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Abstract— Venting of excess gas and air in casting moulds is of critical importance to avoid defects such as misruns and porosities. Additive manufacturing give mould designers a possibility to make venting slots in large areas and geometrically complex mould sections. The venting slots must be wide enough to allow air to escape, but narrow enough to restrict metal flowing into the venting slots. In this paper an experiment was conducted to identify which process parameters cause metal penetration in venting slots in low-pressure die casting (LPDC). Parameters having the largest influence on the degree of penetration is found to be filling pressure and slot width. For a typical LPDC process a slot width of 0.14 mm is recommended. 
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I.  Introduction
The purpose of the research presented in this paper is to investigate which parameters cause molten aluminium A356 (Al7Si0.4Mg) to penetrate additively manufactured venting slots in low-pressure die casting (LPDC) tools. 
A. Additive Manufacturing
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Additive manufacturing (AM) has grown from mainly being used as a tool for rapid prototyping to the manufacture of end-use products, including tooling components. As of 2016 7.2% of all AM components are used in tooling [2], up from 4.3% in 2013 [3]. AM is a new tool for the die-maker and can potentially increase process-control in a casting process. The benefits include an increased flexibility for the tool-maker in addition to increased thermal control [4], and the manufacturing of moulds is faster [5]. Another potential benefit is the ability to evacuate the excess gas and air in the mould cavity through venting slots in AM inserts in a permanent metal mould.

AM has seen extensive use in injection moulding [2] which benefits from the possibilities given by conformal cooling channels and complex internal geometries. Work has been done regarding the use of AM materials for aluminium high-pressure die casting (HPDC), and the results have been promising [6]. The mould material properties requirements are comparable in HPDC and LPDC, and the wear of the mould in a HPDC process will generally exceed the wear of a mould in a LPDC process with comparable process parameters. 

B. Low-pressure die casting

LPDC is used to produce parts with high integrity and in large volume. Typical examples are aluminium castings for the automotive industry. Sand cores or metal cores can be incorporated in the process to produce hollow parts. 

In low-pressure die casting the molten metal is forced into the mould through a fill tube that is immersed in a crucible below the mould. The air around the crucible is pressurized to generate the necessary force to lift the molten metal into the mould. A schematic illustration of a low-pressure die casting machine is shown in Figure 1. A distinct advantage of the process is that clean molten metal is introduced into the fill tube, and surface oxides from the melt are avoided in the mould.

As the metal fills the mould, the air in the mould, and any gas from the sand core binder must be evacuated through properly designed venting elements. If excess gas are not properly evacuated in a LPDC process defects such as misruns and porosities may occur. The defects could be found on the surface of the casting, or inside the casting. A key feature of the venting slot is to allow air to flow through, but not molten aluminium. 
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Test parameters

Key parameters are identified as vacuum level, casting temperature (molten metal temperature), mould temperature, contact time, and slot size. Vacuum level and casting temperature are tested at two levels. The target mould temperature is 300°C, and the target contact time is between 5 and 10 seconds. 
D. Surface tension and oxide films
Aluminium does not typically wet moulds, which results in a capillary back-pressure restricting the flow of the melt [7]. The back-pressure, PST, is modeled after the Young-Laplace equation as shown in (1), where γ is the surface tension, and r and R are the principal radii of curvature of the meniscus of the melt.

PST = γ(1/r + 1/R) 
(1)
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In a case where the melt is filling a thin wide slot, where R >> r, (1) can be rewritten as PST = γ/r. In this case r can be expressed as b/(2*cos(α)), where α is the contact angle and b is the slot width. Assuming zero wettability between the aluminium and mould the contact angle is 180°, and r equals half the slot width. The back-pressure is then a function of the slot width and the surface tension. The effective surface tension of molten A356 is highly dependent on the surface oxide layer and temperature. Reported values of surface tension for A356 is in the range of 0.390 N/m to 0.845 N/m [8], [9]. 
The aluminium A356 alloy used in this experiment is modified with Strontium, which is known to reduce the surface tension. 
II. Experimental
A. Degree of metal penetration
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Two sets of five disks were built in two different powder bed fusion (PBF) machines, as shown in Table 1, to simulate a casting mould. Each disk had six groups of venting slots with 8 slots in each group. The nominal slot widths of each venting slot group is given in Table 1. The diameter of the test disk is 80 mm and the thickness is 5 mm. The disks were built with the slots aligned with the build direction, as to minimize the overhang in the AM process.
Each disk was coated with a graphite coating and placed in a testing apparatus as shown in Figure 2. The disk was first preheated with a propane burner before it was lowered a set distance, d, into a crucible of molten aluminium A356 at temperature T for a duration of t seconds. A vacuum was applied to the chamber above the disk with a pressure of P mbar as the disk was lowered into the molten aluminium. The oxide layer on the top surface of the crucible was removed immediately before the disk was lowered into the melt pool. The test parameters are summarized in Table 2. The casting temperature and vacuum was controlled by a LPDC machine, and the disk temperature was measured by a thermocouple placed in the center of the disk. 
The degree of metal penetration was determined as the average percentage of the slot area in each slot-group filled with aluminium. The area was determined by capturing an image of each disk and counting how many pixels the aluminium covered in the longitudinal direction of each slot. This value was divided by the total number of pixels in the longitudinal direction of the slot. 
B. Actual slot size
The actual slot size was measured on one disk from each PBF machine in a microscope. Each slot was measured three times, at the bottom, middle, and top of each slot, giving a total of 24 measurements for each slot group. 
The actual slot widths differs substantially from the nominal slot widths. As seen in Table 3 the deviations of actual slot widths compared with nominal slot widths are in the range of 0.003 mm to 0.069 mm. Perhaps more interesting than the deviation, from an AM point of view, is how the slot widths are grouped. Considering disk 1, the slots with nominal widths 0.12, 0.14, and 0.16 mm all have actual slot widths of about 0.14 mm. The same is found in disk 6 for nominal slot widths 0.16, 0.18, and 0.20 mm. In this case it is grouped around 0.18 mm. 

In a PBF process a metal powder is melted with a high power laser beam and the characteristics of the material changes dramatically. On a powder scale, particles on the vicinity of the melt pool will only be partially melted. This is problematic at the contours of holes and slots, where no overlap of the laser beam is possible. For slots with nominal widths of 100 µm to 260 µm partially melted powder particles with diameters typically in the range of 10 µm to 70 µm can have a dramatic effect on the actual slot width.
III. Results and discussion
A. Metal penetration
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The degree of metal penetration is shown in Figure 3. The disk number (from Table 1) is indicated on the vertical axis. The slot size is indicated on the horizontal axis. 

1) Contact time 
Considering disk 1, 3, 5, 6, and 9, which had a target vacuum level of 50 mbar there was a low degree of metal penetration for all slot sizes, with the exception of disk 6-0.26 mm slot width and all of disk 5. Disk 5 was held longer in the melt pool (10 seconds) compared to the other disks considered (6-7 seconds). The temperature of disk 5 was lower (236°C) compared with disk 1, 3, 6, and 9 (~300°C). Disk 10 also had a contact time of 10 seconds, and a higher degree of penetration compared with the other disks with a low target vacuum. As the aluminium comes in contact with the cooler steel disk a thin layer of aluminium is immediately cooled down and solidified. As the contact time increases the solidified aluminium re-melts, and penetration is again possible. In a casting process, however, the melt pool has a significantly lower mass compared with the mould, and re-melting of the aluminium is not considered an issue.
2) Actual slot size
There is a significantly higher level of metal penetration in the comparable slots in disk 6 compared to disk 1. However, the actual slot sizes differ substantially from the nominal slot sizes, and thus explains the elevated level of penetration.
3) Casting temperature
To look at the effect of casting temperature disk 1 and 3, disk 2 and 4, disk 6 and 9, and disk 7 and 8 is compared pairwise. For these experiments the vacuum level for each disk pair is comparable, but the casting temperature is either 650°C or 700°C. 
For the low vacuum case (disk 1 and 3, and disk 6 and 9) there is little difference in melt penetration for disk 1 and 3. Considering disk 6 and 9 there is a significantly higher degree of penetration in disk 6, although the process parameters for disk 9 should indicate a higher degree of penetration in disk 9. The low level of penetration in disk 9 is most likely a result of a thicker surface oxide film layer on the melt pool effectively creating a physical barrier stopping the flow into the venting slots. 
For the high vacuum case with similar disk temperature (disk 7 and 8), there is no significant difference in melt penetration. In the other high vacuum case (disk 2 and 4) there [image: image6.png]


is a higher degree of penetration in disk 2 compared to disk 4. In disk 4 the disk temperature is slightly higher (23°C) and the contact time is higher. This will increase the chance of re-melting, as discussed previously. The low level of penetration in disk 4 can also be a result of a thicker surface oxide layer due to a failure to remove it from the melt pool before the disk was lowered into the aluminium. 
The casting temperature will affect the surface tension of the aluminium, but a temperature difference of 50°C is considered to have negligible impact on the Young-Laplace equation (1) when compared to the larger pressure difference of 50 mbar. 
4) Vacuum level

Disk 2, 4, 7, and 8 had a target vacuum of 100 mbar and peak values in the range of 118 to 160 mbar. The degree of metal penetration was generally higher for the experiments with the higher vacuum level. This further suggests that vacuum has a higher impact on melt penetration compared to casting temperature. 
5) Mould temperature
Disk 5, with a low initial temperature had a high degree of metal penetration, even though the vacuum level was low compared to disk 4. This suggests that the mould temperature is of significance. This can also be seen in the pattern of solidification where penetration occurred. In disk 2, 5, 7, and 9 there is a distinct circular pattern of penetration, exemplified in Figure 4.
The steel tube holding the thermocouple acts as a chiller and any melt penetrating the slot will solidify faster in the center region, thus not being able to retract as discussed in the next section. 
B. Melt retraction

Figure 5 shows the solidified aluminium after disk 1 was tested. It is clear that the melt enters the slot, but is released after the casting is removed from the mould. As long as the melt does not pass through the entire slot this poses no problem in respect to clogging, but the surface quality of the cast part is compromised. It can also restrict the ejection of the cast part from the mould, but this problem can be solved by implementing a draft angle in the design of the slot. Figure 6 shows a piece of aluminium separated from the top of disk 5, where the melt was allowed to pass through the slot. This will cause clogging of the slots and effectively negate the effect of the venting slot. 

It is interesting in Figure 6 to notice the pattern of penetration through the slot. It is not a conform penetration in a rectangular pattern, but rather a series of points where the metal flows through each slot. This can be attributed to the surface roughness of the slots, but also because of the oxide layer on the surface of the melt. Although measures were taken to reduce the surface oxide layer thickness, the effects are considered impossible to eliminate. In Al7Si0.4Mg alloys a thin surface film is formed almost immediately. This surface film can be as thin as 20 nm [10], but still effect the flow. The initial film to form on aluminium alloys with more than 0.005%Mg is MgAl2O4, which has a higher melting point than the aluminium alloy. The high melting point (2135°C) will cause the oxide film to act as a physical barrier the aluminium melt has to penetrate before it can enter the slot. For such small areas the oxide film seems to temporarily restrict the flow before it splits open allowing the melt to be jetted through.   
C. Surface tension and metal penetration

Comparing the experimental results with the Young-Laplace equation (1), in the lower bound of surface tension (0.390 N/m) penetration occurs for slot widths larger than 0.14 mm for the low vacuum level, and all slots with the high vacuum level. In the higher bound of surface tension penetration will only occur for the high vacuum level and slot widths larger than 0.16 mm. 
Considering disk 1, neglecting the low levels of penetration, the surface tension is estimated to be less than 0.5 N/m using (1). Considering disk 4 where considerable penetration appeared in slot widths above 0.18 mm the peak vacuum level was 121 mbar. According to (1) the surface tension is in the upper bound with a value of 0.9 N/m. A detailed study of the surface tension is out of the scope of this paper, but it is worth noting that there is significant variance in the observed surface tension in this experiment. This in turn is related to the varying thickness of the surface oxide layer and the surface roughness of the slots, and does not necessarily reflect the true surface tension.
IV. Summary and conclusions
The main factors influencing the degree of penetration of molten A356 in venting slots in permanent moulds in low-pressure die casting are pressure difference and slot width.
 Casting temperature and surface oxide layer thickness effects penetration through altering the surface tension. A higher surface tension reduces the risk of penetration. This is seen both in the experimental results and from the Young-Laplace model of capillary back-pressure. 
A high contact time between molten aluminium and mould can cause re-melting of initially solidified aluminium and penetration may occur. The mould designer must consider this in high temperature areas of the mould, e.g. in close proximity to the fill stalk. 

The research presented in this paper shows that AM can be successfully used to manufacture moulds for low-pressure die casting with venting slots for excess gas evacuation. The authors recommend venting slots with 0.14 mm slot widths for a typical LPDC process. 
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Figure � SEQ Figure \* ARABIC �2� Experimental set-up. The test disk (1) is fixed in a cylindrical holder and lowered a distance (d) into the melt pool (4). The temperature of the disk is measured with a thermocouple (2) whose wires runs through a steel tube insulated with a ceramic material (3).  The chamber above the disk (6) is depressurized with a vacuum pump connected to the top plate (5).








Table � SEQ Table \* ARABIC �1� Disk properties


Disk�
AM process�
Material�
Nominal slot widths�
�
1 through 5�
Direct metal laser sintering (EOS EOSINT M280)�
Steel 1.2709 (Vendor name MS1)�
0.10 mm


0.12 mm


0.14 mm


0.16 mm


0.18 mm


0.20 mm�
�
6 through 10�
Laser Cusing (Concept Laser M2)�
Steel 1.2709 (Vendor name CL50WS)�
0.16 mm


0.18 mm


0.20 mm


0.22 mm


0.24 mm


0.26 mm�
�






Table � SEQ Table \* ARABIC �2� Test parameters


Disk�
Tcasting (°C)�
Tdisk (°C)�
Ptarget (mbar)�
Ppeak (mbar)�
Contact time, t (seconds)�
�
1�
650�
297�
50�
50�
7�
�
2�
650�
272�
100�
160�
8�
�
3�
700�
300�
50�
50�
7�
�
4�
700�
295�
100�
121�
9�
�
5�
700�
236�
50�
69�
10�
�
6�
650�
303�
50�
52�
6�
�
7�
650�
299�
100�
156�
8�
�
8�
700�
303�
100�
118�
9�
�
9�
700�
296�
50�
62�
7�
�
10�
700�
287�
25�
50�
10�
�






Table � SEQ Table \* ARABIC �3� Actual slot widths in mm.


 �
Disk 1�
�
�
Nominal slot width�
0.10�
0.12�
0.14�
0.16�
0.18�
0.20�
�
Average actual slot width �
0.097�
0.147�
0.135�
0.138�
0.160�
0.166�
�
Deviation from nominal width�
-0.003�
0.023�
-0.005�
-0.022�
-0.020�
-0.034�
�
Standard deviation (24 measurements per slot group)�
0.014�
0.057�
0.022�
0.012�
0.025�
0.030�
�
�
Disk 6�
�
�
Nominal slot with �
0.16�
0.18�
0.20�
0.22�
0.24�
0.26�
�
Average actual slot width�
0.180�
0.183�
0.187�
0.244�
0.236�
0.329�
�
Deviation from nominal width�
0.020�
0.003�
-0.014�
0.024�
0.004�
-0.069�
�
Standard deviation (24 measurements per slot group)�
0.020�
0.040�
0.043�
0.034�
0.037�
0.066�
�
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Figure � SEQ Figure \* ARABIC �3� Degree of metal penetration as a function of slot size. The degree of metal penetration as a percentage is indicated both as a numerical value and by the color legend.
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Figure � SEQ Figure \* ARABIC �4� Circular pattern of penetration in disk 2.
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Figure � SEQ Figure \* ARABIC �5� Close up of the solidified aluminium at the bottom of disk 1 after the experiment was conducted. The melt enters the venting slot, but is released from the slot after the solidified casting is removed from the mould.
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Figure � SEQ Figure \* ARABIC �6� A piece of aluminium which penetrated the 0.26 mm slot width group on disk 5 and solidified in the vacuum chamber.











