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\Vh e n s u bcooled fro m the m elt to any tempera t ure between abou t 90 to lJ 0 °C, poly
bu te l1!'- l tra nsform s at a readily m easura ble rate to a crys talline phase de noted "form 2," 
wh ich is t yp ically sphe ruli t ic. The kinetics of this process have bee n meas ured by op t ical 
and d ihtometric t ech niques . The results are consistent with the cOlleepts th a t the ini tia tion 
is het erogeneo us, that the in it iation is followed by spherical growt h (Avrami n = 3), and that 
t he growth rate is nucleation controlled. Va lu es a rc ob ta ined for t he s urface free e nergies 
and related qU:l nt it ies that ar c cons is tent with crystalli zation by cha in folding: (J = 7.2 erg/ 
cm2 or 7.2 mJ/ m2, (J ,= 15.5 erg/cm2 or 15.5 mJ/ m2, a nd wor k of chain folding q= 1.7 X 10- 13 

ero-/fold. (For comparison, q is 2.1 X 10- 13 e rg/fold for polyeth ylene.) The work of ch a in 
folding of polybu tene-l is also compa red with t hat of polych lor ot rifluoroethy lene, and it is 
shown t ha t an in crease of q is connecLed with a n increase of equi librium melt ing t cmperature. 
Crys ta l form 2 s ubsequently convcr ts s lowly ncar room tempcrature to a cr ys talline phase 
denoted " form 1" of diffcre nt hcli city a nd dens ity, and Lh e ratc of t his crystal-crystal t rans
forma t ion is also studicd . The Avrami par a meter for t he form 2 form 1 process is n = 2. 
T he process appears t o be nucleaLion controlled. It is s hown t ha t form 1 is, everywhere 
below its melting point, t he stable form. The equili brium mel t ing temperature for form 2 
is es t im ated to be a bou t 128°C, a nd for form 1 a bou t 141 °C . A degree of crys tallini ty scale 
bascd on sp cci fic volum e is establis hed. The degree of crystalli ni ty of form 2 is a bou t 52 
percent, a nd a fter convers ion to form 1, th e crystaJl ini ty is a bout 77 pcrcen t . 

1. Introduction 

:Many polymers exhibit two or more polymorphic 
crystalline forms. The existence of three crystalline 
forms of polytetrafiuoroethylene [1, 2, 3], 1 which under 
conditions approaching eq uilibrium are bounded by 
sharp phase transitions near 20 and 30 ce, is perhaps 
the most familiar example. In the particular case 
just cited, the phase transitions are firs t-order crystal
crystal transitions, the transition temperatures 
having a truly thermodynamic significance in the 
same sense as does the melting point. Another 
example of a first-o rder crystal-crystal transition is 
the familial' rotational transition that occurs in the 
n-paraffins with chains containing 22 to 44 carbon 
atoms. 

A change of phase of quite a different class than 
that described above can occur in polymers and 
molecular crystals generally. For purposes of clar
ity these are denoted "transformations" in this 
paper. These phase changes OCC1Jr under conditions 
departing considerably from equilibrium, and tal~e 
place over an extended temperature range. A tYPI
cal example is the formation of a crystalline phase 
from the sub cooled liquid phase over a range of 
temperature. In this paper, the rate of transforma
tion of the subcooled liquid phase of polybutene-1 to 
a crystalline form designated "form 2" is s tudied in 
detail in the range of 90 to 110 ce. This process 
occurs with the formation of typical spherulites. A 
crystal-crystal transformation in the same general 
class also occurs in polybutene-l. In this trans-

1 Figures in brackets indicate the li terature references at the end of this paper. 

form.ation, form 2 crystal converts to form 1 crystal 
at variable but measurable rates between 10 and 
60 ce. This crystal-crystal transformation is tudied. 
As noted below, this transformation invol \Tes <.1. change 
in the characteristics of the helix conformation. The 
melting points of the two crystalline forms a re in
vestigated. N atta [4] has gi \Ten a general discussion 
of the origin of different crystalline phases in poly
meric sys tems. 

Earlier invest igations of the transformation of 
form 2 to form 1 have revealed a number of facts of 
interest . The form 2 --? form :I. transformation rate 
is accelerated by uniaxial orienta tion or the f\,pplica
t ion of hydrosta tic press ure [5,6] . X-ray diffraction 
data indicate t hat the polybutene-1 chain in form' 2 
ass umes the conformation of an 113 helix [7] and in 
form 1 a 3 l helix [8]. A third crystalline form [5 , 9] 
has been found on precipitating polybutene-1 from 
solution. This latter form is reported to be stable 
over the period of at least several months if a tem
perature of roughly 100 cO is not exceeded [10]. The 
helicity of the polybutene-l chain in this form has 
not yet been reported. 

Volume dilatometry was used to study both the 
isothermal rate of formation of form 2 from the 
sub cooled liquid, and the h:inetics of the ensuing 
transformation of form 2 to form 1. Approximate 
melting points of the form 2 and form 1 polymorphs 
were also determined dilatometrically. Dila tometric 
data were complemented by n ucleation and growth
rate measurements carried out on a hot stage micro
scope. Microscopical data help to elucidate the type 
of nucleation mechanism, the morphology of poly
crystalline entities, and the rate of growth of poly
crystalline aggregates as the sub cooled polymer 
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liquid transforms to the crystalline form 2 at a given 
temperature below the polymer melting point. 

2 . Experimental Procedure 

2.1 Sample 

The material used in this study was furnished by 
the Phillips Petroleum Company and was labeled 
Butene-l (11272- 38- 1) . Part of the material was 
used as received. A second portion was placed in a 
soxhlet extractor and left in contact with boiling 
eth er (Tb=35 °C) for 28 days. The initial weight 
of the latter material was 6.00 g; the weight of the 
residue after extraction was 5.89 g and that of the 
extracted material 0.11 g. 

The intrinsic viscosities of the two samples were 
measured in n-nonane at 80°C. Molecular weights 
were calculated from intrinsic viscosity data using 
the Krigbaum-Kurz-Smith relation [11] . (Professor 
Krigbaum has informed us of an error in the equations 
as published. The negative exponent in eqs (10) 
and (11) of reference [11 ] should refl,d 5 rather than 3. 
The corrected form of eq (11) is [1)] = 5.85 X 10- 5 

M~·80.) Intrinsic viscosity data and results fl,re given 
in table 1. 

T ABLE 1. J ntrinsic viscusity data and molecular weights 

Polybutenc- l [~l. ill ig 

AS rcce il,cel ___________________ ___ l. i 85 
Ether-cxtractccL _____________ __ __ 1. 849 

2.2. Dilatornetry 

Nf . 

399,000 
412,000 

Small amounts of sample (approximately 0.5 g) 
were vacuum molded and then sealed in glass 
dilatometers with mercury as the confining liquid . 
The dilatometers were similar to those described by 
Bekkedahl [12] although constructed on a smaller 
scale to achieve more rapid thermal equilibrium. 
Tru-bore tubing (1 mm i.d. ) was used in constructing 
the dilatometers and a correction was applied for 
variation in bore diameter. 

Three types of dilatometer runs were made. In 
the first type, the samples were crystallized under 
specified conditions to obtain either form 1 or form 2, 
and the material warmed quite slowly. Here the 
objective was to obtain reasonably reliable melting 
poin ts for the two forms. In the second type of 
dilatometer run, the objective was to obtain specific 
volum e yersus temperature data on forms 1 and 2 
under conditions such that the degree of crystallinity 
did not change appreciably with temperature. This 
was accomplished by making the crystal form re
quired, and measuring the specific volume curve 
using fairly rapid warming. In the third type of run, 
crystallization was carried out isothermally, and the 
decrease of specific volume studied as a function of 
time. In this case the objective was to establish the 
shape of the isotherms and the kinetics of the bulk 
crystallization process. 

The melting point of form 1 for a speCimen 
crystallized neal' room temperature for a period of 
1 week to several months lies in the range T rn = 128 0 

to T m= 132 °e when the melting is carried ou t at 
a moderate rate. A run of this general type is shown 
in figure 1. A higher melting point for form 1 is 
easilya,ttained. If in the warming run the specimen 
is held overnight just below the melting temperature, 
a melting point as high as T",= 137 °e is found. 

Form 2 is produced when the polymer is crystal
lized from the mel t in the vicinity of 90 to 100°C. 
For fl, specimen crys tallized 4,000 min at 100 °C, 
fairly rapid melting gave T m 120°C. When the 
specimen crystallized at a higher temperature 
(112 °C), a melting point of 122°C was found. 

It has been established that the equilibrium 
melting temperature of a polymer, Te;,. , is somewhat 
above the highest melting point actually observed 
even in a very slow melting run. This occurs because 
the lamellar crystals are thin. A full discussion has 
been given in a recent review [13]. It has been 
found that T?" is u sually roughly 6 °C above the 
meltillg point found in a moderately slow warming 
run of the type used here.2 Accordingly, we would 
estimate that T:;' is 128 ± 2 °C for form 2. By 
similar reaso ning, it is estimated that T:;' is 141 ± 2 °e 
for form 1. 

The specific volume data used for the degree of 
crystallinity calcula tions are shown in figure 1. 
Form 2 was produced by sub cooling the melt to 
100 °C, and allowing the sample to remain at that 
temperature for 3 days. The sample was then 
quenched to 25 °C, and the specific volume data 
obtained with fairly rapid heating. Prolonged 
storage below 40 °C was avoided in order to prevent 
a significant conversion of form 2 to form 1. Simi
larly, prolonged storage fl,t higher temperatures had 
to be fl,voided to prevent additional conversion of 
sub cooled liquid to form 2. Form 1 was produced 
by sub cooling a specimen from the melt to room 
temperature and storing for 1 week. This allowed 
the sequences liquid--7form 2 and form 2--7form 1 to 
tal,-e place. The specific volume data were then 
obtained with ffl,irly rapid warming. The data are 
shown in figure 1. 

2.3 . Hot Stage Microscopy 

A thermistor was attached to a standard Kofler 
hot stage, and the sample temperature was monitored 
by measuring the resistance of the thermistor with 
a Wheatstone bridge circuit. The thermistor was 
calibrated by a previous direct measurement of the 
temperature inside a duplicate sample using a 
copper-constantan thermocouple and a precision 
potentiometer. The temperature was known to 
within ± 0.2 °C. 

The samples were first melted by heating to 
between 160 and 180 °C on a Kofler hot bench and 
then rapidly transferred to the surface of the hot 

2 Ifvery slow warming is used, the observed melting point approaches to within 
about 4 °0 of T :I. . 

336 



V, 

1.25 0 form 2 

• form 

1.20 

cm3/g 

1.15 

1.10 

- .--'-
I-

.--.----
._ -' VC(2) - .-.-

~ f-'" 
-' .-' -

.--'---'--
--- . ~ 

- ' VC (I) 

-'- .--

1.052~0,..:a'-----4""0=------::6:':0:-----8='0=-----:-IO~0=-----:-!~----:-~----:-:16~0::----' 

TEMPERATURE, °C 

FIGU RE 1. Specific volume-temperature curves fo r two poly
b1ltene-l polymorphs (" as "eceived" m atel"ial) . 

}' orm 1 crys ta llized at 25 "C, form 2 at 100 "C . Data obtained un der cond iiion s 
of fairl y rapid w arm ing. 

A , P oints obtained on liquid us curve b y subcoolillg . 
• , X -ray specific volume of pure crystal of form 1 and form 2 a t 25 "C. 
X , D erived v alue of su bcooled liquidus at 25°C. _ 
- . -, Estimated v alue of pure crystal speci fi c vol ume for forms 1 a nd 2, ( Vdl ) 

and i/,I2l) 

stage. The process of crystallization was character
ized by photomicrographs taken at time intervals 
appropriate for the particular temperature of the 
transformation. 

The diameter of each spherulite was measured 
along two orthogonal directions with a comparator 
whose precision was 1 iJ.. lVIagnmcation was com
puted from measurements of a micrometer slide 
whose smallest division was 0.01 mm. The slide 
was photographed with the same objective-ocular 
combination as was used for the spherulites. 

quantitative means of characterizing the two regions. 
The half times for the "as received" polybutene-1 
samples range from 3.5 min at 90 °0 to 2200 min 
at 110 °0 for the upper range, while for the lower 

3 . Results 

3 .1. Dilatometric Observations of Rate Effects 

The isothermal crystallization time plots (fig. 2) 
at various temperatures show two ranges of differ
ent behavior. The upper temperature range (90 to 
110 °0 ) displays a marked rate-dependence on 
temperature, while the lower range (10 to 60 °0) 
displays considerably less dependence. Oomparison 
of crystallization half-time data (table 2) affords a 

T A BLE 2. Compw'ison oj isothermal crystallization rate half 
times (t,,) f o,' " as received" and for ether-extracted poly
butene-l as a function of temperature 

Ii> m inutes 
T emperature I---------c-------

°C 

110 
105 
100 
95 
90 

40 
35 
30 
20 
10 

A s received 

Phase transform ation 
liQuid~form 2 

2200 
170 
26 
8 
3. 5 

Form 2---+ form 1 

3900 
2400 
1750 
1400 
1475 

E t her-extracted 

1400 
100 
18 

6 
3 

3750 
2600 

1600 
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FIGURE 2. I sothermal specific volume-time plots fOI' "as Teceived" polybuten e-1. 
(a) Upper curves (90- 110 00) supercooled Jiquid--form 2. 
(b) Lower curves (1O-W 00) form 2--form 1. 

region the half-times are 1400 min at 20°C to 3900 
min at 40 °C. The corresponding half times for the 
ether-extracted sample are 3 min at 90 °C to 1400 
min at 110°C for the upper region, and for the lower 
region, 1600 min at 20°C and 3750 min at 40 °C. 

It has already been noted that polybutene-l 
exhibits two melting points (fig. 1). Which melting 
point is found depends on the temperature range 
in which the sample is crystallized . If crystallized 
in the upper range (90 to 110 °C), the material 
melts between 118 and 122 °C, and if crystallized 
and stored in the lower range (10 to 40 °C), the 
sample melts between 128 and 132 °C for relatively 
slow heating rates.3 Thus, in line with Boor and 
Mitchell's [14] report of similar melting points, 

the lower melting form is identified as Natta's 
form 2 and the higher melting form as his form 1. 
Since the specific volumes (fig. 2) on the induction 
portions of the isothermal crystallization curves 
have the same values as those of the Liquidus line 
(fig. 1) in the range 90 to 110 °C, the transformation 
in this range therefore represen ts a sub cooled liquid-7 
crystal (form 2) change. For the lower region 
(10 to 60 °C) the specific volumes on the induction 
part of the crystallization curve have values lower 
than those of the liquidus curve in the corresponding 

3 For " given crystal form, a higher melting point is obtained the higher tho 
transformation temperature. 
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region (fig. 1).4 The lower region change represents 
a crystal-7crystal transformation with form 2 
changing into the more stable form 1. This point 
will be discussed further in section 4.3. 

3.2. Degree of C rystallinity 

The degree of crystallinity of form 1 was calcu
lated from 

VI-V, 
V I - V C(I) 

(1) 

where VI represents the specific volume of the liquid 
phase, V. the specific volume of the sample, and 
V «I) the specific volume of the pure form 1 crystal 
phase (see fig. 1) . In a similar manner, the degree 
of crys tallinity of form 2 was calculated from 

VI - V. 
X2 = =--'--:=-''-

V 1- V«2) 
(2) 

where 17C(2) represents the specific volum e of the 
pure form (2) crystal. As has been noted many 
times, for example in [15], these expressions depend 
on the assumption that the volumes of the liquid 
and crys talline phases are additive. 

In the present case the lmown quantities in eqs 
(1) and (2) are 17, at any desired temperature, VC(I) 
and l1c (2) a t 25 °C from x-ray data, and VI at 100 
°C. The situation is then that at 25 °C, V, and 
V C(1) or V C (2) are lmown, but V I is not , while at 100 
°0, V , and VI are lmowl1, but V C(I) or V C(2) are not. 
The value of VI at 25 °0 might be obtained by 
downward extrapolation of the liquidus data, but 
this procedure is rather inaccurate because the super
cooled liquidus often shows curvature. Accord
ingly, we proceeded by developing a simple method 
to obtain l1c(2) at 100 °C . Given this, X2 and i7;5 
can readily be calculated using eq (2) . Then Xl can 
be obtained using eq (1) with the value of V15 

obtained from th e form 1 calculation, and the lmown 
values of V;&) and V, for form 1. 

The method for obtaining V~&~ for form 2 is now 
given . On the b asis of the additivity of the volumes 
of the liquid and crystalline phases [15], it is readily 
shown that 

(171°°-V ;OO) i1 TatOO- (Vloo- V;OO) (V~OO- V~5) 

= i1T(atOO-a!OO) Vloo- i1T(aJoo-a!OO) V~oo (3) 
where V~oo refers to 11~?~ and a= dV/dT. It is 
assumed that there is no curvature in l1c (2) b etween 
25 and 100 °C. The quantity i1T is 75°C in the 
present case, but other temperature intervals could 
be chosen. In eq (3), the quantities aioo and a;oo 

• The method by which the supercoolcdliquidus curve was cstablished at low 
t emperature is discussed subscquentl y. 

are lmown, as are all the other quantities except 
V~?~). Given V~&~ as calculated by eq (3), it is a 
simple matter to calculate X2 at 100 °C using eq (2) . 
Then assuming X2 is constant with temperature, VI 
can be calculated at 25 °C using eq (2) . 

The above method should only be applied where 
the 17, data are nearly linear in the temperature range 
chosen if the sample is thought to b e highly crystal
line. This condition is not met by the data on form 
1. The data on form 1 imply more curvature in 
V C(I ) than is allowable for this method to be accurately 
applicable. 

The x-ray data used to estimate the densities of 
pure form 1 and form 2 are collected in tab le 3. 

T A BLE 3. Crystallogmphic data f U7 polybutene-l polymorphs 

Unit cell poarameters, 
Crystal Chain A 

P olymorph Crystal unit cell clensity conror-
In ation 

a b C 

---------

Form L ____ Rholll bohcclral [17,181- 17. 7 17.7 
ulcm' 

6.50 0.9507 3. 
Form 2 _____ 'r etragonal a [191 ____ __ b 14. 89 14. 89 20. 87 ' 0.886 113 

'l'etragonal a [71 ------- 14.85 14. 85 20. 6 0.90 11 , 

• Unit cell contains fonr polym er chains. 0 

b 'rhe thickness of a monomolecular laycr is 7.44, A on the (100) growth plane. 
, Rccalculated. 

The results of the degree of cry tallinity calcu
lations are shown in table 4. The probable error in 
the degree of crystallinity is es timated to be about 4 
percent. 

The liquidus value obtained at 25 °C is slightly 
above (about 0.009 cm3/g) that obtained by a lin ear 
extrapolation of the actual liquidus data in the 100 
to 160 °0 range. This is normal behavior. The 
cll1/clT v alues obtained for the pure crys tal for forms 
1 and 2 are in the usual range for high polymers. 
Note that a ct!) depends on temperature. 

The resul ts lis ted in table 4 may be interpreted as 
follows. The subcoolecl liquid is converted to form 
2 to a maximum obsenrable extent of about 52 
percent. The conversion is slow at high temper
atures, but below 90 °C the transformation becomes 
so fast that the maximum conversion rate cannot be 
measured. H ence form 2 appears straightaway to 
practically its full extent in a sample quenched from 
the melt to room temperature. Form 2 then pro
ceeds to slowly convert to form 1 at a rate which is 
a maximum near room temperature. After the form 
2-7form 1 transformation has essentially s topped, 
the mass fraction that is crystalline is about 77 
percent. This together with other evidence implies 
that practically all of form 2 converts into form 1, 
and further implies that some small amount of the 
remanent subcooled liquid crystallizes during the 
form 2----?form 1 transformation. 

The above conclusions are consisten t with infrared 
and x-ray diffraction data that initially show only 
ab sorp t ion phenomena characteris tic of form 2 after 
polybutene-1 is cooled from above its melting point 
to room temperature, and only form 1 after pro
longed storage at the same temperature. 
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T ABL E 4. Degree of crystallinity 

Form 2 

Input data V ,IOO = 1.21i5 em'jg 
V,lCO=1.18i8 em'jg 
V ,"= 1.1455 em'jg 
17,25= 1.1289 em'jg (p= 0.886 gjem' , x ray) 
tJ.1'=75 °C 

a, lOo =8.07X 10-' em' g-' deg- l 

a ,loo= 6.05X IO-4 cm3 g-l dcg-1 

Results V ,lOO=1.1602 em'jg 
n = 0. 518 

V ''' = I .1634 
a dZ) =4 .17 XIo-4 C1n3 g-l deg- 1 

Fonn 1 

Inpu t data V ,25= 1.1634 en1'jg 
V,2.'i = 1.0772 cma/g 
V,"; = 1.0518 em'jg (p=0.9507 gjem' , x r ay) 

R esults Xl = 0.772 
a, (ll = 4. 51 X10- '+8.ltlX10- 7 l' (OC) 

Boor and Mitchell [14] interpret their torsional 
damping data as indicating th at but little crystalliza
tion of liquid occurs during the form 2--7form 1 
transformation . Our results imply that some amor
phous material does in fact crystallize during the 
2--71 process. Zannetti, Manaresi, and Buzzoni 
[5] have studied the polymorphic behavior of poly
butene-1 as a function of temperature and pressure 
by means of x-ray diffraction and density tech
niques. Their density data are stated to imply a 
degree of crystallinity of between 40 and 50 percent 
for form 1. Wilski and GreweI' [16] find using their 
specific volume data that form 1 exhibits a degree of 
crystallinity of x[ = 0.76 , which is very close to that 
found in the present study. 

Wilski and Grewer's calorimetric data [16] may 
be interpreted to mean that X2 is close to 0.49 (see 
footnote in table 7), which is in good agreement 
with our value of 0.52. Their specific volume data 
for form 2, when recompu ted using our Ve (2) and 
VI values, indicate that X2 is 0.47. Wilski and 
GreweI' assumed in their paper that the degree of 
crystallinity of form 2 was the same as that of form 
1, i.e., 0.76. Our interpretation of their calori
metric data, and our dilatometric data, indicates 
that X2 is actually nearer to 0.5. 

By crystallizing polybu tene-1 under SOO bars 
pressure, we have succeeded in attaining a degree of 
crystallinity of over SO percent by the dilatometric 
method (form 1) . This is comparable to the degree 
of crystallinity obtained by the dilatometric method 
for well annealed samples of polyethylene, which 
commonly yield X values near O.SO to 0.S5 (see 
for example reference [13]). In the case of poly
butene, the true degree of crystallinity is proba
bly considerably higher than 0.8, because voids 
artificially lower x. For example, a careful analysis 
of heat capacity data, which is in sensitive to the 
effect of voids, yields a X value in excess of 0.95 for 
a well-annealed polyethylene specimen identical to 
that which gives x= O.SO by the dilatometric method 
[13]. The implication is that the polybutene-1 

studied here may be regarded as a highly crystalline 
polymer that does not exhibit any serious degree of 
atacticity . 

3.3. Avrami Parameter 

The Avrami equation is commonly used to fit and 
to interpret isothermal crystallization-time plots and 
may be represented as [20] 

(4) 

where hi represents the mercury height at time t, ho 
the height during the induction period, hoo the height 
after the isotherm has leveled off, and J{ is a 
parameter which includes growth rate, nucleation 
rate and temperature terms. The parameter n is a 
dimensionless number ranging between 1 and 4. 
The value of n can under appropriate circumstances 
be interpreted as signifying the type of initiation and 
the dimensionality of the developing crystalline 
phase. 

The parameter n was calculated from the dif
ferentiated form of eq (5) 

n 
t (dh Jdt ) 

(5) 

The average magnitude of n was not appreciably 
affected by the choice of hoo . Results are shown in 
table 5. The estimated uncertainties noted in table 
5 are average deviations from the mean values of n. 

3.4. Seeding Experiment 

Large numbers of form 1 nuclei were prepared by 
heating a form 1 specimen to a temperature near the 
melting point so that the specific volume ,,-as just 
below the liquidus. Then the specimen was cooled 
to 100°C where form 2 ordinarily grows from the 
melt and the crystallization was allowed to proceed. 
The melting curve of the specimen was then obtained. 
It was found that the newly formed crystals melted 
in the same range as form 2 obtained without seeding. 

T ABL E 5. A m"ami parameter for polybutene- l tmnsfonnations 

Temperature Subeooled liQuid-7farm 2 n 

° C 
110 
105 
100 
95 

40 
35 
30 
20 
10 

l' arm 2-7form 1 

2.9±0.3 
3. 2±0. 2 
3. 3±O. 4 
3.8±0.4 

1. 8±0. 2 
2.2±0.3 
2.2±0.6 
1. 5±0. 5 
2.0±0.3 
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------------- --------

11l1in 2 min 3 min 5 min 

FIGURE 3. Photomicrographs showing growth sequence Jor polybutene-1 spheruli tes crystallized at 90.2 °C. 
Specimen cooled from1\ = t60 oC. lIfagn. lO8X. Crossed polaroid s. 

This result is to be expected fro m the resul ts on the 
kinetics of crystallization: t he growt h rate of form 1 
at 100 °C is by all accounts exceedingly slow, while 
form 2 n ucleates itself and grows at a measurable 
rate at this temperature. 

3 .5. Microscopical O bserva tions 

Obser vations of spheruli tic nucleation and growth 
rates were made over a temperature range of ap
proximately 90 to 107 °C. Above 107 °C, crystalli
zation occurred too slowly to be feasible in terms of 
time and temperature con trol of the equipm ent. 
Below 90°C, crystallization occUlTed too rapidly to 
be followed. Thus, t he de \relop ment of spheruii tes 
co uld not be s t udied at low temperatures where the 
growth rate is diffusion con trolled . Some isolated 
observations were made on spheruli tic films formed 
at 105°C and kep t at room temperature for several 
mon ths. These were co mpared wi th sp heruli tes 
freshly pre pared at t he same temperature. No 
differences in op tical appearance as regards texture 
or ch aracter of the birefringence could be discerned 
between the t wo sets of spheruli tes. 

All spheruli tes observed displayed a coarse fibrill ar 
texture with some tendency for random mixing of 
positively and negatively birefringen t areas (figs. 3 
and 4). Their appearance is thus similar to the 
mixed form polypropylene spheruli tes repor ted by 
P adden and K eith (21 ]. Spheruli tes nucleated and 
grown at 90 °C (fig. 3) displayed a more typical 
structure (i.e., the maltese cross is easily distinguished) 
than did those formed at 107 DC (fig. 4). No ringed 
or other types of spheruli tes with well developed 
optical patterns, however , were observed in this 
study. Since almost all spherulites first appeared 
over a narrow time interval , we conclude that the 
dominan t mode of ini tiation is heterogeneous in 
origin. Some growth sequences (cen ter left fig. 3, 
comp are 5 min wi th 3 min photomicrograph) 
showed a few spheruli tes appearing at later times. 

18 h~ 10 min 24 hT 

FIG u ln~ 4. Photomicrographs showing growth sequence I o/" 
polybutene-1 sphem lites crystallized at 106. 7 °C. 

Specim en cooled from 1', = 160 °C. Magn . 108X . Crossed polaroids. 

These spheruli tes are almost cer tainly pseudo homo
geneous as defined by H offman and Lauri t7.en (22] . 

Spheruli te r adius-time plots were prepared from 
the photomicrographs, and r adial growth rates were 
calculated as G=clr/dt, where r is the radius. The 
resul ts are shown in table 6. Except when the 
spherulites impinged, the r adius-time plots were 
linear , showing tha t poly butene- l exhibi ts typical 
lineal growth . E ach G value is an average for several 
spheruli tes. The radius-time line generally in ter
sected the time coordinate at a posi tive value, 
indicating the existence of a short induction time, 
T,. This is typical of spheruli tic growth in many 
polymers . 

The growth rate data in table 6 indicate that the 
spheruli tic growth process has a negati ve temperature 
coefficien t, i .e., the growth is slower the higher the 
growth temperature. This type of temperature 
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TABLE 6. Poly butene- l isother·mal spherulite growth rate a 

(Supe rcooled liQu id-+form 2) 

Growth 
tern perature 

° C 
90.0 
90.2 
90.2 
96.0 
96.0 

100.0 
101. 6 
101. 6 
105.0 
106. 7 

Radial growth rate , 
G= dr/dl 

em/sec 
3.38 X l o-' 
3.02 X lo-' 
2. 88 X lo-' 
1. 98 X lo-' 
1. 39 X IO-' 
0.604 X IO-' 
0.357XIO-' 
0. 328 X lO-' 
0. 196XIO-' 
0.I06 X I0-' 

• The specimens were flfst heated to 1'1= 160 °C and then cooled to the growt h 
temperature. 

dependence implies that the growth s tep is nucleation 
rather th an diffusion controlled. 

4. Discussion 

4.1. Subcooled Liquid-7Form 2 Transformation 

The liquid -7form 2 process can readily be under
stood in terms of current concepts of spherulitic 
growth with chain folding. These concepts have 
been discussed in a recent review [13]. Surface free 
energies may be calculated from spherulitic growth 
data for the liquid -7form 2 process by use of the 
eqation [13 , 22 , 23] 5 

RT against 1/T 2( t::,.T), the slope being K g/2.303. 
A plot of this type is shown in figure 5 for the case 
T~=403 OK . The half-times are corrected for the 
change in )10, the number of growth centers per unit 
volume, by the term -(1/3) log )10' The data have 
also been corrected for the induction period T i ' This 
correction is small. The K g value obtained from the 
dilatometric half-times is identical within experi
mental error to that obtained from the spherulite 
growth rate data (s ee table 7). 

The rate data have been analyzed using T,~= 
399 OK, T~, =401 OK , and 403 OK to show the effect 
of varying T';. on the results . The true value of 
T 'i,. probably lies between 400 and 402 oK. 

The fit of the data to the theoretical expression 
shown in figure 5 is good for the dilatometric half
time data . In this case the same specimen was 
used in all the runs. The scatter is greater in the 
case of the radial growth data , probably because 
different specimens (from the same lo t) were u sed 
in making a number of the runs. Nevertheless, the 
theory seems to provide a reasonable basis for 
analysis of the data within the estimated experi
mental error. The fit is almost equally good if 
T';. is taken to be 401 oK. The fit is poor if T~ is 
taken to be 398 OK or less. 

Lateral surface free energy ( CT ) was calculated from 
the equation [23] 

(7) 

Once values h ave been calculated for (]" and (]"(]" ., (]" e can 
G= Go exp (- M-l* /RT) exp [- K g/T 2(t::,.T )] (6) be obtained by taking the ratio of (]"(]" e to (]". Results 

from these calculations are given in table 7. 
where K g is 4bo(]"(]" e( T,~)2/ ( t::,.h ,) k and t::,.[-l* is the activa
tion energy of the in terfacial transport process. In the 
following calculation, t::,.[-l* is assigned an arbitrary 
value of 20 kcal, which is a sufficient approximation 
in the region where the growth rate has a strongly 
negative temperature coefficient. If the growth rate 
data had extended to the maximum or to lower tem
peratures, for which growth rates show a positive 
temperature coefficient, then the t::,.[-l* term would 
be better approximated by a WLF type expression 
(see Hoffman and Weeks [23]). In the expression 
for K g, bo is the thiclmess of a coherent surface 
nucleus, (]" the lateral surface free energy, (]" e the end 
surface free energy ch aracteristic of the chain folds, 
T,?, the equilibrium melting temperature, t::,.h , the 
heat of fusion and k Boltzmann's constant. ' Vhen 
log G+ MI- */2.3RT is plotted against 1/T 2t::,.T and 
a straight line is obtained, then grow th is governed 
by coherent two-dimensional growth nuclei . The 
slope of the line is K g/2.303. This type of plot is 
shown in figure 5 for the case T;; = 403 OIL The 
value of K g ob tained from this plot and the cor
responding value of CT(]" e is given in table 7 . 

The value of K g can also be estimated from the 
half-times for bulk crystallization given in table 2. 
In this case one plots - log t1(2- (1/3) log )10+ M-] * /2.3 

~ 8r---,---------,----------r---------, 
0:: 

~ 
(\J 

.' 7 ::r: 
<l 
+ 6 
(!) 

(!) 

3 5~~~------~~--------~--------~. 2D 2.5 ~O 3.5 

;,.0 

(!) II 
o 
..J ~ 
~ 0:: 
...... rq 10 
I (\J 

~;--_- ::r: 
(!) <l 9 
o + 
..J 
I 8~~2~.O~------~2~.5~------~3.~O-------3~ 

I07/T2~ T 

FIGURE 5. Determination of K g for supercooled liquid -->form 2 
' Sometimes the last term in eQ (6) is written exp [- K ;/ 1'(tJ. 1')] with K ;= transformation. 

4bouu , 1'~ /tJ. hlk. This leads to only a slightly different "alne of uu. (see references Upper diagram: Spherulite growth rate data. 
(22] an d (23]). Lower diagram: Dilatometric half· ti me data. 
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T ABLE 7. Surface free energies and work oj chain fo lding of form 2 polybulene-l 

(Su i)cooled liquid .... rorm 2 trans rorma tion] 

In put d at a 

Qua ntit y Value Source 

1500 cal/mole=9.G2 x 10' erg/cm 3 

20 k cal/mole =83. 7 kJ /mole 
!l5.4 x ] 0- 16 cm2 
7.4 5 x l o-S em b 
401 ±2 oK 

Dil uent method ,Dan usso 
and Gi anotti [IOJ. · 

H on'm an a nd Wee ks [22J. 
T a ble 3 . 
' I'able 3. 
Sec tcxt. 

R esults 

Va lue 
Quantit y 

K , (' K )3 
I{, (C K )3 
uu, erg2/cm4 

u m J/m ' or (erg/cm' ) 
u, mJ /m ' or (erg/cm') 
q (e rg/rold) 

3.46 X 107 

3.23 X 107 

39.7 
7.1 6 

13.8 
1.45 x 10-13 

4.17 X 107 
3.79 X 107 

110.4 
7.16 

15.42 
1.71 x 10-13 

4.95x 107 

4.42 x l C7 
128.6 

7.16 
17.96 
1.99 x 10-13 

Source 

DilaiolTIetric elata, figure 5. 
R adia l growth data, figure 5. 
From average or K r . 

(u,= 15.5±2.5; q=1.7±0.3 x 10-13) 

(J \Vilski and GreweI' {16] give t he heal. of fusion as 974 cal/mole as determined calorimetrica ll y on the assum pt. ion that their specimen was 
76 percent cr ystalliIle as determi ned rrom t heir dilatometrie cryst allinity scale. According to our X' cr yst a ll inity scale, their sample was 0.47 
percent crystalline, which leads to a corrected heat of fusion of Llhf= 1570 ca l/mole, whiel1 is in good agreement wit h that obtai ned by D anusso 
and Gianotti. Vli lski and Grewer give the actual heat of fUSion of their form 2 specimen as 740 cal/mole. Combining this with D anusso and 
Gia notti 's val ue tlhr= 1500 cal/mole gives x,= 740{1500=0.493. 

b H olla nd and Miller [26]llave shown t hat growth occurs on t he (100) plane in Single crystals or form 2. 

From the standpoint of the th eory of chain fold
ing, one polymer is m.ost ap tly compared to another 
through the work of ch ain folding , q. The value of 
the work of chain folding [1 3, 23], q, IS calculated 
from 

O" e= q/2Ao (8) 

where Ao is the cross-sectional area of the chain. 
The value of q for polybutene-1 is 1.7 x 10- 13 erg/fold 
(table 7) . III tab le 8, the values of q and other 
parameters of interest are compared for polybutene-1 , 
polyethylene [13], and polychloro trifluoro ethylene 
[13]. The analyses given for polyethylene and poly
chloro trifluoroethylene are b ased on highly reliable 
values of T~. The value of q for polybutene-1 is 
seen to be similar to that of polyethylene, but 
smaller than that for polychlorotrifluoroethylene. 
We r egard the value of q for polybutene-1 to b e 
en t irely reasonable, especially in view of its gen eral 
similarity to that found for polyethylene. On the 
b asis of molecular structure, one would expect the 
polybutene-1 chain to have a stiffness about like 
that of polyethylene, but less than polychlorotri
fluoro ethylen e. The value of q for polyethylene is 
known on the b asis of a number of fundamental con
siderations to represent the work of chain folding 
[13]. Thus, the crystallization of form 2 polybu
tene-1 is consistent with a mechanism involving 
chain folding . At the same time, the value O" e= 15.5 
erg/cm2 for polybutene-1 is seen to b e reasonable in 
terms of the chain-fold model. Attempts to find a 
consistent pattern of behavior by directly comparing 
0" e values amongst polymers of widely varying cross
sectional areas simply obscures the b asic point that 

q is the more fundftmental param eter for the purposes 
of comparison. 

TABLE 8. Chain fold pmamelers f01' v(£1'ious polymers 

Polybutene-1 Polyethylene [13] Polychlorotri-
(rorm 2) flu orocthylene [l3J 

tlhr (e rg/em3) 9.6 x 10' 2.8 x 10' 9.1 x 10' 
bo (cm) 7. 45 x 10-' 4. 11 x 10-' 5.6 x 10-' 
Ao(cm') 55.4 x 10- 16 18.3 x 10- 16 36. 4 x 10- 16 

U<1, (e rg'/clU') 110 640 156 
u(erg/em') 7.2 1l. 2 3.9 
u, (erg/em') 15.5 57 40 
q (erg/rold) l. 7 x 10-13 2. 1 X 10-13 2.9 X 10-13 

T~ (0 K ) 401 415 494 

Note in tab Ie 8 tha t the value of q tends to b e larger 
the higher the melting poin t. This is consistent with 
the well-Imown concept that an increase in chain 
stiffness raises T~ . A chain fold can be formed by 
raising about 5 bonds into gauche states [13]. The 
data in table 8 suggest that the equilibrium melting 
temperature increases with the gauche energy Eo"'" q/5 
according to T,~ = t:..I-1f/t:..Sf~ [(q /5+ C) /lc In rl] where 
C is a constant dependent on van del' 'iiVaals forces 
and rl = 3. A more detailed relationship between 
Eg and T?,. can be devised which involves appropriate 
weighting factors, but the oversimplified relationship 
noted above is sufficient to illustrate qualitatively 
why increasing q or Eg tends to increase T,~,. 

It is significant that the above an alysis in terms 
of the chain-folding mechanism is successful for a 
polymer that has a helical conformation in the 
crystalline state. It is also of interest to compare 
the above analysis with some that we h ave attempted 
(notably on cer tain "isotactic" specimens of poly-
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propylene and polystyrene) where there were inde
pendent reasons for suspecting that there were sOlIle 
"wrong," i.e., atactic, sections in the polymer chain. 
In these cases plots such as those shown in figure 5 
were nonlinear, and absurdly low average values of 
(HT e and q were found. Some of this is probably due 
t~ underestimation of '1'::. , which is exceptionally 
difficult to ascertain with certainty in cases where 
"copolymer" type melting occurs. Similar non
linearity and low (J"(J" e and q values are obtained when 
a~ analysis is carried out on any polymer using a low 
Trn value. Also, eq (6) can hardly be expected to 
hold precisely in the partially atactic case because 
sequence selection problems were left out of consider
ation in its derivation. Evidently, a sufficient num
ber of the chains in the polybutene-1 used here have 
long stereoregular sections that crystallize in a 
manner analogous to that of a flexible homopolymer 
such as polyethylene where questions of stereo
irregularity do not enter. This behavior is con
sistent with the high degree of crystallinity attained 
by the specin1en of polybutene-1 (see sec. 3.2) . 

The value of 3 calculated for the Avrami parame
ter n for the subcooled liquid -7 form 2 process in 
the 90 to 110 DC temperatme range agrees with 
those cnlculated for polyethylene [20] and poly
propylene [24]. This value is usually interpreted 
as indicating that either heterogeneous initiation 
followed by three-dimensional growth, or sporadic 
initiation followed by two-dimensional growth, 
transforms a polymer melt phase into a crystalline 
phase. The presence of heterogeneous nucleation 
is supported by photomicrographs (figs. 3 and 4) 
that show spherulites originating over a narrow 
time range at a given crystallization tempera
tme. We therefore conclude that polybutene-1 
transforms from the melt to the form 2 phase by 
heterogeneous nucleation followed by three
dimensional growth and the analysis of the dilato
metric isotherms was carried out on this assumption. 
Homogeneous nucleation is in any event extremely 
improbable except at much larger supercoolings than 
those attained here. 

4.2 . Relative Thermodynamic Stability of Form 1 
and Form 2 

Between 0 DC and its melting point, form 1 is 
more stable than the lower melting form 2. Form 
2 is metastable with respect to form 1 above about 
60 DC. A sample crystallized as form 2 at 85 DC in 
a dilatometer showed no change in mercmy level 
over the period of one year . Nearer to room tem
peratme, form 2 converts to form 1 at an observable 
rate, and in this region form 2 may be classed as un
stable with respect to form 1. On warming from 
room temperatme, form 1 shows no tendency to 
approach the specific volume associated with form 2 
either below or above the melting point of form 2. 
It is clear that the shift from metastability to in
stability for form 2 as the temperatme falls is simply 
a matter of increasing rate of the form 2 -7 form 1 
transformation as the temperatme is lowered. In 

polybutene-1, above 0 DC, there is no thermodynamic 
fhst-order phase transition between form 1 and form 
2 of the type exhibited by polytetrafluorethylene 
near 20 and 30 DC (see sec. 1). 

4.3. Form 2-7Form 1 Crystal-Crysta l Transformation 

As was mentioned earlier, form 2 has an 113 helical 
conformation, and form 1 has a 31 helical conforma
tion. The conversion from the 113 conformation to 
the 31 conformation during the form 2-7form 1 
transformation clearly involves an increase of den
sity. Such an increase of density is not surprising, 
and forms the basis upon which we were able to 
follow the course of the change. The present, work 
confirms previous observations that the form 2-7form 
1 transformation is not accompanied by any notice
able change in the morphological features of the 
spherulites. From the above information, it is rea
sonable to postulate that the helix change involved 
in the form 2-7form 1 transformation propagates 
through a given lamella and thereby does not demand 
any gross reorganization of one lamella with respect 
to another. The nucleation term impeding the 
change in helicity is quite large, completely for
bidding it at high temperatures, and permitting only 
a relatively slow rate near room temperature. 

The rate of the 2-71 process can be described in 
terms of the reciprocal of the half-time for the 
transformation. This is shown in figure 6, where 
similar data on the supercooled liquid -7form 2 
process are shown for purposes of comparison. 

The sub cooled liquid -7form 2 transformation has 
already been analyzed in terms of growth governed 
by a coherent two-dimensional surface nucleus. 
The strongly negative temperature coefficient seen 
for the sub cooled liquid -7fo1'm 2 process in figure 6 
is a result of the nucleation term exp [- K a/ T2 (LlT )] 
in eq (6). The interfacial transport term exp 
[-LlH* /RT] would at some lower temperature even
tually supervene and cause the rate to fall. Thus a 
maximum appears in G or 1/t1/2 for a nucleation
controlled process when the transport term is con
sidered also (see for example [23]). The maximum 
was not seen for the supercooled liquid -7form 2 
process, because the rates became too rapid to 
measure as the temperature was lowered below 
about 90°C. 

The form 2-7form 1 transformation exhibits the 
negative temperature coefficient and the maximum 
typical of competing nucleation-controlled and inter
facial transport processes. If the form 2-7form 1 
transformation is in fact nucleation controlled, its 
much lower overall rate compared to the supercooled 
liquid -7form 2 transformation could be attributed 
in part to a larger "Kg" value. It is clear, how
ever, that an analysis of the form 2-7form 1 trans
formation cannot be blindly patterned after the 
sub cooled liquid-7form 2 calculation. Much more 
information would be needed before a detailed theory 
of the form 2-7form 1 transformation could be 
advanced. 
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FIGURE 6. R eciprocalroj crystallization j'ate half-times versus 
temperatul'e j or polybutene-l. 

Boor and :l\1itchell [14] find a pronoun ced maximum 
in th e rate of conversion of form 2 to form 1 between 
15 and 20°C which is in good agreement with the 
present results. 

The value of the A vrami growth parameter for the 
form 2 -> form 1 transformation is close to 2. This 
might be interpreted as being a result of either 
heterogeneous initiation followed by two-dimensional 
growth, or pOl'adic initiation followed by one
dimensional growth. Unlike the case of the super
cooled liquid -> form 2 transformation , where evidence 
of heterogeneous initiation was clearly apparent, the 
type of initiation cannot be positively identified . 
Boor and l\1itchell [25] have observed that th e 
addition of polypropylene 01' s tearic acid accelerates 
the form 2 -> form 1 transformation. ThiR indicates 
that the process is subj ect to heterogeneous initiation. 
While heterogeneous initiation with two-dimensional 
growth seems the most likely explanation of the 
observed value of n, sporadic initiation followed by 
one-dimensional growth cannot be completely ruled 
out in the case of the uncontaminated polymer. 

When observed by eye alone, a freshly prepared 
sample of polybutene-l (form 2) gradually becomes 
more turbid over the period of one week. However, 
it has ah'eady been noted that optical microscopy 
does not reveal any concomitant change in morphol
ogy or general appearance in the spherulites. Both 
observations might be explained by postulating that 
the decrease in volnme caused by the form 2 -> form 
1 transformation results in the formation of micro
voids in the size r ange of 3000 to 6000 A. Such 
microvoids would be too small to be resolved by an 
optical microscope, but would interact with visible 
light so as to render a polybutene-l film turbid on 

visual inspection. The existence of such micro l-oids 
would naturally alter the crystallinity scale so me
what, but not to the extent of vitiftting the conclu
sions we have based on such determinations. 

The au thors thank William ::-r eyer fo]' c1ll'l'y ing 
out the viscosity measurements, and l\[rs. R osalind 
Newman for assisting with the spheruli te studies . 
The financial support from the Advan ced Research 
Proj ects Agency Program at the National Bureau 
of Standards on Crystal Growth and D efect Charac
terization is gratefully acknowledged. 

5 . References 

[1] H . A. Rigby and C. W. Bunn , Natu rc 164, 583 (1949). 
[2] F. A. Quinn, Jr. , D. E. Robcrts, and R. "X. Work, J . 

Appl. Phys., 22,1085 (1951). 
[3] R. K Ki rby, J . R cs. N BS 57, 91 (1956). 
[4] G. Natta, Makromol. Chcmi c 35, 94 (1960). 
[5] R. Zannctt i, P. Manal'esi, a nd G. C. B uzzoni , Ch im . Ind . 

(Milan) 43, 735 (1961). 
[6] F. A. Qu inn , Jr. , and J . P O\\'crs, manuscr ipt in prcpara

t ion . 
[7] A Turn er-Jon cs, J . P oly mcr Sci. Part B, 1, 455 (1963). 

Scc a lso R . L. Milic I' and L. E . Ncilson, Appcndi x I 
in P . H . Ge il, Po ly mcr Sin glc Crvstals, Int crsciencc, 
Ncw York (1963). 

[8] G. Natta, P . Co rradini, and 1. VV . Bassi, ~uovo Cimcn to 
15, Supp\. 1, 52 (1960). 

[0] C. Gca,cin tov, R . S. Schotland, and R.. B. Miles, J. Poly
mcr Sc i. Part B, 1, 587 (1963); P a r t C, 6, 197 (1904). 

[10] F. Danu sso and G. G iano tt i, Ma kro rnol. Chcl1l . 61, 139 
(1963) . 

[11] W. R. Krigbau m, J . E. Kur z, and P. Smith, J . Ph ys. 
Chcm. 65, 1984 (1961). 

[1 2] N. Bckkcdahl, J . R cs . NBS 43,145 (J949). 
[1 3] J. D. H offman, SP E Transact ions 4, 315 (1964). 
[14] J . Boo r, Jr ., a nd J. C. Mit"hcll , J . Polymer Sci. Par t A, 

1, 59 (1963). 
[15] .T . D. Hoffman and J . J . Wccks, J. R cs NBS 60, 465 

(1958) . 
[16] H . Wilsk i a nd T . GrCIYCr, J . Polymcr Sci. e6, 33 (1964). 
[17] G. Natta, P . Co rr:1dini, a nd 1. W. Bass i, Mak romo\. 

Chem. 21, 240 (1956.) 
[1 8] G. Natta, L . Porri , P . Co rmdini, a nd D. Morcro, Accad. 

Naz . Lincci, R cnd. , C lassc Rei. Fis ., Atti. 20, 560 (1956). 
[19] R. L. M illcr in Crystallinc Olefin Poly mcrs, cdi tcd by R . 

R a ff and K . W. Doak (In tcrscicn cc, Ncw York, 1963). 
[20] W . Bank s, M. Gordo n, R . F . R oc, and A. Sharples, Po ly

mcr 4, 61 (1963). 
[21] F . J . Padd en, Jr ., and H. D. K eith, J. App\. Phys. 30, 

1479 (1959). 
[22] J. D. Hoffma n and J. 1. La uri tzcn , Jr. , J. Rcs. NBS G5A 

(Phys . and Chern.) No.4, 297 (1961). 
[23] J. D. Hoffman and J . J . Weeks, J . Chem. Phys. 37,1723 

(1962) . 
[24] L . Marker, P . M. H ay, G. P. Tillcy, R. M . Early, and 

P. J . S\\-eetin g, J . Polymer Sci. 38, 33 (1959) . 
[25] J . Bool', Jr ., and J . C. Mitchell , J . Poly mer Sc i. 62, S70 

(1962) . 
[26] V. F. Holland and R . L . Miller, J . Appl. Phys. 35, 3241 

(1964) . 

(Paper 69A4- 353) 

345 


	jresv69An4p_335
	jresv69An4p_336
	jresv69An4p_337
	jresv69An4p_338
	jresv69An4p_339
	jresv69An4p_340
	jresv69An4p_341
	jresv69An4p_342
	jresv69An4p_343
	jresv69An4p_344
	jresv69An4p_345
	jresv69An4p_346

