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ABSTRACT: Propylene-based propylene–ethylene random copolymer (PPR) has been widely used in the production of hot-water pipes.

To further improve its toughness and thermal resistance, b-nucleating agents (b-NAs) are frequently incorporated. In this study, PPR

containing 5.6 mol % ethylene units was modified by two kinds of b-NAs, that is, calcium pimelate and N,N0-dicyclohexylterephtha-

lamide. The notched Izod impact strength of PPR increased with the addition of the b-NAs. Drastically different toughening effects

were found between the two b-NAs. The structure of PPR with and without a b-NA was investigated by calorimetry, X-ray diffrac-

tion, and thermomechanical analysis. The results indicated that the relative fraction of b crystals (kb) in the injection-molded speci-

mens was determined by the type and content of b-NA. The relationship between kb and the impact toughness was summarized.

A critical value for kb (0.68) was identified for the brittle–ductile transition of PPR. PPR with b-NA having a kb greater than 0.68

displayed a higher impact strength than the other mixtures. VC 2015 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2016, 133, 42930.
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INTRODUCTION

The random copolymerization of propylene with other a-olefins

has been proven to be an effective method for broadening the

application of isotactic polypropylene (iPP). For instance, iPP

has relatively poor impact resistance, and its toughening

modification has received scientific and industrial attention for

decades.1–4 When copolymerizing with a certain amount of

ethylene units, propylene–ethylene random copolymers (PPR)

were found to be more ductile and tougher than iPP.5 The

toughness of PPR can be further enhanced by the addition of

b-nucleating agents (b-NAs).6–8 As an important way to

improve the fracture toughness of iPP, the structure and prop-

erties of b crystals have been studied extensively.1,9–13 The

bundled lamellar arrangement in b spherulites,14–16 stress-

induced crystal transition,9,10 and formation of voids16,17 are

considered to be relevant to the toughness enhancement. The

loose lamellar packing allows the easier initiation and propaga-

tion of plastic deformation under impact. The crystal transi-

tion and cavitation of b crystals during tensile deformation

have been confirmed by many researchers.18–20 All of these fac-

tors favor the energy dissipation process of iPP with a high

b-crystal content. At this point, the intrinsic mechanism of the

high toughness of iPP crystallized predominately in b crystals

is still not fully understood.

The fracture toughness of iPP is affected by the b-crystal content,

and this is determined by the type of b-NA, the content of

b-NA,11,21 and the thermal treatment.6,22–24 Most b-NAs, such as

c-modified linear trans-quinacridone, calcium salts of suberic or

pimelic acid, and aryl amide compounds, can efficiently induce the

formation of b crystals in iPP, and the relative fraction of b crystals

(kb) generally exceeds 60%.13,21,24–27 However, the introduction of

ethylene comonomers in PPR greatly decreases the tendency to

form b crystals. In particular, for those b-NAs with dual nucleating

effects for a and b crystals, kb in PPR hardly reaches 50%.6,28

Calcium pimelate (Ca-Pim), on the other hand, exhibits high

nucleating efficiencies for both iPP and PPR. The b-crystal content

in PPR can reach 90% through the addition of Ca-Pim.29

A number of reports have covered the influence of the b-NA con-

tent on the mechanical properties of iPP and PPR.6,30–34 However,

the quantitative correlation between the mechanical properties

and b-crystal content of PPR has not been established. In this

study, kb in b-nucleated PPR was tuned in a broad range by the

type and content of b-NA which made it possible for us to

investigate the relationship between the b-crystal content and the

mechanical properties of PPR. The brittle–ductile transition of

PPR as a function of the b-crystal content was revealed. This

study may provide a reference for the b modification of polypro-

pylene to achieve high performance.
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EXPERIMENTAL

Materials

PPR prepared by a Ziegler–Natta catalyst was obtained from

SINOPEC Beijing Yanshan Co. The melt flow rate of PPR was

1.8 g/10 min; this was measured under a load of 2.16 kg at

2308C. The weight-average molecular weight was 5.77 3 105 g/

mol, and the polydispersity index was 3.54. The fraction of eth-

ylene was about 5.6 mol %, as determined by 13C-NMR. Ca-

Pim, a selective b-NA, was synthesized by the neutralization

reaction of Ca(OH)2 (Xilong Chemical Co., Ltd.) and pimelic

acid (Sigma-Aldrich). N,N0-Dicyclohexylterephthalamide (trade

name TMB-5) was supplied by Shanxi Chemical Research Insti-

tute Co., Ltd. According to previous works,26,35 TMB-5 has

dual-nucleating ability to enhance the crystallization of a and b
crystals depending on the crystallization conditions. An antioxi-

dant, Irganox B215 (Ciba-Geigy) composed of 2:1 Irgafos 168/

Irganox 1010 was used to prevent thermooxidative degradation

during processing.

Sample Preparation

A two-step mixing process was applied to prepare PPR samples

with different weight fractions of b-NA. The Ca-Pim or TMB-5

powders were first melt-blended with PPR to obtain a master-

batch containing 2 wt % b-NA. Then, the masterbatch was

melt-mixed with pure PPR to dilute the contents of b-NA to

0.025, 0.05, 0.1, 0.25, and 0.5 wt %. At each mixing step, 0.1 wt

% antioxidant was added to the samples. A pure PPR sample

was also prepared with the same processing history for compar-

ison. Melt blending was carried out in a twin-screw extruder

(Thermo Scientific Haake RheomixOS) at a screw rotation

speed of 150 rpm. The processing temperature was within 215–

2208C. The pelletized samples were then injection-molded into

specimens for mechanical tests in accordance with ISO stand-

ards. Rectangular and dumbbell-shaped samples were used for

impact/flexural measurements and tensile testing, respectively.

Injection molding was conducted on a machine (UN120A,

Guangdong, Yizumi Seiki Machinery Co., Ltd., China) at melt

temperatures within 190–2158C. The injection pressure was 38

bar, and the mold temperature was room temperature. The

specimens were kept at room temperature for more than 1

month before measurements.

Mechanical Measurements

The notched Izod impact strength of specimens was measured

with an Izod impact machine (XJC-250) according to ISO 179-

1982. The tensile and three-point flexural measurements were

carried out with an Instron 3365 universal tensile testing

machine according to ISO 527-1BA and ISO 178-1993, respec-

tively. The crosshead speeds for the tensile and flexural meas-

urements were 50 and 2 mm/min, respectively. All of the

mechanical measurements were carried out at room tempera-

ture. The average values shown in the results were obtained

from at least five specimens.

Differential Scanning Calorimetry (DSC)

The calorimetric analysis of the samples was conducted with a TA

Instruments DSC Q2000. The instrument was calibrated with

indium before the measurements. The samples cut from the skin

and core layers of the specimens were heated at 108C/min from 40

to 2008C under the protection of nitrogen atmosphere.

Wide-Angle X-ray Diffraction (WAXD)

WAXD was used to characterize the multilayer structures in the

injection-molded bars. Skin and core layers were cut from the

middle of the injection-molded specimens along the flow direc-

tion, and the thickness of each layer was less than 100 lm. WAXD

measurements were carried out at beamline BL16B1 (k 5 1.24 Å)

at the Shanghai Synchrotron Radiation Facility. The scattering

patterns were captured by a MAR charge coupled device (MAR–

USA) detector with a resolution of 2048 3 2048 pixels (pixel

size 5 79 lm). The pattern acquisition time was 30 s, and the

sample-to-detector distance was 181 mm. Air scattering was sub-

tracted from the experimental data before further analysis.

Dynamic Mechanical Analysis (DMA)

DMA tests were carried out with a DMA Q800 analyzer (TA

Instruments). Rectangular samples with dimensions of 30 3 10

3 4 mm3 (Length 3 Width 3 Thickness) were measured in

single-cantilever mode. The samples were heated from 2100 to

1208C at 38C/min and at an oscillatory frequency of 1 Hz. The

strain was set to be 0.05%.

Scanning Electron Microscopy (SEM)

The morphologies of the fracture surfaces of the PPR specimens

prepared by a notched Izod impact test at room temperature

were observed on a JEOL JSM 6700 scanning electron micro-

scope operated at an accelerating voltage of 5 kV. The samples

were platinum-sputtered before SEM observation.

RESULTS AND DISCUSSION

Mechanical Properties of PPR with Different b-NA Contents

The impact strength of PPRs with different kinds and contents

of b-NAs is shown in Figure 1(a). In the absence of a b-NA,

PPR exhibited a relatively low notched Izod impact strength

(5.4 kJ/m2). As the b-NA content increased, the notched Izod

impact strength increased. The impact strength reached a maxi-

mum at a low nucleating agent (NA) load. When the b-NA

content was increased further, the impact strength decreased

slowly. The variation trend of the impact strength as a function

of the b-NA content was similar to that in iPP/b-NA sys-

tems.11,30,36 Obviously, the two b-NAs were different in tough-

ening PPR. The maximum impact strength obtained by the

addition of Ca-Pim was more than three times that obtained by

TMB-5. On the other hand, as shown in Figure 1(b), the yield

strength of PPR was almost not affected by the introduction of

b-NAs. The flexural modulus of PPR increased slightly with the

addition of TMB-5, whereas it was influenced less by Ca-Pim.

The previous results indicated that the b crystals improved the

toughness of PPR without obvious sacrifices of other mechani-

cal properties. The different mechanical responses of PPR with

and without a b-NA were considered to be related to the struc-

ture; this is discussed in more detail later.

Melting Behavior

As is well known, the injection-molded bar usually displays a

multilayer structure that results from the different cooling con-

ditions and the stress field during solidification. Three layers,

including the skin, subskin, and core layer, have been identified
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in injection-molded iPP samples.32,37,38 In this study, the crys-

talline structure of the skin and core layers in the PPR samples

were characterized by DSC and WAXD, respectively. The DSC

heating curves are shown in Figure 2. Only one endothermic

peak located at 1408C, corresponding to the melting of a crys-

tals, was observed in the PPR without a b-NA. Another melting

peak at about 1258C, originating from b crystals, emerged in

the DSC heating curves of the PPR with a b-NA. The melting

peak of b crystals in the core layer [Figure 2(a,c)] was more

obvious than that in the skin layer [Figure 2(b,d)]. The area of

the b-crystal melting peak in the core layer of PPR/Ca-Pim was

larger than that of the PPR/TMB-5 samples, and the area was

influenced by the b-NA content. As shown in Figure 2(a), PPR

with 0.05 wt %TMB-5 displayed a larger b-crystal melting peak

than other PPR/TMB-5 samples. This was consistent with the

impact strength results shown in Figure 1(a). Similarly, the

specimen with 0.25 wt % Ca-Pim showed the best impact

strength and had the largest b-crystal melting peak in the core

layer [Figure 2(c)].

The melting peaks of the a crystals were asymmetric; this indi-

cated that the lamellar thickness in the a crystals had a wide

distribution. Another reason for the asymmetric a melting peak

for the PPR/b-NA samples may have been the formation of

a crystals via recrystallization from melted b crystals during

heating.29 It was found that there was a critical temperature of

Figure 1. Mechanical properties of PPR with Ca-Pim and TMB-5 as a function of the b-NA content: (a) notched Izod impact strength and (b) flexural

modulus and yield strength. The tests were performed at room temperature. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. DSC heating curves of PPR with different b-NAs: (a) core layer in PPR/TMB-5, (b) skin layer in PPR/TMB-5, (c) core layer in PPR/Ca-Pim,

and (d) skin layer in PPR/Ca-Pim. The b-NA content is shown in the graphs. The heating rate was 108C/min. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4293042930 (3 of 9)

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


cooling (TR* � 1008C) in a b-modified polypropylene system,

below which the recrystallization from b crystals to a crystals hap-

pened during the subsequent heating process.22 The recrystalliza-

tion in our samples could not be eliminated because the cooling

temperature was lower than TR*. Consequently, the quantitative

analysis on the b-crystal content in the PPR/b-NA samples could

not be obtained from the calorimetric measurement.

Effects of the b-NAs on the Crystalline Orientation Behavior

The two-dimensional (2D) WAXD patterns of the core and skin

layers in the PPR samples are presented in Figure 3. The orien-

tation of the a and b crystals in the core layer was not obvious.

The degree of crystalline orientation in the skin layer was obvi-

ously higher than that in the core layer because of the strong

shear stress that the skin layer experienced.32 The obvious orien-

tation of the core layer in PPR/0.5 wt % TMB-5 was observed.

This may have resulted from the orientation of rodlike TMB-5

in the PPR matrix during flow; thereby, oriented b crystallites

were induced through epitaxial crystallization.39,40 To further

describe the orientation of crystallites in the skin layer, the full

width at half-maximum (FWHM) of the 110a and 110b peaks

was calculated from azimuthal intensity profiles. Generally, a

lower value of FWHM is associated with a more oriented struc-

ture,41 so the 1/FWHM value shares the same trend with the

degree of crystalline orientation. In Figure 4(a), the orientation

of a crystals showed an increase when a small amount of b-NA

was added and a slight decrease when the b-NA content was

increased further. The increase in the b-NA content significantly

suppressed the orientation of b crystals induced by shear stress,

as presented in Figure 4(b). The orientation of b crystals in PPR/

TMB-5 was higher than that in PPR/Ca-Pim; this may have been

due to the anisotropic morphology of TMB-5.42 The crystalline

orientation in the skin layer is thought to be beneficial for the

tensile and impact strength of a material.38 Many other factors

also influenced the mechanical properties, and therefore, a quali-

tative relationship was not observed between the results shown in

Figures 1 and 4.

Figure 3. 2D WAXD patterns of PPR with different b-NAs: (a) PPR/TMB-5 and (b) PPR/Ca-Pim. The b-NA content and the sampling location are

shown in the graphs.

Figure 4. 1/FWHM obtained from the azimuthal intensity profiles on the equator of (a) 110a and (b) 110b in the skin layer as a function of the b-NA

content. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Crystallinity Index (Xc)

Figure 5 displays the one-dimensional (1D) WAXD profiles of the

PPR samples obtained from the circularly integrated intensities of

the 2D WAXD patterns in Figure 3. The pure PPR contained only

a crystals; nevertheless, the PPR samples with b-NAs had both a
and b crystals. The intensity of 110b in the skin layer [Figure

5(b,d)] was weaker than that in the core zone [Figure 5(a,c)].

Figure 5(c) indicated that the core layers in the PPR/Ca-Pim sam-

ples owned the strongest b diffractions (110b and 111b).

The Xc values of PPR samples with and without b-NAs were eval-

uated by a conventional peak-fitting method. The 1D WAXD pro-

files of PPR samples with b-NAs were fitted by nine Gaussian plus

Lorentz type peaks, that is, two b-crystal peaks, five a-crystal peaks,

and two amorphous peaks. The center positions of these peaks

were fixed by optimization.43,44 Xc was calculated according to eq.

(1):

Xc5

P
AcrystP

Acryst1
P

Aamor

(1)

where Acryst and Aamor are the areas of the fitted peaks of the

crystalline and amorphous phases, respectively. The Xc values of

the core layer and skin layer in PPR samples with different b-

NA contents are displayed in Figure 6. The Xc of the skin layer

was lower than the core layer in both the PPR/TMB-5 and

PPR/Ca-Pim systems. This result could be explained by the fast

cooling process that the polymer melt experienced during injec-

tion molding. The Xc of PPR with TMB-5 was slightly higher

than that of PPR/Ca-Pim in both the core and skin layers;

therefore, the flexural moduli of the PPR/TMB-5 samples were

larger than those of the PPR/Ca-Pim samples at the same b-NA

content [shown in Figure 1(b)]. The crystalline region, com-

posed of the ordered packing of polymer chains, exhibited bet-

ter rigidity than the disordered amorphous region.

kb

kb was calculated according to the equation proposed by

Turner-Jones et al.,45 which is defined as follows:

kb5
A 110b
� �

A 110b
� �

1A 110að Þ1A 040að ÞA 130að Þ
(2)

where A(110a), A(040a), A(130a), and A(110b) are the corre-

sponding areas of the main reflection peaks of the a and b crys-

tals, respectively.

As shown in Figure 7(a), kb in PPR/TMB-5 first increased with

the b-NA content and then decreased when the content

increased further. The kb reached its maximum at 0.05 and 0.25

wt % in the core and skin layer, respectively. It is known that

the shear stress, cooling rate, and nucleating efficiency of b-NA

have an impact on the b-crystal fraction in polypropylene sam-

ples. Although shear44 and NA can induce b crystals separately

in iPP, the application of shear on b-nucleated iPP was found

to be detrimental for the formation of b crystals.46,47 Fast cool-

ing promoted b-crystal formation in PPR/b-NA samples.29 In

our case, the shear flow field and cooling condition were similar

Figure 5. 1D WAXD profiles of PPR with different b-NAs obtained from circularly integrated intensities of 2D WAXD patterns: (a) core layer in PPR/

TMB-5, (b) skin layer in PPR/TMB-5, (c) core layer in PPR/Ca-Pim, and (d) skin layer in PPR/Ca-Pim. The scattering vector (q) is defined as q 5 4p 3

sin h/k, where 2h is the Bragg angle and k is the wavelength of radiation. The b-NA content is shown in the graphs. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4293042930 (5 of 9)

http://wileyonlinelibrary.com
http://onlinelibrary.wiley.com/
http://www.materialsviews.com/


during the injection-molding process. TMB-5 was found to be

partially or completely dissolved in the iPP melt; this depended on

the content and melt temperature.26,48 According to the tempera-

ture/composition diagram of the iPP/TMB-5 mixture reported by

Wang et al.,48 only TMB-5 contents below 0.05 wt % could be totally

dissolved in the PPR melt at 2158C in our study. The different mor-

phologies of TMB-5 in the PPR/0.05 wt % TMB-5 and PPR/0.25 wt

% TMB-5 samples led to the different nucleating efficiencies.kb in

the core layer of PPR/Ca-Pim was always larger than that in the skin

layer. kb in the core and skin layers of PPR/Ca-Pim shared the same

variation trend against the Ca-Pim content and reached a maximum

at 0.25 wt % [Figure 7(b)]. We noticed that kb in the skin layer

reached its maximum at 0.25 wt % in both the TMB-5 and Ca-Pim

systems. kb in PPR/Ca-Pim was larger compared with PPR/TMB-5;

this was due to the difference in the b-nucleation efficiency of these

two kinds of b-NAs. TMB-5 has dual nucleating effects26,35; that is,

it can induce the nucleation of both a and b crystals. Although Ca-

Pim is an efficient b-NA that can selectively induce the formation of

b crystals, it is worth mentioning that the variation trends of kb in

the core layer of the PPR/b-NAs systems were consistent with the

impact strength results shown in Figure 1(a). The quantitative corre-

lation between them are presented later.

Figure 7. kb in the PPR samples versus the b-NA content: (a) PPR/TMB-5 and (b) PPR/Ca-Pim. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]

Figure 8. (a) G0 and (b) tan d as a function of temperature for PPR and PPR containing 0.25 wt % Ca-Pim. The heating rate was 38C/min. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 6. Xc of samples obtained from WAXD data as a function of the b-NA content: (a) PPR/TMB-5 and (b) PPR/Ca-Pim. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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DMA

DMA can provide more information about the microstructures of

the samples. Figure 8 gives the storage modulus (G0) and mechani-

cal loss factor (tan d) values for the pure PPR and PPR containing

0.25 wt % Ca-Pim which had the highest b-crystal content (desig-

nated as b-PPR). G0 of the pure PPR was higher than b-PPR. This

was ascribed to the higher rigidity of a crystals compared to b crys-

tals in polypropylene.14,49 The peak at about 68C in Figure 8(b) was

related to the glass transition of the unrestricted amorphous phase.

An increase in the intensity of the glass-transition peak with the

b-crystal content was observed. A similar result was reported by

Zhang and Shi.7 The peak around 708C was the ac relaxation; this

was associated with the relaxation of restricted amorphous copoly-

mer chains in the rigid amorphous region6,50,51 or helical jumps

between the crystallites and the amorphous region.52 The tempera-

ture of the ac relaxation of b-PPR was lower than that of PPR. This

indicated that the mobility of the molecular chains in b-PPR was

higher than that in PPR. The excellent toughness of PPR with a

high kb value may have been related to this result.

Relationship between the Mechanical Properties and

Structure

A number of factors affect the mechanical properties of the

injection-molded polypropylene parts; these factors include the

crystallinity, the skin–core ratio, and the orientation.53,54 The

toughness of polypropylene was expected to be improved by the

existence of b crystals. However, the direct relationship between

the toughness and b-crystal fraction has not been established.

In general, the core layer is more ductile than the skin layer,38,55

so the skin layer provides a minor contribution to the tough-

ness. As shown in Figure 9, the notched Izod impact strength

was plotted against kb in the core layer of PPR. It was interest-

ing to find that there existed a correlation between the impact

strength and kb in the core layer of the specimens. The tough-

ness of PPR/b-NA did not change a lot when kb was lower than

a transition value of about 0.68. However, it increased dramati-

cally when the kb in the core layer was higher than 0.68. The

transition value of kb was thought to be in line with the brittle–

ductile transition in the PPR samples. To directly understand

the fracture mode of the PPR samples, the fracture surfaces of

PPR samples with different kb values were observed by SEM,

and the results are shown in Figure 10. In the absence of b crys-

tals, the PPR displayed a smooth fracture surface without a

plastic deformation zone [Figure 10(a)]. The sample with 0.05

wt % TMB-5 (kb 5 0.47) exhibited a mixed fracture surface,

which contained a part of the plastic deformation zone concen-

trated in the region near the notch [Figure 10(b)]. As presented

in Figure 10(c), the whole fracture surface of PPR with 0.25 wt

% Ca-Pim (kb 5 0.83) was rough; this corresponded to the fea-

ture of ductile fracture. The brittle–ductile transition value of kb

may also exist in other b-nucleated polypropylene and polypro-

pylene random copolymer systems. Our results indicate that kb

should exceed a transition value to obtain a polypropylene sam-

ple with a high toughness.

CONCLUSIONS

The structure and mechanical properties of PPR samples with

two kinds of b-NAs (TMB-5 and Ca-Pim) were studied.

Injection-molded specimens displayed a nonuniform structure

with a highly oriented skin layer and weakly oriented core layer.

The addition of b-NAs to the PPRs was effective for improving

the toughness without sacrifices of the tensile and flexural prop-

erties. The flexural modulus of PPR was even enhanced by the

introduction of TMB-5 because of the increase in crystallinity

both in the skin and core layers. The correlation between the

toughness and kb in the core layer was established. A critical

Figure 9. Relationship between the Izod impact strength and kb in the

core layer of PPR. The different kb values were obtained with different b-

NAs, and the transition value was kb 5 0.68. [Color figure can be viewed

in the online issue, which is available at wileyonlinelibrary.com.]

Figure 10. SEM images of the fracture surface of PPR with different kbs in the core layer: (a) pure PPR with kb 5 0, (b) PPR/0.05 wt % TMB-5 with

kb 5 0.47, and (c) PPR/0.25 wt % Ca-Pim with kb 5 0.83. The fracture surface was obtained at room temperature, and the notch was on the left side.
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value of kb of 0.68 was identified for the brittle–ductile transi-

tion of PPR.
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