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ABSTRACT

This report details the resul:s of an investigation into the
effect of thermal history  and aging time on the physical
properties of Du Pont's thermoplastic (PACK-n) J2~copolymer.

Both g¢glass tiansition ¢t rature and dynamic wechanical
properties were examined as a function of thermal history and
aging time. '1'08;1_10 Ptogostin were characterised at room
temperature, 100 “C, and 160 “C.

The position ané shape of the glass transition endotherm was
found to be a slight function of cooling rate (as well as the
extent of T, overshoot). These trends are discussed in terms of
the Free VJlume vs. Temperature Curve. Thermal uistorg has a
more pronounced affect on the tensile properties; the affect of
Erocuslng temperature on entanglement netwoirks contributes to

hese observed properties.

The glass transition temperature of J2-polymer exhibits a
significant decrease as a function of aging time. These effects
are observable via DSC, viscoelastic spectra, and tensile
measurements. Several possible explanations are outlined, but
more work is needed to ascertain the true mechanism of aging.
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INTRODUCTION

Because the physical properties of polymers are extremely
structure dependent, it 1is important to characterize them
accurately with respect to temperature and time. This report
details the resultas of an investigation into the effect of
thermal history and aging on the physical properties of Du
Pont's experimental J2-polymer. Both glass transition
temperature and dynamic unchanic‘l properties were examined as a
function of thermal history and aging time. Tensile properties
were characterized at room temperature, 100 °C, and 160 °C.
Based upon these results, recommendations for future work are

discussed.
SURVEY OF LITERATURE

An amorphous (or glassy) polymer does not have a
geometrically regular structure like a crystal. Instead, its
structure is more like a 1ligquid: not entirely random, but
lacking in long range order.

There are many reasons why the chains in a alassy polymer
prefer to be in a less stable disordered state rather than a
regularly packed arrangement. One resson is that many structural
irregularitier are incompatible with the formation of a
orystalline lattice. Busmples of these irregularities include
the presence of bulky side groups, cross linking or an irreqular
ordering of the repeat unit (tactivity or random co-



polymerization). 1In addition, strong intermclecular forces may
interfere with the freedom of motion of the chains by chemically
associating certain functional groups in the melt. Thesaz
factors, plus the loss of mobility associated with the glasay
state, prevent the chains from rearrangir¢ into a more ordered
state.

For any amorphous polymer, the transition from the rubber to
glassy state (and vice versa) is called the o relaxation. (For
crystalline polymers, the o transition is above Tg.) It is a
second order phase transition (as defined by the Ehrenfest
criterion) and occurs at a temperature which is called the glass
transition temperature ('1'9}. The position of this change in
specific heat (as represented by the DSC curve) is a very
important material property.

Although there is no change in the average geometric
arrangement (conformation) of the molecules at the glass
transition, there is a significant change in the state of
molecular motion. Below Tge chains are frozen in the disordered
state. At T, (and slightly before), thermal energy starts to
excite chain mobility, thus inducing bond rotation and vibration,
as well as segmental chain movement.

The properties of a polymer are affected by the number of
chain entanglements, which is a function of sample thermal
history. The temperature of melt, the length of time in the
melt, and rate of cooling all contribute to the rate each sample
progresses toward the state of an equilibrium number of

entanglements.,



Polymer conformation and glass transition temperature are
directly related to many engineering properties. At ‘I‘g, many
properties such as Young's and tensile modulus, hardness,
elanticity, coefficient of expansion and the dielectric constant
exhibit a discontinuity. 1In both the glassy and rubbery states,
the material behaves elastically, although with significantly
different modulus. In the vicinity of the relaxation
temperature, deformation under applied stress occurs with a loss
of energy; thies represents the resistance to internal molecular
rearrangement. Thus, a polymer is said to exhibit a viscoelastic
response.

The glass transition temperature is not a constant for any
given polymer--even for a given frequency of applied stress. It
can be affected by many things: molecular weight, the amount of
chain branching and cross linking, the presence of additive,

water adsorption, physical aging, and thermel history.
EXPERIMENTAL

A thermoplastic polymer, J2-polymer (Du Pont's PACM~-n
polyamide copolymer), was chosen for this study. It is thought
to be a completely amorphous polymer with at least two different
values of n for the repeat units, the units being randrmly
arranged within the molecules. The chemical structure of PACM-n
is shown in Figure 1. The variation in the number of -CH,- units
for polymers with a single value of n has a major effect on the

.ocrystallisability of the polymer (1),
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The polymer was supplied in the form of a powder, presumably
in the as polymerized state. It was dried in a vacuum oven at
110 °C for 3 hours and stored in a desiccator prior to and after
molding.

Samples were prepared by compression molding with various
processing conditions, Pressures employed were approximateliy 800
1b/1n2. Time in the melt was 20 minutes., Variation of szmple
thermal history was achieved using two different processing
temperatures (225 °C and 260 °C). Different rates of cooling
were used as well, Samples were slow- cooled in the press (0.5
°Cc/min), water-cooled in the press (30 °C/min) or quenched in a
bucket of water.

The thermal analysis of J2-polymer was done with a Perkin
Elmer DSC-4. A heating and cooling rate of 20 °C/min was used
for all studies. Each sample was scanned from 70 °C to 220 °C.
Several rung were made to higher temperatures. Thus, the effect
of thermal history and aging on the glass transition region of
compression molded neat resin samples was studied.

| X-ray diffraction acans were obtained on a Rigaku D-Max
diffractometer with appropriate counting and recording equipment.
Measurements were made with CuKo radiation. Scans were done in
both transmission and reflection mode over an angular rangs of
2° 520 s 52°. In transmission mode, each sample was scanned at a
rate of 10° 20/min and added five times to give better peak
resolution of the final profile. 1In reflection mode, each sample
was scanned only once at the rate of 4° 26/min.

Dynanic mechanical properties (G', G'' and tan &) were



measured using the Rheometrics System-1V in torsion rectangular
mode at about 1 Hz frequency and 5 °C temperature increments.
Samples were machined into a rectangular shape approximately 2.5
inches long, 0.5 inches wide and 0,032 inches thick.

Melt viscosity as a function of time (at a constant
temperature) was measured using the Rheometrics System~-IV in
dynamic oscillatory shear using parallel plate geometry.
Measurements were taken at five minute intervals at a frequency
of 1 Hz, the samples being maintained stationary between
measurements. The material was machined into one inch diameter
disks for testing.

Tensile tests were performed on an MTS testing system
(equipped with an oven) under stroke control at a 2%/min strain
rate. Local axial displacement was measured with a one inch
gauge length MTS extensometer, Load/displacement data was
recorded and converted to engineering stress/straln curves. The
standard dog-bone sample geometry (ASTM D638, thickn,ass = 0,32
inches) was used to insure a uniform stress distribution along
the gauge 1length, When tests were performed at elevated
temperatures, samples were given 15-20 minutes to come to thermal

equilibrium in the oven.



RESULTS AND DISCUSSION
Thermal History Effects

Differential Scanning Calorimetry (DSC) was used to examine
the glass transition temperature as a function of thermal
history. These results are shown in Figures 2-5, and summarized
in Table 1. (also see later discussion on aging affect) The
position of Tq is only a slight function of the rate of cooling;
for both processing temperatures, the water-cooled samples have a
higher Tq, but a factor of 60 increase in the cooling rate
increases Tg only approximately 2.5 °C. The effect of the
processing temperature is less clear. However, aging times are
not identical (see later discussion on aging), so no good
comparison can be made,

These observed trends are explainable in terms of the Free
Volume vs. Temperature curve, shown in Figure 6. It is proposed
that the faster cooled samples '"quenched in" a greater degree of
disorder, i.e. a higher free volume, whereas, in slow-cooled
samples, the volume shrinks along the equilibrium liquidus line
to a lower value before molecular motion ceases. When reheated
in the D8C, the position of Tg and the presence of an endothermic
Tg-oyoruhoot peak will depend on the rate of heating in the DSBC
relative to the initial rate of cooling (as well as the length of
time and the temperature at which the sample is stored below Ty

see next section on aging effects). If heated more slowly than



cooled or at the same rate, the volume will increase along the
appropriate glassy state volume expansion line until it meets the
equilibrium liquidus 1line; thus, Tq will be lower for a slow
cooled sample..and only a base line shift will be observed at Tg-
If heated more rapidly than cooled, it is observed that the
sample overshoots the equilibrium line and then rises rapidly to
that line, as shown by the dotted line in Figure 6. In this
case, Tg for the slow cooled sample can be either lower or higher
than for a quenched sample depending on the amount of overshoot.

The shape of the Tg endotherm is also a function of thermal
history. At slow cooling rates, an endothermic hump is observed
at T,, in addition to the typical baseline shift,. The
endotheraic peak (Tg overshoot) corresponds tc the heat absorbed
as the sample free volume rises to the equilibrium line, and it
results in an error in measurament of 'rg. The presence of a
small endothermic hump on the second heating runs suggests that
the heating and cooling processes are not completely reveraible,
This endothermic hump is not seen in the more rapidly cooled
samples.

The effect of annealing below Tg was also examined by DSC.
After annealing only two days at 145 °C, the shape of the Tq
endotherm changed significantly for both slow-cooled and water-
cooled samples. In both specimens, a large endothermic hump
appeared in addition to the typical baseline shift. This is
(possibly) indicative of a more ordered hydrogen bond structure
which formed upon annealing and is broken up by the molecular

motion at Tg. SBuch an explanation has been used in the
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literature to explain similar effects in a number of nylons (2).
However, it is noted that infrared (IR) spectroscopy in that
paper and in our laboratory on Jl (a PACM-n homopolymer) (3)
indicate that the hydrogen bonding network is gradually broken up
with increasing temperature. No significant change occurs at Tg.
Instead, we propose the endothermic hump may again be related to
the Tg overshoot. Annealing below Tq results in a slow decrease
in density (and thus, free volume) for all samples, quenched or
slow cooled. When heated rapidly, these samples will show a
higher Ty and a larger endothermic peak. (Note the Tg of this
sample can not be compared with those of the other samples; this
sample was ‘'aged' at room temperature prior to annealing, see
below. )

Both X-ray reflection and transmission were used to examine
the diffraction pattern of J2-polymer aa & function of thermal
history. 8cans for three different thermal histories are shown
in Figures 7 and 8. A comparison of these scans indicates that
three amorphous peaks are present in each sample, one strong peak
at “19° similar to that found in many other amorphous polymers
and two peaks at 7° and 42°. Values of 20, d, and full width at
half maximum are listed in Tabie 2.

The small peak at 26 & 7° corresponds to an intra-mo)ecular
spacing of bstwaen 12-13 A, This is about half the length of the
chemical repeat unit. The main scattering peak (20 a 19°)
corresponds to inter-molecular spacings.

As evidenced by the increased half width of the main peak,
the quenched samples appear to have a larger distribution of




inter-molecular spacings than the slow-cooled samples. This
indicates that quenched samples have a more irregular structure.
However, in both reflection and transmission, faster cooling
increases 20 (decreases d) of the main peak, which suggests that
the slow-cooled sample should have a lar¢er free volume than the
quenched sample. This is opposite to the explanation described
above. We have no explanation for this discrepancy at present.

By measuring the mechanical response of a material as it is
dotorund under periodic stress, ﬁhc viscoelastic behavior of a
polymer can be characterized. Dynamic mechanical properties were
studied using the Rheometrics System-IV in torsion rectangular
mode. As shown in Figures 9-11, the magnitudes of the storage
modulus, loss modulus and tan delta (G', G", Tan §) are only a
slight function of thermal history. For example, the elastic
modulus of J2 is 9.9x10% : 0.1x10%, Thus, J2 has good stiffness
for all processing conditions tested, until reaching Tg.

Much of this stiffness is lost during the relaxation at the
glass transition temperature. There is no change in the sise,
shape or position of this relaxation in the dynamic mechanical
spectra as a function of thermal history. The scattered data
points approximately 15 °C above Ty are due to sample slumping,
stretohing (and finally, flow). In glassy polymers, not only can
this range of the scan not be properly measured in the chosen
mode of operation of the equipment, but it is anticipated that

the dynamic mechanical properties will not be function of thermal

history above T,.
It vas expected that the samples processed at 260 °C would

rigrme T o e



have a different number of chain entanglements than those
processed at 225 °C (under constant cooling rate), the number
increasing with increasing coil size. Following solidification,
the mechanical properties may be dependent on this entanglement
network

Melt viscosity as a function of time (at a constant
temperature) was examined on the Rheometrics System-1IV in dynamic
mode under oscillatory shear. A comparison of Figures 12 & 13
shows the effect of melt temperature on the melt viscosity of a
sample of J2-polymer that was initially rapidly molded at 225 °C,
The appearance of the powder suggests that it was precipitated
from solution during polymerization. The melt viscosity at 260
°C is constant with respect to time, whereas the melt viscosity
of the sample tested at 225 °C increases --and then reaches a
plateau~-- as a function of time. (Both specimens were
equilibrated at the appropriate temperature for 15 minutes prior
to measurement.) Since the entanglement network is dependent on
the viscosity (4), this behavior suggests that it takes time for
the molecules to attain an equilibrium entanglement state from
the presumably less entangled original (solution precipitated?)
state. Following solidification, the mechanical properties are
dependent on this entanglement network.

Tensile properties of J2-polymer as a function of thermal
history were studied at three different temperatures. Tensile
curves are shown in Figures 14-16, and values of tensile modulus,
2% offset yileld stress, the yield point (if present) and the

ultimate tensile strength are summarized in Table 3. As shown in



the Figures, the engineering stress/strain curves zhow the
classical cold-drawing behavior. This is characterized by non-
linear strain softening in the first region, yielding, and stress
decreasing to a constant value as the neck propa‘jates.

Tensile properties of J2-polymer at room temperature are
shown in Figure 14, Teneile modulus is very similar for all
samples tested. Both specimens processed at 260 °C exhibit
ductile failure, with the slow cooled sample possessing a
somewhat higher yield point than the water cooled sample. Both
samples processed at 225 °C exhibit brittle failure.

These observations can be explained in terms of variations
in the degree of chain entanglements. As shown in the melt
viscosity studies, the number of chain entanglements are directly
related to temperature and time in the melt. In addition, in
hydrogen bonding polymers, there can be significant entanglement
coupling as a result of strong interactions at specific sites
along the chain (5). Thus, specimens processed at 225 °C may
possess fewer than the equilibrium number of chain entanglements
due to insufficient time in the melt. The rate of cooling can
have a similar effect. A slower cooling rate will enable a more
stable (@antangled) structure to form.

When tested at 100 °C, J2-polymer is a softer material, and
all tensile samples exhibit ductile failure upon deformation.
This is shown in Figure 15. At both processing temperstures, the
slow cooled samples exhibit a greater ultimate tensile strength
than the water cooled samples. This verifies results obtained at

room temperature--that slow cooled samples have a greater number



of chain entanglements than thair more rapidly cooled
counterparts. However, samples proceased at 225 °C exhibit
greater strength at the yleld point than the correspondirng samble
processed at 260 °C. More work should be done to investigate the
reproducibility of this result.

Tensile specimens tested at 160 °C will be discussed in

terms of aging time, in the next section.

Aging

While examining 'I"g on the DSC as a function of thermal
history, severe ‘'aging' effects were observed. The glass
transition temperature as a function of thermal history and aging
is shown in Table 1. A plot of Tg va. time (for the three
different thermal histories) shows that Tq decreases rapidly from
about 170 °C at short times, reaching a plateau of approximately
140 °C at longer times (see figure 17). This unexpectedly large
decrease in Tg should play a significant role in potential
practical applications of this polymer. Thus, the origin is very
important.

In addition to the change in position of Tqr the shape of
the '1'g endotherm changed significantly with increasing sample
'age'. At short times, an endothermic hump was observed at Tq in
slow-cooled samples; at longer times, this hump was replaced by a
typical baseline shift, as in the original water-cooled samples.
These observations argue againat the idea that the peak height
may be the result of the breakup of a hydrogen bonding network,
since the network would be expected to strangthen with 'aging'



time.

Another phenomena (associated with sample 'aging') is the
appearance of several large, sharp endothermic  peaks
approximately 50 °C above Tg. A representative scan is shown in
Figure 18. These peaks do not appear on 'unaged' samples--even
when scanned to 270 °C. This indicates that the appearance of
these peaks is associated with the passage of time. 1In addition,
this phenomena has only been observed in the water-cooled
samples. One line of speculation as to the origin of these peaks
is that they are caused by the recoil of residual stresses and
strains in the sample. Since the slowly cowled samples stay in
the melt long enough to relieve much of the stress, this explains
the absence of the large peaks in scans of slow-cooled samples.
However, we might expect residual stresses to be relieved closer
to Tg than 50 °C; possibly the pressense of the hydrogen bond
network superimposed on a relatively rapid heating rate causes
the 50 °C shift in temperature. Another possible explanation is
degradation, However, more wortk needs to be done to ascertain
the true explanation,

The thermal history effect on the rate of ‘'aging' is not
clear. As shown in Pigure 17, there is a slight difference in Tg
for similar ‘'aging' times. More work should be done to
characterize this effect.

'Aging' effects in dynamic mechanical properties can be seen
via comparison between Figures 9-11 (2 day old samples) and
Figures 19-21 (2 week old samples). Because the glass transition

temperature occurs approximately 25 °C lower in the two week old



samples, the mechanical properties (G', G", Tan 6) undergo the
corresponding o transition earlier. However, little change in
the magnitude of these properties was noted before or after the
transition as a function of 'aging time'. 1In addition, the size
and shape of the relaxation did not change with 'aging'time'.

Tensile properties (measured at 160 °C) are a clear example
of the effect of 'aging'., As shown in Figure 16, the newest
sample has the greatest tensile modulus and yield point, The two
oldest samples support minimal stress at 160 °C, and
consequently, no value of tensile modulus was obtained; no
yielding or necking was observed. This indicates that 'rg in
these '‘aged' samples has decreased below 160 °C. This trend
supports earlier evidence (obtained by DSC) that ‘aging' |is
occurring, and Tg is decreasing with time,

Poesible explanations of the observed 'aging' in J2-polymer
include: physical aging, hydrogen bond network formation,
degradation with light/0,, relaxation of residual stress incurred
durring the compression molding process and moisture adsorption.
Each possibility will be considered and discussed in terms of its
effect on T,. |

The gradual approach to an equilibrium state with increasing
tims (with respect to volume, enthalpy and entropy) is called
physical aging (6). Physical aging can strongly affect the
behavior of a glassy polymer, particularly if Tg is greater than
room temperature. It persists for long periods of time (ococuring
more slowly at lower temperatures) and is completely

thermoreversible if the sample is heated above Tg. Physical



aging is best explained gualitatively in terms of free volume
effects.

In an attempt to establish equilibrium, glassy materials
undergo a very free slow free volume relaxation along the dotted
vertical line shown in Figure 22, The extent of this decvease
(which is small, but finite below Tg) is proportional to aging
time, as well as the temperature at which it occurs. Thus,
physical aging affects physical properties primarily through the
decrease in free volume and the corresponding changes in
relaxation times.

The Free Volume vs. Temperature graph (Figure 22) shows the
affect of physical aging on the glass transition temperature. As
the free volume decreases during ‘'aging' (following the dotted
line), Tg increases if heated rapidly, as the resulit of Tg
overshcot., Therefore, a heating/cooling rate of 20 °C/min causes
Tg to increase with the passage of time. Thus, the normal trend
in physical aging is directly opposed to the trend observed in
J2~polymer, and it is not usually so large. In addition, the
rate of physical aging for J2-polymer should not be appreciable
at room temperature, 120-150 °C below Tg. Consequently, physical
aging is not a viable explanation,

Because J2-polym2r is a polyamide, intermolecular hydrogen
bonding is potentially very important. Each monomer unit has two
sites where hydrogen bonding could potentially take place.
Howevar, the molecular roarrangomentp which ocour with time would
tend to strengthen the hydrogen bonding network between the

chains, thus increaaing Ty This trend is directly opposite to



the trend observed in J2-polymer.

Sampie degradation (by O, or 1light) is another possible
explanation for the observed decrease in Tg with time. However,
the degradation process is continuous; it occurs at a constant
rate, and no plateau is reached at longer times, 1In addition,.
this effect would not be reversible, Running an aged sample in
the DSC results in an increase in Tg of 17 °C upon reheating.
For these reasons, degradation is an unlikely cause of the
observed ‘'aging' effects.

A more plausible explanation for the observed 'aging'
effects in J2-polymer is the relaxation o€ residual stresses
incurred in the compression molding process. Samples are molded
under extreme compression, causing the free volume of the chains
in the melt to decrease. Cooling the sample freezes in this
conformational stress. The greater the cooling rate the lower
the density (greater free volume) for a given applied pressure
(7). Although the affect of cooling rate under pressure on Tg
has not been reported, an increase in Tg with molding pressure
has been reported for glassy polymers (8). The presence of this
residual stress lowers the free volume and induces an ﬁttificial
increase in Tg, which one would expect to relax (decrease) with
time. At longer times, the sample reaches an equilibrium
platoau._

This is the trend which is observed in J2~-polymer. 1t
accounts for the observation that Tg uater cool > Tg,slow cool®
However, the magnitude of A'rg {between water cooled and slow

cooled samples) in unaged samples is only 3 °C. 8ince the slow-



cooled sample would be expected to have minimum residual stress
but has a Ty in an unaged sample only 3 °C below that of a
quenched sample, the 30 °C drop in Tg with 'aging' appears to
large to interpret solely in terms of relaxation of residual
stresses. Thus, residual stress relaxation may be a partial
explanation for the observed decrease in Tg with 'aging', but it
is only part of a larger contribution,

The most realistic explanation for the magnitude of the
decrease in ‘1‘g with increasing sample age appears to be the
adsorption of water. Baer et al. (9) claim a 40 °C drop in Tq
with only 1.2 wt. § water for nylon 6 corresponding to slightly
fever than one water molecule bridging each carbonyl-amino group.
For longer repeat units (such as Nylon 12), 20 °C drops in Tg
have been reported (for samples conditioned in 100% relative
humidity) by Prevorsek, Butler, and Reimschuessel (5). As J2-
polymer is also a polyamide, these figures may be indicative of
the size of drop in Tg that could be expected with the aﬁsorption
of only one watur molecule per repeat unit, i.e. bridging all
carbonyl and amino functional groups.

Water absorption and incorporation procedes by a mechanism
involving aqueous hydrogen bonding. According to Baer et al, the
water molecule spans the intermolecular gap between the carbonyl
and amino functional groups, thus decreasing intermoclecular
adhesion (9). This reduces the steric reatrictions for motion
which were previously associated with the hydrogen bonding
between segments.

Since the absorption of water occurs gradually, this explains

%



the decrease (and gradual approach to a plateau) in 'I‘g with
respect to time., However, this explanation has gseveral flaws.
Kolarik and Janacek (10) claim that upon water absorption there
is a change in the size and shape of the oa-relaxation peak (in
addition to position). With increased water absorption, the loss
maximum becomes significantly higher and narrowor with increasing
absorption. Comparison of Figures 10 & 20 shows that in J2-
polymér, the shape of the loss maxima does not change with 'aging
time', Thus, this theory does not explain the observed
viscoelastic behavior. 1In addition, all samples were kept in a
desiccator, If this is to be a plausible explanation, cne must
assume that J2-polymer has a greater affinity for water
complexation than the desiccant,

In conclusion, the observed ‘'aging’' phenomena in J2-polymer
has a number of possible origins. The final explanation may
involve a combination of these mechanisms. More work should be

done to ascertain the complete explanation.
CONCLUSIONS AND RECOMMENDATIONS
Results of this study can be summarized as follows:

1 -~ faster cooling rates result in a slightly higher Tqg due
to decreased free volume,

2 - melt temperature (with a constant time in the melt)
affects the rate of approach to the equilibrium number of chain

ent: jlements.
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3 - the observed endothermic hump at T, in both the slow-

g9
cooled and annealed samples is probably due to Tq overshoot.
Water-cooled samples do not exhibit this additional increase in
specific heat.
4 - at short times, Tg decreases rapidly with increasing

'age’', reaching a plateau of approximately 140 °C at longer
times.

5 - sample 'aging' is evidenced by the position of Tg using
DSC and the position of the o relaxation in the dynamic
mechanical properties, as well as in the tensile properties when
tested at 160 °C.

Therefore, I recommend:

1 - closely examining the effects of annealing on T the

'
dynamic mechanical properties, and the tensile properties. ’

2 - investigation of the origin of the large, sharp
endothermic peaks observed at higher temperatures in DSC scans of
waser-cooled samples.

3 - clarifying the effect of processing thermal history on
‘aging'.

4 - examining the effect of water absorption more closely by
testing samples with known moisture content to ascertain the rate
that J2-polymer incorporates water, as well as its saturation
limit. The effect of moisture on the shape and position of Tq
must also be studied.

5 - determine the origin and exact mechanism of the observed

'‘aging’' phenomenon.



6 ~ review all mechanical testing of J2-polymer in terms of

'aging time' prior to testing.
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GLASS TRA! 'N TEMPERATURE AS A FUNCTION

OF TH

THERMAL HISTC

Water Cooled from o

Slow cooled from 225 ©c¢

Water ccoled from 260 °C

Slow cooled from 260 °C

TABLE 1

HISTORY AND AGING TIME

- W O ek el el byl W e A G Guf PRA SR (RS e SER Ghb WS ERE dNy S Sm

45
49

35

34

167.0
153.0

169.0

169.5
164.4
148.4



TABLE 2

X-RAY PARAMETERS AS A FUNCTION OF THERMAL HISTORY

TprocESs  COOL RATE MODE 26 d FWHM

ﬂ----ﬂﬂﬁ---ﬂ"-----~~ﬁ---a—-------—------‘ﬁn---&ﬂhu----ﬁ-------ﬂ——

260 °C 0.5 °C/min  reflect. 6.9(est.) 12.8(est,) -
20,46 4,34 7.16
42,88 2.11 5,40

transmi, 7.2(est,) 12,3(est.) -

20.54 4.32 7.24
42.71 2.11 5.40
260 °C QUENCH reflect. 7.7(est.) 11,5(est) -
20.92 4.24 7.34
43.27 2,09 5.69

transmi, 7.7(est.) 1ll.5(est.) -

21.00 4.23 7.51
42.15 2,14 5,42
225 °C QUENCH reflect, 7.5(est.) 1l1.8(est.) -
21,06 4,21 7.57
42,62 2.12 2.91

transmi. 7.0(est.) 12.6(est.) -
20.25 4.38 7.58
42.64 2,11 7.06



TABLE 3

TENSILE PROPERTIES OF J2 AS A FUNCTION OF THERMAL HISTORY

Irpns TPROCESS

26°¢C

100°¢

160°¢C

260°C

225°¢

260°¢C

225°¢

260°C

225°¢

COOL RATE

0.5°C/min
30°C/min
0.5°C/min
30°C/min
0.5°C/min
30°C/min
0.5°C/min
30°C/min
0.5°C/min
30°C/min
0.5°C/min
30°C/min

o]
———
x
]

[

394.6
433.3
410.3
411.7
318.3
3l18.9
358.4
348.4

87.3

147.4

YIELD PT

14.9
13.9
no yield
no yield
8.6
7.4
9.3
8.5

0.55

0.81

25 OFF

7.0
6.5
6.8
6.8
5.5
4.7
5.6
4.3

0.41

0.43

Tpglksi)

10.3
10.2
13.5
13.1
5.5
5.2
5.9
6.0

0.46

0.65

L e A ey



J2 ~-POLYMER

E-@—CH @3 (é') (CHo) <(':P
- 2 SN2
H =

( PACM=-n)

Figure 1: The chemical structure of the PACM-n repeat

unit, J2-polymer has at least two different
values of n for the repeat unit.
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FREE VOLUME

TEMPERATURE

FIGURE G

FREE VOLUME VS TEMPERATURE

EFFECTS OF THERMAL HISTORY
AND ANNEALING
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J2-POLYMER  ELASTIC MODULUS AS A FUNCTION OF THERMAL HiSTORY
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INELASTIC MODULUS AS A FUNCTION OF THERMAL HISTORY
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J2-POLYMER  E£LASTIC MODULUS AS A FUNCTION OF THERMAL HISTGRY
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- J2-POLYMER  INELASTIC MODULUS AS A FUNCTION OF THERMAL HISTORY
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J2-POLYMER TAM DELTA AS A FUNCTION OF THERMAL HISTGRY
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