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Abstract

Recently, injection molding process has generated growing interest, exhibiting great
potential to easily fabricate unique polymeric materials for industrial applications.
To increase the sustainability of the process, determinative parameters and their
effects should be examined. This study focuses on the effect of melt temperature
on as-injection molded product, thereby high-density polyethylene samples were
fabricated by performing three different melt temperatures (180, 190, and 200 °C),
and subsequently, their mechanical, thermal, and morphological and surface qual-
ity properties were examined. The results showed that higher melting temperature
lowered crystallization rate and decreased the strength of tensile and bending; how-
ever, it increased crystal lamellar thickness and impact strength. Moreover, the type
of fibrillation changed with the temperature. Moreover, defects formation increased
with the temperature. For further application, the effect of the temperature on sur-
face quality was discussed. This work will provide a guide for manufacturing injec-
tion-molded products at desired properties by arranging melt temperature.

Keywords Injection molding - Polyethylene - Melting temperature - Warpage -
Collapse

Introduction

Injection molding process has been perceived as the most attractive manufacturing
technique for plastic materials owing to its numerous advantages in terms of eco-
friendliness, easily production with complex geometry and good dimensional accu-
racy, also suitability for automation [1, 2]. These remarkable advantages make the
process a promising manufacturing technique for materials, which can be utilized
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in both our daily life and commercial sectors such as transportation, construction,
electric-electronics, and medical [3, 4]. Despite the fact that structural design, mold
design, and technology processing are essential parameters, process conditions,
especially temperature, have been significant impact on product quality [1-3, 5, 6].
The molding technology has various temperature concepts such as melt temperature,
mold temperature, hydraulic system temperature, granule drying temperature, and
outdoor temperature [7, 8].

Melt temperature at which polymer exits the nozzle is known as a determinative
parameter for fluidity and flow regime of polymeric material during the molding
processing. As the melt temperature is too high, the polymeric material becomes
too fluid, thus turbulent flow is observed driven by trapping air and burnt gases in
the melt cloud [1, 2, 9]. This behavior can be responsible for sink marks, warpage,
shrinkage, and void formation on final material. This problem can be solved with
good heat control and reduced cycle time. On the other hand, when this polymer
does not melt sufficiently, the mold is not be filled [2, 9]. This situation causes cos-
metic defects such as flow marks, weld lines, and poor surfaces, resulting in low
product quality. In addition, fragility can be changed by varying the mold tempera-
ture. According to the statements, melt temperature has gained research interest to
determine its effect on process efficiency and molded plastic product quality. Zhou
et al. [2] presented a dynamic method to observe the effect of the melt tempera-
ture on polipropilen (PP) material molded with an injection technique. They found
that production rate increased at high melt temperature by decreasing the number of
cycles to return stability [2]. Mohan et al. [10] also highlighted that melt tempera-
ture could change dissolution time and viscosity of the polymer. According to Melo
et al. [11], the crystallinity of poly lactic-co-glycolic acid (PLGA) material designed
by injection molding process could be controlled with melt processing temperature.
This allows the design of implant in desirable geometries with PLGA samples. Zhou
and Mallick [12] stated that in case of talc-filled polypropylene, an increase in melt
temperature enhanced weld line, resulting cosmetic effect. According to the studies
mentioned above, it can be said that the examination of melt temperature is advanta-
geous for high-quality product and highly efficient process.

Studies related to the optimization of process parameters and shortening the cycle
time [7, 13, 14], reducing the amount of tension and distortion [10, 11, 14], reduc-
tion of unit costs [1, 2], increasing product quality [2, 8, 15], and limiting the num-
ber of variables in the process [7, 13] have been conducted by considering materials
such as PP [4, 15, 16], polyvinyl chloride (PVC) [8, 17], polystyrene (PS) [8, 9, 12],
polyamide 6,6 (PA66), polyoxymethylene (POM) [4, 18], acrylonitrile butadiene
styrene (ABS) [5, 8, 19], PC/ABS [18-20], PC [4, 7, 18], polymethylmethacrylate
(PMMA) [8, 21], and polybutylene terephthalate (PBT) [8, 20]. Furthermore, the
effect of mold surface temperature [22], the measurement of residual stresses [14],
and injection pressure [5, 13, 16] have been examined in the injection molding of
high-density polyethylene (HDPE) material, which is well-known polymer due to
its favorable properties such as easy processability and commercially availability.
[23-25].

It can be indicated that no study was conducted on the numerical (measura-
ble-predictable) determination of the effect of melting temperature on material
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properties. Although the most common approach is to vary melting temperature to
shorten cycle time, increase production rate and eliminate defects such as cosmetic
defects encountered in products during the production, it is not clearly known how
the properties of as-produced part are affected by rising and lowering the melting
temperature. Therefore, this study aims to systematically determine the effect of
melting temperature, contributing to eliminate the lack of information on this sub-
ject in the literature.

Herein, three different melt temperatures were carried out to examine the proper-
ties of the as-obtained high-density polyethylene (HDPE) and the examination was
driven by characterization methods, namely scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), tensile and flexural test, impact test, hard-
ness measurement, and surface quality measurement (surface gloss and surface
roughness). In addition, the amount of collapse and distortion was measured by per-
forming a new method based on visual imaging solution.

Materials and methods
Materials

High-density polyethylene (HDPE) was supplied by PETKIM and the polymer is
coded as PETILEN YY S 0464. Stabilizer (Ciba Irgafos® 168) was purchased from
Ciba Specialty Chemicals LTD. All the materials were used without any purifica-
tion. The typical properties of the polyethylene in the form of compression-molded
sheet, which were obtained from Technical Data Sheet of PETILEN YY S 0464,
were considered as reference values and the related values are presented in Table 1.
Also, the values were checked with characterization methods mentioned below for
injection-molded HDPE product.

Table 1 Typical properties of PETILEN YY S 0464 [26]

Properties Condition Method Unit General purpose
Melt flow rate 190 °C, 2.16 kg ASTM D1238 g/10 min 0.36
Density 23°C ASTM D1505 glem® 0.961
Tensile strength 23 °C ASTM D638 MPa 30
Tensile modulus 23 °C ASTM D638 MPa 1200
Flexural strength 23°C TS ENISO 178 MPa 27.50
Flexural modulus 23 °C TS ENISO 178 MPa 1100
Izod impact strength 23°C ASTM D256 kJ/m? 66
Hardness 23 °C ASTM D2240 Shore D 65
Vicat softening point 10 °C/min ASTM D1525 °C 128
Melting point (DSC) 50N, 120 °C/h ASTM D3417 °C 134.1
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Injection molding process

The injection molding process was performed using an Engel Victory injection
molding machine (Model 80) with the force of 800 kN. The HDPE samples were
pre-dried in an oven at 40 °C for 3 h to remove the surface moisture. The materi-
als were fed into the molding machine and subsequently injected into the molds,
whose dimensions were determined based on ISO 527 and ISO 180 for tensile
test and impact test, respectively. In this molding, injection speed, injection pres-
sure, back pressure, screw speed, and cushion/pad were determined as 65 mm/s,
80 bar, 3 bar, 150 rpm, and 6.35 mm, respectively. Different melting behaviors were
observed by applying three different nozzle temperatures (180, 190, 200 °C), as the
nozzle temperature is determinative for the degree of melting which is attributed to
the flow rate of the melt, indicating that the temperature plays crucial role on the
degree of filling the polymer into the mold, resulting in the mechanical properties
of final molded product. On the other hand, taking into account the lower and upper
limits of the process temperature of the material, the nozzle temperature should be
changed between 10 and 20 °C (without changing the temperatures of other regions).
Thus, a study was designed so that the difference between nozzle temperature values
increased by 10 °C. In addition, the other temperature parameters are depicted in
Table 2.

Characterization

Tensile and flexural properties were measured using a Zwick Z020 Model testing
machine with a 20 kN load cell. The tensile test was conducted according to ASTM
D638, and the test was performed at room temperature and at a drawing rate of
50 mm/min. According to the draw rate, it can be calculated that the corresponding
engineering strain rates were 2 x 107> s~!. The bending test was performed based on
TS EN ISO 178, and the test was performed at room temperature and at a bending
rate of 2 mm/min. An izod impact test was performed using a Zwick Roel Model
tester (with a 5.5 J hammer) according to ASTM D256. All the strength measure-
ments were performed in quintuple. A hardness test was conducted in a Zwick Roel
device according to the ASTM D2240 standard by using a Shore D scale. The mor-
phology of fractured surfaces of the materials from the impact test was investigated
using an Inspect S50 Model electron microscopy (SEM). The samples were coated

Table 2 Injection molding parameters

Sample Code Processing temperatures (°C)

Rear zone Center zone Front zone Nozzle Melt Mold
N180 160 170 180 180 180 50+£5
N190 160 170 180 190 190 50+5
N200 160 170 180 200 200 50+£5
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with 100 A gold under vacuum to obtain an inert and permeable surface, and the
microstructures were photographed under 20 kV voltage.

Thermal properties were examined using a differential scanning calorimetry
(DSC, Seiko DSC 7020 Model). The relevant test was applied based on ASTM
D3417. DSC analyses were performed under nitrogen atmosphere to observe the
thermal transitions and crystallization degree of the as-obtained materials. The crys-
tallinity is considered by using the equation as follows:

Xe = AHm

= x 100
AH°m M

where AHm represents the melting enthalpy and AH°m refers to 100% crystalline
enthalpy value of HDPE (293 J/g) [27, 28].

Linear polymers such as HDPE are known to crystallize from their melt into reg-
ular lamellar structures when cooled below their melting point. According to the
behavior of the linear polymers, the required melting enthalpy value (AHm) was
determined by considering isothermally crystallized samples. Therefore, to deter-
mine the degree of crystallinity (Xc) of the as-molded HDPE samples in this study,
the melting curves of cold crystallized HDPE samples were recorded by apply-
ing DSC measurement. Firstly, temperature scale of the DSC was calibrated from
the melting point of high-purity (99.999%) metals: tin (231.93 °C) and indium
(156.60 °C). The power response of the calorimeter was calibrated from the enthalpy
of fusion of indium. Secondly, samples were weighed accurately using a micro-
balance to 10 pg. About 15.0 mg was used encapsulated in an aluminum pan, and
an empty aluminum pan was used as reference. Then, the isothermally crystallized
samples were prepared as follows: The samples were heated to 210 °C at a heating
rate of 50 °C/min and maintained at 210 °C for 5 min, then the samples were cooled
down to 80 °C at a cooling rate of 10 °C/min. After the isothermal crystallization,
the samples were heated immediately to 190 °C at 10 °C/min heating rate to obtain
melt samples. Then, the second heating curves were obtained. Finally, the curves
were used to calculate the degree of crystallinity (Xc (%)) of the samples.

In addition, the Gibbs-Thomson equation allows for the prediction of the melting
point as a function of the lamellar thickness. The relevant equation was shown as
follows:

Tm 1 206e
T°m AHm

@

where Tm represents the melt temperature, T°m refers to equilibrium melt tempera-
ture of HDPE (146 °C), and free surface energy of crystals (de) was used as 90 mJ/
m? [27]. In addition, Vicat softening temperature (VST) was measured by using
an Instron Ceast HV3 Model machine according to ASTM D1525. A load of 50 N
was applied to the specimens. The specimens were then lowered into an oil bath at
23 °C. The bath was raised at a rate of 120 °C per hour until the needle penetrates
1 mm.
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Investigation of warpage and collapse formation

The formation of warpage and collapse was determined using a video measuring
system on SmartScope ZIP Advance 250 Model (OGP Company) and a comparator
with an accuracy of +£0.001, whose brand is Mitutoya. The related device consists of
a digital camera and a high-precision lens. The depth of the warpage was indicated
by auto-focus feature in Z axis and the amount of collapse was calculated by defin-
ing the measurements from different points. Tension and distortion measurements
were performed using an ISO 527-2 1A type tensile test rod with 4 mm thickness
and 75 mm inter-jaw distance. The samples placed on a flat base on the device were
scanned in 3D on the SmartScope ZIP Advance 250 Model device using a Vu-Light
LED illuminator at a distance of 38 mm and laser support over the lens. After scan-
ning, the tensions and distortions on the x, y, and z axes were determined using the
MeasureMind 3-D® MultiSensor metrology software. In the measurements per-
formed with a comparator, the tensile test rod was fixed on a cast plate. The lin-
ear dimensions of the test specimen were scanned with the comparator along a line
determined from the midpoint. The dimensions between the measurement start and
end points, and the deviations in thickness were measured. The data obtained from
the MeasureMind 3-D® MultiSensor metrology software were compared with the
comparator measurement results and observed to be compatible.

Surface quality measurement

The surface quality was indicated with respect to surface roughness and surface
gloss measurements. Surface roughness measurements were performed in accord-
ance with the ISO Class 3 in a Mitech MR200 (Onalkon) surface roughness meas-
uring device with a Rz measurement range of 0.1-50 um, by using 1.0 mm/s feed
rate, 0.4 mN load, and a diamond detector tip with a diameter of 5 um. Surface gloss
measurements were performed in an Elcometer micro-gloss device at a 60° projec-
tion angle.

Table 3 Mechanical test results of the materials

Sample code Tensile strength (MPa)” Tensile modu- Flexural strength (MPa)" Flexural

lus (MPa)” modulus
(MPa)"
Reference 30.00+0.00~ 1200400 27.50+0.00" 1100+00~
N180 28.19+0.11° 1105+67°  23.74+0.05° 1225 +35°
N190 26.20+0.17° 1050447 25.04+0.07 1360 +23*
N200 27.84+0.09* 1120433 24.35+0.23° 1220+35°

*Mean values followed by similar letters in the column do not show statistical (p > 0.05)
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Fig. 1 Result of tensile and flexural test, a Tensile strength, b Flexural strength, ¢ Comparison of the
tensile and flexural strength

Results and discussion
Mechanical properties
Tensile, bending, and impact strengths are main mechanical parameters for poly-

meric materials to determine application area and time. The tensile and flexural
properties of the as-fabricated HDPE samples with injection molding at different
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Fig.2 Result of tensile and flexural stress—strain curves, a N180, b N190, ¢ N200

melt temperatures are presented in Table 3 and Fig. 1. Furthermore, tensile and
bending stress—strain curves are presented in Fig. 2. The tensile strength decreased
first and then increased in temperature range from 180 to 200 °C. According to pre-
vious studies, short fibers caused decreasing the strength of the polymeric material
[29]. Furthermore, it was presented that high melting temperature resulted in the
formation of inequality crystals on surface, which was attributed to decrease the
tensile properties [30]. On the other hand, the increment provided more effective
crystallization ratio, resulting in higher durable material [11]. The other indication
was that high melt temperature decreased the flow resistance (viscosity) of polymer
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melt, so the mold was properly filled with the polymer melt and the final molded
product showed improved yield stress [31]. Therefore, it can be indicated that in
this study, when the temperature increased from 180 to 190 °C, the shortage of fiber
length and the direction of crystallization decreased the tensile strength. In further
temperature increase, the crystallization ratio and the length of polymer chains were
enhanced, so the tensile property increased. The changes in fiber structure and crys-
tallization ratio were supported with SEM and DSC results. Regarding the result of
the reference value (30 MPa), it can be also said that the melt temperature of 180 °C
was enough to obtain the expected strength. This shows that the HDPE solid crystal
was in the equilibrium with the molten polymer at the temperature and the cooling
time was sufficient to get ordered structure, resulting in higher tensile strength [1,
31]. In addition, it can be stated that for the melting temperatures, the process vari-
ability was quite low due to the strength values with their respective low standard
deviations. Notably, the standard deviation of N200 was lower as compared to N180
and N190, indicating that more consistent results at the highest melting temperature.
Likewise, the bending test results were more logical in terms of N180.

In terms of flexural properties, it can be indicated that the three melt tempera-
tures did not cause the material to lose its flexibility, since the breakage did not
observe during the bending test. As seen in Fig. 1 and Table 3, the values of bend-
ing strengths were recorded when 5% stretching occurred. Depending on the melt
temperature, the bending strengths increased first and then decreased. The increase
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Fig.3 Results of impact test, a effect of notch radius on impact strength, b comparison of result of
impact test
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could be due to higher crystallization ratio at 190 °C than that of 180 °C. Moreo-
ver, the decrease at the final temperature could be driven by residual stresses due to
the difference in molecular mobility with respect to melt temperature during cool-
ing [19, 20]. In addition, the bending strength value obtained at 190 °C was closest
to the value of the reference. It can be therefore stated that the as-prepared HDPE
material could show more desirable resistance through bending at 190 °C.

The izod impact strengths were also examined for mechanical properties of the
products in Fig. 3. The resistance of impact decreased with increasing temperature
and notch radius. The reason for the result could be residual stresses and crystalliza-
tion ratio. The property could be arranged with only changing process parameters,
such as holding pressure and cycle time [7, 32, 33]. This gives an opportunity to fab-
ricate high-quality and high-strength products in an easy way [3, 21, 31].

In addition, the measurement of hardness was performed with respect to melt
temperature. The value was found to 66, 65, and 64 Shore D at 180, 190, and
200 °C, respectively, as well as the reference hardness value was 65 Shore D. That is
to say, there was no remarkable change on the hardness property depending on melt
temperature. The increase in melt temperature limited the thickening of the solidi-
fied surface due to rapid cooling [34]. It can be therefore stated that the thickness of
the mold surface was in similar value with the upper surface of the HDPE product
between 180 and 200 °C of melt temperature. On the other hand, it can be predicted
that the hardness value differed the material surface to the inner parts depending on
solidification rate [27, 32, 35].

Thermal properties

The exclusive formation of crystals plays a significant role in the quality of the
molded product. Herein, to confirm the effect of melt temperature on thermal proper-
ties, the crystallization ratio and crystal lamella thicknesses were examined by DSC.
The melting point was found to be 135.6 °C, 136.9 °C, and 135.9 °C at N180, N190,
and N200 °C, respectively, as well as the reference melting point was 134.1 °C. The
representative DSC thermograms of the samples after injection molding and the rel-
evant values related to the crystallization behavior are shown in Fig. 4. In Fig. 4a, a
significant change was not observed at different melt temperatures, while the crys-
tal melting temperature (Tm) of the as-molded samples was measured 1.5-2.8 °C
higher than that of the reference value. This could be due to the mostly linear struc-
ture of HDPE at similar line with the study performed by Jiang et al. [36]. It can be
estimated that no branching occurred in the polymer chain due to the changes in the
melt temperature. As depicted in Fig. 4b, at all melt temperatures, the crystalliza-
tion ratio increased as compared to the reference value. The difference could result
from the solidification kinetics, spheroid size, and microstructure formed regarding
the melt temperature [35, 37-40]. It is likely that 180 and 200 °C of the melt tem-
perature promoted crystallization ratio with similar number of crystals, however, the
movement and the rearrangement of molecular chains of HDPE could be retarded
during the solidification process and the crystallinity was reduced [41]. The behav-
ior agrees with the results of mechanical tests.
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Fig.4 Results of DSC test a DSC curves, b comparison of crystallization percentages and crystal lamel-
lar thickness

The crystal lamella thicknesses are presented in Fig. 4c. When the results were
examined, it is indicated that the thickness decreased with the amount of crystalliza-
tion. Similar result was observed in the literature [16, 40—43]. The possible different
cooling behavior at 200 °C could cause the enhancement of the thickness [44]. It is
therefore stated that the melt temperature is effective parameter on the rate of crys-
tallization and lamella thicknesses in terms of injection molding of HDPE.
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In addition, vicat softening temperature was measured to evaluate the heat resist-
ance of the injection-molded HDPE products. The temperature was around 128 °C
for the reference value. The values of the as-molded products were enhanced
with the melt temperature. Vicat softening temperature was found to be 129.2 °C,
129.7 °C, 128.6 °C for N180, N190, and N200, respectively. Notably, 190 °C should
be applied as melt temperature in the injection molding of HDPE to achieve better
heat resistance. The statement could be due to the crystallization kinetics and the
crystal lamella thicknesses at 180 and 200 °C as compared 190 °C [16, 38].

Morphological properties

In order to determine the microstructure of the as-obtained samples, SEM micro-
graphs are presented in Fig. 5. The morphology analyses exhibit that the melt tem-
perature changed the morphology of the products at similar line with studies [9, 29,
31]. The different cooling behavior driven by varying melting temperatures could
change the amount of volumetric shrinkage [17, 35, 40]. In this study, the density of

Fig.5 SEM photographs a N180, b N190, ¢ N200
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fibrils and the length of fibrils decreased with melt temperature, resulting in a hol-
low lattice. Similar result was obtained by some research [33, 45-47]. As known,
lower density fibrillation and long fibrils increased the flexibility, while shortness
and hollow lattice decreased it. Moreover, the formation of hallow could change
depending on volumetric expansion and cooling behavior driven by crystallization
behavior and melting temperature [30, 33, 48]. That is to say, the morphological
structure affected the mechanical and the thermal properties of the molded product
[16, 33]. Herein, the statement could be supported with the impact test and DSC
results. Although the hollow into the structure of the as-molded product presented
a disadvantage for mechanical properties [16], to obtain high-quality micro-nano-
structure, it was required [38]. Kong et al. [49] showed that cavity formation, crys-
tallization ratio, and spherulite size could change with the usage of fillers, additives,
and nucleating agents, resulting in the control of the morphology. It can be therefore
said that the melt temperature should be considered to fabricate promising product
with desired properties such as nano-structure and high-crystallization ratio.

An effect similar to that of the melting temperature on the microstructure was
observed in a previous study examining the mold surface temperature [22]. Temper-
atures, such as mold surface temperature, melting temperature, and hydraulic sys-
tem temperature, affect the microstructure. When the mold surface temperature was
increased by+ 10 °C, fibrillation increased, while the fibril lengths were reduced
[22]. Unlike the effect of mold surface temperature, the increase in melting tempera-
ture by + 10 °C significantly reduced fibrillation. When the temperatures reached the
upper limit values recommended for the process, similar observation was obtained
for both different temperature process parameters.

Warpage and collapse formation

The most significant defects of polymer part are warpage and collapse are in
terms of quality in the process of injection molding. The results of the meas-
urement, the images related to collapse in the direction of x axis, and the map-
ping of the warpage in the part based on the direction are presented in Table 4,
Fig. 6, and Fig. 7, respectively. The differences in color driven by the amount
of collapse (Fig. 6) were compatible with the measurement values (Table 4). In
case of 180 °C melt temperature, the highest warpage and collapse formation was
observed in dimensionally larger parts. At 190 °C, the relevant defect ratio also
increased at the thin part cross section and the long edges of the sample, which

Table 4 Collapse and warpage of the materials

Sample code Collapse (%) Warpage (%) Warpage rates according to axes (mm)

X y z
N180 +5 +2 +0.033 +0.028 +0.029
N190 +6 +5 +0.037 +0.026 +0.025
N200 +7 +8 +0.139 +0.128 +0.129
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Fig.6 Warpage and collapse formation measurement photographs a N180, b N190, ¢ N200

x-0.033 X_0.037

0.029 0.028 0. 025
3 0.026

“(a) N180 (b) N190

(c) N200

Fig. 7 Mapping of the amount of warpage according to axes a N180, b N190, ¢ N200

are attributed to collapse and warpage formation, respectively. In addition, both
defect types occurred on all surfaces of the as-molded part depending on wall
thickness at the melt temperature of 200 °C. Overall trend is that the increase in
the melt temperature enhanced the amount of warpage and collapse formation,
especially thin parts of the sample. The similar result was observed in the lit-
erature [5, 30, 32]. The behavior can be due to the cooling difference caused by
the rapid solidification of the outer part, which contacts with the mold surface
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and subsequently the continuation of solidification toward the inner regions. In
case of higher melt temperature, the warpage formation increases because of the
mobility in molecule chains and the tendency to rearrange the structure, resulting
from longer cooling time [5]. To conclude, the melt temperature has significant
effect on the amount of warpage and collapse formation on the injection-molded
HDPE material and the importance of the effect changes depending on the thick-
ness of the part, resulting in the design of the part. That is to say, the melt tem-
perature should be adjusted in a correct way to improve process efficiency and
product quality [3, 21].

Surface quality

The quality of plastic products manufactured by injection molding process is highly
influenced by the properties of as-molded surfaces, which are assigned to sur-
face gloss and surface roughness. Herein, both properties were implemented, and
the results obtained by the measurements are presented in Table 5. Considering
the physical pre-control on the quality of the parts, burr formation was examined
based on melt temperature. It was observed that flash burr formation in the parts
increased with melt temperature. This can be due to the material overflowing to the
mold joining surface. In terms of surface gloss measurement, the surface gloss class
obtained at 200 °C and 190 °C was determined to be semi-gloss and the surface
gloss class at 180 °C to be satin-like finish. This situation can be due to change in
the material fluidity at different melt temperatures [42]. Surface roughness, which is
expressed as the irregularities of material resulted from various process conditions,
increased with melt temperature in this study. This can be driven by the heat transfer
rate between the mold and the melt. A frozen polymer layer is formed between the
polymer melt and the mold surface. This non-melt polymer layer does not allow the
molten polymer to penetrate the voids on the surface [34]. Lui and Gehde [30] were
also observed this result. Therefore, it can be stated that differences in melt tempera-
ture significantly affected the surface quality of as-molded HDPE parts at line with
Berger et al. [42].

Table 5 Surface roughness and surface gloss improved efficiency under different mold surface tempera-
ture

Sample code ~ Melting tem-  Surface rough- Roughness Surface gloss  Gloss
perature (°C)  ness (Rz, um) improved. effi- (GU 60°) improved.
ciency (%) efficiency (%)
N180 180 20.0 - 30-34 -
N190 190 17.6 +12 35-40 +17
N200 200 11.8 +58 55-60 +80
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Conclusion

In this study, HDPE samples were successfully molded by injection method under
different melt temperature. The characteristics of the samples were investigated to
clarify the effect of the melt temperature on product quality. The significant results
are presented as follows:

1. Higher melt temperature has potential to improve rate of crystallization and
impact strength, while this situation causes a decrease in the resistance against
tensile and bending strengths. In a previous study examining the effect of mold
surface temperature [22], it was observed that the tensile and bending strength
increased and the impact strength decreased as the mold surface temperature
increased. It can be indicated that the melting temperature is an important param-
eter in applications in which impact strength is important, while the mold surface
temperature is an important parameter in applications in which tensile and bend-
ing strength is important.

2. The characterization part related to the measurement of impact strength indicates
that the notch effect (different notch diameters) should be considered as an addi-
tional parameter to determine injection molding efficiency. The linear decrease
in the values obtained in the tests of the samples with different notch diameters
may indicate that the production continues under optimum conditions and that
the number of defective products will decrease.

3. It is shown that the melt temperature plays role in crystal melting temperature,
suggesting that the melt temperature should definitely be taken into consideration
for products utilized under thermal load.

4. Interms of microstructure, the increase in the melt temperature results in higher
void formation and lower fibrillation rate in the structure depending on expansion
and cooling times of the HDPE sample during the molding process. Moreover, it
can be said that lower fibril density and long fibril length increase the flexibility
of the materials, while the property reduces by larger amount of hollow in the
structure. Similar results were observed by examining the effect of mold tem-
perature in the previous study [22]. It can be indicated that in the process, higher
temperature profiles promote the formation of microstructures, whereas lower
temperature range inhibits fibril and void formation.

5. Anincrease in melting temperature of + 10 °C increases the amount of collapse
by around 1% and it enhances the warpage amount by approximately 3%, result-
ing that the melt temperature is an important parameter for the formation of
defects during the injection molding of HDPE. Also, the mold surface tempera-
ture affected the amount of slump and distortion in a similar way.

6. Surface quality can change by the melt temperature: It improves the surface
brightness and the surface roughness, indicating that the melt temperature is
critical parameter for products in which surface brightness is important. On the
other hand, higher molding temperature decreases the brightness
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7. The study shows that the melting temperature is a remarkable effective process

variable when other process parameters are kept constant. The effectiveness can
be limited when more than one process variable is examined.
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