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Abstract: Squeeze casting is a process that can produce the highest quality castings. In the current
study, the effect of the process settings and the in-die conditions on rejection rates is studied through
a full-scale experimental study. Factors affecting the as-cast part quality were investigated in the
current study from two different viewpoints. The first part of the study was to investigate the
influence of the process settings on the part rejection rate, and the second was to understand the
conditions in the die and the effects on the part rejection rate to understand better the reasons and
sensitivity of the squeeze casting process.

Keywords: squeeze casting; process parameters; filling; acceleration; pressure; sensing; rejection rate;
aluminium; component casting

1. Background

Squeeze casting is a process that can produce the highest quality castings but has a
somewhat longer cycle time than other processes such as high pressure die casting (HPDC).
The main types are direct squeeze casting and indirect squeeze casting, where the main
difference is that for direct squeeze casting, pressure is acting directly on the part, and for
indirect squeeze casting, pressure is acting through a runner, but with very little pressure
loss compared to HPDC [1,2].

In a recent work by Fiorese et al. [3], the root mean square acceleration significantly
impacted the part quality in HPDC. This entity was defined as

αRMS =
1
T

T∫
0

√(
dv
dt

)2
dt (1)

where v is speed (m/s), t is time (s) and T is the duration or investigated period(s).
The αRMS value had a direct correlation to the properties, suggesting that the accelera-

tion between the first and the second phase in HPDC determines the quality and not just
the actual speed itself. In Fiorese et al. [3] the input was from the piston motion itself, but
in reality, the motion of the melt front would be most critical, and a possibility to assess
this indirectly would be through die cavity measurements. There is very little work made
on squeeze casting regarding filling and product quality which is the focus of this work.

The pressures in the runners and die cavity have a profound impact on casting quality.
Recent development in sensor technology increases the possibility of using die sensing
technology to understand the filling and solidification dynamics better. In HPDC, the initial
peak in heat flux is in the order of 5–10 MW/m2 [4]. and for Squeeze Casting in the order
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of 3 MW/m2 [5]. High initial heat transfer coefficients enable this high heat flux, indicating
a high degree of contact between the molten metal. In squeeze casting, the pressure tends
to be higher, and the high degree of contact would imply that the main variations in heat
transfer coefficient would be due to flow speed, with only a minor variation with pressure.
This is also supported by the fact that the variation with the location in the die is strong on
both heat transfer and heat flux [4].

The effect of pressure on the heat transfer coefficient can be described as Equation (2)
for a system with partial contact and coating/lubrication residues [6]

1
htot

= Rtot =

(
RairRcontact

Rair + Rcontact

)
+ Rcoat = a


(

b− c
√

P
)

kcoat+kcast
kcoatkcast(

b− c
√

P
)
+ a kcoat+kcast

kcoatkcast

+
d

kcoat
(2)

where h is the heat transfer coefficient (W/m2K) and R is the thermal transport resistance
(m2K/W). htot is the resulting overall interfacial heat transfer coefficient (W/m2K) calcu-
lated from the resistance of the air gap resistance Rair and the direct contact resistance
Rcontact. The coating and lubrication residues also influence the Thermal contact resistance
as Rcoat. Furthermore, a is air gap width (m) and d is coating thickness (m) k is thermal
conductivity (W/mK) and P is pressure (Pa). The to constants a, b, and c are experimentally
determined and depends on materials properties and surfaces roughness. Typical varia-
tions would be in the order of 10–20% for the heat transfer coefficient within the normal
pressure ranges.

In an HPDC system, the pressure will vary both with location and with time. The
high plunger speeds cause oscillations resulting from hydraulic pressure waves and the
dynamics of the metal and filling process. The actual pressure is significantly reduced
during filling and solidification with the distance from the plunger dip. Firstly during
filling due to the melt viscosity and counter pressure from venting in a high-velocity
process as HPDC and secondly during solidification to support the feeding required due to
solidification shrinkage [7]. The mechanisms and their relationship in squeeze casting are
expected to be significantly different from HPDC, and the relationships with the plunger
acceleration identified for HPDC by Fiorese et al. [3] may not be the same.

The oscillations seen in HPDC processing will not be as significant in a squeeze casting
process as the injection phase is significantly slower, and pressure waves in the hydraulics
will not result in the same type of variations in the filling speed. On the other hand, the
filling process during squeeze casting and its consequences for the resulting part quality
has not been intensively studied as it has been regarded as a limited problem. In direct
squeeze casting, this is fully understandable as the melt is poured directly into the die
cavity, and this is a violent process, but pressures from the punch are acting directly into
the die cavity, and therefore, the focus has been on the final pressure only [8,9].

The situation is somewhat different for indirect squeeze casting as the melt is supplied
from below as an under-up casting process. This should provide the best possible filling
conditions. Due to the need to fill the shot sleeve and the need to dock the shot sleeve
with the tooling, there is a throat choking the flow into the die cavity that may cause gas
entrainment if the first stage of the filling not is well controlled. Indirect die casting also
provides the opportunity to increase productivity with a multi-cavity solution adding a
runner to the die, making the process similar to HPDC. Speeds are, however, significantly
slower [9,10].

Chang et al. [9] studied, in particular, the gating design for indirect squeeze casting
with a comparison between a straight gate and a fanned gate. It was concluded that proper
gate velocity is required to attain a sound part. If the gate speed is too low, misruns will
occur as in conventional casting processes. A rapid filling was also found to break up
the stream of metal entering the cavity with entrapped air or gas into the molten metal
as a consequence. This resulted in the density of the squeeze castings increasing with
lower filling velocities as the effect of the entrapped air could not be fully removed by
the final pressure in the squeeze phase. However, the density of the squeeze castings also



Technologies 2021, 9, 95 3 of 20

increased with a higher squeezing pressure and above 80 MPa for the A356 alloy, nor
further reduction of porosity could be seen.

The rules for process parameter setting for the filling process was investigated by
Chang et al. [9] and compared to the gravity casting rules suggested by Campbell [11].
These rules suggest a relationship between the casting geometry and the flow speed and
a maximum speed for filling to maintain a stable filling front [11]. Similar suggestions
criteria were also developed by Jarfors and Seifeddine [12] based on the Weber number.
Xu and Ying [10] further elaborated this. They used four different types of filling speed
selections:

v = 0.3 m/s, based on Campbells [11] recommendation, resulting in a calm filling and
excessive cooling of the melting front suggesting the formation of defects such as misruns.
It should here be noted that the heat transfer coefficient used was 2000 W/m2 K for the
simulation, which may be on the low end.

v = 0.88 m/s, which is more similar to the upper speed of a squeeze casting machine
resulting in jetting in the die cavity and gas entrainment and significant porosity formation.
This was also consistent with the work by Chang et al [9].

v = 0.7 t2, where t is time(s) resulting in a very low initial filling speed. This gave a
calm filling during the initial filling, but due to the linear acceleration with time, jetting
and the unstable filling front was the outcome at a later stage of filling.

v = t, with constant acceleration, resulted in slow initial filling avoiding gas entrain-
ment and limited jetting at later stages of filling.

The study by Xu and Ying [10] is valid for one case but demonstrated the need of
adapting the flow speed to part geometry while filling in squeeze casting to reach the
full potential of the casting process. Like most casting processes Squeeze casting offers
a complex difficult to study problem area and regression analuysis and neural networks
have been used in an effort to clarify the relationships [13]. Yet, no one has successfully
tried to develop a more generic approach such as the approach used by Fiorese et al. [3] for
HPDC processing.

In the current study, the effect of the process settings and the in-die conditions on
rejection rates is studied through a full-scale experimental study. To understand what
makes a good part.

2. Experimental Work
2.1. Material

The material used in the current study was A356 with its typical specification, as
shown in Table 1.

Table 1. Typical composition of the A356 ally used in the current study.

Si Mg Fe Cu Zn Mn Ti Al

6.5–7.5 0.25–0.45 0.2 0.2 0.2 0.1 0.1 Bal

2.2. Casting Process and Component

A 650-ton vertical squeeze casting machine was used for the study built by the China
Academy of Machinery Sciences and Technology (Jiangle) Institute of Semi-solid Metal
Technology.

In all experiments, the casting temperature (653 ◦C) was kept constant during the
investigation to separate only the effects of the filling process.

Pressure sensors were added to the die cavity at three different locations to assess
the runner pressure, die cavity pressure and the pressure in one of the overflows as the
farthest point away from the point of melt entry. The pressure was also measured at the
piston side of the hydraulic system and the return side of the hydraulic pump. In addition,
three switch points for filling, feeding and pressure intensification were defined with the
standard switch point set as 100 mm, 220 mm, and 270 mm to control the filling speeed.
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The level of 300 mm for the last pressure intensification phase of the squeeze casting cycle,
Figure 1.
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2.3. Characterisation

To assess the part quality the standard production criteria for a sound product was
used and inspected by trained production quality assurance staff. The part quality inspec-
tion was made using X-ray analysis (model PW 1729, Philips, Amsterdam, The Netherlands,
with Co-Kα radiation). The exact detection limit was not known for this industrial set-up
but the procedure ensured customer acceptance. All defects visible in the X-Ray images
lead to rejection which includes porosity and misruns primarily. Occasionally oxides may
also be detected in the characterisation process.

2.4. Experimental Design

The filling process has been previously optimised, and the component has been in
production for some time. The experimental plan is an offset around the ideal conditions,
Table 2. During the filling process, several switch points exist, Figure 1. The first switch
point is after 100 mm stroke as the filling meniscus reaches into the runner system. This is
a sensitive point due to the resulting geometry originating from the docking of the shot
sleeve to the tooling. Dosing of metals have limited accuracy, and disturbances may occur
at this point. The first switch point at the melt entry was chosen as one of the parameters
to investigate as this also corresponds to the switch between the first and second stage
in HPDC studied by Fiorese et al. [3]. Similarly, just as in HPDC, temperature loss in the
shot sleeve is significant in squeeze casting. The first phase speed was also chosen as a
parameter to study.

Following the finding by Xu and Ying [10] and accepting that the filling process is at
an optimum for the current conditions for the second switch point after a piston movement
of 220 mm and that at 270 mm were not touched in the current study with 7% and 13%
speed settings to match the geometrical changes of the cast component. The target is to
see how an early disturbance in the filling would affect the process yield and interact with
the final intensification pressure. The last switch point takes place after 300 mm, and the
typical end of stroke is at 307 mm, at which point the die cavity is fully filled. Here, it is
chosen to use the final intensification pressure as the third variable for the study to see how
it affects quality after an early disturbance.



Technologies 2021, 9, 95 5 of 20

Table 2. Experimental plan and results.

Run Switch Point
(mm)

First Phase
Speed Valve
Setting (%)

Intensification
Pressure (%)

Rejection Rate
Left Cavity
(Fraction)

Rejection Rate
Right Cavity

(Fraction)

Total Rejection
Rate (Fraction)

1 85 6 50 0.7 0.5 0.6
2 60 6 24 0.4 0.3 0.35
3 100 18 50 0.3 0.2 0.25
4 60 12 22 0.1 0.1 0.1
5 100 6 10 0.3 0.3 0.3
6 100 10 33 0.8 0.4 0.6
7 76 18 33 0.6 0.1 0.35
8 76 10 10 0.6 0.1 0.35
9 60 6 50 0.5 0.3 0.4
10 60 18 10 0.3 0.3 0.3
11 100 18 10 0.2 0.1 0.15
12 100 18 50 0 0 0
13 60 13 50 0.4 0.2 0.3
14 100 10 33 0.8 0.2 0.5
15 82 14 50 0.2 0.2 0.2
16 60 18 10 0.8 0.2 0.5
18 82 6 23 0.3 0.4 0.35
19 100 18 10 0.4 0.4 0.4
20 72 9 37 0.2 0.4 0.3

The optimise and allow for an efficient study, a D-optimal Response Surface Experi-
mental design was used based on the coordinate exchange method and a quadratic model
to allow for interactions and non-linear behaviour. The plan includes 5 replicates and 5 lack
of fit testing points using the DesignExpertTM software (StateEase Inc., Minneapolis, MN,
USA). The D-Optimal plan is randomised, so there should be no effects of, for instance,
a temperature drift in the die caused by a constant increase of the contact pressure and
an improved heat transfer to the die. In the performance of the experiments, 10 dummy
shots were made to allow for the new conditions to reach a new steady-state before the
10 samples at each setpoint were taken. This means that for the experiments, 200 castings
were evaluated out of the 400 castings produced.

3. Results and Discussion
3.1. Characteristic Defects

The defects encountered are slightly different but easier to detect for lower intensi-
fication pressures, as they appear more prominent. The most common defects types and
their location are collated in Table 3. It should be noted that most defects were significantly
smaller than the ones illustrated, but the grossest defects are used as they are easier to
illustrate.

The first defect illustrated is illustrated by Run 5 and the left cavity. This is in the last
region to fill and at an edge. The part is hollow and relatively thin-walled in this region.
The defect appears as several C-shaped marks interpreted as laps (a type of cold shut
related problem). As the initial speed (B) was low and the switch point high (A), the melt
cools more in the shot sleeve and a low temperature most likely aggravated this defect at
the end of fills, increasing the risk of cold shuts.

The second defect is illustrated by Run 9 and the left cavity. This is a defect occurring
in a thin section just before the entrance to the hollow section. The exact nature of this defect
is not clear, but it is either a crack or a cold shot possibly induced by oxides. The setting
was such that the initial speed (B) was low, but the end pressure was high. This would
make the material coming into the die cooler, and with the high-pressure intensification
pressure (C), heat transfer would be high. The region between the two thicker sections
to the left and right would solidify significantly later than the thin section resulting in
tensile stress in the thin section, with the arrow indicating the principal stress direction and
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crack would be oriented in the 45% direction to this main stress direction if the material is
reasonably ductile. This is also the case for the current defect illustrated.

Table 3. The most common defect and their location, as well as an illustration from interrupted shots.
The numbers are the settings for the different runs with A-First phase switch point, B-First phase
speed and C-Intensification pressure. The number in the bracket is the range for the setting to gauge
if the value is high or low. (Black square is placed due to confidentiality of the product owner).

Run Switch Point (mm)

Interrupted shot illustrating the filling
sequence.

The Left and right cavity does not fill
evenly, but the leading fill is not consistent

but varies between shots.
The meeting point for the two melt fronts
indicated by the arrow is managed by an

overflow that fills well.
The circled portion is the entry to the
hollow section at a piston position of

270 mm

Technologies 2021, 9, x FOR PEER REVIEW 6 of 23 
 

 

Table 3. The most common defect and their location, as well as an illustration from interrupted 
shots. The numbers are the settings for the different runs with A-First phase switch point, B-First 
phase speed and C-Intensification pressure. The number in the bracket is the range for the setting 
to gauge if the value is high or low. (Black square is placed due to confidentiality of the product 
owner). 

Run Switch Point  
(mm) 

Interrupted shot illustrating the fill-
ing sequence.  

The Left and right cavity does not fill 
evenly, but the leading fill is not con-

sistent but varies between shots. 

The meeting point for the two melt 
fronts indicated by the arrow is man-

aged by an overflow that fills well.  

The circled portion is the entry to the 
hollow section at a piston position of 

270 mm 
 

Run 5 Left cavity  

Sample R5:5 

A: 100 mm (60–100) 

B: 6% (6–18%) 

C: 10 (10–50%) 

Filling process related cold shuts 

Run 9 Left cavity 

Sample R9:1 

A: 60 mm (60–100) 

B: 6% (6–18%) 

C: 50% (10–50%) 

 

Run 5 Left cavity
Sample R5:5

A: 100 mm (60–100)
B: 6% (6–18%)
C: 10 (10–50%)

Filling process related cold shuts

Technologies 2021, 9, x FOR PEER REVIEW 6 of 23 
 

 

Table 3. The most common defect and their location, as well as an illustration from interrupted 
shots. The numbers are the settings for the different runs with A-First phase switch point, B-First 
phase speed and C-Intensification pressure. The number in the bracket is the range for the setting 
to gauge if the value is high or low. (Black square is placed due to confidentiality of the product 
owner). 

Run Switch Point  
(mm) 

Interrupted shot illustrating the fill-
ing sequence.  

The Left and right cavity does not fill 
evenly, but the leading fill is not con-

sistent but varies between shots. 

The meeting point for the two melt 
fronts indicated by the arrow is man-

aged by an overflow that fills well.  

The circled portion is the entry to the 
hollow section at a piston position of 

270 mm 
 

Run 5 Left cavity  

Sample R5:5 

A: 100 mm (60–100) 

B: 6% (6–18%) 

C: 10 (10–50%) 

Filling process related cold shuts 

Run 9 Left cavity 

Sample R9:1 

A: 60 mm (60–100) 

B: 6% (6–18%) 

C: 50% (10–50%) 

 

Run 9 Left cavity
Sample R9:1

A: 60 mm (60–100)
B: 6% (6–18%)

C: 50% (10–50%)

Technologies 2021, 9, x FOR PEER REVIEW 6 of 23 
 

 

Table 3. The most common defect and their location, as well as an illustration from interrupted 
shots. The numbers are the settings for the different runs with A-First phase switch point, B-First 
phase speed and C-Intensification pressure. The number in the bracket is the range for the setting 
to gauge if the value is high or low. (Black square is placed due to confidentiality of the product 
owner). 

Run Switch Point  
(mm) 

Interrupted shot illustrating the fill-
ing sequence.  

The Left and right cavity does not fill 
evenly, but the leading fill is not con-

sistent but varies between shots. 

The meeting point for the two melt 
fronts indicated by the arrow is man-

aged by an overflow that fills well.  

The circled portion is the entry to the 
hollow section at a piston position of 

270 mm 
 

Run 5 Left cavity  

Sample R5:5 

A: 100 mm (60–100) 

B: 6% (6–18%) 

C: 10 (10–50%) 

Filling process related cold shuts 

Run 9 Left cavity 

Sample R9:1 

A: 60 mm (60–100) 

B: 6% (6–18%) 

C: 50% (10–50%) 

 



Technologies 2021, 9, 95 7 of 20

Table 3. Cont.

Run Switch Point (mm)

Run 14 Right cavity
Sample R14:10

Filling related cold shut and lubricant
induced porosity

A: 100 mm (60–100)
B: 10% (6–18%)

C: 33% (10–50%)
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in a thin section just before the entrance to the hollow section. The exact nature of this 
defect is not clear, but it is either a crack or a cold shot possibly induced by oxides. The 
setting was such that the initial speed (B) was low, but the end pressure was high. This 

The third defect type is illustrated by Run 14 right cavity and by Run 15 right cavity.
This is a combination of two types of defects. The round “bubble” is entrained gas that
usually originates from the lubricant spray and other gaseous elements in the die cavity.
The main difference between Run 14 and Run 15 is the intensification pressure (C), for
which Run 15 is a maximum and Run 14 is in the mid-range. The higher pressure in Run
15 has made the bubble collapse, and it is therefore seen with a weak C-shaped feature
but with a similar radius as that found in Run 14, where the pressure was insufficient
to compress the entrained gas bobble. The other defect is most likely a cold shut due to
premature freezing and the possible presence of oxides.

The fourth and last defect type is illustrated by Run 17 and the left cavity. This is in a
region where two melt fronts are meeting as well at a transition between a thick section and
a thin section. The fillet radius is large, but this is still a difficult region, especially ad there
will be a higher oxide content due to the meeting filling fronts. If the malt comes in cold,
then it is difficult for the material to weld together. A lower temperature would also lead
to early freezing at the thinner section and make feeding during the intensification process
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more difficult. This problem was aggravated by the setting in Run 17 with a low initial
speed (B) and a late switch to higher speed (A), as well as a low intensification pressure (C)
not allowing effective feeding of the shrinkage porosity.

3.2. Process Parameter Setting and Rejection Rates

The results and the experimental conditions are collated in Table 2. The analysis was
made using the built-in Analysis of Variance (ANOVA) in the DesignExpertTM program.
The analysis was made on the total rejection rate even though the left cavity performed
inferior to the right cavity.

The models were built using a backward principle, starting a quadratic model and
reducing the order based on the p-value < 0.1 criteria. This was in some parts of the analysis
disregarded as discusses and indicated below.

The ANOVA analysis of the total rejection rate is shown in Table 4. The Model F-value
of 3.63 implies the model is significant. There is only a 2.59% chance that an F-value
this large could occur due to noise. p-values less than 0.0500 indicate model terms are
significant. Values greater than 0.1000 indicate that the model terms are not significant.

Table 4. ANOVA total rejection rate.

Source Sum of
Squares df Mean Square F-Value p-Value Comment

Model 0.2716 5 0.0543 3.63 0.0259 Significant
A—First phase switch point 0.0457 1 0.0457 3.05 0.1026 Hierarchy

B—First phase speed 0.0961 1 0.0961 6.41 0.0239 Significant
C—Intensification pressure 0.0053 1 0.0053 0.3538 0.5614 Hierarchy

AB 0.0820 1 0.0820 5.47 0.0347 Significant
BC 0.1059 1 0.1059 7.07 0.0187 Significant

Residual 0.2097 14 0.0150
Lack of Fit 0.0910 9 0.0101 0.4257 0.8744 Not significant
Pure Error 0.1188 5 0.0238
Cor Total 0.4814 19
Std. Dev. 0.1224 R2 0.5643

Mean 0.3425 Adjusted R2 0.4087
C.V. % 35,74 Predicted R2 0.0109

Adeq Precision 7.1412

The Lack of Fit F-value of 0.43 implies that the Lack of Fit is insignificant relative to the
pure error. Non-significant lack of fit is good, as it ascertains that the model fit the results.
The Predicted R2 of 0,0109 is not as close to the Adjusted R2 of 0.4087 as the difference is
more than 0.2. It is thus essential to do a complete analysis of the experimental conditions
to identify any anomalies and errors that may influence the outcome.

It should be noted that Adeq Precision, which measures the signal to noise ratio is
greater than 4 is desirable, was established as 7.141, which indicates an adequate signal.
This model can be used to navigate the design space despite that R2 = 0.5643.

From Table 4, it is seen that A—First phase switch point not is significant as p > 0.05
but is very close to the limit where it cannot be disregarded (p < 0.1). A- First phase switch
point was kept to maintain model hierarchy as higher-order terms involving this factor
were statistically significant. B—First phase speed, on the other hand, was statistically
significant. Interestingly, C—Intensification pressure was not statistically significant, but
just as A-First phase switch point was kept keeping model hierarchy intact. The interactions
found significant were AB (A—First phase switch point B—First phase speed), indicating
that the mode of entry into the runner system is important for the total rejection rate. This
suggests that the possibility of jetting and gas entrainment at the docking region and entry
into the mould is important, which also agrees with the work by Xu and Ying [10]. The
second interaction found statistically significant was BC (B—First phase speed and C—
Intensification pressure), suggesting that the mode of runner entry and the intensification
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pressure not is independent, which is similar to the findings by Dargusch et al. [14] for the
intensification pressure in HPDC processing.

The resulting model is shown in Equation (1) in actual values. It can be concluded
that that the dominating factor was the interaction BC which is the interaction between
B—First phase speed and C—Intensification pressure followed by AB or A—First phase
switch point and B-first phase speed. The third and least statistically significant variable
was B—First phase speed. In Figure 2a, the rejection rate appears relatively independent
on the choice of parameters with a A—First phase switch point set to 60 mm. Increasing
this switch point changes the response significantly. Figure 2b shows this for the A—First
phase switch point set to the maximum value of 100. Here, the most beneficial setting was
the fastest first phase speed combined with the highest intensification pressure.

Rejection rate = −0.901079 + 0.013052A + 0.079847B + 0.012399C− 0.000828AB− 0.000942BC (3)
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The fact that the interactions AB and BC were significant allows a conclusion that the
duration in the shot sleeve is important, meaning that the temperature drop during the first
phase has a significant bearing on part quality. The fact that BC is the First phase speed and
the Intensification pressure also interact suggests that temperature drop in the sleeve and
the defects generated affect the possibility to close these defects during the Intensification
phase.

3.3. Pressure Measurements and Rejection Correlation

In the current work, two pressures in the hydraulic system were measured (P4 and P5)
and three locations in the die with P1 in the runner, P2 in the cavity, and P3 in the overflow.
A typical pressure evolution for the sensor locations is shown in Figure 3a.
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Based on the work by Xu and Ying [10] and by Chang et al. [9], it must first be
concluded that the final pressure and its application are critical but not independent of
the filling process. The turbulence during filling is relatively limited compared to HPDC.
Taking this as an approach, a specific analysis of the squeeze casting would rely more on
the actual application of pressure.

First, it should be concluded that based on the work by Fiorese et al. [3] the acceleration
is given by the driving pressures P4 forward acting pressure the poston surface A4, and
counter acting pressure P5 on the opporit surface A5, in the piston hydraulics, Equation (4)

P4 A4 − P5 A5 = F = m
(

dv
dt

)
(4)

where m is the mass of the piston and the melt in the shot chamber. Applying this directly
onto the root mean square criteria developed by Fiorese et al. [3] provided that piston
pressure is used.

αRMS =
1
T

T∫
0

√(
dv
dt

)2
dt =

1
T

T∫
0

√(
P4 A4 − P5 A5

m

)2
dt (5)

On the other hand, while filling a cavity, there is a significant pressure drop in the
channel, both as it fills up and as it starts to solidify and both apparent viscosity and
permeability change with time. Taking the approach of a channel flow for the analysis, the
pressure and speed would take a different form and follow a Darcy flow type of relationship
with CDA being the permeability factor in Darcy’s Law depending on alloy solidification
morphology and part geometry leading to that this is unique for each cast part and location
in the die cavity [15].

dP
dx

= CDA
v
L

(6)

where L (m) is the length of the duct of channel. This would lead to a different relationship
to the acceleration

d
dt

(
dP
dx

)
=

d
dt

(
CDA

v
L

)
(7)
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The cavity pressure is measure with the outside pressure as a reference taking venting
and solidification into account. This would then lead to

d
dt

(
dP
dx

)
≈ d

dt

(
P1,2,3 − Pa

∆L1,2,3

)
=

1
∆L1,2,3

dP1,2,3

dt
=

1
L

(
dCDA 1,2,3

dt
v + CDA 1,2,3

dv
dt

)
(8)

The permeability and viscosity, manifested as the perambility coefficient CDA will
change significantly during the process and at the different locations indicated as 1, 2, and
3. However, during the transients to be analysed, it is a call change as the duration for the
transients are short and therefore is reasonable to neglect this effect in the analysis and
development of new pressure-based criteria. The in-cavity pressure changes should be
analysed as

dP1,2,3

dt
= C

∆L1,2,3

L

(
dv
dt

)
≡ CDA 1,2,3

(
dv
dt

)
(9)

This then led to that similar criteria as that derived by Fiorese et al. [3] based on the
in-die cavity pressure with the same information content from the die cavity should be
written as

αP
RMS =

1
T

T∫
0

√(
dP1,2,3

dt

)2
dt (10)

In the analysis of the process parameters, it was shown that there was an influence
not only from speeds and switch points but also the intensification pressure. This also
implies that accelerations would be of importance and the absolute pressures achieved in
the process.

The data from the pressure measurements and the calculated pressure derivatives are
collated in Appendix A. A detailed illustration of the pressure evolution in the die cavity is
shown in Figure 3b and the derivatives squared in Figure 3c.

Performing the same analysis of the total rejection rate and pressure sensor data for the
process parameter settings gives a Model F-value of 62.76 implies the model is significant,
Table 5. There is only a 0.29% chance that an F-value this large could occur due to noise.

P-values less than 0.0500 indicate model terms are significant. In this case A—
(dP1/dt)2

Max, B—(dP2/dt)2
Max, C—(dP3/dt)2

Max, D—P1, E—P2, F—P3 were all statistically
significant. It is worthwhile noting that the interactions with the runner pressure were
significant in the sense that the runner acceleration interacted, dP1/dt with in-die cavity
pressure acceleration dP2/dt (AB) as well as the acceleration in the overflow dP3/dt (AC)
the maximum pressure in the runner (AD). There was also an interaction between the
actual pressures in the die cavity P2 and in the overflow P3 (EF). Values greater than 0.1000
indicate the model terms are not significant.

The Predicted R2 of 0.8393 is in reasonable agreement with the Adjusted R2 of 0,9794;
i.e., the difference is less than 0.2. Furthermore, Adeq Precision measures the signal to
noise ratio. A ratio greater than 4 is desirable, and a ratio of 26.846 was achieved, and
an adequate signal to noise ratio was achieved. This model can be used to navigate the
design space. Compared to the process settings, the outcome results in a more significant
en better fitting model by comparison in terms of R2 and the similarity in the Adjusted R2

and Predicted R2.
The regression equation in terms of actual factors is shown in Equation (11).

Rejection rate = −2.82260− 1.17603× 10−12 A + 1.10466× 10−10B
−7.13225× 10−11C + 0.018487D + 0.059012E + 0.343578F
−1.32054× 10−21 AB + 7.92514× 10−22 AC− 3.39224× 10−13 AD
−0.006283EF

(11)
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Table 5. ANOVA total rejection rate and in-die sensing analysis.

Source Sum of Squares df Mean Square F-Value p-Value Comment

Model 0.2895 10 0.0290 62.76 0.0029 Significant
A—(dP1/dt)2Max 0.0663 1 0.0663 143.62 0.0012 Significant
B—(dP2/dt)2Max 0.0278 1 0.0278 60.22 0.0045 Significant
C—(dP3/dt)2Max 0.0182 1 0.0182 39.47 0.0081 Significant

D-P1 0.0077 1 0.0077 16.72 0.0264 Significant
E-P2 0.0856 1 0.0856 185.45 0.0009 Significant
F-P3 0.0675 1 0.0675 146.40 0.0012 Significant
AB 0.1042 1 0.1042 225.88 0.0006 Significant
AC 0.0942 1 0.0942 204.28 0.0007 Significant
AD 0.0149 1 0.0149 32.23 0.0108 Significant
EF 0.0486 1 0.0486 105.39 0.0020 Significant

Residual 0.0014 3 0.0005 62.76 0.0029
Cor Total 0.2909 13 0.0290 143.62 0.0012
Std. Dev. 0.0215 R2 0.9952

Mean 0.3393 Adjusted R2 0.9794
C.V. % 6.33 Predicted R2 0.8393

Adeq Precision 26.8460

The runs that were ignored due to outliers in this analysis were: 9, 12, 15, 16, 17, 18.

Analysing the output, it becomes clear that there are rather sharp boundaries between
regions with low rejection rates and regions with high rejection rates, suggesting that there
are critical limits or thresholds in terms of accelerations and pressures to produce a sound
part, Figure 4a–d.

The acceleration in the runner and the part (A–B relationship) suggested that both
could be small or high, Figure 4a. Deviations where one acceleration is mismatched with
the other resulted in rejection. The pressure difference between the two points represents
the driving force of filling. Since the system is a two-cavity system and pressure were
measured in one cavity, the mismatch in acceleration would then suggest an uneven filling
between the cavities, as seen in the interrupted shot Table 2.

The acceleration in the runner and the overflow showed a different relationship where
the most advantageous combination was a reversed relationship compared to the runner
and cavity acceleration. The lowest rejections were found with combinations with ha high
runner acceleration and a low acceleration in the overflow and vice versa, Figure 4b. This
relationship requires further investigations to be fully clarified.

The interaction between pressure acceleration in the runner and maximum pressure
in the runner shows a matching relationship with higher acceleration and higher final
pressures producing sound parts, Figure 3c. It should be noted that this is not the same
relationship that was seen in the process control settings where a higher first stage speed
reduced the rejection rate. The effect from a slow first stage fill will eventually generate
externally solidified crystals that commonly lead to defects. This effect is not included in
the acceleration analysis as the high acceleration levels are only seen at the switch point
from the first to the second stage in the casting process, Figure 3c. Figure 3c suggests a
minimum acceleration is required for a good part, and this acceleration limit is reduced by
using a higher final pressure in the part cavity.

The relationship between the cavity and the overflow is difficult, but the hight both
gets, the more stable the process becomes, and this supports the common idea used in
squeeze casting that the higher the end pressure, the better the part.
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4. Conclusions

Factors affecting the as-cast part quality were investigated in the current study from
two different viewpoints. The first part of the study was to investigate the influence of the
process settings on the part rejection rate, and the second was to understand the conditions
in the die and the effects on the part rejection rate to understand better the reasons and
sensitivity of the squeeze casting process.

For the overall performance of the squeeze casting process, the influence of the process
parameters settings, it was found that the interactions between A—First phase switch point
and B—First phase speed were significant both statistically and physically. An early switch
point (60 mm) made the rejection rate more insensitive to the other process parameters.
A late switch point decreased the rejection rate with a higher first stage speed and a
higher intensification pressure. On the other hand, a slower fist phase speed and a high
intensification pressure resulted in a high rejection rate. This indicates that the duration of
the melt in the shot sleeve and the runner is critical to part quality and most likely cause a
temperature drop with the formation of cold shuts and folds that cannot be closed by a
high intensification pressure. This was also supported by the interaction between B—First
phase speed and C—Intensification pressure, where low speed and low intensification
pressures increase the rejection rate.

The process parameter setting provides a basic idea about the control of the process.
Based on the analysis by Fiorese et al. [3] a new factor to assess quality was derived,
allowing a similar root mean square measure of acceleration to be used together with
pressure sensing in the process instead. Using this acceleration measure and the maximum
pressures, a model for the rejection rates was built. This approach allowed for an improved
definition of good and bad conditions in the die. The following conclusions could be made

• Runner and part cavity rate of pressure increase need to be matched, either low or
high. Mismatching may be due to waves or uneven cavity fill in a multi-cavity die.

• Just as for the runner and die cavity pressures, there is a similar relationship between
the die cavity and the overflow pressure. If the overflow pressure gets too close to the
part cavity, pressure rejection rates are increased. This supports that a smooth filling
is required, and the minimum difference in the current case was 10 MPa.

• The overflow location rate of pressure increase should not be matched with the runner
pressure increase. The cause of this is difficult to understand and requires further
investigation.

• The decoupling of the overflow makes a single point measurement in the overflow
difficult to use as a quality measure whist a two-point measurement un the runner
and in the cavity show a logical correlation as they needed matching. Matching means
that the difference in pressure between the runner and part cavity that drives filling is
better suited as a quality measure.

• The runner conditions themselves could also be important as a quality measure
as there is a relationship indicating that a higher acceleration and a higher final
pressure in the die cavity would promote a lower rejection rate. This relationship is
likely coupled to the contact time for the melt in the shot sleeve and the associated
temperature drop.
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Appendix A

In Appendix A all data from the individual runs are collated in Table 1.

Table 1. The data used in the analysis.

Run (dP1/dt)2
Max (dP2/dt)2

Max (dP3/dt)2
Max P1max P2max P3max Left Reject Right

Reject
Total

Reject

1-1 7.68 × 1010 7.32 × 1010 1.02 × 1011 35.99 42.36 27.61 1 0 1
1-2 8.31 × 1010 2.59 × 1010 5.99 × 1010 40.66 36.83 21.55 1 1 2
1-3 3.97 × 1010 1.54 × 1010 6.26 × 1010 46.58 44.65 16.37 0 1 1
1-4 1.13 × 1011 3.28 × 1010 9.59 × 1010 42.10 42.16 23.53 1 1 2
1-5 3.97 × 1010 1.54 × 1010 6.26 × 1010 46.58 44.65 16.37 1 0 1
1-6 7.36 × 1010 5.94 × 1009 6.00 × 1010 32.87 37.27 8.07 0 0 0
1-7 1.05 × 1011 4.57 × 1010 7.26 × 1010 41.07 40.10 23.18 1 1 2
1-8 6.50 × 1010 4.60 × 1010 4.55 × 1010 33.35 33.02 27.14 1 0 1
1-9 1.18 × 1011 2.17 × 1010 9.36 × 1010 45.28 38.87 19.46 1 1 2
1-10 1.44 × 1011 8.65 × 1010 1.28 × 1011 49.61 44.16 32.18 0 0 0
2-1 4.34 × 1010 1.17 × 1010 2.22 × 1010 34.08 32.19 15.88 0 1 1
2-2 2.98 × 1010 4.42 × 1009 9.50 × 1009 30.97 21.98 10.69 1 0 1
2-3 9.57 × 1010 2.58 × 1010 7.42 × 1010 41.64 42.72 20.94 0 0 0
2-4 1.04 × 1011 4.00 × 1010 5.55 × 1010 47.77 44.03 20.61 1 1 2
2-5 9.70 × 1010 1.86 × 1010 5.41 × 1010 56.33 55.58 27.61 0 0 0
2-6 7.25 × 1010 9.33 × 1009 4.33 × 1010 51.23 50.04 16.16 0 0 0
2-7 1.37 × 1011 2.94 × 1010 1.06 × 1011 53.34 46.17 27.11 0 0 0
2-8 1.35 × 1011 3.37 × 1010 7.42 × 1010 55.93 43.47 24.89 0 1 1
2-9 1.27 × 1011 2.69 × 1010 1.20 × 1011 52.99 51.14 21.26 1 0 1
2-10 1.29 × 1011 6.11 × 1010 8.28 × 1010 55.62 43.10 28.13 1 0 1
3-1 6.94 × 1010 6.70 × 1010 2.84 × 1010 36.84 29.34 27.29 0 1 1
3-2 8.74 × 1010 7.46 × 1010 7.22 × 1010 39.24 40.24 31.00 0 0 0
3-3 1.11 × 1011 1.07 × 1011 7.00 × 1010 43.57 40.29 35.49 0 1 1
3-4 1.08 × 1011 2.30 × 1010 8.70 × 1010 42.37 40.65 22.13 1 0 1
3-5 1.29 × 1011 3.69 × 1010 1.17 × 1011 49.26 44.68 24.21 0 0 0
3-6 1.33 × 1011 3.08 × 1010 1.04 × 1011 49.36 44.76 24.30 0 0 0
3-7 1.44 × 1011 3.09 × 1010 1.21 × 1011 54.79 53.13 24.64 0 0 0
3-8 1.60 × 1011 3.87 × 1010 1.26 × 1011 52.81 48.85 22.54 1 0 1
3-9 1.67 × 1011 5.04 × 1010 1.33 × 1011 57.65 46.00 25.34 1 0 1
3-10 1.27 × 1011 2.92 × 1010 8.22 × 1010 56.39 47.82 26.93 0 0 0
4-1 1.43 × 1011 2.95 × 1010 1.08 × 1011 58.41 54.41 23.16 0 0 0
4-2 1.26 × 1011 3.03 × 1010 9.46 × 1010 53.07 51.91 26.69 0 0 0
4-3 1.17 × 1011 4.80 × 1010 8.92 × 1010 50.85 49.83 30.83 0 0 0
4-4 1.09 × 1011 2.22 × 1010 6.41 × 1010 51.16 49.54 32.03 0 0 0
4-5 1.41 × 1011 3.17 × 1010 8.96 × 1010 57.78 47.22 23.04 0 0 0
4-6 7.46 × 1010 1.61 × 1010 5.00 × 1010 59.94 54.08 25.20 0 0 0
4-7 1.50 × 1011 2.71 × 1010 9.48 × 1010 56.27 49.53 21.58 0 1 1
4-8 1.44 × 1011 3.57 × 1010 9.80 × 1010 57.67 48.84 24.53 0 0 0
4-9 9.60 × 1010 2.00 × 1010 5.01 × 1010 50.61 43.57 22.16 1 0 1
4-10 1.17 × 1011 3.68 × 1010 1.00 × 1011 52.44 51.01 23.35 0 0 0
5-1 5.98 × 1010 8.62 × 1009 2.33 × 1010 38.79 37.86 15.26 0 0 0
5-2 4.97 × 1010 5.96 × 1009 3.96 × 1010 44.22 41.56 14.65 0 0 0
5-3 4.12 × 1010 8.46 × 1009 2.96 × 1010 48.80 42.69 12.97 1 1 2
5-4 5.03 × 1010 5.82 × 1009 2.86 × 1010 48.09 41.53 12.83 0 0 0
5-5 6.91 × 1010 6.65 × 1009 3.20 × 1010 52.41 46.81 11.64 1 0 1
5-6 4.22 × 1010 1.10 × 1010 1.77 × 1010 45.21 33.01 10.85 0 0 0
5-7 4.71 × 1010 8.99 × 1009 3.09 × 1010 50.63 41.21 16.26 0 0 0
5-8 3.90 × 1010 1.99 × 1010 1.95 × 1010 45.92 34.53 13.95 0 1 1
5-9 6.28 × 1010 1.30 × 1010 3.14 × 1010 53.99 48.13 16.97 1 0 1
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Table 1. Cont.

Run (dP1/dt)2
Max (dP2/dt)2

Max (dP3/dt)2
Max P1max P2max P3max Left Reject Right

Reject
Total

Reject

5-10 4.63 × 1010 6.36 × 1009 2.80 × 1010 45.43 38.76 8.90 0 1 1
6-1 2.13 × 1011 4.16 × 1010 1.20 × 1011 61.92 48.44 24.76 1 1 2
6-2 2.06 × 1011 5.53 × 1010 1.43 × 1011 59.85 51.18 26.45 0 0 0
6-3 1.93 × 1011 3.66 × 1010 1.39 × 1011 61.77 50.25 23.57 1 1 2
6-4 1.89 × 1011 8.00 × 1010 1.15 × 1011 61.91 41.45 30.54 1 1 2
6-5 2.19 × 1011 7.89 × 1010 1.43 × 1011 64.14 50.25 31.16 1 0 1
6-6 2.85 × 1011 6.99 × 1010 1.55 × 1011 68.74 53.89 30.78 1 0 1
6-7 2.28 × 1011 6.76 × 1010 1.66 × 1011 67.04 55.50 33.21 1 0 1
6-8 2.31 × 1011 5.37 × 1010 1.55 × 1011 65.00 51.99 27.82 1 0 1
6-9 2.38 × 1011 7.37 × 1010 1.65 × 1011 68.21 54.82 29.60 1 0 1
6-10 2.13 × 1011 8.31 × 1010 1.41 × 1011 62.90 49.42 30.70 0 1 1
7-1 2.53 × 1011 7.01 × 1010 1.47 × 1011 69.20 54.84 34.33 0 0 0
7-2 1.13 × 1011 2.92 × 1010 8.00 × 1010 65.15 54.67 31.47 1 0 1
7-3 1.13 × 1011 2.92 × 1010 8.00 × 1010 65.15 54.67 31.47 1 0 1
7-4 1.98 × 1011 5.43 × 1010 1.58 × 1011 60.78 48.35 26.67 1 0 1
7-5 1.98 × 1011 5.43 × 1010 1.58 × 1011 60.78 48.35 26.67 0 1 1
7-6 2.22 × 1011 5.21 × 1010 1.31 × 1011 66.06 45.67 26.79 0 0 0
7-7 2.32 × 1011 9.21 × 1010 1.44 × 1011 66.82 46.08 32.95 0 0 0
7-8 2.31 × 1011 6.92 × 1010 1.53 × 1011 67.39 50.80 29.03 1 0 1
7-9 2.80 × 1011 5.78 × 1010 1.48 × 1011 71.21 56.05 28.24 1 0 1
7-10 2.75 × 1011 6.63 × 1010 1.47 × 1011 70.50 51.08 29.30 1 0 1
8-1 3.49 × 1010 9.62 × 1009 2.88 × 1010 56.51 40.74 15.07 1 0 1
8-2 3.42 × 1010 9.62 × 1009 3.05 × 1010 63.82 45.65 16.72 1 0 1
8-3 4.06 × 1010 1.20 × 1010 3.06 × 1010 64.38 46.30 18.82 1 0 1
8-4 3.63 × 1010 7.17 × 1009 3.20 × 1010 61.35 44.99 16.62 1 0 1
8-5 4.30 × 1010 3.43 × 1009 3.11 × 1010 58.58 44.43 10.77 0 0 0
8-6 4.61 × 1010 1.27 × 1010 2.71 × 1010 63.91 49.58 24.99 0 1 1
8-7 4.91 × 1010 1.18 × 1010 2.88 × 1010 65.55 48.48 22.40 0 0 0
8-8 6.23 × 1010 1.27 × 1010 4.20 × 1010 65.01 51.06 18.00 0 0 0
8-9 5.15 × 1010 8.21 × 1009 3.51 × 1010 61.45 46.94 15.29 1 1 2
8-10 4.36 × 1010 1.02 × 1010 2.85 × 1010 61.43 50.06 21.29 0 0 0
9-1 3.33 × 1010 2.52 × 1010 4.07 × 1010 50.45 45.66 16.96 1 1 2
9-2 1.57 × 1011 1.97 × 1010 8.75 × 1010 55.00 44.11 20.43 0 0 0
9-3 1.82 × 1011 4.70 × 1010 1.18 × 1011 58.15 47.26 25.99 0 0 0
9-4 1.39 × 1011 2.33 × 1010 9.56 × 1010 61.30 49.47 22.66 1 0 1
9-5 1.60 × 1011 1.31 × 1011 9.20 × 1010 60.30 46.39 36.83 0 0 0
9-6 1.60 × 1011 1.31 × 1011 9.20 × 1010 60.30 46.39 36.83 0 0 0
9-7 1.81 × 1011 2.77 × 1010 1.20 × 1011 61.33 50.91 23.82 1 0 1
9-8 1.99 × 1011 5.60 × 1010 1.17 × 1011 60.79 49.39 28.08 1 1 2
9-9 2.07 × 1011 4.55 × 1010 1.28 × 1011 60.63 41.12 25.50 1 0 1
9-10 5.57 × 1010 1.76 × 1010 1.66 × 1010 46.50 30.93 14.10 0 1 1
10-1 3.98 × 1010 1.44 × 1010 3.20 × 1010 53.36 46.17 21.49 1 1 2
10-2 3.73 × 1010 5.89 × 1009 3.25 × 1010 56.36 44.90 14.44 0 0 0
10-3 3.55 × 1010 3.12 × 1009 3.06 × 1010 53.69 46.63 8.15 0 0 0
10-4 4.04 × 1010 2.67 × 1010 3.28 × 1010 49.62 43.03 19.53 0 1 1
10-5 3.99 × 1010 4.89 × 1009 3.30 × 1010 53.63 47.79 15.04 0 0 0
10-6 3.48 × 1010 8.51 × 1009 2.74 × 1010 56.68 49.40 15.77 0 0 0
10-7 3.61 × 1010 1.05 × 1010 2.70 × 1010 55.39 48.24 19.37 1 0 1
10-8 3.61 × 1010 7.32 × 1009 3.50 × 1010 55.07 50.61 16.74 1 0 1
10-9 3.61 × 1010 7.32 × 1009 3.50 × 1010 55.07 50.61 16.74 0 0 0

10-10 3.45 × 1010 9.21 × 1009 2.97 × 1010 49.25 50.19 20.31 0 1 1
11-1 3.41 × 1010 1.15 × 1010 2.68 × 1010 52.39 51.51 21.87 0 1 1
11-2 3.09 × 1010 1.02 × 1010 2.72 × 1010 47.21 49.54 19.38 0 0 0
11-3 4.37 × 1010 8.59 × 1009 2.91 × 1010 38.53 50.00 22.77 0 0 0
11-4 5.21 × 1010 8.54 × 1009 2.81 × 1010 34.99 49.53 21.98 1 0 1
11-5 3.20 × 1010 6.33 × 1009 2.60 × 1010 31.00 49.53 14.88 0 0 0
11-6 2.49 × 1009 6.62 × 1009 2.17 × 1010 3.36 44.40 18.13 1 0 1
11-7 4.30 × 1009 9.65 × 1009 2.47 × 1010 3.36 48.81 19.34 0 0 0
11-8 1.30 × 1009 6.31 × 1009 2.66 × 1010 3.16 48.62 13.87 0 0 0
11-9 2.99 × 1009 8.73 × 1009 2.49 × 1010 3.57 51.93 19.14 0 0 0

11-10 2.16 × 1009 2.90 × 1009 2.72 × 1010 3.25 48.81 12.13 0 0 0
12-1 2.40 × 1009 6.14 × 1010 1.37 × 1011 3.31 50.44 27.85 0 0 0
12-2 2.15 × 1009 8.50 × 1010 1.26 × 1011 3.32 43.62 32.09 0 0
12-3 2.66 × 1009 1.03 × 1011 1.59 × 1011 3.21 51.54 33.70 1 0 1
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Table 1. Cont.

Run (dP1/dt)2
Max (dP2/dt)2

Max (dP3/dt)2
Max P1max P2max P3max Left Reject Right

Reject
Total

Reject

12-4 1.83 × 1009 9.97 × 1010 1.68 × 1011 3.10 50.83 34.32 0 0 0
12-5 1.12 × 1009 6.71 × 1010 1.14 × 1011 3.20 49.89 29.05 0 1 1
12-6 2.23 × 1009 2.75 × 1010 4.32 × 1010 3.16 36.42 19.07 0 0 0
12-7 1.23 × 1009 2.19 × 1009 9.29 × 1010 3.24 43.27 3.98 0 0 0
12-8 1.96 × 1009 3.50 × 1010 1.10 × 1011 3.08 51.20 24.79 0 0 0
12-9 2.63 × 1009 3.79 × 1010 1.09 × 1011 3.10 51.15 25.56 1 0 1

12-10 2.74 × 1009 8.80 × 1010 1.13 × 1011 3.11 39.12 31.23 0 0 0
13-1 3.73 × 1010 9.25 × 1010 8.69 × 1010 27.64 38.36 30.74 1 0 1
13-2 6.27 × 1010 1.49 × 1010 9.84 × 1010 36.61 45.18 18.11 1 0 1
13-3 4.13 × 1010 2.53 × 1010 1.00 × 1011 30.60 46.58 20.31 0 0 0
13-4 3.88 × 1010 3.31 × 1010 8.07 × 1010 31.45 45.08 20.29 0 1 1
13-5 5.99 × 1010 2.05 × 1010 1.03 × 1011 38.30 48.61 20.63 1 0 1
13-6 5.74 × 1010 6.06 × 1010 1.35 × 1011 37.73 51.19 27.95 0 0 0
13-7 7.09 × 1010 8.30 × 1010 1.41 × 1011 42.14 45.20 30.21 0 0 0
13-8 7.55 × 1010 8.34 × 1010 1.31 × 1011 42.64 44.14 28.83 1 0 1
13-9 7.20 × 1010 1.15 × 1011 1.45 × 1011 38.33 46.38 33.48 1 0 1

13-10 5.41 × 1010 1.02 × 1011 1.68 × 1011 42.56 51.80 32.73 0 0 0
14-1 3.97 × 1010 1.54 × 1010 6.26 × 1010 46.58 44.65 16.37 0 0 0
14-2 1.33 × 1009 5.92 × 1009 2.93 × 1010 3.23 37.66 9.12 1 1 2
14-3 3.38 × 1010 5.67 × 1010 9.06 × 1010 26.23 43.62 26.81 1 0 1
14-4 3.25 × 1010 6.70 × 1010 1.21 × 1011 26.24 51.51 29.98 1 1 2
14-5 3.40 × 1010 6.21 × 1010 1.22 × 1011 24.87 48.21 28.16 1 0 1
14-6 3.63 × 1009 7.55 × 1010 1.09 × 1011 3.58 43.42 29.64 1 0 1
14-7 5.21 × 1010 8.54 × 1009 2.81 × 1010 34.99 49.53 21.98 1 0 1
14-8 1.80 × 1009 7.70 × 1010 1.27 × 1011 3.24 46.80 29.40 1 0 1
14-9 2.64 × 1010 7.02 × 1010 1.23 × 1011 22.73 49.94 30.71 0 0 0

14-10 2.00 × 1009 8.49 × 1010 1.49 × 1011 3.40 49.60 30.99 1 0 1
15-1 1.54 × 1009 8.21 × 1010 1.72 × 1011 3.33 48.33 30.60 1 1 2
15-2 1.82 × 1009 8.26 × 1010 1.45 × 1011 3.54 49.06 30.09 0 0 0
15-3 3.31 × 1010 9.85 × 1010 1.32 × 1011 29.65 46.49 33.57 0 0 0
15-4 9.44 × 1009 9.10 × 1010 1.50 × 1011 20.79 53.45 31.89 0 0 0
15-5 1.32 × 1009 9.84 × 1010 1.58 × 1011 3.19 51.39 32.81 1 0 1
15-6 2.18 × 1009 9.63 × 1010 1.55 × 1011 3.41 50.34 32.47 0 1 1
15-7 2.01 × 1009 6.60 × 1010 1.59 × 1011 3.21 51.29 29.15 0 0 0
15-8 1.73 × 1009 1.02 × 1011 1.62 × 1011 3.22 52.57 34.51 0 0 0
15-9 1.99 × 1009 9.16 × 1010 1.58 × 1011 3.57 55.31 35.17 0 0 0

15-10 2.30 × 1009 9.92 × 1010 1.44 × 1011 3.37 47.51 33.19 0 0 0
16-1 2.06 × 1010 5.85 × 1009 2.20 × 1010 26.26 29.50 11.40 1 1 2
16-2 1.36 × 1010 2.51 × 1010 1.89 × 1010 18.86 23.67 20.13 1 0 1
16-3 7.84 × 1009 1.62 × 1010 1.98 × 1010 24.84 36.35 15.44 1 0 1
16-4 2.25 × 1009 1.86 × 1010 3.19 × 1010 3.42 41.59 15.58 1 0 1
16-5 2.17 × 1011 1.01 × 1011 1.90 × 1011 62.19 55.63 34.18 0 0 0
16-6 3.34 × 1009 4.74 × 1009 2.05 × 1010 3.57 43.60 14.30 1 0 1
16-7 2.86 × 1009 2.47 × 1010 2.53 × 1010 3.53 40.46 28.18 1 0 1
16-8 1.72 × 1009 6.17 × 1009 2.63 × 1010 3.36 37.21 14.16 1 0 1
16-9 2.54 × 1009 1.72 × 1010 2.94 × 1010 3.34 41.93 20.38 0 0 0

16-10 2.58 × 1009 1.38 × 1010 2.29 × 1010 3.38 41.64 13.58 1 1 2
17-1 2.67 × 1010 2.25 × 1009 2.97 × 1010 22.69 41.61 5.95 0 0 0
17-2 2.48 × 1009 2.39 × 1009 1.58 × 1010 3.17 21.04 5.44 1 1 2
17-3 2.82 × 1009 1.03 × 1010 5.96 × 1009 3.30 8.08 11.70 1 1 2
17-4 5.14 × 1009 2.86 × 1010 5.67 × 1010 10.96 23.75 14.21 1 1 2
17-5 2.15 × 1009 5.58 × 1009 2.74 × 1009 3.35 2.59 10.04 0 1 1
17-6 2.48 × 1009 1.88 × 1009 4.07 × 1009 3.21 2.59 2.51 1 1 2
17-7 1.89 × 1010 5.69 × 1009 2.28 × 1010 19.15 31.39 10.96 1 0 1
17-8 3.02 × 1009 4.52 × 1009 1.09 × 1010 3.47 27.53 7.74 1 0 1
17-9 2.97 × 1010 8.96 × 1009 1.76 × 1010 23.34 30.70 8.81 0 0 0

17-10 3.30 × 1010 5.96 × 1009 2.60 × 1010 25.95 33.67 14.59 0 0 0
18-1 1.89 × 1009 8.54 × 1009 4.52 × 1009 3.00 2.69 14.16 1 0 1
18-2 1.68 × 1009 5.64 × 1009 3.84 × 1010 3.06 33.06 8.88 1 1 2
18-3 4.21 × 1010 8.32 × 1009 6.20 × 1010 28.00 32.53 14.97 0 0 0
18-4 2.36 × 1010 1.43 × 1010 3.12 × 1010 23.08 27.31 17.24 0 0 0
18-5 2.52 × 1010 2.52 × 1009 4.47 × 1010 25.35 38.14 5.96 0 1 1
18-6 3.59 × 1010 3.19 × 1010 3.56 × 1010 31.35 29.11 19.51 0 0 0
18-7 2.67 × 1010 4.12 × 1010 4.24 × 1010 25.19 30.30 21.33 0 1 1
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Table 1. Cont.

Run (dP1/dt)2
Max (dP2/dt)2

Max (dP3/dt)2
Max P1max P2max P3max Left Reject Right

Reject
Total

Reject

18-8 1.11 × 1010 1.86 × 1010 3.28 × 1009 21.66 4.71 12.97 0 1 1
18-9 2.74 × 1010 1.34 × 1010 2.53 × 1010 24.51 17.50 13.60 1 1 2
18-10 6.84 × 1010 8.55 × 1010 4.87 × 1010 32.89 29.74 30.66 0 0 0
19-1 2.94 × 1010 1.52 × 1010 3.87 × 1010 35.22 27.99 12.08 1 0 1
19-2 2.97 × 1010 7.09 × 1009 2.80 × 1010 37.43 42.13 15.46 0 1 1
19-3 3.09 × 1010 1.02 × 1010 3.11 × 1010 37.93 35.43 9.89 0 1 1
19-4 2.68 × 1010 8.29 × 1009 4.52 × 1010 37.51 27.77 9.23 1 0 1
19-5 3.88 × 1010 1.02 × 1010 3.87 × 1010 45.18 45.01 11.42 0 1 1
19-6 6.34 × 1010 2.35 × 1010 4.30 × 1010 41.04 41.51 20.31 0 0 0
19-7 6.34 × 1010 2.35 × 1010 4.30 × 1010 41.04 41.51 20.31 1 0 1
19-8 3.92 × 1010 7.47 × 1009 3.12 × 1010 39.93 35.90 14.21 0 0 0
19-9 3.75 × 1010 7.45 × 1009 2.50 × 1010 42.39 40.87 15.73 1 0 1

19-10 3.75 × 1010 7.45 × 1009 2.50 × 1010 42.39 40.87 15.73 0 1 1
20-1 7.99 × 1010 4.50 × 1010 1.07 × 1011 43.94 48.81 24.65 0 0 0
20-2 9.99 × 1010 7.34 × 1010 9.13 × 1010 46.23 40.23 27.79 1 0 1
20-3 9.05 × 1010 1.08 × 1010 5.32 × 1010 45.07 40.67 16.09 0 1 1
20-4 5.30 × 1010 2.74 × 1009 4.31 × 1010 43.10 29.80 5.94 0 0 0
20-5 7.17 × 1010 7.38 × 1010 1.27 × 1011 40.57 48.05 29.79 0 0 0
20-6 8.56 × 1010 3.68 × 1009 8.62 × 1010 41.50 47.20 6.69 0 0 0
20-7 5.97 × 1010 2.42 × 1010 8.05 × 1010 33.89 48.49 22.65 0 0 0
20-8 8.90 × 1010 8.08 × 1009 1.14 × 1011 46.63 41.69 9.18 0 1 1
20-9 1.02 × 1011 6.57 × 1010 1.11 × 1011 43.12 41.53 27.83 1 0 1

20-10 4.79 × 1010 9.47 × 1010 1.12 × 1011 29.77 42.40 30.58 0 0 0
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