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ABSTRACT: The pressure-volume-temperature (PVT) surface of polyamide-6 (PA-6)

was determined in the range of temperature T ¼ 300–600 K and pressure P ¼ 0.1–190

MPa. The data were analyzed separately for the molten and the noncrystalline phase

using the Simha-Somcynsky (S-S) equation of state (eos) based on the cell-hole theory.

At Tg(P) � T � Tm(P), the ‘‘solid’’ state comprises liquid phase with crystals dispersed

in it. The PVT behavior of the latter phase was described using Midha-Nanda-Simha-

Jain (MNSJ) eos based on the cell theory. The data fitting to these two theories yielded

two sets of the Lennard-Jones interaction parameters: e*(S-S) ¼ 34.0 � 0.3 and

e*(MNSJ) ¼ 22.8 � 0.3 kJ/mol, whereas v*(S-S) ¼ 32.00 � 0.1 and v*(MNSJ) ¼ 27.9 �
0.2 mL/mol. The raw PVT data were numerically differentiated to obtain the thermal

expansion and compressibility coefficients, a and j, respectively. At constant P, j

followed the same dependence on both sides of the melting zone near Tm. By contrast,

a ¼ a(T) dependencies were dramatically different for the solid and molten phase; at

T\Tm, a linearly increased with increasing T, then within the melting zone, its value

step-wise decreased, to slowly increase at higher temperatures. VVC 2008 Wiley Periodicals,

Inc. J Polym Sci Part B: Polym Phys 47: 299–313, 2009

Keywords: compression; compressibility coefficient; crystallization; free volume;

glass transition; lattice models; melt; melting point; nanocomposites; nylon;

polyamides; polyamide-6; statistical thermodynamics; thermal expansion coefficient

INTRODUCTION

Theoretical Equation of State

Any mathematical relation between pressure, P,

temperature, T, and volume, V, may be called

equation of state (eos)1 Theoretical eos for macro-

molecular systems are based on the Lennard-

Jones and Devonshire, L-JD, cell model developed

for gases, and years later modified to accommo-

date short chain r-mer molecules.2,3 In the model,

each molecule is confined to a lattice cell, each cell

is occupied, all neighboring molecules are at a dis-

tance a, and the potential energy is spherically

symmetrical, given by the Lennard-Jones (L-J) 6-

12 potential. Assumption of a fully packed lattice

implies dense packing with crystal-like ordering

of molecules. Accordingly, it has been found that

eos based on the L-JD model better describes solid

than liquid systems. A decade later, Peek and

Hill4 introduced unoccupied cells into a rigid lat-

tice obtaining a complex eos that better described

the PVT relation of liquids. The statistical ther-

modynamic theory of Simha and Somcynsky

(S-S)5 adopted the cell-hole lattice model, incorpo-

rating unoccupied cells or ‘‘holes’’ in the lattice.

The theory has been most successful in describing

diverse physical aspects of the molten polymeric
Journal of Polymer Science: Part B: Polymer Physics, Vol. 47, 299–313 (2009)
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systems at the thermodynamic equilibrium and

under nonequilibrium conditions.1

For polymeric glasses at very low-temperature

(T\ 80 K), Simha et al. used a cell lattice model,

deriving the Helmholtz free energy with three

terms: the zero energy at T ¼ 0 K, the configura-

tional interaction energy expressed by the L-J

potential, and the segments energy expressed by

Einstein assembly of harmonic oscillators.6 At the

reduced temperatures eT � 0.004, the reduced

thermal expansion coefficient, ea ¼ eaðeTÞ, of several
polymers superposed on the theoretical curve,

indicating existence of the corresponding states.

The superposition at T[ 80 K failed, owing to the

lowest sub-Tg transition.7 Midha and Nanda

(MN) 8 adopted this model for their quantum-me-

chanical version of the L-JD cell theory for crys-

talline polymers, taking into account harmonic

and anharmonic contributions to the interaction

energy. The MN model was subsequently refined

by Simha and Jain who demonstrated that the

characteristic vibration frequency at T ¼ 0 K fol-

lows from the earlier theory.6 The resulting

MNSJ version was successfully applied to several

semicrystalline polymers.9–11

Pressure-Volume-Temperature Measurements

The pressure-volume-temperature (PVT) meas-

urements are mainly performed for determining

the engineering properties, namely the thermal

expansion and compressibility coefficients, (a and

j, respectively):

a � @lnV=@Tð ÞT0;P;q; j � @lnV=@Pð ÞT;P0;q (1)

Here P0 and T0 are solidification pressure and

temperature, respectively, and q is the rate of

heating or compressing.12 A number of eos has

been proposed for molten polymer, and some have

been extended to the vitreous state.13 By contrast,

a rigorous analysis of semicrystalline polymer

PVT is difficult and rarely attempted.

This work focuses on the PVT behavior of

poly(e-caprolactam), PA-6, and its clay-containing

nanocomposites (CPNC) in the full range of the

independent variables. Direct computations of a

and j show surprisingly large difference in their

behavior. The effect is particularly significant in

CPNC. Comparison of the experimental data with

the theoretical predictions may provide explana-

tions for such behavior. Thus, this Part 1 provides

the theoretical basis for the analysis and exam-

ines behavior of the PA-6 matrix; the Part 2 will

discuss the influences of clay nanoparticles on the

PVT behavior.

MOLTEN STATE THEORY

The S-S cell-hole theory was derived for spherical

and chain molecule fluids.5 The model lattice con-

tains volume fraction of occupied sites, y, and that

of nonoccupied sites (or holes), h ¼ 1–y. From the

Helmholtz free energy, F, the S-S eos was

obtained:

eP � � @eF=@eV
� �

T
) ePeV=eT

¼ ð1�UÞ�1 þ 2yQ2ðAQ2 � BÞ=eT (2)

@eF=@y
� �

eVeT ¼ 0 ) 3c
h
U � 1=3ð Þ= 1�Uð Þ

� yQ2 3AQ2 � 2B
� �

=6eT
i
þ 1� sð Þ

� s ln 1� yð Þ=y½ � ¼ 0 ð3Þ

where Q ¼ 1=ðyeVÞ, U ¼ 2�1/6yQ1/3, A ¼ 1.011 and

B ¼ 1.2045 (for the face-centered cubic lattice).

Equation 3 is only valid at the thermodynamic

equilibrium, thus, it is not to be used for the vitre-

ous state. The variables marked by tilde are

reduced:

eP ¼ P=P*; P* ¼ zqe*=ðsv*Þ
eT ¼ T=T*; T* ¼ zqe*=ðRcÞ
eV ¼ V=V*; V* ¼ v*=Ms

9
>=
>;
ðP*V*=T*ÞMs ¼ Rc=s

(4)

The characteristic quantities, P*, T*, V*, con-

tain the L-J interaction parameters: the maxi-

mum attractive energy, e*, and the segmental

repulsion volume, v*, per statistical segment. The

latter is defined as Ms ¼ Mn/s, where Mn is the

number-average molecular weight and s is the

number of macromolecular segments. The param-

eter 3c indicates the external, volume-dependent

degrees of freedom; R ¼ 83.14 (kbar L/K mol) is

the gas constant; and zq ¼ s(z�2) þ 2 is the num-

ber of interchain contacts in a lattice of the coordi-

nation number z, usually taken as z ¼ 12.

Equations 2–4 describe the PVT liquid surface,

and associated with it the free volume quantity,

h ¼ hðeV; eTÞ. Through T* and V*, the PVT data

yield the L-J measures of interactions, e* and v*,

defining the minimum of the 6-12 potential. For

the linear, semirigid chain molecules 3c ¼ s þ 3

and for high molecular weight polymers where
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s ! 1 , 3c/s � 1. Thus, there are simple propor-

tionalities: e* � RT*/30 ¼ 2.771T* and v* ¼ V*Ms.

Considering the success of the S-S eos, it is

interesting to compute the theoretical relation-

ships between the reduced coefficients in the liq-

uid state:

ea � @ ln eV=@eT
� �

eP; ej � @ ln eV=@eP
� �

eT (1a)

ea : aT* versus ej : jP*, as well how they vary

with the hole fraction, h (proportional to T). The

computations were carried within the full range

of the reduced variables following the described

procedure.14 The resulting dependencies in Fig-

ures 1 and 2 are valid under the condition of ther-

modynamic equilibrium. Contrary to what one

may have expected, ej and ea, differently vary with

the measure of free volume, h. For dense fluids,

compressibility is small, slightly varying with P,

whereas the thermal expansion coefficient

changes significantly, especially at low P. The

experimental data of a versus j of molten polysty-

rene (PS) confirmed the S-S eos predictions.

THEORIES OF SOLID POLYMERS

The thermodynamics of crystalline substances

(including polymers) have been considered either

basing on the Grüneisen parameter, cG, or deriv-

ing the statistical thermodynamic lattice theory of

solid polymers. The Grüneisen dimensionless pa-

rameter was originally defined as a density gradi-

ent of the crystalline lattice frequency, m15:

cG ¼ � @ ln m=@ lnVð ÞP (5a)

while the macroscopic scale parameter is usually

expressed as:

cG ffi aV=jCP (5b)

In eq 5b, V, a, j, and CP are respectively, the

specific volume, thermal expansion coefficient,

compressibility coefficient, and heat capacity at

constant pressure. The advantage and utility of

eq 5b rests in the interrelation between measura-

ble quantities and their derivatives, for example,

expressing compressibility in terms of the bulk, B,

or tensile, E, modulus.

Fundamentally, at very low temperatures, one

may expect constant value of cG, as here, the crys-

tal behavior is dominated by the quantum inter-

actions and small changes of the specific volume,

without transitions. The model computations of

the lattice Grüneisen parameter for n-alkanes

indicated that cG increases with T and chain

length. Experimental examinations of cG con-

stancy under constant T and P (usually under the

ambient conditions) have been carried out. Thus,

Barker reported that at room temperature, 68

Figure 1. Melt behavior: the reduced thermal expan-

sion coefficient as a function of the reduced compressi-

bility at the indicated values of the reduced pressure.

Figure 2. Melt behavior: the reduced thermal

expansion and reduced compressibility coefficients as

a function of the hole fraction at the indicated

reduced pressures.
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materials, ranging from metals to polymers, have a

nearly constant value of the product: a2E ¼ 140sp
[N/(m K)2] (sp is a dimensionless spread factor, 0.5

\ sp\ 2).16,17 Wada et al. calculated from the pres-

sure dependence of ultrasonic velocity cG � 4 � 0.2

for glassy and semicrystalline polymers.18 Compa-

rable values of cG � 6 � 1 were calculated for

hydrocarbons ideal crystals at T ¼ 300 K and P ¼ 1

bar.19 Calculation of cG for polymers from the bulk

modulus gave much larger values: cG � 25 � 4.20

On the other hand, for a series of polyamides at

room temperature, eq 5b gave: cG ¼ 0.45 to 0.64.14

Its magnitude was found increasing with T and

decreases with P.21–23 The diversity of Grüneisen

parameter values originates from the applied meth-

ods of measurements, calculation procedures, and

extension of the original concept to polyatomic sub-

stances having a variety of morphologies.

Pastine analyzed the PVT behavior of semi-

crystalline polyethylene, PE, by assuming additiv-

ity of behavior for crystalline with that of amor-

phous domains, that is, knowing the degree of

crystallinity and eos of the two phases he calcu-

lated the relation: V ¼ V(T) at P ¼ const.24 He

obtained a reasonable agreement with the experi-

mental data at T ¼ 298 but not at 373 K, caused

by the pressure-induced crystallinity increases.

His following paper focused on the thermal expan-

sion of semicrystalline polymers written as a func-

tion of V, T and the degree of crystallinity, Xcryst.
25

The idea that at constant P, the specific volume of

semicrystalline polymers, V ¼ V(T), is an additive

property of the amorphous and crystalline phase

seems logical and worth pursuing.

Following the harmonic approximation by

Simha et al.,6 Midha and Nanda derived eos for

the crystalline polymers.8 Their basic assumption

was that the lattice cell model with L-J 6-12

potential and first order anharmonics well repre-

sents the ordered crystalline structure. Next,

Simha and Jain in a series of papers modified the

theory, for example, deriving an expression for

the characteristic frequency, m0.
9–11 Consequently,

the crystalline state eos has five characteristic pa-

rameters: P*, T*, V*, and c/s defined in eq 4 as

well as the characteristic frequency function:

eh0ðm0Þ � hm0=kT* ¼ 4:794� 10�11m0=T*

¼ 13:189ðc=sÞV�4=3
0

ðA1=2V
2
0 � B1Þ1=2

M
5=6
0

ffiffiffiffiffiffi
T*

p ffiffiffiffiffiffiffi
V*

3
p (6)

calculable from Simha and Jain expression.

Because 3c/s ¼ 1 offers good approximation, only

the P*, T*, V* parameters need to be determined

by fitting the experimental data P ¼ P(V, T) to the

theory. It is noteworthy that because different

theories are used for description of the molten

and crystalline state, respectively, different values

of the e* and v* parameters are expected. The

MNSJ eos for crystalline solids in reduced varia-

bles is8:

ePeV ¼ 2=eV2
� �

A=eV2
� �

� B
h i

þ 3cGF1ðeh; eTÞ

� 9s=4cð ÞabeV2eh02 1

2
þ 2X

ðX � 1Þ2

" #

þ ð9s=8cÞcGbeV2eh02 1

2
þ 3X þ 1

ðX � 1Þ2
� ðeh=eTÞXð3þ XÞ

ðX � 1Þ3

" #

(7a)

The secondary functions in eq 7a are defined

as:

cG;0 ¼ � @lnv0=@ lnVð ÞT¼ 4=3þ A1=ðA1 � 2B1V
2Þ

cG ¼ cG;0

(
1� s=2cð ÞbeV2

"
F1ðeh0; eTÞ

�ðeh20=eTÞ
X0

ðX0�1Þ2

#)
� ðs=cÞabeV2F1ðeh0; eTÞ

Xðeh; eTÞ ¼ exp eh=eT
n o

F1ðeh; eTÞ ¼ eh 1

2
þ 1

X � 1

� �

Y ¼ ð3s=8cÞðeh0
.
eh0Þ2ðeh0eVÞ2b=eT

eh ¼ eh0 1þ 3s=8cð ÞbeV2eh0
h i

;

eh0 ¼ eh0 1þ 4eT=3eh20
� �

F1
eh0; eT

� �
Y

h i
þ 0ðYÞ

a ¼ 1� A2

A2 � 2B2
eV2

h iþ 2A1h
A1 � 2B1

eV2
i ;

b ¼ A2=eV2
� �

� 2B2

h i
= A1=eV2
� �

� 2B1

h i2

(7b)

In the above equations, the additional lattice

constants are: A1 ¼ 22.1060, B1 ¼ 5.2797, A2 ¼
200.653, and B2 ¼ 14.334.

The logical sequence of calculations requires

that first the melts data are fitted to S-S eos, eqs

2–4, giving the characteristic parameters: P*, T*,

V*. Next, the specific volume of the liquid polymer

at T \ Tm may be calculated. In parallel, follow-

ing Simha and Jain procedure, the approximate

values of the reducing parameters and h0 may be
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computed. By contrast with Pastine’s procedure,

the apparent degree of crystallinity at T \ Tm is

taken as an adjustable parameter to be deter-

mined by the iterative fit of solid state data to eqs

6–8. In this Part 1 article, the calculation will be

limited to PA-6 matrix. The analysis of the multi-

component CPNC systems, the analysis will be

reported in Part 2.

EXPERIMENTAL

The PA-6 1022B was obtained through the cour-

tesy of Dr. Arimitsu Usuki (Toyota R and D Labs).

The weight-average molecular weight of the ma-

trix polymer, PA-6, was Mw � 22 kg/mol.

The PVT behavior was studied using a Gnomix

pressure dilatometer (Gnomix, Boulder, Colo-

rado), within the range: T ¼ 300–600 K and P ¼
0.1–190 MPa. The molten state was observed at T

	 520 K. Prior to testing, the material was dried

under vacuum for 48 h at 80 
C. The absolute

value of V at ambient conditions was determined

(in a glove compartment under positive pressure

of dry N2) by the immersion method with the ac-

curacy of DV � �0.001 mL/g.26 Next, the dried

pellets were loaded into the dilatometer, pressur-

ized to 10 MPa, premolded at T 	 130 
C for

10 min, and then cooled to � 30 
C at a rate of 2.5

C/min. For each sample, two to six runs were car-

ried out following the ‘‘standard’’ isothermal scan,

starting at the lowest temperature, T ¼ 300 K,

and measuring DV ¼ V(P) at DP ¼ 30 MPa inter-

vals, then increasing T by 10 
C and repeating

the pressurization steps. Thus, in the ‘‘standard’’

runs, the specimen is exposed to the highest T ¼
600 K only once, reducing a possibility of thermal

degradation. The average error in V was � 0.03%.

There was no attempt to control the samples crys-

tallinity by annealing. The total run time ranged

from 23 to 45 h.

Examples of the observed dependencies are

presented in Figures 3 and 4 as V ¼ V(P, T). The

former Figure presents reproducible data from

two runs (filled symbols) as well as the goodness

of fit of eqs 2–4 within the molten region (empty

symbols). The range of the independent variables

extended from below the glass transition tempera-

ture, Tg(PA-6) � 323 K, to well above Tm(PA-6) �
500 K. For calculation of a and j coefficients, the

PVT data need to be plotted as isobars or iso-

therms of lnV versus T or P, respectively. Because

the experimental isobaric tests involved adiabatic

heating, the data had to be interpolated to con-

stant T (see Fig. 4). The interpolation was carried

out assuming linear volume changes between two

adjacent data points.

In addition to pressure dilatometry, the differ-

ential scanning calorimetry (DSC) measurements

were conducted at T ¼ 30 to 250 
C, scans rates:

Figure 3. The PVT dependence of PA-6. Note the

excellent superposition of data (solid symbols) from

two runs in the semicrystalline and molten phase;

Tm(PA-6) ¼ 493 � 2 K. Computed from eqs 2–4

behavior in the melt is shown by open symbols.

Figure 4. Specific volume, V, versus T at P ¼ 0.1–

190 MPa for PA-6; experimental data (lines) and

interpolated to constant-T ones (points).
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2, 6, and 20 
C/min, first heating, then cooling

down, and reheating, with 2 min pause between

the runs. The dynamic flow behavior of 1022B PA-

6 resin was also evaluated at 240 
C. The stand-

ard three sets of tests were carried out: time,

strain, and frequency sweeps.27

RESULTS

The Molten State

The molten PVT data were computer-fitted to eqs

2 and 3 using the MicroMath least squares proto-

col. The results are summarized in Table 1. The

goodness of fit was excellent, as evidenced by

three statistical measures: r2, r, and CD. The

characteristic parameters of this PA-6 slightly dif-

fer from those determined for PA-6 1015B from

Ube having lower molecular weight.28,29 The dif-

ference may originate in different molecular

weight and/or the molecular structure. In conse-

quence, the bulk-averaged L-J parameters from

eq 4 are also different. The molecular weight de-

pendence of the characteristic parameters and L-

J quantities was reported for PS.30 It is notewor-

thy that the larger value of T* for 1022B means

that in this polymer the free volume content (at

the same P and T) is smaller than that in

1015B13; this could be expected for higher molecu-

lar weight.

The Melting Region

Figures 3 and 4 show a wide melting region near

T � 500 K. Figure 5 defines three parameters

that characterize the region: the melting tempera-

ture, Tm, the width of the transition, DTm, and

the volume change, DVm. Their pressure depend-

encies are displayed in Figure 6.

Solid State Region at T < Tm

The crystalline region between the melting point

and the glass transition, Tg � T � Tm, is of partic-

ular interest. The system may be treated as slurry

of crystals in molten matrix. Thus, the thermody-

namic interpretation of this region is complicated;

the volume change of the liquid phase depends on

Table 1. Statistics of Fitting the eos to

Experimental Data and the Computed Parameters

of Two PA-6 Resins: 1015B (From refs. 28 and 29)

and the Present Measurements of 1022B

Parameter 1015B 1022B

Correlation coefficient

squared (r2)

0.999999 0.999998

Standard deviation

of data (r)

0.00112 0.00127

Coefficient of

determination (CD)

0.998602 0.998328

P* (bar) 12574 � 82 10675 � 116

T* (K) 11134 � 32 12282 � 66

V* � 104 (mL/g) 8919.3 � 9.6 9198.0 � 16

Ms (g/mol) 27.51 � 0.29 34.66 � 0.6

e* (kJ/mol) 31.23 � 0.09 34.05 � 0.30

v* (mL/mol) 24.54 � 0.03 32.00 � 0.05

Figure 5. Definition of the three parameters of the

melting zone.

Figure 6. Pressure dependence of the melting zone

parameters for PA-6 (1022B).

304 UTRACKI

Journal of Polymer Science: Part B: Polymer Physics
DOI 10.1002/polb



that of the free volume, whereas that of the crys-

tals is controlled by the anharmonic vibration of

covalently bonded atoms and by the intermol-

ecular local free volume interactions between

chains.31 Furthermore, the morphology (as repre-

sented by the helix structure and crystalline con-

tent) changes with the time (t), T and P. Many

polymers are known to change crystallographic

form and/or shrink axially when heated.32–35 The

XRD, FTIR, and Raman data show that while the

crystals shrink in the longitudinal direction, their

skeletal length increased with T.

The Tg of polyamides depends on crystallinity,

crystalline form, draw-down ratio, and relative

humidity (in wt%). Thus, for PA-6, Khanna et al.

found that: Tg � 326–0.168w–6.208Hw.36,37 The

most often cited value for dry PA-6 is Tg � 327

K.38,39 Furthermore, Tg depends on the residual

stresses and annealing.40 In the present case, Tg

was difficult to detect as the starting temperature

for PVT measurements (30 
C) was close to the

transition. In addition, it is known that for semi-

crystalline polymers, the relatively small change

of specific volume at Tg is difficult to detect on the

PVT surface. Thus, two methods were used for

estimating Tg versus P dependency: (1) the

change of slope in the thermal expansion coeffi-

cient using a versus T isobaric plots; and (2) by

plotting the difference between experimental data

and polynomial fit as function of T. The results

were comparable, indicating that for PA-6 at am-

bient pressure Tg ¼ 316 � 2 K and the pressure

gradient, dTg/dP ¼ 0.107 K/MPa. According to

Khanna et al. equation, the relative humidity of

1.55% might account for the observed 11 K differ-

ence in Tg.

V 5 V(P, T) in Crystalline PA-6 Region at
Tg � T � Tm

The experimental PVT values at T ¼ 300–500 K

were least squares fitted to MNSJ eqs 6–8 using

MicroMath. The initial parameter values were

calculated following the Simha and Jain proce-

dure9 as: P* ¼ 5531 MPa, T* ¼ 10,349 K, V* ¼
0.8804 mL/g, thus h0 ¼ 0.05. The least squares

iterative fit to data gave: P* ¼ 8161 MPa, T* ¼
8226 K, V* ¼ 0.91087 mL/g and h0 ¼ 0.0200. The

reason for the change is evident in Figure 7—the

theoretical curves predicted by the MNSJ theory

are nearly linear, whereas the measured perform-

ance of PA-6 follows second-order dependence.

The minimization of error results in crossing the

one set of curves by another at T � 420 K. The

error is especially large at ambient pressure, pro-

gressively decreasing with P.

Differential Scanning Calorimetry

Before pursuing discussion on the PVT behavior

in the crystalline region, it is interesting to con-

sider the differential scanning calorimetry (DSC)

results summarized in Table 2. The crystalline

content at the first heating is the most important.

The zero-scanning rate results (at 0 
C/min) were

calculated by polynomial fit of data obtained at

the scanning rates of 2, 6, and 20 
C/min. Crystal-

linity was calculated from the heat of melting

value: DHm(crystal) ¼ 230 (J/g).41

DISCUSSION

In this article, the PVT behavior of PA-6 was ana-

lyzed in the full range of experimental variables,

starting in the glass-crystal region, then moving

to melt-crystal state, and finally to the molten

state. The thermodynamic analysis of data was

conducted in the opposite direction, starting with

the molten phase where the S-S hole-cell equilib-

rium thermodynamic theory is valid. Next, the

melting region was described by three parame-

ters: the melting point, the width of the melting

zone and the volume increase upon melting. The

crystalline region at Tg � T � Tm, was analyzed

using the MNSJ cell theory. The glass transition

Figure 7. Temperature dependence of specific vol-

ume, V, for PA-6 (1022B) at P ¼ 0.1, 40, 100, and 190

MPa; points—experimental, lines computed from

MNSJ theory.
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temperature, Tg ¼ 316 � 2 K was detected only in

low pressure PVT data and in the DSC scans at

ambient pressure. The sub-Tg solid state region

was too narrow to warrant analysis.

The Molten State

Table 1 lists the statistical parameters of the

simultaneous fit of the S-S eos to the full set of

the PVT experimental data at T [ Tm. For com-

parison, the earlier results for PA-6 with lower

molecular weight are also shown. It is evident

that increased molecular weight and possibly

change of molecular configuration resulted in

higher values of L-J interaction coefficients, e*

and v*; for PS, these coefficients linearly

increased with logarithm of Mw.
30 The dynamic

shear behavior of 1022B is also different than

that from that of 1015B.27 For example, the

reported strong polycondensation at 513 K for

1015B was found to be greatly reduced for 1022B,

possibly because of high molecular weight.

The Melting Region

Linear macromolecules form regular helices,

which expand as T increases, becoming progres-

sively more disturbed. It is known that helix ther-

mal expansion differs in the axial and normal

directions. Furthermore, the process takes place

in two T-steps, each at the specific, characteristic

for each polymer temperature. 42

For PA-6, these temperatures are about 200

and 400 K, the latter close to the Brill a!c phase

transition at T ¼ 390–420 K.43,44 The melting

points of these two forms are: Tm(a) ¼ 494 and

Tm(c) ¼ 486 K, respectively.45 This observation is

supported by the reported effects of P on crystal-

linity (measured by the X-ray diffraction, XRD)

during isobaric cooling at 2 K/min, from Tm þ
20.46 The initial crystallinity of PA-6 increased

with P up to first maximum, Pmax,1 dependent on

molecular weight, decreased to the first minimum

at Pmin,1 � 130 MPa, increased to the second max-

imum at Pmax,2 � 160 MPa, and then started to

decrease continuously. The interpretation was

based on the nonlinear effect of P on the flexibility

and mobility of the structural units. However, the

effect of P during isobaric crystallization might

not take place during the ‘‘standard’’ PVT tests,

where solid polymer is isothermally compressed

to the highest pressure, then temperature

increased, and compression restarted. Because of

annealing during slow PVT measurements, the

repetitive compression/decompression at increas-

ing T and P, the crystallinity should initially

increase, but as T approaches Tm, it must

decrease within the premelting region.47

Table 2. DSC Results for PA-6 at Three Scanning Rates

No. Property

Scan Rate (
C/min)

0 2 6 20

1 1st heating; glass transition Tg (K) 316.1 316.1

Melting zone DTm (K) 48.0 50.0 37.4 30.7

Melting points Tm (K) 495.1 495.1 495.1 495.1

Heat of melting DHm (J/g) 89 90.7 86.7 89.6

Crystallinity Xcryst (%) 39.0 39.4 37.7 39.0

2 Cooling down

Crystallization zone DTm (K) 27.0 28.6 34.4 50.2

Crystallization temp. Tc (K) 452.1 451.1 441.1 425.1

Heat of crystallization DHm (J/g) 57.0 57.5 53.7 50.0

Crystallinity Xcryst (%) 25.0 25.0 23.3 21.7

3 2nd heating: Tg (K) 315.1 315.1

Melting zone DTm(K) 21.0 23.7 27.4 43.0

Melting points Tm (K) 494.1 494.1 493.1 486.1; 494.1

Heat of melting DHm (J/g) 49.0 50.8 53.0 63.1

Crystallinity Xcryst (%) 21.0 22.1 23.0 27.4

Notes: Crystallinity was calculated taking DHm(crystal) ¼ 230 (J/g).41
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The three characteristic parameters defined in

Figure 5 are displayed in Figure 6; Tm increases

with P whereas DTm and DVm, decrease:

Tm ðKÞ ¼ 494:3þ 0:0306Pþ 0:0001687P2;

r ¼ 0:998

DTm ðKÞ ¼ 27:09� 0:2136Pþ 0:0006289P2;

r ¼ 0:994

DVm ðll=gÞ ¼ 52:38� 0:1668Pþ 0:0003234P2;

r ¼ 0:995

(9)

Kojima et al. studied the P-dependence of Tm of

low molecular weight PA-6 at pressures up to P ¼
1 GPa in a high-pressure differential thermal

analysis (HP-DTA) instrument.48 The results fol-

lowed the second order polynomial: Tm (K) ¼
499.5 þ 0.2057P – 0.0000676P2 with r2 ¼ 0.999.

Although the Tm values are not too far apart, the

averaged pressure gradient for 1022B, dTm/dP �
0.0616, is about 3-fold smaller.

The Crystalline Region

The DSC data in Table 2 indicate that for the stud-

ied PA-6 Tg ¼ 316 K and Tm ¼ 495 K. For the first

heating, themelting zone started atT� 450K, and

its width was DTm¼ 48 K. The PA-6 crystallization

resulted in crystalline content Xcryst � 39% mainly

of the stable a-form. The second melting had nar-

rowermelting zone (DTm¼ 27–21K), reduced crys-

tallinity, Xcryst � 21–30%, and it produced mixed a,

c-crystals withTm¼ 486.1 and 494.1 K.

Khanna and Kuhn forcefully argued that the

common method for the evaluation of PA-6 Xcryst

from DSC leads to too high values, that is, the

standard method gives Xcryst ¼ 15 wt %, whereas

the proposed by them method yields 3 wt %.36

Because the DSC analysis used in this work was

standard, the values of Xcryst are probably too

high. Thus, at T � 300–450 K, the solid phase

contains [ 60% of noncrystalline PA-6. Accord-

ingly, two sets of specific volumes need to be com-

puted: the specific volume of the crystalline phase,

Vsolid, and that of the molten PA-6, Vmelt. It should

be stressed that Vsolid is made of variable content

of PA-6 crystalline forms, viz. a, a0, b, c, and d

existing at different T and P.34,44,49 The computa-

tions of Vsolid and Vmelt were carried out using the

simulation subroutine of the MicroMath for T �
Tm and full range of P.

The Vmelt values were computed from eqs 2–4

with P*, T*, V* from Table 1, whereas for the

crystalline phase, eqs 6–8 gave P* ¼ 8161 MPa,

T* ¼ 8226 K, V* ¼ 0.91087 mL/g. It is noteworthy

that use of the cell-hole for the liquid and the cell

theory for solid phase leads to two sets of the

characteristic reducing parameters: e*(S-S) ¼ 34.0

� 0.3 and e*(MNSJ) ¼ 22.8 � 0.3 kJ/mol, whereas

v*(S-S) ¼ 32.00 � 0.1 and v*(MNSJ) ¼ 27.9 � 0.2

mL/mol, that is, the MNSJ parameters are

smaller by about 10 and 30%, respectively.

In the final iterative fit, the experimental spe-

cific volume, V, was fitted to the expression:

V ¼ DVm:c þ XcrystVsolid þ 1� Xcryst

� �
Vmelt (10)

were DVm,c and Xcryst are treated as iteration pa-

rameters. The results are displayed in Figure 8.

The values of DVm,c and Xcryst at four P-levels are

listed in Table 3 and shown in Figure 9. As P

increases from ambient to 190 MPa the initial

crystallinity Xcryst(P ¼ 0.1) ¼ 15-wt % nearly dou-

bles with the initial gradient of dXcryst /dP � 0.21

(%/MPa). By comparison, calculated from Gogo-

lewski and Pennings data, the ambient pressure

crystallinity of PA-6 Xcryst(P ¼ 0.1) ¼ 25 wt %,

and the maximum gradient at P � 500 MPa was

dX/dP � 0.42 (%/MPa).49 The equilibrium crystal-

line content in PA-6 at ambient pressure has been

cited as Xcryst ¼ 29–31%.50–52 thus the lower value

extracted from the initial PVT data indicates a

partial crystallinity. During the PVT tests, as T

and P increase, the polymer anneals toward equi-

librium. The maximum crystallization rate is

Figure 8. Temperature dependence of specific volume,

V, for PA-6 (1022B) at P ¼ 0.1, 40, 100, and 190 MPa;

points–experimental, lines–computed from eq 10.
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expected at: Tmax � (Tg þ Tm)/2, with all three

temperatures increasing with P.53

The effect of pressure on Xcryst is related to the

crystal growth rate54–57:

ln _G= _G0 ¼ C1C4T C2 þ T � TgðPÞ
� 	�2þC3TmðPÞ=

T TmðPÞ � T½ �f g; Tg � T � Tm ð11Þ

where C1 ¼ 900 and C2 ¼ 51.6 are universal, C3 is

a nearly T-independent characteristic parameter

and C4 is adjustable. Differentiation of eq 11 indi-

cates that depending on the pressure gradient of

Tg and Tm the crystallization rate may be nega-

tive (as for polyolefins) or positive, as it is the case

for PA-6.

The second additional parameter in eq 10,

DVm,c, is the excess specific volume displayed in

Figure 9. It has three contributions: the melting

region volume change shown in Figure 6, DVm,

the least-squares shift of volume evident in Figure

7, and the volume change during annealing,

DVann \ 0; the pressure dependence of the latter

quantity is shown in Figure 10. As expected, the

maximum annealing occurs during the initial

heating and compressing.

In conclusion, the new analysis of the PVT

behavior at Tg � T � Tm separates the volume

changes of the crystalline and liquid phase. This

offers a reasonable description of the dynamics of

crystallization and volume changes expressed by

Xcryst and DVann versus P dependencies.

The Thermal Expansion and
Compressibility Coefficients

One of the most interesting aspects of crystalliza-

tion and melting appears in their compressibility

and the thermal expansion coefficients of the

semicrystalline polymers. Using the definitions in

eq 1, the coefficients were calculated by two meth-

ods: (1) differentiating the experimental lnV ver-

sus. P or T using the MicroMath Scientist Stine-

man’s moving arch subroutine, and (2) by fitting

the interpolated lnV data (at constant T or P) to a

Table 3. Crystallinity and the Volume Change by Annealing During PVT Testing

Parameter\Pressure, P (MPa) 0.1 40 100 190

Correlation coefficient squared (r2) 0.999998 0.999998 0.999998 0.999999

Standard deviation of data (r) 0.00158 0.00144 0.00123 0.00113

Coefficient of determination (CD) 0.995 0.997 0.994 0.993

Xcryst (wt%) 14.8 � 4.3 24.3 � 4.6 31.0 � 4.7 38.8 � 5.4

�DVm,c (lL/g) 39.8 � 1.5 35.0 � 1.7 29.0 � 1.5 22.0 � 1.6

Figure 9. Pressure dependence of the total crystal-

linity, Xcryst (wt %), and excess specific volume,

�DVm,c, for PA-6 (1022B).

Figure 10. Pressure dependence of the annealed

specific volume, DVann, for PA-6 (1022B).
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polynomial function of P or T and then differenti-

ating the latter. The first procedure involves local

differentiation of all sets of data by the Stineman

procedure, whereas the second separately fits the

molten and solid phase data to a polynomial and

then differentiates the empirical equations. Com-

parison of the results for j and a coefficient is pre-

sented in Figures 11 and 12, respectively; for

clarity only four isobars are shown. Note that the

Stineman differentiation has a bias near the be-

ginning and end of smooth data changes—only

the results away from these are reliable. Both pro-

cedures show a dramatic reduction of a ¼ a(T)

just above the melting zone, absent in the j ¼
j(T) dependence.

Because Figures 11 and 12 show consistent

results of the two differentiation methods, the

coefficients a and j of PA-6 were calculated using

the second procedure and the results are dis-

played in Figures 13 and 14, respectively. The

comparative behavior of these functions is sur-

prising, as there is a large difference of the T-

behavior for a and j —while the former shows a

dramatic change of value across the melting zone,

the latter increases with similar functional de-

pendence in the solid and molten phase.

Before proceeding further, it was important to

check if the observed difference of a and j behav-

ior takes place in other semicrystalline polymers.

First analyzed was PA-6 Capron-8200 from the

PVT data published by Zoller and Walsh (ref. no.

D6098).26 The computed coefficients showed quite

similar dependencies as those in Figures 13 and

14. Next, j and a coefficients of low density PE

(LDPE, ref. no. D2040)26 were computed (see Fig.

15)—here even stronger difference of the a and j

temperature behavior was obtained than that of

PA-6. By contrast, a and j of a random propylene-

ethylene copolymer (Pro-fax SR256M) and that

of polypropylene (Profax 6523, ref. no. D0394)

Figure 11. Thermal expansion coefficient of PA-6

versus T obtained by: (lines) the Stineman’s procedure

and (points) by differentiating the second order poly-

nomials fitted separately to solid and molten phases.

The glass transition, Tg, is also indicated.

Figure 12. Compressibility coefficient of PA-6 ver-

sus T obtained by: (lines) the Stineman’s derivatives

and (points) by differentiating the second order poly-

nomials fitted separately to solid and molten phases.

Figure 13. Thermal expansion coefficient of PA-6

1022B versus T at indicated pressures, P ¼ 0.1–190

MPa.
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showed similar T-dependence of both parameters

on both sides of the Tm zone, without the a-discon-

tinuity. In short, the a and j behavior of semicrys-

talline polymers depends on the chemical nature,

hence on the dominant helical structure on both

sides of Tm.

According to eq 1, the coefficients a and j rep-

resent the relative volume change, DV/V, caused

by T or P, keeping constant P and T, respectively.

In the case of multi-phase system, as the one

existing below Tm, one may assume that the mac-

roscopic coefficient comprises contributions from

both phases, proportional to their volume frac-

tions, for example:

aðP;TÞ ¼
X

/iaiðP;TÞ ¼ amelt/melt þ acryst/cryst;

P ¼ const

jðP;TÞ ¼
X

/ijiðP;TÞ ¼ jmelt/melt þ jcryst/cryst;

T ¼ const

/melt ¼ 1� /cryst ¼ 1þ qmeltXcryst

qcrystð100� XcrystÞ

" #�1

(12)

The relation suggests that at T\ Tm the PA-6

behavior should be dominated by melt:

/melt � /cryst as ð100� XcrystÞ=qmelt � Xcryst=qcryst

(13)

However, because the argument holds equally

well for a as for j , the observed different behavior

must originate in the different effect of P and T on

free volume and macromolecular configuration.

For the molten state, this indeed was illustrated

in Figures 1 and 2. At low free volume content,

that is, at low T, j changes little in comparison to

a. Thus, low variability of j, combined with in-

equality 13 may explain the effect illustrated in

Figure 14.

The dependence a ¼ a (T) in Figure 13 shows a

similar slope on both sides of the melting zone,

with a step-decrease at Tm. Evidently, at T\ Tm

two processes take place: thermal expansions of

Figure 14. Compressibility coefficient of PA-6

1022B versus T at indicated pressures, P ¼ 0.1–190

MPa.

Figure 15. Thermal expansion coefficient (A) and

compressibility coefficient (B) for LDPE. Data from

ref. 26.
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the solid and molten phase, as well as premelting

of crystals. It is the latter that causes the da/dT

gradient to be larger below Tm than above. This

mechanism may also be used for the interpreta-

tion of even more unexpected behavior of LDPE a

and j in Figure 15.

SUMMARY AND CONCLUSIONS

Polyamide-6 1022B from Toyota was studied in

the solid and molten state at T ¼ 300–600 K and

P ¼ 0.1–190 MPa. Its PVT behavior in the molten

and solid state was measured following the iso-

thermal standard procedure, scanning all P-levels

before increasing T to the next level. The total

run time of a single experiment was 23 to 45 h.

The results were analyzed using the Simha-Som-

cynsky (S-S) equation of state (eos) for the melt

and Midha-Nanda-Simha-Jain (MNSJ) eos for the

crystalline phase. In the molten state the theoreti-

cal description provided excellent fit to the PVT

surface with � 0.0003 mL/g residuals of the spe-

cific volume, yielding the characteristic reducing

parameters, P*, V*, T*, the L-J interaction pa-

rameters, e* and v*, as well as the free volume

function, h ¼ h(V, T).

The PVT discontinuity in the melting region

was characterized by three parameters: Tm, DTm,

and DVm—the latter measuring the width and

height of the first order transition. All three

depend on P, as expected, Tm increased with P,

whereas the two others decreased. Although the

Tm value at ambient P was comparable to the val-

ues cited by literature, its pressure gradient was

significantly lower than that reported for isobaric

crystallization. Apparently, the pressure dilatome-

ter detected constant volume before PA-6 reached

maximum crystalline morphology.

For PA-6, the glass transition is weak and vitre-

ous region starts at the relatively low temperature,

Tg ¼ 316� 2 K, increasing with P at low rate of 0.1

K/MPa. In consequence, the solid-state data were

only analyzed within the temperature range Tg �
T� Tmwhere two phases coexist—crystalline solid

dispersed in liquid PA-6. During the PVTmeasure-

ments, there is continuous change of the dynamic

equilibrium between these phases, related to crys-

tal annealing, pressure crystallization and pre-

melting in the vicinity of theTm region.

It has been found that the MNSJ theory cannot

correctly reproduce the observed behavior in the

solid state, for example, the predicted isobaric

volume increase with T is smaller than observed

(this behavior is in contrast with that reported by

the authors for polyethylene). As a result, the

solid-state PVT data were analyzed assuming

that the behavior is a consequence of additive

changes of the two phases, crystalline and molten;

this approach leads to a reasonable description of

the recorded data for PA-6.

In addition to the fundamental analysis of the

PVT data, the derivative functions, the thermal

expansion coefficient, a ¼ a(T, P), and the com-

pressibility coefficient, j ¼ j(T, P), were com-

puted. For PA-6, these two functions show sur-

prisingly different behavior, while the isobaric

values of j increased in the solid and molten

phase seemingly following the same, nearly linear

dependence, a was discontinuous at the melting

region, having higher values below Tm than

above. The mechanism responsible for such

behavior may be related to the free volume

increase caused by premelting. The statistical

thermodynamics of the liquid state predicts that a

should be significantly more sensitive to free

volume than j.

This article was inspired by numerous discussions with

R. Simha on the fundamental differences in the thermo-

dynamic behavior of polymeric systems in the molten

and solid state. Help of A. Usuki in obtaining PA-6 and

its CPNC is gratefully acknowledged.

NOMENCLATURE

CPNC Clay-containing polymeric

nanocomposites

DSC differential scanning calorimeter

eos equation of state

L-J Lennard-Jones

L-JD Lennard-Jones and Devonshire

MNSJ Midha-Nanda-Simha-Jain cell eos

of crystalline phase

PA-6 poly(e-caprolactam)

PE polyethylene

PS polystyrene

PVT pressure-volume-temperature

dependence

S-S Simha-Somcynsky cell-hole theory

or eos
_G crystallization rate

3c the external volume-dependent

degrees of freedom per

macromolecule

Ai, Bi Lattice constants

B bulk modulus

CD coefficient of determination
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Ci parameters of eq 11

Cp heat capacity at constant P

E Tensile modulus

F Helmholtz free energy

h free volume parameter in S-S eos;

h ¼ h(V, T)

Ms ¼
Mn/s

molecular weight of statistical

segment

Mn, Mw number- and weight-average

molecular weight

P, P*, P0 pressure, the characteristic

P-reducing parameter and

solidification P

q rate of vitrification by either

cooling or compressing

R the gas constant

r2 correlation coefficient squared

s number of statistical segments per

macromolecule

sp dimensionless spread factor

t Time

T, T* temperature and the characteristic

temperature reducing parameter

Tc, Tg crystallization and glass transition

temperature

Tm melting point

Tmax temperature at which the

crystallization rate is the highest

T0 solidification temperature

m* L-J segmental repulsion volume per

statistical segment

V, V* specific volume and the

characteristic

volume reducing parameter

Vsolid,

Vmelt

specific volume of the crystalline

and liquid part at T\ Tm

w water content (wt %)

Xcryst crystallinity content (wt %)

y occupied volume fraction in S-S eos;

h ¼ 1�y

z ¼ 12 coordination number

zq the number of interchain contacts

in a lattice; zq ¼ s(z�2) þ 2

e* L-J maximum attractive energy

r standard deviation

DTm width of the melting zone

DVann volume change caused by annealing

DVm volume change within melting zone

DVm,c additional volume change in eq 10

a thermal expansion coefficient

/ volume fraction

cG Grüneisen parameter

g viscosity

j compressibility

m characteristic crystal frequency

h characteristic frequency function

q density

Tilde Indicates reduced variables, for

example, as defined in eq 4.
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