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ABSTRACT: The correlation between nanostructure, as derived by X-ray scattering, and the microme-
chanical properties, as revealed by microindentation hardness, of a series of novel random ester-amide
copolymers, based on butyl terephthalate and an etherdiamide, has been investigated. The interface
distribution function has been used for the analysis of the small-angle X-ray data. The influence of the
etherdiamide content and the number of the flexible groups in the etherdiamide unit on the nanostructure
of the copolyester-amides is discussed. Hardness is shown to be a property critically dependent on the
number of etherdiamide sequences within the copolymer chains. The hardness values of the copolyesters
appear to deviate from the linear additivity law. This deviation seems to be mainly due to a contribution
of several factors: (i) the lower hardness value of the poly(butyl terephthalate) (PBT) amorphous segments
within the copolymer with respect to that of the PBT homopolymer; (ii) an increase in the surface free
energy of the PBT crystals with increasing etherdiamide content; (iii) a decrease in the energy required
for the mechanical deformation of the PBT crystals with increasing etherdiamide content and increasing
number of flexible groups within the etherdiamide unit.

Introduction
Flexible copolyester-amides have been the subject of

extensive research in the past years, especially those
containing aromatic-aliphatic spacers.1-7 Depending on
the synthesis method, alternating copolymers, seg-
mented block copolymers, or random copolymers are
obtained. The behavior of regularly alternating copoly-
ester-amides usually resembles that of a homopolymer,
exhibiting glass transition, Tg, and melting temperature,
Tm, values lying in between those of the constituent
polyesters and polyamides. Some of these materials
have been found to develop thermotropic mesomorphic-
ity, despite their aromatic rings being well separated
by strictly alternating aliphatic groups.1 Furthermore,
the length of the flexible units of alternating polyester-
amides consisting of terephthalic acid, bis(esterdia-
mide)s, and aliphatic diols has been shown to influence
the thermal and mechanical properties of these
systems.2-4

The general structure of segmented block copolymers
is (A-B)n, where A and B are blocks of two dissimilar
polymers chains. One of the segments is usually chosen
to have the properties of a rubber (low Tg values). The
hard segment forms the crystalline phase and acts as
reinforcement to the elastomeric matrix. Some physi-
cochemical properties of a series of polyester-amide-
polyether segmented block copolymers have been re-
ported.5 The melting and glass transition temperatures
of segmented copolymers with polyester-amide units
of uniform length have been shown to vary with the soft-
block length.6 Furthermore, the structure, the crystal-
lization behavior, and the mechanical properties of
segmented polyester-amide copolymers based on poly-
(butylene terephthalate) and a diamide of uniform
length have been investigated.7

So far, there has been little research on the synthesis
and properties of random copolyester-amides contain-
ing flexible spacers. The literature available is mainly
concerned with aliphatic polyester-amides.8,9 The ran-
dom copolymerization of ester and amide segments
appears as an alternative route to yield materials with
a combination of elastomeric and thermoplastic proper-
ties. Recently, novel random aromatic-aliphatic poly-
ester-amide copolymers have been synthesized in our
laboratory.10 These materials possess a hetero-phase
structure, with two Tg values and only one melting
temperature above room temperature which corre-
sponds to the fusion of poly(butylene terephthalate)
(PBT) crystals. The diamide segments are chosen to
mainly contribute to the amorphous domains and confer
to the material an elastomeric character. The nano-
structure of these materials and their correlation to
physical properties has not yet been investigated.

Microindentation hardness has been shown to provide
valuable information on the polymer nanostructure.11,12

This method relies on the local deformation induced on
a polymer surface with a sharp indenter under the
application of a given load. The microhardness value
can be determined from the optical measurement of the
residual impression left behind upon load release.
Microhardness is a simple, rapid, and nondestructive
technique for the mechanical characterization of a
material. From a basic point of view, much effort has
been done in the past decades to correlate microhard-
ness with the morphology and nanostructure of poly-
mers, copolymers, polymer blends, and composites.13-16

It has been shown that the microhardness of copolymer
systems, including thermoplastic elastomers, thermo-
tropic liquid-crystalline copolyesters, and random co-
polymers of semiflexible monomer units, is well de-
scribed by a simple additive model of the microhardness
of the individual components.16 The microhardness of
the latter is ultimately related to the corresponding

† Instituto de Estructura de la Materia (CSIC).
‡ Technical University of Szczecin.
§ Universität Hamburg.

8094 Macromolecules 2001, 34, 8094-8100

10.1021/ma010199f CCC: $20.00 © 2001 American Chemical Society
Published on Web 10/12/2001



degree of crystallinity, crystalline lamellar thickness,
and crystal surface free energy.16-20

The aim of the present paper is twofold: (1) to
examine the correlation between the nanostructure, as
derived from X-ray scattering, and the micromechanical
properties of a series of newly synthesized random
ester-amide copolymers, based on butylene terephtha-
late and an etherdiamide; (2) to study the influence of
the number of flexible groups in the diamide units and
the effect of the diamide content on the nanostructure
and microhardness of the copolyester-amides.

Experimental Section
Polymer Synthesis. Novel polyester-amide copolymers

were prepared by transesterification and polycondensation in
the molten state. All polymers were synthesized with dimethyl
terephthalate, 1,4-butanediol, and R,ω-di(3-aminopropyl)oli-
gotetrahydrofuran. Scheme 1 illustrates the chemical formula
of these newly synthesized polyester-amide copolymers. The
final state of these copolymers is given by random-length
sequences of etherdiamide and butyl terephthalate units. A
number of 9, 14, and 28 tetrahydrofuran units were used in
the oligotetrahydrofuran synthesis, yielding molecular weight
values for the R,ω-di(3-aminopropyl)oligotetrahydrofuran group
of Mn ) 750 g/mol, Mn ) 1100 g/mol, and Mn ) 2100 g/mol,
respectively. Samples with different etherdiamide molar con-
tent, φDA, were synthesized for each molecular weight of the
R,ω-di(3-aminopropyl)oligotetrahydrofuran group (see Table 1).
Magnesium hydrohexabutoxytitanate and phenol derivative
Irganox 1098 were used as a catalyst and a stabilizing agent,
respectively. A detailed description of the synthesis method
can be found elsewhere.10

Sample Preparation. Pellets of the as-synthesized mate-
rial were dried for 48 h at 70 °C under a pressure of ≈20 mbar.
Injection molded samples with a circular shape were obtained
using a Boy 15 injection-molding machine. The pressure
applied was of 10 MPa, and the temperature of the melt
used was 5 °C above the corresponding melting point of the
polymer.

Techniques. Differential scanning calorimetry (DSC) data
were obtained on a Perkin-Elmer DSC-7 in the range from
-120 to +250 °C, using a heating and cooling rate of 10 °C/
min. Table 1 collects the glass transition temperature, Tg, of
the etherdiamide and the butylene terephthalate molecular
segments and the melting temperature, Tm, of the PBT crystals
for all the samples investigated. The italicized Tm values in
Table 1 correspond to the melting temperature of the main
PBT endothermic peak.

Density was measured at 22 °C, using an analytical balance
equipped with a density determination apparatus (ISO 1183:
1987: “Plastics. Methods for determining of density and
relative density of non-cellular plastics”).

Wide-angle and small-angle X-ray diffraction patterns
(WAXS, SAXS) were obtained using the synchrotron radiation
source in the polymer beam-line of HASYLAB (DESY) in
Hamburg. Scattering patterns were recorded using a one-
dimensional detector. A wavelength, λ, of 0.15 nm was used.
The data were corrected for the detector response and beam
intensity. WAXS and SAXS patterns were calibrated against
PET and rattail standards, respectively. Figure 1 shows the
WAXS patterns of the PBT homopolymer and the copolyester-
amide series with Mn ) 1100 g/mol. Figure 2 illustrates the
SAXS raw data for pure PBT and the copolymer series with
Mn ) 2100 g/mol. The small-angle X-ray scattered intensity,

Scheme 1

Table 1. Glass Transition Temperature, Tg, Melting
Temperature, Tm, and Density, G, Values for the

Polyester-Amide Samples with Different Molecular
Weight of the r,ω-Di(3-aminopropyl)oligotetrahydrofuran
Group, Mn, and Molar Content of Etherdiamide, ODA (ODA

) x in Scheme 1)

Mn,
g/mol φDA, %

Tg1,
°C

Tm1,
°C

Tg2,
°C Tm2, °C F, g/cm3

0 42 215, 225 1.32
750 6 -38 35 205, 216 1.27
750 14 -44 38 190, 199, 210 1.21
750 20 -48 36 183, 200 1.17
750 25 -45 37 153 1.15

1100 4 -60 21 206, 218 1.26
1100 11 -62 36 197, 205, 212 1.20
1100 14 -61 39 173, 187, 204 1.19
1100 20 -60 40 155, 166, 186 1.15
2100 2 -60 43 212, 222 1.23
2100 6 -69 20 45 208, 218 1.18
2100 9 -70 18 47 205, 214 1.13
2100 11 -72 12 38 171, 199, 212 1.10 Figure 1. WAXS patterns of the PBT homopolymer and the

copolyester-amide series with Mn ) 1100 g/mol.
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I(s), was recorded in the interval 0.01 nm-1< s < 0.2 nm-1,
with s ) 2 sin θ/λ being the modulus of the scattering vector.

The weight fraction crystallinity, wc, was determined from
the WAXS patterns. The amorphous peak, comprising the
fraction of noncrystalline PBT material together with the
contribution of the etherdiamide component, was fitted to the
diffraction curve so that it matched at some points. The weight
fraction crystallinity is calculated as the ratio between the area
under the PBT crystalline peaks to that of the total diffraction
curve. As an example, Figure 1 illustrates the amorphous halo
fitted to the PBT homopolymer.

Microindentation measurements were performed at room
temperature (23 °C) using a Leitz tester and a Vickers
diamond indenter. Loads of 0.98 and 1.96 N were applied for
6 s and subsequently released to measure the residual area of
indentation. Microhardness is determined from the slope of
the linear regression of the load, P, vs d2 plot (d is the diagonal
of the indentation) according to the expression16 H ) 1.854P/
d2.

Evaluation of the SAXS Data. The average values of the
long period and thicknesses of the amorphous and crystalline
layers were determined from the interface distribution function
(IDF), g1(x).21 The IDF represents the probability distribution
of finding two interfaces (between a crystal and the adjacent
amorphous region) at a distance x from each other. The IDF
is proportional to the second derivative of the one-dimensional
correlation function, γ1(x).22 To compute g1(x), the following
steps were performed. Bearing in mind Porod’s law, s4I(s) was
computed and a slowly varying background was subtracted,
yielding the interference function G1(s). One-dimensional
Fourier transformation of G1(s) resulted in g1(x). The interface
distribution function of each sample was fitted to Gaussian-
type distributions, assuming the statistical model of flat and
extended lamellar stacks.23 The Gaussian functions provide
for a simple mathematical treatment and fitted the experi-
mental data very well. The IDF allows for the determination
of the average thickness values of the crystalline, lc, and
amorphous layers, la, within the semicrystalline stacks. It has
been shown that the relative width of the distribution of crystal
thicknesses is, in general, the narrower one.24,25 Thus, for each
IDF, the Gaussian distribution with the smallest relative
variance was associated with the crystalline layers (relative
variance, σc/lc ) 0.2-0.3). The relative width of the Gaussian
distribution associated with the amorphous layers varied in
the range σa/la ) 0.5-0.6.

Figure 3 shows the IDF for one of the samples (Mn ) 1100
g/mol, φDA ) 11%) together with the fitted model curve (solid
line) and the Gaussian distributions of the amorphous and
crystalline lamellae (dashed lines).

Results

Wide-Angle and Small-Angle X-ray Scattering.
Figure 4 illustrates the values of the long period, L, and
the crystalline lamellar thickness, lc, for all the copoly-
mers investigated, as a function of φDA. The interface
distribution function reveals that only two adjacent
crystal lamellae contribute to the SAXS diffraction
maxima. L is shown to increase with increasing etherdia-
mide content, for a given Mn value. The introduction of
longer flexible groups in the etherdiamide units (higher
molecular weight) yields larger L values. On the other
hand, the lc values are shown to remain constant for
all the molecular weights and etherdiamide contents
considered.

In Figure 5, the variation of the linear degree of
crystallinity, RL (RL ) lc/L), with etherdiamide content,
is shown. There is a trend of the RL values to diminish
with increasing φDA and increasing molecular weight.
This result is a direct consequence of the thickening of

Figure 2. SAXS curves of the PBT homopolymer and the
ester-amide copolymer series with Mn ) 2100 g/mol. The
intensity of all curves has been normalized to that of the
homopolymer.

Figure 3. Interface distribution function (solid circles) and
Gaussian-type distance distributions (dashed lines) for the
copolyester-amide with φDA ) 0.11 and Mn ) 1100 g/mol. The
solid line represents the curve fitted to the interface distribu-
tion function using a nonlinear regression.

Figure 4. Variation of the long period (solid circles) and the
crystal thickness (open circles) values with etherdiamide
content for the PBT homopolymer (9, 0) and the copolyester-
amides with Mn ) 750 g/mol (b, O), Mn ) 1100 g/mol (2, 4),
and Mn ) 2100 g/mol ([, ]).
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the amorphous layer as the concentration or length of
the etherdiamide units increases.

Figure 6 illustrates the mass degree of crystallinity
values as a function of the molar etherdiamide content
for the copolymers of different molecular weight and the
PBT homopolymer. There is a clear trend of the wc
values to decrease with increasing etherdiamide con-
tent. In addition, Figure 6 shows that wc values for the
copolymers with Mn ) 750 and 1100 g/mol and low
etherdiamide contents (φDA e 6%) are slightly higher
than that of the PBT homopolymer.

Microhardness Measurements. Figure 7 illus-
trates the hardness values for all the copolymers
investigated (solid symbols) as a function of the etherdia-
mide content. The H value of the PBT homopolymer is
also included in Figure 7. Hardness is shown to drasti-
cally decrease with increasing etherdiamide content.
The hardness values of the copolymers clearly deviate
from a linear additivity law (straight line in Figure 7),
where we assume H ≈ 0 for the polyetherdiamide
homopolymer, as Tg is far below room temperature. The

magnitude of this deviation is larger the higher the
molecular weight of the copolymer is.

Discussion

Influence of Etherdiamide Content on the Nano-
structure. The results shown in Figure 4 suggest that
the crystallizable PBT sequences segregate to form the
crystals while the etherdiamide sequences tend to lie
in the amorphous phase. By increasing the amount or
length of the etherdiamide sequences, the thickness of
the intralamellar amorphous layer increases while the
average PBT crystal thickness is preserved.

Figure 6 shows that the wc values are much lower
that the RL values represented in Figure 5. This result
suggests that a large proportion of amorphous material
form regions outside the stacks of crystals. In addition,
the wc values for the copolymers with low etherdiamide
contents (φDA e 6%) and Mn ) 750 or 1100 g/mol are
found to be larger that that of the PBT homopolymer.
This finding could be associated with an enhanced
mobility of the polymer chains due to the introduction
of flexible sequences, which could facilitate the matching
of neighboring crystallizable sequences. Finally, the
trend of the wc values to diminish with increasing φDA

values parallels that of RL (see Figure 5). However, in
Figure 6 the crystallinity decrease appears to be more
pronounced. Hence, the wc decrease observed with
increasing etherdiamide content could be partly due to
a decrease in RL. However, one cannot exclude the fact
that a decreasing number of PBT crystallites with
increasing φDA could also contribute to the wc behavior
observed.

Microhardness-Nanostructure Correlation. Fig-
ure 7 shows the conspicuous deviation of the H values
of the copolymers from a linear additivity law. Similar
results have been previously reported on other copoly-
mer systems, where the hardness deviation from the
linear additivity law was accounted for by taking into
account that the hardness values of the individual
components depart from those of the parent homo-

Figure 5. Plot of the linear degree of crystallinity as a
function of etherdiamide content for pure PBT (9) and the
copolyester-amides with Mn ) 750 g/mol (b), Mn ) 1100 g/mol
(2), and Mn ) 2100 g/mol ([).

Figure 6. Weight fraction crystallinity vs etherdiamide
content for all the copolyester-amide samples investigated and
the PBT homopolymer. Symbols as in Figure 5.

Figure 7. Plot of the experimental hardness values (solid
circles) and calculated H data (open circles) as a function of
etherdiamide content for the PBT homopolymer (9) and the
copolyester-amides with Mn ) 750 g/mol (b, O), Mn ) 1100
g/mol (2, 4), and Mn ) 2100 g/mol ([, ]). The calculated
hardness values are derived using eq 3, with Hc

PBT ) 267 MPa,
Ha

PBT ) 54 MPa, and the corresponding vc value of the
individual samples. Solid curves are guide lines for the eye.
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polymers.16-20 To explain the H deviation observed in
Figure 7 from the linear additivity law, let us introduce
the following equation which describes the hardness of
a two-component system in terms of the H values of the
individual constituents:

Here, HPBT and HDA are the hardness values of the PBT
and etherdiamide components, respectively (HDA ≈ 0).
The value of HPBT can be expressed in terms of the
crystal hardness, Hc

PBT, the hardness of the PBT
amorphous regions, Ha

PBT, and as a function of the
volume degree of crystallinity of PBT referred to the
volume fraction of the PBT component in the sample,
vc

PBT. Therefore, one can rewrite eq 1 to yield

Using the volume fraction crystallinity, vc ) vc
PBT(1 -

φDA), eq 2 finally reads

Ha
PBT has been reported to be of 54 MPa19 and vc values

can be derived from the following relationship:

where Fc is the crystal density of PBT (Fc ) 1.404
g/cm3)26 and F and wc data are taken from Table 1 and
Figure 6, respectively.

On the other hand, the hardness of the crystals is
known to depend on the crystal thickness through the
following equation:16

where Hc
∞ is the crystal hardness of an infinitely thick

crystal, which for PBT has been shown to be equal to
369 MPa,19 and b is a parameter which is equal to the
ratio between the surface free energy of the crystals,
σe, and the energy required to plastically deform them,
∆h:

Comparison of Experimental and Calculated
Microhardness Data: Influence of Molecular
Weight. Let us first assume that the b parameter is
constant for all the samples investigated. Hence, Hc is
constant throughout the series (lc is constant as shown
in Figure 4), and one can derive the Hc

PBT value from
the H and vc data of the PBT homopolymer using eq 3
with φDA ) 0. This procedure yields a crystal hardness
of Hc

PBT ) 267 MPa. Figure 7 includes the calculated
microhardness data for the different copolyester-
amides (open symbols) using eq 3 with Hc

PBT ) 267
MPa, Ha

PBT ) 54 MPa, and the corresponding vc value
for each copolymer. Figure 7 also shows that the
calculated hardness values for all the etheramide/PBT
copolymers are notably higher than the experimental
ones. Hence, the variation of the volume degree of

crystallinity in the series of copolyester-amides is not
sufficient to explain the large depression observed for
the hardness values of the copolymers with respect to
the linear additivity decrease of PBT with φDA (straight
line).

There are three possibilities to account for the large
deviation observed between the hardness calculated
values and the experimental ones: (i) Ha

PBT for the
copolymers is different from that of the PBT homopoly-
mer; (ii) Hc

PBT varies with etherdiamide content, and
this would be eventually related to a variation in the b
parameter; (iii) both the Ha

PBT and Hc
PBT values for the

copolymers are different from those for PBT. A quick
look to the hardness data of the samples with the largest
etherdiamide content (see Figure 7) reveals that these
values are already smaller than the calculated contribu-
tion of the amorphous part to the hardness of the
material (see eq 3, Ha

PBT ) 54 MPa). This result
suggests that the Ha

PBT value of the copolymers must
be much lower than that of the homopolymer (Ha

PBT )
54 MPa). The coexistence of etherdiamide and PBT
segments within the amorphous regions seems to lower
the hardness value of the PBT amorphous component.
One could assume that the amorphous etherdiamide
component resembles the characteristics of a liquid. In
this case, the resistance of the amorphous PBT seg-
ments to plastic deformation should be reduced.

Let us then suppose that Ha
PBT ≈ 0. Figure 8 shows

the Hc
PBT values for all the copolyester-amides, derived

using eq 3 with Ha
PBT ≈ 0. Crystal hardness is shown

to decrease with increasing etherdiamide content for the
three different molecular weights. This behavior must
be ascribed to a change in the b parameter values with
etherdiamide content (see eq 5).

Variation of the Crystal Surface Free Energy
with Etherdiamide Content. Figure 9 shows the b
values calculated for all the samples investigated. The
b parameter is shown to increase with increasing
etherdiamide content, the rate of increase being higher
for the highest molecular weight. What could be the
reason for this behavior? The b parameter is defined
to measure of the ratio between the surface free
energy of the crystals and the energy required to
plastically deform them (see eq 6). Hence, the b param-

H ) HPBT(1 - φ
DA) + HDA

φ
DA (1)

H ) [Hc
PBTvc

PBT + Ha
PBT(1 - vc

PBT)](1 - φ
DA) (2)

H ) Hc
PBTvc + Ha

PBT(1 - vc - φ
DA) (3)

vc ) wc
F
Fc

(4)

Hc )
Hc

∞

1 + b
lc

(5)

b )
2σe

∆h
(6)

Figure 8. Variation of the crystal hardness values with
etherdiamide content for pure PBT (9) and the copolyester-
amides with Mn ) 750 g/mol (b), Mn ) 1100 g/mol (2), and Mn
) 2100 g/mol ([). The Hc values for the copolyester-amides
have been derived using eq 3 with Ha

PBT ) 0.
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eter behavior observed in Figure 9 should be a conse-
quence of a variation of σe and/or ∆h with φDA and with
the length of the flexible groups in the etherdiamide
unit. To elucidate which one of the two factors, σe or
∆h, is responsible for the observed b behavior, the values
of the surface free energy of the lamellar crystals have
been independently determined from calorimetric mea-
surements using the Thomson-Gibbs equation:

Here, Tm
0 is the equilibrium melting equilibrium tem-

perature and b* ) 2σe/∆hf
0, where ∆hf

0 is the equilibri-
um melting enthalpy. We have pointed out before27,28

that eqs 5 and 7 are analogous, the former describing
the deviation of the crystal microhardness from the
equilibrium mechanical properties through lc and the
mechanical b parameter, while the latter accounts for
the Tm depression from the thermal equilibrium proper-
ties through lc and the thermodynamical b* parameter.

Figure 10a shows the σe values calculated for all the
samples investigated, using eq 7, with the Tm values
collected in Table 1 and Tm

0 ) 518 K, ∆hf
0 ) 32

kJ/mol.29 The resulting plot shows that the crystal
surface free energy is a monotonically increasing func-
tion of the etherdiamide content. This result suggests
that as the content of noncrystallizable units increases,
the concentration of defects at the crystal surface
increases. On the other hand, the σe values are shown
to be independent of the number of flexible units in the
etherdiamide comonomer (see Figure 10a). Hence, the
observed variation of the b parameter with molecular
weight of the etherdiamide group must be explained in
terms of a variation in the ∆h parameter.

Figure 10b illustrates the plot of the b/b* ratio vs φDA

for the different molecular weights. The b/b* value gives
a measure of the ratio between the enthalpy required
for the melting of the crystals and that necessary to
plastically deform them (b/b* ) ∆hf

0/∆h). For the PBT
homopolymer, b/b* ≈ 10 (see Figure 10b). Previous
investigations have shown that the b/b* ratio decreases
with increasing chain stiffness.28 In flexible polymers,
the energy required for crystal deformation is much
lower than the melting enthalpy. Values of b/b* ) 30-

45 and b/b* ) 2 have been reported for PE and PET,
respectively.28 A b/b* ratio of 10 for PBT, which pos-
sesses a chain stiffness in between that of PE and PET,
is in agreement with these findings. In addition, Figure
10b shows that the ∆hf

0/∆h ratio increases with in-
creasing molecular weight and content of the etherdia-
mide component. As ∆hf

0 is a constant value for all the
samples, the ∆hf

0/∆h behavior observed must be due to
a decrease in the ∆h value as the molecular weight and
content of the etherdiamide component increase. This
effect could be explained on the basis of the occurrence
of tie molecules connecting adjacent crystalline lamellae.
It has been shown that the thickness of the amorphous
regions in between crystals increases with increasing
etherdiamide content and number of flexible groups in
the etherdiamide units (see Figure 4). On the other
hand, one would expect the etherdiamide segments
within the amorphous layers to be largely entangled,
especially when the etherdiamide unit contains lengthy
flexible groups (high molecular weight). Therefore, tie
molecules would have to surpass a highly entangled
amorphous layer which thickens with increasing content
and increasing molecular weight of the etherdiamide.
Hence, it seems reasonable to assume that the number
of tie molecules should tend to decrease with increasing
φDA and increasing molecular weight of the etherdia-
mide. As tie molecules provide a mechanical reinforce-
ment to the material, ∆h values would decrease with
increasing etherdiamide content and molecular weight
of the etherdiamide comonomer.

Conclusions
1. The analysis of the interface distribution function

from SAXS measurements on a series of etherdiamide/
PBT copolymers reveals that the long period increases
with increasing etherdiamide content and length of the
flexible etherdiamide units while the crystal thickness
is shown to remain constant. Results suggest that the
crystallizable PBT sequences segregate to form the
crystals while the etherdiamide sequences lie in the
amorphous phase. Lamellae stacks comprise only two
adjacent crystals.

Figure 9. Plot of the b parameter values as a function of φDA

for the PBT homopolymer and the ester-amide copolymers.
Symbols as in Figure 8.

Tm ) Tm
0 (1 - b*

lc
) (7)

Figure 10. Plot of the crystal surface free energy (a) and the
b/b* ratio (b) vs etheramide content in the ester-amide
copolymers. Symbols as in Figure 8.
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2. The weight fraction crystallinity is shown to be
much lower that the linear degree of crystallinity,
indicating that a large proportion of amorphous material
form regions outside the lamellae stacks. Both wc and
RL values are shown to diminish with increasing ethera-
mide content and increasing number of flexible groups
in the etherdiamide unit.

3. Hardness values of the copolyester-amides are
shown to largely deviate from the linear additivity law.
This deviation can be accounted for by taking into
account that the hardness values of the individual
components depart from those of the parent homopoly-
mers.

4. The dramatic decrease in the hardness values of
the copolymers with respect to the PBT homopolymer
is shown to be mainly due to (i) a lower hardness value
of the PBT amorphous segments (Ha

PBT ≈ 0) with
respect to that of the PBT homopolymer (Ha

PBT ) 54
MPa) and (ii) a crystal hardness values decrease with
increasing etherdiamide content and increasing molec-
ular weight of the etherdiamide unit. This result is a
consequence of an increase in the mechanical b param-
eter with increasing φDA, the rate of increase being
dependent on the molecular weight of the etherdiamide.
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