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Abstract: Cold chamber die casting (CCDC) process is commercially used for casting alloys that require high pressure 
and have high melting temperature. In the present study, outcome of previously developed Taguchi model has been 
used for developing a mathematical model for casting accuracy/deviation (Dd); using Buckingham’s p-theorem for 
CCDC process. Three input process parameters namely 1st phase pressure (pressure at cavity filling stage); 2nd 
phase pressure (pressure at intensification stage); and limit switch position were selected to give output in form 
of Dd. This study will provide main effects of these variables on Dd and will shed light on the Dd mechanism in 
CCDC. The comparison with experimental results will also serve as further validation of model.
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for high melting temperature alloys (such as brass, 
aluminum, magnesium, copper based alloys and 
other high melting point nonferrous alloys) [8-10]. 
In commercial CCDC machine, the metal melting 
unit is not an integral part of the machine and the 
metals are melted in a self-contained pot in auxiliary 
furnace having the temperature range in the order of 
640-700ºC. The molten metal is ladled in the plunger 
cavity by hydraulically operated plunger and the 
pressure is maintained until solidification [10-12]. 
These machines have either vertical plunger or 
horizontal plunger for forcing the molten metal into 
the die and are made very strong and rigid one [7].

The literature reviews reveal that lot of work 
(experimental and theoretical) has been reported on 
optimization of CCDC process [9-12]. But hitherto 
very less has been reported on effect of different 
phases of pressure bifurcation in CCDC components 
[12-13]. The proper range of pressure has to be 
selected for efficient functioning of CCDC process. 
So, the present investigation has been focused to 
develop mathematical model for Dd in CCDC process 
as a case study of industrial component (crank case). 
In practical sense Dd is the difference of nominal 
dimension as per drawing and measured dimension 
available on final cast component. For CCDC, an 

List of symbols

Symbols Description

CCDC Cold chamber die casting

Pr1 1st phase pressure/ Pressure at cavity filling stage

Pr2 2nd phase pressure/ Pressure at intensification stage

Dd Casting accuracy/deviation

S/N ratio Signal to noise ratio

M Mass

L Length

T Time

q Temperature

LS Limit switch position

SB Sleeve bore

T Die opening time

introduction1. 

CCDC is similar to permanent mold casting except 
that the metal is injected into the mold under high 
pressure of 10-210Mpa [1-2]. This results in a more 
uniform part, good dimensional accuracy which is 
as good as 0.2 % of the linear dimension. For many 
parts, post-machining can be totally eliminated 
or very light machining may be required to bring 
dimensions to size [3-7]. The machine used for 
CCDC requires, high pressure and process is used 
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approach to model Dd was proposed and applied 
[12-13]. This model was an attempt for predicting 
the Dd as macro model in CCDC and is based upon 
robust design concept of Taguchi technique. The 
model was mechanistic in sense that parameters can 
be observed experimentally from a few experiments 
for a particular material and then used in prediction 
of Dd over a wide range of CCDC process parameters. 
This was demonstrated for CCDC, where very good 
predictions were obtained using an estimate of multi 
parameters at a time. In that study, effects of three 
process parameters (1st phase pressure, 2nd phase 
pressure and limit switch position) were revealed. 
Table 1 shows various input and output parameters 
used in experimental study.

table 1 
Various input and output Parameters

Input parameters Output parameters

1. Three levels of 1st phase pressure 
(12, 14, 16 N/ mm2)

2. Three levels of 2nd phase pressure 
(24.52, 29.42 and 34.32 N/mm2)

3. Three levels of limit switch position 
(220, 240, 260 cm)

Dd

The relationships were studied by considering 
interaction between these variables. Table 2 shows 
control log of experimentation (based upon Taguchi 
L9 O.A) and experimental observations for Dd.

table 2 
control log and experimental observations for Dd

S. 
No.

Variable 1
(1st Phase 
Pressure)

Variable 2
(2nd Phase 
Pressure)

Variable 3
(Limit 
Switch 

Position)

Dd (mm)

L1 L2 L3

1 12 N/mm2 24.52 N/mm2 220 cm 0.38 0.39 0.39

2 12 N/mm2 29.42 N/mm2 240 cm 0.35 0.35 0.34

3 12 N/mm2 34.32 N/mm2 260 cm 0.19 0.19 0.18

4 14 N/mm2 24.52 N/mm2 240 cm 0.11 0.14 0.13

5 14 N/mm2 29.42 N/mm2 260 cm 0.04 0.03 0.04

6 14 N/mm2 34.32 N/mm2 220 cm 0.15 0.14 0.15

7 16 N/mm2 24.52 N/mm2 260 cm 0.24 0.21 0.23

8 16 N/mm2 29.42 N/mm2 220 cm 0.3 0.31 0.3

9 16 N/mm2 34.32 N/mm2 240 cm 0.36 0.32 0.34

On the basis of this model, Singh and Kapoor 
studied the relationships between Dd and controllable 
process parameters [12-13]. These relationships 
agree well with the trends observed by experimental 
observations made otherwise [3-7].

1.1. description of the ccdc Process

Figure 1 shows the CCDC process schematically. 
With die closed and plunger withdrawn, molten 
metal is poured into the chamber as shown in 
Figure 1(a). The plunger forces metal to flow into 
die, this may be termed as 1st phase pressure/ 
slow shot (pressure at cavity filling stage). The 
plunger maintains pressure during the cooling and 
solidification as shown in Figure 1(b). This may 
be termed as 2nd phase pressure/ cavity filling 
pressure (pressure for intensification stage). Slow 
shot refers to the period during which the plunger 
is moved at a slow speed to avoid wave formation 
in a horizontal cold chamber. Intensification is the 
application of a higher pressure after the cavity 
is full. The limit switch position measures “end 
of fill” point. Finally plunger is withdrawn, die 
is opened, and part is ejected as shown in Figure 
1(c). The major CCDC process variables affecting 
Dd are shown as cause and effect diagram (Ref. 
Figure 2).

figure 1: cold chamber die casting process [7]

figure 2: cause and effect diagram of Dd in ccdc

The study presented in this paper is based 
on a previously developed macro model based on 
Taguchi robust design [12-13]. The parameters like 
sleeve bore ‘70mm’ (from which the molten metal is 
poured), ejector rod length ‘310mm’ (used to eject 
the casting from the die blocks) and N2 gas pressure 
‘85kg/cm2’ (used to boost the injection pressure) 
was kept constant for present study. In the present 
study aluminium alloy with melting temperature 
around 650°C has been used. The typical casting 
cycle time is 1min for the component under study 
(Ref. Figure 3).
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figure 3: dimensions of the component (crank 
case) [12]

Based upon Table 3, Figures 4-6 shows variation 
of S/N ratio and Dd v/s 1st phase pressure, 2nd phase 
pressure and limit switch position respectively. The 
similar results of S/N ratio for output as ‘Dd’ other 
dimensions (Ref. Figure 3) have been observed.

table 3 
signal to noise (s/n) ratio for Dd (for nominal 

dimension F7.90mm, ref. figure 3

Run 1 Run 2 Run 3 Sum reciprocal S/N ratio Average

0.38 0.39 0.39 0.1495333 8.2526199 0.3867

0.35 0.35 0.34 0.1202 9.2009553 0.3467

0.19 0.19 0.18 0.0348667 14.575896 0.1867

0.11 0.14 0.13 0.0162 17.90485 0.1267

0.04 0.03 0.04 0.0013667 28.643374 0.0367

0.15 0.14 0.15 0.0215333 16.668887 0.1467

0.24 0.21 0.23 0.0515333 12.879118 0.2267

0.3 0.31 0.3 0.0920333 10.360548 0.3033

0.36 0.32 0.34 0.1158667 9.3604149 0.3400

Figure 4 variation of S/N ratio and Dd v/s 1st 
phase pressure.

figure 4: Variation of s/n ratio and Dd w. r. t. to 1st phase 
pressure (pressure at cavity filling stage)

Figure 5 variation of S/N ratio and micro 
hardness v/s 2nd phase pressure.

figure 5: Variation of s/n ratio and Dd w.r.t. 2nd phase 
pressure (Pressure at intensification stage)

Figure 6 variation of S/N ratio and micro 
hardness v/s limit switch position

figure 6: Variation of s/n ratio and Dd w. r. t. limit switch 
position

Now based upon geometric model, Buckingham’s 
p-theorem has been used to study the relationships 
between Dd and controllable process parameters. 
There are three sections in this paper. Following 
this introduction, Section 2 describes mathematical 
modeling of Dd. Conclusions have been drawn up in 
Section 3, followed by references.

MatheMatical Modeling of 2. Dd in 
ccdc

Based upon Table3 ANOVA analysis was performed 
and ‘Dd’ in CCDC was significantly dependent on 
1st phase pressure/ pressure at cavity filling stage 
and limit switch position (Ref. Table 4). Further 
based upon Figure 4-6, Table 5 shows geometric 
model for Dd in CCDC. It should be noted that 
peak values of S/N ratio has been selected in order 
to minimize noise in experiment and finally to 
minimize Dd for better dimensional accuracy. The 
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case study under consideration deals primarily with 
obtaining optimum system configuration in terms 
of response parameters with minimum expenditure 
of experimental resources. The best settings of 
control factors have been determined through 
experiments.

table 4 
Percentage contribution for Dd

Sum of square %P

1st Phase Pressure 212.26634 64.549466

2nd Phase Pressure 16.030358 4.8747769

Limit Switch Position 91.1271 27.711439

Error 9.4191094 2.8643189

The Buckingham’s p-theorem proves that, in a 
physical problem including “n” quantities in which 
there are “m” dimensions, the quantities can be 
arranged in to “n-m” independent dimensionless 
parameters. In this approach dimensional analysis 
is used for developing the relations [14-17].

table 5 
geometric Model for Dd [12-13]

Optimized Dd Conditions

1st Phase Pressure 16 N/mm2

2nd Phase Pressure 29.42 N/mm2

Limit Switch Position 260cm

Since casting accuracy, ‘Dd’ depends upon input 
parameters namely 1st phase pressure, limit switch 
position and 2nd phase pressure more significantly 
and rest three input parameters namely, pouring 
temperature, sleeve bore and die opening time 
were not significant. Therefore by selecting basic 
dimensions:

M (mass);

L (length);

T (time); and

q (temperature)

The dimensions of foregoing quantities would 
then be:

Casting accuracy “Dd” (mm) L

1st phase pressure “Pr1” (N/mm2) M L–1 T–2

2nd phase pressure “Pr2” (N/mm2) M L–1 T–2

Limit switch position “LS” (cm) M0 L1 T0

Pouring Temperature “q” (°C) q
Sleeve bore “SB” (cm)  L1

Die opening time “T” (sec) T1

Now, Dd = f (Pr1, Pr2, LS, q, SB, T) (1)

In this case n is 7 and m is 4. So, we can have 
(n - m = 3) p1, p2, and p3 three dimensionless groups.

Taking Dd, Pr1 and LS as the quantities which 
directly go in p1, p2 and p3 respectively, it can be 
written as:

 p1 = Dd. (Pr2)
a1 ◊ (q)b1 ◊ (SB)g1 ◊ (T)D1 (2)

 p2 = Pr1. (Pr2)
a2 ◊ (q)b2 ◊ (SB)g2 ◊ (T)D2 (3)

 p3 = LS. (Pr2)
a3 ◊ (q)b3 ◊ (SB)g3 ◊ (T)D3 (4)

Substituting the dimensions of each quantity 
and equating to zero, the ultimate exponent of each 
basic dimension has been achieved, since the “p is” 
are dimensionless groups. Thus ai, bi, gi, Di, where 
i = 1, 2, 3, can be solved.

Solving for p1:

 p1 = (L). (M L-1 T-2)a1 ◊ (q)b1 ◊ (L)g1 ◊ (T)D1 (5)

Here,

M: a1 = 0

L: 1 - a1 + g 1 = 0

T: -2a1 + D1 = 0

q: b1 = 0

Solving, we get:

 a1 = 0, b1 = 0, g1 = -1, D1 = 0

Thus,

 p1 = Dd. (SB) - 1

 p1 = Dd/(SB) (6)

Similarly,

 p2 = (M L-1 T-2) ◊ (M L-1 T-2)a2 ◊ (q)b2

  ◊ (L)g2 ◊ (T)D2 (7)

Here,

M: 1 + a2 = 0

L: -1 - a2 + g2 = 0

T: -2 - 2 a2 + D2 = 0

q: b2 = 0

Solving, we get:

 a2 = -1, b2 = 0, g2 = 0, D2 = 0

Thus,

 p2 = Pr1/Pr2 (8)

Similarly,

 p3 = (L) ◊ (M L-1 T-2)a3 ◊ (q)b3 ◊ (L)g3 ◊ (T)D3 (9)
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Here,
M: a1 = 0
M: a3 = 0
L: 1 - a3 + g 3 = 0
T: -2a3 + D3 = 0
q: b3 = 0
Solving, we get:
 a3 = 0, b3 = 0, g3 = -1, D3 = 0
Thus,
 p3 = LS (SB)-1 (10)
The ultimate relationship can be assumed to be 

of the form:
 pi = f (pj, pk) (11)
Let’s assume i = 1, j = 2, k = 3 Then functional 

relationship is of the form
 p1 = f (p2, p3)
Or,
 Dd/(SB) = f (Pr1/Pr2, LS/SB)
It has been experimentally found that Dd 

directly goes with Pr1[12-13]. This means 1st phase 
pressure significantly affects the Dd. Therefore 
correction factor for CCDC process has been taken 
as representative for development of mathematical 
equation.

Thus the equation becomes
 Dd =  f (Pr1 ◊ (LS)/Pr2) (12)
 Dd = K1 {Pr1 ◊ (LS)/Pr2} (13)
Here ‘K1’ represents CCDC correction factor.
Now by keeping Pr1/Pr2 fixed, experiments were 

performed for different values of LS, to find out ‘Dd’ 
and ‘K1’ in (13).

The actual experimental data for three LS have 
been collected and plotted in Figure 7.

figure 7: Dd Vs ls for different 1st phase pressure

The data collected has been further used for 
finding best fitting curve. The second degree 
polynomial equation comes out to be best fitted curve 
with coefficient of co-relation equals to “1”. Thus 
equation 13 of Dd for this case becomes:

 Dd = K1{Pr1 ◊ (LS)/Pr2}

Corollary:

(for Pr1 12n/mm2)
 Dd = (-0.0002 Pr1

2 + 0.0732 Pr1 - 7.87)
  ◊ (LS)/Pr2  (14)

(for Pr1 14n/mm2)
 Dd = (-4×10-5 Pr1

2 + 0.0153 Pr1 - 1.39)
  ◊ (LS)/Pr2  (15)

(for Pr1 16n/mm2)
 Dd = (-0.0002 Pr1

2 + 0.1065 Pr1 - 12.24)
  ◊ (LS)/Pr2  (16)

Note: In the present work Buckingham’s-Pi 
approach has been used initially to develop empirical 
relation. Then after reaching up to Eqn. 13, equation 
of best fitting curve has been used for modelling 
the process and K1. (Pr1) is replaced by second 
degree polynomial equation. This is done because 
while developing macro model based upon Taguchi 
design Pr1 has been optimized (See Table 5). Also for 
practical experimentation one is not going to vary 
different values of Pr1.

Since this model is based upon Taguchi based 
model of Dd, in which pouring temperature, sleeve 
bore and die opening time are already optimized [12-
13]. Therefore these parameters have not been varied 
while developing mathematical model. This model is 
useful in understanding effect of process parameters 
on Dd in CCDC. The second degree polynomial 
equation has been used only to find best fir curve 
with coefficient of co-relation close to 1. The present 
results are valid for 90-95% confidence interval. For 
validation of this model, final observations were 
made under both experimental conditions (based 
upon Taguchi design) and theoretically developed 
mathematical equations. Comparison of Dd result 
obtained experimentally agrees very well with 
predictions through mathematical equations. Finally 
confirmatory experiments have been conducted with 
Pr1 = 16 N/mm2, Pr2 = 29.42 N/mm2 and LS = 260cm. 
The verification experiment revealed that on an 
average there is 92.23% improvement in Dd (Figure 8) 
at proposed settings of process parameters from 
initial setting of process parameters (i.e. Pr1 = 12 



100  Rupinder Singh and Narinder singh

N/mm2, Pr2 = 29.42 N/mm2 and LS = 220cm) used 
otherwise commercially in the present case study.

figure 8: improvement in Dd

conclusions3. 

The Buckingham’s p-theorem has been used for 
mathematical modeling of Dd in CCDC process. The 
interactions among input parameters have been 
considered for developing the model. The following 
conclusions can be drawn from this study:

The contribution of input parameters to Dd of 
casting in CCDC process is: 1st phase pressure 64.5%, 
2nd phase pressure 4.87% and limit switch position 
27.7%. The mathematical equation developed here 
sufficiently express all significant input parameters 
(Ref. Eq. 14-16). As regard to mathematical model 
second degree polynomial equation for Dd is giving 
best fitting curve with coefficient of co-relation ª 1. 
The verification experiment revealed that on an 
average there is 92.23% improvement in casting 
accuracy, for selected workpiece. Further studies may 
be focused on more number of input parameters (like: 
die open time, die close time, type of metal/ alloys 
etc.) and their levels. In the present work, analysis 
was carried out for crank case. Further studies may 
be focused on other industrial applications.
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