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The Effect of Purified Isophthalic Acid Modification on the Thermal Crystallization of PET

Summary

Purified Isophthalic acid (PIA) is the preferred modifier for PET resins used in container
applications. Incorporation of PIA in PET allows the fabricator more control over
thermal crystallization during preform injection molding and stretch-blow molding. The
use of PIA widens the PET process window resulting in clearer, brighter bottles. The
usefulness of PIA modification of PET led to the desire to have more fundamental
understanding of modification. This report presents the results of a controlled study to
determine the effect of PIA modification on PET's isothermal crystallization rate, as a
function of modification level and temperature. It also compares PIA with two other
modifiers, cyclohexanedimethanol (CHDM) and diethylene glycol (DEG). The value of
the information presented here is twofold: (a) to provide a quantitative assessment of
PlA's effectiveness relative to other modifiers in terms of cost/performance; (b) to
serve as a fundamental tool for optimizing PIA-modified PET compositions for specific
applications.

Two nominal modification levels, 2.0 and 4.0 mole %, were selected for this study.
These levels cover the typical range used in packaging applications, such as beverage
containers and APET thermoformed sheel. These levels were used for the PIA and the
CHDM-modified resins. In the case of DEG, the nominal level selected for study was
4.0 mole %. This level represents added DEG (since some DEG occurs naturally
during polymerization as a result of side reactions).

The resins studied were prepared by melt polymerization and solid-stating to an IV of
0.80 + 0.01. Extruded amorphous films, 5-mil thick, was used for the isothermal
crystallization study. Isothermal crystallization data were obtained by depolarized light
intensity (DLI). Supplemental crystallization data were obtained by dynamic and
isothermal differential scanning calorimetry. The DL study covered the temperature
range between 110°C and 230°C.

The resulits of this study showed that PIA modification decreased crystallization rates
on heating amorphous films and on cooling from the melt. However, DEG modification
increased the rate of crystallization upon heating amorphous films and had a lesser
effect compared to PIA in retarding crystallization upon cooling from the melt. In
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addition, DEG presented the added disadvantage of reducing glass transition
temperature (T,). On a mole basis, PIA was essentially equivalent with CHDM in
preventing onset of crystallization upon cooling from the melt. This result suggests that
the two modifiers are equally effective for stretch-blow-molding applications where
crystallization from the melt is a critical concern. On crystallization by heating, CHDM
resulted in larger decrease in crystallization rate per mole modifier compared to PIA.
Crystallization from the amorphous state is a critical concern in some thermoforming
applications, where higher levels of PIA may be necessary in order to achieve
performance equivalent to CHDM. This difference however may be more than offset by
the higher price of CHDM.

Introduction

The widespread incorporation of modifier comonomers in PET packaging resins has
grown from the need to produce containers with a high degree of clarity, in a wide
variety of custom shapes, and free from residual acetaldehyde. The presence of the
modifier disrupts PET polymer chain regularity and results in slower thermal
crystallization and in a drop in melting point. The benefit resulting from these changes
is to prevent development of haziness in the molded preform, which is prone to occur in
PET homopolymer either during cooling inside the mold or during the preheat prior to
blow molding. In homopolymer this is more likely in thicker cross-sections such as the
bottom of a one-piece beverage bottle. The demand for slower crystallization rates
increased with the switch from HDPE base-cup to one-piece beverage bottles.
Returnable-refillable bottles with a thicker cross-section overall generate additional
demand for resins with slower crystallization rates. Lower melting points result in lower
acetaldehyde because lower processing temperatures can be used to reduce
degradation. 0

PIA is the most cost effective high-performance PET modifier used today. Typical PIA
substitution levels used in solid-stated (0.78-0.83 IV) packaging resins are in the order
1-3 %. Another high performance PET modifier is cyclohexanedimethanol (CHDM).
The quoted selling price for CHDM is higher than that for PIA. Diethylene glycol
(DEG), which always occurs naturally to some extent in melt-polymerized PET as a
byproduct is believed to be also used as modifier by a few resin producers.

llustration 1 shows the chemical formulas for these three modifiers. The computer
modeling simulations shown in lllustrations 2-4 help visualize the disruption in chain
regularity caused by the presence of a modifier in the polyester backbone. The
minimum energy conformations were laid on top of a PET homopolymer segment with
four repeat units to show how the modifier changes the molecular geometry in the
modified polymer. Two minimum energy conformations of PIA-modified PET were
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identified and are shown in lllustration 2. The two minimum energy conformations are
designated as cis and trans. For the cis conformation, the carbonyl groups of the
isophthalate unit are on the same side in the relationship to the aromatic ring of the
isophthalate unit. In the trans conformation, the carbonyl groups are pointing away
from each other in relation to the aromatic ring of the isophthalate unit. Overlapping
the modified polymer segments with the PET homopolymer segments shows that the
polymer segments will not align with each other. Non-alignment between chains
inhibits thermal crystallization. The effect is more pronounced with the trans
conformation than with the cis conformation. In the case of CHDM-modified PET, four
minimum energy conformations were identified and are shown in lllustration 3.
Overlapping with PET homopolymer shows a significant degree of non-alignment in all
cases. In the case of DEG-modified PET, one minimum energy conformation was
identified and is shown in lllustration 4. The observed non-alignment between the
DEG-modified and the overlapped PET homopolymer segments is not as pronounced
overall as that observed in the case of the other two modifiers.

The work described in this report presents a quantitative comparison between PIA and
other commercial modifiers. For this purpose, resins containing PIA or CHDM at 2.0
and 4.0 mole % nominal modification levels were prepared under similar polymerization
conditions to minimize factors other than composition. In the case of DEG, the one
nominal level studied was 4.0 mole % DEG. The thermal crystallization behavior of
these resins was evaluated on amorphous film samples by isothermal depolarized light
intensity (DLI) and differential scanning calorimetry (DSC) techniques (both dynamic
and isothermal). The effects of modifier content, temperature, and resin IV were
investigated. The information generated from this study provides a quantitative
assessment of PIA's effectiveness relative to other modifiers in terms of
cost/performance and will serve as a fundamental tool for optimizing PIA-modified PET -
formulations for specific applications.

Background

Polyethylene terephthalate is a polymer capable of attaining high degrees of
crystallinity but possesses relatively slow crystallization rates. It has a glass transition
temperature above room temperature. As a result it can exist both in amorphous and in
semicrystalline form. Amorphous PET is clear and results upon rapid quenching of
molten resin to below the T,. Semicrystalline PET results upon heating amorphous
resin above the T, or upon siow cooling from the melt or even upon rapid cooling from
the melt down to a temperature above the T,;. All these phenomena represent various
types of thermal crystallization and may occur during various stages of container
manufacturing, such as preform cooling following injection molding, preform heating
prior to stretch blow molding, or APET sheet extrusion and thermoforming. Thermal
crystallization results in the development of haze and eventually to opagueness when
left to proceed to high degrees of crystallinity. In the case of thermal crystallization, the
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crystalline structure is in the form of spherulites measuring 2-3 um in diameter, which
scatter visible light thus causing haziness.

Another type of crystallization occurs when amorphous PET is subjected to strain
during stretch-blow molding, fiber drawing, or film stretching. Strain-induced
crystallization can proceed 2 or more orders of magnitude (depending on strain rate)
faster than thermal crystallization.! Furthermore it results in the development of
extended chain crystals, which are more or less cubic and smaller (< 0.5um) and do not
scatter light and thus do not reduce transparency. The strain-induced crystallization of
PlA-modified PET is currently under study.

PET isothermal crystallization has been studied extensively' and has been found to
follow the general theory for polymer nucleation and growth which is described by the
Avrami equation:

1-x ==X, (1)

where x is the fraction of crystallized material at time t at a given temperature, relative
to the maximum possible crystallinity at that temperature. The Avrami rate constant k
determines the rates of nucleation and growth processes which control crystallization.
It is strongly dependent on temperature and also on factors such as molecular weight
and the presence of nucleating agents. The Avrami exponent “n” describes the
mechanism of crystallization and has, ideally, 2 small integer value depending on the
nucleation and growth pattern.

The Avrami rate constant follows a complicated dependence with temperature. Since
nucleation is favored by high supercooling at low temperature whereas growth is
favored by chain diffusion which is faster at higher temperatures, there is an
intermediate temperature range, approximately half-way between T; and T,,, where
crystallization is the fastest.

One proposed model for the temperature dependence of the rate constant is given by
the expression®:

U A
K(T) =k . . 2
b "e"{nﬁ—m (T2 -T]f} o

where kg U, and A are parameters specific to the polymer. The first term represents an
Arrhenius-type contribution due to diffusion, while the second term represents the
thermodynamic driving force. U and A are the corresponding activation energies. R is
the ideal gas constant. The factor f is a temperature correction, which according to

2T

(2T2+T)

Ross’ can be approximated by f . The constant T_ is the temperature
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below which no chain diffusion is possible and can be approximated by T_=T;. The
constant T? is the equilibrium meiting temperature.

Half time of crystallization, ti, is another expression for crystallization rate often used
in place of Avrami coefficients. The quantity t, is defined as the time of isothermal
heating at a given temperature that is required in order to attain 50% of the maximum
possible crystallinity at that temperature. t;; can be related to the Avrami coefficients
through the expression:

t=(23)". )

This equation indicates that using the inverse of t;;; as a measure of crystallization rate
is valid as long as n is constant.

Because high temperature favors diffusion whereas low temperature favors nucleation,
there is a minimum half-time ccrrespondmg to a temperature approximately half-way
between T, and T, Ziabicki' has used the following empirical model to describe ty
dependence on temperature:

e ~41n2(T - T*) }
— =gy . (4)
Ty Ty { D?

where t,, is the minimum halftime corresponding to maximum crystallization rate at

the temperature T*, and D is the half-width of the Gaussian curve. Ziabicki obtained on
a particular PET sample the following values for these parameters by data fitting: w"

t,,=42 sec; T*=190°C; D=64"C.

The isothermal crystallization of PET homopolymer, as a function of temperature,
moisture content, and molecular weight has been studied experimentally by several
investigators. The techniques used for measurement of isothermal crystallization rates
have included differential scanning calorimetry, depolarized light mtens:ty X-ray
diffraction, Laser light scattering, and density. Tant and Culberson® (Eastman) have
studied the effect of MW on PET crystallization at three different IV levels using small
angle light scattering. They obtained spherulite growth rates as a funr:.ﬂ-:m of
temperature. Growth rates were faster as MW decreased. Jabarin® used isothermal
DSC to measure crystallization rates upon cooling from the melt on various commercial
PET grades. He found strong dependence not only on molecular weight but also on
the catalyst system which affected molecular weight distribution and nucleation,
According to Jabarin, the dependence on the catalyst system was stronger than the
dependence on molecular weight. Di Fiore et al.® have studied the effect of antimony
catalyst remnants on the kinetics of PET crystallization from the melt, using X-ray
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diffraction measurements on samples crystallized for different lengths of time. They
found that the presence of catalyst speeded up crystallization rates. In another study
Jabarin’ used dynamic DSC at several cooling rates. In this case, data treatment was
possible by modifying the Avrami equation. He obtained agreement between the
results of that study and isothermal data. The effect of DEG on isothermal
crystallization from the melt was studied by Jabarin®. Presence of DEG was found to
decrease crystallization rate upon cooling from the meit.

Alfonso et al. ? have studied crystallization kinetics for amorphous fibers with different
degrees of orientation resulting from different spinning speeds, and heated under
constraint. They found that increasing the amorphous phase orientation promoted a
substantial increase in crystallization rate.

The above findings indicate that particular care should be taken when comparing the
effect of different modifiers on thermal crystallization, due to the effect of DEG content,
molecular weight, catalyst content, moisture content, and orientation. In the present
study, care was taken to hold these parameters constant.

To-date, we have not been aware of a comprehensive attempt to examine the effect of
PIA on the isothermal crystallization rate of modified PET. Dynamic DSC data have
been frequently used to demonstrate the effect of the modifier. The parameters used
are the peak crystallization temperature upon heating from the quenched (amorphous)
state, T, and the crystallization temperature upon slow cooling from the melt, Te..
During heating at a constant rate, T., occurs at progressively higher temperatures as
the modifier level increases. On the other hand, during cooling from the melt T.. occurs
at progressively lower temperatures as the PIA level increases. A previous Amoco
GTSR described these effects on both |ab-prepared and commercial PET samples
modified with various levels (2 and 3% mole) of PIA or CHDM™.,

Experimental
A Resin Preparation

Because of the aforementioned dependence of crystallization rate on molecular weight,
residual catalyst, and DEG content, care was taken to ensure consistent preparation to
rule out these effects.

The initially targeted resins are shown in Table |. They were 0.0% modifier
(homopolymer control), 2.0 mole % PIA, 4.0 mole % PIA, 2.0 mole % CHDM, 4.0 mole
% CHDM, and 4.0 mole % DEG (added). In the case of CHDM a first scoping run at
4.0 mole % modification gave a DEG content slightly lower compared to the
homopolymer and the PlA runs. This was corrected by adding a small calculated
amount of DEG in a second 4.0 mole % CHDM run and in a 2.0 mole % CHDM run,




GTSR No. 118
Page 12

Because of some diol loss by evaporation, the 2.0 and 4.0% CHDM targets came short
at 1.9 and 3.7% respectively. To match exactly these modification levels, two PIA-
modified resins were prepared at 1.9 and 3.7% modification. In all cases the target IV
was 0.60 £+ 0.02 after melt polymerization and 0.80 + 0.02 after solid-stating.

The exact resin formulations are shown in Table Il. The sample IDs indicate their
actual levels of modification (in mole %); | stands for PIA, C for CHDM, and D for DEG.
All formulations were held constant except for the type and mole percent of modifier.
The initial hydroxyl excess was 15 mole %. Tetramethylammonium hydroxide (TMAH)
was used to suppress DEG formation. Antimony trioxide and cobalt acetate were used
as the polycondensation catalysts. Phosphoric acid was used as heat stabilizer.

All resins were melt-polymerized in a 56-liter batch polymerization reactor. The main
steps of the polymerization process were pressure esterification, atmospheric
esterification, and polycondensation under vacuum. The time profiles for temperature
and pressure in each step of the process were kept identical from prep to prep. Because
the end-point of the pressure esterification step was determined by product clarity and
temperature in the top zone of the partial condenser, time for this step of the process
varied from run to run. Time for the atmospheric esterification and polycondensation
steps were held constant at 60 and 170 minutes respectively. Finished product was
pumped through a strand die, cooled in a water bath, and pelletized in the amorphous
form. A typical process procedure is shown in Table lll. Process data are summarized
in Table IV.

B. Solid-Stating

The amorphous melt-polymerized pellets were solid-stated in a 70-liter rotary vacuum f
dryer. Thirty pounds of each resin were charged to the dryer. Dryer rotation was
started, vacuum applied, and a nitrogen purge initiated. After purging was completed,
the heat transfer fluid (oil) was heated to 80° C. Once equilibrated, the oil temperature
was ramped to 160° C at a rate of 0.22° C per minute. After 70 minutes at 160°C, the
oil temperature was ramped to 216° C at a rate of 1.11°C per minute. The rate of
intrinsic viscosity appreciation was monitored to predict the time needed to achieve an
intrinsic viscosity of 0.80 di/g (Table V). At the end of the anticipated time cooling was
started. Typical final solid stating conditions were (1) an oil temperature of 216°C,

(2) an internal dryer temperature of 212° C, and (3) an internal dryer pressure below

1 mm Hg. When the internal dryer temperature cooled to below 82°C, vacuum was
relieved with nitrogen, dryer rotation stopped, and the product was recovered.
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C._Resin Analysis

IV: Inherent viscosity was measured at 30°C on 0.100 + 0.001 g of sample dissolved
in @ 60/40 mixture of phenolftetrachloroethane. It was then converted to a value for
intrinsic viscosity as would be measured in orthochlorophenol (OCP) at 25° C using the
correlation:

Intrinsic Viscosity (in OCP) = 1.096 x (Inherent Viscosity in PTCE) - 0.035

DEG. CHDM Determination: DEG and CHDM contents were determined by
hydrolyzing the resin in a heated mixture of MeOH/NaOH with DMSO present, adding
HCI to precipitate the diacid, silylating the filtrate and analyzing by gas
chromatography.

D. Film Extrusion

For DSC testing and measurement of crystallization rates, the resins were converted
into 5-mil thick amorphous films by melt extrusion and casting on quenched rolls. The
films were made on a 1" Killion extruder equipped with a 6" wide film die and
downstream take-up equipment. The exact extrusion conditions for each resin are
summarized in Table VI. Vs and densities were measured on the extruded films.

E. DSC Testing

Before testing, the extruded amorphous 5-mil films were dried for 50 hours in a vacuum
oven kept at 40° C and 0.5-1.0 mm Hg. They were then maintained in sealed jars with
desiccant until testing.

Dynamic DSC: Dynamic (non-isothermal) DSC consisted of a first heat at 20° C/min up
to 300° C, followed by rapid quench. A second heat at the same rate was used to read
the glass transition temperature (T;), the peak temperature of crystallization on heating
(Ten), and the corresponding exothermic heat of crystallization (Hs). This was followed
by a slow cool at 10° C/min for determining the temperature of crystallization upon
cooling (T.:) and the corresponding exothermic heat of crystallization (H.). A final heat
was used to read melting point (T,,) and heat of fusion (H).

Isothermal DSC: Limited work on measuring isothermal crystallization rates by DSC
was conducted also. Both crystallization from the glassy state and from the melt were
measured. Crystallization rates at temperatures 120° and 130° C were determined by
heating from the glassy state. Crystallization rates at temperatures 210° and 220° C
were determined by cooling from the melt. Because PET crystallizes very fast [mthln
1 second or less) within the range 160° -180° C it is not possible to determine
crystallization rates below this range by cooling from the melt or above this range by
heating from the glassy state.
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To measure crystallization from the glassy state, the DSC controller was programmed
to heat the amorphous sample rapidly (approximate rate 200° C/min) to the desired
temperature and thereafter hold temperature constant. The resulting crystallization
exotherm was plotted versus time.

To measure crystallization from the melt, the DSC controller was programmed to first
heat the sample up to a temperature about 50° C above its melting point (typically

300° C for PET which melts at around 250° C), then hold that temperature for 5 min to
ensure melting of all nuclei that may have been present. Subsequently the sample was
quenched down rapidly (approximate rate 200° C/min) to the desired crystallization
temperature and was thereafter held at that temperature until crystallization was
completed.

In both cases the result is a crystallization exotherm curve plotted as heat flow versus
time. Zero time is taken to be the time when the sample reaches constant temperature.
Two numbers are reported from each test: Induction time and half time of
crystallization. The induction time is calculated by finding the intersection of the
baseline prior to crystallization with the exotherm'’s constant slope section occurring
before it reaches its maximum. The half time of crystallization is the point in time which
splits the crystallization exotherm in two sections of equal areas.

F. Crystallization Testing By Depolarized Light Intensity

This technique was found to produce more accurate results than isothermal DSC and
was therefore the main tool used in this study. The measurement was done on an
Olympus polarizing microscope equipped with a Mettler hot stage. This technique is
based on the principle that when the polarizer and analyzer are set in the crossed
position no light exits through the analyzer. This effect occurs when there is no sample
placed in the microscope or when the sample is amorphous and uncriented. A
crystalline sample will let light through due to spherulitic birefringence.

An amorphous film sample, 5-mil thick, cut to approximate dimensions 1/4"x1/4", was
placed inside the hot stage with the polarizer and analyzer set in the crossed position.
Initially some light exited the analyzer due to initial orientation present in the sample.
However during heat-up the samples relaxed rapidly when temperature crossed the
glass transition point (at around 80° C), as evidenced by the optical field turning
completely dark above that temperature.

Crystallization rates at temperatures in the range 110-170° C were measured by
heating from the glassy state. Crystallization rates at temperatures in the range
180-230° C were measured by cooling from the melt.

To measure crystallization from the glassy state, the hot stage controller was
programmed to first heat the sample quickly to the desired temperature and then hold
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temperature constant for the remainder of the test. A photomultiplier, connected to the
instrument display and to a chart recorder, was used to monitor the intensity of the light
exiting the analyzer. During heat-up light intensity dropped to zero as soon as the
temperature crossed the glass transition point, indicating loss of residual orientation.
During the constant temperature stage, light intensity was initially zero but as
spherulites started to form light intensity increased until it reached a constant value
indicating crystallization completion. The chart recording was used to calculate half
time of crystallization, induction time, and Avrami kinetics.

To measure crystallization from the melt, the hot stage controller was programmed to
heat rapidly up to 300° C, ensuring complete melting, then cool rapidly down to the
desired temperature, and finally hold that temperature for the remainder of the test.
When the sample was molten the intensity of the light exiting the analyzer was zero. It
stayed zero during the cooling stage and into the constant temperature stage until the
sample started to form spherulites whereupon light intensity increased until it reached a
constant value indicating crystallization completion.

Figure 1 shows an example of a light intensity recording. The part of the recording
correspending to the initial (transition) step is covered by tick marks indicating
temperature change. The last tick mark was taken to signify onset of constant
temperature. Half time of crystallization was measured from the onset of constant
temperature to the time required to reach half of the maximum light intensity. Induction
time was measured from the onset of constant temperature to the point where the
intensity line started to deviate visibly from the horizontal. The crystallization times for
Avrami kinetics were measured starting from induction time to the point representing a
particular percentage of the maximum light intensity. Typically crystallization times
were measured at 10% intervals between 10 and 90%.

Results - Discussion
A.__Resin Analysis

Resin properties for both the amorphous and the solid-stated resins are summarized in
Table VII. The IV of each resin resulting after melt polymerization (0.60 + 0.01) and
after 15 hours of solid stating (0.80 + 0.01) was consistent due to the tight control of
the polymerization processes. The results for DEG and CHDM determination by gas
chromatography were reported as wt% of total polymer. These values were converted
to mole % modified repeat units. Both wt% and mole% values are presented in

Table VIL. In preparations where a volatile modifier (CHDM or DEG) was used, the
modifier content in the final polymer was slightly less than the added amount. To
match exactly these modification levels, two PIA-modified resins were prepared at

1.9 and 3.7% modification. In the case of the DEG-modified resin, the DEG content is
reported both as total amount present and also as estimated added content. The
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estimated added DEG content (3.4 mole %) was calculated by subtracting from the total
measured content the DEG level assumed to occur naturally based on the results of the
PET homopolymer run (1.6% by weight or 2.9% by mole).

In the case of the homopolymer and the PlA-containing samples there is remarkable
consistency in DEG content. In the case of CHDM, a first run (3.6C) gave lower DEG
values. This should be expected in view of the fact that there is less ethylene glycol
which is responsible for DEG formation in the initial charge since some of it has been
replaced by CHDM. For this purpose a small calculated amount of DEG was added in
subsequent CHDM-modified preps. This brought up DEG content to levels consistent
with the homopolymer and the PIA runs (samples 1.9C and 3.7C).

B._Film IV, Density. and Initial Crystallinity

The test results on film IV are presented in Table VI. In general, the resins
experienced a drop in IV during film extrusion, which ranged between 0.00 and 0.08
di/g.

The extruded films had good transparency. The measured density values indicate that
the films were essentially amorphous. The crystallinity calculated from film density
using the equation:

% Crystallinity by volume = (p- pam)/(pe= Pam)

was in all cases equal to or less than 4%.

The parameters in the above equation are crystalline density p. , for which a value of
1.455 g/m, the density of 100% crystalline PET, was used'' (based on the assumption
that crystalline density is not affected by copolymerization); and amorphous density
pam, S€t equal to 1.333 g/ml"?, except in the case of CHDM-containing polymers where
the values used for the 1.9% and the 3.7%-modified resins were 1.329 and 1.325 g/m|
respectively. These values were calculated from amm;phous density values published
for 100% PET (1.333 g/ml) and 100% PCT (1.19 g/ml™®) , using the relationship:

1/ pam = (1-W)/1.333 + w/1.19

where w is the weight fraction of the PCT repeat unit.

C. Differential nning Calorimet

Results from Dynamic DSC testing obtained on dried 5-mil films are summarized in
Table VIIl. This table includes all the results from three heating scans and one slow
cooling scan (initial heat, heat after quench, siow cooling from the melt, and final heat).
The highlighted values represent the data reported typically, which are Tg and Te, On
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heat after quench, T on slow cool, and T, and heat of fusion on final heat, H,. These
values are used for performance comparisons among the different modifiers. The plots
shown in Figures 2-7 are used to make these comparisons. The results are being
discussed below:

lass Transition Temperature (T,): Figure 2 shows that there is a slight drop in T with
modifier content. For PIA and CHDM this drop is about 0.5-1° C/mole modifier within
the range studied. The data point on the DEG-only modified polymer shows a more
pronounced drop, which should be attributed to the higher flexibility of the DEG
backbone, allowing rotation around the -O- linkage. The CHDM-modification behavior
is in agreement with data published elsewhere.” That study has found that the T, for
CHDM containing copolymers goes through a minimum at about 25 mole % modifier,
after which T, increases with modifier concentration. For PIA modification, the drop in
T, with modifier concentration is monotonic.

Melting Temperature (T,,): Figure 3 shows that the drop in T, with modifier
concentration is comparable for all three modifiers studied. This drop is approximately
3.5° C/mole modifier.

Temperature of tallization upon Heating (T.): The data plotted in Figure 4 indicate
that modification with PIA caused an increase in T, equal to about 0.6° C/mole modifier.
On the other hand the DEG-only copolymer exhibited a T., decrease, which seems to
indicate at first sight that presence of DEG alone accelerates crystallization rate.
However a more objective comparison is that based on the T,,-T; difference, i.e. the
degree of superheating above the glass transition temperature requiring for
crystallization to occur at the heating rate of the test. This information is plotted in
Figure 5. PIA moadification resulted in a T-T, increase equal to approximately

1.5° C/mole modifier. CHDM modification had a more pronounced effect on increasing
Te-T, equal to approximately 3°C per each mole % modifier. The Te-Tgvalue for the
3.4% DEG-modified resin was similar to that for the homopolymer. This indicates that
the faster crystallization of that resin relative to the homopolymer manifested by its
lower T, was a result of lower T,.

ure stallization n Cooling from the Melt : The data plotted in
Figure 6 indicate that modification with PIA caused a decrease in T, equal to about
5° C/mole modifier. The DEG-only copolymer exhibited a smaller T.. decrease, equal to
about 3.5° C/mole modifier. However a more objective comparison is one based on the
Tx-Te difference, i.e. the degree of supercooling below the melting temperature
required for crystallization to occur at the cooling rate of the test. Ideally, the T, value
used in calculating this difference should be the equilibrium melting temperature i
As a first approximation, the measured final heat value was used. The Tp-Te.
information is plotted in Figure 7. These data indicate that DEG had no substantial
effect on the crystallization rate upon cooling from the melt, other than that caused by
melting point reduction. PIA resulted in an increase in Tm-T. €qual to approximately
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1.8° C/mole modifier. CHDM modification has a somewhat more pronounced effect on
increasing Tm-Tee, equal to approximately 2.7° C/mole modifier.

Isothermal Crystallization Rates by DSC Limited scoping tests were done by
isothermal crystallization by DSC at two different temperatures (120°C heating from
amorphous and 220°C cooling from the melt). The results should only be considered
qualitative and approximate because this method was found to have little accuracy and
reproducibility. The test data are included here (Table IX) because they serve as
additional confirmation of the trends displayed by the T.. and T, data obtained by
dynamic DSC and by the more reliable optical crystallization results from depolarized
light microscopy. The most important trend shown by these results, which is in
agreement with the results from dynamic DSC and DLI, is that PIA or CHDM
incorporation produced comparable increase in crystallization rate from the melt on a
mole% basis, whereas DEG had a lesser effect.

D. Crystallization by Depolarized Light Intensity:

The data obtained by this test were the basis for the conclusions of this study. The
whole range of crystallization temperatures between 110° and 230° C (in ten degree
intervals) was covered. In general, all samples showed consistent well-behaved
trends. As predicted by theory and found by earlier work on homopolymer PET,
crystallization rate initially increased with temperature up to a maximum value occurring
between 170-180° C and then went back down with temperature. The fast
crystallization occurring in the range 170-190° C necessitated obtaining data below this
range by heating amorphous samples and above this range by crystallization following
melting. Crossing this range from either direction caused premature crystallization
before equilibrium temperature had been established. Testing at 180° C was performed
under both scenarios. The data analysis that follows compares half-times for
crystallization and induction times among the different copolymers. A more detailed
analysis to determine Avrami kinetics coefficients was performed also.

Half-Time for Crystallization The results for half-time for crystallization versus
temperature are presented in Table X. In the case of PIA modification, the existence of
data at compositions close to each other, 1.9% vs. 2.0% and 3.7% vs. 4.0%, allow an
assessment of the reproducibility of the technique which in most cases appears
excellent. In addition, in comparing the 3.7% PIA and 4.0% PIA data where the film IV
spread is the widest (0.71-0.79) there seems to be no significant IV effect within this
range. At 180°C, several compositions crystallized too fast (before steady state had
been reached) for a reliable determination of crystallization kinetics. The respective
entries in Table X have been left blank. Also data at 170° and 190° C that appear
questionable because the onset of crystallization coincided approximately with
establishment of steady state temperature appear in italics.
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In all cases, U-shaped curves for half-time of crystallization versus temperature were
obtained. In general, a more effective reduction in crystallization rate is reflected by a
narrower U-shaped curve. A comparison among the various modifiers confirms the
general trends observed by DSC measurements.

Comparisons between various modifiers are shown in Figures 8 and .

Figure 8 compares PIA modification vs. CHDM modification at 1.9 and 3.7 mole %.
Homopolymer data are included also. The data show that both PIA and CHDM have a
significant effect in reducing PET crystallization rate. This improvement is more
pronounced at higher crystallization temperatures (i.e. crystallization from the melt =
right-hand side of the U-shaped curves) because the net decrease in crystallization rate
is enhanced by the decrease in supercooling resulting from the melting point reduction.
On a mole % basis, CHDM appears more effective in reducing crystallization rate from
the melt; at a given maodification level, the slowdown provided by CHDM is 50-70%
higher than the effect from PIA. On a cost basis however, PIA is more effective since
the cost of CHDM modification should be at least 100% higher than PIA on a mole %
basis.

The slowdown in crystallization rate upon heating from the amorphous state provided by
PIA is generally less pronounced compared to that upon cooling from the melt but is still
. visible, especially at higher modification levels. In this temperature regime CHDM
appears to be twice as effective on a mole % basis.

Figure 9 compares half-times of crystallization for PIA vs. DEG modification. The
results are in agreement with the trends observed by DSC. DEG did have an effect in
reducing crystallization rate upon cooling from the melt. However, on heating from the
amorphous state, DEG actually increased crystallization rate relative to the
homopolymer. This is a direct effect of its lower T,. Overall, DEG does not result in
narrowing the crystallization U-curve as the other modifiers but rather in shifting the
U-curve towards lower temperatures. '

Another way to present the data shown in Figures 8-9 is by plotting crystallization half-
time versus maodifier concentration at a specific temperature. Figures 10 and 11 show
comparisons between different modifiers at 130°C and 210° C respectively.
Crystallization from the amorphous state versus composition can be fitted in
satisfactory way by a straight line (Figure 11). The linear trend shown by the PIA data
indicates that PIA incorporation offered an increase in crystallization time from the
amorphous state vs. PET homopolymer equal to about 15% per each added PIA mole
percent. The corresponding improvement offered by CHDM is about 30%.

Data on crystallization from the melt versus composition can be better fitted by a non-
linear curve (Figure 11). The non-linearity can probably be explained by the fact that,
at a specific temperature, crystallization from the melt is delayed both by the net effect
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of PIA presence and by the melting point reduction caused by PIA, which reduces the
degree of supercooling. On crystallization from the melt, the performance of PIA
approached more that of CHDM. Thus at 210°C, 2.0 mole % PIA offered a 80%
increase in crystallization time compared to 120% increase offered by CHDM. DEG
had a lesser effect in delaying crystallization from the melt.

Induction Times: Half-time of crystallization is an important measure of how fast
different samples crystallize relative to each other especially in cases where
development of substantial crystallinity is desired. However, when prevention of
crystallization is important, then induction time is a more relevant measure, since even
traces of crystallinity can cause undesirable haze formation.

Table Xl presents induction time data. The data are plotted versus temperature in
Figures 12-13. The relative performance among the different modifiers followed trends
similar with the half-time data. For example, the performance of PIA with respect to
induction time delay approached more that of CHDM when cooling from the melt versus
when heating from amorphous. Thus, at 130° C (crystallization from the amorphous
state) PIA offered a 7% increase in induction time per each mole percentage versus
14% offered by CHDM (Figure 14). However at 210° C (crystallization from the melt) the
increase provided by 2.0 mole % PIA modification was 190% versus 240% for 2.0 %
CHDM (Figure 15; notice the non-linear response of induction time versus composition
on crystallization from the melt, similar to the behavior shown by half-time).

Similar to its behavior with respect to half-time, when DEG was added to PET-
homopolymer it caused a decrease in induction time upon heating from amorphous
(Figure 13). This behavior is also shown in Figure 14 which plots induction time versus
composition at 130°C. On crystallization by cooling from the melt, DEG modification did
have an effect on increasing induction time relative to the homopolymer but not as
pronounced as the equivalent molar amount of PIA.

The following concluding remarks can be made on the significance of the induction time
data to actual end-use:

With respect to stretch blow molding applications, our data indicate that, on a mole %
basis, PIA and CHDM are essentially equally effective in preventing onset of
crystallization upon cooling from the melt, which is the most likely cause of haze
formation in blow-molding operations. On crystallization upon heating from the
amorphous state PIA-modified resins tended to crystallize faster relative to resins
containing equal molar amounts of CHDM. However, our data indicate that at
temperatures typical of preform preheating in stretch blow-molded applications (1 00°-
110° C) the onset of thermal crystallization requires time periods (e.g. 13.6 minutes for
PIA versus 17.1 minutes for CHDM modification, both at 1.9 mole % and at 110°C) that
are well above the residence times of the operation (1-2 minutes) so this difference is
not of practical concern. Therefore, for blow-molded applications PIA and CHDM are
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equivalent modifiers on a molar basis. The higher crystallization rates on PIA-modified
resins upon heating may actually be an advantage if they translate in higher strain
induced crystallization rates during the stretch-blow step, where high crystallinity is
desired. This issue is being investigated in a separate study of strain-induced
crystallization.

In applications where preheating takes place at higher temperatures (130-150° C), such
as some thermoforming processes for amorphous PET sheets (APET), preventing
crystallization upon heating from the amorphous state is a real concern (induction times
in the order of or less than 1 min). For such applications, our data indicate that
somewhat higher levels PIA modification versus CHDM may be required. This
anticipated need for higher PIA modification is offset by PIA’s significantly lower price.

Comparing PIA with DEG modification, our data suggest that DEG has an effect in
delaying the onset of crystallization upon cooling from the melt, but not as strong as
PlA or CHDM. From that aspect, the effectiveness of DEG at 3.4 mole% modification is
about the same as that of 2.0 mole % PIA. Furthermore, DEG modification was found
to decrease Tg and accelerate onset of crystallization upon heating (predominantly due
to a drop in glass transition temperature) to levels that may jeopardize stretch-blow
molding applications causing haze during preform preheating. So if DEG were to be
used to match the performance of PIA in retarding preform crystallization upon cooling
from the melt, higher amount would be needed and this would favor undesirable
crystallization upon preform preheating. An additional known disadvantage of DEG
incorporation is that it results in increased tendency for PET thermo-oxidative
degradation due to the presence of unstable ether linkages.'*'® In the presence of heat
and oxygen the ether groups split up readily. Peroxides are formed, which break down
into radicals followed by chain-splitting.

Avrami Kinetics: In order to calculate rate constants from the depolarized light intensity
curves (Figure 1), the time t required to attain 10, 20 30,...,.90% of the final crystallinity
at each temperature was read off the curves. Unlike half-time of crystallization which
was measured starting from the onset of constant temperature, the crystallization time t
used for developing Avrami kinetics was measured starting from the induction point.
This approach seems to provide better fit with the Avrami model, based on recent
publications'® and also on our evaluation of the alternate approach (i. e. starting from
onset of constant temperature). The results are plotted as In[-In(1-x)] versus Int, where
x is the percentage of final crystallinity. The slope of the linear fit gives the Avrami
exponent n, whereas the intercept is the natural log of the rate constant k in equation
(1) Tables Xll and XlI show the n values obtained for crystallization from the
amorphous state (110° -150° C) and from the melt (200° -230° C), respectively. The
values in the range 160" -180° C were not considered reliable due to the crystallization
taking place too fast.
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The n data are plotted in Figure 16. For each of the two temperature regimes, the n
exponent values do not show any significant correlation with modifier composition or
with temperature. However there seems to be a significant dependence on whether
crystallization occurred by heating from the amorphous state or by cooling from the
melt. The n values for the former crystallization process are clustered around an
average around 2.0, whereas the values for the latter are clustered around an average
around 3.3. This result reveals a different mechanism for each mode of crystallization.
An exponent value of 2 indicates that crystallization from the amorphous state takes
place by disk-like growth from instantaneous nuclei. An exponent value of 3.3 indicates
that crystallization from the melt takes place more likely by spherulitic growth from
instantaneous nuclei.'

Standard deviations for the exponent values in each regime are shown in Tables XII
and Xlll. They are in the order of 10% of the total regime averages. Significantly, in
each regime the deviations found among n values obtained for the same sample at
different temperatures were in the same order of magnitude as the total regime standard
deviation among the n values for all different samples. For this reason, the n value
differences among different samples were not considered significant and a value
consistent for all samples (2.0 and 3.3 for the low and high temperature regime
respectively) was used in the remainder of the Avrami analysis. Thus the rate constants
were calculated from the half-time of crystallization, t,2, data shown in Table X. Since
the half time of crystallization values shown in Table X were measured starting from the
onset of constant temperature, while the Avrami kinetics analysis was based on time
measured from the induction point, equation 3 was modified as follows:

n
fy —ta= [?] , where t,, represents the induction times found in Table XI.

An n value of 2.0 was used for crystallization by heating and a value of 3.3 for
crystallization by cooling. The resulting rate constants k are presented in Table XIV,
and are also plotted in Figure 17. The data indicate a strong temperature dependence.
The rate constants increase with temperature within the low temperature regime
(crystallization by heating) and decrease with temperature within the high temperature
regime (cooling from the melt). The relative magnitude of the rate constants follows
generally the same behavior as the half-times discussed earlier. A more in-depth effort
to design a model correlating rate constants with factors such as temperature, modifier
content, and IV will be the object of future work.
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Conclusions

1. Purified isophthalic acid is a highly effective PET modifier for (a) decreasing melting
peint, (b) preventing or retarding crystallization upon cooling from the melt, and (c)
preventing or retarding crystallization upon heating from the amorphous state. These
attributes are important in stretch-blow molded container manufacturing because they
(a) allow lower preform molding temperatures thus reducing acetaldehyde content, (b)
prevent haze formation upon cooling the preform thus improving clarity, (c) prevent
haze formation upon preheating prior to blow-molding and allow higher blow-molding
processing temperatures. Attribute (c) is especially important in thermoforming
applications (APET sheet) where preheat temperatures are generally higher.

2. A controlled study at PIA modification levels up to 4.0 mole percent established a
detailed profile for crystallization behavior versus temperature and modification level.
Some indicative trends shown by these results, which can serve as tentative guidelines
for designing new applications, are as follows:

- PIA modification of PET results in a drop in melting point equal to about 3.5°C per
each mole percent modification,

- PIA modification of PET results in an increase in time required for onset of
crystallization upon cooling from the melt by about 200% for 2.0 mole percent
modification and by about 750% for 4.0 mole percent modification.

-PIA modification of PET results in an increase in time required for onset of
crystallization upon heating from the amorphous state by about 7% per each mole
percent modification.

3. Comparative data on another, more costly, commercial modifier, CHDM
(cyclohexanedimethanol) indicate that PIA is essentially equally effective in preventing
onset of crystallization upon cooling from the melt, which is the most critical stage with
respect to haze formation in blow-molding operations. On crystallization upon heating
from the amorphous state PIA-modified resins tend to crystallize somewhat faster
relative to resins containing equal molar amounts of CHDM. However, our data indicate
that at temperatures typical of preform preheating for blow-molded applications the
onset of thermal crystallization requires time periods well above the residence times in
this operation, so this difference is not of practical concern. Therefore in biow-molded
applications PIA and CHDM are equivalent modifiers on a molar basis. The higher
crystallization rates on PIA-modified resins upon heating may actually be an advantage
if they translate in higher strain induced crystallization rates during the stretch-blow
step, where high crystallinity is desired. This issue is being investigated in a separate
study of strain-induced crystallization.
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In operations where preheating is taking place at higher temperatures (130-150°C)
where preventing crystallization upon heating from the amorphous state is a real
concern (induction times in the order of or less than 1 min), our data indicate that
somewhat higher levels PIA modification versus CHDM may be required. An example
may be some APET thermoforming processes. This anticipated higher PIA modification
need is offset by PIA’s significantly lower price.

4. Based on our data, DEG modification was not as effective, on a mole % basis, as
PIA or CHDM in delaying the onset of crystallization upon cooling from the melt.
Furthermore DEG modification was found to cause an increase in crystallization rate
upon heating (predominantly due to a drop in glass transition temperature) to levels that
may jeopardize stretch-blow molding applications by causing haze formation during
preform preheating. An additional known disadvantage of DEG incorporation is that it
results in higher tendency for thermal/oxidative decomposition due to the presence of
unstable ether linkages.

Future Research and Development

A study of the effect of similar modification levels on the strain-induced crystallization of
PET is underway and will be reported in a future GTSR. Plans for extension of the
present study include a more in-depth effort to design a model correlating rate
constants with factors such as temperature, modifier content, and IV and an attempt to
understand these results on a molecular level by techniques such as molecular
modeling; investigating the effect of crystallization temperature on absolute crystallinity
levels attainable; and looking at higher PIA modification levels.

SSoke llavides

S. L. Sakellarides
Naperville E-2A

SLS/GTSR/118
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TABLE |

TARGET COMPOSITIONS FOR CRYSTALLIZATION STUDY

: :.__s:wt. % DEG** 3.5 wt. % DEG?
(3.0 mole % DEG® | (7.0 mole % DEG*®)
Mole % PIA’ .
0.0 v v
2.0 v
4.0 v
Mole % CHDM®
2.0 v
4.0 v
NOTES

1. Mole percent based on total diacid.

2. Weight percent based on total polymer.

3. Mole percent based on total diol.

4. No extra DEG addition. This level occurs naturally as byproduct.
5. Added DEG Target: 4.0 mole %.
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TABLE 11l
TYPICAL MELT POLYMERIZATION PROCEDURE
ime, mi
INITIAL REACTOR SETUP:
1. Set agitation speed at 52 rpm.
2. Charge glycol, dicarboxylic acid, TMAH, and polycondensation catalyst.
3. After purging with nitrogen, pressurize the reactor to 278 kPa with nitrogen.
4. Set the heat transfer system for manual temperature control,
5. Adjust Setpoint 2 (oil) to 121° C and initiate heating.
PRESSURE ESTERIFICATION:
0 1. Melt temperature is at 107° C.
A. Start the run timer.
B. Increase Setpoint 2 to 249° C.
C. Set the temperature controller for the reflux pump at 149°C.
100 2. Increase Setpoint 2 to 260° C.
130 3. Increase Setpoint 2 to 274°C.
150 4. Adjust Setpoint 1 (melt) to 260° C.
5. Set the heat transfer system for auto temperature control,
250 6. Product clarity achieved and temperature in the top zone of the partial condenser
can not be maintained above 144° C. Vent the reactor to atmospheric pressure at
a rate of 55 kPa per minute.
- ATMOSPHERIC ESTERIFICATION:
255 1. Increase Setpoint 1 to 263° C.
260 2. Set the temperature controller for the refiux pump at 107°C.
305 Charge the phosphoric acid plus an additional 75 g of ethylene glycol.
POLYCONDENSATION:
315 1. Increase Setpoint 1 to 274° C.
2. Decrease reactor pressure from atmospheric to 700 mm Hag.
316 3. Continue pressure decrease to 75 mm Hg at a rate of approximately 25 mm Hg per
minute.
330 4. Increase Setpoint 1 to 279°C.
340 5. Reactor pressure is at 75 mm Hg. Centinue pressure decrease to below 1 mm Hg
at a rate that prevents excessive foaming and sublimation,
345 6. Increase Setpoint 1 to 285° C.
360 7. Increase Setpoint 1 to 288° C.
433 8. Reduce agitation speed to 45 rpm.
442 9. Reduce agitation speed to 40 rpm.
455 10. Reduce agitation speed to 35 rpm.
11. Set the heat transfer system for manual temperature control.
12.  Adjust Setpoint 2 (oil) 266° C.
485 13.  Reduce agitation speed to 30 rpm.
471 14. Reduce agitation speed to 25 rpm.
478 15.  Reduce agitation speed to 20 rpm.
485 16. Reduce agitation speed to slowest speed.

17. Increase Setpoint 2 to 285°C.
18. Relieve vacuum with nitrogen and initiate product extrusion.
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Figure 2
T, on 0.8 IV Solid-Stated Resing Produced for Crystallization Study
82 - = Fla-Modiied
o CHOM-Modfied
. = DEG-Modified
81 4 ——Lineai (PlA-Medified)
< = = Linear (CHOM-Modffied)
BO -
[3]
I‘ 79
.—
78 - o
n -
76 r T -
0.00 1.00 2.00 3.00 4.00

Mole % Maodified Units
Xeanis shows sdded modifisation (byproduct IEG-about 2.9% by mol:- pot meluded)

Figure 3
T, on 0.8 IV Solid-Stated Resins Produced for Crystallization Study

255 - » PlA-Modiing

0.00 1.00 2.00 3.00 4.00
Mole % Modified Units
¥ axin shows added modification (brroduct DEG-abowt  2.9% by mele- pot included)
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4 »
T on 0.8 IV Solid-Stated Resins Produced for Crystallization Study
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Xeaxiz shoos sdded modification (byproduct DEGabow 2.9% by meke- not inchaded)

Figure 5
T,-T, on 0.8 IV Solid-Stated Resins Produced for Crystallization Study
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Mole % Modified Units
X-ucis shovwa sdded modification (hyproduct DEG-sbowt 294 by meke- pot Eichuded)
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Figure &
T.. on 0.8 IV Solid-Stated Resins Produced for Crystaliization Study
= Pla-Modfied
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X-ais shovs sided modification {groduct DEGabout 2.9% by mole- sol mehuded)
Figure 7
T,-T.. on 0.B IV Solid-Stated Resins Produced for Crystallization Study
L J 74 - = PiAMeaned 2
=  DEG-Modified
72 - - = = Linear (CHOM-Madifies)
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Figure 10
Half Time of Crystallization at 130°C
by Depolarized Light Intensity

0 1 2 3 4

Moile % Modified Units
Figure 11

Half Time of Crystallization at 210°C
by Depolarized Light Intensity

Half Time, min
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ure 14
Induction Time of Crystallization at 130°C
by Depolarized Light intensity
1.4 1 L
E
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[
g 0.6 2
» PlaModiied
i 04 - o CHDMModfied
+  DEG-Modified
—— Linazar (PlA-Modified)
0.2 Linear (CHDM-Modified)
u L] 1 1 1
1] 1 2 3 4
Mole % Modified Units
Figure 15

Induction Time of Crystallization at 210°C
by Depolarized Light Intensity

3 1
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" Figure 16
e Avrami Exponents vs. Temperature
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Figure 17
£ib Rate Constants vs Temperature
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