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Abstract: In this research, modelling the hardness property of produced Martempered Ductile Iron (MDI)
through interrupted quenching method was studied. Martempered ductile iron was produced by the
adoption of interrupted quenching in warm water (cheap, convenient and safe to operate — compared to the
conventional method in salt bath furnace). The product (MDI) was found to possess unique high hardness
values of 52.9Rc at a low tempering temperature and holding time having a predominantly martensite,
graphite nodules enveloped with ferrite shells in its microstructures. A computer model was developed to
redict the hardness values of the developed MDI and a model equation, Y = 62.504 — 0.079T (°C) — 0.054t
minutes) was established, with a good degree of correlation and reliability for the hardness characterization.
The model was tested using statistical tools and manual, it was found to compare favourably well with the
experimental results.
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1. INTRODUCTION

Ductile irons, also known as spheriodised or Nodular cast irons, has the structure of graphite
nodules in a matrix which may be ferritic, pearlitic or ferritic-pearlitic (ductile grades), bainitic
(strong and tough grades) or martensitic (strong and hard grades). The variations in the matrix
structure have caused the mechanical properties of ductile cast irons to vary widely and have
made them applicable in a wide range of industrial applications, especially in the areas requiring
high strength, high toughness and high ductility. Ductile iron has replaced malleable cast iron in
area of applications because of its superior mechanical properties, ease of production and good
economy.

The conventionally used ADI has 3.6%C, 2.5%Si, 0.3%Mn, and 0.05% Mg chemistry with other
additives in lean amount. Branka et al, (2004) and Hassan et al, (2000) reported of the primary
purpose of adding Cu, Ni, or Mo to ADI is to increase the hardenability of the matrix so as to
ensure the prevention of pearlite formation during the austempering process. It's versatile use will
continue to expand as the design engineers continue to improve on these properties. An
understanding of the properties of materials is essential in both the design and applications in any
engineering project if it is to prove satisfactory for its intended purpose (Neil, and Ravindra, 1996).
The major users of ductile iron components include the automobile and machine tools industry.
(Hemanth , 2001).

Unit cell model (UCM) calculations are widely used to predict macro-scale constitutive behavior of
composites (Gurson, 1977), which was later improved upon by Tvergaard and Needleman (1984)
and it is usually referenced as GTN model. A number of authors, Dong et al, (1997); Berdin et al,
(2001) proposed modeling the mechanical behavior of cast irons using GTN model. The model
accounts for the nucleation, growth and coalescence of microvoids by means of the void volume
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fraction, which is the average measure of a void matrix aggregate. Recent contributions in the field
are due to Pirondi et al, (2006), Bonora et al, (2006), Horstemeyer (2007) and Zairi et al, (2008) who
proposed two different micro mechanical models based on porosity evolution. However, not much
work has been carried out on modeling of mechanical properties of ductile irons heat-treated by
interrupted cooling over a wide range of temperatures.

This study, therefore, focuses on modeling the hardness property of produced martempered
ductile iron through interrupted quenching method for theoretical determination of this property.
This will rapidly increase the determination of this property using the experimental way which
consumes time, laborious and money consuming. This will also lead to reduction in production
cost of the MDI since testing is an integral part of production cost.

2. MATERIALS, EQUIPMENT AND METHODS

All ductile iron test specimens, used for this research work, were cast in Madison, USA. The test
specimens were cut into 20 mm length by 20 mm breadth. Normal materials for hardness test
specimen preparation, such as abrasive papers, polishing Table 1: Chemical Compositions
cloth, and tissue paper and desiccators, were adopted. of the Ductile Iron

A mass spectrometric analyzer was used to determine
36 | 20 | 03 | 0.01 | 0.04 | Rest

the chemical composition of the samples which is as
shown in Table 1. Two heat treatment furnaces (Vecstar and Carbolite) were used, one for the
austenitization of specimens at 850°C for 30 minutes to annul the mechanical history and to
promote homogeneity; and the other for austenite transformation at selected lower temperatures
(between 250°C — 450°C) over a holding period of 30 — 180 minutes. An electric oven was used for
austenite transformation at very low temperatures (as low as 170°C) while the quenchant used was
maintained at 80°C. The hardness value of the treated materials was conducted and evaluated
using a digital Rockwell hardness testing machine with an indentation load of 150KN and a
daheng software driven optical microscope was used to analyze the microstructure of the
developed martempered ductile iron (Oyetunji and Barnabas, 2012). Model was then developed
for the hardness property of the developed MDI using SPSS (Statistical Package for Social Science)
package. The equation developed is as shown in equation 1.

Y=62.504-0.079T(°C)-0.054t (minutes) (1)
where T is Temperature () and t is the time in minutes.
3. DATA GENERATION AND VALIDATION OF DEVELOPED MODELS
The hardness property observed from experimental result and chemical compositions with
holding times and temperatures were used to generate data. This was used to develop the model
using ANOVA and the mathematical equation shown in equation 2 was established as model
equation.
Physical relation and statistical tests were used to validate the model developed. Physical relation
was carried out on the experimental and numerical data of hardness property and their differences
were taken. The experimental and numerical data of hardness property were subjected to the
following statistical tests: Paired t-test; Correlation Coefficient; and Standard Error of Prediction in
accordance with Oyetunji and Adebayo, 2009.

i.  Pair t-tests

The pair t- test technique uses the following nomenclatures:

d = Pair difference between the experimental and numerical data on each column; d = Mean Pair

difference; Var (d) = Variance of Pair difference; Var(d) = Variance of mean difference; tv =
Theoretical number of degrees of freedom available for the estimation of the variance; that is;. (n-
1); n = Number of paired test samples; & = Confidence interval (%); Sd = Standard deviation; The
paired t-test will be evaluated by using the following expressions (Oyetunji, 2007) and (Oyetunji,
2010).
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(a) Mean Pair difference (3)

( 6_1 )= z (Numerical data— Experimental data) (1)
No.of paired test samples
(b) Variance of Pair difference
(Numerical data — Experiment al data)*

Var(d)= Z 4 - No.of Paired test samples (2)

No of paired test samples -1

(c)Variance of mean of pair difference Var (E)

Var(d)= Var (d) 3)
Noof paired test samples

(d)Standard deviation of mean of pair difference (sd)

Sd= \Var (3) (4)

(e) Acceptable tolerance interval for a given confidence interval and numerical data

- d +ta-a)Sd 5)
The result of the test was presented in Table 4.

ii.  Correlation Analysis and Coefficient of Correlation

The following relations from Karl Pearson’s coefficient of correlation (equations 6 and 7) were used
to determine simple correlation:
(i) Karl Pearson’s coefficient of correlation

Pyy= Cop (X.7) (6)
Ox Oy
where: -1 < Pxy < 1and
Covixy)=L 5 -Hi-» @)
n <

where: Cov (x,y) = Covariance of X and Y; ox = Variance of X; gy = Variance of Y; Pxy = Correlation

Coefficient; x = Mean of X; Y =Mean of Y; X = Experimental value; Y = Numerical value; N = No.
of pair test samples
(ii) Pearson’s rank correlation coefficient

R=1- 624" (8)
n(n* =1)

R=["Sovy )
(¥ Y

This is a statistical technique that is used to test for the relationship between two variables. The

(iii) Coefficient correlation

variables are said to be correlated when an increase or decrease in one variable is accompanied by
an increase or decrease in the other. It is commonly used along with the regression analysis to
measure how well the regression lines explain the variations of the dependent variable. If an
increase in one variable corresponds to an increase in the other, the correlation is said to be
positive. But if increase in one corresponds to decrease in the other, the correlation is referred to as
negative. If there is no relationship between the two variables, they are said to be independent
(Oyetunji, 2010).
iii. = Standard Error of Prediction
This is the deviation of the predicted value from the observed value. It is given by:

Evx= |20 -1’ (10)
n

where: Y = the actual value (Observed) and Yr = the predicted value (Oyetunji, 2010).
The Karl Pearson’s equation for calculating the standard error of the predicted numerical data (Y)
is given as:

_ [ e [nExy - (Ex) (E))° (11)
SEyx = |:n(n—2)} nZy (ZY) nEx® — (Ex)?
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where Y = Numerical data; X = Experimental data; and n = No. of pair test samples.

4. RESULTS

The validation results were shown in Tables 2, 3, and 4.

Timt Pair

, p
(Min .dlfference difference | dif

(d)

Square of| Mean of

air

(d?)

pair

(d)

Variance
of pair

ference difference
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variance of
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difference

f

eviation

(Sd)

Var (d)

%Standard Confidence

©)
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Table 2: Pair-t Test Analysis that Determine the Acceptable Confidence Interval of the model

Degree Acceptable

freedom

tv

Interval
(& + tva-p
Sd)

30 -4.341 56.089 -0.3617 4.95631 0.41304 | 0.64267 94.5% 2.20 1.05-1.78
60 3.278 57.717 0.2732 5.1656 0.4305 0.6561 94.5% 2.20 1.71-1.2
90 7.028 75.06648 | 0.585667 6.4500 0.5375 0.73314 94.5% 2.20 22-09
120 2.088 67.50206 0.174 6.10352 0.5086 0.7132 94.5% 2.20 1.74- 14
150 3.098 95.663 0.25816 8.6239 0.7186 0.8477 94.5% 2.20 214- 1.6
The results for the Correlation Coefficient and Standard Error tests are contained in Table 5 from
which the:
i) Correlation coefficient ranged from 0.9595 to 0.9925, which has been found to be in the very

high correlation range of 0.9 to 1.0 (Oyetunji and Adebayo, 2010).

ii)

Standard error test was found to be between 2.16 and 2.82, which is very low and which

signifies that the modeling equation had adequately and accurate predict the hardness value of

MDLI.

Table 3: Correlation Coefficient and Standard Error Analysis Tests for the Model

Correlation coefficient of the Model

Standard error of the Model

Holding Periods (Minutes)

30 0.987809 2.162
60 0.9925 2.193
90 0.9595 2.501
120 0.98296 2.823
150 0.98296 2.823

Hardness values of ductile cast irons subjected to interrupted quenching in warm water prior to

holding at various tempering temperatures and times as shown in Table 4.
Table 4: Hardness value (Experimental Value of

Ductile iron subjected to interrupted quenching in

Table 5: Calculated Data From The Model Developed

Hardness values (Rc) for various

warm water Transformation holding times (minutes)
5 Hardness values (Rc) for various temperatures tr'msforn‘ntion temperatures
Transformation . A BT (°C) ¢ € pere i
.~ holding times (minutes) transformation 150
temperatures 3 S~ S O e BB
e temperatures
30 60 90 120 150 180
455 | 429 - - -
200 460 | 229 | 398 | 207 | 373 | 33.6 225 43.8 | 40.1 | 39.0 | 36.7 | 345 | 329
250 422 | 387 | 359 | 336 | 30.7 | 289 275 359 | 354 | 33.0 | 32.1 | 29.8 | 27.3
275 359 | 35.4 | 33.0 | 32.1 | 29.8 | 27.3 300 38.7 | 36.5 | 31.7 | 30.8 | 28.6 | 26.9
300 38.7 | 36,5 | 31.7 | 30.8 | 28.6 | 269 325 32.7 1 31.0 | 30.1 | 299 | 28.0 | 27.2
325 32.7 | 31.0 | 30.1 | 299 | 28.0 | 27.2 350 33.6 | 29.7 | 28.6 | 274 | 26.7 | 26.2
350 33.6 | 29.7 | 28.6 | 274 | 26.7 | 26.2 375 31.8 | 31.0 | 29.7 | 282 | 27.6 | 27.7
375 31.8 | 31.0 | 29.7 | 28.2 | 27.6 | 27.7 400 378 | 272 1 26.1 | 260 | 259 | 252
400 37.8 | 272 | 26.1 | 26.0 | 259 | 25.2 425 266 | 236 | 231 | 212 | 205 | 196
425 26.6 | 23.6 | 23.1 | 21.2 | 20.5 | 19.6

60

40

Hardness value (HRc)

W 30EXP. VALUE
W 30CAL. VALUE
W 60EXP. VALUE
W 60CAL. VALUE
W 90EXP. VALUE
W 90CAL. VALUE
W 120EXP.VALUE
W 120CAL. VALUE
150FXP.VAIUF
W 150CAL. VALUE
W 180EXP.VALUE

Hardness values (HRc)
o
=

W30FXP.VAIUE

W30CAL VALUE

175200 225 250 275 300 325 330 375 400
Temperature (celsius)

Fig. 2 : Variation of Hardness Values with
Temperature for both Experimental (Exp.) and

Calculated (CAL.) values

175 200 225 250 275 300 325 350 375 400 425 450 425 450

Temperature (degree celcius)

. 1: Variation of Hardness Values with Immersion
Temperature of Ductile Iron

180CAL.VALUE
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5. COMPUTER AID SOFTWARE DEVELOPMENT

The computer software developed for predicting hardness values of heat treated ductile irons was
designed according to the following phases:

Phase 1: Title Phase Menu

This phase welcomes the user to the system as shown Phase 1 Menu. It contains information about
the name of the software, the developer, the supervisor, the essence of the study and the
department in which the work was carried.

File Edt Windon = Deten

+ Iype of Cast Iron

. Determination of Method of Treatrment Ductile Cast Iron E@@

Computer Aided Ductile Iron Mechanical Property Percentaae Carbon '
Designed by Fercentage Silicon |
Percentage Manganese
BARNABAS, ABEL ADEIZM
MME/01/0384 b Percentaae Sulphur Cuctle Iron Treatment— (Selecttype of eament v
IN PARTIAL FULFILLMENT OF THE REQUIREMENT FOR THE AWARD FECRIES HENESEm
OF MASTER DEGREE IN METALLURGICAL AND MATERIALS
ENGINEERING Type of Miora
Structure
DEPARTMENT OF METALLURGICAL AND MATERIALS
ENGINEERING. FEDERAL UNIVERSITY OF TECHNOLOGY. AKURE. o0 CEEED Proceed
ONDO STATE.
Determin
Version 2010 = ‘ ‘ ‘

Phase 1: Title Phase Menu for the Phase 2: Material Identification Phase 3(a): Heat Treatment Menu
Developed Software Phase -1

= Longitudinal Hardness Value

& Longitudinal Hardness Value

&, Determination of Method of Cooling Heat Treat... |Z||E|g\

Temperature Temperature iy

i Interruptedly cooled Tirme — Time o

L Not\nterrruptedly Caoled Hardness Value (HRC) Hardness Walue (HRC) 43.424

. Proceed | Cancel

| | Compute | Clear | Cancel ‘ Compute ; Clear | Cancel |
Phase 3(b): Heat Treatment Menu Phase 4: Entering the input Phase 5: Property Selection Menu

-1I Variables of Holding Temperature
(°C) and Time (minutes)

Phase 2: Data Entry Menu

In this phase, data necessary for computation or determination of an output is entered. Such data
include material specification and chemical composition as in menu. This also includes material
identification such as gray cast iron, or steel. However this software is only applicable to ductile
irons and will run only for this. In addition the chemical composition input must match that for
the material specified otherwise the programme will not proceed. There are some other
intermediate phases to be run before reaching this menu.

Phase 3: Heat Treatment Menu

After this, the property to be evaluated is selected by entering the variable inputs for the
determination of the hardness values of ductile iron of known composition after being subjected to
a given heat treatment.

Phase 5: Property Selection Menu

These concerns the output property desired to be computed using the model, which is hardness
value in this exercise. Once selected, the output or report phase is reached.

Phase 6: Computation/Report Menu.

This menu gives the final answer, which is the required hardness value for a ductile iron subjected
to a holding temperature of 180°C for 90 minutes after being quenched in warm water for 40
seconds. In this computation the hardness value is 43.424Rc and the structure will be martensite.
This is contained in Property selection men shown in Phase 5

Computer Requirements

The computer hardware that can used for the access and execution of the software should be of the
following specifications:
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i. Type: Personal Computer

ii. Pentium 2 and above or Laptop with at least 64 MB RAM,

iii. Microsoft Windows 98/NT/2000/XP and

iv. 64 MB and 512 MB hard disk free space.

v. The program has been tested and validated runs on computer systems of higher grade like
Pentium-3 and Pentium-4

6. CONCLUSIONS

Investigation of the suitability of warm water for interrupted quenching of ductile cast irons has

been found to be successful. From the results, the following results were established:

a) Martempered ductile iron was produced by the adoption of interrupted quenching in warm
water (cheap, convenient and safe to operate — compared to the conventional method in salt
bath furnace). The product (MDI) was found to possess unique high hardness values of 52.9Rc
at a low tempering temperature and holding time.

b) The microstructure developed is predominantly martensite, graphite nodules enveloped with
ferrite shells.

¢) A computer model was developed to predict hardness values of ductile irons subjected to heat
treatment by this process. This resulted in:

(i) establishment of model equation, Y = 62.504 — 0.079T(°C) — 0.054t(minutes), with a good
degree of correlation and reliability.

(ii) development of a computer software for theoretical evaluation of hardness values.
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