EFFECTS OF INJECTION MOLDING CONDITIONS ON THE
MECHANICAL PROPERTIES OF POLYAMIDE / GLASS FIBER
COMPOSITES

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

CAHIT CAN CANSEVER

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR

THE DEGREE OF MASTER OF SCIENCE

IN
POLYMER SCIENCE AND TECHNOLOGY

JUNE 2007



Approval of the Graduate School of Natural and Applied Sciences

Prof. Dr. Canan OZGEN
Director

I certify that this thesis satisfies all the requirements as a thesis for the degree of

Master of Science.

Assoc. Prof. Goknur BAYRAM
Head of Department

This is to certify that we have read this thesis and that in our opinion it is fully

adequate, in scope and quality, as a thesis for the degree of Master of Science.

Prof. Dr. Ulkii YILMAZER
Supervisor

Examining Commitee Members:

Prof. Dr. Duygu KISAKUREK (METU, CHEM)
Prof. Dr. Ulkii YILMAZER (METU, CHE)
Prof. Dr. Leyla ARAS (METU, CHEM)
Prof. Dr. Ali USANMAZ (METU, CHEM)

Prof. Dr. Teoman TiNCER (METU, CHEM)




I hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. I also declare
that, as required by these rules and conduct, I have fully cited and referenced all

material and results that are not original to this work.

Name, Last name : Cahit Can CANSEVER

Signature

iii



ABSTRACT

EFFECTS OF INJECTION MOLDING CONDITIONS ON THE
MECHANICAL PROPERTIES OF POLYAMIDE / GLASS FIBER
COMPOSITES

Cansever, Cahit Can
M.S., Department of Polymer Science and Technology
Supervisor: Prof. Dr. Ulkii Y1ilmazer

June 2007, 140 pages

In this study, effect of injection molding process parameters on fiber
length and on mechanical properties of Polyamide-6 / glass fiber composite were
investigated to produce higher performance composites. Polyamide-6 was first
compounded with an E-grade glass fiber in a co-rotating intermeshing twin screw
extruder. Then, by using this composite, twenty-five types of experiments were
performed by injection molding by changing the barrel temperature, injection
pressure, hold pressure, mold temperature, cooling time and screw speed. 1zod
notched impact, tensile, viscosity, heat deflection temperature, differential
scanning calorimetry tests were performed on injection molded samples. By
performing these tests, the effects of process parameters on mechanical properties
and on fiber length were observed. In order to understand the variation in
mechanical properties, thermal tests were also conducted. Also, fiber length

distributions of the samples were measured.
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Experimental data show that fiber breakage decreases with increasing
screw speed, injection pressure, however, fiber length increases with increasing
barrel temperature, mold temperature and cooling time. Fiber length is almost not
affected with the hold pressure. It is assumed in this study that crystallinity is not
affected with injection pressure, hold pressure and screw speed. As barrel
temperature and cooling time increase, crystallinity increases, however, as mold
temperature increases, crystallinity decreases. Impact strength, tensile modulus
and tensile strength increase, whereas elongation at break decreases with the
average fiber length. Crystallinity affects the tensile strength and modulus

positively. The tensile strength and modulus increase with increasing crystallinity.

Key Words: Composite, Injection Molding, Polyamide-6, Glass fiber, Mechanical

Properties
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ENJEKSiYON MAKINESI CALISMA SARTLARININ CAM ELYAF
TAKVIYELI- POLIAMID KARMA MALZEMELERININ MEKANIK
OZELLIKLERINE OLAN ETKISI

Cansever, Cahit Can
Yiiksek Lisans, Polimer Bilimi ve Teknolojisi Boliimii
Tez Yoneticisi: Prof. Dr. Ulkii Yilmazer

Haziran 2007, 140 sayfa

Bu calismada, enjeksiyon makinesi proses parametrelerinin elyaf
boyutlarina ve cam elyaf takviyeli Poliamid-6 karma malzemesinin mekanik
ozelliklerine etkisi incelenmistir. Ik olarak Poliamid-6 ve E-tipi cam elyaf
ekstriisyonda harmanlanmistir. Daha sonra bu malzeme ile birlikte, enjeksiyon
makinesinin kovan sicakligi enjeksiyon basinci, iitilleme basinci, kalip sicakligy,
sogutma zaman ve vida hizi1 degistirilerek, 25 tip deney yapilmistir. Enjeksiyonla
kaliplanmis ornekleri kullanarak, darbe, ¢cekme, viskosite, 1s1 egilme testi, DSC
diferansiyel 1s1 Ol¢iimii tarama testi yapilmistir. Bu testler yapilarak, proses
parametrelerinin mekanik Ozellikleri ve elyaf boyu iizerindeki etkileri
incelenmistir. Mekanik 6zelliklerdeki degisimi anlamak amac1 ile termal testler de

yapilmistir. Ayrica, 6rneklerin elyaf boyutu dagilimi da dl¢iilmiistiir.
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Deneysel veriler ve test sonuglarina gore; enjeksiyon basinci ve vida hizi
arttinldiginda, elyaf kirilmasinin azaldigi; kovan sicakligi, kalip sicaklign ve
sogutma zaman arttirildiginda ise elyaf kirilmasinin azaldigin1 gostermistir. Elyaf
boyu; iitiilleme basincindan neredeyse hi¢ etkilenmemistir. Bu ¢alismada, kristal
yiizdesinin, enjeksiyon basinci, iitiileme basinci ve vida hizindan etkilenmedigi
farz edilmektedir. Kovan sicaklifi ve sogutma zamani artirildi§inda, kristal
yiizdesi artarken, kalip sicakligr arttirildiginda kristal yiizdesi azalmigtir. Ortalama
elyaf boyutu arttifinda, darbe, cekme ve modulus artarken, kopmadaki uzama
azalmistir. Kristal yiizdesi arttiginda ise ¢ekme ve modulus olumlu olarak

etkilenmistir.

Anahtar Kelimeler: Karma Malzeme, Enjeksiyon Makinesi, Poliamid-6, Cam

Elyaf, Mekanik Ozellikler
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CHAPTER 1

INTRODUCTION

Plastics for replacement of metals and for new products began essentially
in the late 1930s, and their development and use of products has proliferated ever
since. Plastic materials display properties that are unique when compared to other
materials and have contributed greatly to quality of our everyday life. Plastics,
properly applied, will perform functions at a cost that other materials cannot
match. Plastics are used in our clothing, housing, automobiles, aircraft, packaging,
electronics, signs, recreation items, and medical implants to name but a few of

their many applications.

Plastics are changed into useful shapes by using many different processes.
The processes that are used to mold or shape thermoplastics basically soften the
plastic material so it can be injected into a mold, flow through a die, formed in or
over a mold. The processes usually allow any scrap parts or material to be ground
up and reused. Some of the more common processes are injection molding,
extrusion, blow molding, rotational molding, calendering, thermoforming (which

includes vacuum forming), and casting.

Glass fiber reinforced plastics have a large area in industry nowadays
because of their reduced weight, enhanced strength and stiffness, flexibility in

design, good chemical, corrosion and electrical resistance.

Injection molding is very widely used in automotive industry to produce
plastic articles. A major advantage of this manufacturing technique is forming
fairly complex shapes at a high production rate in view of the cyclic nature of the

process.



For effective processing of the glass fiber reinforced composites, adhesion
of matrix resin and glass fibers, volume fraction, fiber length distribution, fiber

diameter, fiber and molecular orientation must be characterized.

Fiber length has a great effect on mechanical properties of composites.
Firstly, with extrusion compounding, then injection molding; fiber length
decreases to only a small portion of its original value so this length reduction
affects the mechanical properties of the composite negatively. The reinforcing
effects of fiber reinforcement increase with aspect ratio. Processing conditions of
injection molding causes fiber attrition such that molded products have low aspect
ratio values so; by determining the optimum conditions, this situation can be
controlled. Fibers display flow orientation during injection molding. This
orientation also depends on aspect ratio and affects the mechanical properties of

molded articles

In this study, 30% glass fiber reinforced Polyamide-6 was used, and by
altering the process parameters of injection molding, test specimens were
prepared to observe the effects of these parameters on mechanical properties, fiber

length and the effect of the latter on the former one.



CHAPTER 11

LITERATURE SURVEY

2.1 Theory

Composite materials are engineering materials made from two or more
constituent materials that remain separate and distinct on a macroscopic level
while forming a single component. The reason why composites are produced is
obtaining better properties by combining the advantageous properties of
constituents instead using them alone. There are two separate phases in composite
materials which are the matrix and reinforcement. The matrix material surrounds
and supports the reinforcements by maintaining their relative positions. The
reinforcements impart their special mechanical and physical properties to enhance

the matrix properties. Most of the composites use fibers as reinforcement.

The importance of fiber reinforced composites appears widely from the
fact that such materials can have exceptionally high strength and stiffness for a
given weight of material so as a result of this, fiber reinforced composites are
taking place of metal parts in industrial applications such as in automotive
industry. Short glass fiber reinforced Polyamide-6 composite which has high
mechanical performance, corrosion resistance, good design property and easy

processability are an example of this.

Polyamides were the first engineering plastics and still represent by far the
biggest and most important class of these types of material. The combination of
mechanical and thermal properties allows them to be employed for highly specified end
uses and often for metal replacement applications. Polyamides, often also referred to as

nylons, are high polymers which contain the amide repeat linkage in the polymer



backbone. They are also characterized as tough, translucent, semicrystalline
polymers that are moderately low cost and easily manipulated commercially by

melt processing.
2.1.1 Polyamide-6

Polyamide-6, a semicrystalline polymer, occupies a prominent place in the
engineering thermoplastics family because of its broad processing range and the
relative ease with which the base polymer can be modified to achieve a wide
spectrum properties. Polyamide-6 is not a condensation polymer, but instead is
formed by ring-opening polymerization. Polyamide-6 begins as a pure
caprolactam. As caprolactam has 6 carbon atoms, it got the name Polyamide-6.
When caprolactam is heated at about 260 %C in an inert atmosphere of nitrogen

for about 4-5 hours, the ring breaks and undergoes polymerization.
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Figure 2.1 Polymerization of Polyamide-6

There are two polymerization techniques of Polyamide-6 which are batch
process and continuous process. Batch processing of Polyamide-6 is generally
used only for the production of specialty. In a typical modern batch process, the
caprolactam is mixed in a holding tank with the desired additives and then
charged to an autoclave with small amount (2-4%) of water. During the two-stage
polymerization cycle, the temperature is raised from 80 to 260 C. In the first
stage water is held in the reactor, the pressure increases, then the hydrolysis and
addition steps occur. After a predetermined time, the pressure is released and the
final condensation reaction step occurs. The molecular weight of the polymer can

be increased by means of a vacuum finishing step, if desired.



The entire process can take three to five hours. The final polymer is than
drained, often with a forcing pressure of inert gas, through a die to form ribbons
of polymer, which are then cooled in water and cut into pellets. Because
Polyamide-6 has such a high monomer and oligomer content, 10-12% by weight,
in the cast pellets, which would significantly reduce the quality of the final fiber
or resin products, it must be extracted. This is usually done in hot water under
pressure at 105-120 °C for 8-20 hours. Most of the caprolactam and higher
oligomers that are released with steam from an autoclave or extracted from the
pellets in hot water are then recycled. The pellets must be carefully dried because
excess water decreases the molecular weight of the polymer during subsequent
melt processing. The final polymer processed through water extraction and drying
can have an oligomer level of <0.2% and a moisture level of <0.05%. A low level
of total oligomers is necessary because on remelting and further processing, the
oligomers’ content will increase owing to the reestablishment of the equilibrium
distribution of molecular species that occurs for all condensation polymers.
Because of the approach to equilibrium progresses at a moderate rate, it is possible
to utilize extracted Polyamide-6 in a remelt process without increasing the
oligomer concentration above 2-3% and thus avoiding any significant drop in the

final properties.
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Figure 2.2 Flow chart for batch preparation of Polyamide-6 (Kohan, 1971)



Commercial production of Polyamide-6 is by a continuous process. In the
continuous polymerization process for Polyamide-6, the three steps of
polymerization can be made to take place in a series of connected vessels or in a
single long, vertical, tubular reactor. There are many variations and proprietary
reactor designs for the continuous process. However, the purpose of the various
configurations is the same as in the batch process; first, to provide water-rich
reaction media to accelerate hydrolysis and the initial coupling of the monomers;
and then to provide a low water environment for the polycondensation reaction to
approach equilibrium. The polymer can be cast and cut into pellets in a
continuous pelletizing and drying operation similar to the batch process.
However, a continuous, vacuum-stripping step can be applied to remove much of
the caprolactam while the Polyamide-6 is still in the melt; the polymer can then be
spun directly into fiber or cast into resin. The oligomer content in this case is 2—
3%; and, when this level of oligomers is acceptable, the advantage of the lower
cost for vacuum stripping can be attained by eliminating the water quench,
extraction, drying, and remelting steps. In order to attain higher molecular weight
polymer, Polyamide-6 can also be polymerized in the solid. The same advantages
and disadvantages arise in the case of Polyamide-6, except that one additional
difficulty occurs for Polyamide-6 from the presence of residual caprolactam.

(Joseph N.W., 1996)
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Figure 2.3 Continuous manufacturing process for Polyamide-6 chips

(Kohan MLL, 1971)



The most significant case in nylons is the relatively high concentration of
caprolactam in Polyamide-6. Although caprolactam can be an eye, skin and
respiratory irritant, this is rarely a problem in the final product where the
concentrations are kept low (<2-3%) and lactam is well below its melting point.
Mechanical and thermal processing can generate higher levels of caprolactam in
the air from Polyamide-6 or its copolymers and create dust from most polyamides,
which can act as irritants and which are usually monitored and corrected in the

workplace. (Joseph N.W., 1996)
2.1.2 E-glass

Glass fibers are the most common of all reinforcing fibers for polymeric
matrix composites. The principal advantages of glass fibers are low cost, high
tensile strength, high chemical resistance, and excellent insulating properties. The
disadvantages are low tensile modulus, relatively high specific gravity (among the
commercial fibers, sensitivity to abrasion with handling which decreases its
tensile strength), relatively low fatigue resistance, and high hardness (which

causes excessive wear on molding dies and cutting tools).

The basic commercial form of a continuous glass fiber is a strand.
Chopped strands are used in injection molding which are produced by cutting

continuous strands into short lengths. (Mallick, P.K, 1993)

Many different compositions of mineral glasses have been used to produce
fibers. The most common ones are based on silica (Si0O,) with additions of oxides
of calcium, boron, sodium, iron and aluminium. E-glass is the most commonly
used glass because it draws well and has good strength, stiffness, electrical and
weathering properties and also the lowest cost of all commercially available
reinforcing fibers. C-glass has a higher resistance to chemical corrosion than E-
glass but has lower strength properties. S-glass has a higher Young’s modulus and
more temperature resistant than E-glass. The composition and properties of

various glasses are shown in Tables 2.1 and 2.2 respectively. (Hull D., 1987)



Table 2.1 Composition of glass used for fiber manufacture (Hull D., 1987)

Composition E-glass | C-glass | S-glass
Si0, 52.4 64.4 64.4
Al>O3, Fey0; 14.4 4.1 25.0
Ca0 17.2 134 e
MgO 4.6 3.3 10.3
Na,0, K,O 0.8 9.6 0.3
Ba,0O5 10.6 47 e
BaO |- 0.9 |-

Table 2.2 Properties of Glass Fibers (Seymour R.B, 1991)

Properties E C S
Softening Point, °C 841 749 -
Tensile Strength, MPa 3448 3033 4585
% Elongation 4.8 4.8 5.7
Specific gravity 2.55 2.5 2.5
Index of Refraction 1.547 - 1.523

The addition of E-glass to Polyamide-6 affects the properties dramatically.

These are shown in Table 2.3.

Table 2.3 Effects of glass fiber reinforcement on the properties of Polyamide-6

Stiffness Increases
Tensile Strength Increases
Heat Deflection Temperature Increases
Creep resistance Increases
Fatigue strength Increases
Thermal expansion coefficient Decreases
Mold shrinkage Decreases
Moisture pickup Decreases
Ductility Decreases
Impact strength Increases
Anisotropy Increases
Viscosity Increases
Processability Decreases




2.1.3 Silane Coupling Agents

In order to transfer the stress load to the reinforcement fiber, the way is to
treat the fiber with a reactive chemical that will form a stable bond between the
glass surface and the surrounding matrix resin. The chemisty is what is referred to
as the ‘sizing’ chemistry of the reinforcement. Coupling agents play a very
important role for this purpose in composites. They promote wetting of the fibers
and ensure good stress transfer between the weak matrix polymer and the stronger
fibers by acting as a bridge between the two. If the coupling fails under stress, the
fibers no longer reinforce the matrix. The bond between fiber and matrix is partly
physical and chemical by way of the coupling agent. Coupling agents need to be
applied at very low levels as an extremely thin coating or interface. A thick layer
of coupling agent may fail in the coupling agent layer, since it is not intended to
be a load-bearing member itself. Silane coupling agent is used in nylons. The
silicone containing inorganic portion of the molecule provides strong bonding to
fibers and primary amine containing organic portion reacts with matrix. It attains,
higher mechanical strength, good processability, and excellent weathering
resistance. Figure 2.4 shows the reactions of organosilanes. The reactions of silane
coupling agent promoting the interfacial adhesion are represented in Figure 2.4 in
which trialkoxysilane hydrolyzes in aqueous media to form a silanol compound, then,
silanol reacts with the hydroxyl group of the glass surface. The coupling reaction
occurs during processing between glass fibers functionalized by organo-functional
silane and polymer, if it is chemically favorable. ‘R’ is the organic functional group to

interact with the functionality of polymer ‘“*R’. (Ozkoc, et al., 2004)

The interfacial bond created by silanes or other coupling agents allows a
better shear stress transfer between fibers and matrix, which in turn improves the
tensile strength as well as the interlaminar shear strength of the composite.
However, the extent of improvement depends on the compatibility of coupling

agent with the matrix resin. (Mallick P.K., 1993)



a. Hydrolysis Reaction

CHy-CHr-0 Hrll
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b. Condensation Reaction
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Figure 2.4 Reactions of organosilanes (R and *R are the functionalities of the

silane coupling agent and polymer, respectively) (Ozkoc, et al., 2004)
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Figure 2.5 Schematic Diagram of Injection Molding Machine
(Osswald, et al., 2002)
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2.1.4 Injection Molding

Injection molding machine shown in Figure 2.5 is singularly the most
popular of all the plastics processes. Unlike extrusion or blow molding, it allows
producing a plastic part with three-dimensional characteristics. This permits very

intricate designs and high production rates. (Muccio E.A, 1994)

The injection molding machine consists of an injection unit and a clamp
unit. The injection unit is the part where the plastic pellets are melted and the
plastic melt is forced into the mold. The injection unit is very similar to an
extruder in design and construction, particularly in that it has an alloy barrel and a
flighted screw. However, unlike an extruder, the injection screw is capable of
moving back and forth in a reciprocating motion. This has led to the name
reciprocating injection molding machine. The clamp unit opens, closes and holds
the mold closed against the pressure of injection. The size of an injection molding
machine is described by the capacity of its clamping unit, ranging from 50 to 1000
tons. A machine with a given clamp unit can be supplied with a variety of
injection units. Injection unit capacity is described by the shot size, which is the
maximum volume of melt that can be injected in a single cycle. Shot size is
determined by the diameter of the screw and the distance over which it is designed
to reciprocate. Shot size is usually expressed as weight or as volume. (Xanthos M.

and Todd D.B., 2003)

An injection molding machine is operated by hydraulic power and
equipped with an electric motor. A toggle mechanism of clamping unit opens and
closes the mold and holds the mold closed during injection. A hydraulic cylinder
forces the screw forward, thereby injecting the melt into the mold. A separate
hydraulic motor turns the screw to plasticate, homogenize and pressurize the melt.
Control of these systems is a combined function of hydraulic, electrical and toggle

mechanism.

In the injection molding machine, the clamp unit is on the left and the

injection unit is on the right. A mold is in position between the platens of the
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clamp unit with one-half of the mold fastened to the fixed platen and the other to
the movable platen. When the mold is opened, the movable platen moves away
from the fixed platen and the molded part can be removed. After part ejection, the
mold is closed in preparation for the next injection cycle. In contrast to extrusion,
the screw in the injection unit rotates only during part of molding cycle. When the
screw turns, it pumps melt forward. The rearward movement of the screw is
controlled by the placement of a limit switch, which stops the hydraulic motor.
The maximum length of reciprocation is approximately three screw diameters.
The shot size is directly proportional to the amount of screw reciprocation. The
front of the screw is usually equipped with a check valve. While the screw rotates,
the melt can move freely forward through the valve. However, the valve closes to
prevent any reverse flow. The position of the screw is adjusted in such a way that
there is always some melt in front of the screw when the mold is full. This pad or
cushion of melt transfer pressure from the screw to the plastic in the mold. After
initial filling, some additional melt flows into the mold; this is called packing.

(Xanthos M. and Todd D.B., 2003)

2.1.4.1 The Injection Unit
Screw

The injection screw must perform several functions during the molding
cycle. In addition to conveying and melting the plastic, the screw must mete out
the correct amount of plastic in front of the screw and it must inject this plastic

melt into the mold.
Check Valve

It is attached to the discharge end of the thermoplastic injection molding
screws. To understand its function, it is necessary to understand the flow of plastic
melt in front of the screw. When the material in front of the screw reaches
sufficient pressure, it forces the still-turning screw rearward. The screw continues

to turn, but it is forced rearward until it reaches a predetermined set point,
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called the shot size, which determines how much plastic melt will be allowed to
advance in front of the screw. At this set point, the screw stops turning. The next
step in the process is for the screw to move forward at a controlled rate of speed
and pressure. As the screw moves forward it does not turn, and its plunger-like
action forces the plastic melt into the mold. During this forward plunger action, it
is critical that the plastic melt in front of the screw not be allowed to flow
rearward, back over the screw. To prevent this from happening, a check valve
seals off, preventing the plastic melt from moving forward and rearward. (Muccio

E.A, 1994)
Screw Diameter

One of the most overlooked aspects of the injection screw is the area
reduction associated with the diameter of the screw and the tip of the screw.
Regardless of whether a check valve is used, the diameter of the screw and screw
tip is significantly less than the area of the rear hydraulic cylinder where pressure
is applied. Depending on the screw diameter and tip design, most screws have
approximately a 10-to-1 reduction in area between the hydraulic cylinder and the
screw diameter. This area reduction increases the effective injection pressure to a
level 10 times that of the hydraulic pressure applied to the rear of the screw.

(Muccio E.A., 1994)
Screw Rotation

On most injection molding machines, the screw rotational speed is capable

of being varied so as to suit a particular material/machine combination.
Screw Decompression

After the screw has been forced back by the melt which it has produced,
there will be some residual pressure remaining in the melt. By drawing the screw
back a controlled distance, this residual pressure can be relieved and the need for
complex shut-off nozzles may be eliminated. The ability to decompress the melt is

extremely useful and is now considered by many molders to be an essential feature.

(Whelan A., 1982)
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Hopper

Hopper is the part where the granules are fed. It is connected to the
injection unit from barrel. All of the feeding in injection molding is made from the

hopper.
Barrel Capacity

The capacity of injection molding machine is the maximum volume of the
material that can be injected each time the screw or ram moves forward during a
cycle of operations. Capacity of injection molding machine is usually rated with
ounces before and nowadays with grams. In the plastic industry it is customary to
rate injection molding machines in terms of the weight of polystyrene that the
machine can inject with one stroke of the screw or ram. It is unlikely that 100% of
the injection unit capacity would be used. 70 to 90% of the capacity is suggested
to be used for the shot size of a particular mold. Less than 70% will allow the
plastic to reside too long in the injection unit which may result in thermal
degradation of the plastic. Using over 90% of the capacity may leave insufficient

material for process adjustments and for cushion. (Muccio E.A., 1994)
Residence Time

Residence time is the time it takes a plastic pellet to journey from the
hopper, where it enters the barrel of the injection unit, then to the nozzle, where it
exits the barrel. Residence time is so important that if the plastic spends too much
time in the heated barrel, it may degrade, resulting in a change of appearance, a

reduction in properties, or both.
The Heating System

The number of zones, into which the barrel has been divided for heating
purposes, is usually given on machine specifications. As each zone is associated
with a temperature controller, it is important to check, when comparing different
machine specifications, that each machine has the same number of zones as

temperature control systems can be expensive.
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The temperature of the barrel is raised by means of heater bands and as
different types are available, it is again worthwhile checking that one is
comparing like with like. Ceramic heater bands will probably be the most
expensive, but with any heater band, the cost also depends on the heating capacity

of that particular band. (Whelan A., 1982)
The Nozzle

The nozzle is the extension on the discharge end of the barrel that allows
the plastic melt to exit the barrel and enter the mold through the sprue bushing. It
may be one piece in design, or it may have a removable tip to facilitate cleaning
and material changeovers. The injection unit is held again the sprue bushing by
the action of the hydraulic cylinder that maintains pressure on the sled that
supports the injection unit. The alignment of the nozzle is controlled by the

alignment of the injection unit and the sled on which it rides.

The nozzle must be properly matched and aligned to the sprue bushing.
Otherwise, plastic will leak from between the nozzle and sprue, and the process
will deteriorate. The radius of the nozzle tip and the hole through which the

plastic melt is injected must conform to the radius and hole of the sprue bushing.

A reverse tapered nozzle shown in Figure 2.6 provides a slightly widening
orifice to facilitate removal of solidified plastic material from the tip. This
configuration is suggested for some semicrystalline plastic materials such as

nylon that have a tendency to freeze off. (Muccio, 1994)
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Figure 2.6 Nozzle tip configurations a) Straight taper b) Reverse taper
(Muccio, 1994)

When pressure is applied to the plastic material, to force it from the barrel
into the mold, then some of the pressure works in such a way as to force the
nozzle away from the sprue bush. To combat this separating force, a counter-force
must be applied. This is the nozzle contact force and it is usually expressed in

tonnes, tons or kilonewtons. (Muccio, 1994)
Sprue Break

Sprue break is measured in inches or millimetres and specifies how far the
injection unit can be withdrawn or moved away from the mold. There are two
sprue breaks; an operating sprue break and a maintenance sprue break. The
operating sprue break is used during machine operation and is normally set to a
minimum value so that time is not lost by making the injection carriage move
more than absolutely necessary. The setting of this small sprue break may be
over-ridden so that, for example, the injection carriage may be withdrawn further
away from the mold so as to assist in nozzle cleaning or a heater band change. A
large sprue break facility is always useful as it can ease maintenance and simplify

the installation of extended nozzles. (Whelan A., 1982)
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2.1.4.2 The Clamping Unit

The clamping unit of an injection molding machine shown in Figure 2.7
has one main purpose; to keep the mold closed under sufficient pressure during

the injection of the plastic melt to prevent any plastic from escaping.
Clamping Pressure

The clamp tonnage required to keep the mold closed during the injection
stage is determined by the type of the mold, the mold size and the projected area
of the mold (the total surface area of the mold that will be exposed to plastic, as

seen through the plane of the parting line of the mold). (Muccio E.A., 1994)
The Toggle Clamping Mechanism

It clamps the mold using a mechanical advantage developed through a
series of linkages. As the linkages are forced into a straight or closed position by
the action of a hydraulic cylinder on a crosshead, the tie bars strain or stretch and
clamping forces are developed. Some of the advantages of toggle mechanism are
their fast motion, low oil flow requirements and positive clamping action with no
bleed off or pressure loss. In addition, the toggle mechanism only transmits its

maximum closing force when the system is fully extended.

Moving plate
Toggle lever |
Support plate \I Tie bar Fixed plate
1 ]

Hydréulic cylinder

Figure 2.7 Clamping unit with a toggle mechanism (Osswald, et al., 2002)
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The Clamp Stroke

The clamp stroke is also known as the opening stroke and it is given in
either inches or millimeters. It is the maximum distance over which the moving
platen can be made to move and although a large opening stroke is desirable, it
must not be forgotten that this stroke must be capable of being easily reduced if a

shallow component is being molded. (Whelan A., 1982)
Clamp Speeds

The mold opening and closing speeds should be capable of independent
adjustments so that ideally any speed at any point within the stroke can be
obtained. Such an ideal flexibility of setting is not often obtained because of
practical difficulties. However, the final mould movements should be slow or

cushioned so that mold or component damage is avoided. (Whelan A., 1982)
Tie Bar Clearance

The clearance between the tie bars determines whether or not a mold can

be accommodated in that particular machine.
The Platens

Platens are the massive cast steel plates that support the clamping system
and the mold. They are machined with a specific pattern of holes that allow the
molds to be easily located and mounted. There are two platens; the stationary
platen is used to align the center of the mold with the center of the platen and
ultimately, the injection unit. The moving platen has a number of strategically
located through holes. These are designed to allow knockout bars to pass from the
rear of the platen, where they are actuated by a hydraulic cylinder. The knockout
bars enter the mold base and bump or push the mold’s ejector system forward to

eject the plastic parts. (Muccio E.A., 1994)
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Daylight

It is the amount of space between the platens.Maximum daylight is the
maximum distance between the platen surfaces when the clamp system is fully
opened. Minimum daylight is the minimum distance between the platen surfaces

when the movable platen is fully forward without a mold mounted.

2.1.4.3 Mold Cavity

The central point in injection molding machine is the mold. The mold
distributes polymer melt into and throughout the cavities, shapes the part, cools
the melt, and ejects the finished product. During mold filling, the melt flows
through the sprue and is distributed into the cavities by the runners. If the runner
system is symmetric then all the cavities fill at the same time and cause the
polymer to fill all cavities in the same way. The disadvantage of this balanced
runner system is that the flow paths are long, leading to high material and pressure
consumption. On the other hand, the asymmetric runner system leads to parts of
different quality. Equal filling of the mold cavities can also be achieved by
varying runner diameters. There are two types of runner systems- cold and hot.
Cold runners are ejected with the part, and are trimmed after mold removal. The
advantage of cold runner is lower mold cost. The hot runner keeps the polymer at
or above its melt temperature. The material stays in the runners system after
ejection and is injected into the cavity in the following cycle. Although a hot
runner system considerably increases mold cost, its advantages include
elimination of trim and lower pressures for injection. A pin-type gate is a small
orifice that connects the sprue or the runners to the mold cavity. The part is easily
broken off from such a gate, leaving only a small mark that usually does not
require finishing. Other types of gates are film gates, which are used to eliminate
orientation and disk or diaphragm gates, which are used for symmetric parts such

as compact discs. (Osswald,et al., 2002)
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2.1.4.4 The Injection Molding Process
Barrel Temperature

Depending on the size and design of the injection unit, there may be three
to five distinct zones to control. If there are five zones, the middle zone may have
a temperature setting 10 °c higher than that of the feed zone and the temperature
of the front zone will be set approximately equal to the desired melt temperature
of the plastic being processed. The nozzle’s temperature is highest because of

keeping the plastic melted. (Muccio E.A., 1994)

Barrel temperature influences the orientation, degradation and viscosity of

the melt.
Injection Pressure

It is also called pack pressure, high pressure, boost pressure and first stage
pressure. Basically stated, it is the pressure generated by the screw tip on the
plastic melt (the pressure used to pack the mold cavity once it has been filled).
There is a hydraulic pressure continuum from the screw through the plastic in the
mold. Until this pressure is generated, the only pressure on the plastic melt is

associated with its resistance as it fills the mold (Muccio E.A., 1994).

Injection pressure influences the surface quality, orientation and

mechanical stressing of the melt, therefore, excessive pressure should be avoided.
Holding Pressure

It is also called hold pressure or second stage pressure. As its name
implies, holding pressure is used to maintain the cavity pressure after the cavity
has been packed with plastic. During the time the holding pressure is in effect, the
gate cools sufficiently to prevent any plastic from exiting the cavity. Because the
plastic material shrinks as it cools, the pressure in the cavity begins to decrease, so

the holding pressure can be lower than the injection pressure. (Muccio E.A., 1994)

Holding pressure should be set just enough in order to prevent voids, sink

marks and control shrinkage.
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Mold Temperature

Cavity surface temperatures are the temperatures which often would be
essentially the same as the temperature of the circulating water or other fluid used
to control the mold temperature. Higher mold temperatures delay freezing to
facilitate filling long, thin sections. They also encourage greater crystallization of
the semicrystalline resins, which affects both mechanical properties and shrinkage
or dimensions. Accurate temperature control of the mold cavity walls is important

and has a direction influence on the production of quality molded parts
Cooling Time

Cooling time is the major portion of the total molding cycle. The cooling
requirements are dependent on the part thickness and the level of filler in a
composite. Glass fiber reinforced composites will cool faster than unfilled

compounds due to the higher thermal diffusivity of these materials.
Screw Speed

The screw speed is usually controlled by a hydraulic motor, and most
general purpose screws can be operated satisfactorily up to about 100 rpm but
with common low melt viscosity nylons, higher screw speeds may produce
nonuniform melt temperatures or even unmelted particles. In general, it is
beneficial to rotate the screw only as fast as necessary to fit within the available

cooling time in the molding cycle.
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2.1.4.5 The Injection Molding Cycle

The cycle shown in Figure 2.8 begins when the mold closes, followed by
the injection of the polymer into the mold cavity. Once the cavity is filled, a
holding pressure is maintained to compensate for material shrinkage. In the next
step, the screw turns, feeding the next shot to the front of the screw. This causes
the screw to retract as the next shot is prepared. Once the part is sufficiently cool,
the mold opens and the part is ejected. The total cycle time can be calculated

using

tcycle= tclosing"‘ tcooling + tejection (1)

Cycle ends, Cycle starts

Cooling

Figure 2.8 Injection Molding Cycle (Osswald, et al., 2002)

Glass fiber reinforced nylons are used where the components must have a
higher heat distortion temperature, greater rigidity and dimensional stability than
that offered by the unreinforced material. Glass fiber reinforced nylons need
higher injection pressures, barrel temperatures and mold temperatures than the
unfilled grades. Cycles may be shorter as the parts can be ejected at higher

temperatures.
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2.1.5 General Effect of Orientation and Crystallinity on Properties
2.1.5.1 Effect of Molecular Orientation

Polymer molecules in their normal or unstressed state exist as coiled,
intertwined chains; as pressure and therefore stress is applied to the polymer melt
(the material is at its processing temperature), the long chain macromolecules are
stretched in the flow direction. This stretching or distortion is referred to as
orientation and it is important for polymers simply because polymer molecules are

so incredibly long. (Whelan A., 1982)

In injection molding, the molecules are not given sufficient time and so
complex relaxation cannot occur. The residual orientation is sometimes called

‘frozen-in-strain’ or a ‘frozen-in-stress’.

There are three mechanisms that lead to high degrees of orientation in
injection molded parts which are fountain flow effect, radial flow and holding

pressure induced flow.

The fountain flow effect is caused by the no-slip condition on the mold
walls, which forces material from center of the part to flow outward to the mold
surfaces. As figure 2.9 shows, the melt that flow inside the cavity freezes upon
contact with the cooler mold walls. The melt that subsequently enters the cavity
flows between the frozen layers, forcing the melt skin at the front to stretch and
unroll onto the cool wall where it freezes instantly. The molecules that move past
the free flow front are oriented in the flow direction and laid on the cooled mold
surface, which freezes them into place, yet allows some relaxation of the

molecules after solidification. (Osswald, et al., 2002)
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Frozen layer
T_, _J —— Flowfront N
Gate Melt —— Velocity distribution B

\\\m\\\\ =

Figure 2.9 Flow and Solidification mechanisms through the thickness during

injection molding (Osswald, et al., 2002)

Radial flow is the second mechanism that often leads to orientation

perpendicular to the flow direction in the central layer of an injection molded part.

As figure 2.10 suggests, the material that enters through the gate is

transversely stretched while it radially expands as it flows from the gate.

Polymer particle

o Gateé@}\— Deformed polymer particle

Flow fronts

Figure 2.10 Deformation of the polymer melt during injection molding

(Osswald, et al., 2002)
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The flow induced by the holding pressure as the part cools leads to

additional orientation in the final part. This flow is responsible for the spikes in

the curves shown in figure 2.11.
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Figure 2.11 Shrinkage distribution of injection molded polystyrene plates
(Osswald, et al., 2002)

As the polymer molecules are aligned more in one direction than they
are in another, it would seem reasonable to assume that the strength properties are
different in different directions. If tensile strength samples were cut in two
directions at right angles to each other from an anisotropic plastic moldings, the
strength parallel to the flow direction would be much higher than the strength
measured perpendicular to the flow direction. In the parallel direction, the applied

load would be sustained by main-chain bonds and a high tensile strength would
result. (Whelan A., 1982)

When the samples cut from the other direction are tested then the applied
load would be supported or resisted by much weaker bonds and the strength

measured will be correspondingly lower.Whelan A., 1982)

If izod-charpy impact strength samples were cut from the same anisotropic

plastics molding then the impact strength measured would also have been
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different. Parallel to the flow direction, the impact strength would be very high.
Perpendicular to the flow direction, the impact strength would be very low.

(Whelan A., 1982)

2.1.5.2 Effect of Crystallization

As the molecules are packed closer together, crystallinity increases and
this increases the rigidity and tensile strength. Transparency is obtained by
keeping the size of crystal structures small. High levels of crystallinity in

moldings lower the permeability to gases and liquids.

2.1.6 Fibers as Reinforcement

It is common to strengthen a matrix material with discontinuous fibers.
Chopped fibers are the example for discontinuous fibers. The effectiveness of

strengthening by discontinuous fibers depends upon the length of the fibers
2.1.6.1 Fiber-Stress Theory

It is known that for a certain fiber content and fiber diameter, the strength of the
composite increases as the fibers are made longer. This is due to the fact that the
average tensile stress in a discontinuous fiber is always less than that in a continuous
fiber. This average stress increases toward that of a continuous fiber when the fiber
length increases. To better understand the relationship between fiber average tensile
strength and fiber length, it is necessary to examine the load-transference mechanism in
the composite. As a result of the difference of the strain in the fibers and the strain in
matrix, shear stresses are induced around the fibers in the direction of the fiber axes.
Plastic deformation may occur in the matrix or through the shearing of the fiber-matrix
interface. These shear forces, acting near both ends of a fiber, stress the fiber in tension.
It is through this transferring of stress that the applied load can be distributed among the
fibers and the matrix. (Vinson and Chou, 1975)
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Figure 2.12 shows the variation of tensile stress in a fiber with its length.
The maximum stress attainable in the fiber is the fiber tensile strength og. The
minimum fiber length necessary for the tensile stress to build up to oy, is denoted
as 1. , the critical fiber length. The critical fiber length can be found easily by

considering the tensile and shear stresses;
L./D=cs/27 (2)

where D is the diameter of fiber, oy, is the tensile strength of fiber, 7 is the

shear strength of either the matrix or the interface.

The length 1./2 is often referred to as the load transfer length. Z is the ratio
of the area under the stress distribution curve over the length 1/2 to the area of

oflc/2. Then the average stress in fiber o can be expressed as
oi=6nu(1-1/21) (3)

The most important parameters affecting the mechanical properties of
composite material are fiber content and fiber length. The fiber content is
determined depending on the selected matrix material, while the fiber length is
determined depending on the part of geometry to be produced. Fibers that are
shorter than the critical fiber length will pull out from the matrix under tensile
load. This causes poor mechanical properties and because of this pull out, full
load transference is not realized. At the critical length both the fiber and the
matrix will fracture along the same failure plane. Additional increase in fiber
length will not increase the strength of the composite, since the failure will be the

same as that experienced as shown in Figure 2.12. (Bigg, 1985)
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Figure 2.12 Variations of fiber tensile stress with fiber length

(Vinson and Chou, 1975)

For matrix materials with constant yield stress, Z=1/2, for matrix materials

that show strain hardening behaviour, Z>1/2.

In Figure 2.13, it is shown that the tensile stress is zero at the fiber ends
(x=0, x=1) and is a maximum in the centre of the fiber. The shear stress is a
maximum at the fiber ends and fall almost zero in the center. These results show
that there are regions at the ends of the fiber which don’t carry the full load so that
the average stress in a fiber of length is less than in a continuous fiber subjected to
the same external loading conditions. The reinforcing efficiency decreases as the
average fiber length decreases because a greater proportion of the total fiber

length is not fully loaded.

Shear stress
at interface

Stress

Tensile stress
in fibre

o
Ty

x=0 x=1
3l

Figure 2.13 Variation along the fiber of tensile stress in the fiber and shear stress

at the interface according to Cox (Hull, 1987)
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Cox showed that for an applied stress on the resin parallel to the fiber

tensile stress along the fiber is given by

1 —cosh B3/ — x)}

= E T
2 fﬁm{ COSh%ﬂl (4)

where

’ = {Eﬁ%}% . 5)

and 2R is the inter fiber spacing. Cox showed the shear stress at the interface by

Gy, }% sinh (/- x)

=5 e“"{zEf In(Rjr)]  coshigl ©)

Fiber Length

Fiber length is normally expressed as number average and weight average

fiber length.
Ln — ZZNILI]_A (7)
2

where N; is the number of fibers of length L;.
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Fiber Content

The glass fiber content is normally expressed as volume or weight

fraction.
V; = Wi/ 8¢
W/ 8m)+ (Wi /5) 9)
6f Vf
W =
' (vam)+(6f Vf) (10)

where V and W are the volume and weight fraction respectively, d is the

density, f denotes the fiber and m denotes the matrix.
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Figure 2.14 Average fiber length vs. fiber weight content (0, AL,; A, BL,; @, A
L. A, BLy).(A: Containing 123D-10C glass fiber, B: Containing 173X-10C
glass fiber) (Thomason, 2006)

Figure 2.14 shows that L, and L, decrease with glass fiber content and L.,
is higher than L.

In the case of low fiber content in short fiber reinforced composites, the
orientation distribution obtained from simulation is consistence that by the image

processing method, however, the distribution cannot be predicted for high fiber

content due to the effects of fiber interaction.
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2.1.6.2 Fiber Pull-Out

The two surfaces are held together by fibers which bridge the fracture plane.
Kelly et., al. (1970) and Outwater and Murphy (1969), show that the work done in
separating the surfaces makes a major contribution to the total energy of fracture.
The basic principles can be understood by reference to the single fiber experiment
in Figure 2.15. The fiber is embedded in the matrix over the length L. If the shear
strength of the interface is 7, the tensile stress on the fiber required to produce
bond breakage is determined to a first approximation by balancing the tensile and

shear stresses, thus

2
ollr'=2IIrl. 7 (an
(@)
l(2r

= e
o ¢ ] } e fe —=1
Pull-out
stress
®) Fibre debonding .

and pull-cut ! Fibre fracture,

no pull-out

Pullout stress

Iee

Embedded length, /

Figure 2.15 Pull-out test a) Fiber embedded in resin, b) Typical variation of pull-
out stress with embedded length(Hull D., 1987)

When the tensile stress required for bond breakage is plotted against the
embedded length I, there is a sharp cut-off due to fiber fracture before debonding
as shown in Figure 2.15b. The critical fiber length depends on the strength of the
bond. This technique can be used to measure 7 since lee=0; 1/27 where o is the

fracture strength of the fiber. (Hull D., 1987)

31



2.1.6.3 Fiber Fracture

During compounding of granule composites, fiber reinforced materials
fracture. The first fracture increase with increasing fiber content. Extruder and
injection screw speed, shear stress and pressure also contribute to fiber fracture.
The second fracture takes place with melting and injection molding of granules.
Due to the fiber content, which has an influence on the fracture mechanism,
mechanical strength of the composites does not increase linearly with increasing

fiber content. (Giillii, 2004)

For short fibers already parallel to the matrix flow, fracture will depend on
the presence or absence of adhesion. Fiber ends play an important role in the
fracture of short fiber composites and also in continuous fiber composites since

the long fibers may break down into discrete lengths.

In tensile experiments, the fracture mechanism can take place in three
steps; crack initiates at fiber ends, cracks propagate in the matrix along the
interface, thus leaving a thin layer of matrix material adhered to the fiber (only in
systems with poor fiber-matrix bonding does the interface itself all), matrix cracks
grow from the interfacial cracks, possibly after generation of the matrix plastic

deformation. (Horst and Spoormaker, 1996)

Shear B Pull out
debonding !
I
I
I
¥ Matrix
fracture
Void or
crack

Figure 2.16 Failure mechanism in a tensile experiment. Left: initiation of crack,

Right: growth of crack. (Horst and Spoormaker, 1996)
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2.1.6.4 Fiber Orientation

In industry, short fibers are often preferable to long, continuous fibers.
Theoretically, they don’t provide the same mechanical properties as continuous
fiber, but this difference may be minimized by careful control. In contrast to
continuous fiber reinforced composites, the properties of short fiber reinforced
composites greatly depend on the variable orientation distribution of fibers in
plastic matrix, which provide an improvement in physical properties relative to
those of the unfilled material. The properties of short fiber composite parts are
highly dependent on the way the part is manufactured. As the resin or molding
compound flows and deforms to achieve the desired shape, the orientation of the
fibers is changing. Fiber orientation changes stop when the matrix solidifies and

the orientation pattern become part of the microstructure of the finished article.

One of the ways of aligning an initially random array of fibers is convergent
flow as shown in Figure 2.17 and 2.18. It is useful to calculate the minimum change of
velocity or change of shape necessary to produce a given degree of orientation and it is
convenient to think of the flow as extrusion. The additional shear to convergent flow

causes misalignment rather than improved alignment. (Parratt, 1972)

Figure 2.18 Observed effect of convergent flow, followed by shear flow
(Parratt, 1972)
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Fiber Orientation Factor

The orientation of fiber is considered as two-dimensional (Yamada, 1984).
Fiber orientation is in the range of 0<O<II. The function J which expresses the

distribution q(©) of fiber orientation angles as it follows:

[(1=D)cos20  (1+)sin20) ™"
g0)y=n l[ +
14+J 1-J (12)
where J is the orientation function
/2
J=21 cos®0q(@)d(0)—1
—%/2 (13)

If J=0, it means random orientation. If J=1 or -1, it means unidirectional

orientation for the x- or y-direction, respectively.

Figure 2.19 shows fiber orientation state for an injection molded product.
Fiber orientation angle © is measured in a clockwise sense on the basis of flow
direction, being called the ratio of fiber total length having some angle © and the

total length of the measurement region is the relative fiber length for ©.

Gate Flow direction

Figure 2.19 Fiber orientation state of a rectangular-shaped part after injection

molding (fiber content %50 weight) (Kim et al., 2001)
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Fiber Orientation Distribution

Flow of a fiber suspension during injection molding results in a
preferential orientation of short fibers which is frozen into the matrix as the
composites solidified. As shown in Figure 2.20, during injection molding, shear
dominated flow near the surface tends to align the fibers along the flow (shell
region), whereas if the flow is extensional in the plane of the part, the fibers near
the mid-plane of the cavity tend to align transverse to the flow (core region).

(Gupta and Wang, 1993)

"t J_.‘-._":.__‘E_“L_“:'I__‘-._“._“_"‘_‘"I.,'\_ﬁ_““\'
TR T e A T

R N T R L T e e e e ey Y
T R N R e N e e e e Sy et Yy
= :\‘\‘\"\L\ R RIS T 1Y ‘.\ Tty iyt

A ST R A R Ry R b Ry Ny Yy l."i"'l."'f‘!
R | LIPS PR T Y D I T T N R N

R NN HHHHH RN
B A A A L A ) ¥ i
\",:'- sy r-"z*’a".r"!".r’.i"f;-" !;,‘ ’Il

= e T 5!"‘"

ki ol L

-, F—,.—ff/_’x_,_’////j}’

Figure 2.20 Gupta and Wang carried out simulation and experimental verification

on the fiber orientation of short fiber reinforced composites (1993)

Rule of Mixtures

A rule of mixtures has been formulated to express the dependence of the
modulus on the fraction of the constituent phases. This rule is given as two

equations that bound the modulus. They are given as:
a) Upper bound ( longitudinal loading for aligned fibers)
E.(u)= EnVm+ EfVs (14)
b) Lower bound ( transverse loading for aligned fibers)
Ec()= EnEf/ (VimEs + ViEn) (15)

where; E= modulus, V= volume fraction, m= matrix phase, f = fiber phase

and c= composite phase.

35



The effect of orientation is shown in Figure 2.21

Figure 2.21 The design method and applications of short fiber reinforced rubber
composites. (Lee, 1996)

Prediction of Composite Strength

Kelly-Tyson model which has been adapted by Lunt and Shortall(1979)
through addition of a fiber orientation factor K for the prediction of the strength of

the composite reinforced with misaligned short fibers is well known as

L:=L. L=
GCKL > L%}LZL Gij(l L B+(1—Vf)6'm (16)

LF:O 2LJ

where o, is the theoretical composite strength, K is the fiber orientation factor, V; is the
volume fraction of fibers below critical length, ¢, is the interfacial bond strength, d is
the diameter, L. is the critical fiber length, o is the tensile strength of the glass fibers, V;
is the volume fraction of fibers above critical length, V¢ is the volume fraction of fibers
G'm is the stress carried by the matrix at the fiber failure strain. The first term in the
curly brackets is the contribution of the subcritical fibers and the second term that of the

super-critical fibers. The final term is the matrix contribution. (Eriksson, et al., 1996)
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2.1.6.5 Fiber Damage in Injection Molding

Fiber damage or fiber attrition during injection molding is present where
normally high shear stresses are present. As the polymer is melted and pumped
inside the screw section of the injection molding machine and as it is forced
through the narrow gate, most fibers shorten in length, reducing the properties like

stiffness and strength of the final part.

e F A s s

Figure 2.22 Fiber in compression and tension as it rotates during simple shear

flow (Osswald, et al., 2002)

Figure 2.22 helps explaining the mechanism responsible for fiber
breakage. The figure shows two fibers rotating in a simple shear flow fiber ‘a’,
which is moving out of its O-degree position, has a compressive loading and fiber
‘b’, which is moving into its O-degree position, has a tensile loading. It is clear
that the tensile loading is not large enough to cause any fiber damage, but the
compressive loading is potentially large enough to buckle and break the fiber. A
common equation exists that relates a critical shear stress, 7 i, to elastic modulus
E;, and to the L/D ratio of the fibers

In(2L/D)-1.75
[EERY E
2AL/D)

Torit =

I
(17)

where 7 . is the stress required to buckle the fiber. When the stresses are greater
than 7 ., the fiber L/D ratio is reduced. Figure 2.23 shows a dimensionless plot

of critical vs. L/D ratio of a fiber computed using equation 17.
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It is worth pointing that although equation 17 predicts L/D ratios for
certain stress levels, it doesn’t include the uncertainty that leads to fiber L/D ratio

distributions that is very common in fiber-filled systems.
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Figure 2.23 Critical stress, 7 i, versus L/D ratio (Osswald, et al., 2002)

Figure 2.24 shows that, most of the fiber damage occurs in the transition
section of plasticating screw during injection molding. Lesser effects of fiber
damage were measured in the metering section of the screw (Thieltges, 1992) and
in the throttle valve of the plasticating machine The damage observed in the mold
cavity was marginal. The small damage observed inside the mold cavity, however,
is great of importance because the fibers flowing inside the cavity underwent the

highest stresses, further reducing their L/D ratios.
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Figure 2.24 Fiber damage measured in the plasticating screw, throttle valve, and
mold during injection molding of a polypropylene plate with 40% fiber content by
weight (Thieltges, 1992)
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Another mechanism responsible for fiber damage is explained in Figure
2.25 where the fibers that stick out of partially molten pellets are bent, buckled

and sheared-off during melting.
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Solid polymer pellets

Figure 2.25 Fiber damage mechanism of the interface between solid and melt

(Thieltges, 1992)
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2.2 Experimental Studies

Rosato (1996), studied the injection molding of high performance

reinforced plastic composites.

It was concluded that, with proper adhesion or bond between fibers and
resin matrix, maximum performance was achieved. However, commercially the
higher performance was overwhelmingly achieved with long or continuous fibers

as shown in Figure 2.26.
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Figure 2.26 Effect of fiber length on reinforced plastic strength (Rosato, 1996)

Using different injection molding machines with different modifications
such as using free flowing nozzle valve, large runner size and shape,
nonrestrictive/larger gates and proper location of gates, reduced viscosity of the
melt entering the mold, thus reduces the shear, which in turn reduces the fiber
damage. This free-flow action from the hopper to the mold cavity results in 30%
higher overall mechanical properties with up to 30-50% more fiber lengths when

compared to standard restrictive type screw.

Dave and Chundury (1997) studied the effect of injection molding

conditions on the properties of filled and reinforced polypropylene.

The design of experimental approach was used to identify key injection

molding process parameters, which improved the ‘performance-property’
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characteristics for polyolefin-based filled and reinforced products. A commercial

design and analysis software was used for this study.

The products selected for their study were homopolymer polypropylene
compounded with the following reinforcing agents: a) glass fiber, b) calcium

carbonate, c) talc, based compounds.

The results showed that the most significant effect on the tensile and
flexural strength properties of these materials were barrel temperature, mold
temperature, injection speed and screw speed. A higher mold temperatures
resulted in better flow of the polymer melt (of the outer layer) in the mold cavity.
This change in mold temperature and flow behavior had been shown to have a
significant influence on tensile strength as shown in Figure 2.27. The effect was
most likely due to a change in the degree of fiber orientation or base polymer
crystallinity. Increases in injection speed and screw speed are likely to result in a
greater breakage of the glassfiber in the extruder section of the machine and

resulted in the loss in physical properties like shown in Figure 2.28.

Coanling Tema = 45.0
Back_Fres = 150.0
Inj_Speed = 6.0
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Figure 2.27 Optimized tensile strength for barrel and mold temperature °F) of
glass fiber reinforced PP. (Dave and Chundury, 1997)
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Barrel Temp = 47%.0
Mold_Temp = 170.0
Cooling Temp = 45.0
Back_Pres = 150.0
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Figure 2.28 Effect of injection speed and screw speed on the tensile strength of

glass fiber reinforced PP (Dave and Chundury, 1997)

Kim, et al. (2001) studied the distribution of fiber orientation by the image

processing method for injection molded products in which fiber content was

measured and numerical analysis for orientation distribution was conducted, the

orientation distribution by numerical simulation was compared with the results

obtained from image processing.
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Figure 2.29 Fiber orientation distribution for a fiber content of 30 weight%, a)

soft X-ray photograph; b) fiber orientation by image processing, c) fiber

orientation by mold flow (Kim, et al., 2001)
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Figure 2.30 Fiber orientation distribution for a fiber content of 70 weight%, a)
soft X-ray photograph; b) fiber orientation by image processing, c) fiber
orientation by mold flow (Kim, et al., 2001)

In this study, the result of fiber orientation distribution obtained by the
numerical simulation was consistent with that obtained from the image intensity
method for low fiber content as shown in Figure 2.29. However it was not
consistent that when increasing the fiber content, due to the effects of fiber

interaction as shown in Figure 2.30

Zainudin, et al. (2002) studied fiber orientation of short fiber reinforced
injection molded thermoplastic composites. In this study it was shown that fiber
orientation distribution was played an important role, which affected the

properties of short fiber reinforced composite parts.

As a result of this study, it was found that orientation in short fiber
reinforced composites was affected in a complex manner by various parameters of
processing condition and material properties. Advanced improvements in property
could be accomplished if methods could be developed to ensure that the fibers

were placed in the most appropriate way.
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Mallick, et al. (2002) studied the effects of temperature and strain rate on
the tensile behavior of short fiber reinforced Polyamide-6. Tensile behavior of
extruded short E-glass fiber reinforced Polyamide-6 composite sheet was
determined at different temperatures and different strain rates.The results are

given in Tables 2.4 and 2.5

The material used in this study was a short E-glass fiber reinforced

Polyamide-6. The fiber content in this composite was 33% by weight.

Elastlc Tenalie Fallure Siress Stress

Strain Rate Temp. Modulus Strength Strain Exponsnt Conflicient
{min—" r'ch E (AFs} o, (MPB) £ (%) n o (MPa)

008 215 1468 1114 23530 1.022 118.8

08 1579 1283 2223 1.056 1520

5 18.88 13283 2118 1.067 1385

008 54 5.067 E3.68 4 B84 1.084 B7.11
1) 5228 B3ES 5.717 1.04% 9431
B 472 98.35 B.073 1.088 101.6

0.0s 75 4175 71.82 5.526 1087 7080
05 4.340 76.38 5977 1.068 7720
5 4 851 778 6128 1074 7065
Gas 100 d41 63.44 4 875 1.085 5B.71
L 183 65.97 4754 1.025 £2.00
5 371 KA | 6.103 1.084 B4 .81

Table 2.4 Experimental results on tensile properties of short fiber reinforced

Polyamide-6 in extrusion direction (Mallick, et al., 2002)

Elasatic Tanaile Failura Strass Sireas
Strain Rate Temp. Madulus Strength Strain Exponent Coetficiernt
{min—Y) "c) E(GPa) v, (MPa) &g [%) n o* (MPa)

.05 215 4 625 56.84 6.711 0.9658 53.01
05 6.1591 70.80 4.804 0.8226 71.81
5 7028 706 5737 D.8531 75.368
Q.08 50 1.074 40.97 18.25 0.9388 4148
05 1.243 42.5% 19.45 0.834 43 66
5 1.370 44 51 18.61 0 9480 45 35
a.05 75 °.E80 3581 1557 09577 3320
0.5 .75 .73 18,23 0 9502 3544
o D.B279 3543 23.63 0.9157 3668
0.05 100 0.5812 2579 16.21 0.8749 2381
05 0.6086 28,24 19.14 0.9639 27 98
5 0.B556 30.30 22.08 08622 3043

Table 2.5 Experimental results on tensile properties of short fiber reinforced

Polyamide-6 normal to the extrusion direction (Mallick, et al., 2002)

Experimental results showed that this composite was a strain rate and
temperature dependent material. Both elastic modulus and tensile strength of the

composite increased with strain rate and decreased with temperature.

44



Giilli, et al. (2004) studied the influence of silane coated glass fibers
added to polypropylene and polyamide-6 plastics. To determine the mechanical
properties and effects of glass fibers, polyamide-6 materials were reinforced with

15 and 30 weight% glass fibers.

In this study, the most important parameters having influence on tensile
strength and impact energy were found to be average fiber length and fiber length
distribution. Glass fiber reinforcement increased the tensile strength value. It was
observed that fiber reinforcement had different mechanisms on impact energy.
Depending on the fiber length in the composite, increasing fiber length improved
the tensile strength and increasing fiber fracture improved the impact energy
value. With increasing injection speed, fiber fracture increased and the fibers were
oriented perpendicularly to the flow direction. Tensile strength decreased and
impact energy increased with increasing injection speed and injection unit screw

speed.

Thomason (2004) studied the mechanical performance of injection molded
long fiber reinforced polypropylene with a glass fiber content in the range 0-73
weight %. The level of fiber matrix interaction was increased by adding coupling
agent. In this study of the mechanical performance of injection molded long glass
fiber reinforced polypropylene, it was found that composite modulus increased
linearly with fiber volume fraction over the whole range of the study. However,
both strength and impact performance exhibit nonlinear dependence on the fiber
content. Both the strength and notched impact performance showed a maximum
performance in the 40-50 weight % fiber content range. At higher fiber content,
these properties decreased significantly and approached the unreinforced
polypropylene performance at the highest fiber content of 73 weight %. The
residual fiber length in these injection molded composites decreased linearly with

increasing fiber content.

Thomason (2006) studied the performance of the injection molded glass
fiber reinforced polyamide-66 with glass content between 0 and 40% and based
on two chopped glass products both sized with polyamide compatible sizing. This

study of the ‘dry as molded’ performance of injection molded glass fiber
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reinforced polyamide-66 had revealed that the modulus of these moldings
increased linearly with fiber content between O and 40 weight %. Excellent
agreement between the experimental data and the theoretical data over the range

of concentrations was obtained.

In terms of tensile and flexural strength, a linear relationship was obtained
at lower glass contents. However, at higher glass contents, deviations from
linearity appeared. Both notched and unnotched izod impact resistance increased
with glass content in 10-40 weight %. Using values for the interfacial strength and
fiber average orientation in the Kelly-Tyson equation, it was possible to obtain an

excellent fit between calculated composite strength and the experimental data.
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CHAPTER III

EXPERIMENTAL

The effects of injection molding processing conditions on mechanical
properties and on the average fiber length of Polyamide / glass fiber composites
were determined by twenty-five experimental runs. 30% glass fiber reinforced

Nylon-6 was used in this study.

Fiber length measurements were carried out for all experimental runs.

These experimental runs were based on injection molding parameters of
barrel temperature, injection pressure, hold pressure, mold temperature, cooling

time and screw speed.

This study has a basis of industrial relevance. The machinery, and the
materials are used in industry. For compounding; twin screw extruder was used,
then for mechanical tests, test specimens were prepared by injection molding.
Glass fiber reinforced Nylon-6 was used for this study because of its potential in

automotive and electrical applications.

3.1 Materials

The material used in this study is 30% glass fiber reinforced

Polyamide-6.

Polyamide-6 ( with a trade name of Akulon K125, obtained from
DSM, Holland) and chopped glass fiber strands (with a trade name of PAl,

obtained from Cam Elyaf, Turkey) were compounded by an extruder.
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The properties of Polyamide-6 and glass fiber can be seen in Tables

3.1 and 3.2.

Table 3.1 Properties of Polyamide-6, Akulon K125

Properties Unit Test Value
Method

Density g/cm® | ISO 1183 | 1.13
Relative Viscosity - ISO 307 2.8
Melting Temperature °C DSC 220
Tensile Strength MPa I1SO 527 67
Tensile Modulus MPa I1SO 527 2778
Elongation at Break % I1SO 527 70
Notched Izod Impact Strength kJ/m> | ISO180A | 5.8

Table 3.2 Properties of Glass Fiber, PA1

Properties Unit Value
Glass Type - E
Fiber Diameter u 13.5
Moisture Content % Max. 0.07
Fiber Length mm 4.5
Coupling Type - Silane
Coupling Amount % 0.65%0.15

3.2 Experimental Apparatus

3.2.1 Compounding Apparatus ( Compounding Line )

Compounding of Polyamide-6/Glass Fiber composite consists of an

extruder and seven auxiliary equipments.

These are respectively; extruder, feeders, extrusion control unit, feeder
control unit, heat exchanger, cooling bath, pelletizer, storage silo and bagging
unit as shown in Figure 3.1. The extruder used for compounding is

CoperionW&P 70 Mcc (900 rpm). ( Figure 3.2)
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Figure 3.1 Schematic diagram of extruder machine

Figure 3.2 Image of the extruder machine in Eurotec Company

49




3.2.2 Sample Preparation Apparatus

Injection Molding

Injection molding machine used for preparing specimens is Arburg 320

K 700-100. In engineering plastics industry, injection molding is used for

obtaining the ISO standards for impact and tensile tests. Technical properties

of the injection molding machine used in this study are shown in Table 3.3.

Table 3.3 Technical Properties of Injection Molding Machine used in this study

Property Unit Value
Hopper Capacity (PS) kg 5
Screw Diameter mm 25
Injection Pressure bar 2000
Motor Power kW 18
Motor Speed (max) rpm 1800
Screw Speed (max) m/min 44
Clamping Force (max) tons 70
Mould Dimensions (max) mm 125 x280x 174
Mould Dimensions (min) mm 63 x63x76
Hopper
Nozzle quld Tie Bar  Clamping Unit
Heaters f
¥ Ejector
r_l' 1 -

Stationary
Platen

Moveable

Platen

Figure 3.3 Schematic diagram of the injection molding machine
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Figure 3.4 Image of the injection molding machine used in this study

Injection molding machine in this study is reciprocating screw type
machine. It has a screw that rotates forward and fills the mold with molten plastic
and holds the molten plastic under high pressure. The screw forces more molten
plastic into the mold as required. The mold eventually becomes full and the
plastic cools in the mold. This separates the cold plastic in the mold from the
liquid plastic in the screw. The screw stops while the heater around the cylinder
and the screw inside the cylinder melt more pellets. The mold then opens,
typically in half, and the cooled solid plastic part is ejected as mold is closed

again and prepared for the next shot of melted plastic.

The Plasticating and Injection Unit

A plasticating and injection unit is shown in Figure 3.5. The major tasks of
the plasticating unit are to melt the polymer, to accumulate the melt in screw
chamber, to inject the melt into the cavity, and to maintain holding pressure
during cooling. The main elements of the plasticating unit are; hopper, screw,

heating bands, check valve and nozzle.
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The hopper, heating bands, and the screw are similar to a plasticating
single screw extruder, except that the screw in an injection molding machine can

slide back and forth to allow for melt accumulation and injection.

The hopper is the part of injection molding machine where the material

was fed.

Heating bands are thought as a control valve that heats or cools the barrel,

depending on the process requirements.

The check valve, or nonreturn valve, is at the end of the screw and enables
it to work as a plunger type screw during injection and packing without allowing

polymer melt back flow in to the screw channel.

The nozzle is the extension on the discharge end of the barrel that allows

the plastic melt to exit the barrel and enter the mold through the sprue bushing.

Hopper——__
Nozzle Checkvalve  Screw PR —

Screw Chamber /

/

# Hydraulics =l

Figure 3.5 Schematic of the plasticating unit and injection unit

52




The Clamping Unit

The job of a clamping unit in an injection molding machine is to open and
to close the mold tightly during filling and holding. The mechanism in this
injection molding machine is toggle mechanism (Figure 3.6). which has an
advantage that it only transmits its maximum closing force when the system is

fully extended.

Maving plate
Toggle lever |

Support plate | Tie bar Fixed plate
i |
=T - g i
e - -
! dh e Sl A
3 Ij -E...:-.!_...._.._-E_i:’hmz ______ _.1';1

| ' Mold
Hydraulic cylinder

Figure 3.6 Schematic of the clamping unit with a toggle mechanism

The Mold

The central point in an injection molding machine is the mold. The mold
distributes the polymer melt into and through out the cavities, shaping the part,

cooling the melt, and ejecting the finished product.

Injection molding machine is fully computer controlled. The barrel
temperature, injection pressure, hold pressure, cooling time, screw speed, material

volume in the mold, continuous cycle or manual cycle are controlled by computer.
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Furnace

The furnace used in this study is NUVE MF120. It is used to obtain glass
fiber content and samples for observing the fiber length by burning the polymer

matrix at 750 °C.

Figure 3.7 Image of the Furnace used in this study
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3.3 Sample Testing and Measurement

Figure 3.8 Image of the Impact Test machine used in this study

Impact Test

Pendulum type testing machine, Ceast Resil Impactor is used to measure
impact values of samples. Izod notched impact type experiment is applied to test
specimens. It measures the energy consumed by the pendulum to break the sample.
Specimen dimensions are 80 mm long, 10 mm wide and 4 mm thick. The notch depth
is 2 mm. The sample is clamped vertically into position with the notch end facing the
direction of the pendulum. The pendulum is released, allowed to strike the sample and
swung through. The sample has to break completely in order for the data to be useful.
An energy value is taken from the pendulum swung and divided by the sample

thickness. Results are reported in kJ/m”.

(a) lOmm$‘ gﬂétmm

80 mm

(b) 20 mm I
S~ N 7 3.3 mm

154 mm

Figure 3.9 Test Specimen Dimensions
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Figure 3.10 Image of the Tensile Test machine used in this study

Tensile Test

Tensile values are measured by Tinius Olsen 25 KS testing machine
(Figure 3.10). Sample dimensions are 154 mm long, 20 mm wide and 33 mm
thick (Figure 3.9). The shape of this sample is dog-bone shape. The rationale for
this shape is that it localizes the sample displacement in the gauge region for rigid
samples. The tensile properties are generally measured at a constant strain rate of
0.5 min™. For measuring tensile strength, the sample is placed in the grips of the
testing machine. The grips are tightened strongly to prevent any slippage. The
gauge length is 50 mm. An extension indicator is mounted on the machine to
determine the distance between two designated points within the gauge length of
the test specimen as it is stretched as a function of load or elapsed time form the
start of the test or both. By this information, the elongation and modulus are
found. The speed of the testing is set at the proper rate and machine is started. The
load extension curve is recorded. The elongation of sample is continued until the
sample breaks. The results for tensile strength, tensile modulus and elongation at

break are obtained by the test program on the computer of this machine.
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Figure 3.11 Image of the HDT test machine used in this study

Heat Deflection Test, HDT

Heat deflection values are measured by Ceast -HDT 3 P/N 6911.000
test machine shown in Figure 3.11. This test measures the temperature at which a
given sample will deform a specified amount under a prescribed load. The sample
is the same type which is used in impact test. The sample is placed in a three-point
bending fixture with supports 101.6 mm apart. The force is applied to the
thickness side of the sample. The assembly is placed in an oil bath. The sample is
then preloaded with the prescribed load. The oil medium is heated at a rate of 2
C/min. While heating the sample, it begins to soften and deflect. The specified
deflection is 0.33 mm. The temperature is recorded and reported as the sample’s

heat distortion temperature.

57



Figure 3.12 Image of the DSC test machine used in this study

Differential Scanning Calorimetry, DSC

DSC values are measured by Perkinelmer -Pyris 6 DSC test machine
shown in Figure 3.12. DSC measures heat flow of a sample. The measured heat
flow shows a peak in the curve. 5 to 10 milligrams is sealed in a conductive span.
The pan is placed inside a well-insulated oven. The temperature in the oven is
programmed to heat or cool. After that, at transition points, more or less energy is
required depending whether the transition is endothermic or exothermic. The
melting point is endothermic where energy is absorbed. The crystallization point
is exothermic where heat is given off. From AH; values which are displayed on

the DSC graphs, the crystallinity (X.) is determined.
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Figure 3.13 Image of the Viscosity test machine used in this study

Solution Viscosity Test

Viscosity values were measured by Lauda Proline Pv24 test machine
shown in Figure 3.13. Viscosity property determines whether a material can be
used in a given manufacturing process; it establishes processing conditions; it

classifies materials and aids in material development.

Before viscosity measurements, because of our material’s containing glass
fibers, firstly in a test tube, the material is dissolved by adding H,SO, in a test
tube and mixed for 4 hours for homogeneous dispersion, then, in a centrifuge,
glass fibers are precipitated and this solution then is filtered by the help of
vacuum pump. After that, this filtered solution is put in viscometer by an injector,
and the tube is put in test machine. The pipes from where the solution flows into
Ubbelohde capillary are fixed. The water in the test machine is 25 °C. By the help
of computer program, the test is started. At the end of the test, relative viscosity

values are seen on the screen.
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Fiber Length Measurement

Prior B3000 laboratory microscope is used for fiber length measurement. It
has a SLR camera connected to a computer for image analysis by the help of

Image Pro-Plus program.
Determination of Fiber Length

Firstly, a piece of injection molded test specimen is burned at 750 °C for 30
minutes. Small parts of ash samples from the recovered fibers of injection molded
test specimens are transferred to a glass slide and dispersed in water. The slide is
then placed on the microscope for measurement. For every sample, approximately

250 fibers are evaluated. A typical photograph is shown in Figure 3.14

'IDEI um

=7

Figure 3.14 Dispersed fibers removed from the matrix.
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3.4 Experimental Parameters

The aim for this study is to study the effects of injection molding process
parameters on the mechanical properties of Polyamide-6/glass fiber composites.
Experiments are performed by changing one parameter while the other variables
are kept constant. The process parameters used in this study are: Barrel
temperature, injection pressure, hold pressure, mold temperature, cooling time,
and screw speed. Totally 25 measurements are done for 30% glass fiber
reinforced Polyamide-6. Then, to observe the effect of changes in injection
molding process parameters on fiber length, and ashes are obtained from all

measurements and fiber lengths are analyzed.

Totally 25 experimental runs are made investigating six process

parameters. These are given in Table 3.4
The reference mid point for the experiments has the following values:
Barrel Temperature ("C): 240/245/250/255/260
Injection Pressure (bar): 1000/900
Hold Pressure (bar): 700/600/500
Mold Temperature (OC): 80
Cooling time (sec): 15

Screw Speed (rpm): 25
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Table 3.4 Experimental Runs for Injection Molding Process Parameters

Parameter Code | Run# Data
3.a.1 -20 | 220/225/230/235/240
Barrel 3.a.2 -10 | 230/235/240/245/250
Temperature] 3ref T (ref) | 240/245/250/255/260
‘c) 3.a.3 +10 | 250/255/260/265/270
3.a.4 +20 ]260/265/270/275/280
3.b.1 -400 600/500
Injection 3.b.2 -200 800/700
Pressure 3ref P (ref) 1000/900
(bar) 3.b.3 +200 1200/1100
3.b.4 +400 1400/1300
3.c.1 -300 400/300/200
Hold 3.c.2 -150 550/450/350
Pressure 3ref P (ref) 700/600/500
(bar) 3.c.3 +150 850/750/650
3.c.4 +300 1000/900/800
3.d.1 -40 40
Mold 3.d.2 -20 60
Temperature 3ref T (ref) 80
‘c) 3.d.3 +20 100
3.d.4 +40 120
3.e.1 -10 5
Cooling 3.e.2 -5 10
Time 3ref t (ref) 15
(sec) 3.e.3 +5 20
3.e4 +10 25
3.f.1 -8 17
Screw 3.f.2 -4 21
Speed 3ref V (ref) 25
(rpm) 3.£.3 +4 29
3.f.4 +8 33
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CHAPTER 1V

RESULTS AND DISCUSSION

Injection molding is one of the most common manufacturing methods for
shaping plastics. In order to determine the performance of a polymeric composite,
the processing conditions of the injection molding process has to be based on the
results of mechanical and thermal tests. In this study, interactions between the
injection molding processing conditions, fiber length distribution, crystallinity and
mechanical properties of the glass fiber reinforced Polyamide-6 were studied.
Fiber length distribution and crystallinity data are used to understand the variation
of mechanical properties of the products obtained after several experimental runs.
Thus the number and weight average fiber length and crystallinity values were
determined and reported. It is known that barrel temperature, mold temperature
and cooling time have an important effect on crystallinity. Therefore, differential
scanning calorimetric method was used to determine the crystallinity obtained
under various processing conditions. Relative viscosity from molded parts were
also determined, however no significant results were obtained so they were not
emphasized during the study.

Accurate results for fiber length measurements were obtained by taking into
account the fibers which have lengths greater than 30 u. Fiber length distributions
are shown in terms of histograms, where first range is set as 100 p, and the other
ranges are arranged set as 50 p. For each experimental run the distributions and
related property data are given in Appendix A1, Tables Al.1 to A1.25 and Figures
Al.1 to A1.50. Fiber length histograms for each operating condition are also drawn
as smooth curves in order to provide better visualization of the effect of operating

conditions on fiber length distribution. These curves are given in Appendix A2.
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Number average fiber length, L,,, and weight average fiber lengths, L,, were calculated

according to the following equations.

L= 1)
12
Lo=Sh @

L, is an indicator of the occurrence of short fibers and L., is an indicator of the
occurrence of long fibers. Therefore, the value of Ly, is always higher than the value of
L. As the number of fibers measured in the sample increases, the probability of finding
short fibers also increases and this causes L, to attain a lower value. L,, and L,, would
be equal if all fibers measured have the same length which is normally not possible. As
L, represents the intensity of long fibers in the examined sample, it is used to evaluate

the results to have a better understanding on the properties of the composites.

L, and L, values for reference data after extrusion is 198 p and 406 p
respectively. Ly, value is approximately 10% of its initial value. Then, after injection
molding, L,, value for reference data is about 179 p. This is approximately 4% of its
initial value. This means that fiber degradation continues by injection molding after

extrusion.

Structurally, polymers in the solid state may be amorphous or crystalline. When
polymers are cooled from the molten state, molecules are often attracted to each other
and tend to come together as close as possible. In Polyamide 6, during some of the
solidification, molecular chains are packed regularly in an orderly manner. The
resulting solid is a semicrystalline polymer with three dimensional and ordered

arrangement.

Crystalline structure of a polymer composite affects the mechanical properties.
In this study, in order to understand the behavior that is mostly linked to temperature,
DSC analysis were made and crystallinity results were calculated based on the given

formulation.

AH,
%X, = x100 3)

AH,,  x(1-—L
S (pure) ( 100)
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4.1 Effects of Injection Molding Process Parameters on Fiber Length

and Mechanical Properties

Injection molding is a manufacturing method in which the composite material
is mixed and melted by a reciprocating screw with the help of heating bands and
forced to flow through a narrow channel to fill out the mold to obtain the required
shape. During this process, localized high shear stress and temperature variances
occur. Polymers are non-Newtonian materials whose viscosity depends on both shear
rate and temperature. A shear stress applied on the polymer melt not only causes a
chain scission in the polymer molecule but also may lead to an increase in glass fiber
degradation. On the other hand, when temperature increases melt viscosity decreases,
which creates lower force acting between the glass fiber and the polymer matrix at
the interface, therefore glass fiber degradation decreases. However care must be taken
during the adjustment of temperature profiles to optimize the crystallization behavior

of the final product. (Gupta, et al., 1989)

The major variables that are important for fiber length distribution and
crystallinity can be given as cycle time, cooling time, barrel temperature, mold
temperature, screw speed, injection pressure, hold pressure, back pressure, shot size,

mold design, part design, glass fiber concentration and screw configuration.

High moisture content in Polyamide-6 leads to poor surface appearance and
loss in mechanical properties. In order to overcome this problem, pellets were dried at

80 °C for 2 hours prior injection molding.

In this study 30% glass fiber reinforced Polyamide-6 was injection molded in
a 70 ton machine with a screw diameter of 25 mm. These injection molded samples
were kept in safekeeping containers. During experiments, barrel temperature,
injection pressure, hold pressure, mold temperature, cooling time and screw speed
were changed by keeping the other variables constant. The operating conditions of all
experimental runs are given in Table 3.4. Reference data settings were adjusted
according to the specifications of the composite provided by the producer. Minimum
and maximum process data for each experiment is obtained in order not to have sink

marks, short shots and excessive flashing on the molded parts.
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4.1.1 Effect of Barrel Temperature

Final fiber length values are given in Table 4.1 for each barrel temperature

setting. The detailed data are in Tables A1.2 to A1.5 and Figures Al.1 to A1.10.

Table 4.1 Final fiber length values for barrel temperature setting

Injection Molding | Exp. Ly L,
Parameter Code 1! 1!

-20 3.a.1 174 140

Barrel -10 3.a.2 183 140

Temp. | Ref Ref 179 149

0 +10 | 3.3 | 182 147

+20 3.a4 188 153
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Figure 4.1 Effect of Barrel Temperature on Fiber Length

It is clearly observed from Figure 4.1, which shows the effect of barrel
temperature on fiber degradation that average fiber length increases when barrel

temperature is higher.

As the barrel temperature is increased, temperature of the polymer melt

inside the barrel increases, thus the melt viscosity of the polymer matrix flowing
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inside the injection molding machine decreases. Lower viscosity results in lower
force acting between the glass fiber and the polymer matrix at the interface,

therefore glass fiber degradation decreases.

When L, and Ly, parameters are compared, it is observed that, they almost
show the same trend where weight average gives a higher value with in

comparison to number average.

As already mentioned, temperature has an effect on crystallinity of a
polymer, thus it affects the mechanical properties. Dependence of crystallinity on

barrel temperature is given in Figure 4.2.
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Figure 4.2 Effect of Barrel Temperature on Crystallinity

It is observed from the Figure 4.2 that the reference temperature setting
has the highest crystallization rate. Crystallization often has an activation time and
can be a strong function of the cooling rate. The balanced difference between the
temperature of the polymer melt and the constant mold temperature and cooling
time to obtain highest crystallization is thought to be realized at the reference data.
Below reference temperature, T(ref)-10 and T(ref)-20, polymer melt temperature
was not high enough, however at T(ref)+10 and T(ref)+20 cooling time was not

enough to have the right crystallization.
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The average values of mechanical properties for various barrel
temperature settings are summarized in Table 4.2. In this table, W; shows the

actual weight fraction of glass fibers after injection molding.

Dependence of mechanical properties on barrel temperature can be
examined from Figures 4.3 to 4.8. It is obvious from Figure 4.3 that the impact
strength value is highly dependent and directly proportional with the fiber
length. Fiber ends are the points of stress concentration locations, which weaken

the composite, so it is obvious that longer fibers produce stronger composite.

Long fibers are observed to affect the elongation at break, €,, negatively
when Figure 4.4 is examined. It is known that fiber content and fiber length are

inversely proportional with elongation at break.

Average fiber length values with tensile strength and tensile modulus of the
glass fiber reinforced Polyamide-6 composite are presented in Figures 4.5 and 4.6
respectively. Results show that both strength and modulus is proportional to the fiber
length in the sample. In order to understand the maximum level of value at reference
point for both properties, equivalent graphs are prepared with crystallization ratios
that are shown in Figures 4.7 and 4.8. It is clear that the maximum level of
crystallization observed for the reference point resulted in higher tensile strength and
modulus. As a result, it can be said that both fiber length and crystallization ratio have

significant effect on tensile strength and tensile modulus.

Table 4.2 Final mechanical properties for barrel temperature setting

Injection

Molding Exp. aiN Oc €p E We
Parameter Code | kJ/m®> | MPa Y% MPa Y%
-20 3.a.1 13.00 | 147.4 3.73 8934 29.45
Barrel -10 3.a.2 13.21 = 1489 3.69 8941 29.55
Temp. Ref Ref 13.31 | 153.6 3.53 9221 29.52

"C) +10 3.a.3 13.60 @ 150.5 3.58 8985 29.67
+20 3.a4 14.01 | 151.7 3.56 9007 29.58
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4.1.2 Effect of Injection Pressure

For each injection pressure setting, fiber length values are shown in Table

4.3. The detailed data are in Tables A1.6 to A1.9 and Figures Al.11 to A1.18

Table 4.3 Final fiber length values for injection pressure setting

Injection Molding | Exp. Ly L,
Parameter Code 1! n
-400 3.b.1 185 150
Injection =200 3.b.2 182 145
Pressure | Ref Ref 179 149
(bar) | 4200 | 3b.3 | 181 146
+400 3.b.4 175 141

—_
(o)
o

P-400 P-200 P (ref) P+200 P+400
Injection Pressure (bar)
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Figure 4.9 Effect of Injection Pressure on Fiber Length

During injection molding, molten material is forced to flow from the barrel
through the nozzle, where excessive shear occurs. When injection pressure is
increased the shear stress also increases and as already observed from Figure 4.9

average fiber length decreases.
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L, and L, values have similar decreasing trend when injection pressure is

increased.

It is assumed in this study that injection pressure would have no
significant effect on crystallinity so in this part of the study, the effect of fiber
length effect was investigated on the mechanical properties. The average values of
mechanical properties for various injection pressure settings are summarized in

Table 4.4.

Dependence of mechanical properties on injection pressure can be seen
from Figures 4.10 to 4.13. It is obvious from Figures 4.10 to 4.12 that the impact
strength, tensile strength and tensile modulus are directly proportional to the
fiber length. As fiber fracture occurs, mechanical properties are affected
negatively. When Figure 4.13 is examined it can be concluded once again that in

the presence of shorter fibers in composite, elongation at break increases.

Table 4.4 Final mechanical properties for injection pressure setting

Injection Molding | Exp. aiN [ € E We
Parameter Code | kJ/m* | Mpa Y MPa %0
-400 3.b.1 14.32 155.1 3.66 9292 29.45
Injection| -200 3.b.2 14.06 154.8 3.68 9270 29.48
Pressure | Ref Ref 13.31 153.6 3.53 9221 | 29.52
(bar) | 4200 | 3.b.3 | 13.95 1502 3.74 | 9027 | 29.44
+400 3.b.4 13.72 148.3 3.77 9001 29.50
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4.1.3 Effect of Hold Pressure

Final fiber length values are given in Table 4.5 for each hold pressure
setting. The detailed data are in Tables A1.10 to Al.13 and Figures Al.19 to
Al1.26.

Table 4.5 Final fiber length values for hold pressure setting

Injection Molding | Exp. Ly L,
Parameter Code 1! 1!
-300 3.c.1 178 147
Hold -150 3.c.2 180 140
Pressure| Ref Ref 179 149
(bar) | 4150 | 3.c.3 180 143
+300 3.c4 177 150

190
ERLIN S S
£
2170 f
9 ——Ln
$ 160 | e Lw
Q
i
o 150 F W‘
o)
o
3140 -

130

P-300 P-150 P (refy P+150 P+300
Hold Pressure (bar)

Figure 4.14 Effect of Hold Pressure on Fiber Length

The hold pressure is refers to the set pressure used to compress and hold the
molten material in the mold directly after filling and before cooling. It is necessary
from the time the mold fills until the gate of the mold freezes. Higher hold pressures

mean that more material being pushed into mold during the hold phase, thus it will
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give better aesthetics. (Dave and Chundury, 1997) Other studies show that, hold
pressure also has an effect on part quality eliminating voids, sink marks and
shrinkage. Hold pressure helps to pack the polymer better and compensates for the

shrinkage effects. As hold pressure increases, mechanical properties improve.

It is assumed in this study that holding pressure has no significant effect on
crystallinity as an injection molding parameter so the effect of fiber length was
observed in this part of the study. However, as it is clearly observed from Figure

4.14 that hold pressure has almost no effect on fiber length.

The average values of mechanical properties for various hold pressure

settings are summarized in Table 4.6.

Dependence of mechanical properties on hold pressure can be examined from
Figures 4.15 to 4.18. When hold pressure is increased, orientation is preserved in the
direction of the flow. It is obvious from the Figures 4.15 to 4.17 that impact strength,
tensile strength and tensile modulus is dependent and in general directly proportional
to the increase in hold pressure except the tensile properties for P(ref)+300, this test
resulted in high fiber content, W of 29.89%, but the mechanical properties are low

which is most probably due to an experimental error.

An increase in hold pressure affects the elongation at break negatively and it
is obvious from the Figure 4.18 that as hold pressure increases, elongation at break
decreases. This is also due to the higher orientation in the direction of flow at high

hold pressure.

Table 4.6 Final mechanical properties for hold pressure setting

Injection
Molding Exp. aiN o € E We
Parameter Code | kJ/m> | MPa % MPa %
-300 3.c.1 1342 151.2 3.60 9047 | 29.45
Hold -150 3.c.2 13.50 @ 150.4 3.53 9067 | 29.50
Pressure| Ref Ref 13.31 @ 153.6 3.53 9221 29.52
(bar) +150 3.c.3 13.57 @ 155.0 3.55 9227 | 29.55
+300 3.c4 13.79  153.2 3.43 9054 | 29.89
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4.1.4 Effect of Mold Temperature

Considering each mold temperature adjustment, average fiber length
values are given in Table 4.7. The detailed data are in Tables A1.14 to A1.17 and
Figures A1.27 to A1.34.

Table 4.7 Final fiber length values for mold temperature setting

Injection Molding | Exp. Ly Ly
Parameter Code n n

-40 3.d.1 177 139

Mold -20 3.d.2 177 138

Temp. Ref Ref 179 149

‘O [ 420 | 343 | 180 140

+40 3.d4 182 142

190
S0 L e
<
2170 }
a —a—Ln
o160 | —a—lw
e}
i
o 150 F
()]
g
S 10 | ‘\/A\‘/‘
<

130

T-40 T20 T(ref) T+20 T+40
Mold Temperature (°C)

Figure 4.19 Effect of Mold Temperature on Fiber Length

It is observed from Figure 4.19, which shows the effect of mold
temperature on fiber degradation that average fiber degradation decreases slightly
when mold temperature is increased. This slight decrease is due to the lower melt
viscosity that results in lower shear between the glass fiber and the polymer

matrix at high mold temperatures in mold cavity.
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When L, and L,, parameters are compared, it observed that, they almost

show the same trend where L, gives a higher value with respect to L.

As mentioned before, temperature has a significant effect on crystallinity
of a polymer. Therefore mechanical properties are dependent on mold
temperature. To understand the effect precisely, dependency of crystallinity on

mold temperature is given in Figure 4.20.

35

I e ———

T40 T-20 T(ref)y T+20 T+40
Mold Temperature (°C)

Figure 4.20 Effect of Mold Temperature on Crystallinity

In normal injection molding conditions, when mold temperature is
increased, at the same time, cooling time should be increased to have more
crystalline structures. However, in this study, all other parameters including
cooling time were kept constant, therefore there was not enough time for the
material to cool inside the mold with an increase in the temperature. Therefore,
hot molded part that left the mold was immediately in touch with room
temperature (faster cooling) resulting in lower crystallinity which can be seen

from Figure 4.20.

The average values of mechanical properties for various mold temperature
settings are summarized in Table 4.8. Dependence of mechanical properties on

the mold temperature can be examined from Figures 4.21 to 4.26.
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As mentioned above, it is obvious from Figure 4.21 that the impact
strength value is highly dependent and directly proportional to fiber length. At
the same time, it is obvious from Figure 4.24 that elongation at break is highly

dependent, but, inversely proportional to fiber length.

Average fiber length values and tensile strength and tensile modulus of the
glass fiber reinforced Polyamide-6 composite are presented in Figures 4.22 and
4.23 respectively. When fiber length increases, tensile strength and modulus
should increase but it is obviously seen from the figures that both of them
decrease as the mold temperature is increased. This is because of the
crystallization effect on the specimens. As illustrated above, when mold
temperature is increased, crystallization decreases thus tensile strength and
modulus decrease as shown in Figures 4.25 and 4.26. It is clear that crystallinity
has more effect than fiber length on tensile strength and modulus when mold

temperature results are examined.

Table 4.8 Final mechanical properties for mold temperature setting

Injection
Molding Exp. aiN G € E Wi
Parameter Code | Kj/ 2 | MPa Y0 MPa Y0
-40 3.d41 | 1328 @ 1551 @ 3.62 | 9285 | 29.54
Mold | -20 3.d2 | 1355 1545 @ 3.60 | 9280 | 29.50
Temp. | Ref Ref | 13.31 153.6 3.53 9221 | 29.52
(C) +20 | 3.d3 | 13.86 151.5  3.40 = 9076 | 29.41
+40 | 3.d4 | 1390 1497 3.55 = 8940 | 29.58
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4.1.5 Effect of Cooling Time

Final fiber length values are given in Table 4.9 for each cooling time
setting. The detailed data are in Tables A1.18 to Al.21 and Figures A1.35 to
A1.42.

Table 4.9 Final fiber length values for cooling time setting

Injection Molding | Exp. Ly L,
Parameter Code n n

-10 3.e.l 181 133

Cooling -5 3.e.2 182 141

time Ref Ref 179 149

() +5 3e3 | 185 144

+10 3.e.4 187 153
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Figure 4.27 Effect of Cooling time on Fiber Length

In Figure 4.27, the effect of cooling time on fiber degradation was shown.

The average fiber length increases when cooling time is increased.
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When cooling time is increased, cycle time increases and the residence
time of polymer melt inside barrel increases. As a result, at high cooling times,
thermal degradation occurs, and melt viscosity of the polymer decreases Thus

glass fiber degradation decreases, leading to longer fibers.

Cooling time has an effect on crystallinity shown in Figure 4.28
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Figure 4.28 Effect of Cooling time on Crystallinity

It is observed from the Figure 4.28 that the reference time setting has the
highest crystallinity. As examined in barrel temperature section, crystallization
often has an activation time and can be a strong function of the cooling rate. The
balanced difference between the temperature of the polymer melt and the constant
mold temperature to obtain highest crystallization is thought to be obtained at the

reference data.

The average values of mechanical properties for various cooling time
settings are summarized in Table 4.10 Dependence of mechanical properties on

cooling time can be examined from Figures 4.29 to 4.34.

It is clear from Figure 4.29 that as fiber length increases, impact strength
increases. On the other hand, Figure 4.32 shows a decrease in elongation at

break as fiber length increases.
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Average fiber length values and tensile strength and tensile modulus of the
glass fiber reinforced Polyamide-6 composite are presented in Figures 4.30 and

4.31 respectively.

Both strength and modulus increase as the fiber length increases. In order
to understand the maximum level of tensile strength and modulus at the reference
point, equivalent graphs are prepared with crystallization ratios that are shown in
Figures 4.33 and 4.34. It is clear that the maximum level of crystallinity
corresponds to maximum level in the tensile properties. As a result, it can be said
that both fiber length and crystallinity have significant effect on tensile strength

and tensile modulus.

Table 4.10 Final mechanical properties for cooling time setting

Injection
Molding Exp. aiN C. € E We
Parameter Code kj/m2 MPa Yo MPa %o
-10 3.e.1 13.61 @ 150.8 3.62 9047 29.52
Cooling -5 3.e2 13.88 1523 3.64 9117 29.45
time Ref Ref 13.31 @ 153.6 3.53 9221 29.52
(s) +5 | 3.3 | 1396 | 1525 | 3.53 | 9126 | 29.63
+10 3.e4 14.51 @ 152.7 3.32 9130 29.31
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Figure 4.32 Dependence of Elongation at Break and Fiber Length on Cooling Time
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4.1.6 Effect of Screw Speed

Table 4.11 shows fiber length values for each screw speed setting. The
detailed data can be seen in Tables A1.22 to A1.25 and Figures A1.43 to A1.50.

Table 4.11 Final fiber length values for screw speed setting

Injection Molding | Exp. Ly L,
Parameter Code n n

-8 3f1 182 149

Screw -4 3.£.2 182 144

Speed Ref Ref 179 149
(rpm) +4 3.£.3 174 141
+8 314 167 139
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Figure 4.35 Effect of Screw Speed on Fiber Length

A shear stress imposed on the polymer melt inside the injection molding
machine not only causes chain scission in a polymer molecule but also leads to a
decrease in glass fiber length. As the screw speed is increased the shear rate

increases and the melt viscosity of the polymer matrix flowing inside the barrel

decreases. A complicating factor is that shear stress,T, is the product of viscosity
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and shear rate (t=n1v ). Since the decrease in viscosity is smaller than the increase

in the shear rate, shear stress increases with the screw speed. An increase in screw
speed also causes an increase in the melt temperature of the polymer and beyond a
certain value higher temperature and lower viscosity result in lower force acting
between the glass fiber and the polymer matrix at the interface, consequently
extent of fiber degradation decreases. However, as it is clearly observed from
Figure 4.35 that fiber attrition occurs with an increase in screw speed where the
extent is much more after reference screw speed. Thus, in the range of screw

speed studied, it is understood that the shear stress increases with the screw speed.

L, and L,, values are in almost the same reducing trend when screw speed

1s increased.

It is assumed in this study that screw speed has no significant effect on
crystallinity so in this part of the study, the effect of fiber length on mechanical
properties was investigated. The average values of mechanical properties for

various screw speed settings are summarized in Table 4.12.

Dependence of mechanical properties on screw speed can be seen in
Figures 4.36 to 4.39. It is obvious from Figures 4.36 to 4.38 that the impact
strength, tensile strength and tensile modulus are directly proportional with fiber
length. As fiber fracture occurs, mechanical properties are affected negatively.
When Figure 4.39 is examined it can be concluded again that in the presence of

shorter fibers in composite, elongation at break increases, as expected.

Table 4.12 Final mechanical properties for screw speed setting

Injection

Molding Exp. aiN o. €p E We
Parameter Code kj/m2 MPa Y0 MPa %0
-8 3.f.1 14.45 153.7 3.51 9155 29.43
Screw -4 3.£2 14.30 151.2 3.57 9100 29.53
Speed Ref Ref 13.31 153.6 3.53 9221 29.52
(rpm) +4 3.L3 13.46 149.5 3.68 8940 29.58
+8 3.f.4 13.04 149.1 3.71 8908 29.49
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CHAPTER V

CONCLUSIONS

In order to understand the effects of injection molding process parameters
and fiber length-mechanical property interactions on glass fiber reinforced Nylon-6,
twenty-five types of experiments were carried out. Mechanical and thermal tests
were determined on injection molded samples, also fiber length and distributions
were measured. The mechanical performance was characterized by impact and
tensile tests, thermal properties were characterized by heat deflection temperature
and differential scanning calorimetry tests. Also, solution viscosity tests were

done to observe if there was any degradation in the samples.

For determining the effects of injection molding parameters, weight and
number average fiber length distributions must be taken into account. L, is
correlated more with mechanical properties than L, is. Impact and tensile strength,
and tensile modulus increase as fiber length increases, whereas elongation at
break decreases. As it is known that barrel and mold temperature, as well as
cooling time have an important effect on crystallinity, therefore DSC tests were

performed for these parameters.

As barrel temperature is increased, fiber degradation decreases, therefore
impact and tensile strength and tensile modulus increase, whereas elongation at
break decreases. An increase in barrel temperature also results in an increase in

crystallinity, further increasing tensile strength and modulus.

As injection pressure is increased, shear stress increases, therefore average
fiber length decreases. Thus, impact and tensile strength, and tensile modulus

decrease, whereas elongation at break increases.
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As hold pressure is increased, fiber length is almost not affected.
However, as hold pressure is increased, orientation is preserved in the direction of
the flow, thus impact and tensile strength, and tensile modulus increase, whereas

elongation at break decreases.

As mold temperature is increased, fiber degradation decreases slightly as a
result of the lower shear between the glass fiber and the polymer matrix. Longer
fiber length results in an increase in impact strength and decrease in elongation at
break. Crystallinity decreases in this case, and it has more effect on tensile
strength and modulus than fiber length, resulting in lower tensile strength and

modulus.

As screw speed is increased, shear stress increases therefore fiber fracture
occurs. As a result, mechanical properties are affected negatively. Impact and
tensile strength, and tensile modulus decrease, whereas elongation at break

increases.

As cooling time is increased, melt viscosity decreases due to degradation,
therefore, glass fiber breakage decreases, thus impact and tensile strength, and
tensile modulus increase, whereas elongation at break decreases. An increase in
cooling time increases the crystallinity, resulting in an increase in tensile strength
and modulus. Thus, it is concluded that both fiber length and crystallinity have

significant effects on tensile strength and modulus.
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APPENDICES

Table A1.1 Experimental data for 3REF

Fiber Length
Distribution
Range % by | % by
1] Number | Weight
0-100 26.7 11.6
101-150 23.9 20.2
151-200 25.6 29.5
201-250 14.2 21.2
251-300 9.7 17.5
301-350
351-400

Material Physical Properties

|-n I-w |-min I-max
5 M M M

149 179 30 284

Material Mechanical Properties

aiN E O¢ &
kd/m?> | MPa | MPa %
13.31 9221 |153.6 | 3.53

Material Thermal Properties

DSC HDT
X (%) °C
28.87 197.7

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255

260

Hold Pressure, bar

700 | 600 | 500

Injection P, bar Screw V, rpm

1000 | 900 25

Mold T, °C Cooling t, sec

80 15

BoH M

%0 by Number
o

——
—

Ranges (4}

Figure A1.1 Number Average
Fiber length Distribution
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Table A1.2 Experimental data for 3A1

Fiber Length Material Physical Properties
Distribution L, Ly Linin Linax
Range % by % by y y 3] 3]
U Number | Weight 140 174 31 385
0-100 29.0 13.1
101-150 33.1 30.0 Material Mechanical Properties
151-200 17.7 21.9 an E foS €
201-250 14.5 23.1 kd/m?| MPa MPa %
251-300 5.6 9.7 13.00 | 8934 | 1474 | 3.73
301-350
351-400 0.8 2.2 Material Thermal Properties
DSC HDT
X (%) °C
24.11 196.9
Injection Molding Operating Conditions
Barrel Temperature, °C
220 | 225 | 230 [ 235 | 240

Hold Pressure, bar
700 | 600 | 500

Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
3=
2 =
L Al
ES H
O : I —

Fangs () Rangaipi

Figure A1.3 Figure A1.4
Number Average Fiber Length Weight Average Fiber Length
Distribution Distribution
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Table A1.3 Experimental data for 3A2

Fiber Length
Distribution
Range % by % by
U Number [ Weight

0-100 37.9 17.9
101-150 [22.0 19.6
151-200 (19.4 24.0
201-250 (11.0 17.6
251-300 (5.3 10.5
301-350 (3.1 7.1
351-400 [1.3 3.4

Material Physical Properties

Ln I—w |-min Lmax
y y Y Y
140 183 31 372

Material Mechanical Properties

aiN E Oc &
kd/m?| MPa MPa %
13.21 | 8941 | 148.9 | 3.69

Material Thermal Properties

DSC HDT
X (%) °c
26.28 197.1

Injection Molding Operating Conditions
Barrel Temperature, °C
230 | 235 | 240 | 245 | 250
Hold Pressure, bar
700 | 600 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
n
I_36
ESIJ
[e=)
Zm
21
. |_| =T
Fta;'-ge [;-I] .
Figure A1.5
Number Average Fiber Length
Distribution
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Table A1.4 Experimental data for 3A3

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 31.2 141
101-150 18.8 15.7
151-200 285 33.6
201-250 11.3 17.1
251-300 9.1 17.1
301-350 0.5 1.1
351-400 0.5 1.3

Material Physical Properties

Ln Lw I—min I—max
Y Y Y y

182 147 30 354

Material Mechanical Properties

aiN E Oc €
kJ/m?| MPa | MPa %
13.60 | 8985 | 150.5| 3.58

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

250 | 255 | 260 | 265 | 270

Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm

1000 | 900 25
Mold T, °C Cooling t, sec
80 15
k)
-
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Exm
=
15
fin ]
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Rangs (g}
Figure A1.7
Number Average Fiber Length
Distribution
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Table A1.5 Experimental data for 3A4

Fiber Length Material Physical Properties
Distribution Ln Ly Linin Linax
Range % by % by y y 3] 3]
U Number | Weight 153 188 32 370
0-100 23.4 9.9
101-150 27.6 22.9 Material Mechanical Properties
151-200 27.1 31.3 an E (o €
201-250 13.0 19.3 kJ / m? MPa MPa %
251-300 6.8 11.9 14.01 9007 | 151.7 | 3.56
301-350 1.0 2.2
351-400 1.0 2.5 Material Thermal Properties
DSC HDT
X (%) °C
26.51 196.2
Injection Molding Operating Conditions
Barrel Temperature, °C
260 | 265 | 270 | 275 | 280
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
a0 £l
st [N = [T
; o} H gm
LD AL
o = o o
%, *oﬁ%f,\%: %ff%i@%:%a %, *o?\%}%:a&%:%:@%:%a
Rangs () Range (|}
Figure A1.9 Figure A1.10
Number Average Fiber Length Weight Average Fiber Length
Distribution Distribution

106



Table A1.6 Experimental data for 3B1

Fiber Length
Distribution
Range % by % by
U Number | Weight

0-100 26.2 10,4
101-150 21.0 17,2
151-200 27.9 31,5
201-250 14.6 21,5
251-300 9.9 18,2
301-350
351-400 0.4 1.1

Material Physical Properties

Ln I—w |-min Lmax
y y y Y
150 185 30 386

Material Mechani

cal Properties

aN E O¢ &
kd/m? | MPa | MPa %
14.32 | 9292 | 155.1 | 3.66

Material Thermal Properties

DSC HDT
X, (%) °c
- 198.1
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 [ 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
600 | 500 25
Mold T, °C Cooling t, sec
80 15
X 33
- e
213 E:I’f
s i
; : -
Ftsi.nga |'|.;'| Ra.nga |'|.|.'|
Figure A1.11 Figure A1.12
Number Average Fiber Length Weight Average Fiber Length
Distribution Distribution
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Table A1.7 Experimental data for 3B2

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 31.1 13.7
101-150 22.8 19.7
151-200 24.7 295
201-250 12.8 19.5
251-300 5.0 9.4
301-350 3.2 7.1
351-400 0.5 1.1

Material Physical Properties

Ln I—w |-min I—max
M M M M
145 182 32 356

Material Mechanical Properties

aiN E O¢ €p
kd/m? | MPa | MPa %
14.06 | 9270 | 154.8 | 3.68

Material Thermal Properties

DSC HDT
X (%) °C
- 197.9

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245

| 250

255 | 260

Hold Pressure, bar

700 | 600

500

Injection P, bar

Screw V, rpm

800 | 700

25

Mold T, °C

Cooling t, sec

80

15
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Figure A1.13
Number Average Fiber Length
Distribution
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Table A1.8 Experimental Data for 3B3

Fiber Length

Distribution
Range % by | % by
U Number | Weight

0-100 28.8 12.4
101-150 23.4 19.7
151-200 27.3 33.0
201-250 12.7 19.2
251-300 4.9 10.8
301-350 24 5.2
351-400 0.5 1.3

Material Physical Properties

I—n I-w I-min Lmax
2 2 2 2
146 181 30 400
Material Mechanical Properties
an E Oc &
kd/m*| MPa | MPa %
13.95 | 9027 150.2 | 3.74

Material Thermal Properties

DSC HDT
X (%) °c
- 196.9
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1200 | 1100 25
Mold T, °C Cooling t, sec
80 15
33 33
5 k1
Qo Eﬁ
5 o % 1]
i : H : :g H H
Fl 4
F g |_| 0. — & g |_| |_| |
Ha;‘lge [IIJ] v Ha;‘lge [i-!]
Figure A1.15 Figure A1.16
Number Average Fiber Length Weight Average Fiber Length
Distribution Distribution
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Table A1.9 Experimental data for 3B4

Fiber Length

Material Physical Properties

Distribution

110

Distribution L, Ly Linin Lmax
Range % by % by y y y y
U Number | Weight 141 175 31 319
0-100 29.4 12.5
101-150 25.1 21.8 Material Mechanical Properties
151-200 23.5 28.8 an E o. €
201-250 16.6 26.5 kd/m°| MPa MPa %
251-300 4.3 7.9 13.72 | 9001 148.3 | 3.77
301-350 1.1 2.4
351-400 Material Thermal Properties
DSC HDT
X; (%) °C
- 196.5
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1400 | 1300 25
Mold T, °C Cooling t, sec
80 15
. 3= k)
iz i
ol Ix] o i
= H o s |_| 0 -
Fangs 1) Range [p]
Figure A1.17 Figure A1.18
Number Average Fiber Length Weight Average Fiber Length

Distribution




Table A1.10 Experimental data for 3C1

Fiber Length
Distribution
Range % by | % by
U Number | Weight

0-100 25.6 11.2
101-150 26.8 23.2
151-200 27.6 32.3
201-250 11.8 17.7
251-300 6.5 12.1
301-350 1.6 3.5
351-400

Material Physical Properties

Ln Lw I—min I—max
Y Y y y
147 178 30 318

Material Mechanical Properties

aN E O¢ &
kd/m?| MPa MPa %
13.42 | 9047 | 151.2 | 3.60

Material Thermal Properties

DSC HDT
X (%) °C
- 196.7

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260
Hold Pressure, bar
400 | 300 | 200
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
30 35
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Figure A1.19 Figure A1.20
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Distribution Distribution
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Table A1.11 Experimental data for 3C2

Fiber Length
Distribution
Range % by | % by
U Number | Weight

0-100 35.4 15.7
101-150 22.4 19.9
151-200 20.6 26.2
201-250 12.1 19.2
251-300 6.7 12.9
301-350 2.7 6.1
351-400

Material Physical Properties

Ln Lw me me
M M M M

140 180 30 348

Material Mechanical Properties

aiN E O¢ €p
kd/m? | MPa | MPa %
13.50 | 9067 | 150.4 | 3.53

Material Thermal Properties

DSC HDT
X (%) °C
- 196.5

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260

Hold Pressure, bar
550 | 450 | 350
Injection P, bar Screw V, rpm
1000 | 900 25

Mold T, °C Cooling t, sec

80 15

kI
TR B
=25 |
2o |
25 |

=BT §
5 F
o N

Rangs ()

Figure A1.21
Number Average Fiber Length
Distribution
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Table A1.12 Experimental data for 3C3

Fiber Length Material Physical Properties
Distribution Ln Ly Limin Lmax
Range % by % by y 3] 3] 3]
y Number | Weight 143 180 30 392
0-100 32.9 15.4
101-150 23.3 20.2 Material Mechanical Properties
151-200 23.8 29.1 an E foS €
201-250 11.4 17.6 kJ / m? MPa | MPa %
251-300 5.7 10.9 13.57 9227 | 155.0 | 3.55
301-350 1.9 4.3
351-400 1.0 2.5 Material Thermal Properties
DSC HDT
X (%) °C
- 197.3
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260

Hold Pressure, bar

850 | 750 | 650

Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
35 — 35
a f 20
T3 | £25 -
Ezn ! 220
315 3 315 1
=10} H 210 H
sl 5 J
o |_| = a |_| |
%, & ox
& o o o 5w “,
}‘Jﬂ‘&;%%%%‘% %ﬂ‘ﬁj%%%%‘%
Fangs (g} Fangs (i
Figure A1.23 Figure A1.24
Number Average Fiber Length Weight Average Fiber Length
Distribution Distribution
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Table A1.13 Experimental data for 3C4

Fiber Length

Distribution
Range % by | % by
U Number | Weight
0-100 17.9 7.7
101-150 25.0 20.3

151-200 375 42.0
201-250 14.9 215
251-300 4.2 7.4
301-350 0.6 1.2
351-400

Material Physical Properties

Ln I—w |-min Lmax
y y y Y

150 177 30 307

Material Mechanical Properties

aiNn E O¢ €p
kd/m? | MPa | MPa %

13.79 9054 | 153.2 | 3.43

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260

Hold Pressure, bar

1000 | 900 | 800

Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
80 15
0
v —
3
S
;2

(=

o v v o o
Rangs (|}

Figure A1.25
Number Average Fiber Length
Distribution
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Table A1.14 Experimental data for 3D1

Fiber Length Material Physical Properties
Distribution Ln Ly Limin Linax
Range % by % by y 3] 3] 3]
U Number | Weight 139 177 30 388
0-100 32.9 13.3
101-150 20.0 18.3 Material Mechanical Properties
151-200 30.0 37.9 an E Oc €
201-250 13.3 22.1 kJ / m? MPa | MPa %
251-300 0.5 0.9 13.28 9285 | 155.1 | 3.62
301-350 1.9 4.5
351-400 1.4 3.8 Material Thermal Properties
DSC HDT
X (%) °C
32.33 198.3
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 [ 255 | 260
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Table A1.15 Experimental data for 3D2

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 34.8 16.4
101-150 28.5 26.0
151-200 19.0 241
201-250 8.7 14.5
251-300 6.3 12.4
301-350 2.4 5.6
351-400 0.4 1.1

Material Physical Properties

Ln Lw me me
Y Y y y

138 177 31 380

Material Mechanical Properties

aiN E O¢ €p
kd/m?| MPa MPa %

13.55 | 9280 | 154.5 | 3.60

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
60 15
[
35
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Zm
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Figure A1.29
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Distribution
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Table A1.16 Experimental data for 3D3

Fiber Length

Distribution
Range % by % by

U Number | Weight

0-100 33.5 13.5
101-150 20.2 17.8
151-200 26.1 32.8
201-250 12.3 19.6
251-300 4.9 9.3
301-350 2.5 5.6
351-400 0.5 1.3

Material Physical Properties

Ln I—w |-min I—max
Y y Y y
140 180 30 382

Material Mechanical Properties

aiN E Oc &
kd/m?| MPa MPa %
13.86 | 3.40 | 151.5 | 9076

Material Thermal Properties

DSC HDT
X (%) °C
26.92 196.4
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
100 15
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Table A1.17 Experimental data for 3D4

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 34.0 14.5
101-150 23.4 20.8
151-200 19.6 24.3
201-250 13.9 21.9
251-300 7.2 13.9
301-350 1.4 3.3
351-400 0.5 1.2

Material Physical Properties

Ln Lw |-min I—max
M M M M

142 182 30 355

Material Mechanical Properties

aN E Oc &
kd/m? | MPa | MPa %
13.90 | 8940 |149.7| 3.55

Material Thermal Properties

DSC HDT
X, (%) °c
25.56 195.8
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
120 15
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Table A1.18 Experimental data for 3E1

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 42.0 18.7
101-150 21.0 20.2
151-200 17.4 22.6
201-250 9.6 16.5
251-300 7.8 15.7
301-350 0.9 2.2
351-400 1.4 3.9

Material Physical Properties

Ln Lw |-min Lmax
M M M M

133 181 30 396

Material Mechanical Properties

aiN E O¢ €p
kJ/m? | MPa | MPa | %

13.61 9047 | 150.8 | 3.62

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

240

| 245 |

250

255 | 260

Hold Pressure, bar

700

| 600

500

Injection P, bar

Screw V, rpm

1000

[ 900

25

Mold T, °C

Cooling t, sec
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Distribution
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Table A1.19 Experimental data for 3E2

Fiber Length
Distribution
Range % by | % by
U Number | Weight

0-100 36.4 16.7
101-150 20.9 17.9
151-200 18.4 225
201-250 14.6 23.5
251-300 7.8 14.8
301-350 1.9 4.4
351-400

Material Physical Properties

Ln Lw I—min I—max
Y Y y y
141 182 30 348

Material Mechanical Properties

aN E O¢ &
kd/m?| MPa MPa %
13.88 | 9117 | 152.3 | 3.64

Material Thermal Properties

DSC HDT
X (%) °C
25.66 197.5
Injection Molding Operating Conditions
Barrel Temperature, °C
240 | 245 | 250 | 255 | 260
Hold Pressure, bar
700 | 600 | 500
Injection P, bar Screw V, rpm
1000 | 900 25
Mold T, °C Cooling t, sec
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Table A1.20 Experimental data for 3E3

Fiber Length

Distribution
Range % by | % by
U Number | Weight
0-100 34.5 13.4
101-150 14.0 12.2

151-200 25.8 31.0
201-250 16.6 25.8
251-300 7.9 14.6
301-350 1.3 2.9
351-400

Material Physical Properties

Ln I—w |-min I—max
M M M M

144 185 30 340

Material Mechanical Properties

aiN E O¢ €p
kd/m? | MPa | MPa %

13.96 9126 | 152.5 | 3.53

Material Thermal Properties

DSC HDT
Xs °c
24.80 197.7

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250

255 | 260

Hold Pressure, bar
700 | 600 | 500

Injection P, bar Screw V, rpm

1000 | 900 25

Mold T, °C Cooling t, sec

80 20

L
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Figure A1.39
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Table A1.21 Experimental data for 3E4

Fiber Length

Distribution
Range % by | % by
U Number | Weight

0-100 23.8 9.7
101-150 28.7 23.8
151-200 23.8 27.0
201-250 11.2 16.5
251-300 9.4 16.5
301-350 2.7 21.2
351-400 0.4 1.1

Material Physical Properties

Ln I—w |-min Lmax
y y Y Y
153 187 31 383

Material Mechanic

al Properties

aN E O¢ &
kd / m? MPa | MPa | %
14.51 9130 | 152.7 | 3.32

Material Thermal Properties

DSC
X (%)

HDT
°c

25.92

197.9

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245

| 250

255 | 260

Hold Pressure, bar

700 | 600

500

Injection P, bar

Screw V, rpm

1000 | 900

25

Mold T, °C

Cooling t, sec

80
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Figure A1.41
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Table A1.22 Experimental data for 3F1

Fiber Length

Distribution
Range % by | % by
U Number | Weight

0-100 32.1 17.0
101-150 29.1 30.7
151-200 215 30.1
201-250 12.2 21.7
251-300 3.8 7.9
301-350 0.8 2.1
351-400 0.4 1.2

Material Physical Properties

Ln I—w |-min I—max
Y y Y y

149 182 30 372

Material Mechanical Properties

aiN E O¢ €p
kJ/m? | MPa | MPa %
14.45 | 9155 | 153.7 | 3.51

Material Thermal Properties

DSC HDT
X (%) °C
- 197.9

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260

Hold Pressure, bar
700 | 600 | 500
Injection P, bar | Screw V, m/min

1000 | 900 17
Mold T, °C Cooling t, sec
80 15
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I
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Figure A1.43
Number Average Fiber Length
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Table A1.23 Experimental data for 3F2

Fiber Length
Distribution
Range % by % by
U Number | Weight
0-100 30.4 13.1
101-150 23.8 20.5
151-200 24.6 29.2
201-250 10.8 16.4
251-300 7.3 13.8
301-350 2.3 4.9
351-400 0.8 2.0

Material Physical Properties

Ln I-w I-min I—max
2 2 2 2
144 182 30 377
Material Mechanical Properties
an E Oc &
kd/m*> | MPa | MPa | %
14.30 | 9100 | 151.2 | 3.57

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245

| 250 | 255 [ 260

Hold Pressure,

bar

700 | 600

500

Injection P, bar

Screw V, m/min

1000 | 900

21

Mold T, °C

Cooling t, sec

80

15

b
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=
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Figure A1.45
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Table A1.24 Experimental data for 3F3

Fiber Length
Distribution
Range % by | % by
U Number | Weight
0-100 33.0 16.6
101-150 30.6 27.9
151-200 19.6 25.0
201-250 11.0 17.9
251-300 2.9 5.6
301-350 2.4 5.5
351-400 0.5 1.4

Material Physical Properties

Ln I-w |-min I—max
% M M M
141 174 31 400
Material Mechanical Properties
an E Oc &
kd/m*> | MPa | MPa | %
13.46 8940 | 149.5| 3.68

Material Thermal Properties

DSC HDT
X (%) °c
- 196.1

Injection Molding Operating Conditions

Barrel Temperature, °C

240

| 245 | 250

255 | 260

Hold Pressure, bar

700 | 600

500

Injection P, bar

Screw V, m/min

1000 | 900

29

Mold T, °C

Cooling t, sec

80

15
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Table A1.25 Experimental data for 3F4

Fiber Length

Distribution
Range % by | % by
U Number | Weight
0-100 32.1 16.0
101-150 30.7 29.0
151-200 25.0 33.3

201-250 9.9 16.5
251-300 1.4 3.0
301-350 0.9 2.2
351-400

Material Physical Properties

Ln I—w I—min Lmax
Y y Y Y

139 167 30 317

Material Mechanical Properties

aiN E Oc &
kd/m?| MPa | MPa %
13.04 | 8908 | 149.1 | 3.71

Material Thermal Properties

Injection Molding Operating Conditions

Barrel Temperature, °C

240 | 245 | 250 | 255 | 260

Hold Pressure, bar

700 | 600 | 500

Injection P, bar | Screw V, m/min

1000 | 900 33
Mold T, °C Cooling t, sec
80 15
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-
I
5 )
o 15
fu)
= 10 H
i) i P s B
=3 ko f - . =
o m To o o
)'-9-5' \)&G‘ )-\%G‘ %ﬂ‘ }%ﬂ \%ﬂ
Fangs (i
Figure A1.49
Number Average Fiber Length
Distribution

126

DSC HDT
X (%) °C

- 195.8
[ ]
33
E=
Fos
2

..

- T A
B % '53-%‘ '%-‘% ':'3-% @-‘%

o (=3 o o o

Rangs {p}

Figure A1.50
Weight Average Fiber Length
Distribution




40
35 } —e—3ai

\
J

30 } —=—3a2
o5 | 3ref
20 f = 3a3

15 1 —x— 3a4

10 f

Weight Average Distribution (%

7, 7. < < s sy
e o, ey e e
> % B B B Y
Range (p)

Figure A2.1 Weight Average Fiber Length Distribution Curves for Barrel Temperature

35

30 F

25 F

15

10

Weight Average Distribution (%)

0, %5, <0
> % % % % B
Range ()

Figure A2.2 Weight Average Fiber Length Distribution Curves for Injection Pressure

127



Al
7l
IS
]

2
S 40 F —e— 3ci
§ 35 | —&— 3c2
'% 30} 3ref
a >t 3c3
% 20 | —¥— 3c4
s
o 15 F
>
< 10}
=
2 5¢
)
= 0
I8
,d’ 6\,‘7
% %

0
Range ()

Figure A2.3 Weight Average Fiber Length Distribution Curves for Hold Pressure

w
o

—e— 3d1
30 \ —a— 3d2
25 F
20

15 F

10

[6)]

Weight Average Distribution (%)

o

o, 2

/. RS) 2 Rt RS %,
> % % B B 9
Range (p)

Figure A2.4 Weight Average Fiber Length Distribution Curves for Mold Temperature

128



\
I

35

—o— *3el*
30 b —a— *3e2"
*Bref*

25 F

20 F

10

Weight Average Distribution (%

Figure A2.5 Weight Average Fiber Length Distribution Curves for Cooling Time

X 40

g 35 | —e— 3f1
5 —a— 32
a 30 F

= 3ref
o 25 F

a 3f3
&7 —%—3f4
5T

>

< 10 }

E s ,

g \\'
; 0 2 2 N N N ra—d

P EE
0 7, ‘5‘7\9 90/\9 %20 %, ‘527

> % % B B 9
Range (k)

Figure A2.6 Weight Average Fiber Length Distribution Curves for Screw Speed

129



16.0 35

~156 | 1 50

E152 |

2148 | 1258

s14.4 } >

S {202
£14.0 | £

S - @©

Z136 | ‘5§

©13.2 | {1085

© .

2128 } —a—aiN

=124 |} x| 1°
P2 J) S S — .

T20 T-10 T(ref) T+10 T+20
Barrel Temperature °c)

Figure A3.1 Dependence of Impact Strength on Crystallinity and Barrel Temperature

o
o
w
o

<45t A/‘/a\‘/" 4 30
« ] 53
§40 | 252
o 4 20£
S . 15%
w30} >
o 4 103
5 = ¢
=25 | 15
—a—XC
2.0 0

T-20 T-10 T(ref) T+10 T+20
Barrel Temperature (°c)

Figure A3.2 Dependence of Elongation at Break on Crystallinity and Barrel Temperature

130



16.0 35
e | ‘\\ { 30
E152 | _
2148 } _ 1258
514.4 | [—=—aiN ] 20’?
£14.0 | AKX 155
7136 | ./_\./"—" ] ﬁ
513.2 | | -
2128 | e
=124 } 1°
12.0 0

T-40 T20 T(ref) T+20 T+40
Mold Temperature (°C)

Figure A3.3 Dependence of Impact Strength on Crystallinity and Mold Temperature

(63}
o
w
a

§4.5 - ‘\‘\‘\‘\A [
x i Q)
840 | 25°\;
1] =
4 0=
%35 | '\'\.\./I £
5 1%
w30 F —=—c >
=) 41105
c
S —a—XC
525 o - 5
2.0 0

T-40 T20 T(ref) T+20 T+40
Mold Temperature (°C)

Figure A3.4 Dependence of Elongation at Break on Crystallinity and Mold Temperature

131



16.0 35
~15.6 | 1 3
Ewar A———A/‘\/A Q)
2148 } 1258
S144 | | P
214.0 | 20;
E136 | T 15-§
©13.2 } —=—aiN|d 1058
2128 | e % ©
=124 } 1°
12.0 0

t-10 t-5 t(reff t+5  t+10
Cooling Time (sec)

Figure A3.5 Dependence of Impact Strength on Crystallinity and Cooling Time

o
o
w
(43}

245 ‘___‘/.\/‘ 4 30
x | P
84.0 | 252
@ 1208
S 1°%
®3.0 | >
=2 41100
o —a.— £

52.5 - 45

—a—Xc

o
o

t-10 t-5 t (ref) t+5 t+10
Cooling Time (sec)

Figure A3.6 Dependence of Elongation at Break on Crystallinity and Cooling Time

132



3588
/{Yak =22302fC
o — 288443 md
jJ D’tH = 395126 Jig
Onset =213 C) }
L
25 !
=
E
3
=
E —_
£ 45 |Onsgt = 186,08 °C
i I
w
-
£
10
rea = -341.729 mJ
olta H = 46,6122 iy
=
; \
Yoeak = 16 98 °C
-252
2612 50 100 150 200 250 289
Temperature ("C)
Figure A4.1 Differential Scanning Calorimetry result for 3REF
308
Peak = 321,28 °C
Avrea = 173658 mJ
Delta H = 35.4485 Jig
Onsst = 208,31 °C
5 I ¥ AN
R T T b
——
£ /
E
5
E
s
g — !J
g - | |
B
= —
HD N —
Ayea=-191722 )
Dilta H = 33,1269 J/g
10
Pefk = 182,86 °C
s
435
2613 S0 100 150 200 250 299

Temperature (°C)

Figure A4.2 Differential Scanning Calorimetry result for 3A1

133



33,08
/\ Feak = 22473 °C
30
Area = 243.066 m.J
Delta H=36.8231 J/y
Onset = 211.24 *C
/
25 i i
-——'—__—_'__'
‘ /_______———
% 20
=
5
]
b —
B I S Onsbt = 18R.05 °C
: —
% 15
i
2
Area = -281.054 md
® e
5
V Reak = 181.91 °C
1,448
2613 S0 100 150 200 250 2993
Temperature (°C)
. . . . .
Figure A4.3 Differential Scanning Calorimetry result for 3A2
3254
[+\ Peak = 22380 °C
30 }
Area £ 236.252 mJ
Delta|H = 37,5002 Jry
Onset = 210.31 °C
‘ S
25 T
L
L ——
20 /
£
e
E
8 —_ —
v} —
. ]
& 1s
=
H
£
Onbet = 185.36 °C
10
Area = -262.228 md
DElta H = -41.6235 J/g
5
Peak = 182.93 °C
0,2838

2B13 50 100 150 200 250 299
Temperature (°C)

Figure A4.4 Differential Scanning Calorimetry result for 3A3

134



33,24
Peak = 22206 °C
30
Onset = 209.69 °C Area = 222,138 mJ
Delta H = 37 6504 J/y
| | .
25 T ii
P—
I
% 0 J
:
=
|
& S
H — I
2 T
:
R Onspt=186:33°C
L
10
Avrea|= -253.315 mJ
Deltg H = -42.9347 Jig
5
u:‘eak = 182.55 °C
1,252
2613 S0 100 150 200 250 298¢
Tempersture (°C)
Figure A4.5 Differential Scanning Calorimetry result for 3A4
35,39
eak = 221.23
Onget = 208.16 °C
30
Area = 297.894 mJ
Delta H = 50.4906 J/y
|
25 ! | |
£ m f
=
H
5
8
3 —
ERE I '
i ( I
k-]
B
L
10
COnset = 186.71 °C
5 Area = -368.148 ml
Delta H=-52.3879 J/iy
Peak = 182.98 °C
’ 1
248
2612 50 100 150 200 250 299¢

Temperaturs (°C)

Figure A4.6 Differential Scanning Calorimetry result for 3D1

135



289 ¢

32,02
A Peak = 221.36 °C
30
Avrea =[203.507 mJ
Delta H=39.5033 J/y
Onset =209.35 °C
25 4 £ N |
e T T T
——
£m f
=
I | I
Els TN
e Onset = 186.38 °C
10 rea=-252 701 rad
elta H =|-43.54532 Jig
5
VF‘EER = 18256 °C
2483
2612 S0 100 150 200 250
Tempersture (°C)
Figure A4.7 Differential Scanning Calorimetry result for 3D2
3063
30
A Peak = 221 52 *
28
. / flrea:221 510
Ita H = 41.8503 J/y
24
Onset :g_w_gﬁécl.’ \ }
I
22 4

20

10618

st =
T

Hest FlowEnda Up (mi#) ——— ——
»

‘r\
\\

Deltal

Avea F 231615 md

H=-43.7010 J/y

T

53

4767

2512

Figure A4.8 Differential Scaning Calorimetry result for 3D3

100

150 200 250

Temperature (°C)

136

200 ¢



287
28
/\ Peak = 220,35 °C
* Area = 149538 ml
Delta H =34.8461 Jig
Onszet = 210.00°C
24
| 1A
L —— T
22
20
5
=)
&
o 18 et = R
& _——-——)i’— ‘
E
z
H
:
b= 16 \
1
L
14
12 \ Area = -1F5.043 mJ
' elta H = -41.4055 Jig
10
. ‘
VF‘ESR =183.16 °C
6102
26,13 S0 100 130 200 230 239
Temperature (°C)
Figure A4.9 Differential Scanning Calorimetry result for 3D4
3285
/feak = 220,37 °
30
Onset = 208.5
25 T
[ —
% 20
5
=]
£
&
z
E —_
= e o S N Onset = 186,50 °C
o 15 T
T
10
rea = -207 621 mJ
elta H =-48.2840 Jig
s
“jaak =183.21°C
244
2612 50 100 150 200 250 299 ¢

Temperature (°C)

Figure A4.10 Differential Scanning Calorimetry result for 3E1

137



3235
r{‘Ueak = 22485 °C
30
ea = 250.374 mJ
Dita H = 35 1677 Jig
25 ]
| Onsat =12ty ety
__________—————02—-
—
NV
=
E
s —_
] "“-—-——.__,_____ Onzgt = 186 14 °C
C K— ‘
ERE
2
b
B
2
10
Area = -291.500 m.J
fata H = -41 E429 Jig
B
sak = 18227 °C
0,09244
2613 a0 100 150 200 250 298¢
Tempersture ("C)
Figure A4.11 Differential Scanning Calorimetry result for 3E2
30,05
ﬁeak =221.35 90
28
// Atea = 152,406 mJ
26 Dhlta H= 345 g
Onset = 310 c/ \\ | L
| 24 1
‘ 2 /// /
% 20
3 /
=]
E 13
i
B
i —_— Onzel = 166 (07 0
® 16 | |Shes]
&
= T\
14 \
12
rea = -176.647 mJ
elta H =|-401470 Jrg
10 \‘
]
VPeak = 18248 °C
5,892

2513

Figure A4.12 Differential Scanning Calorimetry result for 3E3
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Figure A4.13 Differential Scanning Calorimetry result for 3E4
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AS. Tabulated Experimental Results

Injection
Molding Exp.| aiNn | Oc | & | E |DSC|HDT VISC.| W; (Ly | Ly
Parameters |Code| kyim®’ | MPa | % | MPa | Xc °c - % u 1]
20 | 3.a.1 (13.00 147.4 3.73 8934|24.11 196.9 1.726 |29.45|174 140
Barrel | -10 | 3.a2 [13.21 148.9 3.69 8941(26.28 197.1 1.723 [29.55|183 140
T?]rg)p. Ref | Ref |13.31 153.6 3.53 9221(28.87 197.7 1.727 |29.52|179 149
+10 | 3.3 [13.60 150.5 3.58 8985(25.73 195.3 1.729 |29.67|182 147
+20 | 3.a4 [14.01151.7 3.56 9007 |26.51 196.2 1.735 |29.58|188 153
-400 | 3.b.1 [14.32 155.1 3.66 9292| - 198.1 1.722 |29.45|185 150
Injection | -200 | 3.b2 |14.06 154.8 3.68 9270| - 197.9 1.725 |29.48|182 145
Prffasrl)"e Ref | Ref |13.31 153.6 3.53 9221| - 197.7 1.727 |29.52[179 149
+200 | 3.b.3 [13.95 150.2 3.74 9027| - 196.9 1.727 [29.44(181 146
+400 | 3.b.4 [13.72/148.3 3.77 9001| - 196.5 1.772 |29.50|175 141
-300 | 3.c.1 [13.42 151.2 3.60 9047| - 196.7 1.723 |29.45|178 147
Hold | -150 [ 3.c.2 |13.50 150.4 3.53 9067| - 196.5 1.731 |29.50|180 140
Przabs:rl)lre Ref | Ref |13.31 153.6 3.53 9221| - 197.7 1.727 |29.52[179 149
+150 | 3.c.3 [13.57 155.0 3.55 9227| - 197.3! 1.722 |29.55|180 143
+300 | 3.c4 [13.79153.2 3.43 9054| - 196.2| 1.719 |29.89|177 150
-40 | 3.d.1 |13.28 155.1 3.62 9285|32.33 198.3 1.729 |29.54 (177 139
Mold | 20 | 3.d2 [13.55 154.5 3.60 9280|30.56 197.9 1.725 |29.50|177 138
T?]rg)p. Ref | Ref |13.31 153.6 3.53 9221(28.87 197.7 1.727 |29.52[179 149
+20 | 3.d.3 [13.86 151.5 3.40 9076|26.92 196.4 1.728 |29.41|180 140
+40 | 3.d.4 [13.90 149.7 3.55 8940|25.56 195.8 1.721 |29.58|182 142
-10 | 3.1 [13.61 150.8 3.62 9047 |25.54 196.7 1.723 |29.52[181 133
Cooling |_-5_| 3e2 |13.88 152.3 3.64 9117[25.66 197.5 1.724 |29.45|182 141
time | Ref | Ref |13.31 153.6 3.53 9221(28.87 197.7 1.727 [29.52|179 149
®) +5 | 3.3 [13.96 1525 3.53 9126|24.80 197.7 1.732 |29.63|185 144
+10 | 3.e4 [14.51 152.7 3.32 9130|25.92 197.9 1.719 [29.31|187 153
-8 | 3£1 |14.45 153.7 3.51 9155 197.9 1.718 |29.43|182 149
Screw | 4 | 3f2 [14.30 151.2 3.57 9100| - 196.5 1.721 |29.53|182 144
Speed | Ref | Ref [13.31 153.6 3.53 9221| - 197.7 1.727 |29.52|179 149
(em) 72 | 313 |13.46 149.5 3.68 8940| - 1961 1.723 |29.58|174 141
+8 | 3.4 [13.04 149.1 3.71 8908| - 195.8 1.727 [29.49(167 139
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