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ABSTRACT 
 
High-integrity die castings are often welded into complex structures. Compared to conventional die castings, high-vacuum can 

significantly reduce weld porosity after gas-metal arc or laser welding. However, achieving robust welding remains an 

industrial challenge due to the large number of variables involved. Surface characteristics, in addition to core material, are 

known to play a significant role in weldability. This paper investigates the impacts of die lubricant type, location on the part, 

cleaning method, and welding process. Critical factors contributing to robust joining capability were identified using a 

combination of advanced characterization and machine learning models. A 3-mm thick flat die insert with edge features was 

designed to generate detrimental filling patterns within the available envelope. Specimens were cast with the Aural™-2 alloy 

and welded in the F temper. Before welding, specimens underwent non-destructive testing by immersed ultrasound, with 

millimeter-scale traceability. Surface characteristics were also investigated after surface treatment using infrared spectroscopy 

to quantify oxides and remaining traces of die lubricants. Specimens were then welded in a bead-on-plate configuration with 

GMAW or autogenous laser processes. Given the potential shot-to-shot variations, five specimens were tested for each case. 

Post-weld quality was evaluated with 2D X-ray inspection and segmented along each weld. Finally, since inputs and outputs 

were traceable along the specimens and weld lines, quality was correlated with casting and welding parameters using visual 

interpretation methods and statistical analyses. This work highlights the impact of surface characteristics on post-weld quality 

to identify favourable process windows for robust joining procedures. 

 

INTRODUCTION 
 
High-integrity aluminium die castings, especially the larger automotive components that are becoming more widely used, allow 

integration of multiple parts and functions in thin-walled, lightweight structures. These components still need to be assembled 

into larger packages such as car bodies. The high-integrity high pressure vacuum die casting (HPVDC) process and alloys make 

a range of joining processes feasible. For instance, high-ductility alloys especially after solution heat treatment allow self-

piercing riveting to be used [1]. The low porosity resulting from high vacuum also facilitates application of fusion welding 

processes, as even small initial porosity in the casting will result in large post-weld porosity [2, 3]. Conventional die castings, 

with typically higher porosity, can also be welded but more complex variants such as non-fusion, high-force friction-stir-

welding, or particular joint designs [4] need to be used. Fusion weldability of HPVDC has already been demonstrated, for 

instance by Scheibner et al. [3], but porosity still remains and sometimes has to be further reduced to achieve performance 

targets. As a result, more complex variants such as laser welding in a vacuum [5], with mechanical vibration or electromagnetic 

assistance [6, 7] have been developed but have industrialization challenges. Laser systems with dual beams or beam oscillation 
[8] have been developed in the last few years and have shown benefits for joining wrought and cast aluminium [9, 10], for different 
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joint configuration e.g. overlap, edge and butt joints. While in a majority of the research the focus has been on understanding 

the feasibility of laser welding and the effect of different laser welding parameters on geometrical characteristics, little research 

has been performed to analyze the root cause and various variants in porosity formation. Therefore, understanding and 

optimizing the complete casting, surface treatment, and welding chain to reliably achieve performance targets with relatively 

simpler welding processes is an attractive option for efficiently joining structural castings into larger assemblies. 

 

There are a number of casting process factors affecting weldability [3]. Part, gating and vacuum channels design plays a critical 

role on entrapped gas and must be addressed before die manufacturing. Once the tooling is installed, casting quality starts with 

melt management upstream from the die casting machine which includes preparation and transfer methods to control hydrogen 

content (often estimated through the density index [5]), avoid segregation in the bath, and minimize formation of oxide films. 

At the die casting machine, plunger lubricant is also known to contribute to porosity and alloy contaminants and decrease 

general weldability [7], and should be minimized while maintaining its protective function. Process parameters such as the slow 

shot speed or vacuum level in the cavity can also impact porosity levels [11, 12]. 

 

In addition to the casting internal quality, surface characteristics such as presence of moisture, oxides, or chemicals from die 

lubricants (also known as release agents) are known to decrease weldability [2, 3, 6, 13]. Die lubricants have been the subject of 

increasing interest in the recent literature with a focus on their multiple functions and increasing importance in structural 

applications. For instance, Graf and Kallien investigated the deposition and heat extraction capability of different lubricant 

formulations as a function of die temperature [14]. Tomazic and Belyk showed in the ProGRess project that advanced die 

lubricants, among other benefits, can reduce carbon contamination thickness, reduce lubricant-induced porosity, and be more 

easily cleaned, which are factors that can improve weldability [13]. In addition to composition, a good lubricant application 

method was required to achieve good weldability at different dilution levels, as evidenced by re-melt tests. Experiments by 

Nishi showed improved filling from increased lubrication in very thin walls [15]. More recently, the insulating effect of the die 

lubricant under melt flow as a function of its composition was investigated using a splash test [16]. While the experiments 

differed from the fast flow and pressure typically observed in die casting, results suggest that die lubricant contributes to the 

heat transfer characteristics at the die-melt interface, which could impact filling and also have an effect on weldability, for 

instance from laminations or cold shuts defects especially further from the gates [17]. On the other hand, a thicker lubricant layer 

could generate more porosity-inducing humidity and decomposition products [17]. In practice, lubricants can be described to 

some extent in terms of solids content analysis to compare active ingredients content and thermogravimetric measurement to 

evaluate the thermal stability of lubricants at high temperature up to the ash content [15, 16, 18]; determining composition requires 

other methods such as Fourier transform infrared spectroscopy to identify what the active ingredients are [16]. However, 

lubricant recipes often remain an industrial secret which can complicate direct comparisons [18]. While relative content of 

different active compounds can be tailored, their practical selection and application may not always be optimal due to the 

complexity of their performance requirements even when using structured but time-consuming evaluation procedures [19]. The 

variations of deposition efficiency as a function of die temperature as well as spray geometry and parameters such as pressure 

have also been widely investigated for process optimization [20-22]. This was quantified for instance through a surface glossiness 

metric that correlated well with friction measurements [20]. Furthermore, castings generally go through cleaning steps that use 

various chemicals and that can further affect their surface characteristics. Through their effect on the cast surface, die lubricants 

and surface treatments methods could therefore play a significant role on the weldability of structural die castings. 

 

There is a range of welding variants that can be used for joining structural castings. Gas metal arc welding (GMAW) is often 

used in the automotive sector and has already been demonstrated as the optimal process for short robotized seam welds on a 

door frame with an Al-Mg-Si casting welded to an extruded profile [3]. This process is most often conducted in butt and fillet 

configurations and is generally tolerant to geometrical gaps. While the GMAW process is very well established in the industry, 

there are still instances of poor weldability for die castings in terms of post-weld porosity. There is therefore interest in 

determining an optimally robust welding window, especially for castings requiring long weld lengths or leak-tightness as even 

local welding defects can lead to costly rework or rejection. For this variant, arc stability, filler wire type and shielding gas are 

known to be important factors [23]. 

 

Laser welding is gaining interest for joining aluminium alloys as it can achieve faster welding speeds with low distortion, which 

can become economically advantageous for long weld paths, as well as overlap welds [3]. New variants, such as wobbling or 

dual-core fiber, have already shown improvement of the keyhole stability which improves the weld surface aspects and 

minimizes the occurrence of internal porosity due to keyhole collapse [24]. In addition to keyhole-tip instability phenomena in 

aluminium alloys, laser welding is made more challenging for die-cast alloys due to the interaction of dissolved hydrogen with 

the localized heat input and fast solidification behind the beam [7].  

 

This paper therefore investigates the fusion weldability of structural die castings in terms of the critical characteristics that 

promote robust weldability. The first focus is on quantifying the surface characteristics arising from different lubricants, 

cleaning treatments and flow patterns during filling. The second topic is on correlating the local surface and internal 
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characteristics of as-cast specimens to the resulting weldability using the GMAW process. Finally, this study compares the 

behaviours of the GMAW and laser processes in terms of porosity distributions to show the potential benefits of laser welding 

for joining structural die castings. 

 

EXPERIMENTAL METHODS 
 
HPDVC EXPERIMENTS 
In this work, a test specimen was designed within the available envelope in existing die blocks. This led to constraints on using 

existing gates and vacuum channel locations. A 3-mm thick planar geometry was used for simplicity, but the contour was 

designed iteratively to generate different filling patterns locally based on air entrainment and oxides outputs from process 

simulations, towards edge weld trials. The tooling insert was installed on a 530-ton Bühler SC N/53 die casting machine fitted 

with a Fondarex HighVac/ExVac vacuum system and a Rimrock spray actuator and head (Figure 1). 

 

 
Figure 1- (a) General view of the die casting cell. (b) Example of die spray operation. 

 

The alloy used in the tests was Aural™-2 with a composition range over 4 days shown in Table 1. A mix of 70% primary alloy 

and 30% feeds and overflows was melted and held in a resistance-heated crucible furnace. Melt treatment with fluxing and 

rotary argon degassing was conducted and magnesium and strontium contents were adjusted each day to maintain as much as 

possible a constant density index and composition. The density index was calculated at the start and end of each casting run 

and remained in the range of 1.4 to 3.0% for the specimens reported herein. K-mold specimens were also observed to confirm 

melt quality and did not show significant inclusions. Melt was then transferred using a robotic ladle during each cycle. In a 

wider series of tests not reported in this paper, the melt was sometimes also deliberately degraded by addition of previously 

cast feeds and overflows to assess the impact on weldability, up to 5-7% density index. 

 
Table 1- Alloy composition range for casting alloy (actual) and filler material (nominal), in % mass 

Alloy Aluminum Silicon Magnesium Iron Manganese Titanium Strontium 

Aural™-2 Bal 10.5-10.7 0.30-0.32 0.18-0.19 0.50-0.51 0.06 0.009-0.013 

ER5356 Bal ≤0.25 4.5-5.5 ≤0.40 0.05-0.20 0.06-0.20 - 

 

There are many parameters on the die casting machine that could impact casting quality. In this work, a small subset of factors 

were varied while keeping others as stable as possible, as summarized in Table 2. An ester oil-based plunger lubricant (Chem-

Trend PL-176) was applied in the cold chamber using a positive displacement pump through apertures behind a Caro-Prometa 

plunger tip during the return stroke. The estimated plunger lubricant consumption was 0.7-0.8 g/shot for the 80-mm diameter 

cold chamber and was kept nominally constant. On the other hand, die lubrication was varied in terms of product and dilution 

as this factor was expected to alter surface characteristics. Two lubricants from Chem-Trend, labelled L1 and L2 herein, were 

selected: L2 is designed for deeper draws and minimal draft. Lubricant L2 was reported to have a lower solid fraction and was 

also used at a lower concentration, therefore resulting in a smaller amount of solids sprayed. Both lubricants were diluted in 

tap water. The die spray lines were purged and the die cavity was cleaned and repolished when changing lubricant type. For 

consistency, diluted die lubricant was stored in pressurized tanks at 5.5 bar and robotically applied at each cycle using a 

Rimrock linear actuator and nozzles operating with the same sequence. The setup is illustrated in Figure 1b. The estimated 

lubricant consumption was on the order of 90 g/cycle over 4 seconds for the complete die, with a large fraction being sprayed 

on the runner and overflows as the objective was to avoid over-cooling the die in the thin-wall region. It should be noted that 

the measured melt density index was slightly higher in the trials with lubricant variant # 2. Die temperature was approximately 

270-280°C at the start of spray. Shot profile and pressure as well as cycle time were kept the same throughout the reported 

experiments. Die, cold chamber and plunger thermal management as well as melt temperature were also kept constant. Reported 

vacuum level remained in the range of 54 to 64 mbar, and may be overestimated by ~15 mbar as maintenance revealed a sensor 

calibration issue following these trials. It should be noted that melt temperature varied quite significantly when reaching the 

(a) (b)
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lower furnace levels, compared to a conventional guideline of 5.5°C for thin-walled castings [25]. Welding specimens were only 

taken from steady-state die and cold chamber temperature regimes. 
 

Table 2- Selected casting process parameters 

Parameter Range or value Parameter Range or value 

Die lubricant 1. L1 diluted at 3%  Intensification pressure 500 bar 

 2. L2 diluted at 2% Die thermoregulation 240°C 

Slow shot speed 0.1 m/s Melt temperature 704-714°C 

Metal velocity at gate 45 m/s Cycle time 70 s 

 

Castings were dried promptly after quenching in tap water and care was taken not to handle the surfaces. While the selected 

die lubricants were not advertised as weldable without cleaning, half of the castings for each case were brought to welding in 

the as-cast state. Lubricant residues were thoroughly removed from the remaining castings using a specific sequence of solvent 

degreasing identified for each of the two lubricants. At every stage, the surface was gently scrubbed with a solvent-resistant 

polymer brush, ensuring no scratching or sanding occurred. Since this study was also interested in investigating the influence 

of oxides on the level of porosities found in the weld [23, 26], it was crucial to preserve their nature and thickness during the 

degreasing steps. For this reason, the use of organic solvents was favored over alkaline aqueous degreasers that may etch the 

surface. In the initial degreasing step, a 1:1 mix of acetone and hexanes was utilized for L1, while ethyl acetate was preferred 

for L2. Subsequently, xylene, methanol, and acetone were used in sequence to degrease castings prepared with both lubricants. 

 

CHARACTERIZATION METHODS 
In order to determine critical factors for weldability, the internal and surface characteristics of as-cast and cleaned specimens 

were quantified using a range of methods. Throughout the experiments, part-to-part and within-part traceability was carefully 

kept to establish correlations on a local basis. Each casting was individually characterized, as shot-to-shot statistical variations 

were observed especially for micro-porosity towards the edges near the gates. Within each casting, the as-cast and post-weld 

inspection and welding zones were accurately located on the castings so that weldability in individual segments could be related 

to the local characteristics of that segment, as illustrated in Figure 2a. This was for instance intended to determine whether 

post-weld porosity originated from as-cast voids, surface features, or possibly from a welding instability. 

 

 
Figure 2- (a) Segmentation on the casting of welds A & B areas, prior to welding, in 13 and 10 segments, respectively; 

(b) Picture of GMAW welds A & B on the casting. Filling is from left to right in the figure. 

 

Figure 2a displays the two distinct weld locations labeled A and B. Given the expected weld pool length of roughly 10 mm, 

welds A and B were divided into thirteen and ten segments respectively, each 10-mm long. Consequently, when performing 

point-to-point comparisons and correlations between inputs and outputs, the average values in these 10-mm long segments for 

the indicated parameters were utilized. 

 

Due to the filling pattern and depending on the degreasing steps, the casting surface exhibits visually different zones with 

varying glossiness and shades of gray as illustrated in Figure 3b-c. These hues were quantified using a grayscale analysis, 

regardless of whether these shades are connected to the presence of residual lubricants, oxidation levels, surface topography, 

or the content of porosity beneath the surface both before and after welding. The average grayscale of every 10-mm segment 

was calculated using the perceptually-tuned luminosity method that accounts for human perception. As human vision is more 

sensitive to green than other colors, green is weighted most heavily and the calculated grayscale value is given by: 
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 GS level = 0.2989 × Red + 0.5870 × Green + 0.1140 × Blue (1) 

Due to the relatively small variations of quantified grayscale levels throughout the images, pictures from which grayscale data 

were extracted were taken under constant illumination and imaging conditions in the laboratory to avoid potential 

measurements bias. 

 

 
Figure 3- (a) Die insert used to manufacture the cast specimens. (b) Typical as-cast surfaces with die lubricant 

variant # 1. (c) Typical as-cast surfaces with die lubricant variant # 2. 

 

Surface characteristics were further quantified in terms of surface molecular structure and composition using infrared 

reflection-absorption spectroscopy (IRRAS), a powerful and sensitive variant of infrared spectroscopy used for the 

investigation of thin films and monolayers. This method involves the interaction of infrared (IR) radiation with a material, 

resulting in the absorption of specific wavelengths of light which correspond to the vibrational frequencies of the chemical 

bonds in the material. The specificity of IRRAS technique is that it involves an incident IR radiation polarized in the plane of 

incidence, and interacting with the surface at a grazing angle (80° vs. normal vector). An 8-mm diameter mask was used with 

the IRRAS accessory to measure spectra at the same 10-mm intervals as those reported for other analytical methods. 

 

Figure 4 show the typical infrared signatures of a degreased casting, along with those of dried lubricants, showing oxides, 

hydroxides and organic and inorganic compounds present on the surface. While the full interpretation of infrared spectra is 

beyond the scope of this discussion, we will explore the key elements here. The casting using L1 was intentionally not 

thoroughly degreased using acetone, demonstrating how residual lubricant might interfere with the absorption band attributed 

to aluminum oxide (Al-O), at 938 cm-1. Aluminium oxide is an unavoidable product of the interaction of the aluminium with 

air. The shoulder peak centered at 1075 cm-1 indeed belongs to the L1 lubricant. A similar molecular vibration is found in L2, 

with an intense peak centered at 1095 cm-1, assigned to the Si-O-Si antisymmetric stretch. A sharp peak at 1260 cm-1, 

particularly prominent in the L1 spectrum, can also be attributed to a silicone-like compound, specifically, to CH3 symmetric 

deformations in Si-CH3. The observed bands in the 3000-2800 cm-1 region correspond to the symmetric and antisymmetric 

stretching vibrations of C-H bonds in methyl (-CH3) and methylene (-CH2-) groups. These originate from the lubricants and 

further suggest the presence of residual lubricant or a reaction product of the die lubricant with the incoming melt on the casting 

surface that has not been adequately degreased with acetone. In the spectral range from 1750 to 1285 cm-1, numerous vibration 

bands appear in both lubricants but are absent from the degreased casting. Attributing specific molecular features to these bands 

would necessitate the use of complementary techniques. Lastly, the broad band at 3450 cm-1 on the casting surface belongs to 

-O-H vibrations in aluminum hydroxides. This must be interpreted with caution, as hydroxyl functions are also present in both 

lubricants. The areas under the IRRAS spectrum curve within specific wavenumber ranges were finally used to quantify the 

relative presence of each functional group towards correlations; the absolute amounts were however not quantified. 

 

Cross-section observations of similar castings under optical microscopy (OM), scanning electron microscope (SEM) and 

associated energy-dispersive X-ray spectroscopy (EDX) mappings showed presence up to 20-μm deep microcracks which 

contain a high silicon and oxygen lubricant residue consistent with the IRRAS spectra (Figure 5). While fluorescent penetrant 

inspection was also considered as a non-destructive test method, presence of such microcracks was however not systematically 

quantified or included in the high-volume correlation analyses. 

 

(a) (b) (c)
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Figure 4- Typical IRRAS spectra acquired from a degreased casting (acetone was used to partially remove the L1 

lubricant). Spectra shown for lubricants were recorded on furnace-dried lubricant samples (8 h at 40°C) using 
attenuated total reflectance IR spectroscopy technique (ATR-IR). 

 

 

 
Figure 5- (a) OM imaging showing surface cracks. (b) SEM imaging showing a lubricant residue; (c) Relative silicon 

concentration (red); (d) Relative oxygen concentration (green). Casting with lubricant L1.  

 

In terms of internal quality, as-cast micro-porosity is known to affect weldability as small porosities formed under high pressure 

in the die cavity can expand to large volumes when the material remelts during welding. Density measurement is a proven way 

to assess the extent of voids in a casting [3], but provides global information on the part. While specialized high-resolution 

micro-computer tomography was demonstrated to detect small porosity in the range of 30 μm equivalent diameter [27, 28], the 

available X-ray equipment did not have sufficient resolution. Cast specimens were instead inspected using a 30 MHz focalized 

ultrasound probe in an immersion bath: previous cross-sections had suggested that this method could detect small porosity on 

the order of 50 µm in the core of the casting. However, ultrasound inspection has “blind” zones near the surfaces (especially 

on the input side) due to high signal amplitude, but the skin layers generally exhibit minimal porosity. Typical inspection 

images (C-scans) in the weld regions are presented at Figure 6. The small turquoise dots represent the internal cast defects, 

mainly voids, while a sound zone is presented as a background blue color. The intensity of the instances depends on the reflected 

ultrasonic signal amplitude but in this study no defect sizing was applied, only a threshold value which corresponds to the 

minimal color change (25-30 dB). In the specimens used in this study, a few instances of potential cold flakes, which are known 

to contribute to blisters [17], were detected especially around location A closer to the gate, but were located outside the weld 

regions. The area fraction of instances in 5-mm wide tracks, corresponding to the approximate melt pool width, centered on 

the weld lines was finally quantified using automated image analyses as a metric of as-cast porosity before welding. 

 

(a) (b) (c) (d)

10 μm
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Figure 6- Examples of ultrasound inspection before welding and X-ray inspection after welding for instances with  

(a) higher as-cast porosity instances and (b) lower instances density. Insets are image analysis results for automated 
defect detection and quantification. 

 

This inspection was conducted after surface infrared spectroscopy as castings were immersed in tap water for durations on the 

order of 10-15 minutes during inspections, which could have altered the surface to some extent before welding. The HPVDC 

cast plates were then subjected to a drying procedure at 35°C for at least 3 hours before welding. A destructive blister test can 

also provide more information on the likely locations of porosity with respect to the intended welding locations [3], but was not 

suitable for the part-by-part traceability required in this investigation. 

 

WELDING EXPERIMENTS 
In this work, laser and GMAW processes were selected to perform the welding in a bead-on-plate (BOP) test configuration to 

compare the effect the two welding processes. The BOP conditions were selected to study the effect of casting material surface 

condition on weld qualities as well as to simplify the welding execution. This is similar to a tungsten inert gas (TIG) remelting 

test [2, 13]. The casting material was melted to the penetration depth of approximately 2 mm. ER5356 filler metal with a 

composition listed in Table 1 was used in GMAW welding process while the laser welding was performed in autogenous mode 

without the addition of external filler material. The ER5356 wire composition was preferred compared for instance to ER4043 

reported in literature for A356 to AA6061 butt joints due to the higher mechanical properties that can be obtained [23]. 

 

For GMAW, five cast plates were selected sequentially for each lubricant/surface combination, for a total of 20 specimens. 

Two welds were made on each plate across the width of the specimen at different distances from the gates, at the locations 

depicted in Figure 2. This was intended to sample different types of casting defects possible as a function of distance from gate 

and to highlight differences across surface characteristics. For instance, cold flakes and large externally solidified crystals may 

be more likely to be found near the gates (weld A) while the risk of oxide films, cold shut and laminations may be higher further 

from the gates (weld B) [17]. This approach provided five weld beads for analysis for each lubricant/surface/weld combination, 

for statistical sampling [5]. 

 

The GMAW experiments were conducted using a Fronius CMT TransPuls Synergic 4000 welding source mounted on a 

Motoman 45-kg payload robot (Figure 7a). The GMAW pulsed process parameters in Table 3 were initially developed over 

as-cast plates.  For comparison, literature suggests a similar wire diameter and argon shielding gas flow rate up to 53 cfh for 

butt joints of 4-mm thick A356 castings to AA6061 with a similar travel speed [23]. The optical micrograph in Figure 8a gives 

an example of the weld macrostructure and fusion zone penetration depth achieved during BOP trials. This test method therefore 

remelted the surface layer, the dense skin layer as well as part of the core material that is generally more prone to porosity. 

 
Table 3- Nominal GMAW welding parameters 

Filler wire diameter Wire feed speed Travel speed Voltage Current Shielding gas flowrate 

mm m/min m/min V A cubic feet/hour 

1.2 7.8 0.5 20 120 45 

 

(a) Specimen # 321 – high porosity instance on weld A (b) Specimen # 323 – low porosity instance

5 mm

Weld 321-A

Weld 321-B

Weld 323-A

Weld 323-B

Weld directionHigher density of indications in some 

as-cast plates, especially in location A

Instances outside fusion zone not 

expected to be detrimental to welding

Ultrasound NDT, 

before welding

X-ray,

after welding
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Figure 7- (a) Fronius CMT TransPuls Synergic 4000 GMAW source mounted on a 45-kg payload robot. (b) YW52 

Precitec wobbling laser processing head integrated on a 60-kg payload robot   
 

 
Figure 8- Micrograph of a typical (a) GMAW and (b) autogenous laser bead-on-plate weld on cast plates. 

 

The laser welding experiments were conducted in autogenous continuous mode, without filler wire, using a 10 kW Trumpf 

TruDisk source coupled with a Precitec YW52 wobbling head and mounted on a Fanuc M800iA 60-kg payload robot 

(Figure 7b). The laser system was equipped with a collimating lens of 150 mm, a focal lens of 300 mm and a fiber diameter of 

0.2 mm and nominal focal spot size of 0.4 mm. The defocus distance of 4 mm above the specimen was used for all the 

experiments which gives a focal spot size of 520 µm based on PRIMES analysis. The laser welding main process parameters 

are provided in Table 4.  Pure argon was also used as shielding gas during autogenous laser welding. Unlike partial-penetration 

GMAW experiments, the laser welding process parameters were developed in order to penetrate through thickness of the cast 

plate (3.0mm) and pass the requirements in overall porosity content as per ISO 13919-2; Class C standard under 2D X-ray 

analysis (surface area of pores <3%). 

 
Table 4-Autogenous laser welding principal process parameters 

Laser power Travel speed Nominal spot size Oscillation amplitude Oscillation frequency 

kW m/min mm mm Hz 

6.7 6 0.4 0.7 500 

 

For the investigation reported herein, five additional specimens cast using lubricant configuration # 1 from Table 2 without 

surface cleaning were laser welded to compare weldability to GMAW. In this case, traceability of the core and surface 

characteristics was not followed, since the main intent was to evaluate the porosity characteristics of laser welding on structural 

castings, a process with different heat sources characteristics which allows significantly higher travel speed compared to 

GMAW (Tables 3 and 4). 

 

POST-WELDING CHARACTERIZATION METHODS 
In this study, post-welding characterization was conducted using 2D X-ray imaging. Cross-section image analysis has often 

been used to quantify post-weld porosity in castings [2, 3], but a non-destructive method was preferred for high-volume 

traceability. However, unlike cross-section, 2D X-ray provides information on occurrences along the full length of the weld, 

but not on the porosity distribution through-thickness. The 2D X-ray analysis was calibrated using a IQI #5 indicator and a 

ruler was positioned across the weld to serve as an image analysis calibration tool, as shown in Figure 6. Using this IQI 

indicator, porosity ≥ 0.4 mm could be detected. An automated image analysis routine using ImageJ® software was developed 

(a) (b)

(a) (b)
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to extract each individual porosity size and position. The porosity area fraction over 10-mm-long sections was then calculated 

along the entire weld length for further correlation to surface quality and initial microporosity content prior to welding. As for 

ultrasound inspection, porosity is reported by projected area fraction viewed from the top: this is likely to yield higher porosity 

metrics compared to volumetric fraction determined by 3D tomography [5]. It should be noted that, given the different contrast 

mechanisms and detection thresholds, ultrasound-based as-cast porosity and X-ray-based post-weld porosity should be 

analyzed in relative rather than absolute terms. 

 

Throughout this work, the initial and final few millimeters of the segments have been excluded from the results to ensure that 

only the segments welded under a constant regime, free of starts and stops, are used for analysis. This corresponds to 2 mm at 

the start (bottom of Figure 2a) 8 mm at the end (top of Figure 2a. In the end, a data set of 460 points was generated from 

40 welds in individual 10-mm segments. 

 

RESULTS AND DISCUSSION 
 

GMAW WELDING CORRELATIONS 
As-cast inspection showed that the specimens had generally good internal quality with minimal porosity, which is expected 

from HPVDC for such a simple geometry. Some individual specimens still exhibited local clusters of contrasted instances in 

immersed ultrasound scans especially at location A close to the gate, as illustrated in Figure 6 and summarized in Figure 9a. 

The casting process conditions leading to this micro-porosity could not be clearly determined, as available process data did not 

highlight noticeable differences in temperatures and shot profiles.  

 

 
Figure 9- Summary of (a) mean as-cast porosity area fraction from ultrasound inspection and (b) mean post-weld 
porosity area fraction from X-ray inspection for 20 cast plates and 2 welds per plate. Abscissa is cast specimen 

identification (cycle number). Weld locations are illustrated in Figure 2. 

 

Figure 10 summarizes the average porosity percentages measured for all five welds of the same type, both before and after 

GMAW welding. In the case of plates cast using lubricant # 2, irrespective of whether the surfaces underwent degreasing, the 

post-welding porosity levels were markedly lower for weld B compared to weld A. This overall trend may be attributed in part 

to the reduced occurrences of high-initial-porosity instances at the sites B compared to the sites A (Figure 9a). When it comes 

to plates cast with lubricant # 1, a lower percentage of as-cast porosity also characterizes the sites where weld B is to be made. 

However, despite these initially low porosity levels, weld B on plates cast with lubricant variant # 1 exhibit 3-4 times more 

porosity than the corresponding welds B on plates cast using the alternative lubricant configuration. However, due to the 
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casting-to-casting variability illustrated in Figure 9 and the relatively small number of specimens, it is difficult to accurately 

evaluate the effect of the lubricant alone. This challenge is further compounded by uneven instances of elevated micro-porosity, 

which can introduce bias. Similarly, while it appears degreasing could improve the weldability of castings, especially with 

lubricant variant # 1, the benefit of degreasing is difficult to isolate as the specimens welded in the degreased state also exhibit 

lower initial porosity levels, from statistical sampling. 

 

 
 Figure 10- Average porosity percentages in each 10-mm segment for each of the lubricant/surface/weld 

combinations, measured before welding and post-welding. Each combination incorporates data from five weld beads 
to account for typical part-to-part variation. Complete dataset contains 460 rows, processed and grouped into 8 rows, 

i.e., 1 row per group of bars. 

 

To minimize the impact of part-to-part initial porosity variations, the problem has been simplified by honing in on the 

comparison of welds B on plates cast with the two different lubricants, as this location exhibited lower initial porosity and less 

part-to-part variation (Figure 9a). As illustrated in Figure 11a, and as previously noted, the level of internal porosity prior to 

welding alone does not account for the levels of porosity found in welds B when the analysis disregards the type of lubricant 

used. Consequently, no correlation between these two factors is observed. However, Figures 11b-c reveal that two IRRAS 

absorption bands detected in the infrared signatures of both lubricants exhibit a trend in their average concentrations that mirrors 

the porosity levels found within the welds. Therefore, the lower porosity levels measured in welds B of casting made with 

lubricant variant # 2 could potentially be attributed to the reduced impact of die lubricant or its residues on the as-cast plate, 

which could arise from its composition or its reduced concentration (Table 2). In addition, for both lubricants, the degreasing 

step noticeably decreased the magnitude of the two selected bands, which appears to improve the weldability especially in the 

case of lubricant variant # 1 with a higher amount of solids sprayed. 

 

Figure 10 showed the average porosity area fraction observed after welding and calculated considering total weld lengths of 

650 and 500 mm for welds A and B, respectively. On the other hand, it is also possible to focus on analyzing the local 

appearance of porosities after welding, in the sense of individual 10-mm segments. To this end, Figure 12a displays a typical 

Pearson correlation plot, showcasing the relationships between different parameters characterizing both the casting before 

welding and the weld. The Pearson correlation coefficient (r) is the most common way of measuring a linear correlation. It is 

a number between -1 and 1 that measures the strength and direction of the relationship between two variables. It is important 

to note that the 'y' parameter represents the location of the 10-mm segment along the casting width (refer to Figure 2a). Based 

on the observations from Figure 12a, for castings prepared with lubricant # 2 and welded in their “as cast” condition at weld 

A, the level of porosity initially present in the casting (measured by ultrasound method) serves as the best, and virtually only, 

predictor (r = 0.6) for the porosity found post-welding (measured by X-ray method). Similar conclusions can be drawn (figures 

not shown) regardless of the variations in lubricant, welding location, and surface state. This is consistent with prior literature 

on welding of die-cast parts with other processes [5]. 
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Figure 11- Comparison of observed trends between post-welding porosity levels and: (a) pre-welding ultrasound-

measured porosity levels, as well as the intensity of IRRAS bands (b) 3050-2820 cm-1; and (c) 1285-1240 cm-1, which 
are attributable to the lubricant. These comparisons are based solely on weld B, and include both as-cast and 

degreased surface conditions of plates cast using both lubricants. Dataframe size: 200 rows of data available for weld 
B, processed and grouped into 4 rows. 

 

 

  
Figure 12- (a) Pearson correlation plot for weld A on as-cast specimens with lubricant # 2, built using 65 individual  
10-mm segments. (b) Post- vs. pre-welding porosity levels for welds A & B on as-cast specimens with lubricant # 2 

(115 rows of data). 

 

Figure 12b presents the data derived from the relationship between pre- and post-welding porosity levels just mentioned earlier. 

The dataset for weld B is also included. The significant scattering of data points in Figure 12b conveys that the post-welding 

porosity level cannot be linearly explained solely by considering the level of internal porosity prior to welding. As per Figure 

12a, none of the other surface characteristics exhibit a strong linear correlation with the level of post-welding porosity, with all 

other correlation coefficients being considerably less than 0.6. It is worth pointing out that, in Figure 12a, the grayscale level 

(GS level) displays some degree of correlation with the location of the analyzed segment y, but beyond that, no other significant 

correlations are observed with this parameter. 

 

In practice, each weld can be considered as an independent event while the weld pool can span a considerable length and moves 

across the specimen. The local properties of the casting prior to welding may influence the behavior of the molten metal over 

larger distances, that may vary from weld to weld, which is not accounted for when averaging multiple welds (Figure 10) or in 

segment-by-segment analyses (Figure 12). In addition, welding instabilities could occur locally, independent from the surface 

characteristics, and add noise especially at the segment-by-segment scale. Therefore, it became relevant to consider the average 

properties of the weld across its entire length. To this end, each data point utilized in Figure 12a was collapsed into its 

corresponding weld. Subsequently, the average characteristics of each of the five welds A on as-cast surfaces with lubricant 

(a) (b)
*(Hydroxide or Oxide) and 

(L) are metal and lubricant 

characteristics, respectively
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# 2 were assessed. Pearson coefficients were calculated again using these average values, and the results are presented in Figure 

13a. The high correlation coefficient values indicate a strong correlation between post-welding porosity and the majority of the 

other parameters, which could raise analytical concerns. Figure 13b provides a detailed view of the three strongest correlations 

identified with post-welding porosity, specifically with pre-welding porosity and two bands measured in IRRAS that are 

attributed to the presence of lubricant. For each of the graphs in Figure 13b, four out of the five points form a cluster, and the 

fifth point, significantly distant from this cluster, accounts for the high correlation coefficients calculated for many of the inputs. 

This also makes determining the most important features affecting weldability a challenge. Although this method could be 

valuable in situations where a larger number of full-length welds were considered, it should be noted that in the present case, 

it is not viable due to the low dispersion of post-welding porosity levels (four of the five welds were very similar). 

 

  
Figure 13- (a) Pearson correlation plot for weld A on parts cast using lubricant # 2, and generated using average 
parameter values calculated for individual welds A (5 data points). (b) Details of the correlations between post-

welding porosity and (a) as-cast ultrasound porosity (pre-welding content); (b) IRRAS band at 1605-1510 cm-1 (L); and 
(c) IRRAS band at 1510-1395 cm-1 (L), of parts cast with lubricant # 2 (data scaled in the 0 to 1 range). 

 

The point-by-point approach presented in Figure 12 shows some correlation between the occurrence of “local” porosities before 

welding and the level of porosity measured post-welding. Moreover, indications suggesting that the presence of lubricant or its 

reaction products also plays a role in inducing porosity during welding are presented in Figures 10 and 11. Nevertheless, the 

detailed study of the porosity found on weld A of casting made using lubricant # 2 and welded as-cast did not allow to pinpoint, 

at a local scale, the individual contribution of these two factors, namely, pre-welding porosity and the presence of the lubricant. 

Thus, another analytical approach, not reliant on simple linear correlations, must be employed to determine to what relative 

extent these two factors contribute to inducing porosities at a local level of 10-mm segments. Random Forest is a supervised 

learning algorithm that can be used for regression tasks and that has already been applied in the field of die casting [29, 30]. It 

works as an ensemble learning method by constructing a multitude of independent decision trees during training and outputting 

the average prediction of the individual trees. Random Forests have the advantage of being able to model complex, non-linear 

relationships. They are also relatively robust to outliers and do not require advanced data pre-processing, such as scaling. The 

algorithm also provides an estimate of feature importance, which can be very useful in understanding which variables are 

contributing the most to the prediction and physical phenomena.   

 

Figure 12b shows that the highest post-weld porosities are associated with high pre-weld porosities. Hence, in order to reduce 

the possible noise associated with very small initial internal porosities, a threshold has been set to keep segments with initial 

porosity greater than 0.5% (dashed vertical line in Figure 12b) to develop a model aimed at predicting local post-weld porosity 

levels. Using this threshold, the dataset was significantly reduced from a size of 460 to 52 rows. As a result, a leave-one-out 

cross validation was applied to determine the predictive power of a Random Forest model using this data set. Sequentially, one 

out of the 52 rows of data was excluded from the set, and the remaining 51 were used to construct the model. Then, the model 

was applied to the data from the row that was excluded from the dataframe (except for the porosity after welding, which is the 

target). The predicted value was then compared with the experimental one (i.e., the hidden data on the excluded row). Figure 

14a shows an example of the model predictions, comparing the experimental porosity level with the predicted level for a set of 

10-mm segments from as-cast weld A. While the model accurately predicts some points, others show larger discrepancies. 

Points with the highest observed post-weld porosity appear to be the most challenging as their response is under-predicted. 

This could be in part due to their smaller number in an unbalanced data set. This also suggests that other important factors may 

not be accounted for. For instance, micro-crack instances such as those illustrated in Figure 5 may play a role on weldability 

but may not be well quantified with the features measured herein.  

 

(a) (b)*(Hydroxide or Oxide) 

and (L) are metal and 

lubricant characteristics, 

respectively
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Figure 14b presents the predictors importance, through the Percent Increase in Mean Squared Error (%Inc.MSE) parameter. In 

a Random Forest, the model performance can be evaluated by the mean squared error (MSE) of its predictions. If a particular 

variable is very important for the predictions, then randomly permuting the values of that variable (i.e., maintaining their 

distribution but randomly removing their association with the output variable) should significantly worsen the accuracy, leading 

to an increase in the MSE. Therefore, a higher %Inc.MSE indicates that a variable is more important for the prediction, which 

provides a way of ranking the variables’ contributions to the model. Pursuing this line of thought, it is apparent in Figure 14b 

that only two (perhaps three) variables serve as good predictors for the porosity observed after welding: the pre-welding 

porosity, as anticipated, and the IRRAS band located in the wavenumber range 1780-1605 cm-1, which is attributable to the 

lubricant. This ranking was seen across multiple runs, each with a different data point excluded from the set. According to the 

%Inc.MSE index, the two parameters are virtually of equal importance. This result is very interesting, especially since very 

few experimental data were available to build the model (51 rows) and that the importance of this IRRAS band cannot be 

deduced for the Pearson correlation plot for weld A only in Figure 12. Upon identifying the nature of the two main predictors, 

the next step was to determine whether an analytical relationship makes it possible to link them to the target. It is important to 

note that in the case of complex decision tree-based models, such relationships typically do not exist. 

 

 
 

Figure 14- Typical output from a Random Forest model with a minimum threshold of 0.5% on as-cast ultrasound 
porosity. The modeling, focusing on the behavior of welds on castings prepared with lubricant # 2, excludes rows 

tagged with lubricant # 1. This results in a final count of 52 rows available for modeling.   

 

The most straightforward method to analytically combine these two predictors towards the target is through a multilinear 

correlation. For the present case, this relationship could be represented as T = k0 + k1P1 + k2P2 where T is the target, ki are 

constants, and Pi represent the predictor values. Figure 15 presents the outcome of the multilinear correlation carried out while 

setting the pre-welding porosity threshold level from 0 to 1.6%. As illustrated in Figure 15a, the value of R2 tends to increase 

when the threshold value is raised, coinciding with a reduction in data quantity available for conducting the multilinear 

regression. This pattern could potentially be attributed to a clustering effect, such as what was observed in Figure 13b. It is 

interesting to note that in the threshold range of approximately 0.5 to 1%, the probability value (p-value) of the two predictors 

identified using the Random Forest model is low, thereby rendering them statistically significant. The pre-welding porosity 

level becomes even more statistically significant as the threshold is low, while the opposite trend is observed for the IRRAS 

band between 1780-1605 cm-1 that gains a high statistical significance as porosity threshold level is  0.5%. The 3rd predictor, 

i.e., the IRRAS band located at 1510-1395 cm-1, exhibits a high p-value with no evident trend across the entire threshold range 

explored. By analyzing the data using more advanced methods than simple linear correlation, it is possible to identify highly 

probable factors contributing to the development of porosity during the welding process. These insights underscore the need 

for more extensive future investigations involving a larger number of castings. 

 

LASER WELDING BEHAVIOUR 
 

Examples of three X-ray inspection images of autogenous laser welds carried out on nearly sequential cast specimens using the 

same parameters are demonstrated in Figure 16. Four out of the five specimens show total porosity lower than 2%, which is 

within the range of the most stringent ISO 13919-2 standard class (≤ 3%, as per Level B), and comparable to the GMAW results 

shown in Figure 12b. The 5th specimen, illustrated in Figure 16c, exhibited much higher porosity ( 9-11%). Unfortunately, as 
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the individual casting characteristics were not quantified before welding, and process parameters were not continuously 

monitored during welding, the root cause for this specific instance could not be explained and would be the topic of future 

work. No noticeable anomaly was seen in the die casting equipment outputs. The GMAW experiments (Figure 9) had shown 

occasional occurrences of high post-weld porosity sometimes arising from as-cast microporosity, but these were generally 

much more prevalent at location A, which suggests that a different root cause may be at play here and should be identified and 

addressed. 

 

An example of the transverse micrographs of autogenous laser weld on specimen 360-A as well as the area fraction of micro-

porosities measured using an image analysis routine is provided in Figure 17. The total area fraction porosity of 0.7% with 

respect to the fusion zone area was measured in this cross-section, which is lower than the minimum requirement criterion of 

the ISO 13919-2 standard quality class (level B) and the dimensions of porosities fall below 50 µm. 

 

 
Figure 15- Statistical outputs of a multilinear correlation model constructed using predictors identified via the 
Random Forest model illustrated in Figure 14. It presents variations, as function of the pre-welding porosity 

threshold, of (a) R2, and (b) the probability value (p-) for IRRAS bands at 1510-1395 cm-1, 1780-1605 cm-1, and the pre-
welding porosity level. 

 

 

 
Figure 16- Examples of three laser welds at locations A and B on as-cast specimens using lubricant # 1,  

with varying extent of post-weld porosity. 

Weld 360-A – 1.36% porosity Weld 360-B – 0.76% porosity

Weld 379-A – 0.3% porosity Weld 379-B – 0.05% porosity

Weld 378-A – 9.20% porosity Weld 378-B – 11.04% porosity

(a)

(b)

(c)
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Figure 17- Examples of (a) autogenous laser weld transverse micrograph, (b) after Clemex Vision® routine 

 

CONCLUSION 
 

This investigation confirmed the important role of as-cast porosity on weldability of high-pressure vacuum die cast aluminium 

alloys and further highlighted other potential factors related to surface characteristics that could explain the gaps in correlation 

when looking only at as-cast porosity. Infrared methods, especially IRRAS, provided quantified information on the presence 

of oxides and lubricant residues on the castings that showed some correlation with weldability. 

 

Different strategies to evaluate weldability of structural castings were tested, from segmenting each weld into individually-

characterized sections to averaging a series of similar welds. The former works on local information to recognize the variations 

within and between cast specimens but is labor-intensive, while the latter may be more practical for e.g. lubricant selection but 

may be biased by initial variations in the cast specimens porosity. In terms of metrics, the correlations of infrared bands to post-

weld porosity sometimes varied between data sets, which highlights the challenge of integrating interrelated chemical 

signatures into predictive models. The simple grayscale may present some potential as a cost-effective characterization method, 

but requires further investigation over a wider range of conditions. The extent of post-weld porosity could however not be fully 

explained with the models herein. This suggests that other factors related to casting (e.g. surface topography and micro-

cracking [17] or small composition variations from casting to casting [2] that were not quantified) or welding, such as locally 

occurring instabilities, could also contribute to post-weld porosity. The methods herein could be applied at a wider production 

scale to refine the correlations, and extend them to processes like laser welding that are gaining attention to increase 

productivity. Alternative numerical methods based on clustering could also be tested in an attempt to improve the predictive 

capabilities. 

 

This work also highlighted the complexity of optimizing multi-variate process chains. With a large number of factors with 

potential interactions at different steps in the manufacturing cycle, or even multiple process options for a given step, 

determining an optimal, robust process window can be challenging. In this study, welding parameters were for instance 

optimized by themselves using a single “reference” casting configuration; in practice, co-optimizing casting and welding could 

lead to a more globally efficient solution, but this brings an impractical number of variables to handle with common design of 

experiment (DoE) methods. Similarly, correlations between actual process parameters and weldability could be established to 

identify the highest-value factors to control in a process with a large number of variables: this could for instance be used to 

assess the part-by-part impact of variations such as melt temperature oscillations or local welding responses along the joint 

length. 
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