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Abstract 

This study investigated the effect of dynamic crosslinking of polyamide 6,12 
and random copolymers of ethylene and vinyl acetate blends (PA6,12/EVA) on 
the morphology, crystallinity, and dynamic mechanical properties. The 
crosslinking agent was dicumyl peroxide (DCP), and the blends were processed 
in a torque rheometer. The morphology depended on the DCP content, and all 
blends exhibited the same crystallinity index. However, with increasing 
crosslinking degree, the interfacial tackiness (E) values increased from 1.8 to 
2.7 nm . The lamellar structures of all blends started forming at approximately 
160∘C, close to the temperature of pure polyamide. The crosslinked phase 

enhanced the pseudo-elastic behavior of the blends and increased their 
molecular mobility activation energy. Samples with higher crosslinking degree 
exhibited smaller permanent deformation ( 0.01% ) than those with low 

crosslinking.  
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INTRODUCTION 

Thermoplastic vulcanizates (TPVs) are a class of thermoplastic elastomers which 
combines the processability of thermoplastics with the properties of 
crosslinked/vulcanized rubber.  1,2 The mechanical, thermal properties, and chemical 
behavior of these materials are a result of the phase morphology developed during 
processing.  3,4 TPVs are produced by dynamic vulcanization/crosslinking, wherein the 
elastomeric and thermoplastic phases crosslink during melt processing.  5−9 These 
materials can be prepared using conventional thermoplastic processing equipment and 
are also reprocessed and recyclable.  1 The combined characteristics of TVEs have been 
exploited in a variety of applications such as automobiles, civil construction, and wiring 
and cable coating.  10 Once the three-dimensional network of the elastomeric phase is 
formed by chemical reactions, the morphology of the polymer blends stabilizes, and the 
TPV final morphology is formed. The shear stresses originating in the batch mixers or twin 
screw extruder during melt processing nearly always fragment the elastomeric phase into 
small particles (1 − 5𝜇 m). These fragments are partially insoluble in organic solvents. 
 4,6,7,11−13 The final properties of these materials largely depends on the diffusion of 
processing aids,  14 phase inversion  15 and compatibilization,  16 crystallization conditions 
of semicrystalline components,  17,18 morphology stabilization,  19 processing conditions, 
 19 rheological and viscoelastic conditions of the mixing process.  13,20,21 
The crosslinking of ethylene vinyl acetate (EVA) with various thermoplastics occurs in the 
presence of organic peroxides. In the literature, EVA has been blended with linear low-
density polyethylene,  22 low-density polyethylene,  23 high-density polyethylene,  24 
polypropylene,  25 and polyamide 12 (PA12).  6 EVA crosslinking has also been achieved 
by thermal decomposition in dicumyl peroxide (DCP).  15,16 The radicals generated by 
homolytic scission of DCP mainly abstract the hydrogen attached to the tertiary carbons 
of EVA, forming macroradicals in the 
polymer chain. The macroradicals combine to form new C-C bonds among the polymer 
chains, generating the crosslinked phase.  6,7 

In many polymer blends, the promotion of crosslinking by specific agents provides an 
alternative means of stabilizing the phase morphology.  5−7,9,26,27 Other stabilization 
techniques involve nanoparticles and specific polymer-polymer interactions.  28−33Na et 
al.  34 noted that the presence of EVA in the HDPE/EVA blends increases the size of the 
lamellar structure without changing the melting temperatures of the individual 

components. Balamurugan and Maiti  35 showed that the crystallization kinetics of 
nonisothermal crystallized polyamide-6 (PA6) blended with a copolymer of butyl 
ethylene-co-acrylate (EBA) are influenced by the applied high cooling rates. Thus, the 
inclusion of elastomeric particles EBA may slightly hamper the motions of the PA6 
molecular chains or slightly alter the extent of the grown PA6 crystals. In PA6/EVA blends 
compatibilized with maleic anhydride (MA),  14 the content of EVA increases up to 30wt% 
of pure PA6. The addition of EVA reduces the crystalline lamella values and consequently 
increases the amorphous lamella. Bondan and Soares  6 studied PA12/EVA blends 
dynamically crosslinked with DCP and showed that the DCP exerts almost no effect on the 
polyamide properties. In contrast, they later showed that the morphologies and tensile 

strain behaviors in 50/50 PA6,12/EVA blends depend on the DCP content.  5 



This article aims to investigate the relationship between the dynamic crosslinking of 
PA6,12/EVA blends and their morphology, crystallinity, and dynamic mechanical 
properties. We focused on the effect of dynamical crosslinking on the polymerpolymer 
interfacial thickness, crystallization behavior of PA6,12 in the blends, and the solid 
viscoelastic properties. Additionally, we examined the interfacial thickness of the blends 
as a function of the crosslinking agent content and related this thickness to the solid 
viscoelastic behavior. 

EXPERIMENTAL 

Materials 

The ethylene vinyl acetate (EVA) copolymer was supplied by Braskem Co. (8019 PE). By 
thermogravimetric analysis (TGA), the vinyl acetate content, MFI, and density of EVA 
were determined as 27.5wt%, 6 g/10 min(190∘C/2.16 kg), and 0.95 gcm−3, respectively. 
Polyamide 6,12 (PA6,12; density = 1.11 gcm−3 ) was supplied by UBE Engineering Plastics 
S.A (7034B), code 331Z26. All polymers have been previously subjected to 
thermogravimetry experiments to evaluate its thermal degradation profile (shown in 
Supporting Information). Dicumyl peroxide (DCP) ( 98% purity) was used as received by 
Retilox Química Especial. Prior to melt processing, all polymers were dried in a vacuum 
oven at 50∘C for 24 h . 

Methods 

Processing. PA6,12/EVA blends with different EVA weight fractions (0.1-0.5) were 
processed in a torque rheometer (Haake Rheomix 600p) using a 75 cm3 mixing chamber 
with counterrotating roller rotors. The materials were prepared at 200∘C for 15 min at 120 
rpm . The dynamic crosslinked blends were 
prepared from different amounts of DCP ( 0,1,4, and 8 parts per hundred of 
rubber/elastomer (phr), relative to the EVA contents). First, PA6,12 and EVA pellets were 
placed in the hot mixer chamber. These materials were mixed into a homogeneous melt. 

The fluid was considered homogenous when 
𝑑 torque 

𝑑𝑡
 ∼ 0 (around 5 min ). Next, DCP was 

added, and mixing was kept up to 15 min . Blends without DCP were processed by the same 
procedure. Rectangular bars of dimensions 40 mm × 10 mm × 3.2 mm were prepared by 
injection molding in a Haake mini-injection II and retained for characterization analyses. 
Gel Content and Selective Extraction. The crosslinking degrees of pure EVA and 
PA6,12/EVA blends were estimated through the gel contents (insoluble EVA fraction), 
following the procedure based on the ASTM 2765 standard. A 120 -mesh wire cage 
containing approximately 0.3 g of ground polymer (30-60 mesh) was washed in a round-
bottomed flask containing boiling 𝑚-cresol for 8 h , as previously described.  7,20 After 
solvent extraction, all samples were dried at 60∘C for 48 h . The gel content was estimated 
as follows: 

 GelContent (%) =
𝑊𝑓

𝑊𝑖
100 (1) 

where 𝑊𝑖 and 𝑊𝑓 are the initial and final (dried) polymer weights, respectively. 



The co-continuity region was determined by a solvent-selective extraction technique. The 

solubility parameters of EVA (9.27 (cal/cm3)1/2) and PA6,12 [9.54(cal/cm3)1/2] used in 

this work were approximated from Fedors' molar volume.  36 The EVA phase was dissolved 
in xylene, selected for its similar solubility ( 8.80cal/cm3 ) to EVA.  37 The samples were 
placed in the 120 − mesh wire cage containing approximately 0.3 g of polymer and washed 
in a round-bottomed flask containing boiling xylene for 8 h . After solvent extraction, all 
samples were dried at 60∘C for 48 h . The continuity of one phase is defined as the fraction 
of the continuous phase. The continuity of polymer A (PA6,12) is evaluated as follows: 

Continuity(%) =
𝑊𝑖 − 𝑊𝑓

𝜙PA6,12𝑊𝑖
⋅ 100 (2) 

where 𝑊𝑖 and 𝑊𝑓 denote the initial (pre-extraction) and final (postextraction) weights of 

the polymer, respectively, and 𝜙PA6,12 is the weight fraction of PA6,12. 

Morphology. The morphologies of the blends were investigated by scanning electron 
microscopy (SEM) using a Shimadzu SSX550. Small samples ( 30 mm × 3 mm × 1 mm ) 
from the central core of the injection-molded bars were cryofractured and immersed in 
hot xylene for 1 h to remove the EVA phase and reveal the phase boundaries of the 
uncrosslinked blends. All samples were sputter coated with gold before imaging. 

The number average diameter (𝐷𝑛), weight average diameter (𝐷𝑤), volume average 

diameter (𝐷𝑣), and polydispersity index (PID) (𝐷𝑤/𝐷𝑛) of the EVA phase of the blends 

with dispersed-phase morphology were, respectively, estimated as follows  38 : 

𝐷‾𝑛  =
∑  𝑁𝑖𝐷𝑖

∑  𝑁𝑖
(3)

𝐷‾𝑤  =
∑  𝑁𝑖𝐷𝑖

2

∑  𝑁𝑖𝐷𝑖
(4)

𝐷‾𝑣  =
∑  𝑁𝑖𝐷𝑖

4

∑  𝑁𝑖𝐷𝑖
3 (5)

 

where 𝑁𝑖 is the number of domains with diameter 𝐷𝑖. 
The droplet size was determined by digital image analysis using the freeware software 
Image Tool, version 3.00 (UTHSCSA). At least three micrographs were analyzed in each 
case.  39 

Attenuated Total Reflectance-Fourier Transform Infra-Red Spectroscopy (ATR-FTIR). 
The chemical interactions in the PA6,12/EVA blends were evaluated by Fourier transform 
infrared spectroscopy (FTIR) analysis using a Perkin Elmer Impact 400 spectrometer in 
attenuated total reflectance (ATR) mode. The measurements were performed at 1 cm−1 
resolution with 32 scans from 4000 to 400 cm−1. 

Synchrotron Small-Angle X-ray Scattering (SAXS). SAXS experiments were performed on 
the SAXS1 beamline of the Brazilian Synchrotron Light Laboratory (LNLS), monitored 
with a photomultiplier, and detected on a Pilatus ( 300k, 84 mm × 107 mm ) positioned at 
836 mm . The generated scattering wave vectors ( 𝑞 ) ranged from 0.13 to 2.5 nm−1. The 
wavelength of the incident X-ray beam ( 𝜆 ) was 0.155 nm . Background and parasitic 
scatterings were determined by separate measurements in an empty holder and 
subtracted from the raw SAXS results. 



Interfacial Thickness of PA6,12/EVA Blends. According to Porod's law, the scattering 
intensity [𝐼(𝑞)] of the SAXS curve of a sample with coarse phase contours decreases as 𝑞−4. 
Polymeric materials deviate from Porod's law because their product 𝐼(𝑞) ⋅ 𝑞4 is not 
constant. Ruland  40 analyzed the deviations from Porod's law in a model of two phases 
connected by a transition layer. By analyzing the deviation of the scattering curve at large 
𝑞, we can determine the specific interfacial area (𝑆/𝑉) and size of the interface. In an ideal 
system, that is, a two-phase model with no measurable thickness, 𝐼(𝑞𝑖𝑑) follows Porod's 
law at large 𝑞 and decreases as a function of 𝑞4. In the large 𝑞 limit, the scattering intensity 
should be proportional to the total area (𝑆) of the boundaries between the two phases in 
the scattering volume. This relationship is expressed as eq. (5), where Δ𝜌 is the electron 
density difference between the two phases  41,42 : 

lim
𝑞→∞

 [𝐼𝑖𝑑(𝑞)] =
2𝜋(Δ𝜌)2𝑆

𝑞4
(6) 

In the present study, the thickness of the PA6,12-EVA interface was measured at 200∘C 
(processing temperature) using a Linkam DSC600. Initially, the disk-shaped samples (of 
diameter and thickness 7 mm and 1 mm , respectively) were heated to 220∘C at 10∘Cmin−1 
and maintained at that temperature for 10 min to erase their thermal history. 
Subsequently, the samples were cooled to 200∘C for measurements. The interfacial 
thickness was determined from the electronic contrast scattering of a two-phase system, 
as described in the literature.  42,43 

Effect of EVA on PA6,12 Crystallization. The lamellar long period ( 𝐿𝑝 ) can be estimated 

from the Bragg relationship [eq. (7)]. The lamellar long period is associated with the 
formation of long-range planning structures of polymers and is inversely proportional to 
the maximum vector magnitude of the peak scattering (𝑞max )

44 : 

𝐿𝑃 =
2𝜋

𝑞Max
(7) 

Differential Scanning Calorimeter (DSC). DSC analyses were performed in a DSC 50 
Shimadzu under a nitrogen atmosphere with a flow rate of 50 mL min−1. The samples ( 10 
mg ) were heated at 10∘Cmin−1 to 220∘C and kept at this temperature for 3 min to erase 
their thermal history. The samples were then cooled to room temperature at 10∘Cmin−1. 
The degree of crystallinity (𝑋𝑐) was calculated as follows  45 : 

𝑋𝑐 =
Δ𝐻𝑓

Δ𝐻𝑓
∘ ⋅ 𝜙PA6,12

. 100 (8) 

where Δ𝐻𝑓 is the melting enthalpy of fusion of the samples ( J/ g), Δ𝐻𝑓 is the theoretical 

melting enthalpy of 100% crystalline PA6,12 (197J/g),  46 and 𝜙PA6 ,12 is the mass fraction 

of PA6,12 in the blends. 

Dynamic Mechanical Thermal Analysis (DMTA). Dynamic mechanical experiments of the 
PA6,12/EVA blends were performed in a DMA 242C (Netzsch) using single cantilever 
geometry. The experiments were the linear viscoelastic region at small amplitude ( 30𝜇 m 
) in the temperature range of 150 to 100∘C. The heating rate was fixed at 3∘Cmin −1, and 
the frequency was set to 1,5,10,20, and 50 Hz for all samples. The samples were rectangular 
bars sized 16 mm × 10 mm × 3.2 mm and cut from the injection-molded bar specimens. 



The creep and recovery behaviors were investigated in the DMA 242C (Netzsch) using 
compression geometry. Cubic samples ( 2 mm × 2 mm × 2 mm ) were maintained at 70∘C 
(PA6,12 and blends) or 50∘C (pure EVA) for 30 min to equilibrate the temperature. In the 
creep measurements, the displacement was set to 7 N for 30 min . The recovery time was 
set to 30 and 42 min at 70 and 50 ∘C, respectively. 

RESULTS AND DISCUSSION 

Melt Processing and Crosslink Degree 

The addition of dicumyl peroxide to PA6,12/EVA blends increased the stabilized torques. 
Bondan and Soares confirmed this trend in the dynamic crosslinking of the PA12/EVA and 
PA6,12/EVA blends prepared in a mixing chamber.  5,6 

The stabilized torque was also improved by increasing the DCP proportion in EVA (see 
Table I). This trend was attributed to the higher amount of free radical in the reaction 
medium, which increases the viscosity. However, the stabilized torque of PA6,12 was 
insensitive to DCP addition, regardless of content. This indicates the DCP is more 
selectively to EVA.  5 Similar results, in which DCP more easily forms crosslinks in the 
EVA phase than in the PA phase have been reported in the literature.  6 This trend was due 
to the greater amount of tertiary carbons in the EVA structure when compared to the 
polyamide chains.  5,6,15 

Table I. Stabilized Torque and Melt Viscosity Data of EVA and PA6,12 with Increasing 
Amount of DCP Crosslinker 

Sample DCP (phr) T (N m) 𝜂 (Pa s) 

EVA 0 4.1 323 

 1 10.4 818 

 4 20.1 1577 

 8 32.1 2528 

PA6,12 0 11.6 916 

 1 12.4 974 

 4 12.8 1006 

 8 13.9 1096 

 

At temperatures above 120∘C, the O-O bond of DCP undergoes homolysis, forming 
primary cumiloxy radicals and secondary methyl radicals.  19 Because of the numerous 
tertiary carbons in the EVA copolymer, hydrogen abstraction via free radicals is a very 
probable reaction.  8,15,16 After the formation of free radicals, hydrogen atoms are 
abstracted from the polymer chain. This radical is transferred from peroxide, generating 
a macroradical in the polymer backbone. In the third step, the polymeric macroradicals 



recombine to form new covalent bonds (C-C) between the chains, increasing their 
molecular weight and viscosity. 
The melt viscosity 𝜂 was estimated by Bousmina et al.'s model based on a Couette analogy 
 47 : 

𝜂 =
𝑇

𝑁

(𝛽2 − 1)

8𝜋2𝐿𝑅𝑒
2(1 + 𝑔2)

(9) 

Here, 𝑇 is the stabilized torque, and 𝛽 = 𝑅𝑒/𝑅𝑖, where 𝑅𝑒 is the radius of the chamber and 
𝑅𝑖 is the equivalent internal radius of the rotor blades. Also, 𝑁 is the applied rotor speed, 
and 𝑔 = 𝑁2/ 𝑁1 is the ratio of the second ( 𝑁2 ) to first ( 𝑁1 ) rotor blade speeds (note that 
𝑁1 is the applied rotor speed 𝑁, i.e., 𝑁1 = 𝑁 ).Here, 𝐿 is the length of the rotors.  47 For the 
mixer chamber, we selected 𝑅𝑒 = 20 mm, 𝐿 = 48 mm, 𝑅𝑖 = 17.6 mm, and 𝑔 = 2/3. In this 
approach, the two rotor blades in a batch mixer are assumed equivalent to two adjacent 
Couette cells with the same external radius and effective internal hydrodynamic radius, 
rotating at the same angular speed and exerting the same torque.  47 

The melt viscosities of the EVA samples increased proportionally to the amount of DCP 
added (see Table I). These results reflect the formation of new covalent bonds ( C − C ) 
between the chains as previously discussed. The melt viscosity changes were small in 
PA6,12 because DCP does not readily react with this polymer. 
The gel content in the EVA increased proportionally to the DCP content, as shown in 
Figure 1. A trend line (B-spline) has been added to help the experimental data elucidation. 
In contrast, PA6,12 formed no detectable gel structures in the presence of DCP, as also 
observed for PA12.  6 The formation of the crosslinked structures increased with increasing 
DCP content. The gel content (indicating the extent of crosslinked networks) comprised 
0wt% in blends without DCP, 2.6wt% in blends containing 1 phr DCP, and 17wt% in 
blends containing 4 phr DCP. In blends containing 8 phr, the DCP content was excessive; 
so, the gel 
content decreased to 10.5wt%. If the number of DCP-generated radicals in the polymer 
interface becomes very high, the threedimensional network in the EVA phase is inhibited. 
 19 Bianchi et al.  48 showed that over 90wt% gel in EVA can be achieved by just 2 phr of 
DCP. On the other hand, some of the DCP is lost by direct blending with polyamide in the 
dynamic processing. 

Morphology 

Blends of two polymers typically produce an immiscible system with a distinct two-phase 
morphology. The morphologies of the immiscible systems depend on their compositions. 
Generally, polymer blends with concentrations near equivalence present a co-continuous 
phase morphology.  13 

Immiscibility is a typical property of elastomer-polyamide blends and is exemplified by 
PA12/EVA  6 and PA6/EVA  14 blends, which are immiscible even under low interfacial 
tension ( 0.63mN/m in the former case). The size of the phases is directly associated with 
the interfacial tension between the blend components and can be reduced by 
compatibilizing the polymer blends to reduce their interfacial tension. The developed 
morphology also depends on the melt viscosity ratio of the constituents.  49 The greater 
the melt viscosity difference in a dispersed phase system is, the smaller the size of the 

dispersed phase is.  25,50 



The number average domain size (𝐷𝑛) increased with increasing EVA content in the 

PA6,12/EVA blends, while the 𝐷𝑤/𝐷𝑡 remained almost constant. The 𝐷𝑛 increased from 
0.64𝜇 m at 10wt% EVA to 1.57𝜇 m at 30wt% EVA (see Table II). The 50/50 blends were 
completely co-continuous; so, their domain sizes could not be measured (Figure 2). 
Figure 2 presents the amount of co-continuous phase as a function of the weight fraction 
of EVA. Interconnected phases comprised 16wt% of mixtures containing 30wt% EVA. In 
40wt% EVA blends and 50/50 blends, the continuous phases increased to 46.5 and 
99wt%, respectively. 

Interfacial tensions can be determined from the surface tensions of the pure components. 
In this work, the interfacial tension 
 

 

Figure 1. Gel content as a function of DCP amount in pure polymers and blends. 

Table II. Number Average Diameter (𝐷𝑛), Weight Average Diameter (𝐷𝑤), Volume 

Average Diameter (𝐷𝑣), and Polydispersity index (PDI) (𝐷𝑤/𝐷𝑛) of the EVA Phase 

Dispersed in the PA6-12 Matrix 

PA6-12/EVA 𝐷𝑛(𝜇 m) 𝐷𝑤(𝜇 m) 𝐷𝑣(𝜇 m) 𝐷𝑤/𝐷𝑛 



90/10 0.64 0.69 0.80 1.08 

80/20 1.31 1.46 1.78 1.11 

70/30 1.57 1.75 2.08 1.11 

 

 

Figure 2. Effect of composition on the co-continuous blend morphology of PA6,12/EVA 
blends. 
was estimated as the geometric mean of the well-known Owens and Wendt equation,  51 
which describes the tension between low-energy and high-energy materials: 

𝛾12 = 𝛾1 + 𝛾2 − 2√𝛾1
𝑑𝛾2

𝑑 − 2√𝛾1
𝑝

𝛾2
𝑝

(10) 

In eq. (10), the superscripts 𝑑 and 𝑝 refer to the dispersive and polar contributions, 
respectively, of PA6,12 (subscript 1) and EVA (subscript 2). Given that the blends were 
prepared at 200∘C and that the surface tension is temperature dependent, the interfacial 

surface tension 𝛾12 at the melt temperature was determined by Guggenheim's equation  52 
: 



𝛾 = 𝛾(0) (1 −
𝑇

𝑇𝑐
)

11
9

. (11) 

The surface tensions at 𝑇 = 0 K[𝛾(0)] and the imaginary critical temperature ( 𝑇𝑐 ) were 
taken from the literature.  7,36 According to eq. (11), the surface tension decreases with 
temperature. The 
 

 

Figure 3. Infrared spectra of PA6-12/EVA blends. 
interfacial tension is contributed by both polar and dispersive components, which are 
usually found at 20∘C. Assuming that both components follow the same temperature 
dependence as the total surface tension, the polar and dispersive contributions to the 
polymers at the mixing temperature can be computed by Guggenheim's equation. The EVA 
copolymer surface energies are listed along with other relevant constants in Table III. 
These values were estimated by the additive rule based on the weight proportions of 
ethylene and vinyl acetate in the copolymer. The total, dispersive, and polar components 
of the surface energy in the EVA sample were similar to those reported in the literature.  6 

The interfacial tension, estimated from the geometric mean of PA6,12 and EVA containing 
27.5wt% vinyl acetate, was 4.62 mN/m, indicating that the PA6,12/EVA blends are 



thermodynamically incompatible. The weak adhesion between the phases results in large 
empty spaces on the fractured surface of the particles, as reported in the literature.  38,53 

Figure 3 presents the FTIR spectra of the PA6,12/EVA blends. The peak at 3298 cm−1 is 
attributed to hydrogen bonding among the N-H groups of the polyamide.  31,54,55 When 
the polymers are blended, the peaks caused by carbonyl ( C = O ) stretching in EVA appear 
at different positions (3298, 1735, and 1636 cm−1 ), reflecting the interactions between the 
acetate and amide groups in PA6,12 and EVA. 

Specific interactions between the N − H and C = O groups in copolyamide/EVA blends 
were demonstrated by Tsebrenko and Pakharenko.  56 Földes and Pukánszky reported 
similar specific interactions 

Table III. Surface Tension Data of the Components of the Blends at 20∘C 

Sampl
e 

Total 
surface 
energy, 
𝛾 ( 
mNm −1 
) 

Dispersive 
surface 
energy, 
𝛾𝑑(mNm−1) 

Polar 
surfac
e 
energy
, 𝛾𝑝 ( 

mNm−1 
) 

𝛾(0)(mNm−1) 

Temperatur
e coefficient 

 𝑑𝛾/𝑑 𝑑, 
(mN/m K) 

𝑇𝑐( K) 

PA6-
12 

32.8 27.3 5.48 58.9 -0.065 
1018.
2 

EVA 35.6 32.3 3.3 56.7 -0.067 928.4 

 



 

Figure 4. Phase morphologies of polymer blends PA6,12/EVA (a) in the absence of DCP 
and with addition of (b) 1 phr DCP, (c) 4 phr DCP, and (d) 8 phr DCP. 
in ethylene vinyl alcohol copolymer and polyamide 6/66 blends.  54 These specific 
interactions help to stabilize the phase morphology and finely disperse the polymers,  54 
as shown in Figure 2. 

Figure 4 shows SEM micrograph of the 50/50 blends with defGerent DCP contents ( 0,1,4, 
and 8 phr ). The morphologies of the PA6,12/EVA blends depended on their DCP contents. 
The PA6,12/EVA sample without DCP showed a co-continuous phase morphology [Fig. 
4(a)]. In the presence of DCP, the crosslinks formed in the EVA phase caused partial 
fragmentatimon of the EVA phase [Fig. 4(b)]. 

The EVA phase was partially fragmented by mechanical forces acting during the melt 
processing, which increased the melt viscosity by C-C bond formation. The EVA phase 
fragments at some critical shear stress. Nevertheless, as the DCP-induced crosslinking rate 
is high at 200∘C,  5 the morphology is stabilized at an early stage,  4 and EVA size cannot be 
reduced by mechanical forces [Fig. 4(c,d)]. 

Synchrotron Small-Angle X-ray 

Scattering (SAXS) and Differential 

Scanning Calorimeter (DSC) 



The scattering intensities 𝐼(𝑞) of the PA6,12/EVA blends versus the scattering vector 𝑞 are 
plotted in Figure 5. In the amorphots polymers, the scattering intensity curve resembles 

that of vitreous solids and liquids, with no long-range order.  44,57 

Therefore, when measuring the interfacial thickness of the semicrystalline polymer 
blends, the experimental conditions must ensure no long-range order in the samples. 

All samples exhibited similar 𝐼𝑚(𝑞) versus 𝑞 profiles; namely, the 𝐼𝑚(𝑞) decayed rapidly 
near one and reduced at higher 𝑞. These 
 

 

Figure 5. 𝐼𝑚(𝑞) versus 𝑞 curves for PA6,12, EVA, and blends containing different 
concentrations of peroxide at 200∘C. 
 



 

Figure 6. Here, 𝐼𝑚(𝑞) versus 𝑞 after background subtraction in blends containing different 
DCP concentrations at 200∘C. 
results are attributed to scattering under fluctuations of electron density. Across the range 
of 𝑞, the scattering intensity was higher for PA6,12 than for the other samples because 
nitrogen electronically contributes to scattering in the liquid sample. 
The background scattering, arising from thermal motions of the atoms within the phases, 
can be matched by the procedure proposed by Vonk.  41,58 This procedure derives an 
empirical relation among the SAXS curves based on the literature reports.  43 

The interfacial thickness between the polymers at the melt temperature was determined 
from the corrected scattered intensity 𝐼corr (𝑞) obtained by subtracting the background 
intensity from the measured intensity. The interfacial thickness 𝐸 was then calculated by 
Porod's Law.  59,60 The corrected intensity is given by 

𝐼corr(𝑞) =
𝐾𝑝

𝑞4
𝑒(−4𝜋2𝜎2𝑞2) (12) 

where 𝐼corr (𝑞) = 𝐼𝑚(𝑞) − 𝐼background , and 𝐾𝑝 is the Porod constant. The parameter 𝜎 was 

determined by a graphical procedure. In 
 



 

Figure 7. Interfacial thickness 𝐸 in blends of PA6,12/EVA with different DCP 
concentrations at 200∘C. 

this paper, the interfacial thickness (𝐸 = √12𝜎) was estimated from eq. (12) by least-
squares fitting using the Levenberg-Marquardt algorithm.  61,62 

Figure 6 shows the 𝐼corr (𝑞) versus 𝑞 curves of the PA6,12/EVA blends mixed at 200∘C with 
and without DCP, corrected for background by the Vonk method. The determination 
coefficients of the experimental data fittings were ∼ 0.99. Experimentally, 𝐼corr  scaled as 
𝑞−4.3 in the sample without DCP and as 𝑞−5.2 in samples containing 8 phr DCP. The scales 
of the remaining samples were intermediate between these two values. Porod's Law 
describes the behavior of an ideal material, in which 𝐼corr  scales as 𝑞−4. Negative deviations 
from Porod's law [𝐼(𝑞) ∼ 𝑞−𝛼, with 𝛼 > 4] have been observed in compatible polymer 

blends.  59,63 Blends with positive deviations from Porod's law represent fractal surfaces 
(3 < 𝛼 < 4).64 The present PA6,12/ EVA blends behaved as though a compatibilizer had 
been added due to PA6,12/EVA as discussed above. 

The interfacial thicknesses of PA6,12/EVA blend depended on the DCP content. As shown 
in Figure 7, the thickness increased from 1.8 nm in the sample without DCP to 2.7 nm in 
the sample with 8 phr DCP. A trend line (B-spline) has been added to help the 
experimental data visualization. Due to the immiscible nature of PA6,12/EVA, well-
defined phase boundaries were obtained. The increased viscosity caused by the 
crosslinking reaction enhanced the phase separation. 



The lamellar long period is associated with the long-rangeordered structures formed in 
the polymer.  65 The lamellar long period 𝐿𝑝 can be estimated from the Bragg relationship 

[(eq. (7) ]44 All SAXS profiles as a function of temperature are showed in Supporting 
Information. 

In all 50/50 blends, lamellar structures started forming at approximately 160∘C, close to 
the temperature of pure polyamide (see Fig. 8). At all temperatures, the long period was 
shorter in pure PA6,12 than in the blends, because of the EVA crystallizes below 80∘C (see 
the Supporting Information). In the PA6,12/EVA blends, occurred the increasing of the 
amorphous 
 

 

Figure 8. Lamellar long period ( 𝐿𝑝 ) in PA6,12 and PA6,12/EVA blends with and without 

DCP. 
 



 



Figure 9. DSC thermograms during (a) fusion (second heating cycle) and (b) 
crystallization. 
thickness. This trend is due to EVA becomes solid below 80∘C. This observation suggests 
that PA6,12 and EVA lamellae are randomly mixed above 80∘C. Similar observations are 
reported in literature for other polymer blends systems.  14,66,67 Thus, the size of the 
lamellar structure is altered by changing the constituent concentrations and type of 
processing, without changing the melting temperatures of the pure polymers. The same 
inference was made in the HDPE/EVA blends.  34 

Similar results were observed in the PA6/EVA blends compatibilized with maleic 
anhydride (MA). The lamellar long period increased from 8.0 nm in pure PA6 to 9.47 nm 
in PA6 blended with 30wt% EVA.  14 The EVA addition increased the amorphous lamellar 
thickness and consequently reduced the crystalline lamellar thickness. An increased 
amorphous region was also observed in TPVs formed from phase decomposition polymer 
blends.  31 

Figure 9(a, b) presents the DSC thermograms acquired during melting and crystallization 
runs of the PA6,12/EVA samples, respectively. The thermogram peaks in the PA6,12/EVA 
blends are related to the fusion of pure polymers, which occurs regardless of DCP content. 
The melt temperatures of pure PA6,12 and 

EVA were approximately 200 and 72∘C, respectively. Table IV summarizes the melting 
temperatures ( 𝑇𝑚 ), melting enthalpies (Δ𝐻𝑚), crystallinity indexes (𝑋𝑐), crystallization 
temperatures ( 𝑇𝑐 ), and enthalpies of crystallization ( Δ𝐻𝑐 ) related to the polyamide phase 
of the PA6,12/EVA blends. 

The broad fusion peak in the thermogram of PA6,12 [Fig. 9(a)] is the overlap of several 
crystalline forms with very close fusion temperatures. Specifically, both triclinic structures 
( 𝛼 phase) and hexagonal structures ( 𝛾 phase) emerge from the melt solidification of 
PA6,12.  68 The crystallization curves of the PA6,12/ EVA blends are shown in Figure 9(b). 
The low-temperature (∼ 47∘C) peak of pure EVA is attributed to the acetate in the EVA 

copolymer, which reduces its crystallinity.  45 

The crystallinities of the PA6,12/EVA blends were unaffected by EVA and DCP addition, 
resulting in similar crystallinity indexes ( ∼ 22 − 23% ). Crystallization from molten 
polymer/polymer or polymer/elastomer blends is complex and depends on the nature and 
compatibility of the melt components. The crystallization behavior of the mixture is 
affected by the composition, processing conditions, crystallization conditions, viscosity, 
surface tension, nature of dispersion, phase separation tendency, and other factors.  69 
Balamurugan and Maiti  35 studied the crystallization kinetics of polyamide 6 (PA6) and 
the ethylene butyl acrylate (EBA) copolymer. The inclusion of the elastomeric EBA 
particles might obstruct the movement of the PA6 chains and change the length of the 
obtained crystals. When the polymer chains strongly interact, the crystallized fraction and 
crystallization temperature might reduce because the driving force is insufficient to 
exclude the amorphous fraction and form an organized phase.  70 

In this work, the EVA addition also slightly extended the crystal growth of PA6,12. 
However, in the present case, the interactions were too weak to change the melting, 
crystallization temperatures and crystallinity indexes of the PA6,12. 



Dynamic Mechanical Thermal Analysis 

(DMTA) 

Figure 10(a) plots the storage moduli 𝐸 ' of the pure components and blends as a function 
of temperature. The storage modulus of EVA is smaller than that of PA6,12 because the 
vinyl acetate groups (VA) increase the extent of the amorphous regions in the EVA 
copolymer.  71 The storage modulus of EVA is at least 103MPa at −25∘C, and the polymer 
morphology is characterized by a vitreous region with a solid pseudo-elastic behavior. 
Above this temperature, the modulus falls to approximately 30 MPa . This large reduction 
reflects the significantly 

Table IV. Thermal Properties of PA6,12 and Blends with and without DCP 

Sample Δ𝐻𝑚 𝑇𝑚( ∘C) 𝑋𝑐(%) 𝑇𝑐( ∘C) Δ𝐻𝑐 

PA6,12 43.3 201.3 22 156.5 35.2 

50/50 24.8 200.2 25 154.2 22.4 

50/50 1 phr 22.2 199.8 23 156.8 19.5 

50/50 4 phr 22.3 201.2 23 158.4 24.1 

50/50 8 phr 22.8 199.9 23 157.6 19.4 

 



 

Figure 10. Storage moduli 𝐸 ' of PA6,12, EVA and their blends at 1 Hz . 
increased in free volume in the structure caused by translational movements and rotations 
of the chains. Above 25∘C, an elastic plateau occurs in which the material behaves like a 
crosslinked elastomer. PA6,12 exhibits the same viscoelastic regions, but the elastic 
plateau occurs at higher temperatures than in the EVA copolymer. 
The three peaks in Figure 11 are related to the primary and secondary transitions in 
polyamide.  65,72 In PA6,12, the 𝛼, 𝛽, and 𝛾 transitions occurs at relaxation temperatures 
of 20, −67, and −146∘C, respectively. The 𝛼 relaxation peak indicates breakage of the 
hydrogen bonds between the polymer chains ( CO − NH groups), which shifts the chain 
segments in the amorphous region of the polymer. This transition is assigned to the glass 
transition temperature of PA6,12. The 𝛽 relaxation indicates the movement of segments 
involving nonhydrogen-bonded amide groups. The 𝛾 relaxation shows the onset of 
cooperative motions of the CH2 groups between the amide linkages in the amorphous 

fractions. This relaxation occurs in all polymers.  6,65,73 
The 𝛾 relaxation peak for EVA appears at −126∘C.74 The VA groups and elastomeric 
behavior introduced a small crystallinity which contributes to the 𝛽 (glass) transition of 
EVA. Therefore, the glass transition of EVA occurs at a lower temperature and with greater 
intensity than those of other polyethylene compounds. Polymers such as polyethylene 
undergo a transition 𝛼𝑐 associated with the crystalline lamella, not with the glass transition 
of the polymer.  20 
The relaxation behavior of the 50/50 blends is intermediate between those of the two pure 
polymers, regardless of peroxide content. Bondan and Soares  6 studied the dynamic 



crosslinking in PA12/EVA, varying the polymer ratios and crosslinking agent amounts. 
They observed glass transitions of the pure components, regardless of the composition and 
DCP content. This behavior typifies immiscible polymer blends.  75 However, although the 
pure constituents undergo glass transitions, the blended pair PA6,12/EVA exhibits a 
certain compatibility through the interactions between amide and acetate groups, as 
previously shown in the FTIR data. Table V shows the glass 
 

 

Figure 11. Tan 𝛿 of PA6,12, EVA, and 50/50 blends with 4 phr DCP and without DCP at 1 
Hz . 
transition temperatures determined at 1 Hz and the average storage moduli at 23∘C 
determined at multiple frequencies ( 1, 5, 10, 20, and 50 Hz ). In all blends, the glass 
transitions of the PA6,12 and EVA phases occurred between 16.1 and 24.4∘C and between 
-13 and −7.5∘C, respectively. This difference is related to the morphology of the system, as 
the viscoelastic response of such a system depends on the phase size and crosslinking 
density.  76 

As the DCP content increased in the PA6,12/EVA blends, the average storage moduli at 
23∘C tended to decrease. The reductions were nonadditive due to the coarse phase 
morphology developed in the system. The averages of the tan 𝛿 obtained at multiple 
frequencies and 23∘C were similar in all blends. 
The activation energy, which is related to molecular mobility, was calculated for the 
various PA6,12/EVA blends by eq. ((13): 



ln 𝑓 = ln 𝐶 −
𝐸𝑎

𝑅𝑇
(13) 

where 𝑓 is the frequency, 𝐶 is a constant, and 𝐸𝑎 is the mobility activation energy. Here, 𝑅 
is the universal gas constant, and 𝑇 is the temperature (in K ) of the peak in the tan 𝛿 curve. 

Table VI presents the activation energies related to molecular mobility. All correlation 
coefficients exceeded 0.995. In the PA6,12/EVA blends without peroxide, the activation 
energy of 

Table V. Glass Transitions, Storage Moduli 𝐸, and Average Tan 𝛿 of PA6,12/AVA Blends 
at 23∘C 

PA6-12/ 
EVA 

DCP 
(phr) 

𝑇𝑔𝛼PA6−12 

( ∘C) 

𝑇𝑔𝛽EVA 

( ∘C) 

𝐸23
′  ∘C 

(MPa) 
Tan 𝛿23∘C 

100/0 0 20 - 518.1 0.13 

0/100 0 - -13.5 32.7 0.09 

50/50 0 16.7 -7.5 229.9 0.13 

50/50 1 17.5 -11.1 212.1 0.13 

50/50 4 24.4 -13.0 191.9 0.14 

50/50 8 16.1 -13.0 200.3 0.13 

 

the PA6,12 phase was elevated, while that of the EVA phase was reduced. This result may 
reflect the co-continuous morphology developed by the system. 

The DCP addition reduces the viscous component mainly in the 𝛽 transition region, as the 
formation of new C − C bonds increases the pseudo-elastic behavior of EVA.  6 Thus, 
effective crosslinking requires more energy for molecular mobility than when DCP is 
absent. These data can be correlated with the gel content analysis, in which the sample 
with 4 phr DCP exhibited a high gelled fraction. The blend with 8 phr peroxide 
demonstrated a small activation energy, which is attributed to the low crystallinity or 
possibly to the degradation of the system by the excessive DCP content. 

Dicumyl peroxide induces a new morphology of partially fragmented EVA in the 
PA6,12/EVA blends. Comparing the activation energies between the crosslinked and 
uncrosslinked blends, we find that the activation energy was increased by adding 4 phr 
DCP. This result reflects the increased transition zone between the polymers, as shown in 
the SAXS results. 
Regarding the creep behavior, the PA6,12/EVA blend without peroxide showed higher 
elastic recovery than the other blends because the crosslinked EVA chains impeded the 
mobility in the other blends. As shown in Table VII, the DCP reduced the elastic recovery. 
The exception was 4 phr DCP, which improved the elastic recovery to 3.4% by increasing 
the crosslinking phase. The recovery was reduced in samples containing 1 and 8 phr DCP, 
consistent with the gel content results. 
Pure EVA showed higher deformation and recovery than PA6,12. The low creep recovery 
of pure PA6,12 reflects the low amorphous component in the semicrystalline polymers.  26 



However, the high deformation and recovery of EVA can be attributed to the temperature 
of the creep experiment (50∘C, close to the melting temperature of EVA, as shown in the 
DSC results). 

Peroxide addition reduced the permanent deformation and elastic recovery of the 
PA6,12/EVA blends because peroxide forms a crosslinked phase and reduces the mobility 
of the EVA chains at 70∘C (the melting temperature). The permanent deformation of the 
blend containing 4 phr DCP was only 0.01%, reflecting the severe restriction of the 
molecular motion by the high degree of crosslinking. 
The TPV phase morphology yielded large particles, as observed in the SEM images. Thus, 
the reduced elastic recovery is associated with the increased thermoplastic area around 
the elastomeric phase, which increases the required buckling force.  78 

Table VI. Mobility Activation Energies of PA6,12, EVA, and their Blends 

Sample 𝐸𝑎𝑃𝐴612( kJ mol−1) 𝐸𝑎 EVA (kJmol−1) 

PA612 321.1 - 

EVA - 428.5 

50/50 346.6 319.9 

1 phr 294.5 315.5 

4 phr 366.6 570.5 

8 phr 349.8 251.5 

 

Table VII. Elastic Recovery and Permanent Deformation of Pure Components in PA6,12 
Blends with and without DCP 

Sample 
Permanent 
deformation (%) 

Elastic 
recovery (%) 

PA6,12 1.29 0.48 

50/50 32.23 9.20 

50/501phr 6.02 2.50 

50/504phr 0.01 3.40 

50/508phr 3.21 1.75 

EVA 10.32 6.20 

 

In a previously article,  5 we showed that the tensile stress-strain behavior of the PA 
6,12/EVA blends were strongly affected by the phase morphology. The addition of DCP 
resulted in an increase of tensile strength for 50/50 blends. Nevertheless, blends with 8 
phr of DCP had a reduction in tensile strength and elongation at break. This trend was due 
to the generation of the abrupt phase boundaries between PA6,12 and EVA. 



CONCLUSIONS 

This work investigated dynamic crosslinking in PA6,12/EVA blends in the presence of a 
crosslinking agent (dicumyl peroxide; DCP). The mixing was done in a bath mixer (a 
torque rheometer). According to the gel contents, the DCP addition established new 
covalent bonds (C-C) among the chains of pure EVA. In 50/50 PA6,12/EVA blends, the 
DCP partially fragmented the morphology in a content-dependent manner. 
Increasing the DCP content improved the interfacial thickness from 1.8 to 2.7 nm because 
of the immiscible nature of the system. The long period of lamellar samples of pure 
polyamide was slightly increased in the presence of DCP. 

DCP addition did not affect the crystallinity of the samples but increased the amorphous 
thickness of the PA6,12. The glass transition temperatures of the pure constituents, 
derived from the solid viscoelastic properties, were characteristic of immiscible polymer 
blends. The improved pseudo-elastic behavior of EVA after DCP addition was associated 
with greater crosslinking in the system. The activation energy in blends containing 1 and 
4 phr DCP was increased by the interface formed from radical reactions. The maximum 
elastic recovery ( 3.4% ) after addition of 4 phr DCP was also attributed to the increased 
crosslinking phase. 
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