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quality of casting due to improper management, lack of resources and wrong working methods
followed, which results in the decrement of productivity. Hence, to ensure the quality and
productivity, favorable steps must be taken. The considered casting system has four main types

February 2 2015 of defects; namely mold shift, shrinkage, cold shut and blowholes. The complete casting system
Keywords: can fail due to the misalignment of the mold and combination of defects such as shrinkage and
System Safety blow holes and can also fail by defects of shrinkage, blow holes and cold shut, simultaneously.
Sensitivity Analysis The system is analyzed with the help of the supplementary variable technique and Laplace
Casting Model transformation. The availability, reliability, mean time to failure, sensitivity analysis and cost-
Foundry Work effectiveness have been evaluated for the considered system. The results have been shown with

Cost-effectiveness the help of graphs, which predicts the behavior of the casting process system when any one of

the defect or more than one defect appears.

© 2015 Growing Science Ltd. All rights reserved

1. Introduction

Casting is a process of pouring molten metal into a mold cavity and allowing it to solidify to obtain a
desired product. By this process, intricate part can be given strength and rigidity, which is not frequently
obtained by other methods.

Casting is generally based on a number of parameters such as mold, cavity, temperature of molten
material and the most important is the experience of the designer. In casting many unquantifiable factors
such as shrinkage, mold shift, cold shut, blow holes, porosity lead to conservative design rules.
Unquantifiable factors are the ones with an unknown state of defect. The foundry industry suffers from
poor quality and productivity due to a large number of parameters affecting it such as shortage of skilled
labor, the poor working process followed, etc. Casting defect result in increased unit cost and lower
morale of shop floor personnel. Close control and standardization of all aspects of production technique
offer the best protection against casting defect. Due to a wide range of possible factors, reasonable
classification of casting defect is difficult.
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The ability and efficiency of the casting process can be predicted by using the concept of reliability.
Redundancies play essential role in increasing the reliability characteristics of systems (Ram & Kumar,
2014). High reliability of the system increases the efficiency of the production (Kumar & Ram, 2013).
Reliability measures are the foremost concern in the planning, design, and operation of any system or
equipment. Many researchers, including Pan (1997) discussed a multi-stage production system with one
machine/tool in active state and n spares in standby state. Pan found that when the operating machine/tool
breaks down, a switching device detects the machine failure via the sensor and the defective tool is
replaced with a functional spare, so the system can resume its operations. Cavalca (2003) presented an
availability optimization problem of an engineering system assembled in series configuration, by using
genetic algorithm. Barabady and Kumar (2007) defined availability importance measures in order to
calculate the criticality of each component or subsystem from the availability point of view and also
demonstrated the application of such important measures for achieving optimal resource allocation to
arrive at the best possible available. Filieri et al. (2010) focused on a CB software system that operates
in safety-critical environment, where a relevant quality factor is the system reliability, defined as a
probabilistic measure of the system's ability to successfully carry out its own task.

The other authors also (Ram & Singh, 2008, 2010; Ram, 2010, Ram et al., 2013) analyzed and evaluated
the reliability measures for various engineering models under the concept of Gumbel-Hougaard family
copula with different repair policies. Gupta and Sharma (1993) developed different models and analyzed
the failure by computing the reliability measures such as availability, cost estimation, mean time to
failure. Sutaria et al. (2012) discussed the capability to predict the temporal evolution of the interface and
to identify that multiple hotspots is validated with an industrial aluminum-alloy lug casting. Venkatesan
et al. (2005) discussed and developed a program for finite element modelling of casting solidification.
The salient features of the program are: facility to incorporate latent heat through enthalpy method,
incorporation of air gap by coincident node technique, ability to handle non-linear transient heat
conduction through temperature dependent material properties, and object oriented programming. Tzong
and Lee (1992) presented an investigation that an enthalpy formulation could be applied to the
solidification process of an arbitrarily shaped casting in a mold-casting system. The effect of thermal
contact resistance existing at the mold-casting interface was also studied. Joshi and Ravi (2010) defined
shape complexity factor using weighted criteria based on part geometry parameters such as number of
cored features, volume and surface area of the part, core volume, section thickness and draw distance.

Mares and Sokolowski (2010) evaluated the level of improvement in the metal casting analysis by the
means of the Artificial intelligence-Based control system and found that the accuracy, reliability and
timelines were significantly increased to a high level. Wu et al. (2010) developed a process to fabricate
turbine blades with abnormal film cooling holes by combining stereo lithography technology with
gelcasting technology. To decrease the drying shrinkage, the freeze-drying technique was applied to treat
the wet ceramic casting mold green body surrounded by stereo lithography mold and the proper sintering
process parameters was determined for lowering the sintered shrinkage. Hojjati-Emami et al. (2012)
proposed a model that analyses the interaction between human and advanced driver assistance system
(ADAS) for reducing human error in road accidents. Soltani (2014) discussed about reliability
optimization including redundancy allocation, reliability allocation and reliability redundancy allocation.
Yang and Li (2010) provided a useful understanding of chip formation process and also helped in
optimizing machining parameters and process of high speed milling of alloy cast iron. Sakalli etal. (2011)
proposed a chance-constrained stochastic programing approach for the blending problem in the brass
casting industry to handle the statistical variation in raw material. Qi and Li (2012) investigated
metadynamic recrystallization of the as cast 42CrMo steel after normalizing and tempering during the
hot compression. Zhang and Li (2013) provided a work, which focuses on the determination of interfacial
heat transfer coefficient between the casting and metal chill during casting solidification. The proposed
method is established based on the least square technique and sequential function specification method
and can be applied to calculate heat fluxes and interfacial heat transfer coefficient for other alloys. Yourui
etal. (2014) presented the reliability modelling and optimization of die casting. The authors applied finite
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element analysis to simulate the process of die-casting, and the quadratic response surface to represent
the multidisciplinary optimization model of die-casting, in which they used evidence theory to represent
the epistemic uncertainty. It is also well known that casting is an economical and efficient technology
for producing metal parts. In the present scenario, casting technology is in its advanced form due the
development of CAD engineers (Cleary, 2010). To prevent the defect and to increase productivity,
various techniques like linear programing, Melt conditioner, Twin-roll strip casting and Auto-Cast-X
software were used by different authors (Choudhari et al., 2014; Haghayeghi et al., 2010; Wang et al.,
2010; Park & Yang, 2011).

Nowadays, several types of composite material exist, which play wide and extensive roles in
manufacturing engineering components (Li et al., 2010; Thomas et al., 2014; Moses et al., 2014, Onat,
2010). Akhil et al. (2014) reported the cooling characteristics of cast components with varying section
size and investigated how cooling rate and mechanical properties vary with varying section size. Tabibian
etal. (2010) defined a thermo-mechanical fatigue criterion in order to predict the failure of cylinder heads
issued with the lost foam casting process. Hamasaiid et al. (2010) proposed an analytical model to predict
the time varying thermal conductance at the casting-die interface during solidification of light alloy
during high pressure die-casting. System reliability occupies progressively more significant use in
casting, manufacturing system, standby systems etc. Maintaining a high or required level of accuracy is
often an essential requirement of the system. The study of the repairmen is an essential part of the
repairable system and can affect the economy of the system directly or indirectly. Therefore, his/her
action and work frames are vital in improving the reliability of repairable system.

2. Problem Statement

In the present paper, we deal with the reliability analysis of the casting process in foundry work. This
research is intended to explain how much a defect can affect the casting system and its performance.
Casting is done to provide strength and rigidity to the parts or system for bearing mechanical impacts.
So, the reliability measures of the product are important criteria of judging the product life. There are
four common defects, which affect the shape and size of the cast during casting, namely, mold shift,
shrinkage, cold shut and blow holes. The state transition diagram of the proposed model has been shown
in Fig. 1.

2.1 Causes and Repairing Technique of Casting Defect

2.2.1 Mold Shift

It results in a mismatching of top and bottom part of a casting, usually at the parting line. It occurs due
to the following reasons:

(a) Misalignment of pattern parts, due to worn or damaged patterns,
(b) Misalignment of molding box or flask equipment.

This defect can be eliminated by ensuring proper alignment of the pattern, molding boxes and providing
proper shrinkage and draft allowances etc.

2.2.2 Shrinkage

It is a defect when the thick metal solidifies. Generally, this defect occurs at hot spots. This is due to the
following reasons:

(a) Improper location and size of gates and runners,
(b) Incorrect metal composition,
(c) Incorrect pouring temperature.
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This defect can be eliminated by the use of feeders and chills at proper locations to promote directional
solidification.

2.2.3 Cold Shut

Cold shut is a crack with round edges form due to the low melting temperature or poor gating system.
This is due to the following reasons:

(@) Too small gates,
(b) Too many restrictions on gating system,
(c) Lack of fluidity in molten metal.

This defect can be eliminated by the proper use of a runner, riser and pouring temperature.
2.2.4 Blowholes

It is a defect which is caused by air and gases entrapped in the solidifying metal. This is due to the
following reasons:

(a) Low gas permeability of the core sand,
(b) Improper ramming.

This defect can be eliminated by changing the hardness of mold, use of appropriate sand with adequate
green compact strength.

2.3 Inspection of Casting

Casting is inspected thoroughly to find the presence of internal flaws as well as well external defects.
The various methods of inspecting casting are

(1)  Visual examination,

(i) Sound or percussion test,

(i) Pressure test,

(iv)  Magnetic and fluorescent powder inspection,
(v)  Radiographic examination,

(vi)  Ultrasonic testing.

3. Assumptions and Notations

The following assumptions have been taken throughout the model:
(1) Initially, the casting system is free from defects.
(i) The casting system can consist of four defects.
(i) Each defect is either present or absent.
(iv)  After repair or remedies, casting system is free from defects.
(v)  When the major defect occurs in the casting system the cast component fails.

Further, the following notations are used:
O Indicates that the system is in good condition,

/[ 7 Indicates that the system is in a degraded condition,
[ ] Indicate that the system has failed condition,

Po(t) The probability that at time t system is working to full capacity,
P1(t) The probability that at time t system is failed due to defect of mold shift,
P2(t) The probability that at time t system is in a degraded state with blowholes defect,

The probability that at time t system is in a degraded state with blowholes and shrinkage

Ps(t defect,
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P4(t) The probability that at time t system is in a degraded state with blowholes and cold shut
defect,
The probability that at time t system is failed due to defect of shrinkage, blowholes and
Ps(®) cold shut,
The probability that at time t system is failed due to defect of mold shift, blowholes and
Ps(t)
cold shut,
4o Failure rate of shrinkage and blownholes,
Ae Failure rate of mold shift,
A, Failure rate of cold shut,
My Repair rate of shrinkage,
" Repair rate of blowholes,
H Repair rate of remaining units,
K1 Revenue per unit time,
K2 Service cost per unit time.

4. State Transition Diagram

e P,(0,1)
P(x.0)

\ 4

o

o ] P(D / Ao £ (0,7)

Py (x,1)

v

A Jc
U
| v
Py (0,1)
P (0,7) ﬁ u
‘P_}(xs[) 6 X,

Fig. 1. State Transition Diagram

5. Mathematical Formulation and Solution of the Model

By the probability considerations and continuity arguments we can obtain the following set of difference
differential equations governing the present mathematical model
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1)

94 22, +ij R (t)=nPM)+ > [uPR(xt)dx
ot i=1,3,5,6 0
5 (2)
E"‘U"‘/Io + 4, Pz(t): 22,P, (t) + £4,P, (1)
o 3)
E"‘ﬂo + Ay + A, P4(t): A,P, (1)
o 0 : (4)
= 4+ 2 P(x,t)=0,i=135,6
Fvlen +ﬂj (x,t)
Boundary Conditions
R(0.t)= 2P, (1) (5)
P(0,t) = AP, (t) (6)
R, (0,t)= 4P, (1) (7)
R.(0,t)=4P,(t) (8)
Initial condition
P, (0) =1 and all state probabilities are zero at t = 0, ©)
Taking Laplace transformation from Eq. (1) to Eq. (8).
_ _ 2 (10)
(s+24 + A )R (s)=1+nB(s)+ > [wuPR(x, s)dx
i=1,3,5,6 0
(S+77+ﬂ'o +2,n)52(8)= 22’050(3)"‘/1054(5) (11)
(S+1Ll0 +/10 +/1c)54(s):/1n52(s) (12)
0 — : (13)
—+S+u |P(X,5)=0;1=135,6
( el u) (x,)
R.(0,5)= AP (s) (14)
P (0,5)= A,P;(s) (15)
P(0,5) = 2,P,(s) (16)
P.(0,8)= AP, () (17)
Solving the Egs. (10-13) with the help of Egs. (14-17) and Eg. (9), one can obtain
B (s)= 1 (18)
° (s+A. +24,)—H; — Hzﬁ(s)_ﬁ(s)ﬂc - Hz-rl(s)
AP, (s (19)
] (S) — C O( )
(s—4)
5 (s) = 22,P () (s + tto + Ay + A.) (20)
H4
5 (s) = 222,P,(S) (S + 4t + Ag + A.) (21)

(s—2)H,
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_ 2,4, P, (s) (22)
P,(s)=—"2 " 0
4
5 (5) = 22 AP () @)
° (S_/U) H4
__ P. 24
P6 (S) — 2/’Loin/’l’c I:)0 (S) ( )
(s—u)H,
where
2257(S + 1y + A + A.) 22%0(S+ pty + A+ A.) 2,4, (A, + 1)
H1 = H ) Hz = H ) H3 = H ,
4 4 4

H, =(s+7+ A, + A,)(S+ 11y + Ay + A, ) — 1A, .

The Laplace transformation of the probabilities that the system is in the up (i.e. good or degraded ) and
down (i.e. failed) state at any time is as follows

Pp(8)=Po(s)+ P,(s)+ Pi(s) (25)
Pioun (5) = Pi(8)+ Py(s)+ P(s)+ Ri(s) (26)
6. Particular Cases and Numerical Computations

6.1 Availability Analysis

Taking the values of different parameters as 4, = 0.2, 4, =0.25, 4, = 0.1, ¢z =1, 14, = 17 =11in EQ.
(25) taking inverse the Laplace transform, we get the availability of the system

P (0)= 0.8206686930 + 0.1793313070e 2" c0s(0.1391194109t) (27)
® +0.205891151e ¥ 5in(0.1391941091t)
Now, taking t=0 to 10 units of time in Eq. (27), one can get the Table 1 and Fig. 2 respectively.
Table 1
Availability as function of time
Time (1) 0 1 2 3 4 5 6 7 8 9 10

Availability  1.00000 0.87827 0.83854 0.82606 0.82225 0.82112 0.82079 0.82070 0.82067 0.82067 0.82066

102+
100
0.98—.
0.96—-
0.94—-
3 0.92—-

0.90

Availability P ()

0.88 n
0.86 \
0.84 .

0824 e

0.80

0 2 4 6 8 10
Time (t)

Fig. 2. Availability as function of time
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6.2 Reliability Analysis

Taking all repair rates equal to be zero and failure rates 4. = 0.2, 4, = 0.25, 4,, = 0.1in Eq. (25) and
then taking the inverse Laplace transform, the reliability of the system is given as

R(t) =1.571428571e°™ + 2.857142857e°%*Y 5inh(0.175t) +1.428571429e 0% — 2041 (28)

Now, taking t=0 to 10 units of time in the Eq. (28), we get the Table 2 and Fig. 3 respectively.

Table 2
Reliability as function of time
Time (t) 0 1 2 3 4 5 6 7 8 9 10

Availability  1.00000 0.80907 0.64090 0.49883 0.38265 0.29001 0.21606 0.16191 0.11962 0.08785 0.06419

1.0

0.8 =

Reliability R(t)
e
/

\.
™~
0.24 '\.
\.
—
n
0.0
T T T T T
0 2 4 6 8 10
Time (t)

Fig. 3. Reliability as function of time

6.3 Mean Time to Failure (MTTF) Analysis

Taking all repair rates to be zero in Eq. (25) and taking s tends to zero; one can obtain the mean time to
failure (MTTF) of the system as

MTTE = — L+ 24 + 24 A, @)
(A +24) (A +24)(A +4,) (A +24) (A + 4,)(A + 4)

Setting 4, =0.2,4,=0.25,4, = 0.1 and varying Ac, 4o, An One by one from 0.1 to 0.9 in Eq. (29), we get
the following Table 3 and Fig. 4.

Table 3

MTTEF as function of failure rates

Variation in 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9
1 472789 3.92290 3.36038 2.94261 2.61904 2.36058 2.14912 1.97278 1.823425
C

Jq 583333 5.55555 4.10714 3.24444 2.67676 2.27629 1.97916 1.75018  4.53703

) 3.92290 5.27777 5.00000 4.83333 4.72222 4.64285 4.58333 1.56842 4.50000

n
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6.4 Sensitivity Analysis

The sensitivity of the reliability is a demanding input factor, which is most regularly defined as the partial
derivative of the reliability with respect to that factor. This measure is then used to estimate the outcome
of factor changes on the model result without requiring a full model solution for each factor change.
These input factors are mostly failure rates. In similar fashion, one can define sensitivity of MTTF with
respect to input factor.

6.0 T Wirt A
s5] e 0__ P
50_: \\ . -20-. JV"“;%/'
4.5-_ \ W 404
4.0 [ ] ° 7‘1} E 7
E 35 \_\ g 60+ Wit A,
i [ = )
2 T 7
254 '\ & |
1 '%l A
204 s -100+
] T ]
154 e
{ -120
10 T T T T T T T T 1 T T T T
02 04 06 08 10 02 04 06 08 10
Variations in failure rates Variation in failure rates
Fig. 4. MTTF as function of failure rates Fig. 5. Sensitivity of MTTF as function of failure

rates
6.4.1 Sensitivity of MTTF

Sensitivity analysis for changes in MTTF resulting from changes in system parameters i.e. system failure
rates A, , 4,, 4, . By Differentiating (29) with respect to failure rates /i, A,, A, respectively, we get the
O(MTTF) o(MTTF) o(MTTF)

By Y N
Varying the failure rates one by one respectively as 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 in the partial

derivatives of MTTF with respect to different failure rates, one can obtain the Table 4 and Fig. 5
respectively.

values of

C

Table 4
Sensitivity of MTTF as function of failure rates
Variation in O(MTTF) O(MTTF) O(MTTF)
Aoy Agr Ay 04, 04, oA,
0.1 -113.94557 -15.27777 -2.59151
0.2 -35.21005 -11.57407 -1.56770
0.3 -16.90906 -7.62500 -1.04945
0.4 -9.90189 -5.24444 -0.75138
0.5 -6.49548 -3.78873 -0.56437
0.6 -4.58659 -2.85167 -0.43939
0.7 -3.41050 -2.21836 -0.35175
0.8 -2.63499 -1.77229 -0.28794

0.9 -2.09680 -1.44710 -0.24004




428
6.4.2 Sensitivity of Reliability

Here, authors perform a sensitivity analysis for changes in reliability resulting from changes in the
system parameters A, , 4, and A, by taking all repair rates equal to zero and then taking the inverse Laplace
transform in Eq. (25) and then differentiating it with respect to failure rates 4., A,and A, respectively
OR(t) OR(t) OR(t)

.04, oA,
Now, taking t=0 to 10 units of time in the partial derivatives of reliability with respect to different
failure rates, one can obtain the Table 5 and Fig. 6 respectively.

and by putting 4c=0.02, 10=0.2, 1n=0.15, get the values of

n

Table 5
Sensitivity of Reliability as function of time
. OR(t) OR(t) OR(t)
Time (1) oA, Py o4,
0 0 0 0
1 -0.80600 -0.28036 -0.00094
2 -1.30893 -0.82969 -0.00546
3 -1.60326 -1.38480 -0.01324
4 -1.75275 -1.83099 -0.02253
5 -1.80150 -2.13324 -0.031638
6 -1.78071 -2.29624 -0.039342
7 -1.71294 -2.34196 -0.045008
8 -1.61467 -2.29749 -0.048458
9 -1.49808 -2.18897 -0.049821
10 -1.37209 -2.03889 -0.049407
Z'zl Wt
02 \

04
08

2z
3% n e
? -1.0—_ \
5 127 - WIrE A .
%\ -1.4—_ \: /./
= -1.6
2 i xl /'/.
o -1.8- o —H L]
@ 20] \ Wt 2,
L ° //.
-2.2—_ \.7 7.///.
24 e
-26 ] T T T T T T T T T T
0 2 4 6 8 10
Time (t)

Fig. 6. Sensitivity of Reliability as function of time
6.5 Expected Profit

The expected profit during the interval [0, t) is given as

E,(t)= Klj P, (t)dt —tK, (30)



M. Ram et al. / International Journal of Industrial Engineering Computations 6 (2015)

Using Eq. (25), expected profit for the same set of parameters, we have

E (1) - K,[0.820668693+0.1793313070e "*"" c0s(0.1391194109t)
P +0.205891151e ™" sin(0.1391941091t)] - tK,
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(31)

Setting Ki= 1 and Ko= 0.1, 0.2, 0.3, 0.4, 0.5, respectively in Eq. (31), one can get the Table 6 and

correspondingly Fig.7.

Table 6
Expected profit as function of failure rates

Time (t)

Expected Profits

K,=0.1 K,=0.2 K,=0.3 K,=04 K,=0.5
0 0 0 0 0 0
1 0.82819 0.72819 0.62819 0.52819 0.42819
2 1.58290 1.38290 1.18290 0.98290 0.78290
3 2.31401 2.01401 1.71401 1.41401 1.11401
4 3.03781 2.63781 2.23781 1.83781 1.43781
5 3.75939 3.25939 2.75939 2.25939 1.75939
6 4.48032 3.88032 3.28032 2.68032 2.08032
7 5.20106 4.50106 3.80106 3.10106 2.40106
8 5.92175 5.12175 432175 3.52175 2.72175
9 6.64242 5.74242 4.84242 3.94242 3.04242
10 7.36309 6.36309 5.36309 4.36309 3.36309
8-
1 ] =0.1
74 / @
6_- ././o K02
e, _/ . K,=0.3
4“5 ] l/./ =04
;é_ 44 ./o/ V/v Kz .
3 ] e v ks
g P
@ 2 /:/ //
Jo
14
0 T T T T T T T T T
0 2 4 6 8 10
Time (1)

Fig.7. Expected profit as function of failure rates

7. Result Discussion

A casting model in foundry work is studied in this work. The authors have analyzed the availability,
reliability, MTTF, sensitivity analysis and cost effectiveness. They numerically examined the behavior
and sensitivity analysis of the system. On the basis of the above calculation and from Fig. 2, one can
conclude that the availability of the system decreases swiftly when the time increases then attains a
uniform value. Fig. 3 represents the variation of reliability of the system. It shows that the reliability of
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the system decreases precisely with the increment in time. By critically examining the Fig. 4, one can
conclude that MTTF of the system decreases with respect to variation in failure rate of mold shift,
Shrinkage and Blowholes and with respect to the failure rate of cold shut, first it increases then decreases.
So the MTTF is the highest with respect to the failure rate of shrinkage and blowholes and the lowest
with respect to the failure rate of Cold shut.

Fig. 5 shows the sensitivities of MTTF with respect to the failure rate of mold shift, shrinkage and
blowholes and cold shut, which shows that it increases with the increment in failure rates. Critical
observation of the graph point out that MTTF of the system is more sensitive again with respect to Failure
rate of mold shift. Furthermore, the sensitivities of the system reliability with respect to the failure rate
of mold shift, shrinkage and blowholes and cold shut are shown in Fig. 6. It reveals that sensitivity
initially decreases with time passes. It is clear from the graph that system reliability is more sensitive
with respect to failure rates of mold shift, shrinkage and blowholes. Keeping the revenue per unit time at
one and varying service cost as 0.1, 0.2, 0.3, 0.4, and 0.5, one can obtain Fig. 7. It is very clear from the
graph that the profit decreases as the service cost increases.

8. Conclusions

Most of the previous works were focused on finding process-related causes of individual defects, and
optimized the parameter values to reduce the defects. In this work, the main focus was to predict that up
to what extent our system could get affected if one of the above taken defects exists that is finally,
explaining its dependency on parameter like mold shift, shrinkage, cold shut and blowholes. This will be
helpful to the quality control department of casting industries to improve their productivity by minimizing
the rejection of the cast parts. This work concludes the importance of the application of reliability in
foundry work. Castings unfortunately can contain defects, which may render them unsuitable for service,
resulting in higher costs and/or lower profits for the production foundry and delivery delays to the
customer. It is also clear that the sensitivity of the system depends much more on system failure rates
that is, the system can be made less sensitive by controlling its failures. It asserts that the result of this
research will be useful in casting problems.
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