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ABSTRACT: Combining the thermal expansion data  of Stehling and Mandelkern (S-M) on polyethylene sam- 
ples of varying crystallinity; the thermal expansion data  of- Illers on amorphous ethylene-vinyl acetate copoly- 
mers; and certain criteria developed by Simha and Boyer for thermal expansion quantities, a,, a,,  aIT,, and 
SOT,, lead us to  the following conclusions. (1) The S-M data  appear correct but have been incorrectly interpret- 
ed by them in regard to assigned ax and cyI values. (2)  The glass temperature of amorphous polyethylene is 195 f 
10°K. (3) The 145 f 10°K process in polyethylene is a T < T ,  relaxation commonly, and correctly, known as T,. 
(4) Partially crystalline (x N 0.5-0.8) polyethylenes exhibit two glass transitions: a T,(L) around 195”K, and 
T,(Uj around 240°K but  both increase linearly with crystallinity. (5) These are ascribed to the existence of two 
types of amorphous material. For example, Tg(L) may be associated with cilia and Tg(U) may arise from loose 
loops and/or tie molecules. (6) In-chain relaxation processes a t  T,  involving -(CHz)-, sequences of n 2 3 are ac- 
companied by higher than normal values of crr ( i , e . ,  a ,  > 2 x IO-* deg-’) and smaller than normal values of Aa 
and AaT,. This is shown to be true for nylons, polyethylene, and ethylene-vinyl acetate copolymers. ( 7 )  What 
S-M refer to as cyI is really an aK enhanced above its normal value by the in-chain y relaxation. (8) There is a lin- 
ear relationship between m e  and the strength, S,, of the y relaxation a t  ~ 1 5 0 ° K  for a family of nylons and, by 
analogy, for ethylene-vinyl acetate copolymers. (9) The y relaxation in polyethylene is strong compared to T J L )  
and ?’,(U), possibly because of the simple structure of polyethylene. (10) Data on electron spin resonance probes 
collected by Rabold for a variety of polymers are reexamined. This method verifies our assignment of T,(L) for 
semicrystal line polyethylene; lacks resolution to prove or disprove a T,(U); and verifies t ha t  the 145°K relaxa- 
tion is a T ,  rather than T,. (11) Available evidence suggests that  double glass transitions are fairly common in 
semicrystalline polymers. 

Linear and branched polyethylenes, especially in the 
range of 50-75% crystallinity, exhibit three amorphous 
phase transitions or relaxation phenomena a t  the fol- 
lowing temperature regions:1,2 145 f 10, 195 f 10, and 
240 f 20°K. Each of these regions has one or more charac- 
teristics of a true glass transition, i . e . ,  an abrupt increase, 
h, in the coefficient of thermal expansion, and an abrupt 
increase, I C p ,  in the specific heat; a dynamic mechanical 
loss peak whose magnitude increases with amorphous con- 
tent; time effects; an increase in magnitude of Acu and 
ACp with amorphous content. Each of these three amor- 
phous transitions has been labeled by more than one 
group of investigators as the true T ,  of polyethylene. 

Stehling and Mandelkern,2 after providing a general 
background for the problem, present thermal expansion, 
specific heat and dynamic mechanical loss data on well- 
characterized fractions of linear polyethylene ranging in 
fractional crystallinity from 0.47 to 0.87. From these data 
they conclude that T ,  is 145°K. However, the controversy 
continues and even intensifies as new experimental meth- 
ods and techniques (to be discussed later) are reported. In 
view of the experience and reputation of the various pro- 
ponents of each of these three glass transition values, we 
decided that the experimental data could not be wrong. 
Instead an attempt must be made to reconcile these di- 
vergent views. In doing this, we rely mainly on the S-M 
paper for background except for certain key references 
which S-M seem to have omitted or ignored and except 
for specific conclusions. An earilier review will also be 
used.’ 

We have concluded, as illustrated in Figure 1, that sem- 
icrystalline linear polyethylene exhibits a double glass 
transition, T,(U) and T,(L) resulting from what is gener- 
ally believed to be the chain-folded morphology of melt 

(1) R. F. Boyer, Rubber Chem Techno!., 36,1303 (1963). 
(2) F. C .  Stehling and L. Mandelkern, Macromolecules, 3,242 (1970). 

crystallized polyethylene.3.4 In addition, the amorphous y 
relaxation, T,, is shown. According to Figure 1, completely 
crystalline polyethylene must be free of amorphous transi- 
tions althodgh a hypothetical transition temperature can 
be obtained by extrapolation. A completely amorphous 
(and thus far experimentally unrealizable) polyethylene 
will have two amorohous transitions, of which the upper is 
the true T, and the lower is T,. At intermediate levels of 
crystallinity, the y or T < T ,  relaxation as well as two 
t w e  glass transitions exist. 

The slopes of the upper line, T,fU), and of the lower 
line, T,(L), resulted from our estimates of changes in 
slopes of the thermal expansion data of S-M on either 
side of T,(U) and T,(L). We suggest tentatively that 
T,(L) is associated with dangling cilia and with molecules 
rejected by the spherulites. T,(U) is associated with loose 
loops or intercrystalline tie molecules. (We assume that 
increasing crystallinity means that the loops and tie mole- 
cules are under more constraints.) More generally, we 
suggest that  there are two distinct types of amorphous 
material in bulk crystallized polyethylene, one of which is 
under more constraint than the other. 

The circles in Figure 1 represent our estimates about 
the relative intensities of the several transitions as a func- 
tion of crystalline content. These estimates are based on 
logical considerations augmented and supported by the 
S-M thermal expansion plots as well as thermal expan- 
sion data on isotactic polypropylene which also shows evi- 
dence for a double glass t r a n ~ i t i o n . ~  

I t  should be noted that Figure 1 represents a tentative 
hypothesis. We believe it reconciles the seemingly con- 

( 3 )  P. H. Geil, “Polymer Single Crystals.” Interscience, New York, N. y. ,  

(4 )  A.  Keller, Rept .  Progr. Phys., 31, 2,623 (1968). 
( 5 )  D. L. Beck, A.  A.  Hiltz. and J. R. Knox. SPE (Soc. Plast. Eng.) 

1963. 

Trans., 3, 279 (1963). 
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Figure 1. The double glaos tranaition, T,(L) and TJU), and the Ty amorphous relaxation in linear polyethylene. The size of the 
cmles indicate the intensity of the two glans transitions. Intensity 
of the Tr transition increases m t i n u d y  to the left. We aseociate 
TI(L) with cilia and polymer cbaim rejected by crystallites; and 
T&J) with looec loope and/or tie molecub. Thii plot has been 
dimated by us from the thermal expansion data of Stehling and 
Mandelkern.8 

flicting literature data of a large number of investigators. 
The evidence leading to this hypothesis for polyethylene 
will now be presented. Evidence for a double glass transi- 
tion in other semicrystalline polymers is being described 
elsewhere.@ Thii hypothsis suggests many experiments 
relating transition phenomena to detailed polymer 
morphology. Until such experimente are performed on 
polyethylene and other semicrystalline polymers, thie hy- 
pothesis must remain tentative. 

We have been surveying the multiple transition litera- 
ture on polyethylene and other polyolefins continuously 
since our earlier review appeared.' As a result of this sur- 
vey, covering primarily thermal expansion, specific heat 
and dynamic mechanical loss data, we have developed a 
set of working hypotbeei which are stated below for the 
convenience of the reader. Tbeae should in no way be con- 
sidered as a set of a priori assumptions. Each of them will 
be juetified at the appropriate place. (1) Thermal expan- 
sion data are sufficient in themselves to reach the desired 
reconciliation of conflicting results on the glass temwra- 
ture of polyethylene. (2) A discontinuity, Aa, in thermal 
expansion coefficient a t  T, is a necessary but not a suflfi- 
cient condition for TR, Identical remarks hold for the 
discontinuity, AC,, in specific heat. Likewise, dynamic 
mechanical loes peaks which are proportional in magni- 
tude to amorphous content ate a necessary but not a SUE- 
cient condition for TR. (3) The amorphous state thermal 
expansion properties of linear polyethylene can be esti- 
mated by m y  or all of three different methods: (a) extrap- 
olation of data on samples of different crystallinities, as 
demonstrated by S-M;l (b) extrapolation of amorphous 
copolymer data to pure polyethylene as done by numerous 
workers cited in the S-M article, which will be detailed 
later; (c) use of homologous seriee, R(CHd,R, as with ny- 
lons, extrapolated to n - 0 .  (4) Certain semiempirical 
criteria apply to the amorphous state of all polymers at 
TR, namely 

q T ,  =: 0.16 (1) 

AaT, ;; 0.11 (2) 

all s 2, x lo-' deg-' 

in the absence of strong T < T, relaxatiom 

a# > 2 x lo-' deg-' 

if strong T < T, relaxations are  resent. 

W i  1L%) 

(3) 

- -  
diately below Ty. Aca is a~ - ag. Vg is b e  s&cificvolume 
at  Tg. Gee," who recommends thermal expansion m the 
primary criterion for deciding T,, u r n  other numerical 
criteria involving thermadynamic quantities such as the 
discontinuities, ACp, in specific heat and AK in compressi- 
bility; and the pressure coefficient of T,, namely, dT,/dP. 
However, there is controversy about thew thermodynamic 
relationships as well as a lack of data for amorphous poly- 
ethylene. (5 )  There is no reason to concliude that the sim- 
ple chemical structure of amorphous polyethylene should 
exclude it from following the criteria in eq 1-3' or caugt i t  
to differ in any radical manner from the expected behav- 
ior of polymer sfitema. (6) T, values of ethylene copoly- 
mers can be reliably extrapolated to pure amorphous 
polyethylene oia the Gordon-Taylor copolymer equation if 
the copolymers are random and amorphous. Thermal ex- 
pansion data on such amorphous copolymers can be ex- 
trapolated linearly to give reliable values for amorphous 
polyethylene. 

Tbermal Expansion Data on Linear Pobethylene 
Our emphasis on thermal expansion quantities is based 

on three factum: (1) the availability of a considerable 
body of experimental data; (2) the existence of semiem- 
pirical numerical criteria as in eq 1-3': (3) the basic ap- 
proach of Gee." 

S-M2 measured coefficients of linear expansion on five 
fractions and one whole polymer of linear polyethylene 
with fraction. ! crystallinity ranging from 0.53 to 0.84 Over 
the temperature range from 83 to 338°K. They extrapolat- 
ed linearly by least squares to zero crystallinity at four 
temperatures, 113, 168, 203, and %OK, which they select. 
ed to bracket both aides of the three amorphous transition 
regions stated in the opening paragraph. From this they 
reached several conclusions: (1) UllSOK aR = 2.01 x 
lo-' deg-l; (2) ( Y ~ ~ O K  3 a1 e 5.31 x IO-' deg-l; (3) TI 
= 145'K. 

They justified their an value on the basis that i t  w a  a 
normal glassy state value when compared with values in a 
short table given by Kovaca.8 This table listed two inor- 
ganic, two low molecular weight organic, and six organic 
polymer glasses. None of the latter had subgroup transi- 
tions. By examination of the more extensive table by 
Wood* or the Simha-Boyer paper to. which they later 
refer.10 or a paper by Fbgers and Mandelkern,ll i t  would 
have been immediately apparent that ciR can be substan- 
tially greater than '2 x lo-'. They similarly juetifted their 
a1 value by noting that it was marginally above the a1 of 
poly(methy1 methacrylate) in this same table by Kovacs,8 
thereby ignoring the fact that it is risky to compare a hy- 
drocarbon polymer of low Ts with poly(metby1 methacry- 
late) of high T,, especially in view of eq 1 and the findings 
of Simha and Boyer.lo They noted the product, &TR, 
was 0.046 and hence quite low compared with the Simha- 
Boyer value stated in eq 2. They excuaed this low value by 
stating that eq 2 wai~ only an empirical average and that 

(7) G. Gee, Polymer. 7,177 (ISM). 
(8) A.J.Kovacs,Aduan.Polymr. Sei., 3.596(1964)(TabLlonp101). 
(9) L. A. Wood, J.  Pob. &i., 2U. 319 (1968). 
(IO) R. Simha and R. F. Rayer,J. C k m .  phyr., 17.1003 (1962). 
(11) S.S.RoacmandL.Mud.l~,J.Phyr. Chrmv,61,W(lS67). 
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many polymers fell below it. Unfortunately they chose a 
faulty reference, the work of Krause et a1.,12 in which all 
values were 0’s (/3 = dV/dT = aV,). The low values S-M 
emphasized in this reference12 were for dense, highly polar 
polymers of low V,, not strictly suited for comparison 
with polyethylene. More recently Sharma e t  al.13 conclud- 
ed that eq 2 was generally invalid. Simha and the writer 
have offered a factual refutation of this c o n ~ l u s i o n . ~ ~  

S-M did not apply eq 1 to their results. The product 
alT, is 0.077 and therefore less than half of the Simha- 
Boyer average value given in eq 1. Simha and the writer 
have concluded, severally and together,1° ,14-20 that 
whereas there are a number of marked exceptions to eq 2, 
eq 1 appears to hold remarkably well for a wide variety of 
polymers. Hence it is my conclusion that 

a1680K = 5 .31  x deg-’ # a) 

We return to the matter of a,. 
It is true that a ,  was stated by Gordon and Taylorz1 to 

have a normal value of about 2 x deg-l which is 
amply confirmed by numerous examples in the literature. 
However, we have reached the general conclusion, to be 
documented later, that a,  > 2 x deg-I for any poly- 
mer or copolymer which has a strong T < T, mechanical 
relaxation arising from side-chain or in-chain motion. This 
first became apparent to Simha-BoyerlO on examining 
data of Rogers and Mandelkernll for poly(n-alkyl methac- 
rylates). This was emphasized by uslo as a reason why 
these polymers deviate from eq 2. For example, three 
polymers with n-hexyl side chains all have values of ae > 
2 x namely, poly(n-hexyl methacrylate), 3.9 x 
10-4;i1 poly(n-hexyl vinyl ether), 3.75 x 10-4;16 and poly- 
(octene-I), 6.9 x deg-1.22 Sharma, Mandelkern, 
and Stehling measured and reported13 an c y R  of 4.96 x 

for poly(dimethylsi1oxane). Two conclusions follow 
immediately: an (Y of 2 x does not guarantee that 
one is in the glassy state immediately below T,; and the 
S-M cyl of 5.3 x is actually less than the a,  of po- 
ly(octene-l) and very close to that for the siloxane poly- 
mer. Hence, even if S-M reject eq 1 and 2 as criteria, 
their assignment of ae and CY, values around T, = 145 
lacks conviction by the incomplete comparison method 
they employed. It should be noted that the concept of T, 
= 145°K as a T < T, transition has been in the literature 
since it was first discovered by Schmieder and Wolf 23 SO 
that extra caution was indicated if one were to label it as 

In addition. application of a straight edge to the data 
points of Figure 1 of S-M reveals two additional straight 
lines intersecting around 193 and 238°K. S-M do not to- 
tally ignore this but insist that  there is continuous curva- 
ture so that any straight lines thus drawn are subjective. 
However, these multiple breaks are readily seen in pub- 
lished plots by DannisZ2 for branched and linear polyeth- 
ylene. Zakin, Hershey, and SimhaZ4 found changes in 

T,. 

(12) S. J. Krause. J .  J.  Gormley. X .  Roman, J. Shetter. and W. H .  U’atan- 

(13) S.  C. Sharma. L. Mandelkern, and F. C.  Stehling, J.  Pol>m. Sei., Part 

(14) R. F. Boyer and R. Simha, Polym. Lett., in press. 
(15) R. A. Haldon and R.  Simha, J .  A p p i .  Phys., 39,1890 (1968). 
(16) R. A .  Haldon. W. J. Schell. and R. Simha. J.  Macromol. Sci., Phys., 

(17) R. Simha and C .  E.  Weil, J.  Macromoi. Sei.. Phys., Part B ,  1, 215 

(18) R. F. Boyer. J.  Macromol. Sci . ,  Part B. in press. 
(19) R. F. Boyer and R. Simha. Polim. Lett . ,  in press. 
(20) R. F. Boyer and R. Simha. Manuscript in preparation. 
(21) M. Gordon and.J. S. Taylor. J .  A p p i .  Chem , 2 ,  l(19521 
( 2 2 )  M. L. Dannis,J. A p p l .  Pohm Sei..  I. 121 (1959). 
(23) K.  Schmieder and K.  Wolf, Kolloid-Z , 131, 149 (1953). 

abe, J .  Polym. Sci. ,  Part A .  3, 3573 (1966). 

B,  10,345 (1972). 

Part B,  1,759 (19671. 

(19701. 

slope of linear thermal expansion values a t  148, 213, 251, 
and 273°K (as stated explicitly by S-M). Since Zakin et 
al. used a computer program to calculate first derivatives, 
there can be a minimum of subjective judgement. These 
multiple breaks seen in the data of S-M, Dannis and 
Zakin et al. are consistent with the three amorphous tran- 
sitions of Figure 1. It is our contention that the S-M data 
consist of a series of four straight lines (three intersections 
if extended) connected by curved sections a t  the lowest 
level of crystallinity reported (0.57) with a tendency 
toward continuous curvature as crystallinity approaches 
the highest measured level (0.87). 

In addition to the above representative thermal expan- 
sion results, there are various results revealing a glass-like 
transition around 250°K. We cite only two of t h e ~ e . ~ ~ , ~ ~  In 
one case26 a mercury dilatometer was used so that the 
data do not go below 234°K. Also in this case, branched 
and linear polyethylenes of different crystallinities were 
used, showing a larger Aa for the more amorphous sam- 
ple. Hence whatever one concluded about lower tempera- 
ture events, we see no way that one could logically discard 
the existence of a glass-like transition a t  240 * 20°K. This 
glass transition has been confirmed conclusively recently 
by ChangZ7 who measured drifts of C, with time near this 
temperature; by Davis and EbyZ8 who report drifts in vol- 
ume with time near this same temperature region; and by 
Illers29 with dynamic mechanical loss and time effects. 
This is our T,(U) of Figure 1. 

We conclude then that the S-M data, especially a t  0.57 
crystallinity, clearly reveals all three amorphous transi- 
tions and provides a sound basis for Figure 1. This in- 
cludes the existence of the transitions, the slopes of the 
lines, and the sizes of the circles. S-M’s erroneous assign- 
ment of T, transition as T, was based on insufficient con- 
sideration of thermal expansion data and criteria readily 
available in the open literature. 

deg-I 
observed a t  145°K was larger than any reported in the lit- 
erature for a T < T ,  transition. However, a Aa is only a 
necessary but not a sufficient condition for glass transi- 
tions. This has been demonstrated repeatedly by Simha 
and his collaborators who measured thermal expansion on 
amorphous poly(alky1  methacrylate^)'^ and poly(alky1 
vinyl ethers).16 Secondary or T < T, mechanical relaxa- 
tions are generally accompanied by a sharp Pa which is 
always smaller than the Aa a t  T,. If AaT, < 0.11, then 
the assignment of T,, a l ,  and a ,  should be suspect. This 
is especially so if alT, < 0.164. We shall devote a later 
section to considering the strength of T, compared to 
T,(L) and T,(U) transitions in polyethylene. 

S-M Dynamic Mechanical and DSC Results 
S-M reported dynamic mechanical loss data on four of 

their samples, showing that the loss peak height a t  145°K 
increases with amorphous content and that the loss peak 
has a low-temperature shoulder, Illers30 had previously 
demonstrated that the y peak in linear polyethylene has 
three components: an amorphous peak a t  163°K corre- 
sponding to the S-M value, another amorphous peak a t  
138°K and a crystalline loss peak a t  108°K. 

They noted, correctly, that the Aa of 3.3 X 

(24) J .  L. Zakln, R Simha, and H.  C. Hershey. J Appl  PolSm S e i ,  10, 
1455 (1966). 

(25) F. Dannuso, G. Moraglia. and G. Talamini. J.  Poly. Sei . ,  21, 139 

(26) M.  G .  Gubler and A. J. Kovacs. J.  Polym. Sci., 31,551 (1959). 
(27) S. S. Chang, Poljm. Prepr. ,  13, 1,322 (1972). 
(28) G .  T. Davis and R. K.  Eby, Bull. Amer. Phys. Soc., 17, BL-3 (1972). 
( 2 9 )  K.-H. Illers, Kolloid-Z. Z.  Polym., 2.50, 426 (1972). 
(20 )  K.-H.  Illers, Kolloid-Z. Z PolSJrn., 231,622 (1969). 
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Now a mechanical loss peak increasing in intensity with 
amorphous content is a necessary but not a sufficient con- 
dition to establish al T,. This can be seen quite readily, 
for example, in the dynamic mechanical loss data of 
Woodward et al.31 for Nylon 6,6, Nylon 6,10, and an 
amorphous 6,6-6,lO copolymer. Both the T ,  peak a t  
300°K and the T, peak a t  170°K are more intense for the 
amorphous copolymer than for the two semicrystalline ho- 
mopolymers. Here is a clear-cut case of a T, peak increas- 
ing in intensity witlh amorphous content and yet clearly 
not being the glass temperature peak. 

S-M pointed out i hat their amorphous peak a t  145'K is 
the only one of any prominence to be seen. However, 11- 
lers3O presented evidence to indicate that the glass peak 
in polyethylene would be so weak as to be hidden under 
the background loss. Illers has recently refined his tech- 
niques so that he can pick up the /3 peak.29 It increases in 
magnitude and decreases in temperature with amorphous 
content essentially according to the TJU) line of Figure 1. 
In fact, these data, available to us prior to publication, 
furnished extra assurance in drawing the T,(U) line of 
Figure 1. These results must be added to the thermal ex- 
pansion25 @ and time effect2? .28 data mentioned earlier to 
demonstrate conclusively the existence of a T,(U). 

We wish to continue the dynamic loss discussion with 
reference to two pertinent copolymer references. McKen- 
na, Kajiyama, and M a ~ K n i g h t ~ ~  studied dynamic me- 
chanical loss in the y region of poly( ethylene-co-meth- 
acrylic acid) containing 4 .1  mol % methacrylic acid. They 
found that the y peak was not sensitive to the presence of 
metal salts or degree of ionization, in distinct contrast to 
the = T, process. They state that  the amorphous y peak 
"mechanism appears to arise only from short-range local 
motions of polyetlhylene segments in the amorphous 
phase." It is difficult to believe that only 4.1 mol % of a 
comonomer would so alter polyethylene that what is clear- 
ly a T < T ,  peak in the copolymer becomes a T ,  peak in 
polyethylene. We realize the copolymer is a high-pressure 
product with 25 branches/1000 carbon atoms of broad mo- 
lecular weight distribution in contrast to the linear frac- 
tions used by S-M. 

Very similar conclusions were reached by Hammer33 by 
blending poly(viny1 chloride) with a series of ethylene-vinyl 
acetate copolymers which showed a characteristic y peak 
and a glass temperature. Hammer concluded that ethyl- 
ene-vinyl acetate copolymers exhibit two kinds of motion: 
one very local in nature, the other larger and more charac- 
teristic of that  a t  glass transitions. 

S-M found a glass like AC, using a DSC method on a 
polyethylene sampli. of 0.46 fractional crystallinity. Unfor- 
tunately, they did not obtain an extrapolated AC, for 
amorphous polyethylene to facilitate checking with any of 
the several criteria which might be used, such as the bead 
model of W ~ n d e r l i c l n ~ ~  

AC,/mol of beads = 2.60 (4) 

AC,T, = 25 ( 5 )  

(6) 

or the Simha-Boyer relationlo 

which has recently been modified by us35 to 

AC,,T, = 15 + 4.0 x lo-* Tg 

(31) A. E.  Woodward. J .  A. Sauer. C .  W. Deeley, and D. E. Kline. J.  Coi-  

(32) L. W. McKenna, 'I'. Kajiyama, and W.  J .  MacKnight, Macromole- 

(33 )  C. F. Hammer. Macromoiecules. 1, 69 (1971). 
( 3 4 )  B. Wunderlich and I D.  J0nes.J. Polym. Sci.. Part  B,  13,67 (1969). 
(35) R. F. Boyer. J .  Macromol .  Sci . ,  Phys., Part  B ,  in press. 

lo id  Scr , 12, 363 (195;). 

cules. 2, 58 (1969). 

I l l e r ~ ~ ~  has DSC C,-T plots a t  several levels of crystallini- 
ty from which we have extrapolated a ACT) of 0.07 which 
is only one-third of what one calculates from eq 6 for a T P  
of 145. The adiabatic calorimeter measurements of Beatty 
and K a r a ~ z ~ ~  do not permit an estimate of ACr, (amor- 
phous) a t  their claimed T ,  of 145°K. However, indications 
are that the extrapolated I C , ,  when obtained, will prove 
to be small. 

There is, however, a more basic point a t  issue. O'Reilly 
and Karasz3' had proposed, from the then available ex- 
perimental absence of a I C ,  a t  a T < T ,  transition, that 
a measured I C ,  was both a necessary and a sufficient 
condition for a glass transition. Beatty and K a r a ~ z ~ ~  now 
report a small AC, for the T < T ,  cyclohexyl ring relaxa- 
tion in poly(cyclohexy1 methacrylate). The apparently 
small A C p  a t  T1450K in polyethylene would then be con- 
sistent with the status we have assigned it as a T < T ,  
process. We are aware that Beatty and Karasz warn 
against linear extrapolation of C, data to zero crystallini- 
ty. As we have shown elsewhere,35 especially by compar- 
ing heat capacity and thermal expansion values, DSC re- 
sults on polyethylene strongly suggest a T < T ,  relaxation 
a t  145°K. 

Whereas S-M conclude that the dynamic mechanical 
loss data and DSC results support their assignment of T ,  
= 145"K, we think the data merely prove. once again after 
numerous prior proofs in the l i t e r a t ~ r e , ~ ~ ~ ~ ~  38 339 that the 
relaxation event a t  145°K occurs in the amorphous phase. 
The S-M experiments do provide polymer scientists for 
the first time with a numerical measure of its strength in 
pure amorphous polyethylene. 

T ,  Data on Ethylene Copolymers 
S-M review literature data concerning T, measure- 

ments on ethylene copolymers. They note that the extrap- 
olated amorphous state values of T, range from 163 to 
198°K. They conclude that copolymer data cannot be in- 
terpreted with confidence a t  present. In reaching this con- 
clusion they ignore or reject the precise and explicit find- 
ings in their ref 75 (to Maurer). 

Maurer40 has offered a critical review of 2 ,  for ethyl- 
ene-propylene copolymers prepared by low-pressure meth- 
ods. He found that such copolymers are amorphous for 
ethylene contents of less than 60 mol %. He further 
showed that if data on truly random amorphous copoly- 
mers are used, there is no ambiguity about the Gordon- 
Taylor-Wood extrapolation to a T ,  of 193°K for amor- 
phous linear polyethylene. Maurer further noted that as 
100% polyethylene is approached, T ,  goes through a mini- 
mum and then increases before crystallinity sets in, final- 
ly approaching the value which we call TJU) for pure 
semicrystalline polyethylene. 

S-M likewise ignore or reject the careful study by 11- 
lers41 (their ref 15) on high-pressure copolymers of ethyl- 
ene with acrylic acid, methyl and n-butyl acrylates, vinyl 
acetate, and vinyl propionate. His plot of V,, at 20" on all 
of these systems show that all lines extrapolate to a com- 
mon value of 1.16 cm3 8- l  for amorphous polyethylene. 
We interpret this to mean additivity of specific volumes 
which is one requirement for using the Gordon-Taylor co- 
polymer equation.21 Illers kept his compositions in the 

(36) C.  L. Beatty and F. E.  Karasz, Buli. Amer Ph?s S o c .  16, AC-12 

(37) J. M. O'Reilly and F. E. Karasz, J.  Pols Sci., Par t  C, 14, 49 (1966). 
(38) A. H. Willborn. Trans Faraday Soc.. 5 4 , 7 1 i  (1958). 
(39) N .  G.  McCrum, B. E. Read, and G. Williams. "Anelastic and Dielec- 

(40) J. J. Maurer, Rubber Chem. Technol.. 38,979 (1965). 
(41) K.-H. Illers, Kolloid-Z. Z Pol)m , 190, 16 (1963). 

(1971). 

tric Effects in Polymeric Solids," Wiley, New York. N .  Y.. 1967. 
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Figure 2. Thermal expansion quantities as indicated for three 
ethylene copolymer systems to obtain extrapolated values for 
amorphous polyethylene. 

amorphous range. For vinyl acetate copolymers this has 
been reported by N i e l ~ e n ~ ~ a  as less than 54 wt (73 mol) % 
propylene. 

I t  might be argued, as S-M seem to imply, that crystal- 
lites of a size too small to be seen by X-rays exist in such 
copolymers and/or possibly develop a t  lower temperatures 
as T, is approached. I t  remains, therefore, to demonstrate 
this experimentally and to show that if such crystallites 
exist, they have a sizeable effect on T,. Illers30 has pre- 
sented several examples showing the effect of X-ray crys- 
tallinity on T, in homopolymers. Except for isotactic 
polystyrene, the effect tends to be small. The T,(L) line 
of Figure 1 is an example of the situation for polyethylene, 
even a t  high levels of crystallinity. We should also note 
that Illers extended his refractive index-temperature plots 
as much as 70" above T, with no evidence of any other 
transition phenomena. I l l e r ~ ~ ~ b  has shown that the melt- 
ing point and heat of fusion decrease linearly with vinyl 
acetate content, reaching a melting point of 50" a t  0.2 mol 
fraction (0.43 wt fraction) vinyl acetate after which no 
melting point or heat of fusion is noted. The highest tem- 
perature at which refractive index was measured by I1- 
lers41 was 58" which is well above any of his glass temper- 
atures. Illers advises us that DSC runs on his copolymers 
gave no evidence of cry stall in it^.^^ 

Illers published refractive index temperature plots for 
both the vinyl acetate and vinyl propionate systems. 
Breaks in these plots indicate T ,  as is well known. Ex- 
trapolation of T ,  values to 100% amorphous polyethylene 
by the Gordon-Taylor equation gives a T ,  of 196°K. 
Values of 6 = dV/dT can be calculated by eq 5 in the 11- 
lers paper. Illers calculated but did not publish P-T 
values for the vinyl acetate and vinyl propionate systems. 
On our request he has placed his curves a t  our disposal.43 
Figure 2 shows both 01 and /3 values us.  temperature above 
and below T,. We have added a point for an equimolar 
ethylene-propylene copolymer from the data of Zakin et 
al.24 We also added an approximate T, scale for the vinyl 
acetate copolymers. Three features of the Illers thermal 
expansion data in Figure 2 are noteworthy. (1) 0 1 ~  in- 
creases regularly with decreasing T ,  as required by eq 1, 
reaching an extrapolated limiting value of 8.9 X 
deg-I and thus giving for amorphous polyethylene an q T ,  

(42) ( a )  L. E. Nielsen, J.  Poi). Sei., 42, 357 (1960). (b)  K.-H. Illers. Eur. 

(43) K:H. Illers, BASF, Ludwigshafen, West Germany, private communi- 
Polym. J., Suppl. ,  133ff (1969). 
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Figure 3. a ,  us.  1/T ,  for ethylene-vinyl acetate copolymers ex- 
trapolated to tha t  for amorphous polyethylene. Comparison with 
all polymers and with alkyl methacrylate polymers are shown. 

of 0.174, only slightly above the average for all polymers. 
Figure 3 is a plot of cyI us. 1/T, which we calculated for 5 
of the ethylene-vinyl acetate copolymers. The point for 
amorphous polyethylene is slightly above the linearly ex- 
trapolated line. Also shown for comparison is the Simha- 
Boyer trend line and three points for poly( alkyl methacry- 
lates) using data of Rogers and Mandelkern.ll Data for 
the lower methacrylates ( n  = 1 and 2) fit on the line, if 
extended down. (2) 01,  increases with weight fraction of 
ethylene, becoming abnormally high compared with the 
expected glassy state value of 2 x deg-l. This is sug- 
gestive of a strong T < T ,  relaxation around 113°K for 
ethylene-vinyl acetate copolymers. Reding, Faucher, and 
Whitman44 earlier found the y relaxation in ethylene- 
vinyl acetate copolymers containing 15-78 wt 70 vinyl ace- 
tate but did not show actual loss curves. S-M failed to 
cite this reference with its important conclusion that high 
ethylene copolymers have two glass transitions, 248 and 
148°K. Hammer33 reported dynamic loss curves. (3) The 
fact that 6 ,  and cyR increased linearly with weight fraction 
of ethylene seemed intuitively surprising. All three points 
will receive detailed attention in the following sections. 

Comparison of S-M and the Illers' Thermal 
Expansion Data 

I t  is thus apparent that  S-M disagree with Illers not 
only on an assignment of T ,  but on their 0 1 ,  and 0 1 ~  values. 
I t  was extremely difficult to reconcile this conflict in an 
unambiguous manner. To facilitate this task we show in 
Figure 4 a graphical comparison of the two sets of results 
(data points omitted) plotted in such a manner that the 
vertical center line represents amorphous polyethylene. 
We were faced with a double dilemma. (1) Whereas the 

(44) F. P. Reding, J .  A. Faucher, and R. D. Whitman, J.  Polsm. Sci., 57, 
483 (1962). cation 
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In Linear Polyethylene Specimens Copolymerized With Ethylene 

Comparison of Illers41 and S-MZ data ,  The dashed line was calculated by us from the length-temperature plots 
sider it the true-a1 according to the S-M data.  

S-M value of a,  appeared normal, a1 was too low for rea- 
sons already stated. (2) Whereas the Illers a1 value was 
normal, as shown in Figure 4, the a,  value was abnormal- 
ly high. The principal task, in our opinion, was to explain 
the linear increase in a ,  of ethylene copolymers with an 
extrapalated value of 4.7 x for amorphous polyethyl- 
ene. Once this is accomplished, reconciliation of the two 
sets of data shown in Figure 4 will be apparent. 

Incidentally, S-M extrapolated thermal expansion data 
at 203°K to get an  amorphous state value of 6.0 X 
deg-l. This was an unfortunate choice of temperature be- 
cause it is too close to T,(L); as seen in Figure l, and 
hence in a region where the length-temperature plots tend 
to have the normal curvature associated with a glass tran- 
sition. The dashed line in Figure 4 was estimated by us 
from S-M data a t  213°K which is always above T,(L). We 
estimate an amorphous ~ ~ 2 1 3 0 ~  as 7.5-7.8 X deg-1 
or a midpoint of 7.65 x which we consider to be 
more nearly the a ]  just above the T ,  of 196°K. This gives 
an alT ,  of 0.15. 

Interpretation of then Illers' ag Values for 
Ethylene-Vinyl Acetate Copolymers 

The rationale employed in trying to understand the 
high values of ag observed by Illers is as follows. (1) We 
assume that some minimum number of CH2 units is re- 
quired for the T ,  relaxation process in order to cause a,  to 
be greater than its base value of 2 x deg-l. Hence 
we study data on nylons as model systems and calculate 
sequence lengths of ethylene units for ethylene-vinyl ace- 
tate copolymers. (2)  We started out believing, in line with 
the teachings of Willbourn38 and Schatzki45 that a t  least 
four in-chain CH2 units, or two monomer units, would be 
necessary for a y relaxation. We had to modify this down- 
ward as we continued our analysis and survey of the liter- 
ature. This does not rule out the importance of longer se- 
quences. (3) There IS no formal theory connecting a se- 
quence length of CH2 units and the strength of a mechan- 
ical relaxation or a coefficient of expansion. We therefore 
investigated nylons for which sequence lengths, relaxation 
strengths, and ap values are available in the literature. (4) 
We next note generic formulas for ethylene-vinyl acetate 
copolymers and for nylons as 

(45) T. F. Schatzki. Polym. Prepr.. 6,646 (1966). 

of S-M. We con- 

CH,CHR( CH,CH,),CH,CHR ( 7 )  

CO( CH,),NH (8) 

and assume that a,  of these two classes of polymers ap- 
proaches the cyR of amorphous polyethylene as N or n, re- 
spectively, approach infinity. ( 5 )  We then assume a one to 
one relationship between the calculated sequence lengths 
and a,  values in ethylene-vinyl acetate using the nylon 
data as model polymer systems. (6) We suggest that  both 
the nylon family and the ethylene-vinyl acetate copoly- 
mers are ideal model systems for studying polyethylene 
because they have unambiguous glass transitions in addi- 
tion to an amorphous transition in the same temperature 
region which S-M call the Tg of polyethylene, L e . ,  145°K. 
We recognize that the procedure just proposed is not free 
from objections. For example, for any given composition 
in an ethylene-vinyl acetate copolymer, there is a wide 
distribution of sequence lengths about the average value; 
as contrasted with an exactly known sequence length in 
the nylons. With the above assumptions and limitations 
in mind, we can proceed with the analysis. 

Willbourn proposed38 that the T, relaxation a t  about 
150°K would occur for any polymer or copolymer contain- 
ing an in-chain sequence of four or more methylene units. 
This was based on data for a number of polymers includ- 
ing various polyethylenes. Schatzki later developed45 a 
specific crankshaft model for the y relaxation in polyeth- 
ylene which also seemed to require a minimum of four 
methylene units. Wunderlich suggested46 a model requir- 
ing -(CH2)-3 as a minimum and Boyer suggested a 
-( CH2)2- m0de1.~7 Redding, Faucher, and Whitman44 con- 
cluded from their study of various ethylene copolymers 
that the T ,  relaxation is found experimentally for n = 
3-5. We will get some further insight after studying the 
nylon data. 

Schmieder and WolF3 demonstrated that all nylons ex- 
hibit a well-defined dynamic mechanical T, in the region 
of 325°K and an amorphous phase y relaxation near 
150°K. We have already alluded to the amorphous copoly- 
mer data of Woodward e t  a L 3 I  K a ~ a g u c h i , ~ ~  using nylons 
quenched from the melt and cooled down to low tempera- 

(46) B. Wunderlich, J .  Chem. Phys., 37,2431 (1962). 
(47) R. F. Boyer, Rubber Chem. Technol., 36,1303 (1963). 
(48) T. Kawaguchi. J Appl.  Polym. Sci.,  2.66 (1959). 
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ture, from 20", which is below their T,'s, showed that the 
area under the y peak increased linearly with n as n in- 
creased from 5 to 12. The area extrapolates to zero for n = 
1 and is presumably finite for n 5 2. Lawson e t  d 4 9  have 
measured a well defined y peak for n = 3. Papir50 has 
measured a similar loss peak for n = 2. 

We recognize that area under a tan 6 us T dynamic loss 
curve is not necessarily an adequate measure of the mo- 
lecular strength of the relaxation process.39 H e i j b ~ e r , ~ ~  for 
example, recommends using the area under a G" us. 1/T 
plot after substracting background. G" is the imaginary 
loss modulus and is equal to G' tan 6, where G' is the 
real modulus. We suggest that the good correlation found 
by Kawaguchi between area and n may result from the 
facts that, while the loss peak broadens, T., does not 
change much with n (thus eliminating a major 1/T effect) 
and that the modulus, G', a t  T ,  decreases regularly with 
n. 

Champetier and Pied5* reported thermal expansion 
values, a ,  and a,, for the lactam series n = 6-12. cyg.  was 
greater than 2 x in all cases (even with crystallinity 
present) and increased generally with n but exhibited an 
even-odd effect. Figure 5 is a plot of area under the y re- 
laxation and a,, both as a function of n. Included are ap 
values for Nylons 6, 6,6, and 6,lO found in the litera- 
ture.S3a Three lines were drawn through the ag data corre- 
sponding to ag reaching a limiting value of 2 x a t  n 
= 0, 1, and 2. An unambiguous choice is not possible. 

Using a device employed by Illers30 for extrapolating 
the strength of the T, relaxation in nylons to n = m we 
show in Figure 6 of the plot of a ,  us. l /n .  The value of cyg 

a t  l / n  = 0 is the Illers' value for amorphous polyethylene 
from Figure 2. The line was arbitrarily drawn to go 
through this point. ag reaches the normal value of 2 X 

Recognizing that different sets of nylons of unknown 
crystallinity were used, one can still make a general corre- 
lation from Figure 5 that  the difference, ag - 2 X 

10-4 a t  n = 3. 

(49) Lawzson. Sauer and LV0odward.J. A p p i .  Phys , 34,2492 (1963). 
(,%I Y. Papir. Ph.D.  Thesis. Case Western Reserve Cniv., Cleveland. Ohio 

(1971); see alsoJ .  Macromol. Sci., Phys., Part E ,  6, 761 (1952). 
(51) J .  Heijboer. "Mechanical Properties of Glassy Polymers Containing 

Saturated Rings." Vitgeverij Waltman, Delft. Holland (19721: see also 
K.  H. Illers and H. Breuer. J Coiioid Sci , LR, 1 (1963). 

(52)  C. Champetier and J. P. Pied. Makromoi Chem , 14,64 (1961). 
(531 ( a )  R. M. Ogorkiewicz, Ed.. "Engineering Properties of Plastics, 

Wile?-Interscience. Kew York. N.  Ti., 1970. p 177. (b )  R. D. Rurkhardt 
and N.  L. Zutty, J .  Polym. Sci. ,  Part A ,  1, 1137 (1963). ( c )  T. Al- 
frev, The Dow Chemical Co.. private communication. 
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Figure 6 .  c y g  cs. l / n  for various nylons. The line is forced through 
the point for amorphous polyethylene taken from Figure 2. my 
reaches a normal value of 2 x 

increases linearly with area under the dynamic loss curve. 
This is both a qualitative and a semiquantitive confirma- 
tion of our view that ap in Figure 2 might increase regu- 
larly because of a T ,  relaxation. 

Next we must attempt to explain the observed linear 
increase of a ,  in Figure 2 with composition and also to  
justify the linear extrapolation employed by Illers. To do 
this, we have calculated the expected distributions of se- 
quence lengths of N for ethylene-vinyl acetate copoly- 
mers. Since r l  = 1.07 and r2 = 1.08,53b we assume r l  = rz 
= 1 for this system, and consider the copolymers to be 
random. We could not locate in the literature all of the 
needed expressions, but A l f r e ~ ~ ~ c  derived them for us in 
terms of the mole fraction, f ,  of ethylene in the copolymer. 

The number average, NN, the weight average, NLv, se- 
quence lengths of ethylene units in the copolymer are 

deg-I for n N 3 .  

.Vs= l/(l - f )  (9) 

(10) flw = (1 + f ) / ( l  - f )  
The weight fraction, W(N), of all ethylene units found in 
sequences of length N is given by: 

W ( N )  = (1 - fyNf.V-1 (11) 

W ( N 1  1) = 1 (12) 

W( 2 N )  = 1 - (1 - f)"l + 2f + 3 f t 2  + 

....( N -  l)f.'-'] (for N L 2) (13) 

W ( N >  2 )  = 1 - (1 - f ) 2  (14) 

Multiplying eq 11-14 by the weight fraction of ethylene 
corresponding to f gives the weight fraction of ethylene in 
the copolymer. Figure 7 is a plot of several of these quan- 
tities. Since ag. - 2.0 x deg-l in Figure 2 increases 
linearly with weight fraction of ethylene in the copolymer, 
we are interested in the plots which increase linearly. The 
plot for N L 1 is exactly linear, as it must be. That  for 
N, starts out linearly but then starts to swing up sharply, 
as does the plot for Ni\. (It is recognized that eq 11 gives 
a well-known distribution of sequence lengths, not shown 
in Figure 7 :  for N = 1, W(N) drops rapidly from a value of 
1 for f = 0; for N 1 2, W(N) goes through a maximum 
which shifts to higher values of f as N increases; the 
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Figure 7. From ;op to bottom. Wei'ght- and number-average se- 
quence lengths, N ,  and N,; and weight fraction of ethylene units 
in the copolymer having sequence lengths as indicated, all as a 
function of weight fraction of ethylene in an  ethylene-vinyl ace- 
tate copolymer. The inset shows the several structural units 
which have been proposed as giving rise to the y relaxation. 

height of the maxiimum, W(N)max, decreases as N in- 
creases.) Some improvement in linearity is obtained by 
weighting the sequences in proportion to  their length by 
any of several options but this exercise hardly seemed 
worth pursuing. 

While it is not possible to make fine distinctions be- 
tween the several molecular models for the y process, it 
does appear that all ethylene sequence of N L 1 make a 
contribution. These results, especially in view of Kawagu- 

suggest that the Schatzki-Willbourn -(CH2)4- 

crankshaft corresponding to N L 2 is not required but 
that  the simpler -(CH3)3- of Wunderlich may suffice. This 
should not be construed as an  argument against the exis- 
tence of the crankshaft or against its possible role in the y 
relaxation. I t  is recognized that crystallization sets in 
when NN L 4.19 We suggest, but do not consider it a rig- 
orous proof so much as a consistency test, that  the results 
of Figure 7 along with the nylon data of Figure 5, lend 
strong justification to the linear extrapolation employed 
by Illers in Figure 2. We further conclude that the high 
value of a,  = 4.5 x for amorphous polyethylene is a 
consequence of the fact that  the transition a t  145°K is a T 
< T, relaxation involving ethylene sequences of N 1 1. 

Final Reconciliation of S-M and Illers' Thermal  
Expansion Results 

Several conclusions can now be expressed with confi- 
dence; referring to Figure 4. (1) What S-M label as a, is 
really ( Y 1 1 3 O K 1  an expansion coefficient below T < Tg and 
appropriate to the temperature selected. Its numerical 
correctness may be judged by comparing it with the Zakin 
et al. 24 value for an equimolar ethylene-propylene copoly- 
mer a t  the same temperature, i e . ,  1.8 X deg-I. This 
copolymer has a sharp T ,  at 213°K. (2) What S-M label 
a1 is really an a, enhanced over the normal value of 2.0 x 

by the T ,  relaxation, and agreeing reasonably well 
(within 10%) of the Xllers' value for aK. (3) What S-M call 
(Y288"K = 9.3 X agrees rather well with the Illers 
a1 value. Both values are actually high when compared 

GUBLER 8 KOVACS 
li GUBLER 8 KOVACS, P,Z 8 M 

STEHLING 8 MANDELKERN 
FROM MELT 

o ILLERS (EXTRAPOLATED 
FROM COPOLYMER DATA) 

( l / V l  (dV/dTlX104 
( l / V )  (dV/dT) 

I I I I I I M I  
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Figure 8. Thermal expansion quantities a t  15' us.  fractional crys- 
tallinity for the three commercial polyethylenes of Gubler and 
Kovacs:*6 P = high pressure, Z = Ziegler. M = Marlex; and the 
linear polyethylene fractions plus one whale polymer of Stehling 
and Mandelkern.2 Also indicated is the value calculated by 11- 
lers4I for amorphous polyethylene. 

with = 6.60 x deg-I for polyethylene at 150°.26 
Our extrapolated value, based on the S-M data, of 
0 2 1 3 0 ~  3 c y 1  = 7.5-7.8 X deg-1 is probably a pre- 
ferred value. With it, T ,  = 196"K, alT,  = 0.15, and, call- 
ing l a  = 7.65-2.01 x 

Because of this concern about extrapolation procedures, 
we have estimated slopes of the V-T plots for three poly- 
ethylenes using the data of Gubler and Kovacs.26 Accura- 
cy is not high but the trends are clear. Figure 8 is a plot of 
the Gubler-Kovacs slopes a t  15" as estimated by us, as 
well as the liquid state expansion extrapolated down to 
15" from the melt. While the points for the three different 
polymers having the level of crystallinity indicated are on 
a straight line, the extrapolation to zero crystallinity must 
be curved. Also shown for comparison are values for (1,' 
V)(dV/dT) a t  15" from Stehling and Mandelkern, includ- 
ing the linear extrapolation which they recommend. 

Electron Spin Resonance Data 
S-M in the final two paragraphs of their paper. com- 

ment on results by R a b 0 1 d ~ ~  who used an esr probe meth- 
od to study transition phenomenon in a variety of poly- 
mers. S-M apparently confused the sharp drop in line 
width, T J ~ = ~ O ,  with the glass transition region, even 
though the effective frequency a t  this temperature is 
about lo7 Hz. Actually, as Rabold showed quite clearly in 
his Figure 16, T, is some 30-75" below Tlw=so values. 
This difference is greater the lower is T,, consistent with 
the trend for activation energies.l AS a result of studying 
the Rabold paper we realized that he had measured T J ~ = ~ o  
values for several copolymers but did not know the corre- 
sponding Tg values. However, T ,  could be readily estimated 
by reference to literature data. Secondly, in discussing this 
problem with Rabold55 we found that he had an unpub- 
lished T&=50 value for polybutadiene (Diene 55)  whose 
Tg value can be estimated with reasonable confidence.56 

Table I assembles all such TAw=50 data, together with 
estimated values of T,. Figure 9 is a plot of T ,  us TJw=50. 

AaT,  = 0.111. 

(54) G. P. Rabo1d.J. Po!ym. Sci.. A - l .  7 ,  1203 (1969). 
( 5 5 )  G .  P. Rabold, The Dow Chemical Co., private communication. 
(56) G .  Krause, G.  W .  Chiiders, and J. T. Gruver. J .  A p p l .  P o i ~ r n  Sci. ,  11, 

1581 (1967). 
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TABLE I 
Correlation of T, with Electron Spin Resonance Datan 

Polybutadiene (Diene 55) 
Low-density polyethylene 
High-density polyethylene 

High-density polyethylene 
High-density polyethylene 

Ethylene-propylene (50:50, wt) 
Polypropylene 
Styrene-Butadiene Copolymers 

0.42 wt fraction styrene 
0.52 wt fraction styrene 
0.57 wt fraction styrene 
0.62 wt  fraction styrene 

Poly(viny1 chloride) 
Polystyrene 

179 
196e 
196e 

145e 
240f 

217 
253 

240 
253 
262 
272 
350 
373 

249 
277 
278 

289 
315 

312 
325 
320 
337 
393 
403 

d 
I1 1 e r s 1 

Maurer40 
Illers41 

Natta et a1.25 
Gubler and Kovacs26 

g 
h 

S-M2 

a Electron spin resonance da ta  by Rabold.54955 ”emperature a t  which extreme separation is 50 G.54, 55 CReference for T,. Diene 55 has 
a nominal content of cis-3570, trans-5570, and 1,2-10% from which T,  was calculated using the method of ref 56. e Extrapolated to amorphous 
state.  f Semicrystalline state. g Estimated from Figure 3 of Maurer.40 h “Polymer Handbook.” 59 I Calculated from formula by Wood.6o 
’Average of three values in “Polymer Handbook.” b9 

CORRELATION OF TG FOR 
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Figure 9. Correlation of T ,  with temperature a t  which the esr 
line width reaches 50 G (see inset) for the free-radical probe mole- 
cule shown. The esr apparently “sees” T ,  faintly a t  about 243- 
263°K but lacks the resolving power to see T,(U). This plot is a 
modification of the original one by R a b 0 1 d . ~ ~  

This is an extension of Rabold’s Figure 16 greatly strength- 
ened by six more data points including that for Diene 55 
and the styrene-butadiene copolymers, all of which serve to 
bracket the value of polyethylene. We plot the three 
commonly held values of T ,  for polyethylene. It is obvious 
that only the one near 195°K is compatible with all other 
data. 

We have discussed Figure 9 with R a b 0 1 d ~ ~  and asked 
why the esr probe does not respond to all three amorphous 
transitions. He states that the sensitivity of the method is 

not sufficient to resolve T,(U) because of the much higher 
frequency that prevails around 320°K where one might ex- 
pect T,(U) to be found by the esr probe. The apparent 
drop in line width a t  about 350°K seen in his Figure 5 for 
linear polyethylene is an artifact caused by a change in 
the temperature control system.55 

Because of the relatively high frequency of the test a t  
T ~ ~ = 5 0 ,  estimated by Rabold55 a t  about 2 x 107 Hz, 
the T ,  peak would appear a t  a temperature considerably 
above that in Figure 1. Relaxation maps of log frequency 
-1/T prepared by S ~ h a t z k i * ~  and by P e ~ h h o l d ~ ~  predict 
T ,  (at  2 X 10’ Hz) of 228 and 210”K, respectively. Now 
Rabold commented as follows (page 1215 of ref 54). 
“There is a second aspect of the temperature-dependent 
spectral changes which is of considerable interest. Inspec- 
tion of the -30 (243°K) and -10” (263°K) spectra of Fig- 
ure 2 shows that each is a superposition of two spectra, 
one corresponding to the probe in a restrictive environ- 
ment and one corresoonding to the probe in a looser struc- 
tural network. This is quite similar to what we showed 
earlier for BzONO phases in a latex. In the present case it 
is possible that the two environments reflect contributions 
from the probe in those regions of the polymer where 
crankshaft chain motion is occurring and from other re- 
gions where lower frequency chain motion is dominant.” 

It thus appears that Rabold did see evidence for T ,  in 
about the expected temperature region. Rabold believes55 
that his probe molecule is too large (mol wt 261 20 
methylene units) to tumble freely if the y process involves 
a local mode type of notion with sequences of three to four 
methylene units. 

Rabold did use a smaller probe (mol wt 155 N 13 meth- 
ylenes) but it had an anomalous behavior which he attrib- 
uted to either crystallization or dimerization. Kusumoto 
et al.58 used this smaller probe and found a T A ~ = ~ o  a t  
243°K but did not comment on any other relaxations. 

We conclude that Figure 9 has a simple and precise 
meaning. The y process is not a glass transition whereas 
T,(L) is real and exists in a semicrystalline polymer as in- 
dicated in Figure 1. The method cannot confirm or di- 
sprove the existence of T,(U). 

(57 )  W. Pechhold, Kolloid-Z. Z. Palm., 228,  l(1968). 
(58) N .  Kusumoto, H. Uchida. and M. Takayanagi. Rep .  Progr. Polyrn. 

Phys. J a p . ,  XIV, 219 (1971). 
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A closely related conclusion follows from the work of 
DeVries and WillianisG1 who measured free radical popu- 
lation as a function of temperature during the mechanical 
fracture of crystalline polymers. A plot of number of spins 
us. T I T ,  shows a sharp drop a t  T I T ,  = 1 for nylon and 
polypropylene. Polyethylene behaves in similar fashion if 
T ,  is chosen as 195°K but not for T ,  of 148°K which these 
authors used as the lhandbook value.59 In this case the esr 
signal arises from a free-radical-bearing chain end which 
finds itself in an amorphous environment frozen below 
and free above T,(LI .  (It should be noted that whenever a 
polymer chain (probably a tie molecule) is ruptured, two 
dangling ends or cilia will result. These would presumably 
act like other cilia and participate in T,(L).)  

Other Arguments for T ,  = 195 f 10°K 
In addition to the thermal expansion, dynamic mechan- 

ical loss and esr evidtence for a T ,  of 195 f 10"K, there are 
some indirect lines of approach which should be men- 
tioned. 

We have presented elsewhere62 in more detail the fol- 
lowing reasoning. Goldstein has developed a theory63 
which concludes that every glass transition should have a 
T < T ,  glassy transition frequently called a p relaxation. 
Experimentally, mosit, but not all polymers exhibit such a 
To relaxation, as can be seen in the extensive tabulation 
of McCrum et  a1 39 Moreover, Matsuoka and Ishida'j4 
have shown that 

Tp = 0.75Tg (15) 

when both temperatures are in OK. If T ,  for polyethylene 
is 145"K, as S-M assert, then there is no lower amorphous 
transition. However, if T ,  is 195'K, and T ,  = To = 145°K 
then eq 15 is followed exactly by amorphous polyethyl- 
ene.G2 

Secondly, Miller65 has made calculations, using melt 
viscosity data on norinal alkanes, and 'extrapolated to infi- 
nite molecular weight. He estimates T ,  of polyethylene to 
be 200°K. 

Other Arguments for T ,  = 145°K 
S-M are certainly not alone in their conclusion that T ,  

of amorphous polyethylene is 145°K. We have already 
noted, and questioned, the conclusion of Beatty and Kar- 
~ s z ~ ~  based on a glass-like A C p  a t  145-150°K. Fischer and 
KloosG6 found evidence for amorphous transitions in poly- 
ethylene by low-angle X-ray scattering (LAXS) .  They 
conclude that T ,  is 143-153°K for linear polyethylene but 
247°K for branched polyethylene. This is almost self-de- 
feating in view of our Figure 1. Fortunately, Hara,67 using 
a similar technique, finds breaks in his curves on linear 
polyethylene a t  143 and 253°K. There is also a break a t  
283°K. We believe the Hara plot justifies drawing the 
curve so as to indicale a break around 200°K. As Fischer 
and Kloos point out, LAXS responds to differences in 

'density as a function of temperature. Hence it should 
"see" the three amorphous transitions of Figure 1 which 

(59) W. A. Lee and G. J. Knight, in "Polymer Handbook," J .  Brandrup 

(60) L. A. Wood,J.  Poly. Sci., 28,319 (1958). 
(611 K. I. DeVries and M. I.. Williams, Intern. J .  Nondestructice Testing, 

2, 363 (1971). For original data ,  see D. K.  Bachman and K .  I. DeVries, 
J .  Polym. Sei. .  PartA-I ,  7,  2134(1969). 

and E. H .  Immergut, Ed. ,  Interscience. New York, N. Y., 1966, 
~ 

(62) R. F. Boyer, Pol)m. Prepr., 1 3 ,  2.  1124 (1972). 
(63) M.  Goldstein,J Chem. Phys . ,  51,3728 (1969). 
(64) S. Matsuoka and Y. Ishida, J Polym. Sei., Part C, 14,247 (1966). 
(65) A .  A. Miller ,J .  Poly. Sei., Part A-2, 6, 249 (1968). 
(€6) E .  h'. Fischer and F. Kloos, J .  Polym. Sei. ,  Part E ,  8, 685 (1970). 
(671 T. Hara,  R e p .  Progr Polym. Phys Jap.,  14.323 (1971). 

were deduced primarily from thermal expansion data. 
There are several sets of examples in which the T ,  of a 

homologous series of polymers or copolymers containing 
(CHz)n, sequences in the side chain or the main chain is 
extrapolated to n = m .68-7'J The results range widely from 
approximately 108 to 180°K. With the exception of the Di- 
Marzio-Gibbs68 copolymer theory ( T ,  = 180"K), these ex- 
trapolations are on an empirical basis. This is unlike the 
Gordon-Taylor (G-T) copolymer extrapolationz1 whose 
results we have accepted a t  least for ethylene-propylene 
and ethylene-vinyl acetate copolymer systems. The G-T 
copolymer equation is amenable to checking over the 
complete composition range from homopolymer A to 
homopolymer B. With homologous series, the highest 
member we have found is (CHz)12. On a weight per cent of 
methylene, the highest value was 7 8 7 0 . ~ ~  

We plan to discuss this extrapolation problem a t  some 
future time. The essence of our observations can be stated 
briefly: one is usually going from a highly polar situation 
(polyamide, polyester, polyether) to a completely nonpo- 
lar amorphous polyethylene. The general fallacy of this is 
best seen with nylon data. Plotting T ,  us. l l n  leads to the 
conclusion that the T ,  of polyethylene (n = m )  is 290°K. 
Even with Gordon-Taylor copolymer results, we have re- 
lied most heavily on the completely nonpolar ethlene-pro- 
pylene data of Maurer40 and the relatively mild ethylene- 
vinyl acetate situation of Illem4l As Illers showed so 
clearly,41 the T ,  of ehtylene-acrylic acid systems with the 
certain hydrogen bonding, is rather deviant so far as Gor- 
don-Taylor copolymer theory is concerned. 

The Relative Strengths of the T ,  and T ,  (Amorphous) 
Transitions in Linear Polyethylene 

As S-M observed2 the strength of the 145°K relaxation, 
as measured by the difference in coefficients of expansion 
across it, namely, 01168°K - ( ~ 1 1 3 3 ~  = 3.3 x is quite 
high for a secondary or T < T ,  relaxation. This is one of 
the reasons why they assigned 145°K as T,. It is still less 
than the 7.6 X we would calculate from eq 2 if T ,  is 
145°K. We commented earlier that cy, for the pure hydro- 
carbon, poly(octene-1), is 6.9 x Accepting the nor- 
mal a(T < T,) as 2.00 x deg-I, Aa(T < T,) would 
be 4.9 X deg-l. We have shown elsewherel8 that 
whereas eq 1 holds for diene polymers and copolymers, eq 
2 fails if an appreciable amount of trans-polybutadiene is 
present. In fact, for pure trans, l a T ,  is 0.05. Calculating 
an cyl of 8.2 X gives a 
Aa a t  T < T ,  of 6.2 x deg-l. In this case a promi- 
nent pair of T < T ,  mechanical relaxations has been 
found a t  85 and 125°K by Morgan, Nielsen, and Bu- 
chdahL7I Thus, the ACU a t  T < T ,  of 3.3 x observed 
by S-M is large, but not large enough, when compared 
with two other hydrocarbon systems, to classify as a SCU a t  

Aside from these numerical comparisons which 
strengthen our view that T ,  = 145"K, we might comment 
on the actual high strength of the Tr relaxation in poly- 
ethylene. As suggested in our copolymer analyses associ- 
ated with Figure 7 ,  all amorphous phase ( C H Z ) ~  se- 
quences of n L 3 appear to contribute to the TY relaxa- 
tion. This may be a result of the unsubstituted nature of 
polyethylene which permits considerable freedom of mo- 
tion about the chain axis. Morgan et  al.T1 postulate a 

and subtracting 2.00 x 

T,. 

(68) E. A. DiMarzio and J .  H. Gibbs, J. Polym. Sci., 40,121 (1959) 
(69) B. M. Grievson, Polymer. 1,499 (1960). 
( S O )  J. A .  Faucher and J. V.  Koleske, Polymer, 9.44 (1968). 
(71) R. J. Morgan. L. E. Nielsen, and  R. Buchdahl. J ,  Appl Phys., 42, 

4653 (1971). 
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crankshaft as responsible for the two extremely strong T 
< T ,  relaxation in trans poly(butadiene-1,4). Presumably 
the Schatzky crankshaft45 can operate in polyethylene 
and might also be very strong. 

But we must also explain why T,(L) and T,(U) are rel- 
atively weak. First, we would note that since the glass 
transition is divided into two parts (except for amorphous 
polyethylene), then either of the parts will seem small 
(compare Figure 1). But in a more general sense, a T < 
T ,  relaxation robs strength from the T ,  transition. This 
shows up quite clearly in the diene polymer thermal ex- 
pansion study.62 One can also see it by comparing dynam- 
ic mechanical loss peaks in the alkyl rne tha~ry la t e l~  and 
alkyl vinyl ether polymer series16 in conjunction with the 
related thermal expansion data. 

For the nylon family, Illers showed,30 as stated earlier, 
that the strength of the glass transition, which we desig- 
nate S,, varies with n as 

S, = A + Bn-' (16) 

where A and B are constants. The Kawaguchi S ,  data48 
do not appedr to be in complete agreement with the Iller's 
T ,  results. The Kawaguchi strength data for the y relaxa- 
tion, S,, changes as 

s, = C(n - 1) (17) 
where C is a constant. Actually, there must be some lim- 
iting value for S ,  as n increases but eq 17 is valid up to n 
= 12. The ratio S,/S,  is given by 

S,/S, = A/C(n - 1) + B/C(n2 - n) (18) 

Equation 18 quantifies but does not prove that S ,  be- 
comes relatively weaker with n because of the increase in 
S,. For this we rely on a free volume argument. Cooling 
from the liquid state, the fractional free volume a t  T ,  is 
0.11 relative to extrapolated liquid line a t  O"K.lQ+This free 
volume a t  Tg will be less if there are prominent subgroup 
transitions. Hence the apparent strength of T ,  as mea- 
sured by l a  at T ,  will be reduced in direct numerical 
magnitude by the strength(s) of one or more As's a t  T < 
T,. This can be seen numerically by considering the data 
of Simha and his  collaborator^.^^-^^ Alternately one can 
say that all motions which occur below T ,  are still hap- 
pening a t  T ,  but are not causing mechanical loss a t  T,. 
Only the new motions setting in a t  T ,  a t  the frequency of 
the test method contribute to the T ,  loss peak. 

Summary and Conclusions 
We collect in Table I1 the various thermal expansion 

quantities cited throughout this paper. As one compares 
the S-M and the Illers' values, in conjunction with the 
earlier criteria, eq 1-3, it appears reasonable to conclude 
four things. (1) The S-M thermal expansion data extrapo- 
lated to  the amorphous state seem correct for the stated 
temperatures but are mislabeled so far as the glass transi- 
tion values are concerned. (2) Thermal expansion data for 
the amorphous state appears to provide a powerful tool for 
understanding multiple transition phenomena in crystal- 
line polymers. (3) The amorphous state T ,  = T,(L) of lin- 
ear polyethylene is 195 f 10°K in agreement with Illers41 
and Maurer40 as well as earlier workers whose results have 
been co1lected.l ,2 (4) Semicrystalline polyethylene shows 
adouble glass transition, T,(L) and T,(U). 

We further conclude that the assumption of a double 
glass transition in semicrystalline polyethylene ( x  = 0.5- 
0.8 and probably from 0.2 to 0.85) as shown in Figure 1 
provides the most plausible means of reconciling the cur- 
rent literature controversy about the T ,  of linear polyeth- 
ylene. 

We consider it equally plausible to assume that the 
same remarks hold for low density, branched polyethylene 
with moderate amounts of branching. We base this on 
multiple breaks in length-temperature plot by Dannis;22 
on the T,(U) measured by Natta e t  aLZ5 and Gubler and 
Kovacs;26 on the Illers41 copolymer and thermal expan- 
sion data previously discussed in detail and on the time 
effects noted by Chang.27 

Polymethylene prepared from diazomethane presents 
conflicting results. Dannis,22 using an uncharacterized 
specimen, finds a sharp break in length-temperature a t  
155°K but nothing a t  higher temperatures. Magill, Pol- 
lack, and W ~ m a n , ~ ~  using a well-characterized specimen 
of 40-5070 crystallinity in the orthorhombic form, shows a 
definite break in a length-temperature plot a t  247°K but 
nothing was seen down to liquid nitrogen temperature. 
These different behaviors probably result from the influ- 
ence of different morphologies on the several amorphous 
states of polyethylene. 

We have shown here, for the first time anywhere to our 
knowledge, an explicit conpection between the glassy 
state coefficient of expansion, a,, and the magnitude of 
the in-chain mechanical loss peak a t  T,  for a family of ny- 
lons. By implication, the same cy, - y relaxation relation 
holds for ethylene-vinyl acetate copolymers and for amor- 
phous polyethylene. In a parallel, contemporaneous 
study18 we suggest that a,  of butadiene polymers and co- 
polymers is similarly influenced by in-chain T < T ,  relax- 
ations of the crankshaft type. These three correlations of 
in-chain relaxations and thermal expansion complement 
the extensive study of Simha and his ~ollaborators~5-~7 
about the role of sidechain T < T ,  relaxations in increas- 
ing cyg. 

deg-I when- 
ever a prominent T < T ,  mechanical relaxation is present 
is obviously an important advance in understanding mul- 
tiple relaxation phenomena. 

Our conclusion that a T ,  relaxation occurs in ethylene 
copolymers for n. 1 3 in - ( C H Z ) ~ -  extends and confirms the 
earlier observation of Reding et aL4* than n should be at 
least 3-5 as do corresponding data for nylon48-50 and for a 
special series of olefin polymers.73 

We have extended the electron spin resonance probe 
study of Rabo1ds4 to provide an even more convincing cor- 
relation between T ,  and the temperature a t  which the 
line width drops to 50 G. This plot (Figure 9) clearly places 
the T ,  of polyethylene a t  .T,(L). We offer a tentative 
explanation as to why T,  and T J U )  of Figure 1 are not 
clearly seen. 

We have discusse,d other evidence for our conclusion 
that T ,  = 195 i~ 10"K, as well as evidence favoring the 
S-M conclusion, T ,  = 145°K. 

We comment on the relative strengths of the three 
amorphous transitions in PE  in terms of molecular mo- 
tions and free volume theory. 

Finally, reference was made to another contempora- 
neous study6 in which is collected literature evidence 
suggesting that a double glass transition occurs in many 
crystalline hydrocarbon polymers, notably polypropylene, 
poly(butene-I), poly(pentene-l), poly(4-methylpentene-l), 
Heuea rubber, gutta-percha, and polystyrene. This greatly 
strengthens the conclusion first reached on polyethylene 
as shown in Figure 1. 

Our total study on the three amorphous transitions in 
polyethylene thus involve not only the present manu- 

The general statement that  a, > 2 X 

(72) J .  H.  Magil, S. s. Pollack, and D. P. Wymann, J .  Polym. Sc i . ,  Part 

(73) J. R. Martin and J. K.  Gillham. J .  Appl .  Poly. Sci. .  16,2091 (1972). 
A-2, 3,3781 (1965). 
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TABLE I1 
S u m m a r y  a n d  Comparison of Therma l  Expansion Propert ies  of Amorphous Polyethylenes 

-- 
This Report 

Stehling and Mandelkernz S-M Values Illers' Values Av Rangeb 

2.01 
5.31 
3.30 

0.076 
0,047 

145 

0.37 

5.31 
7.5-7.89 

2.19 

0.148 
0.042 
5.64d 
0.103 
0.48 

193 

4.70C 
8.9 O.164/Tg 
4.2 0.113/ I", 

0.174 0.164 0.122-0.205 
0.082 0.113 0.081-0.14 
6.gd 

0.4ae 0.680, 

196 

0.135 0.113 0.081-0.14 
0.50-0.891 

a T h e  S-M samples are mostly fractions of linear polyethylene whereas the Illers copolymers of ethylene-vinyl acetate are made by the 
high-pressure process, b Simha-Boyer.10 CDefined as value just below T ,  but  above a secondary y process. Defined after the manner of 
Simha and Boyer'o who recommended going below a T < T ,  loss process to obtain the correct 10 to use in calculating ActT,. T M  assumed 
as 410°K. f Average andl range for 20 hydrocarbon polymers (aliphatic and aromatic) reported by Lee and Knight (W.  A. Lee and G. J .  
Knight, Polym. J. ,  2,  73 (1970)) 85% of all polymers are in the range of 0.5-0.8 with a maximum number around 0.66. The  extremes for all 
polymers are about 0.24 ,and 0.97 (see Lee and Knight in footnote f l .  g From dashed line in Figure 4 .  

script, which coordinates all points of view, but one each 
on dynamic mechanical loss,62 specific heats and hole 
the0ry,~5 and double glass transitions in semicrystalline 
polymers6 and four on thermal expan~ ion . l~ , l s , l g .7~  The 
last of these elaborates and extends some of the ideas con- 
tained herein. I t  also touches briefly on the philosophy 
behind the lengthy controversy concerning the glass tem- 
perature of polyethylene. 

Since writing the above, we became aware of a study by 
Lowell and M ~ C r u m ~ ~  showing a close parallel between 
the y process and the diffusion of normal butane in poly- 
ethylene. This analysis argues strongly that the y process 
is very similar to the S ~ h a t z k i ~ ~  crankshaft and involves 
the place-exchange motion of a t  most four carbon atoms 
in the amorphous phase of polyethylene. 
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Appendix 

List of Symbols 
A ,  B, C = constants 
a = coefficient of cubical expansion, (1/v) (dV/dT), 
a I  = value of N immediately above T, 
a, = value of N immediately below T ,  
AN = cy1 - N g  

/3 = temperature coefficient of specific volume, dV/dT = 
.VS, 

(74) R. F. Boyer, Swinburne Award Lecture. Plastics 8- Polymers (Lon- 

(75)  P. N .  Lowell and N. i2, McCrum, J .  Polyrn, S e i .  Part B, 9. 4Si 
don), Feb, 1973. 

(1971). 

= value of (I immediately above T, 
/3, = value of p immediately below T, 

/3 relaxation = for polyethylene, a relaxation at 240°K = 

C, = specific heat 
LC, = change in specific heat at a transition 
x = fractional crystallinity 
6 = dynamic mechanical loss angle 
f = mole fraction of ethylene in copolymer 
G' = real part of dynamic mechanical loss modulus 
G" = imaginary part of dynamic mechanical loss modulus 

= G' tan 6 
y = common designation for 150°K dynamic mechanical 

relaxation process in polyethylene, ethylene copoly- 
mers, and nylons 

AB = BI - P, 

our T, ( U )  

K = coefficient of compressibility ( l / w ( d V / d P ) ~  
n = number of methylene units in a sequence ( C H Z ) ~  (eq 8) 
N = number of ethylene units in a sequence -(CH2CHz)\- 

NN = number-average value of N in ethylene copolymer 

m, = weight-average value of N in ethylene copolymer 

P = pressure 
r1, rz = copolymer reactivity ratios 
Sg  = strength of glass relaxation (eq 16) 
S, = strength of y relaxation (eq 17) 
S-M = Stehling and Mandelkern2 
tan 6 = tan of mechanical loss angle and one measure of 

strength of a relaxation a t  a specific temperature. 
T, = glass transition temperature in amorphous polymers 

and copolymers 
T,(L) = lower glass transition temperature in semicrystal- 

line polymers (Figure 1) 
T,( U)  = upper glass transition temperature in semscrystal- 

h e  polymers (Figure 1) 
TJ,., = 50 = temperature a t  which line of esr signal has a 

width of 50 G (Figure 9) 
V = specific volume cm3 8-1 
V, = specific volume at T, 
W(N)  = weight fraction of ethylene in sequences of length 

1V for an ethylene-vinyl acetate copolymer of rl = r2 = 

W(N 2 2 , 3 , 4 ,  . . ., N) = same for sequence lengths greater 

(eq 7 )  

(eq 9) 

(eq 10) 

1 (eq 11) 

than indicated number (eq 14) 


