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2Modelling Impact Toughness of Grey Cast Iron Produced from Co  and Steel Moulds
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2Abstract: Impact property of grey cast iron produced from CO  and steel moulds were determined

experimentally and quantitatively in this work. The experimental data obtained were used to develop

model (multiple linear regression equations) using stepwise technique, which were used to obtain

calculated (numerical) values of these properties for each investigated material. Both experimental and

calculated values of these properties were subjected to relevant statistical tests such as: - paired t-test,

correlation coefficient, standard error, standard deviation and variance; and were found to compare

favourably within the limits of experimental error. Hence, this developed model would be useful to oil

and petrochemical industries, machine base manufactures, electric motor manufactures, agricultural

equipment manufacturing industries and research institutes such as Naval, Air force and Aviation Research

Institutes. Other sectors that can benefit from developed model are small and medium-scale foundry

industries that are characterized with low capital outlay.
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INTRODUCTION

Grey cast iron has always been known to have

2.5-4.0 wt% carbon and 1.0-3.0wt% silicon. In practice,

however, it has wider range of carbon . Grey cast[22]

iron belongs to a group of metals possessing high wear

resistance, high strength, good damping capacity, high

fluidity, and low shrinkage at casting temperature .[20,9]

Mechanical properties such as impact toughness of

grey cast iron are known to depend mainly on the size

of the cast, the chemical composition of the cast and

the types of mould used among other factors . These[19]

mechanical properties are ascertained by performing

carefully designed laboratory experiments that replicate

as nearly as possible the service conditions.

Grey cast iron finds application in casting base

structures for machines and heavy equipment, small

cylinder heads, clutch plates, transmission cases and

liners in diesel engines. Other applications of grey cast

iron are gear cases, flywheels, electric motor housings,

engine blocks and brake drums used in trains .[9 ,22]

The mechanical properties of grey cast iron are of

great importance to iron founders, design engineers and

other users of grey cast iron products since these

properties dictate the areas and the extent of their

applications . To enhance the design engineer’s[20,2212,8]

design and facilitate grey cast iron material selections

for the machine components, there is need to have

sufficient data on mechanical and structural properties

of grey cast irons in which impact property is one.

The impact properties of grey cast iron have been

determined experimentally using mechanical testing

equipment . Pendulum impact testing machine was[22,11,6 ]

used for measuring impact toughness .[6,11]

There are many reports on the experimental

determination of mechanical properties of grey cast iron

samples . Various works have been reported on[8 ,13,18,20,21]

the computer modeling of microstructure of grey cast

iron. Some of the works done on this modelling are: 

Geotttsch and Dantzig  that studied modeling[9 ]

microstructure development in grey cast iron. Atlan and

Miller  worked on numerical modelling of material[3]

deformation processes. Ashby  studied physical[4 ]

modelling of materials problems. But past researchers

have not investigated the modelling for estimation of

the impact toughness of grey cast iron.

Also, Literature is very scanty on modeling to

predict impact toughness of grey cast iron produced

2from CO  and steel moulds because not much work has

been done in this area unlike the study of grey cast

iron’s tensile and hardness properties through modeling.

Although this impact toughness had been determined

experimentally through the ages, iron founders often

face a number of problems in the exercise. Such

problems include: long testing time; high equipment

cost leading to high cost of testing; long and

cumbersome testing procedures; and. testing methods

are subjected to experimental errors, which render them

somewhat inaccurate .[12,10,7]
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The application of model for estimating impact

2toughness of grey cast iron produced from CO  and

steel moulds will bring improved product quality,

reduce rate of cast rejection and increase rate of

products delivery to the customers.

The mathematical modelling in this study will be

based on an encompassing multiple-linear regression

analysis with sub-models for estimating the impact

properties of grey cast iron produced from two

2different moulds-CO  and steel. The research work was

designed to find out a realistic way of estimating the

impact properties of grey cast iron with carbon and

silicon contents ranging from 2.5wt% to 4.5 wt%, and

1.0 to 2.5-wt% respectively using modelling approach.

The series of grey cast iron of different chemical

compositions; different sample-size and two different

2moulds (steel and CO ) have been selected for this

work because wide range of impact toughness can be

obtained from them.

The aim of this research is to develop a

quantitative approach to determine and estimate impact

toughness of grey cast iron produced from two

2different moulds (CO  and steel). While the specific

objectives of the research are to:

1. Determine experimentally the impact toughness of

2grey cast iron produced in CO  and steel moulds.

2. Develop model from the experimental data to

estimate the impact toughness in (i); and.

Validate the developed models by comparing the

experimental data with numerical data for this

toughness through the use of statistical tests.

MATERIALS AND METHODS

M aterials: The materials used for the work include pig

iron, medium carbon steel scrap (gear), local scrap,

ferro-silicon, ferro-manganese, silica sand, briquettes,

2CO  gas and sodium silicate. Others are black afara

wood, bentonite and steel pipes.

Equipment: The equipment used for the research work

include an induction furnace, thermocouple, Avery

Denison Impact testing machine spectrometric analyzer,

lathe machine, turning machine, sand blasting machine

and abrasive wheel cutting machine.

2Pattern Making: The pattern for the CO  mould was

made from (black afara) hard wood of cylindrical

shape. The patterns were 300mm long and of various

average diameters: 20.9mm, 30.6mm, 40.7mm 50.8mm

and 60.8mm. The sizes of the patterns were made little

bigger than the original dimension to compensate for

any metal contraction during solidification, distortion

and machine losses.

Mould Preparation:

2   2CO Mould Preparation: The CO  mould used in this

research work was prepared in a wooden moulding

flask (box) in which the pattern was inserted and into

which a sand mixture of 0.2 ìm clean silica sand and

3.5% sodium silicate was introduced as facing sand.

Later the regular moulding sand was added as the

backing sand. By means of a gas pipe, “rubber hose”

2CO  gas was introduced into the sodium silicate

containing sand for proper hardening and bonding of

the sand grains together until the necessary reaction to

3 2produce hardened silica gel (SiO . xH O) occurred. The

chemical reaction that took place is represented by

equation 1: 

2 1 3 2 2 2 3 1 2 2Na .S O .xH O + CO   º  Na CO  + S O .xH O 

         (1)

1 2 2The silica gel (S O .xH O) formed, hardened and

acted as cement to bond the sand grains together. Then

2the prepared CO  mould was left in the open air in

readiness to receive the iron melt. 

Steel Mould Preparation: Cylindrical steel pipes of

various diameters: (20.9mm, 30.6mm, 40.7mm,

50.8mm, 60.8mm), each 350 mm long and 5.0 mm

thickness were used as moulds. Fig.1 shows the

isometric drawing for the pipes and dimensions in

Table 1. One end of each pipe was sealed by welding

with thick plate and the other open end was to receive

molten iron. The inner wall of each mould was coated

with graphite paste and dried in the sun to prevent

solidified iron from sticking to the wall of the mould

and hence enhancing easy casting withdrawal from the

mould. This coating was repeated three times for

effectiveness of the purpose. For ease of pouring, the

steel mould was contained in wooden box backed with

loose sand as shown in Fig.2. 

Charge Preparation: Pig iron, medium carbon steel

scrap, local scrap, ferro-silicon and ferro-manganese are

the charge materials. They were analysis using

spectrometric analyzer and their chemical compositions

of major elements were shown in Table 2. These

chemical compositions of these charge materials with

the grey cast iron samples tagged A to K of chemical

compositions in Table 2 were used to estimate the

various % compositions of each charge materials

needed. The percentage of each charge material used

for casting each sample were calculated/estimated with

the % chemical composition of the cast sample. This

was expressed in a matrix form and evaluated using

Gaussian elimination technique in accordance with

Ajayi, . The various compositions of pig iron, medium[2]

carbon steel scrap, local scrap, ferro-silicon and ferro-
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Table 1: Steel Patterns Specifications

No 1 2 3 4 5

Thickness (mm) 5.0 5.0 5.0 5.0 5.0

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

d (mm) 20.7 30.6 40.7 50.8 60.8

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

D (mm) 25.7 35.6 45.7 55.8 65.8

Table 2:  Chemical Compositions of Produced Grey Cast Iron Samples

Sample No %C %Si %M n %S %P %Fe

A 2.5 1.0 0.75 0.04 0.001 95.70817

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

B 2.5 1.0 0.76 0.03 0.001 95.70806

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

C 3.0 1.2 0.77 0.01 0.002 95.01734

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

D 3.0 1.5 0.76 0.05 0.002 94.68716

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

E 3.0 1.4 0.78 0.02 0.003 94.79692

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

F 3.5 2.0 0.77 0.06 0.003 93.66583

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

G 3.5 1.6 0.79 0.04 0.004 94.06594

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

H 4.0 1.8 0.80 0.01 0.004 93.38593

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

I 4.0 2.5 0.78 0.06 0.003 92.65693

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

J 4.5 2.0 0.80 0.04 0.003 92.65694

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

K 4.5 2.5 0.79 0.06 0.003 92.14693

* The remaining balance accounts for the chemical composition of trace elements such as Ca, Cr, Al, Pb, and Sn.

Fig. 1: Isometric View of the Steel Pipe

manganese that were charged into the induction furnace

for melting ranged from 26.96 wt% to 95.74 wt%, 2.08

wt% to 40.06 wt%, 1.13 wt% to 2.29 wt%, 0.03 wt%

to 0.55 wt%; and 0.03 wt% to 0.30 wt% respectively

(full compositions was shown in Table 3).

Melting and Casting Procedure: An induction furnace

was used to melt the charge. The melt was heated to

1510 C and tapped into a preheated clay-graphite ladle0

at approximate 1480 C. The pouring temperature of the0

molten metal ranged from 1410 C and 1440 C to0 0

compensate for the heat loss before reaching the mould

cavity . Thereafter, briquettes consisting of 10% ferro-[19]

silicon and 6% ferro-manganese were added to ladle to

compensate for both silicon and manganese that were

lost to slag due to evaporation. The molten metal was

poured into the ladle by forward tilting the furnace

while the overhead crane was used to convey the

molten metal into the already prepared moulds

preheated to 72 C. The molten metal was allowed to0

cool freely in air and solidify. The solidified cast

samples were subsequently shaken out of the moulds

after cooling overnight. The average diameter sizes of

the cast samples produced from each of the two

moulds were 20.12mm, 30.5mm, 40.20mm, 50.13mm

and 60.21mm.
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Table 3: Summary of % charged materials into the induction furnace for Production of various compositions of grey cast iron.

1 2 3 4 5Sample serial X (Pig iron) X (M edium carbon X (Local scrap) X (Ferro-silicon) X (Ferro-

number steel scrap) manganese)

A 56.96 40.06 2.24 0.45 0.29

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

B 56.99 40.03 2.22 0.45 0.30

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

C 71.20 26.12 1.95 0.55 0.19

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

D 71.66 26.08 2.04 0.22 0.18

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

E 71.56 26.03 1.88 0.32 0.20

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

F 86.74 11.31 1.34 0.03 0.06

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

G 85.74 12.07 1.69 0.42 0.09

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

H 95.74 2.08 1.42 0.49 0.03

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

I 95.45 2.64 1.60 0.26 0.06

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

J 86.16 12.13 1.13 0.46 0.12

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

K 86.16 12.52 1.16 0.03 0.13

Fig. 2: Steel Tube Mould Assembly 

Cleaning, Fettling and Machining of the Casting: A

sand-blasting machine was used to remove sand that

adhered to the castings. This was followed by the

removal of gates and rises from the casting using

abrasive wheel-cutting machine. Finish cleaning was

done by grinding until smooth the gates and risers

areas of the casting and removing any excess metal

remaining on the casting was achieved. The cast

samples were then machined into impact test specimen

shown in Figure 3. Thereafter, the impact properties

were determined on the machined test-specimen.

Impact Test: The grey cast iron samples were

machined into standard test specimens measuring

60mm and 10mm in diameter. The specimens were

then  notched  on  a  machine  principally  to assure 
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Fig. 3: V-notch Impact Test Piece 

fracture by a stress concentration introduced at the

notch area. The test piece was held in a vice and

placed on the “Avery Denison Impact testing machine”

while a heavy pendulum mounted on the ball bearing

was allowed to strike the specimen after swing from a

fixed height. Then a striking energy of 300J was

absorbed in breaking the specimen and as the

pendulum swings past, it caries a pointer to its highest

point of swing and the amount of energy used in

fracturing the test piece were obtained on the scale.

The test was performed in accordance with . The[17,14,1 6 ,1]

experimental impact results were an average of at least

three repetitions, which were used to develop the

model.

Model Development:

Statistical Analysis: The results of the impact test

determined experimentally were statistically analyzed

using a routine for correlation; that is, multiple-linear

regression analysis. The computation of the multiple

regression parameters was done with the aid of a

computer in a stepwise technique. Correlation between

the pertinent variables such as percentage carbon,

silicon, phosphorus, manganese, and sulphur contents,

and sample-size of the cast bar; was carried out to

indicate good correlation. The multiple linear regression

analysis was used to determine functional relationships

of the impact energy versus (percentage carbon, silicon,

phosphorus, manganese, sulphur and sample-size of the

2cast bar) for both the CO  and steel moulds.

Hence, the regression model was developed using

multiple regression analysis. Equations of the developed

model for estimating the impact toughness of grey cast

iron samples A to K under the two different moulds

were shown in equations 2 to 5. These multiple-linear

regression equations developed in equations 2 to 5

were used to get the numerical data for impact. 

In formulating this model, the following

assumptions were made:The grey cast iron specimens

were treated as received, The as-received grey cast iron

specimens were not heat-treated, no vibration and

rotation of the mould, no inoculation, no de-gassing

and vacuum treatment of the melt, and trace elements

are insignificant.

Impact Toughness (IT): The developed model

equations that estimate impact toughness in Joules for

2grey cast irons produced in steel and CO  moulds were

as shown in equations 2 to 5.

For Steel Mould:

IT=[(6.93(13.5-2C-0.67Si-0.5P-1.23 logDe) (1+0.05Mn)

(1+0.1S)] ……. (2)

(For Carbon ranges from 2.5 % to less than or equal

to 3.5%)

IT=[(6.04(13.5-2C-0.67Si-0.5P-1.23logDe) (1+0.05 Mn)

(1+0.1S)] ….... (3)

(For Carbon greater than 3.5 % but less than or equal

to 4.5%)

2For CO   Mould:

IT= [(8.55(13.5-2C-0.67Si-0.5P-1.23logDe) (1+0.05Mn)

(1+0.1S)] …….(4)

(For Carbon greater than 2.5 % but less than or equal

to 3.5%)

IT= [(7.43(13.5-2C-0.67Si-0.5P-1.23logDe) (1+0.05Mn)

(1+0.1S)] ……. (5)

(For Carbon greater than 3.5 % but less than or equal

to 4.5%)

Model Validation: The developed model was validated

through the use of statistical tests where both the

experimental and numerical data of each property were

subjected to the following statistical tests: paired – t

test, correlation coefficient, and standard error.

(i) Paired-t Test: The paired-t test was determined

using the following expressions .[5]

(a) Mean of Pair Difference ( )

        (6)
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(b) Variance of Pair Difference (Var (d)):

         (7)

(c) Variance of Mean of Pair Difference (Var    ):

 

         (8)

(d) Standard Deviation of Mean of Pair Difference

(sd):

        (9)

(e) Acceptable Tolerance Interval for a given

Confidence Interval: Acceptable Tolerance Interval for

the mean of experimental and Numerical data

=        (10)

(f) Test for Significant Difference: This test

determines whether there is significant difference

between the experimental and theoretical results or not.

Firstly, determine the degree of correlation between the

two data by the use of rank correlation coefficient test

equation in (11).

       (11)

Then, test for the significance difference using the

null hypothesis that says that if the t calculated is

higher than the t table value, we reject the hypothesis,

meaning that there is significant difference between the

two data.

This equation 12 determines the t calculated which

goes thus; 

       (12)

The results of the paired – t test are shown in

Table 4.

 

Correlation Coefficient: Correlation coefficient

equation used was as shown in equation 13.

The Karl Pearson’s correlation coefficient equation

was as stated in equation 13

       (13)

x,yWhere -1 £ r  £ 1 and

       (14)

Where

ovC (X, Y)=Covariance of X and Y;      =Variance of

x,yX;       =Variance  of  Y;  r =Correlation coefficient;

x n=Number of paired test samples; m = Mean of X.

ym =Mean of Y; 

X=Numerical values; and Y=Experimental values.

The results obtained from the calculations were

summarized and shown in Table 5.

Standard Error: The Karl Pearson’s equation for

calculating the standard error of the predicted

prediction numerical data (y) is expressed in equation

16.

 

        (16)

Where y=Numerical data, x=Experimental data, and

n=Number of paired test samples; that is, n=11.The

results from the standard error test were shown in

Table 5.

Discussion on Validation of the Model: The paired-t

test used to validate the developed model showed that

there was no significant difference between the

experimental and numerical data as shown in Table 4.

From the correlation coefficient test, the impact

toughness for both experimental and numerical data

possessed high positive correlation shown in Table 5.

Based on the rule of thumb for interpreting coefficient

of correlation it shows that the data have excellent

reliability .[1 ,14]
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Table 4: Paired-t Test Analysis That Determine Acceptable Confidence Interval Range of Im pact Toughness of Grey Cast Irons Samples

S/N 1 2

steel CO 2Im pact Toughness Of Grey Cast Irons Samples Produced in Various M oulds ñ ñ

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Pair Difference -2.3000 10.1500

-------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- 

Square of  Pair Difference (d ) 101.7477 56.29092 

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

M ean of  Pair Difference  0.1769 0.7807

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Variance of  Pair Difference (Var(d)) 8.4451 4.0305

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Variance of  M ean of Pair Difference (Var 0.6496 0.3100

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Standard deviation (sd) 0.8060 0.5568

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

Confidence interval (á) 99%=0.99 99%=0.99

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

vDegree of freedom (t ) 1.3650 1.3650

vAcceptable Interval [d± t (1-á)sd]

Lower Limit -0.1769 -0.9203

-------------------------------------------------------------------------------------------------------------------------------

Upper Limit 2.4623 2.4818

Table 5: Correlation Coefficient and Standard Error Analysis of Im pact Toughness of Grey Cast Irons Samples

S/N Types of M echanical Test Correlation Coefficient (R) Standard Error (SE)

Under  Three Different M oulds

steel1 ñ 0.9977 1.8873

--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

CO 22 ñ 0.9987 1.9442   

The standard error test on both experimental and

numerical data also showed that there was good

agreement between the two data. As none of the

standard errors for any of the data exceeded 8%, hence

they can be neglected .[12]

Conclusion: Finally, as there was good agreement

between the experimental and numerical data as clearly

shown in the validation results, hence, the developed

model was valid and it can be used to evaluate the

impact toughness of the grey cast iron produced from

2CO  and steel moulds.

Nomenclature:

C = Carbon; Si = Silicon; P = Phosphorus; S=Sulphur;

M n= M anganese ,  C a = C a lc iu m; C r= C hro m ium ;

Al=Aluminum; Pb=Lead;  Sn=.Tin; De = Diameter of

cast bar in mm; d =Mean difference; 

vt = Number of degrees of freedom available for the

estimation of the variance i.e. (n-1),  n =Number of

paired test samples, a = % Confidence interval, d =

Standard deviation, Var (`d ) = Variance of mean

difference, Var (d) =Variance of difference, d =

Difference between the experimental and Theoretical

ovdata on each column, C (X, Y) = Covariance of two

variables, X and Y, Mx =Variance of X, My=Variance

x,y x  y of Y, r = Correlation coefficient, m =Mean of X; m

= Mean of Y, X =Numerical/ Calculated value,

y-x Y=Experimental value, S = Standard error of the

predicted numerical value for each experimental value

of mechanical properties of grey cast iron, y

=Numerical data, x = Experimental data, R=

Coefficient of multiple correlation or its estimate, f=

C O2 = Diameter of cast samples in (mm), ñ Impact

toughness of grey cast irons samples   produced   in

2 steel-=  CO  mould, ñ Impact toughness of grey cast irons

samples   produced   in steel mould, r= rank

correlation coefficient value, d= Difference between the

experimental and numerical data on each column, n=

Number of test samples; and t= significant value.
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