus than the FO polymers). Repeated measuredefined as:
ments confirm the reliability of the above DMA and creep
data. To evaluate the creep resistance ability of the poly- AE;  E{ — Ej

t 10
mers, the modulus ratidE/E,, in the creep process is  E/, - E%o x 100% 2
defined as:
where E' is the initial modulus in the subsequent strain
AE _ Ep-E recovery process at 10 s after 3600 s of creep Enmepre-

———— X 100% 1 S
Eio Eio ° @ sents the modulus at the tintein the recovery process.

The ratio AE{/E'o thus corresponds to the percentage of
where E; corresponds to the creep modulus at time the recovered modulus over the final creep modulus at the
seconds. This raticAE/E;, represents the percentage timet. The resultsin Table 3 show that both the FO and CFO
decrease in the origindd,o after a time period. Similarly, polymer specimens have similaE,ydE o and AEzgodEqg
the modulus ratioAE{/E}, in the recovery process is values,implying that the modulus decreases in approximately
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the same manner in the observed creep process.

8\2 However, in the subsequent recovery process, the
[ AE}/E'o values of the FO polymers are much higher
Bl amroona than those of the CFO polymers. This observation further
LYIRIFT®© supports our earlier assertion that the FO polymer specimen
has better creep and recovery properties than that exhibited
S by the CFO polymer.
3 For the most general case of a linear viscoelastic solid, the
£ total creep straimt is given by the Burgers Model, which is
. ROEBg O a series combination of the Maxwell and Kelvin—Voigt
4| =4 models [13,16]:
~ . E,t t
g |avyyyy 8T=81+82+83=E£+E£[1—exp(—_2)]+i
ARSI ET-E Lo L
g| flohaa®S 3)
o AT T O M A
; Here ¢4 is the instantaneous elastic deformatien;is the
“g 88%5%5%% delayed elastic deformation; ard is the Newtonian flow,
S| 8léddagqs which is identical to the deformation of a viscous liquid
E|W| o< caiod obeying Newton’s law of viscosityE; and E; are elastic
é moduli, n, and n3 are viscositiesg is the applied stress,
3 8By andt is the creep time. In the linear viscoelastic range, the
w | = IR é & &dB B magnitudes ok, £, and 3 are exactly proportional to the
c Wl owdsadw magnitude of the applied stress, so that a creep compliance
ﬁ, J; can be defined, which is a function of time only:
= —_
E S 1 1 t t
8 = Jt:J1+J2+J3:E—+E—2[1—exp(—;)]+a(4)
& 3 !
% Ji222888 wherely, J, andJ; correspond ta; &, andes, respectively,
= and the retardation time= 7,/E,. Generally, linear amor-
§ & phous polymers show a significadd (or £3) above their
§ i; glass transition temperatures, when creep may continue
S < until the specimen ruptures. But at lower temperatukes
> “j NN 0 and J, (or 1, &) dominate. By comparison, crosslinked
2 e e polymers do not show & (or &3) term, implying that recov-
o o oo o a ery strain will return to zero at equilibrium.
— O OO O0oOO0oOOo . . . . .. .
g IRvRsReRe Ry In Eq. (4), asingle retardation time is not sufficient to give
% = 281283288 an accurate description of the calculated viscoelastic
g5 i~~~ complianceJ,. Therefore, the function can be modified
@ § e according to the following equation [17,18]:
&2 22383838 b
Sle|s| 888853 h=h b=+ Slioex(- L) [+ 1
Sle|lf|l3dlele R A Tm UE
o
5|3 XK XS X X where 7, is the mean retardation time in the Guassian
gl | pl382332 retardation spectrum [17] is the Kohlrasch coefficient
E and can take values between 0 and 1. Fig. 4a and b give
e | s the temperature dependence of the creep compliances for
|2 the specimens FO-DVB-38 and CFO-DVB-38 at different
e | M~o®r~ o loading levels. The observed creep compliance curves of the
=19 SoxNQaod . . .
5 ScocSco FO polymer specimen (see Fig. 4a) overlap with each other
= at the low loading levels of 0.03 and 0.07 MPa. But when
g 2 & the loading is 0.2 MPa, the creep compliance diverges
| o ad g significantly from the previous two curves. For the CFO
2 ° EL 3 g polymer specimen (Fig. 4b), the difference in creep compli-
8 E 8 Q S ance at the various loading levels is negligible, especially
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Fig. 4. Experimental creep compliance and model fitting of: (a) the native fish oil specimen FO-DVB-38; and (b) the conjugated fish oil specimen CFO-DVB-
38 with various load levels at room temperature.

for the two low loading levels of

0.03 and 0.07 MPa. It

approximately 0.03—0.07 MPa. Fig. 4a and b also give the

seems that the creep compliance is independent of themodel fitting results given by Eg. (5), which is based on

stress at the two low levels. So, based on Eq. (4), the linear viscoelastic theory. Table 4 lists the corresponding
creep behavior of these oil-based polymer materials is in creep parameters obtained from the experimental data. In
the linear viscoelastic range within the loading levels of the linear viscoelastic range, the model fittings agree well
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Table 4

Creep parameters for the polymeric materials

Samples Loading (MPa) Temperatuf€) 1E, (Pa}) 1/E, (Pa™) 13 (Pas) Tm (S) b

FO-DVB-38 0.03 30 561071 3.5x1071° 9.5x 10% 1200 0.45
0.07 30 5.8¢1071° 3.3x10°% 9.0x 10" 1100 0.45
0.20 30 8.0x10° 10 6.0x10°° 7.0x 10% 800 0.45

CFO-DVB-38 0.03 30 8.6 10710 5.5x 1071 9.0x 10" 1300 0.45
0.07 30 8. 10710 6.5x 1071 7.0x 10% 1200 0.45
0.20 30 8.4 10710 6.0x10°1° 7.0x 10" 1000 0.45

FO-DVB-38 0.03 100 2.410°° 1.5x10°° 3.5x 10% 900 0.46
0.03 150 8.5¢10°° 6.0x10°° 2.4x 101 700 0.49

CFO-DVB-NBD-38 0.03 100 2.810°° 9.3x107%° 8.0x 10% 1100 0.46
0.03 150 4.0x10° 1.9x10°° 4.0x 10" 800 0.49

CFO-DVB-NBD-38 0.03 30 7.%10°1° 2.8x1071° 2.0x 10% 1300 0.45
0.03 100 2.%107° 2.5%x107° 2.8x 10" 1100 0.46
0.03 150 5.810° 43%x10°° 2.8x 10 800 0.49

CFO-DVB-DCP-38 0.03 30 710710 4.0x10710 2.0x 10" 1300 0.45
0.03 100 2.5¢10°° 1.8x107° 3.5x 10% 1100 0.46
0.03 150 6.8¢<107° 5.7x107° 1.4x 10" 800 0.49

with the experimental results. However, at high loading temperature. At high temperatures, however, the creep
level, the poor agreement between the experimental andstrains increase sharply due to the increased mobility of
theoretical results is quite obvious, especially for the FO the molecules. It was observed that the strain increased as
polymer specimens. the number of creep and recovery cycles was increased. This
To determine the effect of temperature on the creep beha-result may be interpreted by the values of the time constant
vior of the polymers, we performed the creep experiments for recovery, which is much smaller than that for the creep
on the specimens at different temperatures at a loading levelprocess. Thus, the time for strains to relax is much longer
of 0.03 MPa within the linear viscoelastic range. Fig. 5a and than the time required for the strains to develop during
b give the compliance results of the FO and CFO polymer creep. This effect is greater than that predicted by linear
specimens at 30, 100 and 280 Both figures show a strong  viscoelastic theory and is exacerbated by the possible
dependence of the creep compliance on the temperature. Abuildup of plastic strains and/or other permanent micro-
higher temperatures, the change in the creep compliancestructural changes.
becomes pronounced as a result of the decrease in relaxation The recovery for each creep and recovery cycle was
time (relaxation spectrum moves downwards). The model calculated from the following equation:
fits (lines) to the experimental data according to Eqg. (5) are
also shown in the figures (the creep parameters are summarR(n) =
ized in Table 4). In all cases, there is very little difference
between the model fits and the data. The creep modelwhere R(n) is the recovery of the creep strain in théh
provides a reliable prediction of the creep behavior of creep and recovery cycles, is the strain at the time
both FO and CFO polymers over a wide range of tempera- seconds. Fig. 7a and b gives the results of the calculated
tures in the linear viscoelastic region. R(n) values. The figures show that recové§n) increases
Table 5 gives the creep results of the polymer specimenswith the number of cycles. At low temperature, the recovery
with different comonomers. For the CFO polymers, little is h|gh But at h|gh temperature, the recovery becomes
difference in AE;od/Eqo and AEso/Eqo Was obtained after  |ower. In comparison with the polymer FO-DVB-38, the
the second comonomer was added. But, the results of theCFO-DVB-38 specimen shows higher recovery in each
FO polymers were found to be dependent on the types of creep and recovery cycle.
comonomer used. Generally, the polymer specimens with
DVB as the comonomer show good creep resistance proper-
ties. The results show that the creep behavior of the polymer 4. Discussion
specimens based on different comonomers is also well fitted

€3002n—1) — €60

X 100% (6)
£€3002n-1) — €60an-1)

by Burger’s model. Both the FO and CFO can be used to produce hard and
stiff polymers having moduli comparable to those of

the CFO polymers have higher moduli and glass transition

Fig. 6a and b shows the multiple cycle creep and recovery temperatures. Therefore, the CFO polymers should be more
behavior of the FO and CFO polymer specimens. The speci-creep-resistant than the FO polymers. However, the creep
mens show good creep resistance properties at roomand recovery measurements indicate that the FO polymers
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Fig. 5. Experimental creep compliance and model fitting of the specimens: (a) FO-DVB-38; and (b) CFO-DVB-38 at different temperatures.
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Table 5
Relaxed creep modulus for the polymeric materials at room temperature

Sample Creep modulus (Pa)
Eio Eio0 Ezo0 AE;0dEso (%) AE3zd/Eqo (%)
FO-DVB-38 1.62x 10° 1.40x 10° 1.32x 10° 16 21
FO-DVB-NBD-38 1.01x 10° 7.70% 10° 7.01x 10° 23 30
FO-DVB-DCP-38 5.05¢ 10° 2.84x 10° 2.25x 10° 44 56
CFO-DVB-38 1.06x 10° 8.98x 10° 8.55x 10° 15 19
CFO-DVB-NBD-38 1.32 10° 1.11x 10° 1.02x 10° 15 23
CFO-DVB-DCP-38 1.2x 10° 1.01x 10° 9.62x 10° 17 20
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Fig. 6. Multi-cycle creep/recovery behaviors of the specimens: (a) FO-DVB-38; and (b) CFO-DVB-38 at different temperatures.
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composed of the insoluble substances (65—-80 wt%) (Table
2). These insoluble substances are crosslinked molecules
resulting from cationic copolymerization facilitated by the
multitude of double bonds in both the fish oil molecules and
the comonomers used. The insoluble substances are highly
crosslinked molecules, which cannot be swollen by good
A solvents, such as methylene chloride, THF, etc. These
80 - A results suggest that the structure of the bulk polymer is
that of ahighly crosslinkedtructure plasticized by a certain
amount of unreacted free oil. Despite the high yield of inso-
70 - luble substances, they exist in the form of distinct flakes,
instead of a whole block, after Soxhlet extraction (see Fig.
8a and b). The average diameter of the crosslinked
substances obtained after extraction of the FO polymers is
approximately 5.0 mm, while that of the materials from the
CFO polymers is much smaller, ca. 2-3 mm, which are
50 . , \ | ascribed to the reaction mechanisms given elsewhere [12].
1 2 3 4 In other words, the crosslinked portion in the bulk polymer
(a) Repeated Creep and Recovery Times is not an ideal giant molecule, but many discrete giant mole-
cules linked together witHightly crosslinkedmolecules
along their interfaces as depicted in Fig. 9. These interfaces
CFO-DVB-38 are sufficiently weak to be destroyed by the solventClkl
100 1 ° d used in the Soxhlet extraction process.

In general, full recovery of the crosslinked polymers is
expected at low creep strains [13,16]. In this study, the
loading level used was between 0.03 and 0.20 MPa, and
the creep strain observed was less than 0.30%. However,
almost all the measurements showed the presence of
irreversible strains (see Fig. 3a and b). These irreversible
strains become pronounced when high loading is employed.
The observed residual strains are ascribed to the non-iden-
tical crosslinking structure obtained from the various oils
and comonomers used and to the existence of unreacted free
oil molecules in the bulk polymer. Fig. 9 suggests that the
highly crosslinkeanolecules make up the matrix of the bulk
polymer. Thesehighly crosslinkedsubstances themselves
do not produce any irreversible strains after creep and
recovery processes. However, the interfaces between these
substances are composed of mégitly crosslinkedmole-
cules. These molecules at the interfaces are easier to deform
Fig. 7. The dependence of the recovery on the cycle times for the speci- upon loading than thkighly crosslinkednolecules at room
mens: (a) FO-DVB-38; and (b) CFO-DVB-38 at various temperatures.  temperature. The existence of the free oil molecules in the

bulk polymer, which prefer to reside in the interfaces, facil-
have relatively good creep properties (lower creep strains). itates movements of the interfacial molecules under loading.
The residual strains after recovery are also lower, with the When the stress is removed, théigiitly crosslinkedmole-
specimen FO-DVB-38 showing almost full recovery after culestend to recover to their original state. The driving force
the removal of a creep load of 0.03 MPa (see Fig. 3a). To for this is the stored elastic energy in the creep process. Due
elucidate this contradictory result, it is necessary to analyze to their viscoelastic nature, these molecules cannot comple-
the structures of these thermosetting polymers. tely return to their original state like the perfectly cross-

The materials of this study have been shown to be ther- linked molecules, and as a result various amounts of
mosetting polymers with high crosslinking densities as irreversible strains are obtained. In fact, these irreversible
reported elsewhere [8,14]. Generally, 15—-30 wt% soluble strains correspond to the displacement of the inter-distance
substances have been obtained from the polymers afteramong thehighly crosslinkedsubstances, which constitute
Soxhlet extraction by methylene chloride (see Table 2). the bulk of the thermosetting polymers.

These soluble substances are unreacted free oils at ambient The DMA results show that the CFO polymers have
temperature. Most of the bulk polymer, however, is higher storage moduli and glass transition temperatures
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Fig. 8. Optical microscope photographs of the insoluble substances from the
samples: (a) FO-DVB-38; and (b) CFO-DVB-38 remaining after extraction

by methylene chloride.
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Native fish oil polymer
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than the FO polymers. This observation is due primarily to
the presence of less unreacted free oil molecules in the bulk
CFO polymers relative to the amount present in the FO
polymers. In the creep measurements shown in Fig. 3a
and b, the FO polymer specimen shows better creep resis-
tance than the CFO polymer at room temperature. This
observation is confirmed by the creep strains under the
same conditions (Fig. 3a and b), and the results of the
creep moduli listed in Table 3. The reason for this observed
discrepancy is not clear. One plausible explanation may be
due to the complex interaction between fightly cross-
linked molecules at the interfaces and the ones from the
highly crosslinkedsubstances of the bulk polymer. As
shown in Fig. 9, the actual differences between tifighly
crosslinkedportions of the FO and CFO polymers is negli-
gible. However, the size of thieighly crosslinkecportions
of the CFO polymers is much smaller, so, the specific inter-
facial areas in the CFO polymer are likely to be significantly
larger than those of the FO polymers. A large interfacial
area is undesirable for enhanced mechanical properties of
the CFO polymers. As mentioned earlier, unreacted free oils
exist in the bulk of the FO polymers. These free oils may
function as plasticizers, and therefore decrease the moduli
and glass transition temperatures of the FO polymers.

The discrepancy in the results of this study may also be
ascribed to differences in the deformation modes used in the
creep and DMA measurements. For example, in the creep
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measurements at room temperature, the applied stress ision-linear viscoelastic behavior even at a creep strain of
static. Although both of théiighly andlightly crosslinked 0.25% (see Fig. 3a and b). This result cannot be easily
portions of these polymers will respond to stress |igjtaly explained by the structure of the polymers themselves.
crosslinkedmolecules at the interfaces are expected to The reason may probably be due to the limitation of the
respond more than theighly crosslinkednolecules to the ~ TMA technique itself. In this work, three-point bending
static deformation. If we compare the FO and CFO samples, mode was used. When certain values of creep strain are
the creep behavior is predominantly affected by the large achieved, the deformation of the specimen would probably
difference in the interfaces. The effect of the free oil in the not be the pure tensile opening modéode-|) [20].
polymer bulk is negligible in this case. The large difference
in the interfacial areas between FO and CFO polymers may
be the reason why the CFO polymer shows relatively high 5. Conclusion
creep strains at the same loading levels. By comparison, the .
applied stress is dynamic in the dynamic mechanical analy- 1hermosetting polymers have been produced by the
sis. According to WLF theory [19], decreasing time or Cf’:ltIOI’lIC Copolymenzatl_on of FO or_CFO_ W|th_a number of
increasing frequency is equivalent to increasing tempera—d'e”e comonomers using boron trifluoride diethyl ethe_rate
ture. In DMA measurements, thdighly crosslinked as an initiator. The. resulting polymers have glass transition
substances become more mobile than in the creep measurd€mperatures ranging from 80 to T20 and storage moduli
ments. Therefore, both thieighly crosslinkedand lightly of about 10 10° Pa at room temperature. The creep and
crosslinkedmolecules cooperatively respond to the loading fécovery behavior of the FO and CFO polymers is similar to
stress. The effect of the interfaces therefore decreases, an§ach other in general form. The compliance can be well
the effect of the free oil present in the bulk polymer may flt.te(.j by the Bur_ger model for a linear viscoelastic solid
become dominant. The observed modulus should be theWithin the loading levels of 0.03-0.07 MPa at room
average contributions from the cooperative deformation of temperature, or at 0.03 MPa over a wide temperature
the two types of molecules just mentioned. The CFO poly- ange. Generally, the CFO polymer shows relatively low
mers show higher moduli and glass transition temperaturesCre€p-resistance properties at room temperature. But, at
from the dynamic mechanical analysis. temperatures above their g.Iass transition temperatures
The validity of the above discussion is consistent with the (80—120C), the creep properties of the CFO polymers are
results of the creep measurements performed at variousMuch better than those of the FO polymer, which is consis-
temperatures. At room temperature, the CFO polymer tgnt with th'e dynamic mechanical analysis results. The
shows higher creep compliance than the FO polymer. But, differences in the above measurements are well explained
the FO polymer has higher creep compliances at elevated®n the basis of WLF theory and the relatively complex
temperatures than that CFO polymer (see Fig. 5a and b). AsStructures of thesg thermosetting po!ymers. I_t would appear
discussed above, the effect of the interfaces is dominant atthat these materials can be chemically tailored to meet
room temperature. At higher temperatures (equivalent to SPEcific applications requiring environmentally benign
increasing frequencies from WLF theory), the mobility of Piodegradation after service.
both highly crosslinkedand lightly crosslinkedmolecules
increase, and the effect of the interfaces diminishes, while
the effect of the free oil in the bulk polymer becomes
dominant. . .
In the multi-cycle creep and recovery measurements, the . This project was supported by the lowa Soybean Promo-
creep and recovery time was ten minutes for each creep ano“on Board.
recovery cycle. Thdightly crosslinkedmolecules at the
interfaces are expected to play_a dominant role in these pafarences
measurements. The creep strain may not be enough to
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