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experimental validation. A combination of computational fluid dynamics (CFD)
simulations and thermal modelling in SolidWorks Flow Simulation was used to
analyse temperature distributions and identify geometric modifications aimed at
reducing heat loss and preventing solidification within the nozzle. Key results
include the development of a modified nozzle design featuring reduced length and
optimised channel diameters, which has led to improved thermal efficiency.
Experimental validation using temperature measurements near the nozzle tip
demonstrated close agreement with simulation predictions, confirming the efficacy
of the optimised design. The findings conclude that strategic geometric alterations
and refined modelling assumptions can significantly improve heat retention,
ensuring more reliable Zamak injection processes.
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1. Introduction

In today’s industrial sector, it is possible to confirm that the automotive industry is at the forefront of
innovation and efficiency, mostly due to the competition felt in this sector. Nowadays, since the automobile is
engraved in the day-to-day lives of the world’s population, it is expected that this industry will represent a large
business volume [1]. Not only that, but to build a vehicle now, there are a lot of manufacturing processes involved,
from textiles to plastic and metal forming. Therefore, there is a large proportion of the metalworking industry that
is only focused on manufacturing vehicle components [2].

The automotive industry is one of the most competitive sectors globally, driving a continuous demand for
innovation to produce faster, cheaper products without sacrificing quality. Manufacturers must focus on three key
pillars: competitiveness, quality, and flexibility [3,4]. Competitiveness is influenced by five factors: new market
entrants, innovative products, customer bargaining power, supplier influence, and industry rivalry [5,6]. Quality
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is pressured by customer expectations and international safety and environmental regulations [7,8]. Flexibility in
production is crucial for sales volume as it enables manufacturers to tailor products to customer needs, though they
must balance this with the potential for decreased productivity and increased costs due to product variety [9,10].

Metal injection moulding at high pressure is one of the most widely used processes for manufacturing
components with complex geometries and moderate mechanical strength requirements [11]. However, injecting
small components made of light alloys, such as Zamak, can present challenges that are sometimes difficult to
overcome. Zamak is a metal alloy consisting mainly of zinc, with the addition of aluminium, magnesium and
copper. Its typical proportions are approximately 90% zinc, 4% aluminium, 0.5% magnesium and 1% copper. This
alloy is valued for its excellent mechanical properties and casting capacity, which allow complex and detailed
parts to be produced through die-casting with good dimensional stability and surface finish. Despite its limited
heat resistance and susceptibility to corrosion in aggressive environments, Zamak is widely used in the automotive
industry and beyond to manufacture components requiring mechanical strength and aesthetic quality, such as door
handles, locks and engine casings [12].

In mechanisms that require mechanical control, such as those using Bowden cables, ensuring efficient
connections for motion transmission is essential. Bowden cables are highly versatile for transmitting motion,
allowing for various assembly configurations, including non-linear layouts, without reducing efficiency [13-15].
In the automotive industry, these cables have a wide range of applications, including door and bonnet locks and
brake and clutch actuation systems [16]. Terminals are commonly manufactured by hot chamber casting, a process
in which molten metal is forced into a mould and, upon cooling, forms the final part. Advantages of this
manufacturing method include high geometric accuracy, tight tolerances, high productivity and consistency, a
good surface finish, and the ability to produce thin walls [17,18].

On the other hand, it is challenging to produce big parts because this process tends to retain gases in the
moulded figure, giving rise to defects. The other drawback is that the hot chamber die-casting only allows casting
metal alloys with low melting points, such as Pb and Zn-alloys, such as Zamak, which is the most commonly used
to produce the terminals for the Bowden cables [19]. This temperature constraint is due to most of the components
used in these machines being made from steel alloys; therefore, the material used to cast must have a lower melting
point than the components in contact with the molten metal [20]. Over the years, there have been several scientific
studies on the production of Zamak terminals using the hot chamber die-casting method. Pereira et al. [21]
developed a study regarding the premature breakage of the sprue. Besides solving the initial problem, the author
reduced the sprue size by 62.6% and the gas entrapment by 10.2%. Another study made on this subject was
presented by Pinto et al. [22] to improve the efficiency of the Bowden cable injection process. In this work, a finite
element tool was utilised, and the authors came to the following conclusion: the injection pressure and speed
cannot be too high to avoid the turbulent flow of the molten metal, and the cooling time has to be long enough to
allow the metal to solidify. It was also analysed the impact of the number of injection points and it was verified
that one injection point is better. Similar conclusions have been drawn by Silva et al. [23] regarding the hot
chamber die-casting of aesthetic components in a study that intended to mitigate successive problems detected on
the surface of these kinds of components. The previous study of Pinto et al. [22] was also extended later to the
moulds’ improvement regarding the same type of product: Bowden cable Zamak terminals [24]. Other studies
have also been focused on Bowden cables, but not directly related to the metal injection process, such as the study
presented by Vieira et al. [16], which used a different concept of movement, allowed the fabrication of Bowden
cables with increased length without quality problems. Also using automation, Moreira et al. [9] developed a piece
of integrated equipment able to deal with various production operations previously performed in an isolated way,
increasing the productivity of this product and saving logistics operations. This concept was also later improved
by Sousa et al. [25], improving the quality and productivity of Bowden cables’ production. Recently, Olbrich and
Lackinger [26] have drawn a state of the art regarding the production of Wire harness for the automotive industry.

Despite the advanced state of the automotive industry and the implementation of various manufacturing
technologies, there are still challenges in improving the Zamak hot chamber injection moulding process,
particularly in mitigating sprue reflow, which reduces production efficiency. Current solutions lack a
comprehensive understanding of, and systematic approach to, addressing the process’s inherent thermal and flow
inefficiencies. This study aims to address this issue by investigating novel modifications to the injection system,
such as adjustments to the intake angle, nozzle design and thermal management, using the Design Science
Research methodology. This work’s scientific contribution lies in developing an integrated framework combining
empirical testing, thermal simulations, and practical implementation to improve process reliability and production
efficiency, thus advancing knowledge in die casting improvement.
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2. Methodology

To pursue the main goal of this work, the Design Science Research (DSR) methodology has been adopted,
dividing this work into six stages: (a) Problem identification, (b) goal setting, (c) design and development, (d)
implementation of the solution, (e) evaluation of the solution and (f) conclusions. The DSR methodology has
gained a growing number of followers and seen new developments in the last decade, as it is perfectly suited to
improving existing systems that need to be redesigned for better performance, as well as new products based on
existing ones, such as information systems [27,28] and automatic liquid filling systems [29]. According to Teixeira
et al. [30], the DSR methodology is particularly useful because it is mainly aimed at solving technical and
technological problems, is based on very solid principles, is flexible to adjust to different situations, and allows
complex and sometimes ill-defined problems to be overcome. Based on the work of Devitt and Robbins [31],
Siedhoff [32] introduced design thinking in the phases initially defined for the DSR methodology, adapting the
methodology to continuous improvement problems. In any case, the methodology can also integrate research
stages [27], always based on an initial diagnosis phase with clear identification of the problem, development of
solutions and prescriptive research, allowing the extraction of solutions that could be used to solve problems and
making the best decisions for future identical situations [33]. This methodology was successfully used by Eiras et
al. [14] to increase the flexibility and productivity of equipment capable of producing the first subset that
constitutes the product commonly known as the Bowden cable. Tojal et al. [34] used this methodology to
implement this new injection subset in the die casting process, achieving beneficial results such as reduced
consumption, procurement costs and waste, as well as reduced operation numbers and increased equipment
availability. Zhou et al. [35] solved similar problems by optimising the selection of modification settings,
modifying universal machine tool settings and compensating for machine geometric errors.

This methodology was adapted to the present work, and it was possible to define six stages: (a) Problem
identification (diagnosis), (b) brainstorming and possible solutions to implement, (c) development, (d) critical
analysis of the adopted approach, (¢) implementation, and at last (f) analyses of the results and possible theorizing.
From these seven stages, three concepts were tested for their feasibility: (1) Intake angle adjustment, (2) Injection
machine parameters, and (3) Alternative material family and coatings. Problem diagnosis was of utmost necessity
to do a deep dive analysis of the die-casting injection system composed of three main components: injection pump,
injection nozzle Figure 1.

The moulding process comprises four components: the frame and the upper and lower moulds (see Figure 2).
The mould shapes the Zamk terminal, while the frame couples and cools the mould. This frame-mould system
enables the injection reference to be changed quickly without adjusting the contact between the nozzle and the
frame. While the upper and lower frames remain assembled on the machine, the mould assembled on the frame is
changed as necessary. The mould cooling system allows water to pass through channels designed for this purpose
and positioned for optimal cooling. The operating temperature of the frame is around 40 °C. However, this
temperature can vary due to obstructions in the channels and changes in the temperature of the water supply.

(@) (b)

Figure 1. (a) Injection nozzle assembled in the hot-chamber die-casting machine, and (b) nozzle with the electrical
resistance assembled on its tip.
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a)

Figure 2. (a) Upper frame for coupling and cooling the mould; (b) Lower frame for coupling and cooling the
mould; (¢) Moulds for forming the terminal in ZAMAK alloy used in the hot-chamber die-casting machine.

During this analysis, it was found that the stoppages in production were due to failed injections caused by a
blockage of solid Zamak in the injection nozzle. Every time this happened, the machine was stopped between 30
to 60 min, significantly reducing production efficiency. It was possible to realise that this problem was due to a
temperature drop in the tip of the injection nozzle paired with the geometric configuration of the injection channel,
which is at a 45° angle, causing a counter exit if the metal solidifies, as it can be seen in Figure 3. If the solid metal
in the injection nozzle cannot be extracted, it breaks and originates the blockage previously mentioned. To balance
this phenomenon, the maintenance team tends to increase the temperature of the heating electrical resistance
around the nozzle (Figure 1b), but this has a negative impact because the temperature increase reduces the lifespan
of the injection system components. With the problem identified, the next step was to think about different
solutions to overcome the problem.

Partition plane

Counter exit

Figure 3. Lower structure-nozzle assembly with the problematic area of the gate marked in red.

Starting the brainstorming phase, the first approach was to change the injection channel’s angle since the
problem lies in the counter exit caused by the 45° admission angle. Thus, there were two possibilities to change
the admission angle from 45° to 90° concerning the partition plane. The first one was to develop a new pump. This
idea was quickly discarded due to the volume of modifications needed in the machine, representing an investment
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high enough to demotivate the management team, and this solution was not appropriate to the current industrial
setting. The second approach was to try maintaining the current pump but changing the injection nozzle so that the
admission of the molten metal in the mould was made from a 90° angle, Figure 4.

(@ (b)
Figure 4. (a) New design of the nozzle, and (b) nozzle assembled into the hot-chamber die-casting machine.

In the development phase, a few changes had to be made to the current setup to make the solution plausible:
the threaded connection was replaced by a conical connection to ensure the correct placement of the injection
channel, and the touching point of the injection nozzle in the mould also needed to be adapted. Thinking that this
concept was promising, a prototype was produced. The first problem observed with this concept was in the tunning
stages of the assembly, although it was hard to properly align the injection channel of both components properly.
Thus, a test was performed replicating the conditions experienced on the industrial floor and following the set of
parameters: Injection pressure 5 bar, Filling and Cooling time of 0.35 s and 0.10 s, respectively, nozzle heating
temperature of 600 °C (873.15 K) and Zamak temperature of 430 °C (703.15 K). During these preliminary tests,
it was noticed that this concept had some problems that became unreliable and unusable because of that. From the
outset, it was noted that the nozzle could not maintain the necessary temperature, so the Zamak did not solidify
into it. Moreover, the part cannot be extracted from the mould, and the conic connection did not create a tight
connection, allowing the molten Zamak to escape after 40 injections. In Figure 5, it is possible to observe the
leakage of Zamak in the contact between the nozzle and the tip of the nozzle holder. Tightness problems were
observed in all nozzles, regardless of the material used in the nozzle (AISI 316 and AISI H13 quenched and
nitrided). This analysis, as well as others presented below, correspond to the critical analysis of the results, which
is an iterative phase with the brainstorming phase.

Figure 5. The aspect of the degraded AISI 316 nozzle after preliminary tests and after Zamak leakage.

The AISI 316 nozzle withstood more injections without the Zamak passing through. This phenomenon is
because stainless steel has a lower hardness than AISI H13 steel quenched and nitrided, so the conical surface of
the nozzle conforms to the conical surface of the tip due to the pressure of the nozzle touching the structure.
However, this factor was not enough to overcome the cast Zamak’s injection pressure and high fluidity. Due to
the lower hardness of AISI 316 during the machine tuning process, the nozzles tested in this material suffered
plastic deformation, putting their proper functioning at risk. For the reasons pointed out, this concept was
discarded. Considering the lessons learned in the preliminary studies carried out and being familiar with the
process, the next step was to improve the intended system, the flush nozzle concept.

https://doi.org/10.53941/jmem.2025.100004 5 of 15



Sales-Contini et al. J. Mech. Eng. Manuf. 2025, 1(1),4

To reduce the cost of prototyping, Solidworks® was used to build a model of the injection system, from which
it would be possible to carry out several simulations. This includes all components around the most critical zone,
i.e., the nozzle and the contact area between the nozzle and the structure. This model came with its challenges; the
threaded connection had to be removed, and the thermal conductivity of the components was kept the same during
the simulation, even though it changed with the temperature.

Another simplification was implemented in the heating band; the heating power of the resistance is higher in
the middle and lower in the extremities, but, to simplify, and due to the lack of information to quantify this
difference, it was assumed that the power is uniform throughout the length of the heating band. An adaptation was
also made to the tip to simulate the part of it that is submerged in liquid Zamak. The tip was divided into two parts,
and the lower part was assigned a temperature of 430 °C (703.15 K), equalling the temperature of the Zamak in
the crucible. Due to some limitations of the software, the threaded connections between the nozzle and the tip were
removed, and it was assumed that contact was only made by two cylindrical surfaces. The thermal conductivity of
materials varies with increasing temperature. However, in the model, a constant value was used for each of the
materials.

The last simplification was the resistance that assumed a constant value, knowing that its power is not
constant along its entire length. The thermal model developed in Solidworks® v. 2022 Flow Simulation allows
simulating of thermal transference by conduction, convection and radiation. This allowed to test different
possibilities and see the impact of different changes in geometry and materials, reducing the cost associated with
manufacturing prototypes. To simplify the model and make the simulation times significantly lower, only the
components that have a direct influence were modelled; these were the injection nozzle, the mould, and the heating
band Figure 6.

Figure 6. Solidworks® modelling of the nozzle and corresponding contact with the mould.

All boundary conditions must be defined to carry out the simulations. Table 1 defines the physical conditions
assumed for each of the elements of the injection system: material, thermal conductivity, and temperature. Tables
2 and 3 contain all the parameters of the mesh definitions (cuboid type) to set the SolidWorks® software v. 2022
for modelling the nozzle. In Figure 7, it is possible to observe the mesh generated with these same definitions.

Table 1. Physical conditions parameters used for each of the elements of the injection system.

Components Material Therm[a\}vﬁzl.lgilctwlty Temperature [K]
Nozzle AISTHI13 29 -
Top tip AISI HI3 29 -
Down tip AIST H13 29 703.15
Electrical resistance AISI316 15 873.15
Glass AISI 316 15 -
Frame AISI D2 23 353.15
Lower frame AISI D2 23 -
Upper frame AISI D2 23 -
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Mould AISI D2 23 -

Table 2. Input Parameters used in the SolidWorks® software to global mesh settings for modelling the nozzle.

Type Automatic
Level of initial mesh 7
Ratio factor 35
Advanced channel refinement Selected

Table 3. Input Parameters used in the SolidWorks® software to local mesh settings for modelling the nozzle.

Refining Cells Channels Advanced Refinement
Level of refining fluid cells 2
Level of refining solid cells 3
Level of refining at fluid/solid boundary 3
Characteristic numbers of cells across 20
channel
Maximum channel refinement level 2
Small solid feature refinement level 2
Curvature level 2
Tolerance level 2
[ E S
| E s2ic
I L e
(@) (b)

Figure 7. (a) 3D mesh visualisation in solids; (b) Mesh sectional view.

After verifying that the mesh had a satisfactory refinement in the critical areas, we moved on to defining the
thermal contact resistances between the various elements of the injection system. The values used for contacting
thermal resistance were based on scientific articles published on this topic—heat transfer. Assuming that contact
thermal conduction values for AISI H13 steel vary between 0.75 kW/m?K and 9 kW/m?K depending on contact
pressure, roughness and temperature [36,37], contact thermal conduction values within that range were selected,
adapting to the conditions observed in the machine. Contacts with lower pressures correspond to a higher contact
thermal resistance, while if the contact pressure between two components is higher, the contact thermal resistance
will be lower. Using this principle, a contact thermal conduction between the nozzle and the tip of 4 kW/m?K was
assumed, and 1.1 kW/m?K for the remaining components, as they are in contact but do not suffer significant
pressure. Knowing that contact thermal resistance is the inverse of contact thermal conduction, it leads to the
following values: 0.00025 m?*K/W and 0.0009 m?K/W, respectively.

Finally, the objectives of the simulation were defined, i.e., the goals to which this calculation method
converges. The following goals were selected: Average Temperature (Fluid) 1; Average Total Temperature 2;
Average Heat Transfer coefficient 4; Average Heat Flux 5; Average Temperature (Solid) 11. The most relevant
for the objective of this work is the Average Temperature (Solid), which indicates the temperature of the solids at
a given point. In these simulations, the focus was on the geometric component of the constituents of the injection
system, in order to obtain the most favorable geometric combination. The objective is to have a higher temperature
along the length of the nozzle injection channel, eliminating the risk of injection failures due to the solidification
of the Zamak in the channel. Once the model was defined, an iterative process was followed with the aim of
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improving the system in order to retain a greater amount of heat. The materials utilised were the same currently
being used in the die-casting machines and previously pointed out in Table 1. Particular attention was paid to the
nozzle close to the contact zone being this area the main focus of the analysis of the temperature evolution. Thus,
twelve points were considered in the simulations to collect data about the temperature along the injection nozzle,

as shown in Figure 8.
feraiion= 135 /

Lu ‘
Figure 8. A set of points used to measure the temperature.

With the model completely defined, successive simulations were performed using the configuration utilised
in the industrial setting. An empirical iterative strategy was thus adopted to identify the problem preventing the
desired results from being achieved, find a solution to implement, analyse the results again, and identify points for
improvement that would consistently bring the results closer to the desired values. After the first iteration, three
more iterations were carried out, whose values are described in the results, and whose main actions were to improve
a selection of the geometry and contact zone that best corresponded to the properties of the selected materials. The
results of the first simulation were used as a control. After analysing the first set of results, changes were thought
out and implemented in the design of the nozzle to reduce the heat lost to the exterior of the injection nozzle
material, reducing the heat exchange by convection to the exterior. Hence, material was added to the end of the
nozzle (Figure 9), causing heat to be retained in the nozzle, reducing convective losses to the outside.

It is important to note that the geometric limitations of the injection system always condition changes to the
injection nozzle. This was the only change made concerning the previous simulation.

Figure 9. Configuration of the nozzle design for the second simulation into the empirical iterative process of

improvement.

In the second simulation, it was observed that the cold structure, when compared to the nozzle, involved its
end. Thus, this area was removed, and the contact geometry was improved. The nozzle used in the previous
simulation was maintained, and just the contact zone was changed, as shown in Figure 10. The third
iteration/simulation was performed based on this configuration.
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Figure 10. Graphical comparative study of the contact area between the nozzle and the mould structure: (a) second

simulation; (b) improvement performed for the third simulation.

Given that the results still did not meet expectations, the reasons for the ineffectiveness of the solution used
in the previous iterations were studied, to introduce new improvements. It must be assumed that the heat source is
the resistance, and that this heat will disperse, particularly towards the end of the nozzle. By reducing the nozzle
length, conduction heat losses will be lower, which in theory causes an increase in temperature at the end of the
nozzle, eliminating the solidification of Zamak inside. Therefore, in the 4th simulation, the length of the nozzle
was reduced as much as possible, keeping as much material as possible, as this is beneficial, as proven in the 2nd
simulation. It was necessary to add material to the abutment area of the structure to meet the initially imposed
requirement and compensate for the length removed from the nozzle. These changes are illustrated in Figure 11.

To verify that the diameter of the injection channel currently used was, in fact ideal in terms of thermal
efficiency, 1.8 mm, a simulation was carried out in which the diameter of the channel was reduced to 1.5 mm, and
another under the same conditions, however with an injection channel diameter of 1.9 mm. The maximum diameter
of the channel is restricted by the diameter of the hole through which Zamak enters the stirring system,
approximately 2.5 mm. It is important to ensure that there is some margin between the two diameters to allow the
hot chamber die-casting machine to be adjusted.

Taking the 4th simulation as promising, the nozzle and structure of this new concept were manufactured, and
a machine was chosen to apply them and validate the results obtained by simulation. This phase corresponds to
the implementation.

(2) (b)

Figure 11. Changes performed from the 3rd to the 4th iterations: (a) changes performed in the mould structure; (b)
changes performed in the nozzle.

3. Results

The simulations explored various factors, including contact geometry, nozzle length and diameter, and heat
retention strategies, to approach the optimal design systematically. Initial simulations, for example, identified
shortcomings in heat retention and solidification risk, prompting modifications such as reducing the nozzle length
and adjusting the contact areas. Four different Computational Fluid Dynamics (CFD) simulations were conducted
to study the Zamak’s flow inside the nozzle, namely by assessing the temperature gradient in twelve different
https://doi.org/10.53941/jmem.2025.100004 9 of 15
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points, which incorporated these refinements, was the most promising and was validated through subsequent
manufacturing and testing. These four simulations were performed iteratively to analyse and improve the thermal
and geometric performance of the nozzle in the Zamak injection system. Specifically, they were used to evaluate
temperature distribution, assess the effects of geometric modifications and identify the configuration that best
prevents Zamak solidification during injection. This iterative process was essential because each simulation
provided insights that informed subsequent design adjustments, leading to a more effective and efficient nozzle
configuration [38].

As can be seen in Figure 8, twelve indentations were made inside the injection channel at intervals of 0.5
mm, starting from the injection nozzle’s tip, to enable measurement and comparison of temperatures along the
injection nozzle in various simulations, resulting in a length of 5.5 mm. Table 4 presents the results obtained for
all four simulation rounds.

Table 4. Temperature measurements, in Kelvin degrees, from the four simulations.

Distance to the Set-Point 1st Simulation 2nd Simulation 3rd Simulation 4th SimulationAverage + Standard
Outlet (mm) T(K) T(K) T(K) T(K) Deviation
5.5 1 760.29 758.52 761.70 799.12 769.91 +16.90
5.0 2 752.65 751.90 755.27 794.75 763.64 + 18.00
4.5 3 743.83 744.60 748.19 789.94 756.64 £ 19.30
4.0 4 733.64 736.52 740.33 784.62 748.78 +20.83
3.5 5 721.77 727.34 731.38 778.70 739.80 +22.72
3.0 6 708.12 716.66 720.94 771.88 729.40 + 24.96
2.5 7 692.83 704.08 708.59 763.71 717.30 +27.40
2.0 8 675.66 688.84 693.56 753.37 702.86 + 29.89
1.5 9 655.85 669.93 674.80 739.31 684.97 +32.13
1.0 10 632.09 645.97 650.90 719.27 662.06 + 33.74
0.5 11 605.34 618.26 623.13 692.69 634.86 + 34.02
0.0 12 593.07 605.46 610.27 681.52 622.58 + 34.60

Figure 12 depicts the discretised temperature gradient for the four simulations carried out, plus the indication
of the Zamak’s melting point, showing immediately that the fourth simulation is the most promising to adopt since
it enables more liquid Zamak to flow through the final stages of the nozzle.
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Zamak Melting Point
Figure 12. [llustration of the temperature evolution along the nozzle for the four simulations.

After assembly, parameter adjustments were made. One focus was reducing the resistance temperature to
increase component lifespan. With lower temperatures, the heat treatment of quenching and tempering and the
nitrided layer exhibit a longer lifespan until they lose properties. Various temperatures were tested to understand
the thermal limit of this concept. It was agreed upon that at 560 °C (833.15 K), the resistance temperature, the
machine operated correctly without injection failures. The newer parameters are indicated in Table 5.
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Table 5. Newer machine parameters set.

Injection pressure 5 bar

Cooling time 0.10s

Filling time 0.35s
Heating band temperature 600 °C/873.15K
Zamak Temperature 430 °C/703.15K

The possibility of conducting a thermographic analysis to perceive temperature distribution in the Zamak
injection system was studied to validate the theoretical model and compare it with the results obtained from the
theoretical model simulation. However, due to the high cost associated with outsourcing this service to an external
entity, the organisation deemed it did not bring added value, justifying the investment. This decision was made as
the newly implemented concept fulfilled all previously established requirements and was functioning correctly.
Therefore, to validate the theoretical model without affecting production, a type K probe with an accuracy of
approximately £1.5 °C or £0.4% of the reading was used to measure the temperature at the nozzle’s tip. Attempts
were made to measure the temperature approximately 1 mm from the nozzle’s tip. Table 6 presents the obtained
results.

Table 6. Comparison of actual temperatures with simulation results.

Heating Band Temperature Temperature Point—1 mm from

. )

CC/K) the Tip of the Nozzle °C/K)  Difterence (°C/K)
4th Simulation 600.00/873.15 446,12/719.27 153.88
Case study 560.00/833.15 390.00/663.15 170.00

4. Discussion

The impact of geometric modifications on thermal performance is one of the key findings of this case study.
It was identified that reducing the nozzle length and optimising the contact geometry significantly improved heat
retention. This is particularly important as it minimises heat loss through convection, which was a major issue in
previous designs. The modifications led to a more efficient nozzle configuration, which was validated through
experimental testing that showed close agreement with simulation predictions [39].

The contour condition established that maintaining a resistance temperature of 560 °C (833.15 K) was critical
for the proper functioning of the injection system without failures. This finding aligns with Chen [40], who
emphasised the importance of temperature control in injection moulding processes. The adjustments made to the
nozzle design not only improved thermal efficiency but also extended the lifespan of the components involved, as
lower operational temperatures reduced the risk of material degradation. Analysing the previously presented
results, it is evident that the simulation exhibits fewer losses than reality. The temperature difference between the
resistance and the point 1 mm from the nozzle’s tip is only 153.88 °C (K) in the simulation, whereas a difference
of 170 °C (K) was observed in the machine. Based on these data, it was concluded that the simulation has a relative
error of 9.48%. This error is mainly attributed to the simplifications made in the theoretical model to facilitate its
execution.

It is also recognised that despite efforts to measure the temperature at 1 mm from the nozzle’s tip as accurately
as possible, exact precision in this measurement cannot be guaranteed. Other factors negatively influencing the
injection machine include cycle time, air or water leaks in the mould area, and mechanical wear on injection
components. When compared to Saifullah et al. [41] the findings highlight a more systematic approach to
addressing thermal inefficiencies. In their studies, Saifullah et al. [41] focused on singular aspects of the injection
process, such as material properties or isolated design features. In contrast, this study’s comprehensive approach,
which integrates CFD simulations with empirical validation, provides a more holistic understanding of the factors
influencing thermal performance in Zamak injection moulding. This advancement is significant as it offers a
framework that can be applied to other materials and processes within the industry

Despite these factors, it can be asserted that the theoretical model fulfilled its purpose, as it reflected reality
as closely as possible and led to the development of a highly beneficial concept for the organisation. During the
period covered from 2nd and 3rd month of the year, the machine was stopped for approximately 20 h due to
injection system issues, resulting in a machine availability loss of 5.2%, thereby hampering production and human
resource utilisation. During this period, eight nozzles and six resistances were used, resulting in expenditures of
€128 on nozzles and €408 on resistances. While these amounts may not appear significant individually, it is
essential to emphasise that the company owns approximately 60 machines. Multiplying the aforementioned values
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by 60, they represent approximately €32,160 over eight months, focusing solely on these two components,
equating to €4,020 monthly expenditure on nozzles and resistances.

Considering that the nozzle was installed in the 5th month of the year, it is evident that the machine was only
stopped for injection system issues for 2.5 h, caused by the failure of the resistance reused from the previous
concept. This resulted in a mere 0.71% machine availability loss, translating to a 4.49% availability gain. These
values are auspicious, as the nozzle has operated for two months without any injection failure issues, double the
average lifespan of nozzles used in the previous concept. However, due to its limited operating time and the
unknown lifespan of this new concept, quantifying the economic gain in terms of reduced wear component
consumption is challenging. This shorter nozzle concept reduces unplanned intervention time, increases equipment
availability, and reduces wear component consumption, namely the nozzle and resistance. Consequently, the
machine’s OEE has been significantly improved. This phase closes the DSR methodology applied, through the
results analysis and theorizing. It can be stated that shorter nozzles with the lowest contact area with the mould
bottom frame lead to an increased temperature of the nozzle channel (less temperature lost), avoiding the need of
increase the energy provided by the electrical resistance, which would be translated in shorter nozzle lifespan, due
to the abrupt drop in hardness under the range of temperatures needed to keep the moltem Zamak in liquid state
into the nozzle channel. This approach not only enhances the machine’s overall efficiency but also contributes to
sustainable practices by minimizing energy consumption and extending the lifespan of critical components.

5. Conclusions

The study thoroughly examined various aspects of the automotive industry, equipment design, and casting of
components. It identified challenges and potential solutions, highlighting the importance of iterative design
processes and technological advancements. Despite some hurdles, implementing new concepts showed promise,
particularly in addressing thermal inefficiency issues. Overall, the research successfully tackled the initial problem
and met its objectives, with a notable increase in equipment availability:

e  Three main themes were introduced: the automotive industry, equipment design, and casting, with a focus on
the economic impacts of Al and the components industry;

e  Equipment design, an iterative process crucial for product success, requires consideration of various materials
and manufacturing processes aided by tools like Ashby diagrams and PRIMA matrices;

e  Advancements in technology, particularly computer-aided design programs, have significantly reduced
prototype development costs through 3D modelling and simulations;

e Injection casting, distinguished between hot-chamber and cold-chamber methods, was explored alongside
the influence of zinc alloying elements on the produced parts;

e  Preliminary studies revealed that many approaches to the problem were not viable due to process or company
constraints;

e Implementing a new pump concept to change the intake angle proved costly and inconclusive, but a different
nozzle concept showed promise despite issues;

e Investigation of Zamak machine injection parameters yielded inconclusive results due to external factors;

e  The hypothesis of manufacturing injection system elements in other materials, such as ceramics or HVOF
coatings, faced challenges such as fragility and oxide layer formation;

e A theoretical model was developed to improve heat conduction to the injection nozzle’s tip, reducing
prototyping costs through simulations,

e Implementing the most favourable simulation’s nozzle and structure resulted in an immediate reduction in
temperature, an increased lifespan of components, and decreased machine downtime, with a 4.49% increase
in equipment availability and

e  While initial economic gains remain uncertain, the current nozzle has outperformed its predecessor,
successfully addressing the initial problem and meeting all requirements.

6. Future Considerations

Despite the significant value the developed work has shown for the institution, the development and
innovation process cannot remain stagnant. Hence, this subsection will enumerate some improvements to the hot-
chamber Zamak alloy injection process.

e  Develop a new concept for the lower structure to facilitate the removal of the mould and extractors without
requiring complete removal. This will keep the nozzle engaged and reduce the likelihood of damage.

e Implement thermal insulation for the crucibles and tip resistances to reduce energy loss from heat dissipation
to the surrounding environment.
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