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ABSTRACT: It was widely established that many end-use properties of the final parts are considerably affected by the macromolecular

hierarchical structures formed during the cooling stage of injection molding, especially for crystalline polymers which undergo both

solidification and crystallization processes simultaneously. Enthalpy transformation method (ETM) has been demonstrated to give the

reasonable descriptions of the temperature profiles for real processing operations (e.g., injection molding, gas-assisted injection mold-

ing, and compression molding, etc.) in our previous work. However, to observe the phase-change plateau, where rapid cooling rate is

imposed, is not easy in traditional treatments using the enthalpy approach. In this work, ‘‘modified cooling curves’’ (i.e., temperature

versus time, plotted in logarithmic scale) at various locations in the mold cavity were found to show similar trend with an obvious

turning point indicating the occurrence of phase transition. Mold temperature is more effective in controlling the cooling rate than

melt temperature. Turing point of the cooling curves in the plot of ln y vs. ln t can be used to estimate the minimum cooling time

of the injection molding of crystalline polymers. VC 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2012
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INTRODUCTION

Transient heat-transfer problems with solidification or melting

are generally known as the ‘‘phase-change problems’’ or ‘‘mov-

ing-boundary problems,’’ which were initially raised by Stefan in

1891.1 Recently, heat-transfer issues of this kind are still of great

significance in many engineering applications, e.g., solidification

of metallic materials in the mold, cooling of large masses of

polymers, as well as freezing of food. Nevertheless, due to the

nonlinear nature (i.e., the liquid/solid interface is always moving

with the absorption or liberation of the latent heat at the inter-

face2,3), to secure the exact solution of those problems is not

easy till now.

As one of the widely used fabricating techniques of polymers,

injection molding accounts for over 1/3 of all plastics processed

in modern industry. Computer-aided engineering (CAE) tech-

nology has found wide application in material selection, mold

design, analysis of the part defects as well as optimization of the

processing parameters for injection molding.4–7 Attention has

been attracted to investigate the heat transfer during the injec-

tion moldings of crystalline polymers since early 1990s,8–10

because the quality and performance of molded parts depend

heavily on the selection of operational variables11–15 during the

molding process, especially in the cooling period.

In recent years, numerical solutions turn out to be a useful

representation for analyzing the transient heat-transfer issues.

For instance, the variational method16,17 and the enthalpy

method18–23 have been widely applied to solve the multidimen-

sional phase-change problems. More recently, we have success-

fully employed the enthalpy transformation method (ETM) to

obtain the temperature profiles during common processing

operations, such as, injection molding,10,23 gas-assisted injection

molding15,19,21,22,24 as well as compression molding25 of polyole-

fins and their blends.

However, the phase-change process can be difficult to observe at

locations that have very rapid cooling rate,26 since the time for

phase transition to take place is too short to display in tradi-

tional treatments using the enthalpy approach. To further

investigate the solidification behavior of crystalline polymers

during injection molding process, the cooling curves of temper-

ature versus time were plotted in double-logarithmic scale (as

illustrated in Figure 1), and more generalized phenomenon has

been observed, that is, a ‘‘phase-change zone’’ or ‘‘mushy zone’’

(t1 � t2, denoted as ‘‘Stage II’’) can be clearly seen in all cases.

Besides, the shape of the ‘‘modified cooling curve’’ is found to

be independent from the cooling rate. More importantly, there

is a turning point (denoted as ‘‘TP’’) within the phase transition

VC 2012 Wiley Periodicals, Inc.

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2012, DOI: 10.1002/APP.38376 1



zone (i.e., Stage II). TPs at different locations in the cavity can

be non-linearly fitted, and can be employed as an estimate of

the minimum cooling time for injection moldings of crystalline

polymers.

In this article, a new approach was suggested for treating the

obtained cooling curves of crystalline polymers during injection

molding process. On the basis of our previous work,10,15,19,21

the graphic solution plotted using this algorithm can better

show the whole cooling process of crystalline polymers. The

present treatment can better illustrate the solidification behavior

(esp., phase transition process) at the positions close to mold

wall, where extremely large temperature drop is located. Thus,

the objective of this study was to further disclose the physical

nature of the heat transfers with phase-change effect of HDPE,

which will supply good insights into the formation of various

crystalline structures as well as the optimization of processing

variables of injection molding process.

EXPERIMENTAL

Material

The material used in this work was high-density polyethylene

(HDPE), provided by the Japan Polyethylene (JPE), with its

density of 0.953 g/cm3, and a melt flow rate (MFR) of 0.70 g/

10min measured at 190�C under 2.16 kg according to ASTM

D1238-98. Detailed material thermal parameters of HDPE were

presented in our previous work.10,19

Differential Scanning Calorimetry Measurement

Measurement of crystallization behavior was carried out using

the differential scanning calorimetry (DSC), Model: Q-200, sup-

plied by TA Instrument, USA, under nonisothermal cooling

condition. Sample weighted 5–7 mg was initially heated to

210�C at 10�C/min and kept for 4.0 min to remove the heat

history. Then, it was cooled to the ambient temperature at

10�C/min. The phase-change temperature range T1–T2 as pro-

posed elsewhere10 was obtained as 114.1–119.4�C.

Rheological Characterization

Rheological behavior was examined using the melting index

(MI) tester, Model: ZRZ1452, supplied by the SANS (Shenzhen)

Instrument, P.R. China. Capillary diameter is 2.09 mm, and

capillary length is 8.00 mm. The logarithmic apparent viscosity

(ga) of the material shows good linearity with an increase of the

inverse absolute temperature (T) under a constant load (2.16

kg) at different temperatures (i.e., 150, 170, 190, 210, and

230�C, respectively), as shown in Figure 2. The melt flow activa-

tion energy (Ea) of the material was 24.77 kJ/mol, evaluated

using the Arrhenius Equation.

Theoretical Section

The primary assumptions or simplifications used in this work

are as follows:

1. Considering the short filling time as compared with the

total injection molding cycle, melt-filling stage is

neglected,26 that is, the solidification process starts as soon

as the polymer melt contacts the cold metallic wall. Then,

the occurrence of a solid/liquid interface ensues.

2. The initial temperature is T0. There is no contact thermal

resistance (CTR) between the polymer melt and the mold

wall,19 i.e., the skin polymer has the mold wall tempera-

ture (Tw), which is much below the phase-change temper-

ature of the polymer.

3. The phase transformation of polymers is assumed to take

place at certain constant value of Tf (i.e., the ‘‘reference

temperature’’27,28), which is defined by Tf ¼ (T1 þ T2)/2,

where T1–T2 denotes the phase-change temperature range,

as proposed previously.10,21,22

4. Latent heat (L) is simultaneously released at the solid/liquid

interface with the phase-change process. Solid and liquid

phases are separated by the interface, whose position will

Figure 1. Schematic illustration of the typical cooling curve (in double-

logarithmic scale) of crystalline polymers during injection molding. Stage

I: liquid-state cooling; Stage II: phase-change process; Stage III: solid-state

cooling. h is the dimensionless temperature defined by h ¼ (T � Tw)/(T0

� Tw), with h0, h1 � h2, and hTP denoting the initial temperature, phase-

change temperature range (mushy zone), and turning-point temperature,

respectively.

Figure 2. Correlation between apparent viscosity and inverse absolute

temperature.
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vary with the elapsed time.26–28 When the two interfaces

from the opposite mold walls meet each other at the central

plane, the solidification process comes to an end.

5. The thermal parameters of the crystalline plastics, such as

thermal conductivity (k), thermal diffusivity (a), heat

capacity (Cp), etc., are assumed to be constant within each

phase but differ between the phases.10,23 The inner bound-

ary (i.e., the central plane) of the polymer melt domain

was considered adiabatic.26

The Energy Equation,28 coupled with the continuity equation,

in the Cartesian coordinate system is,

q � CP �
DT

Dt
¼ rðk � rTÞ (1)

where q, k, Cp are density, thermal conductivity and specific

heat, respectively. DT/Dt is the material derivative of the tem-

perature T, and ! the Hamilton operator. Under constant pres-

sure condition, the enthalpy (E) can be defined as,

CpðTÞ ¼
�
@E

@T

�
p

(2)

Temperature can be deemed as a function of E, that is,

TðEÞ ¼
T1 þ E

Cs
; E � 0 (3-a)

T1 þ E�DT
LþCf �DT ; 0 < E < L þ Cf � DT (3-b)

T1 þ E
Cl
� LþðCf �ClÞ�DT

Cl
; E � L þ Cf � DT (3-c)

8><
>:

where T1–T2 is the phase-change temperature range (i.e., the

mushy zone), and DT ¼ T2�T1. Cs, Cl are the specific heats of

solid phase (T < T1) and liquid phase (T > T2), respectively. Cf

is the specific heat within the mushy zone (T1–T2), as discussed

elsewhere.10,21 L denotes the latent heat released from the solidi-

fication process.

The enthalpy transformation of the Energy Equation can be

readily integrated over the entire finite control volumes using

Patankar’s methodology28 for control-volume (CV)/finite-differ-

ence method (FDM). For the sake of simplicity, the Kirchhoff

Temperature (Tkir) is introduced10,18,19,23 and its definition can

be given as below,

Tkir ¼ CðEÞ � E þ SðEÞ (4)

C and S are two parameters that have been detailed elsewhere,10

the iterative formula of eq. (1) can be expressed as,

Emþ1
i ¼ Em

i þ l � ½dmi�1 þ dmiþ1 � 2 � dmi � þ l � Dx � ðquÞ
� ðEm

iþ1 � Em
i Þ (5)

with

l ¼ Dt
q � Dx2 ; dmiþ1 ¼ Cm

iþ1 � Em
iþ1 þ Smiþ1;

dmi�1 ¼ Cm
i�1 � Em

iþ1 þ Smi�1; dmi ¼ Cm
i � Em

i þ Smi ð6Þ

The definite conditions are correspondingly discretized as

follows,

Initial condition : E0
i ¼ Cl � ðT0 � T1Þ þ DT � ðCf � ClÞ þ L;

i ¼ 1; 2; 3; � � �n ð7Þ

Outer boundary : Em
1 ¼ Cs � ðTw � Tf Þ; m ¼ 0; 1; 2; � � � (8)

Inner boundary : Em
n ¼ Em

n�1; m ¼ 0; 1; 2; � � � (9)

Besides, because of the nature of the Energy Equation in explicit

form, the above definite problem has stable and convergent nu-

merical solutions when the following criterion18,27 could be sat-

isfied,

0 <
ks � Dt

q � Cs � Dx2
� 0:5 (10)

When the E field is determined from the above iterative proce-

dures, the temperature field can then be easily obtained from

eq. (3). The detailed derivation process and iterations of the

above algorithms have been presented elsewhere10 and are omit-

ted here.

RESULTS AND DISCUSSION

Temperature Profiles Under Various Cooling Conditions

The temperature profiles of HDPE during the whole cooling

stages of injection molding under three cooling conditions (i.e.,

Case A: T0 ¼ 190�C, Tw ¼ 20�C; Case B: T0 ¼ 210�C, Tw ¼
40�C; Case C: T0 ¼ 210�C, Tw ¼ 60�C) were obtained using the

above enthalpy transformation technique. The temperature pro-

files from 10 to 100 s after the cession of melt filling under var-

ious processing variables were depicted, as shown in Figure 3.

For simplicity, normalized distance was used and defined by X

¼ x/b, i.e., where X is the spatial coordinate along the x-axis in

dimensionless form and b is the reference length (designated as

half the part thickness9,27). There are two horizontal imaginal

lines (i.e., T ¼ 110�C and T ¼ 120�C), which indicate the

mushy region or the phase transition zone of polyethylene

cooled from the melt state.10,19,23

In Figure 3, the position dependence of temperature is evident.

To be specific, locations close to mold wall (say, X ¼ 0.1–0.3)

have the relatively low temperature, while the inner locations

(say, X ¼ 0.8�1.0) have high temperature in all cases. The dis-

tances between the temperature profiles at a given position can

be deemed as an estimate of the cooling rates.19 It is clear that

the cooling rate in Case A appears higher than that in Case B,

by comparing the temperature profiles at identical time. Exactly

speaking, it takes about 60 s for the melt to decrease to the

phase-change temperature range (T1–T2) at the location of X ¼
0.8 in Cases B and C, while only 40 s in Case A. Remarkable

difference in cooling rates under both cases can be observed

within a later stage of cooling (e.g., t > 60 s), for example, at

X ¼ 0.8, it takes nearly 100 s to complete the phase-change pro-

cess in Case C, as compared with those in Cases A and B (both

less than 80 s). Therefore, it can be seen that the average cool-

ing rate ranks as, Case A > Case B > Case C. In short, conclu-

sion can be drawn that solidification (non-isothermal
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crystallization) of HDPE will vary greatly with the processing

conditions, and it is the differences in the cooling rates that is a

key factor dictating the hierarchical structures in the injection-

molded parts of crystalline polymers, e.g., polyethylene, poly-

propylene, and so forth.12,13,15,29–31

Figure 4 presents the three-dimensional distribution of the tem-

perature field as a function of location (X) and cooling time (t)

under the cooling condition of T0 ¼ 190�C, Tw ¼ 20�C. For
better comparison, the temperature is given in the form of h,
the dimensionless temperature10,19,24 which is defined by h ¼
(T � Tw)/(T0 � Tw). It can be seen that the temperature falls

rapidly to the mold temperature at X ¼ 0, where the polymer

contacts the metallic wall; while the temperature decreases

slowly in the inner location (e.g., X ¼ 0.8–1.0) and a plateau of

phase-change can be found (around ln t ¼ 4). This agrees well

with the fact that a typical cooling process of the crystalline

plastics undergoes three stages: the liquid-phase cooling, the

phase transition, as well as the solid-phase cooling. However, as

stated earlier, not all locations can display the temperature hold

Figure 4. Three-dimensional plot showing the temperature field during

the injection molding process of HDPE under the cooling condition T0 ¼
190�C and Tw ¼ 20�C.

Figure 3. Temperature profiles across the part thickness during injection

molding process of HDPE: (a) T0¼ 190�C, Tw ¼ 20�C; (b) T0 ¼ 210�C,

Tw ¼ 40�C; (c) T0 ¼ 210�C, Tw ¼ 60�C.

Figure 5. Length of phase-change plateau as a function of normalized dis-

tance under various cooling conditions. The dotted lines are plotted to

guide the eyes.
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(an isothermal platform), which is a characteristic phenomenon

indicating the occurrence of phase transition.32,33 The tempera-

ture hold is primarily attributed to the rate of heat liberated

from the crystallization process being the same as that taken

away by the cold mold.26,32 As a result, only one cooling stage

can be observed for the positions near the mold wall, since the

latent heat released from the phase-change process can be easily

transferred away to the cold mold wall because of the high ther-

mal conductivity of the metallic mold and the relatively high

temperature difference between the polymer melt and the cold

mold. Thus, no redundant heat can be accumulated and no

phase-change plateau can be displayed in those regions.

Figure 5 shows the length of phase-change plateau as a function

of normalized distance. It is easy to see that the farther away

from the mold wall, the longer the plateau of phase-change

extends. Locations that are quite near mold wall have plateau

length of less than 1 s, which is the primary reason why the

phase transition process is difficult to observe. From the com-

parison of phase-change plateau, Case C has the longest length,

which also indicates that the rate of cooling should rank as,

Case C < Case B < Case A. Considering the fact that Cases A

Figure 6. Logarithmic dimensionless temperature (ln y) versus logarith-

mic cooling time (ln t) at various locations during injection molding pro-

cess: (a) T0 ¼ 190�C, Tw ¼ 20�C; (b) T0 ¼ 210�C, Tw ¼ 40�C; (c) T0 ¼
210�C, Tw ¼ 60�C.

Figure 7. Slope of ln h vs. ln t during solid-state cooling stage as a func-

tion of normalized distance under various cooling conditions.

Figure 8. Correlation between temperature and cooling time of turning-

points (TPs) under various cooling conditions. The dotted lines are the

non-linear fit for respective cooling condition.
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and B share the same initial temperature difference (T0 � Tw),

which is known as the driving force of thermal conduction,

Case A has higher cooling rate than Case B, which indicates

that the mold temperature (Tw) is more effective in controlling

the cooling rate than the melt temperature (T0).

Solidification Behaviors and Prediction of Cooling Time

Figure 6 presents the relation between logarithmic dimensionless

temperature (ln y) and logarithmic time of cooling (ln t) across

the part thickness direction under various processing condi-

tions. It can be easily seen that the ‘‘modified cooling curves’’

show similar shape with a turning point separating each curve

into two sections, i.e., liquid-state and solid-state cooling stages,

respectively. With an increase of position from X ¼ 0.1 to X ¼
0.9 (i.e., from outer region to inner region), the cooling curve

becomes higher, indicating slower rate of cooling. It should be

noted that in this treatment, all locations can display clear

phase-transition process (characteristic of the turning point),

which quite differs from traditional treatments with the cooling

curves (cf. Figure 4). As the cooling rate increases (i.e., near the

wall, say, X ¼ 0.1), phase-change balance occurs at a relatively

low temperature, which corresponds to a faster crystallization

Figure 9. Comparisons of logarithmic dimensionless temperature (ln y) versus logarithmic cooling time (ln t) at different locations under various cool-

ing conditions: (a) X ¼ 0.1; (b) X ¼ 0.3; (c) X ¼ 0.5; (d) X ¼ 0.7; (e) X ¼ 0.9.
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rate required to balance the rate of heat removal from the poly-

mer melt.33–35 Since the crystallization takes place much faster,

the time over which the plateau exists becomes much shorter.

This is also consistent with our earlier discussion.

From X ¼ 0.1 to X ¼ 0.9, the viscosity (g) and thermal conduc-

tivity (k) of the melt decrease with increasing temperature, which

makes it more difficult for the heats (sensible heat and latent

heat associated with crystallization10,26) to be immediately trans-

ferred away via thermal conduction. Thus, the cooling curves

with respect to inner regions (X ¼ 0.7�0.9) seem quite close to

each other. Moreover, it is interesting that the solid-state cooling

stage of all cooling curves show good linearity. Linear fit is car-

ried out and the results are shown in Figure 7. It was found that

the slope of ln y versus ln t can be a constant for a given cooling

condition. The slope value ranks as, Case A > Case B > Case C,

which is the same as the rank of cooling rate.

Figure 8 shows correlation between ln tTP and ln yTP of turning

points in each cooling curve, with the respective data taken

from Figure 6. The time for the melt to achieve the same tem-

perature (say, ln yTP ¼ �2.0) ranks as, Case C > Case B >

Case A (cf. Figure 8). Nonlinear curve fitting was performed

using ORIGIN 8.0, the results of 2nd order polynomial fits

(with R2 > 0.970 in all cases) are listed as below:

Case A : ln tTP ¼ 4:034� 0:169 � ðln hTPÞ � 0:037 � ðln hTPÞ2

(11a)

Case B : ln tTP ¼ 4:193� 0:225 � ðln hTPÞ � 0:043 � ðln hTPÞ2

(11b)

Case C : ln tTP ¼ 4:412� 0:203 � ðln hTPÞ � 0:037 � ðln hTPÞ2

(11c)

Generalized Equation : ln tTP
¼ 4:2� 0:2 � ðln hTPÞ � 0:04 � ðln hTPÞ2

(12)

From the above eq. (11a-11c), a more generalized equation can

be established and expressed as eq. (12). The cooling time of

the injection molding process can be thus evaluated when yTP is

replaced by hf, which is defined by hf ¼ (Tf � Tw)/(T0 � Tw).

The calculated tTP could be used as an estimate of the mini-

mum cooling time of injection molding, which indicates that

the average temperature falls to Tf, and only solid state exists in

the part. The predicted cooling times for Cases A, B, and C are

at least 73.7 s, 76.3 s, and 78.1 s, respectively.

Figure 9 compares the cooling curves at different locations

(from X ¼ 0.1 to X ¼ 0.9) under various processing variables.

It can be noted that the initial stages (liquid-state cooling)

agrees well with each other under different cooling conditions,

and the major difference is located after the occurrence of turn-

ing point. In general, higher cooling rate (e.g., Case A) will lead

to higher temperature of phase-change balance but shorter tTP.

It can also be concluded that polymer crystallizes at relatively

low temperature (as compared with Tf) with increasing cooling

rate, and the time within which phase-change plateau extends is

shortened due to faster crystallization rate, which is required to

balance the rate of heat removal from the polymer melt.8,23

Last but not the least, coincidence of data during initial (liquid-

state) cooling stage for all cases indicates that initial tempera-

ture difference (T0 � Tw) hardly influences the cooling rate of

HDPE (cf. Figure 9). Nevertheless, when the melt arrives at the

temperature range of crystallization, the value of (Tf � Tw),

which determines the solid-state cooling rate, will also deter-

mine the average cooling rate in the end. This can be the reason

why Tw exerts more influence on controlling the cooling rate

than T0, which has also been reported previously.23 The current

analysis of solidification behavior of crystalline polymers can

supply good insight into the formation mechanisms of various

hierarchical structures in the injection-molded parts.

CONCLUSIONS

In this work, we further explore the solidification behavior of

HDPE during the injection molding process on the basis of our

previous research. The comparison among three cooling condi-

tions (denoted as Cases A, B, and C, respectively) discloses the

reason why the mold temperature (Tw) is more effective in con-

trolling the cooling rate than the melt temperature (T0). ‘‘Modi-

fied cooling curves’’ in the plot of ln y versus ln t clearly indi-

cate the phase-change process (typical of an isothermal plateau)

regardless of the cooling rate, which facilitates the investigation

on the solidification and crystallization behaviors of the poly-

mer cooled from the melt state. A generalized equation, which

describes the correlation between the time (tTP) and the temper-

ature (yTP) with respect to the turning point (TP), can be

established. More importantly, the equation can be adopted to

estimate the minimum cooling time of injection moldings of

crystalline polymers [cf. eq. (12)] when yTP is replaced by yf. In
short, the present work will supply good insights into the for-

mation of various crystalline structures as well as the optimiza-

tion of processing variables of injection molding process.
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