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ABSTRACT: Differential scanning calorimeter (DSC), wide-angle X-ray diffraction (WAXD), small-angle
X-ray scattering (SAXS), and density techniques have been used to investigate the structural parameters
of the solid state of Nylon 11 annealed at different temperatures. The equilibrium heat of fusion ∆Hm

0

and equilibrium melting temperature Tm
0 were estimated to be 189.05 J g-1 and 202.85 °C respectively

by using the Hoffman-Weeks approach. The degree of crystallinity (Wc,x) ranged approximately 24-42%
was calculated by WAXD and compared with those by calorimetry (Wc,h) and density (Wc,d) measurements.
The radius of gyration Rg, crystalline thickness Lc, noncrystalline thickness La, long period L, semiaxes
of the particles (a, b), electron-density difference between the crystalline and noncrystalline regions ηc -
ηa, and the invariant Q increased with increasing annealing temperature. The analysis of the SAXS data
was based upon the particle characteristic function and the one-dimensional electron-density correlation
function. An interphase region existed between the crystalline and noncrystalline region with a clear
dimension of about 2 nm for semicrystalline Nylon 11. Instead of the traditional two-phase model, a
three-phase model has been proposed to explain these results by means of SAXS.

1. Introduction

In the past decade, many research interests had been
devoted to a kind of semicrystalline high performance
engineering thermoplastic, Nylon 11, due to its excellent
piezoelectricity and mechanical properties. Up to now,
the isothermal and nonisothermal crystallization kinet-
ics,1 crystal structure,2 morphology,3 and piezoelectric-
ity4 of Nylon 11 have been investigated.

The DSC method has been successfully used to
analyze the thermodynamic and kinetic processes and
WAXD is a powerful method to study the crystal
structure of polymer. SAXS can be used to characterize
the parameters of particles over a length range larger
than the usual interatomic distances. In this paper,
DSC, WAXD, and SAXS measurements were performed
to study the solid state of Nylon 11.

On the basis of a lattice theory, Flory5 suggested that
an interphase region might exist in the lamellae be-
tween the crystalline and noncrystalline region of semi-
crystalline polymers, the properties of which differ from
those of a truly noncrystalline region. Wendorff et al.6
pointed out that the formation of an interphase region
was an intrinsic property of the lamellae within crystal-
line regions and that such an interphase region must
influence the structural and dynamical properties of the
polymer. The thickness of the interphase region was
predicted to be 1-2 nm.5 Comparing the thickness of
the interphase region with the thickness of the crystal
lamellae indicated that this value is reasonable. Instead
of the traditional two-phase model, a three-phase model
has been proposed to explain these results by means of
SAXS.

In practical production and research, the annealing
treatment is a very useful crystallization technique,
which is usually applied to accelerate the secondary
crystallization process under the temperature of the
maximum crystallization rate. To extend the study on
WAXD and SAXS technique, our work is focused on the

structural parameters of the solid state of Nylon 11 at
different annealing temperatures.

2. Experimental Section
2.1. Materials. The samples of Nylon 11 (Mw ) 46 000 g

mol-1) were synthesized by the Changchun Institute of Applied
Chemisty from castor oil, which has the following chemical
repeating unit:

The DSC trace of Nylon 11 granule is presented in Figure
1, from which the melting point, Tm ) 185.43 °C, and the melt
crystallization temperature Tc ) 159.46 °C were obtained
(heating and cooling rate ) 10 °C/min). Nylon 11 samples were
fully melted in a molding press at 240 °C for 15 min and
annealed at different temperatures, Ta in the range of 60-
185 °C for 1h, then gradually cooled to room temperature.

2.2. Differential Scanning Calorimetry. Equilibrium
thermodynamic parameters were determined using a Perkin-
Elmer DSC-7 differential scanning calorimeter calibrated the
temperature with indium. All DSC experiments were per-
formed under a nitrogen purge; sample weights were between* Corresponding author

Figure 1. DSC trace of the Nylon 11 sample.
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10-11 mg. The samples were heated quickly (at 80 °C/min)
to 20-30 °C above the melting temperature (Tm), stayed there
for 10 min to eliminate residual crystals, then cooled (at -80
°C/min) to the designated crystallization temperatures (Tc) in
the range of 164-172 °C for the isothermal crystallization
process.

2.3. Density Measurement. The density of the samples
was measured by suspension method in an n-heptane/carbon
tetrachloride mixed solution using a PZ-B-5 liquid-density
balance.

2.4. WAXD. WAXD experiments were performed at room
temperature using a Rigaku D/max 3C diffractometer with
curved graphite crystal filtered Cu KR1 radiation (λ ) 0.154 06
nm). The observed film specimens were fixed on a rotating
sample-stage of the goniometer in order to eliminate the
anisotropic effect, so a suitable average of the diffracted
intensity in reciprocal space can be obtained. Data were
collected from 2θ ) 5-45° in a fixed time mode with a step
interval of 0.02°.

2.5. SAXS. SAXS experiments were performed at room
temperature using a Philips PW-1700 X-ray diffractometer
equipped with a Kratky small-angle X-ray camera, a step-
scanning device, and a scintillation counter for recording the
scattering intensity. The distance between the sample and
detector was 20 cm. The exposure time was 2 h for all the
samples investigated. This counting time was long enough to
avoid the influence of noise on the scattering intensity, so that
during the process of data collection the count error was less
than 1% for the largest angle. The scattering intensities were
corrected for absorption, background scattering, and incident
X-ray fluctuations of the samples. Desmeared scattering
intensities were obtained by adopting a procedure developed
by Schmidt.7 The resulting curves were converted to the
absolute scattering intensity using a calibrated Lupolen
(Polyethylene, BASF, Ludwigshafen, Germany) standard
sample.8

3. Results

As a semicrystalline polymer, Nylon 11 can crystallize
from the rubbery state at temperatures between 45 and
185 °C. With such a wide range of crystallization
temperature, the crystalline morphology of Nylon 11
may be strongly dependent on the thermal treatment,
and the resulting changes of morphology from the
thermal history influence the mechanical properties of
Nylon 11.

3.1. Equilibrium Thermodynamic Parameters.
The equilibrium heat of fusion ∆Hm

0 and equilibrium
melting temperature Tm

0 are two important thermody-
namic parameters characterizing the inter- and intra-
molecular reactions, and they are of significance in the
fabrication and application of polymers, however, the
equilibrium values are not available by direct measure-
ment, thus indirect or extrapolation methods must be
used.

a. Equilibrium Heat of Fusion, ∆Hm
0 . Nowadays,

a number of methods are available to determine ∆Hm
0

of a crystalline polymer.9 Among them the approach of
extrapolating the linear relationship between the heat
of fusion, ∆Hm and the specific volume, Vsp of samples
with different degrees of crystallinity to the 100%
crystalline condition has proved to be successful in the
determination of ∆Hm

0 for many linear semicrystalline
polymers.10,11 Therefore, specimens with different de-
gree of crystallinity were prepared by annealing under
different conditions. The heats of fusion (∆Hm) were
determined by DSC and respective specific volumes (Vsp)
were measured with a density gradient column. Figure
2 shows the plot of ∆Hm against Vsp for the differently
annealed Nylon 11 samples. Through linear regression,

an expression of the form

was obtained with a correlation factor r ) -0.996. If
Vsp

c (specific volume) of a hypothetical 100% crystalline
Nylon 11, i.e., 0.8673 cm3 g-1 as calculated from the unit
cell dimension is substituted for Vsp, and ∆Hm

0 )
189.05 J g-1 is derived.

b. Equilibrium Melting Temperature, Tm
0 . The

equilibrium melting temperature Tm
0 is another impor-

tant macroscopic quantity to characterize a given crystal
of a flexible linear macromolecule. As a main approach,
the Hoffman-Weeks equation has been widely used to
estimate the equilibrium melting point of polymers.

According to theoretical considerations by Hoffman
and Weeks,12 the equilibrium melting point of polymers
cannot be measured directly, but can be deduced from
DSC measurements by plotting the observed apparent
melting temperature Tm vs Tc. The equilibrium melting
point is obtained by the intersection to the resulting
straight line with the line Tm ) Tc. Assuming chain
folding during crystallization, the dependence of the
apparent melting temperature Tm on the crystallization
temperature Tc is given by

where â is the lamellar thickening factor which de-
scribes the growth of lamellar thickness during crystal-
lization. Under equilibrium conditions, â is equal to 1.
At the higher crystallization temperatures, the slope of
plot was 0.5 and extrapolated to a thermodynamic
melting point of Tm

0 ) 202.85 °C for Nylon 11 (see
Figure 3).

3.2. Crystallinity Analysis. a. WAXD Method. The
degree of crystallinity, Wc,x, is given by

where Ic and Ia are the integrating intensities scattered
over a suitable angular interval by the crystalline and
the noncrystalline regions, respectively, and K is a
calibration constant. If the sample is anisotropic, a
suitable average of the diffraction intensity in reciprocal
space must be obtained.

Figure 2. Determination of enthalpy of fusion for fully
crystalline Nylon 11 from the relation between specific volume
Vsp and heat of fusion ∆Hm.

∆Hm ) 1604.25 - 1631.86Vsp J g-1 (1)

Tm ) Tm
0 (1 - 1

2â) + Tc
1

2â
(2)

Wc,x )
Ic

Ic + KIa
(3)

6000 Zhang et al. Macromolecules, Vol. 33, No. 16, 2000



By means of the graphic multipeak resolution
method,13 the degree of crystallinity determined by
WAXD is calculated as follows

where Ii,hkl(θ) ) relative intensities of the crystalline
peaks, Ia(θ) ) relative intensity of the noncrystalline
peak; Ci,hkl(θ) ) correction factors of crystalline peaks;
Ca(θ) ) correction factor of noncrystalline peak; the total
correction factor K ) Ca(θ)ki, and ki is the relative
scattering coefficient, which is a ratio of calculating
diffraction intensity (∑Ii,cal) to total scattering intensity
(∑Ii,total) for unit weight of crystalline polymer ki ) ∑Ii,cal/
∑Ii,total (ki e 1). Ci,hkl(θ) or Ca(θ) can be calculated by
the following equation

where f ) atomic scattering factor of a repeating unit,
fi ) scattering factor of the ith atom, Ni ) the number
of the ith atom in a repeating unit, 2θ ) Bragg angle,
(1 + cos22θ)/(sin2θ cosθ) ) angle factor (LP),
e-2B(sinθ/λ)2 ) temperature factor (T), and 2B ) 10.

The atomic scattefring factor fi can be approximately
expressed by

where values of a, b and c are given in ref 14.
WAXD patterns of Nylon 11 annealed at different

temperatures show one noncrystalline peak at 20.8° and
12 crystalline peaks including four distinct crystalline
peaks at 2θ of 7.5, 20.0, 23.5, and 38.0° (see Figure 4).
These four peaks correspond to the (001), (100), (010,
110), and (023) crystal planes, respectively. The relative
intensities (relative area) of all the crystal planes were
calculated, and the results were shown in Table 1.

Using eqs 4-6, the correction factors at formula of
the degree of crystallinity for the crystalline and non-
crystalline peaks were calculated and listed in Table 2.
The correction factors of crystalline peaks are C001(θ) )
0.085, C100(θ) ) 1, C010,110(θ) ) 1.57, and C023(θ) ) 10.5,
and the correction factor of the noncrystalline peak is
Ca(θ) ) 1.12. The total correction factor K ) kiCa(θ) )
0.811. Using the data above, eq 4 can be further reduced
to give eq 7. The Wc,x was calculated on the base of eq

7, and the results were listed in Table 3 and shown in
Figure 5.

b. Density Method. The degree of crystallinity of the
mass fraction from density measurement (Wc,d) can be

Figure 3. Application of Hoffman-Weeks approach to Nylon
11 for determining its equilibrium melting temperature Tm

0 .

Wc,x )

∑
i

Ci,hkl(θ)Ii,hkl(θ)

∑
i

Ci,hkl(θ)Ii,hkl(θ) + kiCa(θ)Ia(θ)
(4)

Ci,hkl
-1 or Ca

-1(θ) ) 1 + cos2 2θ
sin2 θcos θ

f2e-2B(sinθ/λ)2
)

∑Nifi
21 + cos2 2θ
sin2 θ cos θ

e-2B(sinθ/λ)2
(5)

fi(sinθ/λ) ) ∑
i)1

4

aie
-bi(sinθ/λ)2

+ c (6)

Figure 4. WAXD patterns of Nylon 11 annealed at various
temperatures (annealing temperatures shown in Table 2).

Table 1. Indices of Crystallographic Planes and Their
Relative Diffraction Intensities of Nylon 11

NO 2θ (deg) dobsd (nm) dcalcd (nm) hkl I/I0 KI

1 7.5 1.1777 1.1789 001 16
2 11.5 0.7688 0.5590 002 12
3 20 0.4435 0.4340 100 100
4 23.5 0.3782 0.3748 010 96

0.3680 110
5 38 0.2366 0.2366 023 18
6 40.5 0.2225 0.2235 022 15 0.724
7 44 0.2025 0.2038 120 15
8 48.5 0.1875 0.1889 11h2 12
9 51.5 0.1773 0.1770 213h 10

10 60.5 0.1529 0.1518 222h 7
0.1539 232

11 63 0.1474 0.1477 320 6
0.1471 312h

12 66 0.1414 0.1415 301 8
0.1414 21h2

Table 2. Correction Factors of X-ray Diffraction Peaks
for Nylon 11

hkl 2θ (deg) T LP f2 correction factors

001 7.40 0.9826 477.9 500.77 0.085
100 20.12 0.8793 62.65 361.93 1
010,110 23.16 0.8438 46.80 324.95 1.57
023 37.85 0.6419 16.32 181.74 10.5
Aa 20.85 0.8711 58.17 352.98 1.12

a Noncrystalline peak.

Wc,x )
0.085I001 + I100 + 1.57I010,110 + 10.5I023

0.086I001 + I100 + 1.57I010,110 + 10.5I023 + 0.811Ia

(7)
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usually calculated by the formula

where Fa and Fc are densities of the noncrystalline and
crystalline regions respectively; Fs is the sample density.
Wc,d was calculated on the base of eq 8 and the results
were also listed in Table 3 and shown in Figure 5.

c. Calorimetry Method. The degree of crystallinity
by calorimetry (Wc,h) can be calculated by means of the
equation

where ∆Hm and ∆Hm
0 are the fusion enthalpies of the

sample and the complete crystalline Nylon 11, respec-
tively. On the basis of the eq 9, Wc,h was calculated and
compared with Wc,x and Wc,d in Figure 5.

3.3. Coherence Length ê. The coherence length ê
perpendicular to the (hkl) plane, êhkl in nanometers, is
usually given by the Scherrer equation15,16

where â is pure line broadening and â ) (B2 - b0
2)1/2, B

is the measured half-width of the experimental profile
(in degree), b0 is the instrumental broadening, which
was obtained to be 0.15° from scans of standard silicon
powder, K is the Scherrer factor, here K ) 0.9, λ is the
wavelength of the X-ray, and θ is the Bragg angle. Using
the data of the four distinct crystalline peaks shown in

Table 1, the coherence length was calculated by eq 10
(see Table 4). The coherence length of (100) plane ê100
is larger than the values of other planes. The reason is
that the hydrogen bonds exist in (100) planes, so the
molecular chains are easier to move and recrystallize
in the (100) planes and the activity energy of the
recrystallization process is lower.

3.4. SAXS Analysis. SAXS reflects electron-density
fluctuations within a sample over a length range larger
than the usual interatomic distances. Semicrystalline
Nylon 11, which consists of a simplified two-phase
system of alternating crystalline domains and an non-
crystalline matrix, could be assumed to be a system with
fluctuating electron density, and it should scatter X-
rays. The scattering capacity depends on the density
difference between the crystalline and noncrystalline
regions. The SAXS curves of Nylon 11 annealed at
different temperatures (60, 90, 120, and 150 °C) are
shown in Figure 6. It could be seen that the scattering
intensities increased gradually with increasing Ta.

a. Radius of Gyration. Guinier et al.17,18 have shown
that the scattering intensity I(h) of the polymer at small
angle can be shown with the following equation:

Here, Ie is the scattering intensity of a electron, N is
the number of all the irradiated particles, n is the
electron number of one particle, h ) 4π(sin θ)/λ, λ is the
wavelength of X-ray, θ ) ε/2, ε is the scattering angle,
and ε ) arctan(Pi - P0)/l, Pi is the scattering highness
of the ith point, and P0 is the beginning scattering
height, l is the distance between the sample and the
counting instrument, and Rg is the radius of gyration.

Table 3. Degree of Crystallinity, Density, and Enthalpy of
Fusion for Nylon 11

NO
Ta

(°C)
Fs

(g‚cm-3)
Vs

(cm3‚g-1)
∆Hm

(J‚g-1)
Wc,x
(%)

Wc,d
(%)

Wc,h
(%)

1# 185 1.052 0.9506 52.678 28.42 28.01 27.86
2# 180 1.054 0.9488 55.581 33.69 29.56 29.4
3# 175 1.062 0.9416 68.312 39.77 35.78 36.13
4# 170 1.062 0.9408 70.151 40.53 36.47 37.11
5# 165 1.065 0.9390 71.215 42.37 38.03 37.67
6# 160 1.063 0.9406 69.026 39.94 36.65 36.51
7# 150 1.060 0.9430 59.495 35.85 34.57 31.47
8# 120 1.053 0.9497 53.563 32.86 30.21 28.57
9# 90 1.046 0.9552 47.432 27.96 25.09 24.03

10# 60 1.025 0.9756 44.972 24.42 23.28 22.37

Figure 5. Effect of annealing temperature Ta on the degree
of crystallinity Wc,x, Wc,d, and Wc,h.

Wc,d )

1
Fa

- 1
Fs

1
Fs

- 1
Fc

(8)

Wc,h )
∆Hm

∆Hm
0

(9)

êhkl ) 5.73 Kλ
â cos θ

(10)

Table 4. Coherence Length Perpendicular to the
Different Crystal Planes of Nylon 11 Annealed at

Different Temperatures

ê (nm)

NO 001 100 010, 110 023

1# 2.18 2.65 2.61
2# 2.34 3.30 3.26
3# 2.25 4.04 3.77 2.47
4# 2.95 3.95 3.91 2.81
5# 2.87 3.64 3.78 2.27
6# 2.18 4.35 3.70 2.40
7# 2.28 4.04 3.66 2.63
8# 2.07 3.23 2.90 2.37
9# 2.34 3.11 2.80

10# 2.18 2.89 2.75 2.47

Figure 6. SAXS curves of scattering intensity versus scat-
tering angle for Nylon 11 sample annealed at indicated
temperatures for 1 h.

I(h) ≈ IeNn2e-h2Rg
2/3 (11)
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The logarithm form of eq 11 is

where K ) -
Rg

2

3
and B ) ln(IeNn2). K is the slope, B is

the intercept of ln(I(h)) ∼ h2 curve and IeNn2 is the
intensity coefficient. Rg and IeNn2 are given by

The ln(I(h)) ∼ h2 curves will be close to a straight line
within the small angle range for all the shapes of
particles. This angle range is broader for the sphere
particles system than the others, and it will decrease
with the particles departing from the spherical shape.
Figure 7 shows the plot of ln(I(h)) ∼ h2 of Nylon 11
annealed at different temperatures. The radius of
gyration Rg are obtained by the eq 12.1 and shown in
Table 5.

b. Characteristic Function ν0(r). If we assume
there are two points, that point P exists in one particle,
point Q is a random point, and the distance between
these two points is r, so the probability of point Q
existing in this particle can be defined as the particle

characteristic function ν0(r) and it can be expressed
as17,19

The following four equations can be draw from eq 13:17

Here VP is the volume of the particle, Lc is the crystal-
line thickness, S0 is the surface area of the particle, and
S0/VP is the specific surface area.

The characteristic function ν0(r) of Nylon 11 annealed
at different temperatures is shown in Figure 8. As we
have discussed above, respectively, the crystalline thick-
ness Lc and the specific surface area S0/VP can be
obtained from the integral area of ν0(r) ∼ r curves and
the slope of νo(r) curves when r approaches 0. To find
the semiaxes of the ellipsoid (a, b), the experimental
curve ν0(r) was compared with a series of simulative
curves with the different values of axial ratio ω ( ) b/a)
but the same radius of gyration, then the analogous one
must be got and the axial ratio can be determined. The
semiaxes (a, b) can be calculated by

The specific surface area S0/VP, semiaxes (a, b) of the
ellipsoid particles and the crystalline thickness Lc are
obtained (see Table 5).

c. One-Dimensional Electron Density Correla-
tion Function K(Z). If the variation of the electron
density obeys a “linear model”, i.e., the density varia-
tions mainly occur along the direction perpendicular to
the lamellae, then, to describe the structural change of

Figure 7. Plots of ln(I(h)) vs h2 for Nylon 11 annealed at
various temperatures.

Table 5. Structural Parameters of the Solid State for
Nylon 11 Annealed at Different Temperatures

Ta (°C)
Ta )
60 °C

Ta )
90 °C

Ta )
120 °C

Ta )
150 °C

Fc - Fa (g cm-3) 0.044 0.066 0.086 0.090
Rg (nm) 1.81 1.95 2.29 2.99
IeNn2 12508.41 19925.06 22754.67 32780.76
a (nm) 2.837 3.055 3.587 4.683
b (nm) 0.536 0.584 0.696 0.913
ω 0.189 0.191 0.194 0.195
S/VP (m2 cm-3 10-3) 1.12 1.47 2.01 2.54
Q (10-4 mol e cm-3) 1.539 1.933 1.831 1.795
ηc - ηa (mol e cm-3) 0.0328 0.0493 0.0642 0.0672
dh (nm) 6.73 6.96 7.07 7.21
Lc (nm) 2.61 3.98 4.14 4.52
La (nm) 9.61 8.40 7.32 7.06
dtr (nm) 1.69 1.76 2.27 2.31
L (nm) 15.6 15.9 16.0 16.2

ln(I(h)) ) -
Rg

2

3
h2 + ln(IeNn2)

) Kh2 + B (12)

Rg ) x-3K (12.1)

IeNn2 ) eB (12.2)

Figure 8. Plots of particle characteristic function ν0(r).

ν0(r) )

1
r∫0

∞
hI(h) sin(hr) dh

∫0

∞
h2I(h) dh

(13)

ν0〈Lc〉 ) 0 (13.1)

∫0

∞
ν0(r) dr )

Lc

2
(13.2)

∫0

∞
4π2ν0(r) dr ) VP (13.3)

[d(ν0(r))
dr ]r f 0

) -
S0

4VP
(13.4)

a ) Rg( 5
ω2 + 2)1/2

(14)

b ) ωa (15)
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the system, we can use the 1D EDCF (one-dimensional
electron density correlation function). The correlation
function K(Z) can be written as20,21

where Z is the direction normal to lamellar stacks and
the angular brackets indicate averaging over all coor-
dinates Z′ within a representative stack which will pass
through an noncrystalline layer and a crystalline layer.
The average electron density within the stack is called
〈η〉. K(Z) can be obtained by Fourier transformation of
the desmeared scattering intensities

where s ) 2(sin θ)/λ. As an example, the derived typical
1D EDCF K(Z) of the lamellar structure for Nylon 11
annealed at 90 °C is demonstrated in Figure 9. From
the well-known “self-correlation triangle” which reflects
the electron-density correlation within a lamella, one
can directly estimate various structural parameters of
the solid state for Nylon 11 by making use of some
general properties of the correlation function. The
invariant Q is the value of K(Z) at Z ) 0 which is also
evaluated by extrapolating the straight-line section of
the self-correlation region to the K(Z) axis (see Figure
9). Its physical meaning is the mean-square electron-
density fluctuation, which could satisfactorily explain
the changing tendency of the values of Q considering
the variation of the electron-density difference with the
annealing temperature. The long period L could be
determined from the position of the first maximum in
the correlation function. The average lamellar thickness
dh can be obtained by the cross point of the baseline with
the sloping line of the “self-correlation triangle”.

Buchanan22 proposed a two-phase model consisting
of an infinite array of alternating crystalline and
noncrystalline regions. From the traditional “ideal two-
phase model”, the self-correlation section of the SAXS
curve was expected to be a straight line. As we employed
a simplied two-phase model to analyze the SAXS data,
the long period L should be expressed as L ) Lc + La;
here, Lc and La are the thickness of crystal and the
noncrystalline regions, respectively. In fact, the devia-
tion is usually observed in practical results, indicating
that the boundary between the crystalline and noncrys-
talline regions are not clear and sharp and there exists
a transition zone23-25 (interphase region) with a finite
width instead of a sharp jump in density. From the
curvature of the straight-line segment in the central
section of K(Z), the thickness of the transition layer dtr

could be estimated. The most important difference
between the two- and three-phase models is that the
latter possesses a transition zone between the noncrys-
talline layer and the crystalline layer. According to
Strobl,20 the thickness of the transition zone dtr can be
directly derived from the curvature of K(Z).

The thickness of the transition layer dtr was given by
the lower limit of the straight section in the self-
correlation range. The noncrystalline thickness La can
be calculated from

The result of long period L, noncrystalline thickness La,
invariant Q, average lamellar thickness dh, and thickness
of transition layer dtr are obtained and listed in Table
5. Schematic representations of the three-phase struc-
ture of Nylon 11 with different crystallinities are shown
in Figure 10.

4. Discussion
4.1. Influence of Annealing on the Degree of

Crystallinity. The values of Wc,R (R ) x, d, h) for every
sample exhibit a similar distribution with the change
of Ta. No matter which measurement method was used,
the values of Wc,R, which range approximately from 24
to 42%, first increase and then decrease with increasing
annealing temperature. The annealing treatment prob-
ably enhanced the growth of secondary crystallization
which had a lower melting point than that of the major
lamellae with a higher one. With the increase of
annealing temperature, the degree of crystallinity of
Nylon 11 systematically increased and more perfect
crystals were formed because of the rearrangement of
the molecular chains and the improvement of the
regularity of the chains between the major lamellae. It
was the above-mentioned effect that made the secondary
crystallization during the large lamellae undergo a
reorganization and perfection process. There is a maxi-
mum value of the crystallinity around 165 °C, indicating
that there exists an optimum annealing temperature
in the proximity of this temperature. The reason the
values of Wc,x for the specimens annealed at high
temperature decrease with the increasing temperature
is partly that unstable and small crystals melt and
transform into the noncrystalline region, although more
perfect crystallites are favorably formed at higher
temperature. So, the total amount of crystallinity
reduces and the degree of crystallinity for the samples
slowly cooled from the melt decreases.

Figure 5 shows that the results of the degree of
crystallinity calculated from WAXD are compatible with
those from density and calorimetry measurements and
the values of the degree of crystallinity exhibit the

Figure 9. Curve of experimental correlation function K(Z)
obtained for Nylon 11 annealed at 90 °C.

K(Z) ) 〈[η(Z′) - 〈η〉][η(Z + Z′) - 〈η〉]〉 (16)

K(Z) ) 4π∫0

∞
s2 I(s) cos(2πsZ) ds (17)

Figure 10. Schematic representation of the bimodal micro-
structure of Nylon 11 annealed at different temperature.

L ) La + 2dtr + Lc (18)
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following order Wc,x > Wc,d > Wc,h. The crystalline,
interphase and the noncrystalline regions contribute to
WAXD, density and calorimetry methods to different
degree. Wc,x is equal to the sum of the content of
crystalline and interphase regions, and Wc,d is calculated
by the difference of packing density between the crys-
talline and noncrystalline regions, while the Wc,h is
obtained only by the enthalpy of crystalline region
fusion. Moreover, various techniques are affected to
different extents by imperfections and interfacial effects.
Therefore, some disagreement among the quantitative
results of the degree of crystallinity by different mea-
surement methods is frequently encountered.26

4.2. Influence of Annealing on Structure Param-
eters. The above discussions revealed that the degree
of crystallinity (Wc,x), sample densities (Fs) and crystal
densities (Fc) are all influenced by the annealing tem-
perature (see Table 3). Taking into account the vari-
ability of the crystal densities with the annealing
temperature, the density difference between the crystal-
line and noncrystalline regions ∆F ) Fc - Fa is not
constant (see Table 5). Moreover, we can also find the
semiaxis b is very much less than a , which means the
particles grow mainly in the two-dimensional direction.

Nylon 11 is such a kind of polymer which crystallizes
very quickly, but the degree of crystallinity is usually
very low while it is cooled from the melt. When its glassy
state was annealed above Tg (45 °C), with an increase
of Ta, the moving ability of the molecular chains
increases and some of the disordered molecular chains
in the noncrystalline region moved and rearranged into
the interphase or crystalline region. Meanwhile, the
molecular chains of the interphase region moved and
arranged more orderly than before. The results of long
period L, crystalline thickness Lc, and the thickness of
transition layer dtr all increase with the increase of the
annealing temperature except the noncrystalline thick-
ness La. A conclusion can be drawn that the molecular
chains in the transition zone move and form a crystal
easier than the chains in the noncrystalline region
because the crystalline thickness Lc increases more
obviously than dtr. Namely, the activation energy be-
tween the crystalline region and transition zone is lower
than that between the noncrystalline and the transition
zone.

5. Conclusion
The degree of crystallinity (Wc,x) is calculated by

WAXD and compared with those calorimetry (Wc,h) and
density (Wc,d) measurements, moreover, the value of
degree of crystallinity values exhibit the following
order: Wc,x > Wc,d > Wc,h. There is a maximum value of
the degree of crystallinity around 165 °C, indicating that
there is an optimum annealing temperature for Nylon
11. With increase of the annealing temperature, the
radius of gyration Rg, crystalline thickness Lc, the

semiaxes of the particles (a, b), long period L, electron-
density difference between the crystalline and noncrys-
talline regions ηc - ηa and the invariant Q all increase
except the thickness of noncrystalline region La. More-
over, the semiaxis b is less than a very much, which
means the particles grow mainly on the two-dimensional
direction. The results also indicate that a transition zone
exists between the traditional “two phases” with a clear
dimension of about 2 nm.
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