Plunger Kinematic Parameters Affecting Quality
of High-Pressure Die-Cast Aluminum Alloys

@ CrossMark

ELENA FIORESE and FRANCO BONOLLO

The selection of the optimal process parameters in high-pressure die casting has been long
recognized as a complex problem due to the involvement of a large number of interconnected
variables. Among these variables, the effect of the plunger motion has been proved to play a
prominent role, even if a thorough and exhaustive study is still missing in the literature. To
overcome this gap, this work aims at identifying the most relevant plunger kinematic parameters
and estimates their correlation with the casting quality, by means of a statistically significant
sample manufactured with different plunger motion profiles. In particular, slow and fast shot
velocities and switching position between two stages have been varied randomly in accordance
with design of experiment methodology. The quality has been assessed through the static
mechanical properties and porosity percentage. As a further proof, the percentage of oxides has
been estimated on the fracture surfaces. These measurements have been correlated to novel
parameters, representing the mechanical energy and the inertial force related to the plunger
motion, that have been extracted from the time-history of the displacement curves. The
application of statistical methods demonstrates that these novel parameters accurately explain

and predict the overall quality of castings.
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I. INTRODUCTION

HI1GH-PRESSURE die casting (HPDC) is a cost-ef-
fective process widely used to manufacture components
with high productivity and dimensional accuracy for
automotive and other industries. The main disadvan-
tages of this process are gas entrapment and oxide
formation due to the highly turbulent flow of metal in
the chamber and die cavity. The entrapped gas remains
in the casting in the form of gas porosity which hinders
the casting suitability for conventional heat treatment
and deteriorates the casting quality sometimes to such a
degree that it must be rejected.!!! Meanwhile, oxides
worsen the tensile ]properties of the casting and cause
premature failure.”?

HPDC can be basically described through the
sequence of three stages that can be easily recognized
by analyzing the plunger motion profile and the pressure
exerted by the hydraulic actuator. The first stage of the
process, also called slow shot stage, requires usually
constant and low speed for filling the shot sleeve and for
avoiding turbulence in the melt and consequent gener-
ation of defects in the casting. The second stage, also
called fast shot stage, is the filling of the die cavity,
which should be performed at higher speed in order to
avoid premature solidification at the gate and incom-
plete castings. Finally, the third stage, also called upset
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pressure stage, consists in applying an upset pressure on
the solidifying melt in order to prevent the formation of
shrinkage defects and the expansion of previously
entrapped air.

The recent survey questionnaire addressed to the
European foundries’® and the extensive literature
review!” carried out by the authors have highlighted
some critical issues that are yet unsolved. On the one
hand, there is the actual need to improve the HPDC
technology, since an average of 10 pct scrap is typically
manufactured by this process due to the presence of
porosity and oxides, which deteriorate the quality of
castings.”! On the other hand, there are no reliable
methods in the existing literature to overcome this
trouble and the available results are sometimes frag-
mented and conflicting."! Several works in the literature
attempt to investigate this relevant issue, by examining
the effect of different types of process characteristics on
the final outcome.

Among the different critical process characteristics,
several papers focus on the study of the so-called
“process parameters’ that are the modifiable settings of
the injection machines. This approach aims at optimiz-
ing the quality of castings through the selection of the
optimal machine settings, within those feasible, to
ensure the best achievable performances given the melt
chemical composition and the die geometry.

Among the HPDC process parameters investigated in
the literature, particular attention has been paid to the
so-called “‘kinematic parameters,” i.e., those related to
the plunger motion. On the one hand, modifying the
motion profile of the plunger is simple and costless,
given the increasing use of highly automated and
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servo-controlled injection machines which are capable
of tracking desired motion profiles with high repeata-
bility.!) On the other hand, the plunger motion allows to
explain several relevant phenomena, such as air entrap-
ment, bubble collapse, as well as forces exerted on the
melt, which are responsible for the casting quality, as it
will be discussed in this work. An overview of the most
important papers is proposed below, to review the
state-of-the-art and to highlight the open issues.

Verran et al.'” discussed the influence of two injection
parameters, i.e., slow and fast shot speeds, on the
internal quality of die-cast Al;,Si; 3Cu alloy. They have
shown that the best results in terms of density were
related to low speeds of slow (approximately equal to
0.14 m/s) and fast (approximately equal to 1.33 m/s)
shots. They have demonstrated that the use of high
speeds for the slow shot, as well as for the fast shot,
increases turbulence in the liquid metal, thus causing air
entrapment by the filling front and formation of
porosity in castings. Dargusch et al”) examined the
effects of different process parameters on the quality of
castings in Al;3Siy3Cu and AlgSi4Cu alloys. By investi-
gating the influence of the casting velocity, porosity has
been found to increase with increasing this parameter (in
the range 1 to 3.8 m/s). Nevertheless, they have under-
lined that the variability of the data was large and more
data were required to accurately demonstrate this trend.

Conversely, in the work of Gunasegaram e al.,'™ the
analysis of tensile specimens of AlgSi;Cu alloy manu-
factured at three different melt flow velocities (varied in
the range from 26 to 82 m/s) has revealed that the
increase of the melt velocity results in finer microstruc-
tures and lower pore volume fraction and, consequently,
better mechanical properties. Lumley er al® investi-
gated the influence of the melt velocity at the gate in
die-cast AloSizCu alloy. They have demonstrated that by
increasing the melt velocity at the gate (varied in the
range from 26 to 82 m/s), the probability of failure
decreases due to the lower amount of porosity and
oxides on the fracture surfaces of the tensile bars. Patyga
et al' studied the effects of die casting process on the
strength of castings in AlgSizCu alloy. It has been found
that it is possible to specify a set of recommended
settings of the second stage and the reduction of the
predetermined setting leads to the formation of casting
defects.

Guo er all" focused on the effects of the process
parameters on the metal-die interfacial heat transfer
coefficient. They have demonstrated that the fast shot
velocity positively affects the peak wvalues of this
coefficient. In accordance with this statement,
Hamasaiid e al."” have found that higher second-stage
velocities result in higher impact pressures, and these in
turn result in higher values of both the heat transfer
coefficient and the heat flux density.

Other papers focus on the sole first stage, by inves-
tigating the dynamic of the liquid metal flow as a
function of the plunger speed and the possibility of air
entrapment in the injection chamber.["*"'%! Finally, some
papers pay attention to non-physical schemes, such as
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neural networks and genetic algorithms or high-order
response surfaces, to interpolate different combinations
of some process parameters, such as first- and sec-
ond-stage speeds.!'>"

Although the existing literature provides interesting
results, there are still some limitations and many papers
often supply partial information for achieving an actual
process optimization. In the following, a short descrip-
tion of these open issues is provided.

The first issue is the focus on instantaneous values of
the process parameters. As already mentioned, many
works in the literature usually focus on the influence of
the first-stage constant speed and second-stage maxi-
mum speed. They usually consider just set or measured
values of these parameters which are sometimes not

oo . [6-10]
exhaustive in representing the process. Indeed, by
assuming instantaneous values, it is neglected the
integral nature of HPDC and the time-variability of
speed during the process.

The second issue is the focus on just some stages of
the process, particularly the first one.l'"* ! Indeed, the
amount of air entrapped during the first stage consti-
tutes a considerable contribution to the overall
entrapped air that causes porosity in castings. Never-
theless, the sole investigation of the first stage neglects
the positive effects due to the forces exerted by the
plunger on the melt in the second stage, which cause air
bubble collapse and oxide fragmentation, with a conse-
quent improvement of the static properties.

The last issue is the use of non-physical (such as
neural networks and %enetic algorithms) or high-order
interpolation schemes.!'® > Although these approaches
are effective in the interpolation and useful for a specific
case study, they could not provide hints to understand
the parameters affecting quality in HPDC and to
optimize them.

The aforementioned works of the existing literature
give interesting contributions. Nevertheless, the defini-
tion of reliable criteria for tuning the HPDC parameters,
in order to obtain sound and high-integrity castings, is
still an open and challenging issue, which should be
solved with a more comprehensive approach. In this
context, the use of simplified behavioral models is very
promising, which are abstract algebraic descriptions of
HPDC representing the relation between some influen-
tial process parameters and quality of castings. To be
effective, these simplified models should be, at the same
time, capable of accounting for the physics and the
integral nature of the process and its different stages.

Hence, the aim of this work is to identify the plunger
kinematic parameters affecting quality of high-pressure
die-cast aluminum alloys. In Section II, a novel
approach based on numerical processing of signals is
proposed for computing some novel kinematic param-
eters. This approach is then validated in Section III
through an experimental activity and a thorough statis-
tical analysis, which permit to identify some significant
correlations between the novel kinematic parameters
and the quality of the castings. In Section IV, conclu-
sions from this work are drawn.
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II. NOVEL PLUNGER KINEMATIC
PARAMETERS

To solve the abovementioned issues, a new approach
has been developed in this work, by overcoming the
limitations of the use of either the slow shot (constant)
speed or the fast shot (maximum and instantaneous)
speed. The novel kinematic parameters proposed in this
work take origin from some basic requirements.

First of all, the parameters should represent the main
physical phenomena affecting the filling of the die/
chamber and the solidification of the casting, and should
have physical interpretation and statistical relevance.
Clearly, HPDC is a complicated process, whose accurate
explanation should involve models accounting for the
fluid dynamic at the gate and inside the die cavity, by
means of nonlinear differential equations. The proposed
parameters are simplified representations of these com-
plicated dynamic behaviors. As a consequence, since the
filling of the die/chamber and the solidification of the
casting is an “integral process” (in the mathematical
sense) whose final outcome is expected to depend on the
whole process or on some time intervals, the parameters
should represent the time-history of the phenomenon,
rather than just some instants. Hence, integral values of
some signals computed over different time intervals are
considered. Energy, as well as mean values over some
time intervals, is expected to be suitable for the purpose.

To meet these requirements, it is expected that some
parameters related to the plunger motion, which go
beyond the simple measured position, could be effective.
Therefore, the signals to be integrated will not belong to
just the set of physical parameters that are directly
measured by the sensors, i.e., the position. In contrast,
numerical derivatives of the displacement profiles will be
employed to estimate speeds and accelerations, as well
as other related physical quantities that represent fluid
dynamic during HPDC process.

The use of signal processing is an effective tool to
enlarge the set of data available and to provide a more
exhaustive explanation of the phenomena. Clearly, the
availability of effective and reliable numerical schemes
to perform signal processing is of primary importance
and allows to reduce the number of sensors to be
employed, e.g., by avoiding speed or acceleration direct
measurements. In order to perform an accurate estima-
tion of these parameters, by reducing the high-frequency
noise usually introduced by numerical derivation,*! an
improved 7th-order Lanczos low-noise differentiator has
been adopted, and is suggested, in accordance with the
following scheme:

o 3Xk43 + 2Xp42 + X1 — Xp—1 — 2Xp—2 — 3X3-3
, 28A1 ’
[1]

where X and x; denote the k-th sample of, respectively,
the estimated speed and the measured position at time
kAt, with At the sample time. Obvious extension of
Equation [1] is adopted to estimate acceleration X;. Such
a scheme has been applied in post-processing in a
non-causal way (i.e., it accounts for both previous and
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future samples), since it trades off very effectively
between the need of smoothing the numerical noise
and of ensuring an accurate estimation of the signal
peaks with small computational effort.*!) Additionally,
if it is applied in a causal way by just considering
previous samples, it can be easily implemented online to
perform real-time control and monitoring of the process
with negligible time delay.

As an example, Figure 1 shows the measured plunger
position and the computed speed and acceleration
signals, taken from a sample casting among those
analyzed in this work.

Starting from the speed and the acceleration estima-
tions and from the careful identification of the most
relevant physical phenomena (and their representation
through algebraic models), two meaningful parameters
have been finally defined and then experimentally
validated through a rigorous statistical analysis which
is reported in Section III. The two parameters proposed,
which are novel in the metallurgy field, are the root
mean square acceleration in the second stage and the
integral of the cubic speed in the whole cycle. The
mathematical and physical explanations of these param-
eters are provided and justified in Sections II-A and
1I-B.

A. Root Mean Square Acceleration: agys

Since acceleration measurements are usually not
provided by die casting machines, the effect of acceler-
ation is rarely accounted for in the literature, except for
vibrocasting processes”? or for some works focusing on
the effect of the transient acceleration on melt flow
before the slow shot stage.!'” In contrast, attention is
often paid to just the speed, regardless of its rate of
variation over time. Hence, the information brought by
some instantaneous values of speed is not always
sufficient: the analysis of the Navier—Stokes’s equations
governing the motion of the melt clearly reveals that
also acceleration plays an important role in describing
the melt wave, whenever speed is not stationary.

On the other hand, acceleration sets the plunger
inertial force and therefore represents the force trans-
mitted to the melt by the plunger. Therefore, the
analysis of this kinematic quantity supplies important
information on the dynamic behavior of the fluid and on
the balance of the forces. These reasons justify that
acceleration should be considered as a meaningful
parameter, as it will be corroborated by the statistical
and metallurgical analyses.

In order to account for the whole second stage, the
root mean square acceleration in the second stage is
assumed as a representative parameter to describe and
forecast the casting quality:

e NOX

. 2
ley — I [ ]

arMS =

In Eq. [2], ¢ is the time, x(7) denotes the plunger
displacement (and hence X(f) the acceleration), and
teo — typ 1s the duration of the second stage (also
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Fig. 1—Example of measured position and estimated speed and acceleration of the plunger during the process.

represented in Figure 1), which begins at t =ty = tgy
(i.e., the switching time), when the plunger reaches the
switching position between the first and second stages,
and ends when it reaches almost the final position at
t =ty (i.e., the instant in which the second stage ends
and the third stage starts). Equation [2] highlights also
the integral nature of the parameter.

Physically, arms represents the average value of the
inertial forces (with unitary mass) of the plunger over
the interval of integration. In practice, by expressing the
Newtonian equilibrium of the plunger, it is also a
measure of the force transmitted to the melt by the
plunger during the second stage, which has been often
recognized in the literature as the stage most affecting
the final outcome.”®! By interpreting the RMS acceler-
ation from a fluid dynamic point of view, it could be
asserted that higher plunger accelerations imply higher
forces that positively affect the filling of the die cavity
and in turn improve the quality of castings (see
Section I1I-B-3).

The use of the piston acceleration, rather than the
acceleration of the fluid within the die cavity, is justified
by theoretical and practical reasons. Indeed, the piston
acceleration is related to the acceleration within the
cavity. However, compared with the fluid acceleration, it
can be easily measured (or estimated numerically) and
also adopted for the a priori optimization of the process.

B. Parameter Representative of the Energy Associated to
the Flow Forces: Ey

The second influential factor assumed to explain and
predict the casting quality is a parameter representative
of the energy associated to the flow forces, sometimes
also denoted drag forces,” exchanged between the melt
and the wall of the die/chamber, or exerted on solid
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particles, such as oxides or inclusions, which are known
to be preferential nucleation sites for porosity.** Since
flow forces are proportional to the square velocity,?*>¢
the power of these forces is proportional to the cubic
velocity. Hence, the overall energy exerted is propor-
tional to the integral of the cubic velocity over the whole
cycle.

To account for the whole motion time of the plunger,
integration of the cubic velocity has been performed
over both the first and the second stages, i.e., from time
0 to time 7,5, by leading to the following formulation:

B = /0 " () e /0 0, 3]

where ¢ is the time, x(¢) denotes the plunger speed, and
t.3 and t,; are the instants in which the plunger reaches
the end of the third and second stages, respectively (also
shown in Figure 1). The two proposed formulations are
in practice equivalent, because the speed in the third
stage approaches zero.

The computation of the integrals has been performed
numerically with the trapezoidal rule, in accordance
with the following recursive scheme:

SN s 3
Ef(k):Ef(k—l)—i-AIW(k:17“.7%)’

[4]

where Ep(k) is the integral value at time kAr, while x(k)*
is the signal to be integrated. Clearly, the overall value is
the last one computed, ie., Er=E(%). Such a
scheme has been adopted to ensure negligible signal
drift, due to the unavoidable low-frequency noise
usually introduced by numerical integration schemes,
which imposes paying attention to numerical integration
of measured noisy signals.!
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From a fluid dynamic point of view, flow forces affect
the melt behavior during the filling of both the chamber
and the die cavity, by destabilizing the preferential
nucleation sites for defects, thus enhancing the internal
quality of castings (see Section III-B-3). Since the
parameter Er is an increasing function of the speed in
both the first and second stages, it also summarizes
those filling problems that are due to low values of
speed, as often reported in the literature.!'

A second physical interpretation can be given to the
parameter Ep, according to Bernoulli principle. Indeed,
E; can be seen as a meaningful measure of the energy
associated to the pressure forces in the whole cycle, since
pressure variation is related to the square velocity.

Besides having two different and significant physical
interpretations, this parameter deserves also a mathe-
matical interpretation, in accordance with some works
proposed in the literature showing that the second-stage
speed has more influence compared with the one of the
first stage.!””) The presence of the cubic exponent in the
integral, as assumed in the novel parameter here
proposed, gives higher importance to the higher speed
values. The proposed parameter is therefore significantly
affected by the peak speed and by the second-stage
speed, but also accounts for the first stage.

Both the parameters have a meaningful fluid dynamic
interpretation and represent two different phenomena
that affect the final outcome of HPDC process. While
arms represents the average value of the force resultant
in just the second stage, which is usually recognized in
the literature as the most influential one, E; represents
the overall energy exerted by the flow forces inside the
chamber/cavity in the whole process.

III. VALIDATION OF THE NOVEL PLUNGER
KINEMATIC PARAMETERS

A. Experimental Procedure

For research purposes, a die for manufacturing
horseshoe-shaped castings of aluminum alloy has been
designed and developed in the frame of European Music
project (MUIti-layers control & cognitive System to
drive metal and plastic production line for Injected
Components, N. 314145). The geometry of the casting
has been designed in order to exacerbate the generation
of defects, and therefore to study the effect of the
process parameters on defects and overall casting
quality (see Figure 2).

The manufacture process of the castings was realized
at an industrial plant in a die casting cell, comprising a
7355 kN cold chamber die casting machine (shot cham-
ber length 0.482 m and diameter 0.080 m), as well as a
furnace and an automatic lubrication system for cooling
down the die material and aiding the release of castings.
The furnace was set to 978 K (705 °C), while the
pouring temperature was approximately 45 deg lower.
The temperature of the die was kept constant by a
thermoregulation system. The temperature of the oil
cooling channels was set to 518 K (245 °C) for the
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Fig. 2—Horseshoe-shaped casting designed to exacerbate the genera-
tion of defects as a function of the process parameters.

moving half of the die, and to 508 K (235 °C) for the
fixed half.

An AlgSizCu(Fe) alloy was cast, corresponding to the
EN AB-46000 aluminum alloy (European designation,
equivalent to the US designation A380). A number of 15
to 20 castings were scrapped after start-up to obtain a
quasi-steady-state temperature in the shot sleeve and the
die.

Design of the experiment!® has been planned, and
then applied, by changing the slow and maximum fast
shot speeds, the switching position between first and
second stages, and the maximum upset pressure. These
independent process parameters have been selected
because they are simple to manipulate and to control,
in accordance with those usually adopted by practition-
ers in planning the process. Each of the mentioned
independent variables of the experiment, called control
factor, has been varied within a feasible range, as large
as possible. The values assumed by the control factors
are given in Table I, by means of their lower and upper
levels of observation, together with the discretization
values. Only the first three parameters affect the motion
profile of the plunger, and will be therefore accounted
for in this investigation. In contrast, the upset pressure
(which was varied from 50 to 100 MPa) will be only
considered as a disturbance factor in this study.

The machine was instrumented with a position sensor
recording the plunger displacement with sample time
At = 0.5¢ *seconds, and each casting is documented
with its shot profile representing the plunger actual
displacement curve. The motion of the servo-controlled
plunger recalls the typical displacement curve, with an
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initial transient before reaching the constant speed of
the first stage, and then a second stage which follows a
polynomial displacement profile. In contrast, no mea-
surement of the time-history of the pressure was
performed. Therefore, the upset pressure cannot be
effectively investigated through an approach consistent
with those proposed for studying the motion profile,
since, in practice, just the set point value was available,
rather than the complete time-history of the actual
value. For this reason, upset pressure will be object of
future investigations of the authors. However, it is well
known in the literature, and also recognized by practi-
tioners, that the application of high upset pressure has
positive effects on the internal quality of castings.
Indeed, high upset pressure prevents the formation of
shrinkage porosity and the expansion of previously
entrapped air during the casting solidification.””

A total amount of 32 different combinations of the
control factors was tried, and each combination was
manufactured with a number of repetitions ranging
from 3 to 7. This set leads to a statistically significant
sample (around 90 castings).

As for the dependent response variables, i.e., the
measured variables representing the casting quality
(which should be correlated to the process parameters),
both the peak load (representative of static mechanical
properties) and the porosity percentage of the castings
have been identified.

Bending test specimens were trimmed from the flat
appendixes of the casting (Figure 3). Four specimens for
each casting were drawn (with 0.04 m width, 0.002 m
thickness, and 0.06 m length). The three-point bending
test has been carried out with displacement control with
a 4 mm/min rate and a rating force of 10 kN.

Moreover, the stepped wedge of the casting has been
chosen for porosity measurements, as it was the most
critical zone and emphasized the difference in quality
level between castings obtained by different process
parameters. The stepped wedge is a zone of the casting
with the following dimensions: 0.059 m width, thickness
ranging from 0.001 to 0.003 m, and 0.2 m length
(Figure 4). The stepped wedges have been analyzed by
a macro-focus X-ray equipment, whose settings were
60 kV and 1.5 mA, and the percentage of porosity has

been then estimated by means of an image analysis
software.

As a further proof, fracture surfaces of some selected
castings have been also analyzed by scanning electron
microscope and their percentage of oxides has been
estimated by means of an image analysis software.
Finally, the zone near the fracture surface has been
analyzed by optical microscope in order to investigate
which kinds of defects were present.

The rigorous application of statistical concepts, meth-
ods, and models, as well as the execution of thorough
microscopic analyses, has been described in the follow-
ing section to demonstrate that the novel kinematic
parameters allow to explain and forecast both the static
mechanical properties and the overall quality of cast-
ings. The coherence between exploratory and confirma-
tory analyses has also been assessed, to prove the
reliability of the results obtained.

B. Correlation Between Plunger Kinematic Parameters
and Quality

1. Correlation with the static peak load

In order to find some statistically significant correla-
tions between the novel plunger kinematic parameters
and the mechanical properties measured in the appen-
dixes of the castings (see Figure 3), both exploratory
and confirmatory analyses have been carried out, and
coherence has been proven.

The exploratory analysis includes summary statistics
(i.e., minimum, maximum, median, 25th percentile, 75th
percentile, mean, and standard deviation) and graphical
displays of the data, such as boxplots, without making
any assumption on distributions or models.?”)

The castings have been discriminated in two groups on
the basis of their peak load, to analyze the summary
statistics of the plunger kinematic parameters for the two
groups. The first group collects the castings with peak load
greater than 1.1 kN (see Table II), while the second one
collects those with peak load lower or equal to this value
(see Table III). The threshold of 1.1 kN corresponds to the
median value of all the measured peak loads.

The boxplots of the two proposed parameters for the
two groups of castings are represented in Figure 5. This

Table I. Control Factors with Their Lower and Upper Levels of Observation and Discretization Values

Control Factor Low Level High Level Discretization
Slow shot speed (m/s) 0.2 0.8 0.1

Max fast shot speed (m/s) 1.5 4.0 0.5
Switching position (m) 0.30 0.35 0.01

Fig. 3—Position of specimens for bending test in the appendixes of the casting.
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figure highlights that both agms and Er affect the peak
load of the castings (referred to as Fp,x), since the
interquartile ranges of the two groups are distinct. This
is in particular true for arms, where there is no overlap
between the two groups. In contrast, the interquartile
ranges are slightly overlapped in the case of Ef.

The results of the exploratory analysis have been also
confirmed through the application of the formal statis-
tical methods performed through the confirmatory
analysis. Indeed, the t-tests executed on arms and Ep
confirm that there is true difference in means between
the two groups of castings with 95 pct confidence
interval and the p values are 8.4e~"> and 6.0,
respectively. p value measures the evidence that there
is true difference in means between the two groups of
castings: the smaller the p value is (particularly lower
than 0.05), the stronger the evidence is.*”

On the basis of the analysis of the boxplots and of the
p values, and given the weak correlation between agrms
and E; in this specific set of data (although it is not true

Fig. 4—Position of specimen for radiographic testing in the stepped
wedge of the casting.

in the general case, since these two parameters are
mathematically different and represent two different
physical phenomena), the fitting model has been devel-
oped by just assuming arms as the sole independent
variable. The correlation between such a parameter and
the mechanical property is corroborated by Figure 6
which plots the exponential of the median peak load
(denoted Fi,.x) against this parameter, by means of the
following fitting model:

exp(Fmax) = 0 + d1aRrMS, [5]

where oy and o are the scalar coefficients to be identified
through least-square fitting."! The fitted coefficients for
the alloy and the geometry investigated are as follows:
oy = 2.40 and o = 0.014. Clearly, the coefficients of the
proposed behavioral model are related to the specific
test case investigated. The result is however representa-
tive of the general case and reveals that quality
improvement can be achieved by pushing the accelera-
tions toward the highest feasible values. Whenever the
proposed behavioral model should be employed with
different geometries or alloys for process control or
prediction, a preliminary model tuning would allow to
estimate the correct model coefficients and hence to
accomplish the task.

Figure 6 confirms that agrys affects the quality of
castings and allows to explain the static mechanical
properties: the higher arms is, the higher the bending
peak load is. This result can be reasonably justified, by

Table II. Summary Statistics of the Kinematic Parameters for Castings with Peak Load Greater than 1.1 kN
Parameter Min Ist Qu. Median 3rd Qu. Max Mean St. dev.
arMs (mgsz) 29.78 51.32 65.73 71.46 80.59 60.23 14.70
Ep (m*/s?) 0.36 0.75 1.21 1.39 2.09 1.14 0.45

Table III. Summary Statistics of the Kinematic Parameters for Castings with Peak Load Lower or Equal to 1.1 kN
Parameter Min Ist Qu. Median 3rd Qu. Max Mean St. Dev.
arms (mgsz) 17.11 21.84 36.09 46.36 64.57 34.80 12.50
Er (m*/s?) 0.20 0.46 0.55 0.83 1.66 0.61 0.28
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Fig. 5—Boxplots of arms and Ep parameters for the two groups of castings, discriminated on the basis of bending peak load.
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considering that higher accelerations mean higher forces
transmitted by the plunger to the melt, which strive
against oxides and fragment them (as it will be demon-
strated in Section I1I-B-3).

The median value has been calculated between the
peak loads of the four bending test specimens obtained
from each casting. Indeed, the median value is more
representative than the mean in the presence of outliers,
due to random and uncontrolled exogenous factors. As
for the fitting function, a logarithmic model has been
assumed, to set a rate of growth that is “less than
linear,” so as to represent a decreasing rate of growth
for high values of agrms, as it is reasonable. This
assumption makes the model proposed more reasonable
for being used in extrapolation. The resulting fitting
model for arms approximates the data distribution with
a correlation coefficient equal to 0.66, which is a very
satisfactory value.

The diagnostic plots (see Figure 7) highlight that this
model fits the experimental data well: indeed, the
residual plot does not show any pattern, and the
quantile—quantile plot shows normality since its points
do not deviate from a straight line.®” The conclusions
are reliable and convincing, as the results from
exploratory and confirmatory analyses are in agreement.

It is also worth mentioning that assuming a power
relation between the dependent and the independent
variables, of the type Fimax = ooagyg (as often done in
other fields of engineering), leads to a 0.64 correlation
coefficient. Hence, both the models can be adopted
effectively.

Although the values of correlation obtained do not
approach the ideal target of 1, they should be assumed
as very satisfactory, since they have been computed
through a relevant number of samples (around 90
castings) and in the presence of the unavoidable
uncertainty and disturbance of exogenous factors,
affecting the HPDC process. Among the disturbance
factors, it should be accounted for the role of the upset
pressure, as discussed in Section III-A, which is not
uniform between the castings. The effect of this param-
eter, which cannot be regarded as a kinematic param-
eter, will be object of further investigations through a
different set of castings, where the time-history of the
upset pressure will be available to provide a more
rigorous discussion.

2. Correlation with the percentage of porosity

The same approach proposed in Section I1I-B-1 has
been applied in order to find some statistically signifi-
cant correlations between the novel plunger kinematic
parameters and the percentage of porosity.

The castings have been discriminated in two groups
on the basis of their percentage of porosity, to analyze
the summary statistics of the two proposed parameters
for the two groups. The first group collects the castings
with percentage of porosity lower or equal to 2 pct,
while the second one collects those with porosity greater
than this value. Based on a common practice, a
reasonable and conservative threshold of 2 pct porosity
has been chosen to discriminate sound and poor
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castings.**! However, the choice of the suitable threshold
depends on the final application of castings.

The boxplots of the two proposed parameters for the
two groups of castings are represented in Figure 8. This
figure highlights that both the proposed parameters
significantly affect the porosity of the castings (referred
to as Porosity), since the interquartile ranges of the two
groups are markedly distinct.

The results of the exploratory analysis have been also
confirmed through the application of the formal statis-
tical methods. The t-tests performed on arms and Ep
demonstrate that there is true difference in means
between the sound and poor castings with 95 pct
confidence interval and the p values are 2.8¢7% and
5.4e%, respectively. Once again, arwms is the parameter
most influencing the casting quality. However, with
respect to the peak load, the boxplots are in this case
completely separated for both the parameters, and hence
multivariable models can be developed.

If a fitting model relating the natural logarithm of the
porosity against arpys is assumed, an effective prediction
is provided:

log(Porosity) = ag + o1 drms. (6]

The fitted coefficients for the alloy and the geometry
investigated are as follows: o9 = 4.42 and oy = —0.08.
The fitting model approximates the data distribution
with a correlation coefficient equal to 0.63, which is
highly satisfactory. Indeed, porosity is often significantly
affected by casual exogenous factors that cannot be
monitored or predicted. Hence, castings having the same
combination of the control factors in the design of
experiment, and almost identical time-histories of the
measured signal, sometimes had remarkably different
values of porosity.

Figure 9 confirms that agrys positively affects also the
porosity of castings: the higher arys is, the lower the
percentage of porosity is, since higher accelerations
mean higher forces that make previously formed air
bubbles collapse.

It is worth mentioning that porosity was measured in
a different region of the casting with respect to the one
used for measuring the static peak load. Hence, the
proposed parameter provides a meaningful explanation
of the overall casting quality.

If both arms and Ep are taken into account in a
multivariable model, a significant improvement is
obtained, by leading to a 0.72 correlation coefficient
and highlighting the influence also of the first stage,
besides the second one, on the percentage of porosity.
The final model proposed is as follows:

log(Porosity) = o + ojarms + 2 E. [7]

The diagnostic plots of this model (which have been
omitted for brevity) are similar to those in Figure 7, and
show that this model fits, once again, the experimental
data well. The fitting model of Equation [7] is also
represented in Figure 10. It can be seen that the plane of
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Fig. 8—Boxplots of arms and Ep parameters for the two groups of castings, discriminated on the basis of percentage of porosity.

the regression model fits effectively the experimental
data.

3. Analysis of internal defects

As a further evidence of the correctness of the
proposed approach in explaining the overall casting
quality, fracture surfaces of some selected castings have
been analyzed by scanning electron microscope (SEM)
and their percentage of oxides has been estimated by
means of an image analysis software. The aim of this
analysis is to show the effect on the percentage of oxides

METALLURGICAL AND MATERIALS TRANSACTIONS A

of an increase of arms and Ep, by analyzing some
castings with increasing values of these parameters, and
therefore with increasing values of Fi.x. The analysis
reveals that by increasing arys and Ep, the percentage of
oxides decreases, as shown in Table IV. The correlation
is justified by the fact that higher accelerations imply
higher forces that fragment the oxides, thus promoting
their partial dissolution into the melt and avoiding
premature failure of castings. As for the other param-
eter, being the flow forces exchanged between the melt
and the wall of the die/chamber, or exerted on solid
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Table IV. Percentage of Oxides and Bending Peak Load as a Function of arys and Ey

arms (m/s) Er (m*/s?) Finax (kKN) Oxide (Percent)
20.25 0.45 0.93 9.12
36.33 0.56 0.99 4.75
46.55 0.93 1.09 1.69
50.73 1.04 1.12 0.88
71.46 1.41 1.24 0.18
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Fig. 11—Bending peak load of the castings as a function of arms.
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Fig. 12—SEM micrograph of the fracture surface of a scrap casting (arms = 20.25 m/s?).

Fig. 13—SEM micrograph of the fracture surface of a sound casting (agrms = 71.46 m/s?).

Fig. 14—180 times magnification of the marked zones of a scrap casting (arms = 20.25 m/s).

particles, the energy associated to these forces is an
influent parameter on destabilizing the preferential
nucleation sites for defects.

In Figure 11, examples of a scrap and a sound casting
(which will be deeply discussed in the following) are
marked.

METALLURGICAL AND MATERIALS TRANSACTIONS A

In Figures 12 and 13, SEM micrographs of the
fracture surfaces of a scrap casting (the one in the first
line of Table IV, with agrms = 20.25 m/sz) and a sound
casting (the one in the last line of Table IV, with
arms = 71.46 m/sz), respectively, are shown. Both sec-
ondary electron and back-scattered electron images are
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Fig. 16—Optical micrographs at 100 times magnification of the zone near the fracture surface of (a) a scrap casting (apms = 20.25 m/s?) and (b)

a sound casting (arms = 71.46 m/s?).

represented for comparison. Magnifications of the
marked zones of the abovementioned Figures 12 and
13 are then shown in Figures 14 and 15.

Figures from 12 through 15 highlight that the amount
and the size of defects on the fracture surface are higher
in the case of a scrap casting, justifying its lower bending
peak load. Moreover, very large and detrimental oxides
are usually located in sub-surface regions in the case of
the scrap casting (see Figures 12 and 14), thus facilitat-
ing crack nucleation. In contrast, the fracture surface is
more homogeneous and little defects are usually found
in internal regions in the case of the sound casting with a
consequent positive effect on the mechanical behavior
(see Figures 13 and 15).

Finally, optical micrographs of Figure 16 confirm
that the microstructure of a sound casting is more
uniform than the one of a scrap casting. Moreover,
Figure 16 (a) highlights that a lot of very dangerous
defects, such as porosity and oxides, are concentrated
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just below the surface of the scrap casting, thus
compromising its mechanical behavior.

IV. CONCLUSIONS

This work has been focused on the identification and the
definition of some parameters affecting the casting quality,
by just analyzing the plunger motion. The meaningful
parameters, which have been obtained through a systematic
approach and by taking advantage of numerical processing
of the plunger displacement time-history, are denoted as
kinematic parameters and summarized as follows:

e the root mean square plunger acceleration in the
second-stage arms, which represents the average
value of inertial forces related to the plunger motion;

e the integral of the cubic speed in the whole cycle Ef,
which represents the energy associated to the flow

METALLURGICAL AND MATERIALS TRANSACTIONS A



forces due to the contact between the melt and the
wall of the die/chamber or some solid particles (such
as oxides or inclusions), which are proportional to
the square speed.

Given the integral nature of the HPDC process, the
experimental analysis has confirmed that the two
parameters having an integral mathematical nature
(and hence accounting for the whole process or for
some significant time intervals) are meaningful. As a
matter of fact, they explain both the static mechanical
properties and the percentage of porosity, as demon-
strated by the application of statistical methods. Finally,
the microscopic analysis reveals that by increasing arms
and FEy, the percentage of oxides decreases.

Further improvement of the model, to include upset
pressure and temperature parameters, as well as devel-
opment of analytical models for the a priori optimiza-
tion of the HDPC process, will be proposed in future
researches of the authors.
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