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ABSTRACT: Zinc adipate (Adi-Zn) was observed to be a highly active and selective b-nucleating agent for isotactic polypropylene

(iPP). The effects of Adi-Zn on the mechanical properties and the b-crystals content of nucleated iPP were investigated. The impact

strength of iPP nucleated with 0.2 wt % Adi-Zn was 1.8 times higher than that of neat iPP. In addition, wide-angle X-ray diffraction

analysis indicated that the content of b-crystals in nucleated iPP (kb value) reached 0.973 with 0.1 wt % Adi-Zn, indicating that Adi-

Zn is a highly active and selective b-nucleating agent for iPP. Furthermore, fast scanning chip calorimetry (FSC) studies using cooling

rates from 60 to 13,800 8C min21 revealed that the formation of b-crystals significantly depended on the cooling rates. At cooling

rates below 3000 8C min21, only b-crystals existed. However, at cooling rates above 6000 8C min21, b-crystals failed to form. More-

over, a lower critical crystallization temperature that corresponded to the generation of b-crystals was investigated using cooling-

induced crystallization, and the results are in good agreement with those of a previous study. VC 2016 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2016, 133, 43767.
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INTRODUCTION

Over the past few decades, much attention has been focused on

the preparation of the b-crystal form of isotactic polypropylene

(b-iPP) under laboratory and industrial conditions. The struc-

ture, morphology, processing, properties and application of

b-iPP have been extensively studied.1–6 In comparison to the

traditional a-form of iPP (a-iPP), b-iPP exhibits improved

elongation at break and better impact resistance.7–10 These

unique performance characteristics of b-iPP, which are advanta-

geous in many applications, justify the extensive basic and

applied research efforts that have been focused on this material.

b-iPP can be produced in the presence of efficient, selective

b-nucleating agents (b-NAs) under practical conditions. Many

available b-NAs have been previously reported.10–18 The first

efficient b-NA was c-quinacridone (Dye Permanent Red E3B),

which was reported by Leugering.13 A two-component b-NA

(i.e., compounds of pimelic acid and calcium stearate) was

introduced by Shi et al.14 Additional compounds with more

defined structure that were similarly efficient included calcium

salts of pimelic and suberic acid, as reported by Varga et al.15

These two b-NAs have been categorized as a class containing

certain group IIA metal salts or their mixtures with some spe-

cific dicarboxylic acids.7,17 N,N0-Dicyclohexyl-2,6-naphthalene-

dicarboxamide (NU 100) is also an efficient b-NA that was

developed in the past decade.18 Although these substances can

act as b-NAs for iPP, only a few aromatic amide compounds,

such as NU 100, have been marketed. Unfortunately, NU 100 is

not a highly selective b-NA, and a-iPP is always formed in its

presence.19 Therefore, a highly active and selective b-NA for iPP

is still required. In recent years, a novel group IIB salt of alicy-

clic dicarboxylic acid that acts as a b-NA was investigated in

our laboratory.10 In this study, we reported a novel IIB salt of

aliphatic dicarboxylic acid (i.e., zinc adipate), which acts as a

highly active and selective b-NA for iPP. Our results further

enrich the family of IIB salts of dicarboxylic acid for use as

b-NAs of iPP.

b-iPP is thermodynamically metastable, which has been

reported by Varga in detail.20 The formation of b-iPP strongly

depends on the crystallization process, especially the cooling

rate.10,21–23 Both Varga and Wittmann attributed this

Additional Supporting Information may be found in the online version of this article.
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“sensitivity” to the upper and lower critical temperature limit of

the formation of b-iPP.24,25 The upper critical temperature limit

is around 140 8C,24 and the lower limit is at 100–105 8C.25

Therefore, the growth rate of the b-phase is higher than that of

a-phase between 100 and 140 8C. When the temperature is

higher than 140 8C or lower than 100 8C, ba-growth transition

will take place on the surface of a growing b-spherulite. Appa-

rently, the content of b-iPP depends on the cooling rate. There-

fore, the exploration of the dependence of the formation of b-

iPP on the cooling rate under real processing conditions is tech-

nologically important and scientifically fascinating. Previous

investigations have been extensively performed under laboratory

conditions using standard differential scanning calorimetry

(DSC).21–23 However, operational processes occur much faster

compared to typical laboratory rates. Therefore, achieving con-

trolled, constant heating and cooling rates that are much higher

than the typical rates of standard DSC instruments, which range

from 10 to 100 8C min21, is experimentally challenging. Recent

advances in chip fast scanning calorimetry (FSC) by Mettler-

Toledo (e.g., the Flash DSC 1 calorimeter, introduced October

2010) may provide the ability to investigate crystallization and

melting behavior under rapid cooling rates. In this approach,

the cooling rate and heating rate can reach 240,000 8C min21.26

Therefore, FSC is a powerful tool for investigating the crystalli-

zation and melting behaviors of polymers by mimicking realistic

conditions.27,28 However, to the best of our knowledge, the liter-

ature contains few studies that address the dependence

of b-crystals on the cooling rates under rapid cooling and

supercooling.29

In the current study, a novel highly active and selective b-NA

for iPP [i.e., zinc adipate (Adi-Zn)] was prepared and its nucle-

ation effects were investigated. Herein, we provide a

detailed overview of the dependence of b-crystal nucleation

induced by Adi-Zn and the crystallization peak temperature of

iPP/Adi-Zn on cooling rates under rapid cooling from 60 to

13,800 8C min21 using FSC.

EXPERIMENTAL

Materials

A commercial iPP (trade name T30S, Mw 5 45.1 3 104 g�mol 2 1,

Mw/Mn 5 3.51) was kindly supplied by Jiujiang Petroleum Chemi-

cal (China), with a melt flow index of 2.9 g/10 min (230 8C/

2.16 kg). Adipic acid and zinc oxide were of analytical reagent

grade and were obtained from Shanghai Lingfeng Chemical Regent

Co., Ltd. (China).

Synthesis of Zinc Adipate

Zinc adipate was synthesized from the reaction of zinc oxide

(ZnO) with adipic acid via mechanical stirring (Scheme 1).30,31

Adipic acid (0.35 mol) and fine powdery ZnO were fully mixed

in a 1:1 molar ratio by grinding. Next, an appropriate amount

of water was added, and a slurry was formed. The mixture was

then reacted for 12 h at 80 8C. The product, which was a white

precipitate, was collected by filtration, washed several times

with hot water, and dried at 105 8C for 12 h. The yield of

Adi-Zn was 93.2%. The structure, crystal morphology, and ther-

mostability of Adi-Zn were characterized by Fourier transform

infrared spectroscopy, scanning electron microscopy, and ther-

mogravimetric analysis (see the Supporting Information). The

results indicated that rectangular crystals of Adi-Zn were syn-

thesized (Supporting Information Figures S1 and S2) and exhib-

ited a weight loss of 1 wt % that began at 364 8C (Supporting

Information Figure S3), indicating the high thermal stability of

Adi-Zn (230 8C). These results are consistent with those previ-

ously reported in the literature.30 The crystals of Adi-Zn were

milled to a fine powder and then sieved through a 200 mesh

sieve prior to use.

Sample Preparation

The b-NA (Adi-Zn) and antioxidant (Irganox 1010 and 168, 0.1

wt % relative to the iPP powder, respectively) were mixed with

the iPP powder. This sample was extruded using a co-rotating

twin-screw extruder (SJSH-30, Nanjing Rubber and Plastics

Machinery Plant, China) and a strand die and was subsequently

pelletized. The extrusion temperature profile was set at 190,

200, 200 200, 200, 200, 195, and 185 8C from the feed zone to

the die. The dry iPP/Adi-Zn pellets were injected into standard

test specimens using an injection-molding machine (CJ-80E,

Guangdong Zhende Plastics Machinery Plant, China). The injec-

tion temperature was set at 220 8C. The mold temperature was

about 40 8C and the cooling time was 35 s. Standard dumbbell-

shaped samples for tensile property test were produced accord-

ing to ASTM D-638 (type I). The samples for flexural property

test were rectangular and their dimensions were 127 3 12.7 3

3.2 mm3 (ASTM D-790). Rectangular samples (63.5 3 12.7 3

6.4 mm3) with “V” notch were produced according to ASTM

D-256 for impact strength test. The b-NA (Adi-Zn) was added

at concentrations of 0.025, 0.05, 0.1, 0.2, 0.4, 0.6, 0.8, and 1.0

wt %. The resulting nucleated iPP samples are referred to as

iPP/0.025Adi-Zn, iPP/0.05Adi-Zn, iPP/0.1Adi-Zn, iPP/0.2Adi-

Zn, iPP/0.4Adi-Zn, iPP/0.6Adi-Zn, iPP/0.8Adi-Zn, and iPP/

1Adi-Zn, respectively. A neat iPP sample was prepared using the

same method for comparison.

Wide-Angle X-ray Diffraction

The wide-angle X-ray diffraction (WAXD) patterns were

acquired using a Rigaku D/max-2550 VB/PC apparatus (Japan)

equipped with a Cu Ka (k 5 1.54 Å) radiation source, and the

diffraction angles (2h) were obtained within the range from 10

to 308 (88 min21).

The b-crystal content (f) was determined according to previ-

ously reported procedures32 using the following relationship:

kb5
Hb 300ð Þ

Hb 300ð Þ1Ha 110ð Þ1Ha 040ð Þ1Ha 130ð Þ (1)

where kb is the relative proportion of the b-crystal form

(WAXD) and HX(hkl) is the height of the (hkl) peak associated

with phase X (a or b; always with respect to the amorphous

halo).

Scheme 1. Synthetic route to zinc adipate.
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Mechanical Properties

The mechanical properties were measured according to ASTM

test methods, including D-638 for the tensile strength and D-

790 for the flexural modulus, using a universal testing machine

(MTS Systems Co., Ltd., Foshan City, China). The Izod impact

strength was tested using standard method D-256 and an

impact tester (MTS Systems Co., Ltd, Foshan City, China). The

temperature of testing was room temperature (around 25 8C).

The reported mechanical properties are the averaged of five

independent measurements.

Polarized Optical Microscopy

The spherulitic morphologies of neat iPP and b-nucleated iPP

were determined using polarized optical microscopy (POM) on

an Olympus BX51 (Japan) that was equipped with a DP70 digi-

tal camera and a THMS600 hot-stage. The extruded samples

were placed between two microscope slides, melted, pressed at

200 8C for 5 min to avoid possible self-nucleation of iPP; the

samples were then cooled to 140 8C at a cooling rate of

100 8C min21. The samples were maintained under isothermal

conditions until the crystallization process was completed, and

the isothermal crystallization process was observed.

Differential Scanning Calorimetry

The crystallization and melting behavior of the samples were

investigated using DSC (Diamond, Perkin-Elmer). The tempera-

ture was calibrated prior to the measurements using high-purity

indium and zinc standards.

The crystallization peak temperature (Tcp) was determined from

the crystallization curves. All measurements were performed

using 3-5 mg of sample at a standard heating and cooling rate

of 10 8C min21 under a nitrogen atmosphere from 50 to

200 8C; the samples were maintained at 200 8C for 5 min to

release the thermal and mechanical history.

Fast Scanning Chip Calorimetry

FSC analyses of non-isothermal crystallization were performed

with a power-compensation Mettler-Toledo Flash DSC 1

attached to a Huber TC100 intracooler. Small specimens were

prepared using a microtome. The FSC sensor was conditioned

and temperature-corrected according to the specifications of the

instrument provider prior to the specimens being placed on the

heatable area of the sample calorimeter. All of the samples were

measured at a heating rate of 300 8C min21 under a nitrogen

atmosphere from 40 to 200 8C. The cooling rates during non-

isothermal crystallization ranged from 60 to 13,800 8C min21.

Additional details regarding the instrument and sensor have

been reported elsewhere.26,27

RESULTS AND DISCUSSION

Mechanical Properties of iPP Nucleated with Adi-Zn

The macroscopic mechanical properties of iPP, especially its

impact resistance, are strongly affected by the amount of b-NA.

We, therefore, investigated the effect of the b-NA (Adi-Zn) con-

tent on the mechanical properties of iPP; the results are shown

Figure 1. Mechanical properties of iPP nucleated with different Adi-Zn contents: (a) impact strength, (b) tensile strength and (c) flexural modulus.

ARTICLE WILEYONLINELIBRARY.COM/APP

WWW.MATERIALSVIEWS.COM J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.4376743767 (3 of 8)

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


in Figure 1. As shown in Figure 1(a), the impact strength of

nucleated iPP improved quickly when the loading of Adi-Zn

was less than 0.2 wt % and then remained constant at higher

Adi-Zn contents. When the content of Adi-Zn was 0.2 wt %,

the impact strength of nucleated iPP increased nearly 1.8 times

compared to that of neat iPP, indicating that Adi-Zn substan-

tially improved the toughness of iPP. As shown in Figures

1(b,c), the tensile strength and flexural modulus of nucleated

iPP gradually decreased and then remained constant with

increasing Adi-Zn content. Therefore, the optimum Adi-Zn

content for improving the impact resistance of iPP appears to

be 0.2 wt %.

Effect of Adi-Zn on the b-Crystal Content of iPP

WAXD is a powerful tool for quantifying the b-crystal content

of iPP. Figure 2 shows the WAXD patterns of neat iPP and iPP/

0.2Adi-Zn crystallized at 124 8C under quiescent conditions. We

chose a crystallization temperature of 124 8C on the basis of our

analysis of the results from WAXD and DSC measurements of

b-nucleated iPP samples crystallized at different temperatures

(see Supporting Information Figures S4 and S5). In this profile,

(110) at 2h 5 14.18, (040) at 16.98, and (130) at 18.58 were the

principal reflections of the a-crystals of iPP, whereas (300) at

approximately 168 was the principle reflection of the b-crystals.

These reflections are considered marker peaks for the a- and b-

crystals, respectively.

The variation in the kb values as a function of the Adi-Zn con-

centration is shown in Figure 3. The results indicate that the kb

values increased sharply with the addition of Adi-Zn and that a

maximum value of 0.973 was achieved when the concentration

of Adi-Zn was 0.1 wt %. Thereafter, a slight decrease was

observed with further increases in the Adi-Zn content. These

results indicate that Adi-Zn is a highly active b-NA for iPP even

at a very low loading concentration. In addition, Adi-Zn is a

highly selective b-NA because the kb values remain approxi-

mately 0.90 in the studied concentration range from 0.025 to 1

wt %. Notably, however, the saturation concentration of Adi-Zn

determined from the mechanical properties and that determined

from WAXD results differ, which may be due to the difference

in the crystallization conditions of both measurements. There-

fore, the effect of the crystallization condition on the b-crystal

content needs to be investigated.

Dependence of the Formation of b-Crystals

on the Cooling Rates

The formation of b-crystals depends on the concentration of

the b-NA and the crystallization conditions, especially the cool-

ing rates during crystallization.29,33–35 Because FCS provided

rapid cooling conditions that mimic crystallization in the prac-

tical processing of iPP, a variety of cooling rates from 60 to

13,800 8C min21 as well as a heating rate of 300 8C min21 were

used in the current study. Selected FSC melting thermograms of

neat iPP and iPP nucleated with 0.2 wt % Adi-Zn under differ-

ent cooling rates are shown in Figure 4. For neat iPP, only one

a-crystal melting peak was observed as the cooling rate

increased. In contrast, crystallization of iPP induced by Adi-Zn

exhibited a complex cooling rate dependence. When the cooling

rate was less than 3000 8C min21, only a b-crystal melting peak

was observed in Figure 4(b). At cooling rates greater than

3000 8C min21, the melting peak corresponding to a-crystals

began to appear; the melting peak area of the b-crystals gradu-

ally decreased and nearly disappeared at cooling rates of

6000 8C min21 and higher. Therefore, at cooling rates less than

3000 8C min21, b-crystals were predominant, at cooling rates

between 3000 and 6000 8C min21, b-crystals and a-crystals

coexisted, and at cooling rates higher than 6000 8C min21, a-

crystals were predominant.

The dependence of the melting peak temperatures (Tmp) on the

cooling rates was further plotted in Figure 5. The Tmp of neat

iPP (black solid symbols) quickly decreased at the beginning

and then plateaued with increasing cooling rates. A similar

trend was observed for Tmp of b-crystals (red solid symbols) of

iPP/0.2Adi-Zn. Interestingly, the Tmp of the a-crystals (blue

open symbols) in iPP/0.2Adi-Zn is higher than that of neat iPP,

which indicated that Adi-Zn triggered the formation of a-

crystals rather than inducing b-crystal formation under rapid

cooling and supercooling conditions. Therefore, the formation

Figure 2. WAXD patterns of neat iPP and iPP/0.2Adi-Zn crystallized at

1248C under quiescent. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Figure 3. Values of kb as a function of the Adi-Zn concentration. Inset:

DSC thermograms of iPP with different amounts of Adi-Zn. [Color figure

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

com.]
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of b-crystals strongly depends on the cooling rate. These results

provide a reasonable explanation for the difference in the satu-

ration concentration of Adi-Zn obtained from the mechanical

properties and WAXD results because the cooling rate of the

former is much larger than that of the latter. The reason why

the formation of b-crystals strongly depends on the cooling rate

will be further discussed in the context of the crystallization

process of iPP/Adi-Zn in Crystallization Behavior of

b-Nucleated iPP under Rapid Cooling and Largely Different

Supercooling section.

Crystallization Behavior of b-Nucleated iPP under Rapid

Cooling and Largely Different Supercooling

The crystallization peak temperature (Tcp) of a polymer strongly

depends on its cooling rate. The relationship between Tcp and

the cooling rate has been previously studied by standard DSC.

Because of the performance limitations of standard differential

scanning calorimeters, the studied cooling rates reported in the

literature typically cover a range from 1 to 100 8C min21. Here-

tofore, to the best of our knowledge, few publications have

reported the dependence of Tcp on the cooling at higher cooling

rates.36 Therefore, we used FSC to study the effect of cooling

rate on the Tcp values of neat iPP and nucleated iPP. The results

may contribute to the optimization of industrial processing

conditions.

The FSC cooling thermograms of neat iPP and iPP/0.2Adi-Zn are

shown in Figure 6. According to the literature, the formation of

b-crystals has a lower critical temperature limit (T��c 5 100 8C)

(i.e., b-crystals can be formed above T ��c ).25,37 According to the

results in Figure 6, at cooling rates less than 3000 8C min21, the

overall crystallization occurred above T��c . Therefore, only b-

crystals formed, as indicated in the corresponding melting curves

[Figure 4(b)], marked with a red dotted line). At cooling rates

higher than 6000 8C min21, the overall crystallization occurred

below T��c . Therefore, only a-crystals were formed [Figure 4(b)],

marked in blue dotted line). At cooling rates between

3000 8C min21 and 6000 8C min21, partial crystallization

occurred above T ��c , which resulted in the coexistence of b- and

a-crystals. These results provide a reasonable explanation for the

dependence of the formation of b-crystals on the cooling rate

under rapid cooling and supercooling conditions.

A detailed overview of the crystallization peak temperature of

neat iPP and iPP/0.2Adi-Zn at different cooling rates is pro-

vided in Figure 7. The Tcp of the two samples gradually

decreased with increasing cooling rates; the difference in their

Tcp values (DTcp) gradually increased until the cooling rate was

approximately 3000 8C min21 and then gradually decreased to

nearly zero at a cooling rate of 13,800 8C min21. The maximum

DTcp values corresponded to cooling rates of approximately

3000 8C min21. The results revealed that heterogeneous nuclea-

tion (athermal nucleation) played a leading role in accelerating

the crystallization of iPP below the critical cooling rate. In addi-

tion, homogeneous nucleation (thermal nucleation) played an

increasingly important role at cooling rates above the critical

cooling rate in b-nucleated iPP. When the cooling rate was

13,800 8C min21, Adi-Zn did not affect nucleation and could

not accelerate the crystallization of iPP.

In addition, although Adi-Zn did not induce the formation of

b-crystals when the cooling rate exceeded 6000 8C min21, the

crystallization peak temperature of iPP/0.2Adi-Zn was still

Figure 4. FSC heating curves of (a) neat iPP and (b) iPP/0.2Adi-Zn crystallizing under different supercooling conditions (heating rate: 3008C min21).

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

Figure 5. Dependence of the melting peak temperatures on the cooling

rates. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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higher than that of neat iPP, which confirmed that Adi-Zn acted

as an a-NA under rapid cooling conditions. This observation is

consistent with the previously noted increase in the melting

peak temperature of iPP/0.2Adi-Zn compared to that of neat

iPP under supercooling conditions, as shown in Figure 5.

Crystallization Behavior and Morphologies of iPP with

Different Amounts of Adi-Zn

The dependence of the crystallization peak temperature (Tcp) of

nucleated iPP on NA concentration has been previously investi-

gated.10,38 This type of study could contribute to an evaluation

Figure 6. FSC scans for cooling of samples consisting of neat iPP (a) and iPP/0.2Adi-Zn (b) at different cooling rates. [Color figure can be viewed in

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

Figure 7. Dependence of the crystallization peak temperatures on the

cooling rates. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 8. Dependence of the crystallization peak temperatures on the Adi-

Zn content. Inset: DSC scans for samples with different Adi-Zn contents

(cooling rate: 10 8C min21). [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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of the nucleating efficiency and to optimization of the process-

ing conditions. Standard DSC was used to study the non-

isothermal crystallization behavior of neat iPP and nucleated

iPP. The dependence of the crystallization peak temperatures on

the concentrations of Adi-Zn is shown in Figure 8. The peak

crystallization temperature of iPP/Adi-Zn increased from 121 8C

to approximately 124 8C with the addition of 0.025 wt %

Adi-Zn and then slightly increased when the concentration was

increased to 0.2 wt %. The peak crystallization temperature

then remained relatively constant at higher Adi-Zn contents.

These results indicate that Adi-Zn accelerated the crystallization

of iPP at a very low additive concentration. The saturation con-

centration was approximately 0.2 wt %, which is in agreement

with the results of impact strength tests.

The crystallization behavior of iPP/Adi-Zn was also investigated

using POM, which allowed for direct observation of the crystalliza-

tion process and crystal morphology of the polymer. Figure 9 shows

photomicrographs of neat iPP and iPP with different amounts of

Adi-Zn and with crystallization at 140 8C. In particular, the resulting

morphology strongly depended on the amount of Adi-Zn. The

spherulite sizes of iPP gradually decreased as the Adi-Zn concentra-

tion was increased to 0.2 wt %. The spherulite sizes barely changed

for samples with an Adi-Zn content that exceeded 0.2 wt %, con-

sistent with the DSC results. At low Adi-Zn concentrations, bright

and colored b-spherulites were observed [indicated by the arrows in

Figure 9(b)]. These results reveal that the b-NA (Adi-Zn) affected

both the morphology and the crystal form of iPP.

CONCLUSIONS

A highly active and selective b-NA for iPP (zinc adipate, Adi-Zn)

was developed. The effects of Adi-Zn on the mechanical proper-

ties and the b-crystal content of nucleated iPP were investigated.

The impact strength of iPP nucleated with 0.2 wt % Adi-Zn was

1.8 times higher than that of neat iPP. In addition, WAXD analy-

sis indicated that the content of b-crystals of nucleated iPP (kb

value) nearly exceeded 0.90 in an Adi-Zn concentration range

from 0.025 to 1 wt %. A maximum kb value of 0.973 was

obtained at 0.1 wt % Adi-Zn, indicating that Adi-Zn is a highly

active and selective b-NA for iPP. Furthermore, FSC studies using

cooling rates of 60 to 13,800 8C min21 revealed that the

Figure 9. Polarized optical microphotographs of iPP samples crystallized at 140 8C: (a) neat iPP, (b) iPP/0.025Adi-Zn, (c) iPP/0.05Adi-Zn, (d) iPP/

0.1Adi-Zn, (e) iPP/0.2Adi-Zn, (f) iPP/0.4Adi-Zn, (g) iPP/0.6Adi-Zn, (h) iPP/0.8Adi-Zn and (i) iPP/1Adi-Zn. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]
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formation of b-crystals significantly depended on the cooling

rates. At cooling rates less than 3000 8C min21, only b-crystals

were formed. However, at rates greater than 6000 8C min21, b-

crystals failed to form. b- and a-crystals coexisted at cooling rates

between 3000 and 6000 8C min21. Moreover, a lower critical

crystallization temperature of approximately 100 8C, which corre-

sponds to the generation of b-crystals, was investigated using

cooling-induced crystallization; the results were in good agree-

ment with those from a previous study.
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