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ABSTRACT: The mechanical properties of oriented polypivalolactone (PPL) fibers are correlated with its inter-
nal structure as revealed by wide- and small-angle X-ray scattering and differential scanning calorimetry. Before
cold drawing, the original melt-spun fiber was partially crystalline and its chains were oriented in a helical con-
formation (c« phase); after cold drawing, a planar zig-zag conformation is found (3 phase) which is converted back
to the o phase.by annealing. This a = 3 transformation is similar to the one which occurs in wool. In both cases,
the transformation begins in the yield region of the stress-strain curve and continues in the post-yield region.

Polyesters based on the skeletal formula
(CH2CR;1R2C0O0),, exhibit a crystalline phase transforma-
tion which is analgous to the well-known « to 8 transfor-
mation of keratins. The « phase is characterized by a 2;
helix conformation and the 8 phase by a planar-zig-zag
conformation. For example, it has been shown!-2 that
poly(8-propriolactone) (Ry = Ry = H) can be prepared
predominantly in either one of these two forms depending
upon the casting conditions. In addition, the 8 form is in-
duced by cold stretching the « form. The same sort of
phenomenon has been reported recently for a-methyl-o-
n-propyl-G-propriolactone.3-5 Again, the 8 form can be in-
duced by stretching the o form.

Another member of this series, polypivalolactone (R
R> = CHj3) (PPL), has been reported to have two crystal-
line forms:® o and 3. The latter can be induced during the
melt spinning of the polymer, combined with high-speed
stretching. As in the previous cases, annealing of the fiber
reduces the amount of 8 form. The obvious analogy of this
dimorphism to the well-known helix and pleated-ribbon
forms of keratins (and wool in particular) is further dem-
onstrated by the observed conformational isomorphism for
polyesters based on the S-propriolactone backbone, i.e.,
with the above-mentioned skeletal formula including a
polyester with a monosubstituent in the 8 position.” It is
the purpose of the present paper to study this o = 8
transformation of PPL using techniques such as small-
and wide-angle X-ray scattering (saxr and waxr), as well
as differential scanning calorimetry (DSC). In addition,
the mechanical properties of the PPL fibers are measured
and these are interpreted in terms of the phase transfor-
mation of the material.

Experimental Section

Well-oriented PPL fikrers were obtained from Dr. F. L. Binsber-
gen of the Koninklijke/Shell-Laboratorium in Amsterdam. The
fibers have been spun from a polypivalolactone batch of viscosity-
average molecular weight of about 250,000 containing a small
amount (about 0.2% wt) of a stabilizer. During spinning a very
small decrease of molecular weight was observed. After spinning,
the yarn was drawn at 1:3.2 over a hot plate at 125°. The yarn
has a total denier of 112 and contains 37 filaments.32

Waxr and saxr patterns are recorded using a Picker Microfocus
generator (copper target, nickel filtered) and a Warhus-Statton8®
flat-plate camera, under vacuum. For the waxr work, a 0.020-in.

541

collimator was used, while for the saxr work, a special collimating
arm was placed in front of the camera. The limit of resolution of
such a saxr apparatus is about 175 A.

DSC measurements were made on a Perkin-Elmer, Model 1B
apparatus, calibrated with a tin sample whose melting point is
505°K. Stress-strain properties of the fibers were evaluated on an
Instron table model ““TM” tensile tester, at a stretching rate of
40%/min, and at 25°,

Results

The first step in the analysis of the PPL fibers was
made on the original sample, without further treatment.
This fiber is highly cristalline and shows a fiber waxr di-
agram which corresponds to the 2, helical structure («
phase) described in the literature.?-11 Its monoclinic unit
cell has the following dimensions: ¢ = 9.05 A, b = 11.58
A, ¢ = 6.03°, and 8 = 121.5°. An example of such a di-
agram is given in Figure la. Upon annealing the scattered
intensity increases markedly, indicating an increase of the
crystallinity of the fiber. Other workers have reported the
same phenomenon 82,12

Annealed an unannealed fibers show two symmetric dif-
fraction maxima in the saxr diagram as presented in Fig-
ure lc. The long period calculated from this sort of di-
agram depends upon annealing time and temperature as
shown in Figure 2. It must be mentioned that the fibers
were annealed while being kept at a fixed length and since
they tended to shrink on heating they were automatically
kept taut. The observed change in long spacing with an-
nealing temperature is similar to that reported for single
crystals or for the isothermal crystallization of polymers
from the melt or from solution.l® The same sort of phe-
nomenon is also found for Nylon 661¢ and poly(ethylene
terephthalate)!5 fibers. It indicates the presence of folded-
chain lamellae oriented perpendicular to the long axis of
the fiber which increase their size during annealing. It was
also observed that the intensity of the saxr diagram in-
creases with annealing.

Stretching caused important changes in the structure
of the fiber. This is shown in the fiber diagram presented
in Figure 1b which is typical for a sample stretched at
room temperature between 10 and 100%. Two major
changes are then observed: first of all, the intensity of the
original reflections, characteristic of the helical structure,
is significantly reduced although these diffraction spots
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Figure 1. Waxr fiber diagram of an unstretched (a, left) and stretched (b, middle) PPL fiber; (c, right) saxr diagram of an unstretched

sample. Fiber axis is vertical in all cases.
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Figure 2. Variation of the saxr long period as a function of an-
nealing temperature.

never completely disappear. Secondly, additional reflec-
tions are present on the diagram. (i) The original 020 re-
flection (20 = 17.9°, d = 4.94 A) becomes very intense. (It
is the third equatorial reflection from the center.) For the
original fiber, the intensities of the first three reflections
are in a ratio of 1.00:1.12:0.78. But for a stretched fiber,
the intensity of the third reflection may increase by a fac-
tor of eight compared to the first (100) or second (120) re-
flections. (ii) A new continuous streak appears above the
first layer line reflections of the original diagram. This
streak corresponds to a periodicity along the fiber (¢) axis
of 476 A and is equal to the repeat distance of a PPL
chain in a planar-zig-zag conformation (8 phase). Such a
structure has been previously reported for a sample which
has been oriented during the melt spinning operation,®
but this is the first observation of the zig-zag conforma-
tion as a result of cold drawing.

In order to follow semiquantitatively the a = @ transfor-
mation in the PPL fibers, we defined in the following way
the fraction of the § phase present

fraction of B phase = (Iexp R Itheor)/Iexp (1)

where Iox, is the sum of the diffracted intensity for 100,
120, 020 reflections and is taken to be proportional to the
area under the respective peaks for a microdensitometer
scan along the equator; Iineor is the theoretical intensity
and is assumed proportional to the sum of the areas under
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Figure 3. Waxr equatorial trace of an unstretched (a) and
stretched (b) sample.

the peaks for a radial scan of the diffraction diagram
given by the original fiber. From the Figure 3a and the
foregoing, Iineor = 2.90, if we take the area of the 100 re-
flection peak as equal to 1.0. The measured value of loxp
must also be normalized for an area of 1.0 for the 100 re-
flection peak. For the original fiber we assume that the 8
phase is absent and loxp = Lineor (Figure 3a). For a sample
stretched 100% at room temperature Ioxp equals 9.63 (Fig-
ure 3b), we conclude the sample contains 70% of 8 phase.
It should be noted that the B-phase reflection at 17.9° is
rather broad, consequently the 120 reflection due to a «
phase is not well resolved appearing as a shoulder. It is
clear that the fraction of 3 phase as defined by eq 1 is ar-
bitrary. But this being understood, it is a useful definition
to follow the o = (8 transformation.

Because only two independent reflections appear for the
zig-zag conformation it is not possible to determine its
unit cell. It is clear however that this unit cell must be
primitive in order to give rise to so few reflections and to a
continuous streak on the first layer line. More specifically
it would appear that a random translation of chains and a
layered packing such as suggested for a-methyl-a-n-pro-
pyl-B-propriolactone would best account for the data.®
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Figure 4. Measured fraction of the 3 phase as a function of (a)
per cent stretching and (b} annealing temperature.

Changes in the phase structure of the PPL sample as a
function of per cent stretching of the original fiber are
given in Figure 4a. It is seen that the per cent of 3 phase
goes from 0 to 45% in the 0-50% elongation region and
from 45 to 70% in the 50-100% elongation region. The « =
8 transformation is proportionately greater for small elon-
gation ratios than for large elongations.

If we now take a sample and stretch it 100%, at room
temperature, we will obtain a fiber containing 70% of the
8 phase. Upon annealing, the per cent of « phase will de-
crease as indicated in Figure 4b. It is seen that most
changes occur in the temperature range 100-150° where
the B phase decreases from 52 to 9%. After annealing for
16 hr at 180° the 8 phase is almost completely lost. It
should be recalled that all X-ray experiments were made
on samples held at constant length hence tension was
maintained during annealing and after. If it is not then
part of the 3 phase is lost as a function of time. For exam-
ple, for the sample stretched 100% at room temperature,
the initial per cent of 3 phase is 70%. After releasing the
tension, at room temperature, we obtain 58 and 24% of 3
phase after 15 hr and 15 days, respectively. At higher
temperature, this process will obviously be faster.

According to the conformational energy calculations of
Cornibert et al.%-1% there is no difference in enthalpy be-
tween the « and 8 conformations. However, conversion
between the two involves an energy barrier of about 8.0
kcal/mol of monomer. Therefore considering only the
molecules themselves it is not surprising that work is re-
quired to transform from « to 3. The results of the an-
nealing experiments suggest that free energy consider-
ations favor the 2; conformation.

The « = B transformation of PPL described above is
shown schematically in Figure 5. The original fiber con-
tains uniquely the « phase (Figure 5a). Upon annealing,
the crystallinity increases and this gives rise to a sharper
fiber diagram (Figure 5¢). Upon cold stretching the origi-
nal fiber, the 38 phase is induced (Figure 5b). Upon an-
nealing, the 8 phase disappears and we obtain again a
pattern of similar intensity as the one obtained by anneal-
ing directly the original sample. The fiber has then lost
memory of the-3 phase. This is further confirmed by the
saxr measurements. From Figure 2, it is seen that the long
period of the original fiber is 61 A. After annealing at 180°
the long period increases to 112 A. For the sample
stretched 100%, the saxr pattern shows only a diffuse
halo, with no discrete maximum. This means that the la-
mellar structure has been destroyed. After annealing the
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Figure 3. Schematic representation of the waxr fiber diagram ob-
tained for: (a) the original fiber (« phase); (b) the stretched fiber
(o + 3 phase); (¢) a fiber stretched and subseq_uently annealed.

stretched sample at 180°, we once again obtain a long pe-
riod of 112 A.

The 8 structure can also be detected by calorimetry. As
we have shown in a separate paper,1® the original fiber
gives a single sharp melting peak at 508°K. But the
stretched sample gives two melting peaks at 508 and
512°K. On the other hand, the sample which is stretched
100% and then annealed many hours at 180° gives only the
original peak at 508°K. By comparison with the X-ray
data, we associated the 508°K peak with the « phase, and
the 512°K peak with the 3 phase. Thermodynamically one
would expect the « phase to have a higher melting point
than the 3 phase. Reasons for this apparent contradiction
are discussed in a previous paper.16

The stress-strain curves for an original monofilament
(PPL-R25) and a monofilament annealed at 180° for 16 hr
(PPL-R180) are presented in Figure 6. Both measure-
ments were made at 25° and a stretching rate of 40%/min.
In both cases, three distinct regions can be seen. For the
0-2.5% elongation region, a rapid increase in tension is
observed. This is associated with the elastic deformation
of the filament involving the orientation of the crystalline
and amorphous regions of the sample. This is followed by
a yield region ranging from 2.5% to about 50% elongation.
This region is characterized by an almost constant value
of the tension for the unannealed sample and a small in-
crease of tension for the annealed sample. As seen in Fig-
ure 4a, this is the region where the o = 3 transformation
predominantly takes place. As we will discuss more exten-
sively shortly, this transformation is responsible for the:
plateau of the yield region. The yield region starts sooner
in the annealed sample since it is more crvstalline and its
elastic deformation is more limited. Because of this great-
er rigidity of the annealed sample, the « = 8 transforma-
tion is accompanied by an additional increase in tension.
This can also be related to a greater degree of chain un-
folding than in the unannealed sample. These two regions
are followed by a post-vield region and break. In the post-
vield region, the tension increases rapidly. Since the an-
nealed sample is more rigid and contains more perfect
crystals, the slope of its post-yield region is greater. It also
breaks at smaller elongations (range 50-75%) than the un-
annealed sample (range 50-150%). (The break point is not
reproducible on single filaments.) This is associated with
the plastic deformation behavior of semicrystalline mate-
rials where the stress relaxation processes require more
time with increasing crystallinity. The post-yield region
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Figure 6. Stress-strain curve of a PPL single filament.
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Figure 7. Strain recovery as a function of the initial elongation.

may be predominantly associated with the unfolding pro-
cess. This is shown by saxr data where the long period was
found to increase slightly in the yield region, but disap-
pear in the post-yield region indicating the destruction of
well defined lamellae. This will be discussed in more de-
tail shortly. It can however be noted that such stress-
strain curves have been reported by Clark!? who also indi-
cated the increase of the long period with stretching and
the absence of a discrete saxr maximum for the highly
stretched materials made predominantly of the 8 struc-
ture.18

Cyclic loading experiments were also performed. The
yarns were strained to a tension 74, then the strain was
released to zero tension; the yarn was restrained to a ten-
sion Ty where T2 > T4, and the strain was again released
to zero tension, and so on. In the elastic region, the strain
recovery was complete; however for larger elongations, the
strain recovery was only partial. From such cyclic loading
experiments, we determined the strain recovery curves
which are presented in Figure 7. For the unannealed yarn,
the strain recovery decreases very rapidly as a function of
initial elongation; for a 100% initial elongation, the an-
nealed yarn shows a much better recovery which is still of
the order of 62%. This is in agreement with the findings of
Knoblock and Statton® and Clark,17:18 who indicated that
annealing is necessary in order to get a “high work recov-
ery elastic fiber.”

Discussion and Conclusion

In the previous section, we have indicated conditions
permitting an o = 3 transformation in PPL fibers. From
waxr and saxr data, it was shown that the original fiber is
made of folded chain lamellae which are in an helical con-
formation (o phase). On the other hand, the cold-drawn
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Figure 8. Models for the chain morphology and the chain confor-
mation of an unannealed PPL fiber as a function of elongation.
The original fiber has only helical chains while in the “‘yield” and
“post-yield” regions both helical and planar-zig-zag chain confor-
mations are present.

fiber (100%) has extended chains which are predominant-
ly in a planar-zig-zag conformation. The stretching opera-
tion brings about change at two different levels: morpho-
logical and conformational. The « = # transformation
predominates in the yield region of the stress-strain curve
(Figure 4a) and the chain unfolding process in the post-
yield region. This is indicated by the fact that only minor
changes are observed in the saxr diagram in the yield re-
gion, but that the saxr peak soon disappears in the post-
yield region.

These observations must be put in parallel with the
stress-strain curves. We first notice that the plateau re-
gion of the yield zone is unusual for fibers.1® In fact, to
the authors’ knowledge, this is only found for wool,1®.20
where an « — (8 transformation also takes place. It is be-
lieved that the yield region of wool involves an opening up
of the chains from the « conformation to the 8 conforma-
tion, which coexist in the system. This transformation is
energetically favored. As a function of stretching, the pro-
portion of the @ structure increases and the stress level is
fixed by the free-energy difference between the two phas-
es. The degree of extension only determines the proportion
of the structure in each of the phases. The « — 8 transfor-
mation continues further in the post-yield region where
additional effects occur involving an increase of tension.
This latter portion of the curve is still a matter of discus-
sions.20-28 But it is well accepted that folded chains do
not exist in wool. On the other hand, the deformation of
synthetic fibers such as Nylon 661* and poly(ethylene ter-
ephthalate)® involves mainly the unfolding of chains.
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This is associated with a continuous increase of tension
with elongation.

In view of the data presented above, we propose for the
PPL fibers the deformation mechanism described schema-
tically in Figure 8. The initial fiber is highly crystalline
and made of lamellae. Its chain is completely in an helical
conformation (Figure 8a). In the yield region, the elonga-
tion induces a planar-zig-zag conformation in small sec-
tions of the chains which open up exactly as in wool (Fig-
ure 8b). As elongation increases, many different sections
of the same chain may open, or the opening may propa-
gate from a given point in a single chain. The stress re-
mains constant during this process because there exists an
equilibrium between the two phases. The stress level is
fixed by the free-energy difference between the phases and
the mechanical extension determines the proportion of the
structure in each of the phases.20-23 Around 50% elonga-
tion, when about 45% of the crystalline chains have been
converted into the 3 phase, the a = 3 equilibrium is dis-
rupted and unfolding of the chains becomes important
(Figure 8c). This is accompanied by an increase of the
stress. The passage of the yield region to the post-yield re-
gion may be due to the presence of chain entanglements
and to the higher rigidity of the system under large exten-
sions. The chains do not have enough mobility to change
phase when folded. Unfolding then occurs, accompanied
by an increase of stress, and possibly followed by a phase
transformation of the free chain (with constant stress
level). This process may be repeated many times. The
break point always occurs before the complete transfor-
mation into the 8 phase is achieved. Complete chain un-
folding is probably not achieved either.

Clark previously reported a row structure for PPL fi-
bers!?-18 and a deformation mechanism which is quite dif-
ferent from the one proposed above. We believe that we
are dealing with a different structure. (a) Clark studied
the “high work recovery elastic (PPL) fiber;” as shown in
Figure 7, the annealed PPL sample, which we used, shows
high recovery, but not the unannealed sample for which
most of our data are obtained. The deformation mecha-
nism proposed above holds uniquely for the latter. (b) The
row model of Clark implies that the fibers do not neck
upon elongation (constant diameter). This condition was
met with Clark’s fibers, but not in our experiments. (c)
Upon heating, our PPL shrink significantly indicating ex-
tended, strained macromolecules. Upon heating, Clark’s
strained sample released stress indicating its energy-based
recovery forces.

For the reasons mentioned above, we believe that the
structure of the unannealed PPL fiber studied in this
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paper is similar to that of Nylon 66* or poly(ethylene ter-
ephthalate)!5 fibers, except for the @ = § transformation
which adds a special dimension to its deformation behav-
ior. On the other hand, the structure of the annealed PPL
fiber and consequently its deformation behavior most
probably agree with the row structure model of Clark.18

The differences in structure of the unannealed and an-
nealed PPL fibers as studied by Clark!7-1® and by the
present authors in this paper, emphasize again the impor-
tance of heat treatment on the morphology of polymer
systems. Not only is it possible to increase crystallinity
and to thicken lamellae during annealing, but it also
seems possible to produce quite different morphology. The
transformation from the morphology here described to the
“row’’ structure is not yet understood.
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