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Abstract
The paper outlines how experiments were carrigd@mdetermine the optimum chromium/carbon (Cr/C)
ratio that brings the required hardness of 65HR@ @mnestablish a quenching technique for the gnipdialls.
Matlab was also used to develop a mathematical hfod¢he ball wear rate and its cost effectivenkasing on
surface theory and volume theory. From the experiaieesults, the Cr/C ratio in the chemical conmms 18:2
gave the required hardness. Also water quenchedigg balls gave the required hardness. The matteahenodel
was validated for both volume and surface theomsig correlations of coefficients. The correlationf
coefficients for both volume and surface theorenesewd.9994 and 0.9985 respectively and are aledoaunity,
which shows that both theories provide good detorip of the way in which the masses of the ballsrelase as a

function of the amount of material milled.
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Introduction

In Zimbabwe grinding balls are produced from
scrap metal and are used as grinding media in gold
processing. For the production of grinding balls,
incoming scrap metal is segregated according to the
chemical composition. Visual inspection, bendingl an
sonic tests are used in grading the metal and these
methods do not accurately determine the chemical
composition of the scrap. As a result, carbon or
chromium is added to the metal bath after meltiog t
achieve the required hardness of the grinding balls
(steelmedia,2013).Variation in composition due &wr
materials used and heat treatment negatively affect
service performance of the grinding balls (Moem8&. ket
al 2009).The elements added (Carbon or chromium) t
correct the bath chemistry are manually mixed using
metal rods by stirring the molten metal hence unifo
mixing is not achieved since the heat emanating frive
molten metal disturbs the operators to perform the
mixing well. Therefore, it is difficult to achieve
homogeneity of the bath metal chemistry. The scrap
metal used makes it difficult to achieve compared t
ferro alloys (virgin metals which have never been
recycled). This result in most batches of grindbails
manufactured with a value of an average hardneS8$ of
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HRC far less than the expected value of 65 HRC( J.O
Agunsoye et al, 2011). Dirty, greasy and rusty fscra
contributes to slag in the ball castings. Some slag
remains in the metal to be casted causing gas ipptos
the balls hence lowering the hardness (Hisyamudet N
al, 2009). Analysis of the current production psxef
grinding balls in Zimbabwe showed that rust, gremse
dirt reduce the expected output metal by 24% byghtei
because they are removed as slag. The heat trdatmen
employed for the grinding balls in Zimbabwean
industries is normalizing. The process involves lih#s
heated to a temperature of 800, above their critical
point for 5 hours in the oven and then removed fthen
oven for air cooling in an open space. Generally ai
guenching has a tendency of causing premature iagack
to materials in which they quench due to its phaisic
properties such as heat flux, viscosity, and vajugi
temperature (Ruglic T, 1990). Air quenching has the
minimum cooling rate as compared to water andTdie
production of cast grinding balls has seven stepgtw
are segregation of scrap metal, melting, skimmingd a
degassing, sand casting, heat treatment, quenghmdg
quality control. The scrap metal is segregated ftbm
scrap yard and charged into the induction furname f
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melting. Molten metal is transferred to hand ladidgre

the degassing process is done. After degassing,isla
then skimmed off from the molten metal followed thg
casting process. After being casted the grindirts laae

then quenched, this involves the controlled coolfiga
metal from a high temperature to a cooler tempegatiu
facilitate the formation of the desired microsturet and
physical properties. Finally quality tests such as
metallurgical microscopic observations, experimenta
ball mills test, impact testing and hardness tests
carried to check if the hardness of the balls ihiwithe
acceptable hardness standards. Leakage, impact and
fatigue tests can be applied for some producediigun
balls as other types of quality control step. Thgctives
of the study are to determine the optimum Cr/Coratid
establish a suitable quenching technique for
manufacturing of grinding balls using scrap metaitt
gives the required hardness of 65 HRC.

the

M ethodology

The Taguchi method for experimentation was
used due to its emphasis of a mean performance
characteristic value close to the target value iwith
certain specification limits required for the grimg
balls, thus improving the product quality (Fraley2807)
In this research it was used as it narrows dowrstiope
of a research project or to identify problems in a
manufacturing process from data already in exigtenc
Experiments carried out

Experiments carried out were to determine the
optimum Cr/C ratio that brings the best hardnesgte
balls, the amount of slag for the charged scraahaetd
the effect of varying quenching technique to theamwe
resistance of the grinding balls. Measurement @& th
hardness of grinding balls was done with a hardness
testing machine. A mathematical model was also
developed using MATLAB 2010 to determine ball wear
rate for the grinding balls.
To determine the optimum Cr/C ratio that brings the
best hardnessfor the balls

The chromium/ carbon variations were done by
using ferro alloys with a maximum chrome content of
24% and carbon content of 2.5%. By using a weight
based charge calculation method different carbodh an
chromium levels were achieved. Trace elementhef t
chemical composition of the grinding balls wereoals
maintained at recommended concentrations. For
reliability the variations were then measured bmaxx
spectrometer
To determine the amount of dag for the charged scrap
metal

A BY 31 series Slag skimmer was employed as
it offered a safe, clean and efficient way to remadle
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slag. Because of its long arm, the operator issrpbsed
to extreme heat; hence there its less susceptitiit
accidents (Magnalenz, 2008). The frequency of
skimming was a once off so as to minimize the skingm
time hence maintaining the cast temperature.
The effect of varying quenching technique to the
hardness of the grinding balls
For experimentation a portable quench tank (2000

mm x 1500 mm x 1200 mm) was used for quenching.
The tank has two compartments, one for oil andother
for water quenching. Each compartment has a diam p
a screen in the bottom to catch scale and otheigior
matter, and a mesh basket to hold the grindingball
Mathematical model of ball wear rate for different
gradesof grinding balls

The mathematical model was used to show ball
wear rate and their cost effectiveness basing ofacai
theory and volume theory. The model was used te giv
predictions of ball wear and its cost effectivenéss the
surface theory the shapes of balls must remaintaohs
during the period of test so that the cube roahefball
mass will vary linearly with the tonnage of goldeor
milled. The steel consumption is established imt&eof
the model parameters, and simulations for the etita
change in the grades of grinding balls are to hmwvsh
graphically using MATLAB simulation software.
Modeling the grinding ball wear in milling

The conventional procedure employed in ball
mills illustrates the scale and cost of a test dina¢
measuring the durability and cost-effectiveness aof
particular type of ball. IM is the total mass of the charge
within a mill anddM/dt is the rate at which the balls are
consumed, the time constant of a mill is

9=-—0 (Eqn. 1)

T dm)dr

The ball charge used was 22 tones. The mass ofialate
milled is T hencethe ball consumption in kilograms per

ton milled becomes:
dM _ dmjdt

. (Egn. 2)
dt dT/dt
A tonnage constant' for the mill,,jcan be defined as

follows:
.M

T odmde (Egn. 3)
Since dM /dt is negative,,jis positive. The relation

between j and®o is:

R
Jm =0 (Ean. 4)

Where dT/dt is the mass of material milled per wfit
time; j, is measured in tons or; kilotons. The cost-
effectiveness of balls is measured by the use dfidex,

E, given by:

Jm
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= o
E=C dr] (Egn.5)
221 TheVolumeTheory
The volume theory states that:

4T
Where the proportionality constant, j,is called the
'tonnage constant' of a ball; j is measured in game
units as T. From equation (6),

m (T) = mexp (-T/j) (Ean.7)

From equation/ of the volume theory, after T tons of
material have been milled, the mass of a ball was

reduced by a factor af=* (e being the 'base' of natural
logarithms), so that m (j)= g&~! (approximately 37 per

cent of m). Also, if m and mare the respective ball
masses before and aftef fbns of material have been
milled, then j the tonnage constant, was given by:

J = i (Ean8)

The equations were later coded in MATLAB.

The Surface Theory
The surface theory states that wear rate is
proportional to the surface area, the formula iisten as:

% = bn* (Egn. 9)

Whereb is a constant, froriEqgn. 9), we obtain
m'=my-%b T ( Egn. 10)
The equations were later coded in MATLAB.

Results and Discussion

The results of the experiment are illustrated in
the sections below. These results assist in comimg
with improvements to improve hardness and qualfty o
the grinding balls.
Effect of variation of chromium carbon ratio on
hardness of grinding balls

The effect of quenching temperature on the
hardness of grinding balls is shown in Fig.1belde
hardness of grinding balls increased with the iaseeof
guenching temperature. When the quenching temperatu
reached 200C, the peak of hardness appeared. When the
guenching temperature increased further, the hasdne
decreased as shown from the graph. Hence the graph
shows that Cr/C ratio 18:2 (9) gave the optimum and
required hardness of 65 HRC at a temperature ofQ00
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Fig 1: Effect of quenching temperature on mechanical
properties of grinding balls

Amount of slag skimmed from the molten metal of
the charged scrap metal

Five heats were done and the minimum amount
of slag skimmed was 14 kg on heat number two aad th
maximum was 20 kg in heat number five. The amounts
of slag skimmed were all in the tolerated amounslaf
range of 15 — 20 kg as shown in figure 2 below
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Figure 2: Amount of slag collected as a function of the
number of heats

Quenching the grinding ballsin different media

Figure 3 shows that the air quenched grinding
balls had minimum level of hardness of 47 HRC, then
the oil quenched with 52 HRC, with the water quench
being the hardest with 65 HRC. Due to the sequeiice
hardness water quenched grinding balls had an geera
of 254 drops just above the required of 250, foddviby
oil quenched with 248 and lastly air with 200 drops
Water quenched grinding balls had the hardest.balls
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Number of drops of balls quenched in different media
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Number of drops before failure made by balls quenched in
different media

Results for volume theory to the wear data for Cr/C
ratio 18:2 grinding balls
In Fig. 4, the graph shows (ball mass) versus

the tons milled for 18:2 Cr/C ratio balls. It caa $hown
that the points were distributed linearly. The etation
coefficient is 0, 9985. The line is a least-squdite® the
experimental points and yields a value farmyof 8.3,
corresponding to px 4100 g. The reciprocal of the slope
of the line is the tonnage constant. For 18:2 G

grade of balls, the researcher found that j = 898 k

Fit B Vew et Tooh Dt Wndsw el

ida b SR0884-G 0@ sC

am = 5 least square fit to

k2 experimental data and
correlation coefficient of

= 09983

] 3 ] [}
a5 of matwsal mied

Fig Error! No text of specified style in documerfit of the
volumetheory to the wear data for Cr/C ratio 18:2 grinding
balls by a plot of mY3versus T

It can be concluded that the function

m (T) =1400 exp (-T/898) (
Eqgn. 11)

is a good description of the way in which the maka
Cr/C ratio 18:2 ball varies with the tonnage nuillby
the given mill.
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Results for volume theory to the wear data for Cr/C
ratio 18:2 grinding balls

Fig 5 shows the cube root of the ball mass
versus the tonnage milled, it can be seen thapdiets
are distributed linearly. The correlation coeffitigs 0,
9994. The line, which is the least-squares fith® data,
yields a value for gof 4100 g that is in agreement with
the known initial mass. From the slope of this eyrthe
following value for the surface-wear constant of
chromium carbon ratio balls was obtained:
b =3, 69 x 10g". kt-".
It can be concluded that the function
m (T)= (11.187- 1.23 x 1% (Egn. 12)
is a good description of the way in which the mats
Cr/C ratio 18:2 balls varies with the throughputtbé
given mill.

Conclusions

The grading methods of scrap metal used makes
it difficult to control the chemical composition ger
customer specification compared to ferro alloysgiwi
metals which have never been recycled). This raault
most batches of grinding balls manufactured wittalaie
of an average hardness of 36 HRC far less than the
expected value of 45 HRC. From the experimental
results, it can be concluded that the variation of
chromium/carbon ratio in the chemical compositidn o
balls affects the hardness. From experiments choig
water quenched grinding balls with Cr/C ratio 1&&1
the required optimum hardness of 65 HRC. From the
mathematical model of grinding balls, the kinetié$all
wear were considered, and formulae for the deperden
of the mass of a ball on the amount of materialediby
a ball mill were derived from the volume and suefac
theories of ball wear.
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