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APPENDIX 1

SOLUTION FOR THE APPROXIMATE TEMPERATURE DISTRIBUTION

WITHIN A MILL DURING GRINDING

It is possible to estimate the approximate
temporature distribution w.4 iin a vibratory ball mill
during grinding using a simple model, and measurement
of the outside wall temperature of the mill during
grinding, rfeesureu. ,its of the mill wall temperature
v.eve made with a Pye t >moprobe after the mill had
been in operation for 10 hours. The mean temperature
of 10 readings on the wall of the mill with the
instrument was 55°G, and the ambient air temperature
was 22°C; (several other readings were taken during
the course of operation of various mill Charges and
the mill wall temperatures were in the range 49
61°C) . It must therefore be assumed that a maximum
temperature cf about 60°C is achieved on the outside
of the mill during grinding. Assume that the

average ambient air temperature was 20°C.

Therefore 60°C - 140°F and 20°C - 68°F.

It was assumed that the heat from the
surface cf the -111 was transferred to still s-Ment

air at 20°C. The mill was assumed to be a

horizontal cylinder with the dimension, shown in

Figure 1.
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From the theory of convection for vertical

plates:

“here

natural

dhere

Where

Y * CXm

Y isthe Nusselt number

X isthe product of the Grashof and Prandtl
numbers

C is a constant

m is a constant which depends on the

nature of the fluid flow.

The coefficient of heat transfer by
convection is given by:

1/3
L = 0.19 At in the turbulent range

L B 0.29 “Atj* in the laminar range

At is the temperature difference between

the heated surface and still air.
L is the length of the heated surface (in
the present example the diameter of the

end pieces of the mill)

X = IT- n- tIlvs W - At*

H L3 At Z

by rearrangement (where a is a dimensionless,

group)
P is the density of air

y is the kinematic viscosity

(218)



g is the gravitational constant

0 is the reciprocal of the air temperature in

degrees absolute
& is the thermal conductivity of air
Cp is the heat capacity of air

Graphs of Z against film temperature (t*) are available

2) 1

from the literature.

In the present example, if the surfaces of
the mill are at 140°F, there must be convective heat

transfer to the still air.

(a) Consider the heat transfer from the vertical end

pieces tp W 140 + 68 WM 104 -564° absolute

From tg N 564 absolute 2Z2*1.4 x 10* and the
height of the plate is 3".

x 72 x 1.4 x 10*

e 1.58 x 10®

This indicates the laminar range

- 0.29 x 4.12
« 1.20 3tu hr-1 ££-2'8m 1
Therefore heat lost from the end pieces - Q1

Where - 2x1.20 x

e 2150 cals/hour



(b) Consider the heat transfer from the horizontal
circular section of the mill.
tf « 104°F thus the allowing data is

obtained from standard tables”

air - 0.00219 slug £t"
Uair » 0.00146 slug ft-3 hr"l
Cp * 7.8 3tu slug"l (°F) “1
's - 1/(460 + 68) « 0.001895 ,OF)-1
g = 32.2 (3600)2 ft hr~* which is the
gravitational constant

Ngr * the Grashof number - fo3 p2gqg AtjE2.11 x 107
L u2 J
Where 0 is the length of the mill M 0.54 feet

nPR “ the Prandtl number * J*pJ ™ 0.695

Therefore Wgr. NpR * 0.695 x 2.11 x 10~ W 1.47 x 107
Therefore log (Wpp.WQR) e 7.167

Thus referring to standard tables log WNni - 1.450

Where N”m is the Nusselt number

Therefore NNm * 28.0 3ufc ~
Therefore h = 28.0 x 0.0157
0.54
Therefore h = 0.82 3tu hr ft 2 (P

Thus the heat 1lost over the circular portion of the

mill is:
n, = 0.82 x rx 3_ x 0.54 x 72 Btu hr
12
= 24.1 Btu hr-1
Thus the total heat lost from the mill Is * Qa

o3 . 24.1 t 8.5 - 32.6 Btu hr'l - 6210 calorl.s

per hour.



It has thus been established that the total

flow through the walls of the mill during
grinding is 8210 cais hr*. Thus it should be possible
to obtain an approximate temperature distribution
inside the mill provided certain simplifying assumptions
are made which render the equations soluble. For this
purpose consider only a circular section of the mill
with a heat generating source representing the balls
as a cylinder around the centre of the mill. Assume
that the cobalt powder is in the form of an annulus
with the acetone liquid occupying the intervening
spaces. Assume that heat transfer from the balls to
aceton-s, acetone to the cobalt powder, and acetone
to the mill walls occurs only by convection. Thus

the physical situation will appear as in Figure 2.

Let the various sections have the dimensions
shown in Figure 2, and let tha temperatures be as
indicated. Assume tg (the internal temperature of

themill wall) is the same as that of the outside

wall asmeasured, i.e. 140°F.

Therefore the flow of heat for the circular
(2)

section is:

q2 2irr2 h23<*2 " t3) L

= kCo . L (t3 -t4)/1n (ry/r2)
=2 *r4 hds (t4d - t5)

where kCo 1- the thermal conductivity of cob.lt.

(221)
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The grinding balls would occupy 2000/(14.5 x 0.7) cc

B 195 cc# where 2000 g is the weight of the grinding
balls
14.5 g/cc is the density of the balls
0.7 is a factor to allow for the total
ball volume assuming closest packing
of the balls

Thus 195 « ilri“h

r*2 » 3.8 cm2

Therefore = 1.95 cm * 0.0642 feet

Assume that the cobalt is in the form of
an annular cylinder, which is situated such that the
centre of either annular region coincides with the
mid point between the outside of the balls and the
diameter of the mill, i.e. (3.80 - 1.95)/2 cm from
either 0.D. of the mill or from the outside of the

heat generating source.

Assume that the cobalt powder had an
effective density of 5 g/cc; therefore 500 g cooalt

has a volume of 100 cc.

Assume Hhat the cobalt annulus is 2 5

thick, thus volume of

Cobalt
- * x 6.5 x 2.54 ((2.87 + 5)2

- (2.87 - 6)2}

Thus 6 B 0.175 cm

(222)



Therefore referring to Figure 2

ri * 1.95 cm

0.0642 feet

r2 = 2.69 cm = 0.0882 feet
r3 W 3.05 cm B 0.0991 feet
*4 = 3.80 cm = 0.1240 feet

Therefore in order to evaluate the
temperature distribution work from the outside towards

the cent re.

The convective heat transfer coefficient

is approximately given by hc = = 0.5 %

.there OD is the mill diameter in inches
Therefore Q2 * 24.1 hc A(t4 - tj)

.there A is the surface area of the cylindrical
portion of the mill

Therefore (t4 - t5)5//4 * 151

Therefore t4 - t3 H 55 F

Pherefere t2 * 140 + 55.0 = 195.0 F

-1 ft-2 (OrF ) -1
kCo for cobalt is 41.6 dtu hr

Therefore t3 - t4 = 0.022
Therefore t3 = 195.022 F
Therefore t3 = 272.52 °F

Thus 3 temperatures W%EH%H the mill have been

established.



t2

t

ts

)

@2)

(3)

(P - 32?7

272.52°7 240.52

195°F 163.0

140°F 108.0
REFERENCES

M. Jakob and G.A. Hooking -

134

91

60

EUmtnf of H»at

Trane far 3rd ed (1967) John Vtley and Sone

p 128.
U.H. Mao Adame
Hill (1964).

Referenoce (1)

- Heat Tranemieeion

Chapter 9.

(224)
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APPENDIX 2

CALCULATION OF THE KINETIC ENERGY LOSS OF TNG IMPACTING
W e
SPHERES

The collision of two non-rotating bodies at
a point on the line connecting their centres of gravity
is defined as central impact. This process Is
illustrated by the impingement of two sr.ooth translating
spheres as shown in Figure 1. Assume Vr is the common
velocity at the end of approach
Therefore by conservation of kinetic energy

Vn = (ml V1x0 + m2V 2x0)/(ral + m2)
The normal impulses P'n and P2n £°r the approach and

restitution periods are given by

pPln = ml (vlxo " V "'m2 (vn ‘' v2xo>
P2n - ml £fVn - vixf> “ m2 (V2xf * Vn)

3y definition of the coefficient of restitution (e) ;

e = P?.n = <w2xf " V1xf)/(Vlixo " V2xo)

“in
Hence the final velocities may be calculated

The change in kinetic energy is given by

4 mivixf2'"Hi Vtoo - ar

Therefore 6T = t *1**2) (1 ' e2) (Vlixo V2x0)

(mA+»24



II

FIG. NO. L

IMPINGEMENT OF TWO TRANSLATING SPHERES



The coefficient of restitution (e) was determined
by dropping a round hard metal grinding ball onto a 10 %
cobalt hard metal disc (which was 1 cm thick) from a
height of 50 cm , The rebound height h* was measured
with a metre rule mounted on a retort stand. The h*
values obtained were 31.5, 32.3, 30.8, 32.6, 31.9, 30.7,
31.4, 32.5, 32.5, 32.9, and 32.4 an. yielding an
average of 31.91 anm.

Therefore e” « h* where h * 50 one
™
- I;11.91
“55
« 0.638

Assume tiiat during grinding a 6 mm ball travelled
up the mill wall such that its final position was 30°
clockwise from the starting poin(f;) Assume that the ball
dropped from this position and collided with a stationary

ball at the bottom of the mill. The velocity of impact

would be 114.60 cm per sec. The hard metal ball weighed

30 g

Therefore the kinetic energy loss will then be

1 900 (0.362) x 114.60 x 981 a»-dyne» (.19.)

601 4
- 8.12 x 10 ergs

« 8.12 x 10-3 joules”*

REFERENCES
(1! impact by V. Oolicmith - Eduard Amald Lender, J>60 p «
<i) Bardnatal. ProductionTechnology hc.arch

USSR ad. Bathkirnv p.rgmonhaPt,r '

(726)



APPENDIX 3

CALCULATION OF THE MAXIMUM PRESSURE BETWEEN TWO

IMPACTING HARD METAL GRINDING r&t.t.g

From the Hertz Law of contact and Newton'i
second law of motion the following expression may be
derived for the maximum compressive pressure between
two colliding bodies undergoing an elastic collision

at the instant of zero relative velocity:

rhere Pm, is the maximum pressure
VO is the initial relative velocity

2
61 is 1 - 01 for body 1

T Ei

is Poissons ratio for body 1

(]
1
is Young's modulus for body
El
is 1 -9-2 for body 2
62 — re;
ml is the mass of body 1

m2 is the mass of body 2

R1 jg the radius of body 1

R2 is the radius of body 2

(227)



Assume the example in Appendix 2, where a
ball faxis vertically onto a stationary ball such

that its velocity is 114.60 cm/sec immediately before
impact;

)
a for hard metal may be taken au 0.21 (2)

E for hard metal may be taken as 6.45 x 1012
dynes/cm2 (6,45 x 1011 N/m2)
The grinding balls are 6 mm in diameter and weigh 30 g
therefore

Pm - 0.2515 (114.6012 JF 30 x 3011 0.61
xTS'48H ™50 —

therefore Pm - 2.305 x 1011 dyr-s/cm2 (2,305 x 1010

N/m2)

Using Tabor's theory the maximum compressive
stress per unit area on a stationary cobalt particle

of radius 1ly produced by an impacting ball is given

approximate ly by

where PO is the dynamic flow pressure of cobalt (which

is assumed to be constant during the collision)

R is the radius of the hard metal ball

* - VO / m —
a/ 2 i RPo

where Vo 1. the rel.tlv. velocity of the two bodl.e i»

collision

m i. the mess of i%ectln, jrlndln, bell

(228)



If P© 18 a*-*umed to be 50000 p.e.i., then

eubetitution shows that Pc is 1.63 x 1015 dynes/ca2
(1,63 x 10~* N/m”) compared to a compressive yield
strength for cobalt of 2.95 x 10* dynes/cm2*

(2,95 x 10 N/m2). The yield strength is the boundary
between the elastic and plastic regions. It must be

assumed therefore that cobalt is plastically deformed

during grinding.

REFERENCES

(1) W. Goldsmith - Impact Arnold (I960) p 90.

(2) G.D. Blumenthal M. So thesis - University of
Uitwatersrand (1969).

(3) D. Tabor - The Hardness of Metals O.U.P. (1951).

(4) Cobalt Monograph - C.I.C. Brussels '1960) p 94.



APPENDIX 4

DERIVATION OF THE ENERGY OF FORMATION OF A MONO-

VACANCY IN COBALT

According to the thermodynamic theory of
Me Lennan, the energy required to form a mono-
vacancy in a metal is giver by;

Eivf - 8*W ~3S (1)

where E*** is the energy of formation of the mono-
vacancy
~ is the radius of the spherical
cavity to be formed
W is the shear modulus of the metal

6 * UgA

where UQ is the displacement of the radius of the

cavity
This equation was derived assuming: the
metal is a spherical elastic continuum; a small
spherical cavity of volume V - 4 rV is cut from

the centre of the metal, removed and redissolved
reversibly in the bulk of the metal. An equation
of state for the solid is assumed and by application

2) *

of Maxwell's equations E1V » derived.

An approximation is made for the

displ.cement UQ by u.l»» «e»

»d the equ.tlon of ¢ » « f=r th. .olid.

(230)



The equation of state for the solid used is:

V =V0(l + B - p)

K
where * is defined from dj = 38
d1
where g is the linear thermal expansion coefficient
T is the temperature
This leads to
6 = 3K AV (21

o3
Where K is the bulk modulus of the metal
AV is tne dilation of thesolid resulting from

the displacement.

The formation volume Vivf of a monovacancy
(a fraction f of the volume 0 of the solid per
atom) has been measured for a number of metals,
f values lying between 0.47 and 0.55 have been
found. (For cobalt it has been assumed that
f = 0.50, although as is shown later this renders

a solution insoluble).

AV can be evaluated in the following wa* e
The formation volume is the sum of « and AV: 1.
Where AV rel.is the negative macroscopically
observed relaxation

Therefore VIV* « S + Av rel

The actual relaxation AV of the lattice 1. the .u»

of AV rel. and the difference between the volume,

of the relaxed vacancy Vv and CL



Therefore AV - n - Vv ¢ AV rel

- vrwvEt " Vv

Now the arbitrary aeeumption la made that the
volume of an atom is 4*%* 3/3 where =% is the
Goldschmidt radius of the atom. Thus the volume
of the relaxed vacancy is

4w/3(~a - UQ)3
and Vy B 4ir (a3 - 3\a2 UQ + S-vat”*2)
Experiment;lly VIV* is the fraction f of the
volume per atan; in an f.c.e. lattice the volume

per atom is 4 /Tva3

Therefore &V * 4 /% 'va*f - (~a3 - 3 D*a2 ¢ 3wal0"®)

or AV H 4w fl3|| 71y + * J
Therefore using equation (2)

X62 - (X - 1) 6 ¢ X 19 e 0 —————————- £
Youngs modulus is related to the bulk modulus as

(3)

follows
E - 3X (1 - 20)

Where E is Youngs modulus equal to 2.10 x 1012
dynes/cm”* at 298°K for cobalt
K is the bulk modulus
0 is poitson's ratio whidi has a
value of 0.32 for cobalt according
()

to Koster

Therefore K - !.»« * dyne./*2

(232)



Young s modulus is related to the shear modulus (y)

(3)
by the equation

E» 2y (1 + o)
Therefore y - 0.798 x 1012dynes/cm2
Therefore X | 1,84
Assuming X * 1.84 and £ * 0.5 equation 3 becoues

1.845 6*%- 0.8456 + 0.198 » O (4;

Equation (4) has no solution with f equal to 0.5
f must b6 * 0.74 in which case 6* 0.228. The
insolubility of equation (4) must arise from
uncertainties due to anisotropy in the wvalues of

Young's modulus and Poisson's ratio.

However a value of 6 may be derived in
another way. From the continuum theory of point

(6)
defects developed by Eshelby, it can be shown that

6 - /%(!' - £ <51

Assuming £ - 0.5, equation (5) yields a value of

6 - 0.146 or 14.6%. The radius of a cobalt atom
is 1.157 OA*; in metals there are ions and it is
realistic to take as the radius of Co2+ which is
0 .82°A.f*"Therefore substituting in (1) assuming

Eshelbyls method for 6 and-% - 0.82°A yields:
23

tnn ac v 4nillea/a atom)

(233)



(1)

(2)

(3)
(4)
(6)
(6)
(7)

(8)
(9)
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APPENDIX 5

CALCULATION OF OXIDE FILM THICKNESSES PRESENT ON

THE COBALT METAL POWDER PARTIClES PRIOR TO MILLING

Assume there are n spherical cobalt particles in 1 g

The measured specific surface area is Sg m2/g

The powder contains y % of oxygen which is

present as cobaltosic oxide,

r is thti radius of the particle including the

oxide layer.

Y is the thickness of the oxide layer.
Therefore n 4 irx2 M SB . (D
Weight cf oxide layer * 4 wn (r3 -tr-y) 31X 6.07 g

(where 6.07 g/cc is the density of CojoO* .
Therefore 4im (r3 -(r- y)3} X 6.07 X 64"~ -

i— ————m—————

Therefore Jlim 3 x + ~ *
X36.07 - 1 - === (3)
(Where 8.8 g/cc is the density of metallic cobalt).
By substitution of (2) in (3) (r-y) 3 may be
obtained as a function of n- The value of r in
terms of n may be substituted in equation 1. Thus

knowing S, and y, values of n, r, and v - Y

obtained.



Using the equations in Appendix 5 the
following oxide layer thicknesses on each spherical
particle were calculated to be present from the

measured oxygen contentst

POWDER THICKNESS (°A)
Hoboken powder 84
Hoboken preannealed powder 43
CP - 6 37
CP - 6 preannealedpowder 32
Cp - 10 54
Pure hexagonalcobaltpowder 39

Assuming that all the oxygen was
associated with the hexagonal fraction the oxide
thicknesses on each spherical hexagonal particle

would be as follows:

POWDER THICKNESS (°A)
Hoboken powder ~
Hoboken preannealed powder 51
CF - € 140
CP - 6 preannealed powder ~

ISO
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CALCULATION OF THE HAGNETOSTATIC ENERGY OP AN

ASSEMBLY OF PARTICLES

Consider an agglomerate formed of
cobalt metal particles of radius a and magnetisation
M packed in a agglomerate with face centred cubic
packing as shown in Figure 1 with the directions

of the magnetic momenta as shown.

The field due to a dipole of moment
m is given in terms of its radial and tangential

components by:

2m Cos 6 H- Vo . *
6 TF rJd

We can resolve these into a parallel direction

so that @2 cos20 - sin26)

MP.ABRST NEIGHBOUR. INTERACTIONS

These are points at
4 sites at 6 * 90 r

the cube corners



V)



For points at the face centre ¢osItion pair off as

a/2 (Symmetry dictates that
only axial component Is
non zero)

Hy Fe

For one dipole H_ M 2a a/2 2 /7
*r a/75

This resolved along axis Is h' * 2m 2 .1 Hm 2/7

s 73 75 T W5

There are 4 such units yielding a field along the

axis of H2 « 4 (H, + 8J) - 4m (2/7 - /7) - 4~7, m
lira3 a3 7;

There is an additional interaction such as:

e MW 135
/
u
He' - 1/Z2. %
Therefore H
3 va3
Therefore H3 - H

herefore for the fi.:st met of nearest neighbours
ield is axial and of magnitude H* + H3

m . 1le6/7?

(238)



SECOND NEAREST N1IGHbOURS

There are 4 yielding H N -4m

hraJ
1l at e * 0 Therefore H2 B 2m

4?aj
1 at e * 90° ThereTo ' H3 ’m

Thus due to second nearest neighbours

a2 m Hi + H2 + H3 B O

THIRD NEAREST NEIGHBOURS

There are 24. |Cos e| - %/ /J/2 -1 and r N /I7%ﬂa
"5

There will be 16 contributions of the type

m (3 COS26 N1
iTir3 ,
Therefore H, * - 16/7 . m

1 -TTXP-TH
There will also be 8 with cos 6 m 1 *x /772

7575
Therefore H2 ™ le 77 _.
3 /3 ad -lﬁr

Therefore #3 = H* + H2 " 0

FOURTH NEAREST NEIGHBOURS
There are 12

r * 77 a

4 with 9 m 90°

There fore H W -77 .
1 -%r

NI}

8 with 6 m 45°

Pherefore H2 B 72®

(239)



Therefore h4 =0

FIFTH NEAREST NEIGHBOURS

There are 24 with r /ID" a

2
8 with e W 90°

Therefore H, = -64 e (m)
/10.100.3 H U

16 with Cos e=1

715
Therefore H2 - 89.6 ( m)
7I07T50a3H U
Therefore 153.6, m

lob/lo a 37

SIXTH NEAREST NEIGHBOURS

r = /7 a Cos e 1
75
There are 8
Therefore H 8m (3 cos2 0-1) =* O
4%a-

Therefore flg 0
Thus up to including the Sth nearest neighbour
interactions, the internal field will be

6
i 17.75m

a
(6) Trra3

-hus if particles of radius a (metres) and
tagnetisation M (ampere turns per metre) are
:onsidered the binding energy will be

u -17.75 W M2v2 joules
s ¢ o

since m = Mv (v = volume)

H+M

terefore U = -31.6,10

(240)



SPECIMEN EJACULATION

Consider a particle with 2\i diameter

Volume of particle W 4ir.(1 x 10"4)3 cc

Mass of particle B 4tt(l x lo“4)3 x 0.8 g

At 20°C pure cobalt has a magnetisation of 161

(1)
gauss/g or 161 oersted/g

Therefore Magnetisation - 4w (1 x 1l0'4)3 x 8.8 x
3
161 oersted
- 4ir (1 x 10-4)3 x 8.8 x
3 (i)
161 x 79.58 amp-tums
metre
Therefore U * -31.6 x 10 ~ (* x 10 *)3x
{£2r (1 x 10'4f x 8.8 x 161 x 79.58}%

- 6.5 x 10~36 joules

REFERENCES

(1) Cobalt Monograph Centre du Information du
Cobalt Brueeele I960, p 95.

(2) 1l Jereted&B.S8 amp tume per metre.

(241)



APPENDIX 7

THE MAGNETIC BINDING ENERGY OP A COBALTOSIC

OXIDE AGGLOMERATE

Although CO3C . as no permanent

moment it has been estimated that the induced
(v
magnetic moment is about 3u per molecule,
which corresponds to a magnetisation of about
1)

0.06 e.m.u. per g.

Assuming a model similar to that for

cobalt, but composed of Co”O* the binding energy

may be calculated for a particle of 2u diameter.

Volume of particle - Jhj (1 x 10"*) 3 c.c.
Weight of particle

T

6.07 g
Magnetisation « V (1 x 1074}3 x

6.07 x 0.06

* 4% (1 x 10"4)3 x
3
6.07 x 0.06

ICT3

Amp turns per metre

.. -31.6 x 10"7 (1 x 10%*
Binding energy

4% (1 x 10'4)3 x

[1%07 x 0.06 ;

7r28 x io~54jlguiffc

(1)  U.L. Roth V. Phyeioce C°XK&m:
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APPENDIX 8

STEFAN'S FORMULA

If two surfaces are inane sed in a
fluid appreciable viscou? forces may be involved
in pulling the surfaces apart. As the surfaces
are separated the liquid must flow in to the space
between them, and a large force may be required

to separate the two surfaces in a short time.

Very large forces will be required to
separate parallel surfaces which are close together
Consider two flat circular discs completely
immersed in a Newtonian fluid of viscosity n,
as shown in Figure 1. Stefan showed that the
force Fa required to pull the surfaces apart
from an initial separation hx to a final separation

h2, in a time t is given by:

(243)






APPENDIX 9

METHOD USED FOR THE DETERMINATION OF THE COBALT

CONTENT OF ACETONE USED AS GRINDING FLUID

25 ml aliquots of the samples were
evaporated to dryness; 3 ml 50 % HgSO* and 1 ml
concentrated HNO3 were added and heating continued
until tuning. The contents of the beaker were
transferred to a 100 ml Volumetric flask and made
up to the required volume with distilled water.
An aliquot was taken and neutralised to phenol
phthalein with 25 % NaOH. 2 ml Spekker acid,
10 ml nitroso R salt solution and 10 ml sodium
acetate solution were added to the solution. The
contents of the beaker were boiled vigorously for
l1h minutes, and diluted to 100 ml. The cobalt
was measured spectrophotometrically at 520 my using

a standardised cobalt sv’ ce solution for

calibration.
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