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Summary

A structural model of the ductile-brittle transition of
amorphous polymers has been proposed. According to this model
the total free volume consists of two parts: the intermolecular
free volume and the volume of spherical holes of diameter about
1 nm. Only the intermolecular free volume is considered to be
responsible for the degree of ductility of a material.

Introduction

The free volume is the primary physical parameter affecting
the molecular mobility of polymer melt. The most convenient
measure of the free volume is a fractional expansion free
volume

Voo = V
f - —2 (1)

(o)

where V., is the observed volume at temperature T and V_is the
volume gccupied by the molecules at O K in close-packed
crystalline state.

The fractional expansion free volume at the glass transition
temperature T _ seems to be a universal constant for all poly-
mers from 90.11 to 0.13 (BONDI 1964]. The considerably
increased ability of molecular rearrangements of ductile poly-
mer glasses of e.g. PC, PETP or PA relative to PS, PMMA or PVC
does not correspond with the constant value of their fractional
free volume. It seems more reasonable to consider the free
volume distribution as the prime candidate for treating the
interrelation of volume and physical properties.

Our experimental results (BOUDA 1976]indicate that the den-
sity of PMMA and PA6 during cyclic loading below the T _ slowly
decreases. At the same time, the decrease of heat capacity of
PMMA in the temperature range from 350 to 400 K, the decrease
of mechanical losses at 93 K /1 Hz/ and an increase in shear
modulus G in the range from 100 to 250 K, where no crazes had
formed, seemed to indicate a non-uniform local volume contrac-
tion during cyclic loading. This fatigue process inhibits the
molecular mobility and embrittles the glass. We suppose that
this process is a reactivated spontaneous process of ductile-
brittle transition in the glass transition region.
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The model

The model is based on the existence of the energy of tension
in intermolecular bonds which gradually rises when the polymer
is cooled near above the glass transition temperature (BOUDA
1977) . This suggestion results from the fact that the thermal
dilatations along the chain and between the individual chains
differ substantially from each other. An amorphous solid sub-
jected to tension is metastable and bubbles or cracks form
spontaneously in it (FISHER 1948). To a first approximation,
the spherical holes are supposed to form during the cooling in
this temperature region.

The local energy of tension is in equilibrium with the
surface energy of the hole S.vy /S is the area of the internal
surface of the hole and y is the energy of surface tension/
because the former relaxes through the growth of the latter.
Also the distribution of the energy of tension is the same as
the distribution of the surface energy of the holes. When we
consider a system with a large number of holes, the fraction
of holes of internal surface S_ can be obtained from the
distribution formula of energy for Boltzmann statistics

= exp (- —7) (2)

with k the Boltzmann constant, T the absolute temperature and n
the rest of the holes. The fraction n_/n can also be given the
following interpretation: It is the fPaction of time in which
a single hole is in the activated state of energy S _y. Thus
the rate of reversible formation of the holes (FRENREL 1946]

dn n S Y
o o]
at = 7 °¥P (- <7 (3)

where t is the relaxation time of holes pulsation. A stable
conformation of molecules can be expected at a definite size
of the hole, e.g. of internal surface S_ . In this case the
proces of the formation of the holes of the internal surface

S_ becomes irreversible. The holes cummulate when a polymer is
cooled.

At constant pressure the total expansion free volume Vg
consists of the volume of stable holes Vg and of the rest of
the free volume V:

Ve = Vg + V = ngVgy + nVpy (4

where Vg is the volume of the individual stable hole and Vp;

is the medium volume of holes of the rest of the free volume.

Now the equation (3) can be rewritten for the real rate of the
increase of the volume of stable holes

d(ve ~ V) V Vei s
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Neglecting the changes of the expansion free volume V, in the
temperature region of the process, Vg =const., and dividing the
equation (5) by the total volume Vp one obtainsa real rate of
decrease of the rest of fractional free volume f = V/Vg:

Vasi S_vy

dt T Vi kT

According to the free volume theory (DOOLITTLE 1951)t is a
function of the instantaneous fractional free volume:

T ex (l/f) 1)
Te  €XPp l/fej
where 1, js the relaxation time of holes pulsation at the
temperature Te of the beginning of the hole formation process.
The fractional free volume f equals to the fractional expansion

free volume f, at this temperature. Changing variables from
time to temperature via the cooling rate,

4= alu) -
eguation ( 6) becomes
as vei £ o (/%) Ss Y
aa/my < = exp (- —) (9)

In the simplified treatment the process is running when the
polymer is cooled from the temperature T. to the temperature
Tg. It can be supposed that the parameters Vg;i/Vni, g and Y are
cOnstants within these limits. An approximative solution can

be used if £ ~ O:

. 2 S_Y S_Y
1 1 V51 kTe S S
£ ==+ In{1 - —— (exp - — - exp - — )} (10)
£ fe Vi T 9Sg Y ( P kT P kT )
1 e
or
2
V.. kT S_vy S_vy
_T_ =] - V_§lT .?e_Y ( p - _S_ - exp - _i) (ll)
'S mi e 9°g kTo kTq

where g =dT/dt, the cooling rate, is negative when the tempera-
ture decreases. ’

The value of the fractional free volume f in equation (10)
can be interpreted as an effective intermolecular free volume
which "survives" into the glassy state. The calculated value
of volume f of some polymers listed in Table 1 are plotted in
Fig, 1 as a function of logarithm of cooling rate q =dT/dt.
The ratio of relaxation times t1,/71 of these polymers computed
from equation (11)is plotted in Fig. 2.
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Fig. 1. The effective intermolecular fractional

free volume f as a function of logarithm of

cooling rate g = AT/dt of some amorphous poly-
mers in a glassy state
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Fig. 2. The ratio of relaxation times re/Tin com~

parison with the experimental values of ultimate

elongation ¢,, of some polymers in glassy state.
The parameter g is the cooling rate.
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TABLE 1

Medium values of the energy of surface tensiony , glass tran-

sition temperature Ty and ultimate elongation g, at about 300 K

of some amorphous po?ymers in a glassy state (KREVELEN 1976,
DOMININGHAUS 1976)

Polymer Y (J/mz) Tg(K) eu (%)
Polystyrene (PS] 0.034 371 2.5
Poly /methylmethacrylate/ (PMMa) 0.039 379 10
Poly /vinylchloride/ (pvC) 0.039 355 30
Polycarbonate of bisphenol A (Pc) 0.045 420 125
Poly /ethyleneterephtalate/ (PETP)  0.042 342 275
Polyamide 6 |PA 6? 0.043 330 300

Discussion

In order to check the validity of the model some published
experimental data were used. For the fractional expansion free
volume £, in equ. (310) the value 0.12 is substituted for all
polymers (BONDI 1964} . For the temperature T, temperature
(T + 200 K] is substituted. This temperature range roughly
corrﬁsponds with the rubbery behaviour of polymers (KREVELEN
1976j .

A linear correlation between the ratio 1e/1 and the ultimate
elongation as a measure of ductility is supposed. Both para-
meters are plotted in Fig.2 .for all the individual polymers.
The vertical pesition of T1,/7 -lines depends strgngly on the
ratio Vsi/vmi/Te in egquation 11. The value of 10’/s~1 shifts the
Te/t1-line for medium cooling rate (1 K/s)to co-incidence with
the line of experimental stated ultimate elongations. The ratio
Voi/Vmi/re can be interpreted as a frequency of molecular re-
arrangements corresponding to the hole pulsation. The value 10
s™1 seems to be reasonable in this context. Also the area of
internal surface of the hole S_ is estimated from the diagram
in Fig.2. The change of Sy inffuences the slope of 1,/1-lines.
The same slope of the Te/T—liné for medium cooling rate 1 K/s
and the line of experimental stated ultimate elongation has
been achieved for S5 = 3.27 x 1018 n2 /universal for all the
polymers/. This area corresponds to the spherical hole of dia-
meter 1.02 nm or to the volume of 0.56 nm3. This volume is
comparable with the size of molecules and seems to be quite
plausible.

It can be seen in Fig. 1 that for very slow cooling rates
the effective fractional intermolecular free volume f approaches
the value 0.025. This value represents the time-independent
part of the free volume and corresponds to the free volume £
in the WLF equation (FERRY 1970). For mediunm cooling rates
the volume f depends strongly on materials parameters, namely
on the energy of surface tension y and on the glass transition
temperature T,. The brittle polymers have distinctly less value
of the volume f than ductile materials such as PC, PETP and
PA 6.

The relative small differences of f results in widely dif~
ferent relaxation times T caculated from eguation(ll) (Fig.2).



The ratio '%/'ris directly proportional to the considerably
increased ductility of PC, PETP or PA 6 relative to vinyl poly-
mers such as PS or PMMA, The diagram also conforms to the
obvious observed dependence of ductility on the cooling rate in
the glass transition region. From the model follows that for
extremly high cooling rates the ductility of polymers in the
glassy state should approach the ductility of polymers in the
rubbery state.

The model is an interpretation of our experimental results
of the non-uniform local volume contraction during cyclic
loading. According to the model, the decrease of the intermole-
culare free volume is reactivated by cyclic loading in the glassy
state, but instead of the formation of spherical holes the crack
or craze formation is supposed.

The surroundings of the growing holes may be, to a certain
extent, bi-axilly oriented and hardened. In this case, the
structure of polymer glass should contain solider hollow
spherical regions of diameter about 2 or 3 nm. These regions
are sometimes observed in amorphous polymers by electron micro-
scopy, but can not be detected by X-ray diffraction (MARICHIN
1977] because of the same average density of such a region in
comparison with density of the matrix.
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