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Unconventional Elements in the Gating System and Their Influence  
on the Melt Flow and Casting Quality

The naturally pressurized gating system appears to be an appropriate solution for reoxidation reduction, but this type of 
gating system can result in supercritical melt velocity. The paper is focused on the determination of the unconventional elements 
effect in the gating system on the melt velocity and melt flow and their influence on the mechanical properties and microstructure. 
In experimental works was observed the influence of dimensioned gate, foam filters with 10 and 30 ppi density, trident gate and 
combination of trident gate and vortex element. Melt velocity was observed by simulation software and via velocity measurement 
by contact method in the mold during casting. Melt flow was analyzed by simulation software and water model experiment. Ex-
perimental casts have been made for the purpose of evaluating mechanical properties and microstructure determination. The best 
results were achieved by 30 ppi foam filter. 
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1. Introduction

Increasing ecological requirements are connected to enlarg-
ing production of aluminium alloys because they are able to 
achieve a good ratio between mechanical properties and density 
[1-4]. It leads to increasing demands on the quality of castings. It 
is therefore important to remove as many defects as possible from 
the castings. And thus, it is necessary to know the mechanism of 
defects in castings. One of the main problems affecting the final 
quality of aluminium alloy castings is the reoxidation processes. 
It occurs during filling of the gating system and the mold cavity. 
A thin oxide layer is almost immediately formed on the surface 
of the aluminium alloy melt when it is in contact with the sur-
rounding atmosphere. The problem arise when the turbulence 
of the melt surface leads to the entrainment of the surface oxide 
layers into the melt volume and double oxide layers are formed. 
Entrained double oxide layers can pass through the entire gating 
system and solidify in the casting, which can significantly reduce 
its quality. One of the main parameters influencing the formation 
of double oxide layers is the melt velocity [5-9]. 

Achieving increased casting quality is connected to reduce 
the rate of reoxidation processes in the gating system during fill-
ing. It was shown that reoxidation processes can be positively 
influenced by a suitable design of the gating system [6,10-12]. 

The aim is to replace the commonly used non-pressurised gating 
system for casting aluminium alloys by a naturally pressurized 
gating system. In practice, this replacement of the gating system 
is not yet well accepted because of the lack of more extensive 
knowledge. The main reason is the critical melt velocity oc-
curring at the end of the gating system. Therefore, a suitable 
solution to reduce it needs to be found. In the works [6,13-15] 
was melt velocity reduced by foundry filters placed in the run-
ner or in the gates. Beneficial effect of vortex gate and vortex 
element was analysed in research [12,14,16,17]. Trident gate 
seem to be also suitable for melt velocity reduction and melt 
flow improvement in the mold cavity, which was observed in 
works [12,17]. 

In this work, naturally pressurized gating system was de-
signed and analysed a comprehensive overview of dimensioned 
gate, foam filters, trident gate and trident gate with bubble trap 
effect on melt velocity, melt flow, mechanical properties and mi-
crostructure. Effectiveness of these elements on the melt velocity 
was observed during filling of the mold by real melt velocity 
measurement and by simulation software. For determination of 
their influence on melt flow in the mold cavity was suggested 
experiment with inspection fluid and simulation analysis. After 
experimental casts, used elements influence on the mechanical 
properties and microstructure was determined.
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2. Materials and methods

For experimental purposes of this work naturally pressur-
ized gating system was designed. Dimensions of used foam filters 
were 50×50×20 mm. In order to compare the influence of the 
used elements, a gating system without filter and with gate of the 
same cross-section dimensions as a runner (Design 1) was used as 
a reference gating system (Fig. 1a). Another design is the gating 
system with a dimensioned gate (Design 2) as shown in Fig. 1b. 
The area of this gate has been determined by calculation ac-
cording to work [5] so that the melt velocity at this location is 
a maximum of 0.5 m.s–1. Fig. 1c shows a design in which a 10 ppi 
foam filter (Design 3) and a 30 ppi foam filter (Design 4) were 
placed in the gate area horizontally above the runner. In another 
design (Fig. 1d), the influence of a trident gate (Design 5) was 
evaluated. This type of gate consists of bubble trap and chambers 
for two filters. One filter is placed horizontally above the runner 
and the placement of the second filter is vertical. Foam filters 
with a density of 20 ppi were inserted into the chambers. The 
output gate area in the trident gate remains unchanged from the 
gate area calculation in Design 1. In the last design (Fig. 1e), 

a combination of a trident gate with two 20 ppi foam filters and 
a cylindrical-shaped vortex element at the end of the runner was 
used (Design 6) and offset pouring basin was used in all designs.

Aluminium alloy AlCu4Ti was used for casting without 
any modification, grain refinement and degassing. This alloy 
was chosen because it is widely used in our region which is 
focused on automotive industry. The chemical composition 
of the castings is shown in the TABLE 1 as average value of 
three measurements. The chemical composition was measured 
on a Q2 ION spectrometer. The casting process conditions are 
shown in the TABLE 2. Basic boundary numerical simulation 
conditions were set to that the casting temperature was 745°C, 
initial temperature was 20°C, resin bonded sand molds were used 
and casted alloy was EN AC-21000 AlCu4MgTi. An electric 
resistance furnace was used for melting process and the melt 
temperature was controlled using “K” type thermocouples. After 
casting process, the specimens intended to mechanical properties 
evaluation was heat treated. Heat treatment conditions was T6 
(annealing temperature 525 ± 5°C, annealing time 14 hours, 
water temperature 35 °C, artificial aging temperature 155 ± 5°C, 
aging time 8 hours).

Fig. 1. Deign of gating system: a) Design 1, b) Design 2, c) Design 3 and Design 4, d) Design 5, e) Design 6
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TABLE 1

Chemical composition of AlCu4Ti

Element Si Fe Cu Mn Zn Ti Al
w.% 0,05 0,11 5,03 0,42 0,01 0,19 bal.

TABLE 2

Pouring conditions

Casting temperature 745 ± 5°C
Mold and ambient temperature 17 ± 2°C
Casting height 100 mm
Melt level in the pouring basin 30 mm
Casting method gravity
Mold type sand

The molds consisted of two sand blocks (dimensions 
500×350×75 mm) of silica sand and phenol formaldehyde resin. 
After mixing of sand and resin it was cured using CO2. Designs 
1-6 were milled on CNC milled machine into the sand blocks 
by a patternless process method. A graphite coating was applied 
to the machined surface, melt velocity measuring sensors were 
fitted to the molds and foam filters were inserted. The individual 
mold preparation steps are shown in Fig. 2.

The melt velocity was evaluated using sensors during 
casting and via the ProCAST simulation software. The melt 
flow in the mold cavity was observed using simulations and by 
experiment with inspection fluid. The casting process was fol-
lowed by evaluation of mechanical properties (ultimate strength, 
conventional yield strength, ductility, notch toughness) and 
microstructural analysis.

3. Results and discussion

3.1. Melt velocity

Melt velocity is a significant factor during filling the mold 
cavity, therefore, direct measurement of melt velocity during 
casting was applied using sensors and the values were compared 
with the results from the simulation analysis.

The sensors RE, E1, E2, E3 and E4 were located in the 
mold and their placement location during casting is shown in 
Fig. 3. In all gating system designs, sensors RE, E1, and E2 
were placed in the runner and the E4 sensors were located after 
the gates location. Placement of E3 sensors were in the gates. 
The RE, E1 and E3 sensors performed only an auxiliary function 
and no velocity was measured at these locations. Melt velocity 
was only measured via sensors E2 and E4. Sensors E2 were 
placed in the runner before gates and E4 sensors after gates. 
The melt velocity measurements at these locations were chosen 
to evaluate the effectiveness of the used gating system design 
elements on the melt velocity entering the mold cavity. Sensors 
were 1.4 mm diameter copper wires connected to a NATIONAL 
INSTRUMETNS NI USB-6008 measurement module which was 
connected to a computer. The measurement methodology was 
based on the fact, that a voltage was applied to the first sensor 
RE from a stabilized laboratory source, when the melt was in 
contact with sensor E1, between sensors RE and E1 was created 
electrical circuit and a voltage rise was observed at that sensor 
E1 at the time of contact with the melt. When the melt is in the 
contact with sensor E2, the closed electrical circuit between the 
sensors E1 and E2 was again formed, and a voltage increased. 
At the other sensors the measurement was carried out in the 
same way. In each mold, the distance between the sensors was 
measured. The distance between each sensors and the time it took 
the melt to travel that distance was known. Average melt veloc-
ity was calculated from the difference in the distance between 
sensors and the peaks of voltage reached in time on the sensors. 
Time and voltage data for sensors E1 to E4 were recorded using 
software LabVIEW 2020.

The first melt velocity was measured at E2. Without au-
tomatic casting, it is not possible to maintain identical casting 
conditions for all designs, but the melt velocity values at point 
E2 shown that the filling conditions were approximately the 
same in all designs. Range of the melt velocity at this point was 
from 0.81 to 0.91 m.s–1. The second melt velocity measurement 
point was sensor E4 located in each mold approximately 5 mm 
after gate location. The results shown a decrease in melt velocity 
at this point in Designs 2 to 5 compared to the reference gating 
system. In Design 6, the melt velocity could not be evaluated at 

Fig. 2. Mold preparation
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the E2 and E4 point during casting because a measurement error 
occurred. Designs 4 and 3 achieved the best results when the 
melt velocity decreased by approximately 85%, compared to the 
Design 1 at point E4. There was a 16% and 47% melt velocity 
reduction in Design 2 and 5, respectively, compared to Design 1.

In the simulations, the melt velocity was also measured 
at points which corresponded approximately to the location of 
the sensors in the molds. At E2 and E4 points. The results also 
shown the largest melt velocity reduction at point E4 in Designs 
4 and 3, which achieved melt velocity reduction approximately 
89% compared to Design 1. Compared to the reference gating 
system, melt velocity reductions of 35%, 63% and 74% were 
achieved in Design 2, Design 5 and Design 6.

A graph comparing the melt velocity values at points E2 and 
E4 measured by the sensors and simulations is shown in Fig. 4. 

From the graph, correlation of results between the values meas-
ured by sensors and simulations can be observed. Gate expansion 
in the Design 2 was not very effective in terms of melt velocity 
reduction. The use of a foam filter as in the Designs 3 and 4 

Fig. 3. Sensors placement in the molds

Fig. 4. Graph of melt velocity measured by sensors and simulation
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ensured significant melt velocity reduction. The trident gate in 
the Designs 5 and 6 did not achieve the melt velocity reduction 
as expected, which may be attributed to the undersized dimen-
sions of final gate element. The vortex element in the Design 6 
at the end of the runner provided a reduction of melt velocity 
after gate in comparison to the Design 5.

3.2. Melt flow

The flow behind the gate was analysed by simulations and 
experiments using inspection fluid. In this work, the mold for 
the inspection fluid experiment was designed in a combination 
of a sand block and a PMMA plate attached to the front. The use 
of a sand mold allowed analysis of complicated geometries of the 
gating system elements. Use of a sand mold for the inspection 
fluid experiment was also advantageous in terms of maintaining 
similar conditions, such as friction, dynamic viscosity etc. The 
sand mold was made by patternless process method. After mill-
ing, the sand mold had to be treated with several layers of coat-
ing to prevent water seepage into the mold. White background 

was used to ensure contrast between the casted medium and 
the mold. Water at 52 ± 0.3°C was used for the experiment on 
the basis of similarity of Reynolds number between water and 
liquid aluminium alloy, which was explained in paper [18] and 
calculated by the same method, only for our gating dimensions. 
In order to maintain as much as possible the same conditions as 
for metal casting, it was casted from the same height and water 
level in the pouring basin was kept at the same level. Blue dye 
was added to the water to increase its visibility against the white 
mold background and orange dye was added with the intention 
of highlighting any turbulence in the inspection fluid. The fluid 
flow in the mold was captured on a GoPro HERO 11 camera in 
ultra-slow motion.

From the simulations and experiments with the inspection 
fluid, it could be seen that there was a high melt jump after gate 
in Design 1, fountain effect was formed, and the filling of the 
mold cavity was turbulent in the subsequent stages. In contrast, 
in Design 2, there was observed smaller melt jump after gate, 
but the flow was also turbulent and uncontrolled during filling. 
The foam filters in Design 3 and Design 4 provided significantly 
calmer filling conditions of the mold cavity without splashes, 

Fig. 5. Flow after gate analysed by simulation and experiment with inspection fluid
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which was related to the significant reduction of the melt veloc-
ity. The higher density of the foam filter provided better results. 
Using trident gate in Design 5 and Design 6, the melt velocity 
was reduced compared to reference gating system. As a result, 
a splash reduction can be observed, but the filling of the mold 
cavity was turbulent. In the Design 6 with the vortex element 
at the end of the runner, a calmer filling conditions of the mold 
cavity can be observed compared to Design 5. By comparing 
the flow after gate using simulation and the experiment with 
the inspection fluid, it is possible to see a correlation between 
the obtained results. Water as a medium for the purpose of flow 
evaluation in the gating system seems to be suitable for compari-
son with the flow of the aluminium alloy. Fig. 5 shows results of 
simulations and experiments with inspection fluid.

3.3. Mechanical properties

Four specimens for tensile test and four specimens for notch 
toughness were taken from the casting as shown in Fig. 6. After 
the tensile tests, the elongation and the yield strength were evalu-
ated. An Inspekt desk 50 kN was used for tensile test and the 
impact test was performed on PSW 30 machine. Mechanical 
properties were analysed after heat treatment of the speci- 
mens.

Fig. 6. Scheme of specimen placement for mechanical properties 
evaluation

Fig. 7 shows a graph with the measured average values of 
the mechanical properties depending on the design of the used 
gating system. It can be observed from the graph that the de-
sign of the used gating system did not have a significant effect 
on the notch toughness, except for Design 4, where there was 
an increase of 15% compared to Design 1. From the ultimate 
tensile strength and conventional yield strength results, it can be 
seen that the significant increase was achieved in the Designs 
3 and Design 4 with foam filters, of witch better results was 
obtained by higher filter density. Compared to the reference 

gating system, improvement of about 18% in ultimate tensile 
strength and 70% in conventional yield strength were obtained 
in the Design 4. The ultimate tensile strength in Design 3 and 
Design 6 increased by 12% and 9%, respectively, and conven-
tional yield strength by 58% and 43%, respectively, compared 
to Design 1. The Design 2 and Design 5 achieved approximately 
the same results, with ultimate tensile strength increase about 
by 5% and conventional yield strength increase about by 11%. 
The elongation decreased with increasing tensile strength. From 
the evaluation of the mechanical properties, it was possible 
to observe relationship between melt velocity, flow after gate 
and mechanical properties. With decreasing melt velocity after 
gate, a calmer filling of the mold cavity occurred. This may be 
related to the smaller amount of oxides solidified in the castings 
and the smaller amount of entrained air during turbulent filling 
of the mold cavity, resulting in better mechanical properties 
of the castings. In Design 4, the most significant reduction of 
melt velocity in the mold cavity and calm mold cavity filling 
conditions were achieved resulted to the significant increase of 
mechanical properties.

Fig. 7. Graph of mechanical properties

3.4. Microstructure

Samples for microstructure evaluation were taken from 
each casting from the same location. The microstructure of these 
samples was observed before heat treatment. Common prepara-
tion of aluminium alloy samples was used. An FEI Quanta FEG 
450 auto-emission scanning electron microscope equipped with 
an Apollo X EDS analyser (EDAX) was used to observe the 
microstructure.

SEM images of the microstructure are shown in Fig. 8. 
The microstructure consists of α-phase and intermetallic phases 
excluded in the interdendritic spaces. The intermetallic phases 
are Al2Cu in blocky form and Al2Cu in a eutectic form, which 
has also been observed in several works [19,20]. Intermetal-
lic iron phases have also been identified in the interdendritic 
spaces, as the used material contains about 0.11 wt.% Fe. In the 
microstructure, ferrous phases on the base of Al-Cu-Fe-Mn with 
plate morphology were observed, as in the work [21]. The micro-
structure assessment shown that the design of gating system was 
not affect the size of the α-phase and the size and distribution of 
the intermetallic phases.
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4. Conclusions

Based on the experimental work can be stated following:
•	 The high melt velocity after gate caused a high melt jump 

and mountain flow effect in the mold cavity and turbulent 
flow in the later stages of the mold cavity filling. 

•	E xperimental work has shown a correlation between melt 
velocity and the mechanical properties of castings. From 
the results obtained, it can be seen that by decreasing the 
melt velocity after gate the mechanical properties increased.

•	 The melt velocity measured during casting using sensors 
correlated with the results of melt velocity determined using 
simulations.

•	 The analysis of the flow using the simulation and using the 
inspection fluid experiment shown a correlation between the 
aluminium alloy and water during the mold cavity filling. 

•	 The Design 4 achieved the most significant melt velocity 
reduction in the mold cavity, calm filling after gate and 
important increase of mechanical properties compared to 
the other gating system designs.
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