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Abstract. High-pressure die casting is a manufacturing process in which near-net-shape
components are produced rapidly under a pressurized environment. However, due to the
relatively higher cooling rate prevailing during the process, isolated liquid pockets form at
certain locations, leading to increased porosity formation. A one-dimensional deformable grid
numerical model has been developed for predicting the evolution of a single pore in an
elementary volume, which combines the diffusion model with the shrinkage affected growth.
The model accounts for the change in pore size due to shrinkage and inter-granular growth.
This model can provide predictions in representative volumes and be used for component level
predictions by combining with a macroscopic model.

1. Introduction

High-pressure die casting (HPDC) is a popular casting process used to manufacture near-net shape
components at a high production rate with a good surface finish, making it a desirable choice for
manufacturing automotive parts [1]. However, HPDC components are also prone to defects, such as
porosity and shear bands [2]. Due to the high pressures employed in HPDC, the interdendritic liquid
metal feeding during solidification is better than in low-pressure or gravity casting. However, due to
high cooling rates, the thin regions solidify early and might block the applied pressure (termed
intensification when performed after filling) from reaching certain locations [3]. These isolated liquid
pockets also suffer from the lack of liquid metal compensation during the later stages of solidification,
leading to shrinkage porosity formation. Thus, isolated pockets can be subjected to a large range of
pressure values, especially if an intensification stage is utilized, and it is important to estimate the
resulting porosity level. Further, the shrinkage effects augment the diffusion-driven pore growth,
leading to the unexpected presence of larger porosity compared to other regions [4]. Although several
studies have modelled porosity in the past [5,6], the role of pressure and above combined effects
remain largely unexplored.

In this study, we present a one-dimensional deforming grid numerical model to predict
combined gas and shrinkage pore growth with different controlling parameters such as initial
hydrogen concentration, pressure, and cooling rate. The growth of porosity into the interdendritic
regions is also incorporated in the model.
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2. Model Theory

For simulating the porosity formation in isolated liquid pockets undergoing different pressures, the
combined gas and shrinkage porosity with high-pressure effects were considered. Initially, pure gas
pore growth was modelled and verified with the literature. A 1D diffusion-controlled model was used
to simulate the growth of an isolated pore [7], with the domain boundary representing an advancing
solidification front. For pure gas pore growth, the diffusion equation was solved with the source term
for hydrogen representing hydrogen partitioning during solidification. As shown in figure 1(a), the
hydrogen influx, due to concentration gradient across a representative elementary volume (REV),
drives the pore growth. A nucleated pore with an initial radius of 10 pm within an REV with a radius
of 100 um was considered with an initial hydrogen concentration uniformly distributed in the liquid
metal.

The diffusion of hydrogen in the REV, is modelled using the species conservation equation in the
liquid phase. The second term in the right-hand side of equation 1 is the source term, which accounts
for the hydrogen rejection from the solid due to solubility difference during solidification [6].

ac,

Ly v.(ue) = V.(DVE) + (1— k2R )

where, k is the hydrogen partition coefficient, C; is the hydrogen concentration in the liquid, D; is the
diffusion coefficient, f; is the solid fraction and u is the convective velocity.

2.1 Pore growth

The pore was considered to be surrounded by the liquid metal supersaturated by hydrogen [6,8,9]. A
concentration gradient is developed due to low hydrogen content at the pore-liquid interface and
higher amount of hydrogen at the solid-liquid interface (solid rejection). This eventually initiated the
hydrogen influx into the pore. The pore pressure was given by the Young-Laplace equation [6,10,11].
The equation to determine the concentration at the pore-liquid interface was taken from Lee & Hunt
[12] and Pequet et al. [13], which was governed by Sievert’s law given as follows.

Clp = Sl — (2)

where, Cy, is the hydrogen concentration at the pore-liquid interface, S; is Sievert’s constant, Pp is the

pore pressure and P; is the liquid metal pressure. The concentration inside the pore was calculated
using the ideal gas law.

The pore growth is assumed to be dominated by hydrogen diffusion, and the pore growth
velocity can be obtained by calculating the rate of increase of mass in the pore [6]. The rate of increase
of mass is balanced by two phenomena:

(i) The rate of concentration influx by virtue of concentration gradient and diffusion of hydrogen into
the pore; and

(if) The rate of mass flow due to pore-liquid interface movement. This is represented in a global
coordinate frame of reference taken from the centre of the pore. The mass at the interface is given by
(4mR?) C1p- With the movement of pore-liquid interface, the mass flow would be given by the second
term on RHS in equation 3.

4mR2C % 4+ 2pR3 SR = 4n p2p, S0

2c, 2R
3 dR dt ar +4m R7Cp dt (3)

where, C,, is the concentration in the pore and R is the instantaneous pore radius. The left-hand side of
equation 3 represents the increase in mass of the pore, and the right-hand side is composed of the rate

of concentration influx and the rate of mass flow due to pore-liquid interface movement. Since the
concentration at the pore-liquid interface is assumed to be at equilibrium, we can explicitly add the
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local pressure term in equation 3. Also, it is appropriate to carry with the C;,, as it includes the local
pressure governed by Sievert’s law (equation 2). Simplifying the above equation provides the
instantaneous pore interface velocity:

1 ac;

P _
Vmst - Cp—Cip—Ca l ar r=R (4)
where C, is given as:
_ _RdCp _ _20Cc
Ca = 3 dR  (3R¢T)R (5)

where R is the universal gas constant and C. is the conversion factor for relating number of moles per
unit volume of hydrogen in terms of ml/100 gm of aluminium [6]. The equations are only solved in the
liquid region, which reduces in volume as the solidification proceeds. It is assumed that the solid is
permeable, and the liquid is pushed away from the domain during pore growth. The pore-liquid
interface will move as the pore growth is incorporated due to hydrogen influx into the pore. A
deformable grid approach ensures that at each time step, a node is present at the moving boundary
[14]. A fixed number of nodes (100 nodes) are considered with the shrinking grid.

Pore growth is captured by solving the species equation, calculating the hydrogen influx and
tracking the pore-liquid interface. The code was also extended to the solid and pore growth
simultaneously. The boundary movement of the solid is also captured, and the liquid region shrinks
between the pore and solid. A constant velocity is assumed with linear movement in the radial
direction for solid boundary movement.
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Figure 1. (a) Schematic considered for 1D diffusion model and addition of shrinkage effect, (b)
Schematic of restricted pore growth

2.2 Restricted gas pore growth

A gas pore grows as a sphere until it encounters a restriction, as shown in figure 1(b). Once the pore
impinges on a growing dendrite, the spherical growth of a pore is terminated, and the further growth as
a perturbation out of a spherical surface is initiated [10-12]. The solid-liquid interface was tracked
simultaneously with the pore-liquid interface to capture the pore-solid interaction.

The perturbation after the pore-solid interaction is modelled using the approximation as a spherical
cap, and the radius for the spherical cap is adopted from Atwood et al. [10]:
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Re= [RE— = Re)? — R 6)

where, R is the radius of the solid grain impinging the pore, R is the radius of the spherical cap, and
z is the growth length. After the pore-solid interaction starts, the pore usually adopts the 3-D negative
shape of the solid [15]. The curvature effects also enhance the pore growth, but these effects are not
included in this study.

2.3 Combined gas-shrinkage effects

During solidification, after the dendritic coherency is reached [16,17], the feeding is restricted due to
the poor permeability of the mush. In this work, the shrinkage effects are combined with the gas
effects to obtain an updated pore evolution when shrinkage effects exist. An instantaneous shrinkage
volume is calculated, which is added once the gas pore is fully grown. The total radius is calculated
after adding the shrinkage effects.

It is assumed that there is no liquid feeding to compensate for the shrinkage effects after the
dendritic coherency is reached [1], and the control volume is treated as an isolated pocket which forms
during HPDC. After entrapment of gas pore due to coherency, the metal flow for volumetric shrinkage
compensation is restricted, and hence shrinkage effects enhance the pore radius. The gas pore becomes
the nucleation point for the micro-shrinkage formation. The above points can be well understood by
the pressure balance and the effect of shrinkage pressure for enhancing the pore size [17,18].

3. Results and discussion

3.1 Hydrogen concentration

Pore growth and final pore radius are captured for different initial hydrogen concentrations, as shown
in figure 2. The results are quantified, and the trend matches well with the literature [10-12] (see
figure 2(a)). For validating with the Lee & Hunt model [12], all the boundary conditions were kept the
same with a grid spacing of 200 um and a time step of 25 ms. The error is found to be less than 10% at
all hydrogen content. The 10% error is due to difference in capturing the pore growth in both models
in spite of considering same hydrogen content. The present model was extended for higher hydrogen
content. The concentration gradient was high for higher hydrogen concentration, resulting in faster
growth. With increasing the initial hydrogen concentration from 1 to 5 ml/100 g of Al, an increment
from 30 pum to 63 um (i.e. twice) of final pore radius is reported (see figure 2(b)).

3.2 Pressure

Radius-pressure trends were observed from the 1D diffusion code for high pressure values. All other
parameters were kept constant, and only pressure values were changed. The initial hydrogen content
was taken as 2 ml/100 gm of Al for all cases. A reduction of 50% was observed for the final pore
radius, for increasing the pressure from 1 to 50 atm (see figure 2(b)). Specific experimental data for
isolated gas pores at higher pressures are not available in literature, to the best of the author’s
knowledge. In-situ experiments capturing the isolated gas pores at higher pressures will be carried out
to validate the numerical model. However, a similar decreasing trend with pressure was observed by
C. Wang et al. [19]. According to the governing physics, the external pressure restricts the pore growth
and the radius variation is expected to flatten at higher pressure, which can be observed in figure 2(b).
Due to the higher cooling rate and faster solidification in HPDC, the time for hydrogen diffusion is
less, and hence the pore is smaller in size than other casting processes. Although solidification rate
was used in this case, it should be noted that many other effects, such as dilatancy effects, can also
affect pore growth during high pressure die casting.
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3.3 Restricted gas pore growth

Predictions of the model for pore fraction and equivalent pore radius are plotted in figure 3(a) for
different initial hydrogen concentrations, showing a near-linear variation. The pore-liquid and solid-
liquid interface movements were tracked until their interaction. The same trend for radius variation
with hydrogen content has been observed in literature [10,20]. The pressure was kept constant at 1
atm. The equivalent pore radius increased by 50%, for the initial hydrogen content varying from 1 to 5
ml/100g of Al.
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Figure 2. (a) Final pore radius with initial hydrogen content (validation case grid spacing 200 um and
time step as 25 ms with initial hydrogen content as 0.28, 0.30, 0.32 and 0.35 ml/200 gm Al), and (b)
Final pore radius variation with pressure and initial hydrogen content for initial pore radius as 10 pum

and domain size of 100 um (present model)

The final pore radius and pore fraction variation with the pressure is also plotted. Figure 3(b)
shows the decreasing trend for final pore radius and pore fraction with increased pressure. As the
pressure is increased from 1 to 50 atm, the final pore radius showed a decrement from 33 um to 14
pm.
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Figure 3. Restricted pore growth (a) Eg. Pore radius and pore fraction variation with Hydrogen
concentration and (b) Eq. pore radius and pore fraction variation with pressure

3.4 Combined gas and shrinkage effects

The porosity formed in isolated liquid pockets in HPDC is affected by both gas concentration and
shrinkage. The shrinkage effects enhance the pore growth, and hence the combined gas and shrinkage
pores are bigger in size than the pure gas pores. Initially, the pore grows purely due to hydrogen
diffusion, but at later stages of solidification shrinkage-driven effects dominate the pore growth (see

figure 4(a)).

The final pore radius with varying initial hydrogen content for pure gas and combined gas and
shrinkage effects, displaying an increase with higher hydrogen concentration is shown in figure 4(a).
For higher hydrogen content, the difference in the pure gas and combined gas and shrinkage pore is
reduced due to the smaller amount of liquid metal present in REV, eventually having less shrinkage.
An increment of 33% of pore radius was observed at 1 ml/100g of Al, which decreased to 11%
increment at 5 ml/100g of Al, depicting less contribution of shrinkage effect at higher H-content.

Figure 4(b) shows the final pore radius variation with pressure for pure gas and combined
effects. At high pressure values, the contribution of shrinkage effect is larger than the contribution
from the gas content, compared to lower pressure values [21]. At low pressure values, the increment in
the combined gas and shrinkage pore radius is 25%. At a higher pressure value, the increment is 61%,
which depicts the more significant contribution of shrinkage porosity at higher pressures.
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Figure 4. Combined gas and shrinkage pore growth (a) Final pore radius variation with initial
hydrogen concentration and (b) Final pore radius variation with pressure
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4. Conclusions

The growth of porosity in HPDC due to combined gas and shrinkage effects was studied with respect
to different process parameters and its growth with different varying parameters was studied. A one-
dimensional diffusion-driven numerical model was used for estimating the gas pore growth. The
variation of pore radius with pressure and hydrogen concentration levels was studied. The model
established the expected reduction in pore radius with pressure. More importantly, the quantitative
extent of reduction with the applied pressure was successfully captured. The shrinkage was found to
have a considerable influence on the final porosity (gas and shrinkage) at higher pressure values. The
methodology provides porosity estimates for all ranges of pressure and hydrogen level that represent
the local variation in a typical HPDC casting. The model is expected to help in making macroscopic
predictions of porosity in HPDC components, aiding in locating probable defect locations.
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