
Certain eeaaurenents ..re net carriea out on „u
the powders and specimens:

(1) The specific surface areas ef the hard metai
powders were measured on only three of the four
samples.

«> The specific surface areas of the leached carbide
samples were measured on only two samples of the
four removed after each milling time.

(3) The magnetic saturation was measured on only two 
pressed powder samples removed after each milling 
time. The results cannot be regarded with 
accuracy because of the "softness" of the material, 
and the tendency for the surface of the powder to 
be removed during the handling operation.

14) At says were carried out on two of the samples of 
each set of four. (By measuring the properties of 
several powder samples, a measure of the spread 
in the data could be obtained.)
No lubricant was added to these powder samples prior 

to pressing? small quantities of milled powders would 
have had to be waxsd manually in a beaker on an electric 
hotplate, and uncontrolled oxidation could have occurred. 
Furthermore, in such an operation the wax is not easily 
dispersed, and this can result in porosity and other 
irregularities in the sintered product. Since no 
lubricant was added, and no machining operations were 
to be carried out prior to sintering, the pellets did 
not have to be preheated. This offered certain advantages:
(1) The coercivity of the material would not be lowered
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h ,lntetlng- !■ reduced during

Th0re£°te r*1*tl°"*hl-  l i v i n g  _ rclvlty „ l t h

the other paraTOt.r. p.th,p, ^  ^
found.

(2) Although the oxygen content of the powder, would 
be reduced by reaction with the hydrogen during 
preheating, the influence of this variable would 
be more clearly seen if the oxygen content vaa 
higher, as it — - with the powders.

(3) The carbon level of the material would be altered 
by preheating. If the powders were pressed and 
sintered directly, the carbon content of the 
material would be the same as that of the powder 
removed from the mills.

The main disadvantage of not preheating the compacts 
prior to sintering was that the pellets tended to be soft 
and powdery, which reduced the precision with which green 
density measurements could be made.
6.5 Results.
6.5.1 Qualitative Observations from the data.
(a) Immediately apparent from the data in Tables I -

VIII is the effect of the initial cobalt powder
on the sintered density of the hand mixed specimens.
The samples sintered in hydrogen at 1,370 from
charges (i) - (iv) (made with the Hoboken cobalt)
had sintered densities in the rage of 14.43 - 
14.50 g./cc.j whereas the samples from mills 
(V) - (viii) (made with the CF-6 powder) were in



the range of 13.46 to 13.63

Microphotographs of the
•63 g./cc.

of the cobalt powders.

e. as milling
proceeds the differences in sintered density, 
when using cobalt powders from different sources.
become smaller.

(b) Using a sintering temperature of 1,480°C, and exit 
gases with a low dew point resulted in lower 
sintered densities compared with those obtained

effect of the variation in sintered density with 
sintering temperature, discussed in Chapter 5.

gases with a high dew point resulted in a 
considerable decrease in sintered density and 
magnetic saturation, compared with the specimens 
sintered at 1,480°C with a low dev point of the 
exit gases. The water present in the sintering 
atmosphere must consume carbon and interfei 3 with 
the liquid phase sintering process.

at 1,370°C. This is the well known buc unexplained

(c) Using a sintering temperature of 1,480°C and exit
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(d) Total carbon variations of U]
4 i* as a- %_

of UP to 0.051 were evident

corresponds
with an equivalent total carbon content for the

(e) All of the sintered specimens were examined for 
the presence of eta phase and free graphite.
Neither phase was present in any of the specimens. 
The lowest magnetic saturation found ( n o  units), 
was in the series of specimens sintered at 1,480°C 
with exit gases of high dew point. Suzuki et al.(4J 
in their work on 101 cobalt alloys reported that 
eta phase started to form when the magnetic 
saturation was 154 units. However, special care 
was taken with the micio-examination of the 
specimens with magnetic saturations in the 140 - 
150 unit range, with respect to the presence of 
eta phase, but none was observed.

(f) of all the data shown in the Tables, the free 
carbon assays showed the largest proportional 
variation* in acne cases this was between 0.03% 
and 0.13%* these variations in free carbon may 
possibly be ascribed to a catalytic influence of

carbide phase of 6.09% to 6.25% for a 10% cobalt
alloy.

(193)
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A decreaae ln —  ~  „ w t l e  .ituraUon 
eVldent ln 111 " t h  Incre.tlng mining

time. This is due t„ the no„-Mgnetlc ^ , 1 ,
- I d .  present; however, the direct correlation 
between magnetic saturation and oxygM  i, ^

(h) On. parameter measurement which did not yield
satisfactory duplication of th. results In all
cases was that of the specific surface area of
the leached carbide. Agglomeration with all
fine powders is a problem that has to be
considered; reliable de-agglomeration prior
to measurement is a necessary pre-requisite for
all powders. The forces causing physical
agglomeration may be listed as follows:
(1) Physical adhesion.
(2) Capillary forces (in the presence of 

moisture or entrained milling fluid).
(3) Electrostatic forces.
(4) Magnetic forces.
(5) Cold weldinj.

There are various methods of de-agglomeration 
including dry rubbing, wet rubbing and ultrasonic 
dispersion. The latter is the best and the most 
satisfactory when particle size measurements are 
carried out in a liquid. It also avoids problems 
associated with incipient grinding.^ Thus any 
particle size measurement will be a function both
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e povd« under etudy. „ d the method of

pronounced .„l«eretlon tendencl... compute 
d...„lomer.tten U  phy.leaUy ^ . . u u ,

Att*mPt* mUet he mea. to find .
reproducible- state of p.rtl.1 de-epylomeretlon. 
Here, where the rmeovel of the cob.lt from the 
carbide entailed leaching with hydrochloric acid, 
followed by repeated centrifuging until neutral 
with litmus, followed finally by drying, the 
powder, were lightly crushed in a mortar with 
a pestle prior to measurement. It can be seen 
from the tables, that the reproducibility 
between the two samples studied became worse 
as the particle size decreased i.e. the finer 
powders had a greater tendency to agglomerate. 
Little evidence of zons*-formation due to 
overmilling was evident in this experiment? 
the largest decrease in density with increasing 
milling was (for the specimens sintered at 
1,370°C) 0.05 g./cc. As has been pointed out 
in Chapter 5, the influences of overall ling 
become less as the cobalt content is reduced; 
nevertheless some slight evidence for the 
overmilling effect was discernible in this 
experiment.
One aspect of this experiment which could be 
open to criticism is the use of an optical 
microFcope for the quantitative metallography;



(k)

:  r  "  ^  r^roduclbl.
°“  ^  -y o p e r . ^ .on the . « .  fl.W. m  „

countin, techniquee/*0-1 a. h.„ ^  ̂
by =xn.r „ „  n.chn.1.,^/»JJ th. ^
tungsten eerbld. .mpl.. of only ^

ditrigonal-bipyrsnidal crystal type with an^lar 
corner., and not th. so called „l (ncn-r.cry.t.lli.ed 
round grain.,, „ d  the a, (r.cry.talli..d grain., 
type., a. was previously .upposed. All .,,otron 
microscope .tudie. of sintered cemented carbide 
samples indicate that all th. grain, have been 
recrystallised during the course of wintering.
It has been stated ̂ ^that all the grain shapes 
observed in sintered carbide micro-structures 
can be interpreted as sections of the grinding 
plane with ditrigonal-bipyramidal crystals with 
blunt edges.

It was found in this experiment that the 
grain size could be counted satisfactorily on an 
optical microscope with no necessity for the 
preparation of replicas of the carbide surfaces.
The smallest average carbide grain size found in 
these specimens was 2.01 y which is amenable to 
measurement on an optical microscope at 1500 
magnification.
As was noted above, the major disadvantage of not 
preheating these specimens prior to sintering was
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of th. specimens; this i. _ fltMd by 

scatter in the green compact densities of op to
0.1 g./cc. on a set of four compacts removed after 
the same milling interval. Ncte-orth, is the 
manner in which the pressed density varies with 
the milling time for the various alley mixtures 
made with carbide powders of different initial 
particle sizes; the data also show that the 
source of cobalt powder influences the pressed 
compact density - the CP-6 powder yielding 
slightly higher pressed compact density values 
than the Hoboken cobalt mixtures for the shorter 
milling intervals. Except for batches (i) and
(v) , the data show that the Hoboken powder mixture 
compacts reached a maximum pressed density after 
80 hours of milling, whereas the compacts prepared 
from the CF-6 cobalt powder reached a maximum 
density after 40 hours milling.

In general, the data in Tables I - VIII yield 
a measure of the spread encountered in the property data 
for the cobalt - tungsten carbide hard metal system.
6.5.2 Quantitative Relations obtained from the data.

The linear correlation coefficients Ir = 1/N . 
(where there there are N observations and a£ and oy are, 
respectively, the standard deviations for the * and y 
values), for the Individual relations, between all the

lu-t) (y-y)
axay
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parameters measured, are summarised in Table ix it

p S S S E
tT Ot ti0°' ^  the l*“ «  * —  P-ltlv. u „ . „

association b.tTO.„ tb. variabiaa. it i. i ^ rtMt to 
this -int. a. for the equation „ - , 2. , le equal to .arc, 
although there i. a perfect functional relatlonahlp beteeen
y and a* .

In order to teat the significance of the correlation, 
obtained, student-s t value, were calculated for each of 
the correlations, the t values obtained are summarised 
in Table X, and the significance of the relations was 
obtained from standard statistical tables. In Tabie X 
the following symbols have been used to indicate the 
levels of significance:
(a) where there was no significance = N.S.
(b) between the 5% probability of significance and 

the 1% probability of significance z P.S. i.e. 
possibly significant.

(c) between the 1% probability of significance and 
♦ he 0.1% probability = S i.e. significant.

(d) larger than the 0.1% probability level = H.S. 
i.e. highly significant.

The following observations from the data are

noteworthy:
(a) Inter-relations with correlation coefficients

greater than ~ 0.90.
r values of 0.90 or greater indicate a high
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probability of lln.ar ...ocl.tloa, „ d the tollovlng 
ralatlon. in Tti.1. ix ln thl„

(i) The relation between milling time «md specific 
surface area of the milled hard metal powder, 

(il) The relation between density of the sintered 
COftpact and its Vlcker, hardness for the 
specimens sintered at 1,370°C and l,«ao°C with 
a low dew point of the exit gaues.

(iii) The relationship between sintered coercivity
and milling time and between sintered coercivity 
and specific surface area of the milled hard 
metal powder, for the specimens sintered at 
1,480°C and 1,370°C with a low dew point of 
the exit gases.

(iv) The relationship between dwc and Sguc.

The following comments apply to these 
relationships:

In Chapter V it was shown that the relationship
between specific surface area of the hard metal

2 2powder and the milling time was S - So - kt. 
However, the relation between S and t is a form 
of Rittinger's Formula (i.e. S - So -t), which 
was shown in Figure 5.17. The correlation 
coefficient for the data shown in Figure 5.17 
for Rittinger's Rule is 0.94, which is similar

to the values found here.
Sintered density and Vickers hardness, as 
porosity 1. eliminated and the Incidence of
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(ill)

cobalt pooling l, reduced so tb. hardness of
a hard metal compact I. Increased. This was
noted In chapter V. The result, obtained she
that this relation Is approximately linear over 
the range studied.

Sintered coercivity and specific surface area 
( >d sintered coercivity and milling time): 
the results show that with a wide range of 
grain sizes and grain size distributions, an 
approximately linear correlation exists 
between sintered coercivity and specific 
surface area of the hard metal powder provided 
the samples are sintered together under ideal 
conditions (i.e. low dew point of the exit 
gases). The results for the specimens sintered 
at 1,370°C are shown plotted in Figure 6.3. It 
is important to emphasise that the samples were 
sintered together as in a previous set of 
experiments,111 ̂ where a set of specimens, 
which had been prepared from powders of the

composition but milled for different times 
sintered in different runs, under the same 

nominal conditions, the correlation was poor 
( r = 0.36). This indicates that the sintering 
atmosphere has very important consequences on 
the inter-relations between properties.

The inter-relation between sintered coercivitj 
and milling time is so, because of the inter 
relation between specific surface are. and

same
were
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mlllirq time dl«cu..ed ln (l)
(iv, The relationehlp bete... ^  „ d thl„

.. expected, for e. the gr.i„ ,lze i. rtiuced, 
eo the .pacific eurfeoe of the carbide ph..„
i. increased. The deviation, fro. p.r,.ot 
linearity must be aecribed to the errors 
involved in quantitative metallography on an 
optical microscope.

The significance of (1) - (iv) are confirmed 
by the data in Table X.

lb) Inter-relations with correlation coefficients 
less than - 0.10.

In this category are relations where there is 
no linear correlation at all or another perfect functional 
relationship between the variables. The following inter­
relations fall into this group:

(v) The relation between milling time and the carbon 
content of the powders.

(vi) The relation between specific surface area 
and the carbon content of the powders.

(vii) The relation between the powder coercivity and 
the cobalt content of the powder.

(vlii) The relation between total carbon and free carbon

of the powder samples.
<1„ The relation between free carbon and cobalt of

the powder samples.
(x, The relation between aintersd ben.ity

surface of the binder phase ln the
sintered compacts.



M  1 "! w I— 1_

1X11 ^  reUtl°n =,rbon ^  
U  COntentl - 0.11, of the poud«r

samples.

(xli) The relation betw,m  nagneti. saturation m d 
hardness of the sintered compaots.

(xiii) The relation between magnetic saturation and 
S BCo.

(xiv) The relation between Vickers hardness of the
sintered compacts and total and free carbon and 
cobalt contents of the powder.

*xv) The relation between crack length (>J2) and
total carbon and cobalt contents of the powder.

(xvi) The relat1 Jn between S8wc of the sintered compacts
and the total carbon and cobalt contents of the 
powders.
The relation between dwc and total carbon and 
cobalt contents of the powder samples.

(xvii) 

(xviii) The relation between S^Co and total carbon and
cobalt contents of the powder samples.

These correlation coefficients are very low 
because there is no reason to expect any correlation between 
the parameters mentioned in (v) - (xviii). However, there 
are deviations at two points in the data - this is
discussed below:

(v) The composition of the powders should remain 
constant with the milling time, and thus the 
carbon content should not vary with the milling 
time. Similarly the cobalt content remains 
constant with th. milling time - the valu. of r
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(viii)

ixi)

(xlii)

t. apply to (VI),
(Vl1’ ' Wh" e' *lth^ h  the povd« coerclvity 

chan,,, du. to comminution, th. cobalt =ontrot 
should remain constant.

',nd ‘ n° ^ “ -relationship would b. exp.ct.d
in the., two case.f futthermor., th, free carbon 
variations were very scattered, as was commuted
on above. In the case of (x) no inter-relation 
would be expected.

The free carbon level was not sufficiently high 
to influence the sintered density. Density of 
fully sintered compacts naturally varies with 
the cobalt content over a wide range of cobalt 
contents, but the range of cobalt contents 
studied here was obviously so small that its 
influence cn density was insignificant.
Similarly (xii) - over a wide range of cobalt 
contents, the magnetic saturation would be 
related to the hardness, but he^e the cobalt 
content was constant so the magnetic saturation 
should have remained constant, apart from the 
influence of the sintering conditions, and the 
relation between magnetic saturation and cobalt 
content (noted below). No reasons can be 
advanced for the significant value of t 2.91 
(1,480°C-low dew point of the furnace exit gases).
No explanation can be ,lven for the t value of 
4.28 found for the 4 » c - S.Co relation (for 
the specimens sintered at 1,480° with a low
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WOUld ^  eXPectld  ̂t a and s Co.
(Xi») NO relation would be expected between'th.,. 

parameters.

(XV) No explanation can be given tor the . i g n i t i o n  
of the 11 - 02 and 11 - pc relation., - m  on. 
case the It - 0, relation wa. of no .ignlfioMce.

(xvii) - (xviii) Generally the .tructur.l par^ter. of 
the sintered compacts were not influenced by 
the chemical compositions of the powders.

-l£2— — rGraining inter-relations with 0.10 <?[rj < 0.90. 
The following fall into this group:

(xvix) The relation between milling time and powder
coercivicy.

(xx) The relations between milling time (and specific
surf je area) and oxygen content of the powders.
The relation between powder coercivity and oxygen 
(r ■ 0.44, 0.46) also falls into this category, 

(xxi) The relation between oxygen content of the powder 
and its free carbon content.

(xxlij The relations between sintered density and powder 
coercivity, crack length, grain size, milling 
time, and specific surface area.

(xxiii) All the relations between magnetic saturation and 
powder properties with the exception of those

discussed in (b) above.
(xxiv) All the relations between (Hc)2, V.P.N., Si,

SgWC, dwc and S.Co excepting those discussed

in (a) and (b) above.
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; 9 CO™ entS to these r.l.tl..,,
"aS ShOU!' in ^ t e r  5 (Plgtres 5.,5 m d  5.16, 

* =UrVed rSUtl°" between power ==e,=lvlty „ d 
milling time exists. An Initially r,pld rise 
in P=wder coercleity occurs as milling proceed, 
followed by a more gradual rise In powder 
ooerclvlty with further milling. i„ this 
case, therefore, another functional relationship 
exists between these two parameters. It can be 
seen from Figure 5.16 (which w.48 for a 10% 
cobalt composition) that a linear relation 
exists up to about 80 hours of milling.
As was noted in 6.2.1, the oxygen content of 
hard metal powders increases with milling 
time, but much scatter is evident. This 
scatter explains the lower correlation 
coefficients (r = 0.5 ~ 0.7) between the 
parameters, which change with the milling 
time, e.g. specific surface area and powder 
coercivity. A similar scatter between oxygen 
content and particle size was found by Hendus, 
Dawihl and Barts cl/ 22/1 on crushing pure tungsten 
carbide powders.
No relation would be expected between the 
oxygen content of a powder and its free carbon 
content. No significance is attached to the 

correlation (r * 0 .21).
It was shown In Chapter 5 that the sintered 
density increases rapidly with initial milling.



followed by . levelling out, an the dennlty 
tended towards It. theoretical value. Thu, a 
linear relationship l, „ot t0 ^

The correlation, between density and crack 
length and grain size are a result of these 
two parameters varying with the milling time.

(xxiii) As noted in (b) above the magnetic saturation (as 
a measure of the cobalt content) should remain 
constant except for changes, as a result of 
sintering conditions, occurring in the binder 
Pha e composition. The high significance of the 
correlation noted between cobalt content and 
magnetic saturation was a consequence of the 
small changes in cobalt content In the samples 
removed from the charges after different milling 
times.

(xxiv) The correlations of (Hc)2 with the other sintered 
properties of hardness, crack length and grain 
size: in general, it is known that as the
sintered comrcivity increases so the hardness 
increases and the grain size is reduced, but tha 
scatter in the results found here shows, that 
these relations are not at all linear.

The relation between sintered coercivity and 
specific surface of the binder phase (S.Co) deserves speciel^ 
comment in view of the finding, of Ezner and Pischmelster. 
Over a wide rang, of cobalt contents, in compacts, where the 
coercivity ranged from 40 to 160 On, and S.Co from 0.1 to
0.3 these authors found the following relation,



He - 160 SsCo. However, Kramer's formula for 
coerelvlty (which was quoted m  Chapter 5, i ^ u . .  th.t
stress contributed to the coerelvlty. stresses l„ sintered 
compact, arise from the difference. In coefficient, of 
thermal expansion of cobalt and tungsten carbide, and occur 
on cooling from the sintering temperature, other evidence 
for the Importance of stresses on the coerelvlty Is that 
plastic deformation during use of components alters the 
coerelvlty but does not alter the microstructure. (24)m  

the experiment carried out here, the linear correlation 
coefficients were poor (0.6f, 0.57 and 0.58 for the three 
sets of sintering conditions); this experiment was 
related only to much narrower ranges of coerelvlty and 
specific surface area of the binder phase than those 
considered by Exner and Fischmeister. These authors, 
from the good relationships they obtained between sintered 
coerelvlty and S^Co concluded that cooling stresses exerted 
little influence on the sintered coerelvlty; furthermore, 
if cooling stresses were of importance they should vary 
with the cobalt contents of the alloys, and as their 
relation between sintered coerelvlty and SgCo covered a 
range of cobalt contents, the influences of stresses were 
discounted. If stresses, in their work, axeited a 
considerable effect on the coerelvlty, alleys -th 
same cobalt layer thicknesses, but with different cobalt 
contents should show different coercivities. According 
to them, this was found net to be the case, 
unfortunate that over a narrow range of properties 
(a. investigated her.) that there is no distinct



rel*tl°n,hlP betiW” ^  -  .HC,2. ainc* f ,  ^  
cob.lt l . y ,  thickness la r,lated ^

mechanical Pr-Pertle, of hard M t .l as the tr„ sver8e 
rupture s t r e n g t h . s>Co lt „ lated ^  ,

by the equation S.Co - T ^ w h e r e  is the “ slty 
of Pure cobalt In g./oc. <**> The .tatl.tl.al treat^t 
(Table X) indicates a high level of significance for the 
(He)2 - S8Co relation, but as discussed above the
relation was certainly not linear over the range studied.

The relations between sintered grain size and 
crack length are shown in Figure 6.4.
Id) The general value of the

This experiment has shown that certain of the 
powder properties are related to certain of the sintered 
properties of hard metal alloys. Some of the correlations 
are approximately linear and for others there is a high 
degree of statistical significance among the relations.
These could have some practical implications, although

/or)
there is, in general, a very poor relationship between 
performance during use and properties; (this probably 
arises because of the wide variations encountered during
the use of hard metal components).

The relation between S, and (HO, (using favourable 
sintering condition.) was the best linear relation found. 
Calculation of the standard error of the estimate for 
coerclvity, I.e. s - oyA- ~Ps, -* tb* standard
error of the estimate, and cy is the standard deviation) 
indicates that in about 3.90% of the case, considered, 
the value, for coerclvity will be outside of the range of
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two .t„a,ra deviations ,ro„ the true regre..i0„ llne 
relating specific surface are. of Hard s.t.1 powder to 
coercivity of the sintered component. These two 
properties may he easily measured and are suitable for 
control purposes, provided constant sintering condition.
are used.

Other important considerations arising from 
the data in Tables IX and X are the importance of dew point 
of the hydrogen and the sintering temperature. Water 
vapour present in the sintering atmosphere may exert an 
influence sufficiently powerful virtually to eliminate any 
relation between powder and sintered properties: for
example, the correlation coefficients for the Sg - (Hc)2 
relations were 0.95, 0.06 and 0.87 for 1,370° (low dew 
point) ,■ 1,480° (high dew point) and 1,480°C (low dew point) 
respectively. Further, as the sintering temperature is 
raised - (1,480°C is excessive for a 10% cobalt composition) 
- all the significant correlations become poorer.

Statistical evaluation of results is often used 
when a large number of variables is involved, as closely 
controlled experimentation is more or less impossible.
Only in a few cases, discussed in (a) above, were closely 
linear correlations obtained. However, the data in 
Table X show that a number of the other correlations are 
statistically significant to a high degree, and could 
provide a basis for further experimentation, which would 
assess the influences of different sintering treatments 
on the inter-relations between oowdar and slntersd compact

properties.



7,16 maj°r dl=“ v«tag,s of st.ti.ticf 
e x p e c t a t i o n  are that a n ^ . r of correlation, which 0
appear to he statistical!, significant way arise in case, ?
where no relationship is expected. Some of these were 
discussed in (c> above.
6.6 Discussion:

The most important property of the powder which
i. in ter-related with the sintered properties is the 
specific surface area of the hard metal powder. In view 
of the precision, noted in chapter 5, with which this 
property may be measured, its control during milling is 
obviously of great importance. The influence of this 
property seems to overshadow all other properties of the 
powder such as total carbon, free carbon and cobalt 
contents (within the levels studied). Specific surface 
area of the hard metal powder correlates also reasonably 
well with such properties as sintered grain size and crack 
length. It is difficult to explain in detail why specific 
surface area should correlate well with the coercivity of 
a sintered hard metal compact for, as noted above, the 
theory of the factors influencing sintered coercivity is 
not well known. Specific surface area of a hard metal 
powder is a measure of both the grain size of the carbide 
particles, and the size of the cobalt grains. From 
previous results, 1 22' cer '.n empirical correlations 
between coercivity, carbide grain size and thickness of 
binder phase layer are known but the reasons for these 
correlations are not explained. It is logical to assume 
that there would be some correlation between specific
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grain size and structure (i.e. faulting or stresses).
The grain s.ze of the cobalt phase in sintered hard netal 
alloys is practically impossible to determine because a 
suitable metallographic technique for revealing Co - Co 
grain boundaries has not been developed/*"but x-ray 
diffraction analysis has shown'*"that the cobalt grains 
are much larger than the carbide grains, and an estimate 
of 1 mm. for their size has been obtained, i.e. a very 
larce number of carbide grains are embedded n a cobalt 
grain, and it .s assumed that all the cobait grains are 
in contact with one another. It xs possible that sintering 
studies of hard metal powders with an electron microscope 
would yield information on the relation between specific 
surface area of the hard metal powder and the nature of 
the cobalt in the fully sintered state.

The uncertainty of the nature of some of the 
correlations found is a consequence of a lack of detailed 
knowledge of the mechanism of the sintering process in 
cobalt - carbide alloys.
6.7 Conclusions:

Linear correlation coefficients between all 
known hard metal powder and sintered properties have been 
evaluated. When sintering conditions were such that the 
furnace exit gases had a low dew point, the specific 
surface area of the milled hard met a- powder was clo y
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CHAPTER 7

Discussion and Concluainnp
7.1 Findings.

The following have been shown:
(1) The milling time required for the satisfactory 

densification of cobalt - tungsten carbide hard 
metal alloys during sintering has been shown to 
depend on the properties of the initial cobalt 
powder.

(2) The proportions of the two alio tropes of cobalt 
obtained by reduction of black cobalt oxide 
with hydrogen depend on the reduction time and 
temperature used.

(3) Milling of cobalt powders has shown:
(a) Severe agglomeration occurs on milling 

a pure hexagonal cobalt powder.
(b) The ease of agglomeration appears to be 

associated with the initial hexagonal
to cubic phase ratio present in the powder 
provided the material has not been annealed

prior to milling.
(c) Cobalt powders from different sources behave 

in a different manner on milling, especially 
with respect to their agglomeration
characteristics.

<«) Important Inter-relation, between the powder
properties o, cobalt - tungsten carbide mixture. 
and the sintered hard metal compact properties

have been shown.
(215)



The alio tropic -edification. o1 oohait mtll
produoad by the hydrogen reduction of black cobalt 
oxide in relation to the reduction temperature and time 
are in agreement with the result, presented by previous 
investigators!(1} i.e. the hexagons! oobalt modification 
is produoad by reduction at low temperature., and 
the hexagonal modification is the .table low te^er.ture 
form; conversely the cubic modification (which is the 
stable high temperature form) is primarily obtained by 
reduction at higher temperatures (600 - 850°C). The 
proportion of the two allotropes obtained also depends 
on the reduction time.

The hexagonal cobalt produced by reduction at low 
temperatures was shown to be faulted, containing stacking 
faults.

Special precautions must be taken to prevent 
spontaneous oxidation of the fine grained predominantly 
hexagonal cobalt powders prepared at a low reduction 

temperature.
A new finding is that black cobalt oxide can be 

reduced in hydrogen at temperatures as low as 200 C 
provided sufficient time is allowed for the reduction. 
This powder was shown to have the hexagonal struct , 

but had a strong tendency to be pyrophoric; and very 
special precautions were necessary for its subsequen

examination.
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Thu. although Owen „ „  Madoc Jon..'"conclude 
that for fin. oob.lt Po»der., thl f o m

pre£" red' 11 h"  *>«“  «h«m har. that faulted 
hexagonal cobalt powder can be prepared with no
detectable quantities of the cubic modification.
7--— — 6 i-nflUence of oxygen on the phase 

of cobalt.

It was shown that oxygen does not necessarily 
stabilise the cubic form of cobalt, for no cubic 
cobalt was detected in any of the oxidised hexagonal 
cobalt powders studied.

The finding of Kochanovska ̂3  ̂that at a certain 
stage of milling, the cubic modification became 
stabilised could not be confirmed, and as reported 
by Hinnuber, Rudiger and Kinna^4''oxygen absorption 
during milling had no effect on the transformation.

Lassner ̂ h a s  proposed that during milling the 
oxygen content of cobalt powders decreases, but 
suggested no reasons for this. Indirectly this 
finding was confirmed in this work. It was stated 
in Chapter 4 that the initial oxygen content of 
the Hoboken cobalt powder was 1.16%, whereas the 
maximum oxygen content of any one of the milled 
cobalt powder samples was 1.05% (this maximum was, 
in fact obtained with the Hoboken powder). Similarly, 
on milling the very fine pure hexagonal cobalt powder, 
no continuous increase in loss in hydrogen 
occurred with increasing milling time, snd 
considerable scatter in the results was obcaine
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Thi. confirms than absorption of oxy^n m t o  the 
hexagonal clone packed allotrop, lattice did not 
take place. No coble cobalt was detected In any of 
the milled hexagonal cobalt samples.

Thus In the milling experiment., oxygen exerted 
no influence on the cubic to hexagonal phase 
transformation.
7.4 The influence of titanium.

It was found that titanium exerted a 
negligible influence on the phase structure of 
cobalt at the level studied.
7.5 The influence of cobalt from different sources 

on the cobalt - tungsten carbide powder milling 
and compact sintering behaviour.
During the milling of tungsten carbide and 

cobalt powders preparatory to sintering, the cobalt 
agglomerates and the tungsten carbide grains appear 
to be beaten into these agglomerates. Thus the initial 
stages of agglomeration of the cobalt powder are of 
importance in determining the minimum amount of hard 
metal vibratory milling required for satisfactory 
densification to occur on sintering. This initial 
state of agglomeration explains why the Hoboken hard 
metal powders and the annealed materials required 
less milling for satisfactory sintering densification 
than the less agglomerated materials. Photo 
micrographs of the materials used were sh 

Chapter 4.
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It was also shotm on h„.d mixed mixture, that the
C°balt POWd‘"  Bhowin9 maximum agglomeratle. yielded 
the maximum densities on sintering.

correct grinding 1, of major importance In 
determining the denalflcatlon of hard metal alloy,, 
although other factor. ,uch a, whether the powder will 
p z e „  to yield a satisfactory green density are also 
of importance.

The carbide powders must not be agglomerated 
prior to adding the cobalt powder, in fact premillina 
of the carbide powder (which causes agglomeration) 
has been shownf5;* (6) to result in poor sintering 
characteristics for the hard metal alloy.

Thus it may be concluded that poor sintering 
characteristics for the hard metal alloy powder will 
result if aggregates of cobalt or carbide are present 
before sintering. A thin film of cobalt must (as far 
as possible - depending on the cobalt content of the 
alloy) separate the carbide grains. These concepts 
are in agreement with the proposals of Dawihl and 
Mai( 7 * considered in Chapter 5.

In addition during grinding of the alloy powder 
mixtures, there is a continuous increase in the 
proportion of the e (hexagonal close packed) cobalt 
alio trope; with this is associated a change in

coercivity of the material.
All indications in this work were that the 

cobalt containing higher proportions of hexagon 
modification had a stronger tendency to agglome
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than powders with a lowar he,.g0M1 to ^  ^

The equation derived by hrner and Fl.oh«.l.t.rr,J

* 1Ch d” Ctlbe8 the ahrinjcaqe during sintering
of tungsten oarblde.eob.lt alloy, t*., .ooount o n ly  0f
the carbide grain .1,., and not of M y  paramt.r ,.u=h 
a. the coercivlty) which describe, the physical state 
of the cobalt, which, after all, l, considered to be of 
Importance in the first stages of sintering.

Factors which have not been considered in this 
work on the sintering reactivity of hard metal alloy 
compacts are:

(1) the influence of carbon content of the carbide 
on the sintering reactivity.

(2) apart from the examples described, the influence 
of strain in the carbide grains on the sintering 
reactivity.

(3) the influence of oxygen in the hard metal powder,
(a)which has always been assumed to lower the 

sintering reactivity of metal powders.
(4) the influence of any inhomogeneity within the

carbide grains.
In view of all the other variables involved, it 

would have been extremely difficult to introduce these 
as well. In the work reported in Chapter 6, however, 
it was shown that within the carbon and oxygen levels 
obtained, these parameters exerted little effect.
Oxygen can, however, be both In physically and 
chemically adsorbed forms in association with hard 
metal powders. In other metal powders, oxygen can
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have beneficial or a 
reactivity.^9)*

on sintering

Sorae explanation for 
coercivity and specific su:

variation in the 
! area of a hard metal

powder with milling time was given.

?"-- T-he relationa between powder
sintered pronerti.. for hard met.i
Although the cobalt in hard metal alloys 

becomes liquid during the sintering process, and 
the cobalt itself undergoes a phase change (as the 
binder in sintered compacts is always in the face 
centred cubic form, unless incorrect heat treatment 
has been used),1 ̂ ^certain relations are evident 
between the powder and sintered characteristics, 
provided certain precautions are observed in the 
sintering procedures used. That there is some 
relationship between powder properties and sintered 
properties, is characteristic of jxwder metallurgical 
products, as opposed to thorn* produced by casting 
or fusion, for example.

It is important to understand these relationships 
so that cemented carbide alloys may be tailored for 
particular applications. As discussed in Chapter 6, 
relationships between the parameters and their 
interaction effects represents the only way in which 
any type of model for the sintering of hard metal
alloys may be built up, because of the large nurnbe 
of variables involved. The most significant of these
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relationships U  that bstW e i  th. weclflc

are. of the hard natal po.de, and the co.rel.lt, of 
the sintered product.

The finding that a. the sintering condition, 
become less favourable for th. attainment of Ideal 
properties (e.g. l«80»c which l, excessive for a 
10% cobalt material, or a high dew point of th. 
emit gases), the relations between the parameters 
become less satisfactory. Is of significance In 
showing the Importance of these variables in 
sintering. In a series of experiments, ^ w h e r e  
a series of milling trials were carried out, and the 
samples sintered under nominally identical conditions 
but in different runs on different days over a two 
month period, a very poor linear correlation 
(correlation coefficient O.iiB) was found between 
the coercivity of the powder and the coercivity of 
sintered compacts. Thus the sintered properties 
of hard metal compacts are considerably Influenced 
by the sintering conditions used, and all indications 
are that a large statistical experiment, similar to 
the one described here, should be carried out on 
samples of the same material, but using the 
conditions of sintering, i.e. time, temperature, 
atmosphere and packing material, *s the variables.
An experiment of this type must be carried out v.o 
obtain a unified model for tungsten carbide.
Evidence has been presented here of the marked 
influence of dew point of the exit gases on
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properties of the sintered product.
7.7 Conclusions.

AS is well known,cobalt powder, fro. wl, e l ,  

different sources can have wide variation. In proportion, 
of the hexagonal and cubic allotropes present.

Cobalt powders from different sources have been 
shown to be of importance in the milling of hard metal 
alloys in relation to the amount of milling required 
for satisfactory densification of the compacts during 
sintering.

The transformation from cubic to hexagonal cobalt 
can be regarded as a process of simple shearing, and 
even very slight cold working such as screening, can 
cause a partial transformation. There is a close 
structural inter-relationship between the face 
centred cubic and hexagonal close packed forms.

For cobalt required in powder form, the 
distinct phases can be prepared by control of the 
reduction temperature and time; however, there is 
a broad temperature range above the transition 
temperature where both phases can co-exist in 
varying proportions.

Thus all samples of cobalt powder can be 
considered as mixtures of the two allotropes 
depending on their previous thermal and mechanical

history.(13)
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PREFACE

Extensive researon work was carried out on the 
a # e transformation in cobalt with particular 
reference to the use of cobalt in cemented 
carbides, which constitutes Volume I of this 
thesis. Following the change of the candidate' 
registration from the degree of M.Sc. (Eng.) 
to the degree of Ph.D. considerable 
additional work on the original project was 
carried out. The results of this further 
work are incorporated in this second volume, 
which is devoted mainly to the processes 
which occur during the grinding of cobalt 

metal powders.



the « *  e TRANSFORMATION IN COBALT «fITH PARTICULAR
REFERENCE TO THE QBE OF COBALT IN CEMENTED CARBIDES

VOLUME II

The Grinding of Cobalt M#tal Powder#

SUMMARY

Experimental evidence and theor* tlcal 
considerations indicate that the behaviour on 
grinding of cobalt powders with different Initial 
proportions of the hexagonal and cubic phases is 
governed primarily by the crystal structures of 
the two allotropes of cobalt. The importance of 
the presence of dislocations on the processes 
which can occur during the grinding of cobalt 
powders is discussed* it is suggested that 
"pile ups" of dislocations may be responsible for 
the "cold-welding" process. Some modifications 
to the grinding process can result from the 
presence of oxide films on the powder particles. 
Experimental evidence suggests that during 
grinding in commercial acetone the oxide films 
react chemically with the grinding fluid. It is 
suggested that several olefinic compounds are 
formed by the chemical reaction, and the compounds 
formed are adsorbed on the metal powder particles 
during the later stages of grinding.

fv;



The processes which take place during grinding 
•re discussed in terms of the free energy changes which 
cccur. It was found that several of these 
findings have important applications in the 
manufacture of hard metal alloys. A major 
limitation of the work is that it was not 
possible to study the internal structure o* -am 
cobalt metal particles.
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■ ■
t h e g r i n d i n g  o f c o b a l t m e t a l p o w d e r s

(1) INTRODUCTION

In Volume I it was shown that agglomeration 
of cobalt powder particles during wet grinding was 
an important requirement 1 i* satisfactory sintering 
characteristics of hard metal alloy powders. From 
the evidence provided by electron micrographs it 
was suggested that the brittle tungsten carbide 
grains become embedded in the cobalt agglomarates 
during hard metal milling.

Grinding studies on pure cobalt powders revealed 
that certain powders had a stronger tendency tr 
agglomerate during the initial stages of milling than 
did others. Hard metal balls were used as the grinding 
medium, and acetone as the milling fluid. It appeared 
that the proportions of hexagonal close packed and 
face centred cubic *1lotrope jf cobalt present in 
the initial powder exerted a significant influence on 
the agglomeration characteristics during the first 
stages of grinding. Cobalt powders with a higher 
proportion of the h.c.p. phase present (in the initial 
powder) showed an increased tendency to agglomerate 
during the initial stages of grinding compared with 
powders whic were predominantly cubic in structure.
The nature of the agglomerates formed in cobalt powders 
with different initial allotropic ratios was not 

discussed.
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The aim of the present work was to assess the 
possible reasons for the agglomeration behaviour of 
different cobalt powders during grinding, and discuss 
the nature of the agglomerates formed. The earlier 
data are summarised, and the possible processes which 
can occur during the grinding of cobalt powders are 

discussed.

From a consideration of these processes and 
some additional experimentation, possible reasons for 
the different grinding behaviour of cobalt powders are 

.suggested.

The ground powders were examined by electron 
microscopy? a Cambridge Stereoscan Microscope and a 
Philips EM 200 transmission Microscope were used. The 
X ray diffraction data obtained on the cobalt powders 
studied previously were re-examined, nnd some information 
was obtained regarding the occurence of dislocations.

2. SUMMARY OF PREVIOUS RESULTS

A number of fine commercial cobalt powders 
differing in initial specific surface area and in the 
proportions of the h.c.p. and f.c.c. phases were 
vibratory milled in a stainless steel ball mill of 
800 ml. capacity. 300 ml. of chemically pure acetone 
was used in each case as the milling fluid, and 2 Kg 
of hard metal balls (6 mm in diameter) as the grinding 

medium.
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The only significant impurity present in the acetone was
water, which did not exceed 0.5 per cent by volume as
determined using the Karl Fischer technique, which has

(1) t (2) , (2) , (4) 
been adequately described .

Small samples (8g) of the ground cobalt powders 
were removed from the mill after various milling intervals. 
The samples were dried on a water bath under reduced 
pressure to remove the acetone.

The specific surface area ->f each ground sample 
was determined using a modified B.E.T. technique on a 
Perkin Elmer 212D Sorptometer. The proportions of the 
two allotropes of cobalt present in the samples were 
determined by X ray diffraction analysis using a Philips
PW 1060 Diffractometer and application of the equation v "

(5 )
Sage and Guillaud .

The variations in powder properties were plotted 
graphically against the milling time. For powders which 
initially consisted of a mixture of the two allotropes 
of cobalt it was found that the specific surface area 
decreased during the initial stages of grinding.
Evidence for the occurence of agglomeration was provided 
by the Cambridge Stereoscan photomicrographs of the 
ground materials. The morphologies of the initial 
powders were also examined on the Scanning Microscope.



A study was made of the grinding of a fine 
cobalt powder prepared by hydrogen reduction of 
cobaltosic oxide at 400°C, which showed no traces of 
the cubic modification. On milling this powder a 
continuous decrease in specific surface area was 
noted up to 90 hours of grinding; after this period 
there was a steady increase in specific surface area 
of the ground metal.

The milling of two annealed powders which 
initially contained both allotropes of cobalt was 
investigated. These powders showed no decrease in 
specific surface area during grinding and a continuous 
increase in this powder property was noted with 
increasing milli', time. The behaviour of the annealed 
cobalt powders may be seen by reference to Figure 4.17 
of Volume I.

The X ray diffraction results on the ground 
powders showed that the proportion of the hexagonal 
phase increased with grinding time for those powders 
which initially contained a mixture of both allotropes. 
No cubic cobalt was detected in m y  of the ground 
samples of the fl e powder which consisted solely of 
the hexagonal modification initially.

Table 2.1. summarises the initial properties 
of the cobalt powders together with the properties at 
the states of maximum agglomeration, and the grinding 
times necessary to achieve this condition.
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Observations on the morphologies of the initial and 
agglomerated conditions are also summarised in the
Table.

Noteworthy from these data is that the ease 
of agglomeration during the initial stages of grinding 
appears to be associated with a high ratio of hexagonal 
to cubic allotropes present in the initial powder. A 
correlation between ease of agglomeration and initial 
oxygen content la also discernible. This is discussed

further later.

After agglomeration the specific surface area 
increased with further milling in a manner similar to
that shown by the grinding of many "real crystal"

(6 )
materials.

With the exception of the powder supplied by 
Societe du Metallurgie du Hoboken the scanning photo­
micrographs revealed that the original powder particles 
were rounded and had smooth surfaces.

The pre.ence of fibrou. particle. In the Hoboken 
Cobelt suggested thet this cobalt had bee,, prepared by the 
hydrogen reduction of cobalt oxalate, on the basis of 
previous work' The tendency of cobalt oxalate to 
yield fibrous particles on hydrogen reduction was conflmed 
by reducing 100 g of B.D.H. chemically pur. cobalt ox-late 
at 400°C for four hours. This powder contained no trace, 

of the f.c.c. modification.



The powder wee examined on the Stereoecan Micros cope; 
a considerable number of fibrous particles were evident? 
two samples of this powder are shown in Figure 2.1. and 
Figure 2.2. It is suggested therefore that the process 
of reduction proceeds through different mechanisms In 
the case of cobalt oxalate from that it cobalt pxide. 
Hydrogen reduction of cobalt oxide yields rcunded smooth 
metal powder particles, with no fibrous particles.

The agglomerated ground Cobalt powders were 
examined on the Stereoscan Microscope; a number of smooth 
surfaces indicative of the occurence of "cold welding"
(this term Is discussed in detail later) were evidfr c in 
the agglomerates; In addition a number of areas were 
visible where smaller articles had become bonds, to one 
another. After extended milling periods the scanning 
photomicrographs revealed that considerable size reduction 
had occured and the individual metal particles had very 

smooth surfaces.

It was suspected that chemical reaction between 
th. metal powder particle, and the acetone occured during 
grinding. For the one powder thoroughly .tudled the 
carbon content of the ground material Increa.ed with 
Increaeing milling time. In addition, .tudle. with a 
Stanton thermobalance suggested that a re.idu. —  present 
In the ground powder, after vacuum drying. Thl. reeldue 
could be removed by heating in hydrogen.

(7)

L
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The major part of the weight loss on heating in hydrogen 
occured in the temperature range 20° to 200°C. This 
finding considered together with other evidence on the 
reduction of cobaltosic oxide suggested that the weight 
loss was not due to the reduction of oxide; it was 
suggested that the weight loss could be due to the 
desorption of strongly bound acetone or other chemical 
compound or due to the loss of free carbon from the metal 
powder in the form of a hydrocarbon with the cobalt metal 
acting as a catalyst.

A detailed X ray study using a line breadth 
technique was carried out on a number of ground samples 
arising from the same initial cobalt powder after 
different milling times. The cobalt metal powder 
consisted initially of a mixture of the f.c.c. and h.c.p. 
phases. The results showed that a rapid increase in 
stress occured during the first 30 hours of grinding.
The cyrstallite size of the cobalt decreased as grinding 
proceeded. The stacking fault probability in the h.c.p. 
phase was found to be a maximum after 10 hours of 
grinding. After this period further milling resulted 
in a decreased probability for the occurence of stacking 
faults in the h.c.p. phase. Some erroneous conclusions 
were drawn from these X ray data; this is discussed 
later together with an analysis of the value of the 
information that can be obtained from X ray diffraction

studies of powders.



The oxygen content of the ground samples increased 
with increasing milling time, but considerable scatter 
was evident in the experimentally determined results.

No oxides of cobalt were detected in the ground 
materials using X ray diffraction analyses. The limit^ 
of detection using the technique applied is about 4 %
The oxygen levels of the ground samples were all 
considerably below this detection limit; however, since 
cobalt is a strongly electropositive metal it is likely 
that some oxides of cobalt were present in the powders 
after grinding. Although the presence of oxygen was 
found to exert no influence on the cubic to hexagonal 
allotropic conversion occuriny during grinding, oxide 
films present on the metal particles could reasonably 
be expected to exert some influence on the grinding 
process; it is therefore necessary to consider the 
possible influence of these oxide films on the grinding

behaviour.

In general the variations in surface area during 
grinding may be summarised as follows

(a) For the commercial cobalt powders - the specific
surface decreased during grinding with the grinding 
time necessary to obtain the minimum specific 
surface area generally correlated with the allotropic 
ratios of the initial powders, i.e. the predominantly 
hexagonal powders reaching this minimum specific 
surface area after a shorter grinding time than the 
predominantly cubic powders.



After the minimum specific surface area had been reached, 
further grinding resulted in an increase in specific 
surface area. The annealed cobalt powders also showed 
this behaviour; the annealing treatment decreased the 
specific surfaje area and caused the powders to 
agglomerate; on milling these powders no further decrease 
in specific surface area was observed - a continuous 
increase in specific surface area with grinding time 

was obtained.
(b) For the fine powder which showed no traces of the cubic 

modification a decrease in specific .avface area up to 
90 hours of milling was observed.

Some noteworthy differences in the nature of the 
agglomerates were evident in the different ground powders; 
in the agglomerates originating from a predominantly cubic 
cobalt powder ( e.g. CF - 6 02 0.74 %, allotropic ratio 
I(1011)/I(2oo) 0.38, shown in Figures 4.5 and 4.6) there is 
little evidence of particles within the agglomerate of sizes 
similar to those present in the initial powder (Figure 4.7), 
whereas the agglomerates produced during grinding of fine 
hexagonal cobalt powder (02 1.63 %, Figure 4.14) show 
considerable evidence of fine particles within the agglomerates. 
The probable reasons for this behaviour are discussed later.
The predominantly cubic cobalt powders yielded agglomerates 
which were "coherent" with no evidence of fine particle 
boundaries. In the previous volume it was shown that 
agglomeration of the cobalt powder was a necessary requirement 
for achieving satisfactory sintered hard metal compact densities.



The data shown in Table X of Chapter 5 indicated that the 
most agglomerated cobalt yielded the highest compact density 
in a series of compacts which were prepared by hand mixing.
This fact together with the results of the other investigations 
suggested that the superiority of predominantly hexagonal 
cobalt powders in yielv-ng higher sintered compact densities 
compared with predominantly cubic cobalt powders was connected 
with the interaction between the cobalt and carbide particles 
during grinding, and was not connected in any way with the 
behaviour of the cobalt during heating to the sintering 
temperature. In other words, the previous work suggested 
that the superiority of predominantly hexagonal cobalt powders 
was connected with its ability to become more intimately 
dispersed around the asperities of the carbide grains in a 
shorter grinding time than predominantly cubic cobalt powders.

(9) .
Recently, Jung has shown that on heating a pressed

hard metal compact to the sintering temperature all the cobalt 
in the compact has transformed to the f.c.c. form at a 
temperature of 600°C during the heating cycle. This evidence 
confirms that the conclusively proved superiority of hexagonal 
cobalt powder in reducing the grinding time required for 
satisfactory sinterIng-densification is not connected with 
the behaviour during sintering, but must become manifest 
during the grinding process itself. This suggests that 
hexagonal powders become more intimately dispersed throughout 
the carbide powder during milling than is the case with 
predominantly cubic cobalt powders.

(11)



SURVEY OF METAL PARTICLE COMMINUTION

3.1. INTRODUCTION

The main aim of the present work was to 
explain the findings described in the previous section; 
in particular the reasons were sought for the 
differences in agglomeration characteristics of 
different cobalt powders during the initial stages 
of milling. Some explanation for the type of bonding 
in the agglomerated cobalt powders was required.

During grinding the particles of the material 
being comminuted are subjected to a variety of 
forces, e.g. compressive, impact and torsional forces. 
In addition the particles are abraded against one 
another. Thus consideration of the mechanical 
properties of the material being ground is important. 
The influence of crystal imperfections in the 
material must be considered. The adhesional 
characteristics of the metal powder being ground 
would influence the course of milling. Contaminant 
films on the surfaces of the particles could exert 
an effect on the grinding behaviour. The role of 
the grinding fluid must be considered. In addition 
the factors which can operate in systems of very 
fine particles must be described and evaluated.

A number of the physical processes which 
can occur during joraminution are influenced by the 
temperature of operation within the grinding mill.



The temperature distribution within a mill during 
grinding may be approximately evaluated by measurement 
of the outside wall temperature of the mill and 
consideration of a heat transfer model. The calculations 
are shown in Appendix 1. T.e model is somewhat 
idealised in that it is assumed that the orinding balls 
are confined to a cylindrical region about the centre 
lire of the mill, and that the cylinder containing the 
balls constitutes a heat generating source. It is 
assumed that an annulus of acetone surrounds the heat 
generating source, within which there is an annulus 
which contains the cobalt powder. Convective heat 
transfer is assumed in the acetone, and conductive 
heat transfer within the cobalt powder. The temperature 
distribution is assumed to be symmetrical about the 
horizontal centre line of the mill. The calculations 
shown in Appendix 1 indicate that the temperature at 
the edge of the heat generating source is approximately 
134°C; the cobalt powder is at a temperature of 
approximately 31°C, and the mill wall temperature 
is about 60°C. The model indicates that 8210 calories 
(34,48 k joule) of heat are transferred to the ambient 

atmosphere per hour.

It is not possible to carry out calculations 
to see whether the temperature distribution within the 
mill derived in Appendix 1 is realistic.

(13)



(10)
In the case of rotary ball mills, Davis has 
developed equations which describe the motion of the 
balls within the mill, and a relationship between the 
number of ball collisions and the time of grinding 
was obtained. In the case of a vibratory ball mill 
the path of motion of the ball charge within the mill 
is thought to be very complex and is not well under­
stood . No relation for the number of collisions which
occur in unit time within a vibratory ball mill has

(1 2)
been derived. Ivensen et al have derived an approximate 
expression for the distance that a hard metal ball 
moves up the wall of the mill before it is forced away 
from the wall. Using this expression the calculations 
shown in Appendix 2 indicate that a grinding ball moving 
away from the side of the mill will collide with a 
stationary ball at the lowest point in the mill with 
a velocity of 114.60 cm/sec. Using this velocity the 
energy dissipated in a ball collision may be evaluated; 
as shown in Appendix 2 the energy dissipated in such 
a collision is 8.12 x 104 ergs (8,12 x 10 3 joules or 
1.95 x 10"3 calories). However the number of ball 
collisions in unit time cannot be evaluated and thus it 
is not possible to compare the total energy dissipated 
in ball collisions with the heat flux derived in 
Appendix 1. As was discussed in Volume I , it is 
usually assumed that the grinding time required to 
achieve a given specific surface area in a powder in 
a vibratory mill is about i/6th of that required in a 
rotary mill (assuming that the milling is carried out 
in the same fluid in both cases).



However it is not possible to compare a vibratory ball 
mill with a rotary ball mill operating at a very high 
rotational speed, as no increase in the milling rate in 
a rotary ball mill occurs if the rotational speed is
increased above a certain value unless the gravitational

(14)
constant is also increased . In a conventional rotary 
mill, a primary limitation of the obtainable milling 
rate is that the gravitational constant cannot be increased. 
Thus although vibratory and rotary ball mills may 
be approximately compared with respect to the rates of 
surface area generation, it is not possible to compare the 
rates of energy dissipation. The motion of the grinding 
balls within a vibratory ball mill is not clearly under­
stood, and for this reason the validity of the total heat 
flux passing through the mill walls, as shown in Appendix 1# 

cannot be evaluated.

During grinding the metal powder particles 
are impacted by the balls, and in order to understand the 
deformation behaviour of the metal powder, some idea must 
be derived of the order of magnitude of the shear stresses 
acting on the cobalt metal particles. The pressure generated
at the instant of impact between two bodies in an elastic

{ 1 0 /

collision may be calculated by the Hertz equations .
Appendix 3 indicates that the pressure generated by two 
impacting hard-metal balls (one stationary, and the other 
moving with a velocity of 114.60 cm/sec.) is approximately 
2.3 x 1011-ynes/cm2 (i.e. 2,3 x 1010 H/m^),assuming the

Hertz relation.



The pressure generated in a collision where there is 
permanent plastic deformation (e.g. collision between 
a cobalt powder particle and a hard metal ball) cannot 
be calculated by the Hertz equation, because two 
assumptions of the Hertz theory are not fulfilled, 

namely:

(i) The material in collision is isotropic and 
homogeneous.

(ii) There must be no plastic flow of either of the 
colliding bodies.

(1 6)
However Tabor has extended the Hertz theory 

to cases where a collision results in permanent plastic 
deformation of the bodies. In order to apply Tabor's 
theory, the dynamic flow pressure of cobalt must be 
known. This has apparently not been reported in the 
literature and thus in Appendix 3, where Tabor s 
equation is applied to an impact between a cobalt 
particle and a grinding ball, a value of 50,000 p.s.i. 
(i.e. 3,448 x 10® N/m2) ha- been assumed for the dynamic 
flow stress of cobalt, which is similar to the^values 
reported for a number of other ductile metals. Tabor’s 
tneory shows that the pressure on a cobalt particle is 
approximately 1015 dyne./cm2 <1014 N/m2). Compari.cn 
Of the pressure generated at the instant of impact 
between two colliding grinding balls and the pressure 
given by Tabor's method with the reported compressive 
yield strength for cobalt of 2.95 x 109 dynes/; v2 
indicates that plastic deformation of the cobalt will 
result from particle-bail collisions during grinding.



The inability to resolve the doublet during X ray
diffraction analysis of the cold worked powders, noted

( 1 9 )
in the previous work, confirms that plastic deformation 
occurs during grinding. Due to the plastic deformation, 
it is not possible to calculate with any accuracy the 
shear stresses acting on the indiv;lual cobalt particles 
during grinding. In subsequent calculations therefore, 
where the order of magnitude of the shear stress is 
required, it has been assumed that the applied shear 
stress is approximately one half of the applied 
pressure generated by the colliding balls, i.e.
' t l x  1011 dynes/cm2 Cl x 1010 N/m2) . In view of the 
uncertainty of the dynamic flow pressure for cobalt, 
the pressure given by Tabor's theory has not been 
considered further.

During grinding, it is probable that a 
very complex stress distribution is exerted on the 
powder particles. The stress distribution would 
probably vary with position within the powder mass.
The variation of the stress distribution would be 
difficult to evaluate unless a simple model with 
restraints differing considerably from a practical 
situation were assumed. Stress unloading and 
reloading processes will occur while the particles 
are in contact with one another which are additional 

complications.

(17)



The important conclusion is, however, that 
the stresses generated by the impacting grinding bails 
are of sufficient magnitude to cause irreversible 
plastic deformation within the cobalt particles, by 
conversion of the kinetic energy of the balls into a 
permanent distortion of the structure of the metal 
particles. A certain proportion of this converted 
kinetic energy will remain stored within the metal 
powder particles, as is shown later.

Thus with the approximate temperature 
distribution in a mill during grinding established,together 
with an approximate value of the applied shear stress, 
it is possible to review the factors which could 
explain differences in milling characteristics of 

different cobalt powders.

. DEFORMATTmT AMI' CHARACTERISTICS OF METALS AND
THE MECHANICAL PRQ^p^tbr O F  THE ALLOTRCPES OF COBALT

One feature characterises all the types 
of fracture that can occur in metals: the nucleation
of fracture arises as a result of inhomogeneous plastjc 
deformations in regions of microscopic dimensions.

In the case of low temperature brittle 
fracture, the inhomogeneity can arise from twinning or 
slip band formation; with fatigue fracture, deformation 
becomes localised to a few slip bands as a result of the 
strain hardening process occuring under cyclic loading.

(18)



For the ductile mode of fracture, the localisation of 
plastic deformation either at non plastic particle 
inclusions, or in heavy deformation bands initiates the 
fracture process. Fracture processes which result from
very rapid deformations e.g. adiabatic shear fracture

(21)
and effects produced by compression waves, are unlikely 
to occur during comminution and need not be considered 
further. A number of mechanisms have been proposed for 
different fracture processes in various metals and 
alloys. A survey of the literature indicates considerable 
disagreement as to the exact mechanism by which the 
various characteristic fracture patterns are nucleated 
in different materials.

The predominant type of fracture mechanism 
which occurs in cobalt has not been specifically discussed 
in the literature. From general consideration of the 
characteristics of cobalt, it would be expected that 
low temperature brittle fracture, ductile fracture and 
fatigue fracture could occur under various conditions.

F.c.c. cobalt in common with other f.c.c. 
metals has theoretically 12 possible operative slip 
systems which permit deformation under an applied load. 
However it is likely that the slip which occurs during
deformation will be chiefly associated with the 3 primary

( 2 2 )glide systems, as a consequence of the low stacking 

fault energy.



In hexagonal cobalt, three slip systems are possible 
theoretically; the chief mechanism operative at a low
temperature will be slip on the basal plane i.e. (OOOl)

(23)
<ll2o>. This single slip system is predicted
theoretically at room temperature by the anisotropic

(24)
elasticity theory of dislocations, and is expected in 
h.c.p. cobalt because the c/a ratio of 1.623 is close to
the value of 1.633 which is predicted for ideal h.c.p.

(23)
stacking, and for which only basal slip is anticipated. 
This single slip system in h.c.p. cobalt provides for 
limited slip behaviour and therefore deformation. In 
practice therefore f.c.c. cobalt has 3 operative slip 
systems, and h.c.p. cobalt has only a single slip system.

(25)
According to the von Mises1 criterion, 5 

independent slip systems are required for crystal to 
undergo general plastic deformation by slip. When a 
polycrystal is deformed, a grain withl c is constrained 
to deform generally. If 5 independent slip systems are 
not available, other modes of deformation may become 
operative. Apart from fracture and slip, twinning is a 
favoured mode of deformation, more especially where the
number of glide systems is limited, as is the case in

(2f f )
both allotropes of cobalt.

The tendency towards deformation twinning 
increases with decreasing stacking fault energy.



(.28), (29), (30)
Jaswon and Dove's Inequality procedure predicts that
twinning should occur on the {111}, {100} and {101}
planes of f.c.c. metals, with the closest packed {111}
planes having the minimum twinning shear, namely

^ and in addition requiring no atomic shuffles
for twinning. In practice twinning on {111} of f.c.c.
metals is observed but not on the other two planes.
In h.c.p. cobalt the observed twinning planes are
{1012} with | s| f 0.138 and the {1122} and {1124) both

I I (27)with j S| 0.112.

The mechanism for the nucleation and growth 
of twinned structures in different metals does not 
appear to be well understood. Several mechanisms for 
twinning have been proposed, and the following summarise 
the important conclusions regarding this mode of 
deformation:

(1) Energy considerations indicate that spontaneous
nucleation of twins in f.c.c. structures would be 

(27) 
unlikely.

(31)
(2) Cotrell and Bilby's theory of twinning, which is 

so successful in explaining twinning in b.c,c. 
structures can explain twinning in f.c.c. structures 
only if a thick ( ~ 50 atom) twin nucleus is assumed

to be initially present.
( 32 )(3) Although Venables has developed a theoretical 

mechanism by which twins can be nucleated from a 
single stacking fault, it is thought that in practice 
twins do not form from a single stacking fault.



Although the existence of a critical stress for twinning
U?)

is doubted by some workers, the critical stress for twin
(ZZ)

nuclei _on according to Venables' theory would be 

°c ■ Ysf/>
where °c is the critical stress for twin formation

vsf is the stacking fault energy 
b is the Burgers ve cor 

ac is also he critical stress required for the formation
of a sticking fault.

(4) Oliver "has suggested that macroscopic twinning arises from 
twin nuclei introduced duriny crystal growth processes i.e. 
twins cannot result solely from deformation processes.

(5) In general terms previous plastic deformation is a necessary
requisite for twinning, and the energy to form a twin must

(.27)
come from an aggregate of slip dislocations.

(6) When twinning is caused by an external stress, it is 
necessary that the applied stresses do work during the 
formation of the twin, i.e. the shear stress across the 
twinning plane and resolved in the shear direction should 
be positive. It is thought that the magnitude of the
critical shear stress for twinning varies with the purity

(27)
and perfection of the crystals.

(;) O'Neill^originally noted that the majority of metals which 
exhibit low temperature brittle fracture also deform by 
mechanical twinning. He suggested that twin deformation 
might be responsible for crack nucleation, i.e. a form 
of twin induced crack nucleation might be operative.



There is some evidence that for certain metals local 
cracks may be induced in areas of twin termination,
but there is no conclusive evidence that complete

(Z7)
fracture arises from twin formation. It is
probable that the stresses required for twin
nucleation are o* the same magnitude as those required

W )
for crack initiation.

(8) As discussed later and as a consequence of the 
characteristics of dislocation motion in cobalt, 
twins provide sites for dislocation pile ups and 
consequently for fracture nucleation. In addition, 
intersection of glide dislocations with twin boundaries
may produce "twinning dislocations" thus propagating

(27)
deformation by twinning.

(9) xhe literature oi> twinning, although fairly extensi/e, 
suggests no conclusive mechanism for twin formation. 
Deformation twinning is expected in both allotropes
of cobalt because of the limited number of operative

(26)
glide systems.

The situation during the grinding of metal 
powders is very complex because of the non uniform 
direction of application of the stresses. Deformation 
may occur by slip, twinning or fracture depending only 
on which cry.tallographic direction is most favourably
oriented relative to the stress dii. etic.i, and on the

L v 5 /
resistance to the various mechanisms.
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In order to thoro-'ohly understand the 

deformation and fracture chai. teristics of the allotropes 
of cobalt, it is necessary to consider the importance of 
the dislocations initially present in the reduced cobalt 
metal powders, and the behaviour of these dislocations 
under the influence of the applied stresses, which arise 
during the milling of the powders. The importance of dis­
locations introduced during grinding must also be assessed.

The cobalt powders used were prepared by 
hydrogen reduction of oxide at elevated temperatures, 
followed by rapid cooling to room temperature. As a result 
of the quenching process the powder particles may contain
more vacancies at room temperature than the thermal

( 36 )equilibrium concentration. The vacancies may also yield
stacking fault tetrahedra arising from the collapse of 

(37) (38) ,(39)
vacancy discs. Electrical resistivity and magnetic after
effect measurements on cobalt specimens Indicate that these
vacancies may have considerable mobility at low temperatures
(< 200°K). Annihilation of distant Frenkel pairs, and
dlvacancy formation were thought to be the chief processesf 36 )
arising from the low temperature mobility of vacancies.
A certain proportion of dislocations will also be present 
in the reduced powders. These dislocations can adsorb 
vacancies and new dislocation# can be. generated from inter- 
action ot th. vacancie. with the dislocation.. In 
particular aard.en-H.rrln, vacancy .cure., would b. 
expected to nucleate a number ot dislocation loop., the 
vacancies exert a force of approximately ub/10 on dis­
locations, where v-i« the shear modulus of^the metal and 
b is the Burgers vector of the dislocation.

10 A)



A thermodynamic method has been evaluated
(44)by Me Lennan , by which the energy of formation of

monovacancies in metals may be calculated. The
calculated values are in good agreement with those
derived experimentally using electrical resistivity,
thermal emf, specific heat and magnetisation techniques
for a number of metals. A calculation shown in
Appendix 4 indicates that the ene m y  required to form
a monovacancy in cubic cobalt is 23.3 k cals/g atom
(97,86 k joules/g atom), assuming published values of
Young's modulus and Polsson's ratio. However anisotropic
values of the energy of formation of a monovacancy would
be expected 4.n f.c.c. cobalt, as in common with other
f.c.c. metals. Young's modulus is a maximum in the <111>

(45)
direction, and a minimum in the <100> direction.

(44)
In addition in the Me Lennan calculation , 

there are uncertainties in f (the fraction of the volume 
of the solid per atom) and ^  (the atomic radius).
In spite of these uncertainties, the thermodynamic 
method should yield values for the energy of formation 
of a monovacancy, which are of the correct order of 
magnitude, in view of the agreement between predicted 
and experimental values found for other metals. No 
experimental values for the energy of formation of a 
monovacancy are available for cobalt in the literature. 
The values calculated here compare favourably with chose 
derived using Me Lennan's theory for Copper^U7.4 k 
cals/g atom) and Nickel (36.7 k cals/g atom).

(25)



The calculations shown in Appendix 4 indicate the 
energy required for the direct formation of monovacancies 
in cobalt, and the energy released when a monovacancy 
is annihilated. In view of the large energy of formation 
of a monovacancy, the direct introduction of vacancies 
during grinding would be unlikely. Vacancies could be 
produced from dislocation interactions as discussed later.

(46)
In Volume 1 it was suggested that the 

volume change which occurs during reduction from oxide 
to metal resulted in deformation of the metal powder, 
and as a consequence stacking faults were produced in 
the metal powders. X ray diffraction analyses of the 
powders provided conclusive evidence that stacking 
faults were present in the reduced powders. The. 
proportions of growth and deformation stacking faults 
in the h.c.p. phase could, however, not be separately 
determined because of the overlapping of certain of 
the X ray diffraction lines, but it was suggested that 
deformation stacking faults would be predominant.
These stacking faults would be surrounded by very

(47)
stable partial dislocations. The stacking fault energy 
in both allotropes of cobalt is particularly low; in 
f.c.c. cobalt at room temperature the stacking fault 
energy is about 30 ergs/cm2 (3 x 10 joules/m ).



This energy is about twice that of a twin bounc'ary
which has been found to be about 12.7 ergs/cm2

(49)
(1,27 x 10 joules/m2) for f.c.c. cobalt. The

(50)
central force bond model of a metal predicts that
the stacking fault energy should be twice the twin
boundary energy. Thus in the case of f.c.c. cobalt
good agreement between theoretical and experimental
values exists. For f.c.c. cobalt the stacking fault
energy drops to 24.5 ergs/cm2 (2,45 x 10 2 joules/m^)

(49)
as the temperature is raised to 150°C . In h.c.p.
cobalt the stacking fault energy is also about

_ 2  (48 30 ergs/cm2 (3 x 10"2 joules/m ) at room temperature.
These stacking fault energies are particularly low
compared with those of other metals? e.g. aluminium

^(5 1)
has a stacking fault energy of 200 ergs/cm , and

(52)
copper has a stacking fault energy of 73 ergs/cm2 . 
Stacking fault energies are difficult to determine 
experimentally where the values are low? certain 
workers are of the opinion that the values cannot be
accurately determined if the stacking fault energies

(S3), (54) 
are less than 60 ergs/cm .

Thus certain proportions of vacancies, 
dislocations and stacking faults will be present in 
the cobalt powders prior to grinding. The X ray 
diffraction results described in the previous volume 
suggested that the individual metal particles had 
mos tic structures with small crystallites of both 
hexagonal and cubic cobalt present in the individual 
metal particles.

(27)



The exact significance of the experimentally 
measured crystallite sizes is discussed later.

Dislocation loops usually have a mixed
character, being neither of the pure edge nor

(SS)
of the pure screw types. However in both aHotropes 
of cobalt, it is probable that edge character of 
the dislocations will predominate, since in cobalt, 
as will be clear later, cross slip is difficult;

( 56 )
cross slip is a favoured motion of screw dislocations.
Any screw dislocations would thus be virtually trapped. 
Edge dislocations can move only in their slip planes.
X ray diffraction analyses, the details of which are 
given in Section 5.5, show that the dislocation 
densities in the cobalt powders are relatively high, 
and of the order of IQ11 cm"2, compared with values

( o2 )
of io5 to 106 cm-2 in well annealed metal crystals.

When stress are applied to crystals 
dislocations glide away from their original positions 
on their slip planes The minimum stress for^ 
dislocation glide is given approximately by:

a min = b>
2?

Where o min is the stress required for dislocation 
glide

b is the Burgers vector of the dislocation
y is the shear modulus of the metal
N ’is the dislocation density

(28)



Substitution of values in the above equation indicate
9that applied external stresses of the order of 10 

dynes/cm2 (108 N/m2) are required for dislocation glide 
in cobalt. During milling of the cobalt powders 
therefore the external stresses exerted by the grinding 
balls are sufficient to cause dislocation glide. If a 
dislocation encounters an obstacle such as a twin 
boundary, stacking fault, impurity centre or another
dislocation during glide, it tends to cross slip

(57)
onto a lower resolved shear plar.e. Once past the 
obstacle the dislocation tends to cross slip back onto 
the original glide plane. The ability to cross slip 
is closely related to the stacking fault energy. In 
metals of very low stacking fault erergies, the very
wide splitting of the partial dislocations surrounding

(22)
the stacking faults will impede cross slip. In both
allotropes of cobalt therefore glide of dislocations
will result in their piling up at the obstacles after
only small glide displacements from the dislocation
sources in the crystal. A very non uniform dislocation
distribution is therfore expected in deformed cobalt,
with little evidence of the dislocation "cell structure

(58) (59)
described by Swann and Howie. In the ground powders
the dislocations will be arranged in complex networks
or coplanar arrays, with little evidence of tangling.
The Lomer Cottrell locks will be widely extended.
In view of the expected dislocation distribution in
deformed cobalt a polygonisation process such as that,

( H 2 )
which occurs in aluminium at room temperature, is unlikely 
during grinding of the cobalt metal powders.

(29)



(60),(61)
A polygonisatlon process has been reported for cobalt, 
which is thought to involve vacancy mobility. However 
the minimum temperature required for this process is 
about 200°C. The maximum average temperature in the 
mill during grinding is about 135°C? thus the reported 
polygonisatlon process is unlikely.

Dislocation pile ups at grain boundaries
would be expected to exert a significant influence on
the progress of agglomeration during grinding of cobalt
powders. The leading dislocation of a pile up is acted
upon not only by the applied stress but also by the
interaction forces with the other dislocations in the
pile up. As a result of the large stress concentration,
and the plastic and elastic incompatibility at the

(63)
boundary four processes may result from pile ups:

(i) Slip can be initiated in an adjacent adhering 
grain if the leading dislocation is forced 
through the boundary. The broken boundary regions 
would then have the properties of additional 
dislocation pile ups.

(ii) Fracture nucleation at the grain boundary may

occur.
(iii) Stepped boundaries may be formeu.
(iv) The pile up may activate a Frank Read source 

in the adjacent grain.



In both allotropes of cobalt little
(64)

blunting of the pile ups will occur, because of the 
low stacking fault energies, and a further consequence 
of the low stacking fault energy is that the dislocation 
at the rear of the pile up will be effectively locked,
and little relaxation of the pile up will occur when

(64)
the applied stresses are removed; thus very large
forces may be exerted on the leading dislocation
of the pile up. The behaviour of dislocation pile ups
at grain boundaries is not thoroughly understood, but
the four processes mentioned are thought to occur

(65)
under various conditions. Stroh has suggested that 
fracture will result when the two leading dislocations 
of a pile up are forced within a distance b of one 
another, where b is the average Burgers vector of 
the dislocations in the pile up.

Single dislocations are also attracted 
to grain boundaries and their energy decreases
monotonically with decreasing distance as they approach 

(6 6 ) w  ^  1 the boundary. Single dislocations reaching the particle
boundaries will be effectively pinned at the boundaries.
However pinned single dislocations may result in the

(67)
grain boundary becoming kinked or stepped.

Climb of dislocations in the ground cobalt 
powders will probably not occur.

(31)



Dislocation climb is thought to be a thermally
(2 2 )

activated process and several workers are of the
opinion that temperatures of approximately 0.5 Tm
are necessary for dislocation climb (where Tm is
the melting point ci the metal in degrees absolute).
An activation energy similar to that required for
atomic self diffusion must be supplied before
dislocation climb can occur. Cold working does not
appear to lower the temperature at which dislocation

(6 8 )
climb can occur; thus although Silcox and Whelan 
observed dislocation climb in deformed aluminium at 
190cC (i.e. 463°K), this temperature is approximately 
half the melting point of aluminium on the absolute 
scale (933°K). During the grinding of cobalt metal 
powders the maximum average temperature achieved 
within the mill is only about 0.23 Tm; thus the 
occurence of dislocation climb is unlikely.

The vacancies which are initially present
in the powders occupy less space than atoms, and

(55)
thus have an associated strain energy. These 
vacancies therefore tend to migrate to vacancy sinks 
in order to lower their free energy. Theoretical
calculations of the dynamic lattice vibrations of

(69)crystals indicate that vacancies will be attracted 
to a free surface (i.e. sinks) with a force that 
varies inversely as their distance from the surface.
The vacancies arising from rapid cooling of the powders 
after reduction may therefore be annihilated at grain 
boundaries, dislocations, other .vacancies and impurity 
atoms as a result of vacancy mi_ration under the applied 
stresses. (32)



Furthermore a certain proportion of vacancies will be 
produced during deformation as a result of certain 
dislocation reactions. The nature of these reactions 
is difficult to predict as reactions producing 
vacancies which result from cross slip or climb are 
not expected during the grinding of cobalt metal
powders. However the following reactions discussed

(70) (71) ,by Seitz and Cottrell and which do not involve climb or
cross slip could produce vacancies during deformation
of cobalt:

(i) local heating at a dislocation
(ii) dislocation annihilations

(iii) coalesence of edge dislocations of opposite 
sign

These reactions are thought to be possible at room
(71) 

temperature.

Apart from the stacking faults present in 
the powders prior to grinding, which arise from 
deformation during the reduction process, additional 
stacking faults are introduced during grinding. The 
following theory indicates that the introduction of 
stacking faults by milling is probable from energy
considerations. A dislocation line passing between
the A and B planes of the cubic structure can split

(72)
into two partial dislocations, i.e.:

1 a {101}-* 1 a {211} + 1 a {112}
2 6 6



Since the energy of a dislocation (neglecting 
the core energy) is approximately proportional to 
the square of its Burgers vector, it is clear that 
the addition of the squares of the Burgers vectors 
in the abrve example indicates that this dissociation
ij very favourable, as the total energy would be

(72)
reduced by dissociation. The dissociation leads to 
the introduction of a stacking fault which results in 
a local change in structure from the f.c.c. toh.c.p. 

forms.

The stress required to form a stacking fault may
be derived from the formula given earlier for the stress
required to nucleate a twin. The shear stress required

gto introduce a stacking fau ; is approximately 10 
dynes/cm2 (108 N/m2) in both allotrrpes of cobalt. As 
the shear stresses operative during milling are of the 
order of lO^dynes/cn^, (1010 N/m2) stacking faults 
may be readily produced in both allotropes of cobalt 

during grinding.

The partial dislocations surrounding the stacking
faults would probably bow out to assume an equilibrium
configuration under the influence of the applied
stress; however due to their stability it is unlikely
that the partial* will be torn apart by the applied

(73) 
stresses.

Crystal imperfections interact directly with the 
innali aed stress fields present in metals.

(34)



The localised stresses are related not only to the applied 
stress but also to the stress fields caused by the presence 
of other dislocations and vacancies. As the kinetics of 
dislocation motion are not simply a function of the applied 
stress, but are also related to local interactions, the 
kinetics cannot be readily evaluated, and the expected 
types of crystal imperfections can only be discussed in 
general terms.

The effects of plastic deformation would be
expected to be evident, throughout the particles, and noc
only on the surfaces of the particles. In view of

(741,(76)previously published findings difrerenci.s xn the 
dislocation density between the surface regions and the 
interior of a article might be anticipated. Furthermore 
non uniform deformations could arise in different 
particles of a powder, because of different local cress 
sectional areas arising from the powder particle size 
distribution.

During grinding the applied stresses will 
result in an homogeneous shear in the <112> direction on
the {111} planes of the cubic structure, changing the

(77)
f.c.c. material to the h.c.p. form. The small volume

(78)cnange (-0.003 %) arising from the phase transformation 
during grinding could also be expected to influence the 
density and distribution of the dislocations present.
It has been suggested that the internal stresses arising
from volume changes of this type can be reduced by plastic

(7P)
flow or twinning.

(35)



As noted earlier grinding results in a variety 
of different types of forces being applied to the metal 
particles. Most studies on the influence of deformation 
on the motion of dislocations have been carried out by 
the direct, observation (in an electron microscope) of 
thin foils subject to tensile stresses.

Experimental observations indicate that tensile
deformation produces the following changes in thin foils

(80),(81)
of h.c.p. cobalt single crystals: During the initial
stages slip results in the edge dislocations being 
arranged in stress free dipole layers. Certain of the 
edge dislocations become arranged in multipole layers. 
Further applied stresses result in deformation twinning 
on {1122} and {1134} in regions highly disturbed by 
slip or in areas of high internal stress. A significant 
increase in work hardening was noted, xhich was attributed 
to twin formation, as the applied stresses were increased. 
Dislocations associated with non basal slip were not
observed. The thin foil results were explained by the

(82)
work hardening theory of Seeger et al. It is noteworthy 
that twinning on {1012} was not observed in this study,
although twinning on this plane has been reported else-

(83)where. A thin foil study of f.c.c. cobalt has not been 
reported in the literature.

Thus although cross slip is more difficult in 
f.c.c. cobalt than in other f.c.c. metals with higher 
stacking fault energies, greater deformation before 
fracture is expected in f.c.c. cobalt as compared with

(36)



h.c.p. cobalt, since the von Mises1 criterion js more 
readily accomodated in the f.c.c. allotrope. Thus when 
cobalt metal particles become trapped between two grinding 
balls or between a ball and the mill body) the f.c.c. 
cobalt would be expected to exhibit more ductile properties 
(i.e. greater deformation before fracture) than the h.c.p. 
allotrope H.c.p. cobalt would exhibit a fracture, much 
more characteristic of the "semi-brittle" type compared 
with the f.c.c. allotrope. Similarly fatigue fracture 
would be expected to occur after a shorter grinding time 
in h.c.p. cobalt compared with f.c.c. cobalt.

As noted earlier, the cross slip, conjugate 
and critical glide systems of the f.c.c. form will be 
unstressed, and the 3 glide systems of the primary can 
slip during deformation. In h.c.p. cobalt, on the other 
hand, there is only one single slip system in the basal 
plane on which the dislocation glide can occur. These 
expected differences in deformation behaviour between 
h.c.p. and f.c.c. cobalt are consistent with two sets of 
experimental observations:

(1) Polycrystalline h.c.p. metals exhibiting basal slip
do not deform plastically to the same degree as do

(84)
the f.c.c. and b.c.c. metals. (This observation 
was not made specifically for cobalt, but was a general 
summary of the fracture and deformation behaviour of 
a number of hexagonal and cubic metals) .

C37i



(2) The ductilities of the two allotropes of c • ;alt
(85)

have been measured experimentally: the ductility
of f.c.c. cobalt was much higher than that of the 
h.c.p. allotrope.

Basal glide in h.c.p. metals is insufficient 
therefore to allow deformation in a general way by 
slip.

These overall differences between h.c.p. 
and f.c.c. in their slip behaviour can, of course, 
be modified by the presence of stacking faults in 
both phases. The influence of stacking faults on
the structure of the f.c.c. and h.c.p. phases was

(8 6 )
discussed in Volume 1.

Deformation twinning is expected in both 
allotropes of cobalt. This is a consequence of 
the low stacking fault energy and the limited number 
of operative glide systems.

A very non uniform dislocation distribution 
will arise from deformation in both the allotropes 
of cobalt. In particular dislocation pile ups, 
stacking faults and twinned areas will arise.
The exact dislocation interactions which occur 
during grinding cannot be accurately predicted.
The prominent dislocations in h.c.p. cobalt will 
be those associated with the basal plane.

(38)



In f.c.c. cobalt the important dislocations, which 
will influence the deformation process, will be those 
of the close packed {111} planes.

A number of features associated with the 
grinding of different cobalt powders can be explained 
using the deformation and fracture behaviour of the 
two allotropes of cobalt described in this section.

3.3. THE OXIDES OF COBALT AND THEIR PROPERTIES

It was noted earlier that the cobalt metal 
powders contained oxygen, the amount in general 
depending on the grain size of the metal 
particles. The nature of this oxygen was not
discussed in the previous volume ? it was

(87)suggested, however, that the oxygen was 
associated with the surfaces of the metal powder 
particles, and its presence was not due to 
incomplete reduction of cobaltosic oxide 
during preparation of the metal powders. The 
oxygen could be present in both physically
and chemically adsorbed films on the surfaces of

(87)
the metal powder particles. It was noted that 
fine hexagonal cobalt powder prepared by 
reduction at low temperatures tended to be 
pyrophoric, and cobaltosic oxide was present 
on the surface, the presence of which was 
detected by X ray diffraction analysis.



%;♦
Experimental work .described later shows

that some chemically bonded oxygen Is present on
the surfaces of the metal particles, and electron
diffraction analysis suggests that the oxide present
is cobaltosic oxide (i.e. C03O4). A simple
calculation shown in Appendix 5 indicates the
manner in which the thickness of the oxide film on
the particles surfaces may be evaluated. The
calculation is probably over-simplified because the
thickness of the oxide film will vary with the
surface free energy which is theoretically
anisotropic in both allotropes of cobalt, as a

(8 8)
consequence of the anisotropy of the shear moduli.

(8 8)
Boas and mc Kensle have described experiments 
which demonstrated that the extent of tarnishing 
of Copper varied with crystallographic direction 
in the metal sample. Appendix 5 includes 
calculations of the oxide layer thickness on the 
cobalt metal powders, the grinding characteristics 
of which were described In Chapter 4 of the previous 
volume. Neglecting anisotropy, oxide film thickness 
of the order of 100°A are expected.

Despite the crystal parameters being
different for the oxide (Co^O^) and the metal, the
relative positions of the metallic atoms, in an
oxidised metal sample, were similar for the metal
and for the oxide, i.e. on hexagonal cobalt it was

(89)
found that (111) (C03O4) // (OOOl) (Co).

(40)

t -



Theoretical calculations have shown that the differences 
in lattice parameters in oxide and metal result in the
oxide film on the surface of the metal being in a stressed

(90),(91)
condition, end the presence of dislocations in surface

(92)
cobalt oxide films have been observed.

Cobaltosic oxide has been described as an
(93)ionic conductor, and also as a metal deficient semi-

(89)
conductor, with vacant cation sites. It has been
suggested that the oxide layers form on the metal as
a result of the outward diffusion of cations and

(94)
electron holes from the metal surface. Porosity has

(89)
been detected by different workers in oxide scales
of various thicknesses. In view of the probable mode 
of formation of oxide scales, it is thought that the 
electrons of the metal oxygen bonds are displaced
towards the oxygen atom, which gives rise to a

(95 )dipole layer. Such oxides in contact with a fluid
will have a negative seta potential, which has been

(96)
experimentally measured for a number of metal oxides. 
Thus it is important to realise that the oxide 
surfaces on the metallic particles will probably 
be negatively charged. A zeta potential between 
the oxide surface and the limited number of ions 
dissolved in the water in the acetone will probably 
exist, but it will exert no influence on the grinding 
behaviour because the particles are in constant
motion; during sedimentation of charged particles it

(97)
has been observed that the particles tend to become

(41)

■■"
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detached from the diffuse electrical double layer; 
thus during grinding it is very probable that the 
double layer will be removed from the oxide films.
(No zeta potential between the metal particles and 
the water in the acetone will arise as there is no 
preferential charge distribution in the metal).

Oxide films are unlikely to exhibit the
same ductility as metals because of differences in

(98)bonding mechanisms in the two materials. In metal 
crystals the bonding is due to electrostatic 
attraction between the valency electrons and the 
positive ion cores. The electrons are not however 
localised at the sites of their parent atoms. The 
non localised electrons in metals enhance the 
occurence of plasticity during deformation, and 
thus lead to ductile properties. In oxides the 
electrons are localised in electron shells of the 
ions.

The mechanical characteristics of cobaltosic 
oxide films have not been studied. Cobalt (II) oxide
scales have been shown to possess a certain plasticity

(8 9)at elevated temperatures? the plasticity was found to 
increase with increasing deviations from stoichiometry 
as reflected by an increase in the number of vacant 
cation sites. Differences in plasticity due to 
stoichiometric effects could be expected for COgO^.
No specific results have been reported concerning the 
adhesional characteristics of the oxides to cobalt/metal,
although certain observations have been reported for

(100)
nickelous and ferric oxides.



Some general observations indicate that oxide scales
formed on cobalt at temperatures higher than 700OC were

(89)brittle and friable; oxide on metal formed at lower
temperatures adhered to the metal jnd showed no evidence

(92)of cracking. Chattopadhyay and Neasor have confirmed 
that the mechanical stability of oxide films formed on
f.c.c. cobalt may be poorer them that of scales formed

(92)on h.c.p. cobalt. These authors found that greater 
strains and higher dislocation densities were present 
in scales formed on f.c.c. metal compared with the h.c.p. 
form. Cobaltosic oxide was found to predominate in 
scales formed on h.c.p. cobalt with about 50 % COgO^ in
the scales formed on f.c.c. metal, the balance being

(89)
CoO. It was reported at a much earlier time that the 
h.c.p. allotrope oxidised more readily than the f.c.c. 
form. In general, however, the nature of the oxide 
scales formed on cobalt metal (and no results on the 
oxides on cobalt metal powders have been reported) has 
received little attention; the mechanical properties 
of these oxides could exert an important influence on 
the grinding of cobalt metal particles.

The structure of Co-iO. has been thoroughly
(93)

investigated because of its ferromagnetic properties. 
Co30 4 is thought to have the same structure as 
magnetite, but it does not have a permanent magnetic 
moment. There is a dominant negative exchange between 
the Co2+ ions in the tetrahedral sites and the (Co3"1"^
groups (associated with oxygen as in the

(93)
octahedral sites.



The oxygen parameter (v) has been determined to be 0.388
at room temperature, indicating that Co_0 is not a

(93)completely ideal spinel. Certain catalytic properties of
(101)spinels have been reported.

On removal of a fine cobalt metal powder from 
a reduction furnace to the atmosphere, it is probable that 
van der Waals forces result in physical adsorption of 
oxygen on the surfaces of the metal particles in the first 
instance. However the affinity between fine cobalt 
particles and oxygen is such that chemisorption eventually 
occurs and a layer of C03O 4 up to several hundred angstrom 
units thick may be present on certain areas of the metal 
particles prior to grinding. The possible importance of
these films on the course of grinding cannot be ignored.

(102)It has been pointed out that adsorption of water vapour can 
occur on metal and metal oxide particle surfaces, so that 
in addition to oxide some hydroxide films may also be present.

(103) ,  ,Parravano suggested that metal powder particles
could be bonded together by the presence of a common oxide
film which was chemically bonded to both the metal
particles. The importance of this type of bond in cobalt
powders is discussed later in connection with the \
experimental results.

(104)Roscoe originally found that surface oxide 
films on cadmium crystals raised the critical shear 
stress of the metal.



He suggested that molecules of oxide sealed up surface 
cracks and strengthened the surface layer of the 
met*l. The oxide was thought to fill the cracks and 
reduce their ability to concentrate surface stress.

In studies on zinc crystals Harper and 
Cottrell confirmed Roscoes observations on the ability 
of oxidised surfaces to increase the shea;: stress of 
the crystal. The influence of surface okide films on
mechanical properties of metals has also been mentioned

(2 2 )
by Kabarro et al.

Thus surface oxides may raise the critical 
shear stress of metals. The metal particles were however 
ground in a liquid where the Rehbinder effect is also 
operative. This is iiscussed in the following section.

3.4. THE ROLE OF THE GRINDING FLUID

On purely mechanical grounds it is difficult 
to see any great difference in fundamental principles 
between wet and dry grinding. The effect of the liquid 
on the motion of the ball charge would be practically 
negligible. However, it has been found in practice that 
the nature of the medium in which comminution occurs 
exerts a profound influence on the energy input necessary 
to achieve a given specific surface area. It is well 
known in practice that certain "additives" can be used 
in grinding to bring about a reduction in milling time 
necessary to obtain a certain degree of fineness.

(45)



(106), (107), (108) 
Rehblnder and his coworkers carried

cut a number of experiments on the influence of 
sjrfactants (i.e. "the additives") on the resistance

metals were studied in these investigations; the
findings may be summarised as follows;

(1) The cohesive forces between atoms on solid surfaces
are decreased on adsorption of the surfactant;
adsorption probably occurs in the first instance
at structural defects or microcracks.

(2) A weakening of the material occurs at the structural
defects; this was ascribed to a decrease in the
surface free energy of the material resulting from 
adsorption, '"hus the resistance to rupture is 

reduced.
(3) A wedging pressure arises in the cracks from the 

film of surfactant adsorbed on the surface.
(4) The effect of the adsorbed film was to keep the

cracks open once they had been formed.

These phenomena collectively are known as the Rehbinder

treatment the probability P of the formation of rupture 
cracks at "weak spots" on the surfaces of metals is

of solids to stress and rtopture. Both minerals and

effect.

According to Rehbinder * s theoretical

given by;

(46)



Where Is a constant characteristic of the metal
Fsg/,̂  is the surface free energy of the solid liquid

interface
k. is the Boltzmann constant
T is the absolute temperature
6 is the distance between structural defectsm

Dislocations can alter the adsorption
characteristics, since dislocations influence the surface

(109)
stress distribution.

Since it is known that the energy requirements 
for wet grinding are (with other factors being eq.al)
approximately 20 % less than for dry grinding to achieve

(1 10)
a certain specific surface area, there are good reasons 
to suspect that milling fluid might be adsorbed at 
structural defects, thus facilitating comminution, at 
least in the case of brittle friable materials. For most
materials the liquid sell- interfacial energy is lower

( i l l )
than the gas-solid interfacial energy; thus theoretically 
it would be expected that grinding '.n the presence of a 
liquid would require a lower enert,. than dry grinding to 
achieve a given specific surfsee area.

The hypothesis that milling fluid co -d 
promote cracking in brittle materials m u s ^ b e ;modified for 
ductile metals, since as has been pointed out, in ductile 
metals most of the energy required to propagate a crack 
is used up in plastic deformation at the crack tip, and 
is about 30 times larger than the surface energy created
by propagation of the crack.

(47)



Thus on milling ductile metals the lowering of the 
surface free energy of the metals by adsorption of 
liquid should make little difference to their 
friability.

However, the experiments of Harper and 
Cottrell2suggest that the Rehbinder effect is operat /e 
when metal crystals with surface oxide films are 
strained in a liquid medium. These workers noted that 
the ability of surface oxide films to raise the critical 
shear stress could be dramatically altered by carrying 
out the experiments in a number of liquids. The general 
effect of the liquid medium was to lower the critical 
shear stress compared with the values obtained in air.
A certain time delay was noted before the Rehbinder 
effect became operative; it was found that the 
response time was related linearly to the viscosity of 
the liquid in which the experiments were carried out. 
Mobile agents such as kerosene or alcohol produced a 
much more rapid lowering of the critical shear stress 
than did viscous paraffins. It was concluded that the 
Rehbinder effect was operative by liquids penetrating 
the oxide films presumeably through cracks.

Thus during comminution of cobalt powders, 

the Rehbinder effect is not likely to as.-.st in 
comminution of the metal powder particles, but it may 
contribute to the ultimate fracture of oxide scales on 

the metal particle surfaces.

(48)



(113)It has been suggested that for extensive 
comminution of metals to occur on wet grinding, there
must be a chemical reaction between the metal and the

(114). (115)
liquid. Standard works of reference list no chemical 
reaction between cobalt metal or coba]t oxide and
acetone. The oxide of cobalt are reported to be

(114) _ .insoluble in acetone. Cobalt being a strongly
electropositive metal acts as a reductant towards
aldehydes which also contain the C ■ 0 carbonyl

(116)
group which is present in acetones a secondary 
alcohol does not result from the reaction of cobalt 
with acetone, although other reducing agents can

(116 )
result in the formation of this produce from acetone.

Acetone does not exhibit xeto enol tautomerism 
to any extent, and only minute traces of the enol 
form have been detected. Thus condensation reactions 
between the enolic form and methyl groups in other 
acetone molecules are not expected.

Acetone does however undergo intermolecular 
condensation reactions in the presence of certain 
compounds ̂ E v i d e n c e  presented later indicates that 
there is a chemical reaction between cobalt and 
acetone during milling, and, on the evidence of the 
organic compounds isolated from the reaction mixture, 
it is possible to give an outline of the chemical

OC CHITS •



FACTORS RESPONSIBLE FOR AGGLOMERATION OF FINE POWDERS

It can be anticipated that a system of 
fine particles dispersed in a liquid may be in a 
thermodynamically unstable state, because any free 
energy associated with the large interfacial area 
between the dispersed phase and the continuous phase 
can decrease by the aggregation or coalesence of the 
dispersed particles of fine powder. In fine particle 
systems, the free energy may be positive and the fine 
powder particles may constitute a lyophobic dispersion. 
Rather than remain x*. contact with the liquid the 
particles aggregate or coalesce with one another.

The formal theory of coagulation of 
particles of fine powder was developed by von 
Smoluchowski!^^According to this theory the rate of 
disappearance of primary spherical particles, due 
to collision following diffusion of the particles 
towards each other, is related to the diffusion 
coefficient D of the particles through the liquid, 
to the number n L of the primary particles per cm3 
and the collision radius of the particles R , is 

expressed by:
2-dn^ * SirDRn^

The original theory assumed that every 
collision was effective in removing two of the 
primary particles from the system if the centres 
of the particles approached to within the collision

radius R.



In practice each collision will in effect remove 
only one particle from the system since there were
two particles before collision and only one after-

(1 11) , , , wards. Hence if n is the total number of particles
within tii-i system, the above equation should be 
written in the form*

-dn = 4irDR
-a t

This equation integrates to
1 - 1  = 4* DRt
H  no

Where t is the time of agglomeration.
The diffusion coefficient D may be derived from 
Einstein's formula:

D = kT
6irna

Where k is the Boltzmann constant
T is the absolute temperature
n is the viscosity of the medium
a is the radius of the particles in the disperse

system.

The Einstein formula is valid provided the 
ponder particles are large in size compared with the
mean free path of the molecules in the continuous

(1 1 1 )
medium.

R is approximately equal to 2a, i.e. the 
particles must just touch before collision can occur.



In practice many particle systems are 
stable for longer periods than predicted by the above 
equations1due to an energy barrier W, which makes many 
of the collisions elastic, i.e. the particles are 
repelled away from each other without agglomerating.
Thus as a first approximation:

l - l  - 4irDRt exp - W_ 
n T-o '  RT

Where R is the gas constant
T is the absolute temperature

The above theory predicts that the 
potential well responsible for cohesion is infinitely 
deep, i.e. two particles having touched do not separate. 
This is approximately valid for suspended particles 

of colloidal metals.

Thus it can be seen that all fine particles 
have a natural tendency to agglomerate; the tendency 
being more pronounced the finer the particle sise since 
D increases with decreasing particle size.

Having established that fine powder particles

dispersed in a liquid tend to reduce their surface free 
energy by agglomerating, it is appropriate to try to 
estimate whether f.c.c. or h.c.p. cobalt powder ha. 
the larger surface free energy. Some idea 
values of the surface free energy of metals may be 

obtained in the following ways;

(52)



Gogate and Kothari2obtained the following relation 
theoretically by considering the free electrons of 
a metal confined to a two dimensional thin film;

-4/3
Y e (A/p)

Where Y la the total surface energy 
(A/p) is the atomic volume 

Where A is the atomic weight of the metal
p is the density of the metal
(1 2 1)Smith established the relation*

Y « (A/pl 1,4\  for a number of metals. ̂ Thus 
the theoretical predictions of Gogate and Kothari 
were practically confirmed by the earlier experiments 
of Smith5! with the exception that the exponents 

were not identical.

Since the density of hexagonal cobalt la 
slightly higher than that of f.c.c. cobalt, the 
atomic volume is lower for the h.c.p. form. On 
this basis therefore, h.c.p. cobalt would be 
expected to have a larger surface free energy 
than the f.c.c. form, although the difference 
would be small because the volume difference between 
the two forms per unit weight is only 0.003 %

) Leadbeatir2by considering surface tensions, melting 
temperatures and heats of sublimation of metals 
showed that for a number of metal, the^otal molar 
free energy is proportional to (A/p) .



Thus according to this relation h.c.p. cobalt should
have a lower surface free energy than f.c.c. cobalt. 

C123J
Kuczynski has derived the relation

Y-tj
where y is the surface free energy of the metal 

5 is the interatomic distance in the r 1 
crystal 

V is the shear modulus

If the interatomic distances for both allotropes 
of cobalt are assumed to be the same and of the 
order of 3 or 4 °A, Y should depend on y  Roster's 
data2indicate that Young’s modulus (and hence V) 
of cobalt decreases as the temperature is raised 
(i.e. as the temperature is increased from the h.c.p. 
stable region to the f.c.c. stable region). Thus 
on this basis y should be lower for the f.c.c. form 
compared with the h.c.p. allotrope. However, 
because both phases are anisotropic y would also 
depend on the c n  olographic direction in the

crystal.

Thus it appears that theoretical methods 
do not enable a prediction to the made as to 
which allotrope of cobalt vould have the higher 

surface free energy.



A survey of the literature indicates that 
for most metals the surface tension measurements (on 
which the surface free energies are based) have been 
made at or near the temperature of melting of the 
metal, and no data are available for lower temperatures. 
The relation between surface free energy and temperature 
may be shown by the following formal thermodynamic 

argument:
(125)

The Gibbs-Duhem equation for a single 
homogeneous phase in reversible equilibrium may be 

written in tne form:
SdT - VdP + Ady + L n,d y - 0___________   —  (1)

j J 3
where S is the interfacial entropy

V is the relative volume of the phase 
A is the interfacial area 
y is the interfacial free energy 
p is the pressure

(2)dG - I Ujd w j ------------- -------------

Where dG is the classical Gibbs free energy associated 

with the temperature T.

Dividing equation U> by A and expressing 
the r :suits in terms of the interfacial free energy



Where Ss - S/A which is the entropy per unit area of 
interface

0^ » Hj/A is the number of moles of the j th 
component per unit area of interface 

m V/A is the average thickness of the interface

phase

For a single component system of equilibrated 
interfaces where there are boundaries, the chemical 
potential can be considered to be esentially constant, 
and therefore dyj - O and the summation over j in 
equation (3) will be zero. In addition since the 
interface has a thickness At which must be of the order 
of a few intsrplanar spacings AtdP must be very small, 
and in practice can be neglected.
Therefore -dy ■ SadT
Therefore ■ "Ss           ***

Equation (4) therefore expresses the fact 
that the interfacial free energy will have a negative 
temperature coefficient since entropy is always positive.

Apart from proving that the surface free energy 
increases as temperature is reduced, the above analysis 
should hold for any general boundary; equation (4) should 
hold for a boundary such as a stacking fault. Equation 
(4) therefore probably describes formally the reason 
for the decrease In stacking fault energy as the 
temperature is raised, which was described in Section 3.2.

of this volume.

(56)



The interfacial entropies of the allotropes
of cobalt have not been reported, although the

(126 )
entropy of solid cobalt has been evaluated.
H.c.p. cobalt is stated to have an absolute entropy 
of 7.18 cals/°K g atom (30,16 joules/°K g atom) at 
298°K, whereas f.c.c. cobalt has an entropy of 13 
cals/°K g atom (54,6 joules/°K g atom) at 720°K. 
Extrapolation of the value for f.c.c. cobalt to 
room temperature was not given in the data.

Thus a number of methods of analysis do 
not prove conclusively which allotrope of cobalt 
has the higher surface free energy. The surface 
free energy will certainly be anisotropic in 
both forms of cobalt. The thermodynamic analysis 
is in agreement with Kuczynski's analysis; both 
these methods predict that the surface free energy 
will be higher for the h.c.p. form compared with 
the f.c.c. form. The surface energy of cobalt 
has been determined to be 1970 ergs/cm2 (1,97
ioules/m2) at 1354°C using the microcreep technique

( 49 )in an atmosphere of hydrogen. Another value of
1740 ergs/cm2 (1,74 joules/m2) has been quoted in

(127) 
the literature.

There a number of other special factors which 
can promote agglomeration of fine powder particles.

(57)



These a re i

(1) ELECTROSTATIC FORCES: Frictional charging is
only likely i.i dry grinding, and can only lead
to significant particle agglomeration with

(12B )
systems of non conductors. Both cobalt metal 
and the oxides are conductors and the grinding 
was carried out in a liquid. Thus it is 
unlikely that electrostatic forces could 
contribute to agglomeration of the co^^lt
metal particles.

(2) CAPILLARY FORCES: As soon as a fluid completely 
envelopes a system of solid particles
agglomeration forces due to capillary bonding

(129)should disappear. Agglomeration due to 
capillary forces will not occur during the grinding 
of the metal powders.

(3) MECHANICAL INTERLOCKINGi The rounded shapes of 
individual particles in the cobalt powders 
studied suggests that agglomeration during 
grinding caused by mechanical interlocking is

unlikely.
(4) THERMAL SINTERING: The lowest temperature at

which cobalt metal particles can sinter together
(130) . is about 400 C. This temperature was not

achieved for extended times during grinding.
In the agglomerates examined there was no evidence 
of neck growth between adjacent particles, which 
is a feature of thermal sintering.

(58)



(128)
(5) MAGNETIC FORCES: Some time ago it was suggested

that magnetostatic forces could contribute 
substantially to the bonding of magnetite 
agglomerates. The ex^;t bonding forces were 
not calculated however; since cobalt is a 
ferromagnetic material and cobaltosic oxide 
can exhibit induced magnetic properties 
magnetostatic forces could conceivably, contribute 
to bonding in cobalt metal powder agglomerates.

There are a number of factors which 
prevent an exact calculation being made* uurir 
grinding the cobalt powder particles are not 
magnetically saturated nor orientated for maximum 
strength. Any model of magnetostatic bonding would 
be greatly simplified by the initial assumptions 
made, e.g. the particle ha a uniform sire, a 
uniform structure iu present in the particles and 
that stray field effects are neglected. Furthermore 
applied stresses result in changes in the^magnetic 
properties of ferromagnetic materials; it is 
assumed that these changes arise from dislocations^ 
introduced by the cold working orocess. Brown has 
interpreted changes in the magnetic permeability of coro 
worked ferromagnetic materials in terms of the 
dislocation density.

With the above limitations the model shown in 
Appendix 6 was derived to calculate the magnetostatic 
bonding forces in the cobalt powder agglomerates.



Substitution of the numerical values shows that the 
magnetostatic bonding energy is very small, namely 
6,5 x lO"36 joules. Even with the shortcomings of 
the model noted above, this result should give a 
value of the approximate order of magnitude of the 
magnetostatic binding energy. The energy dissipated 
in a collision between two grinding balls (derived in 
Appendix 2 as 8,12 x lO-3 joules) is many ordmrm of 
magnitude greater than the binding energy of an 
agglomerate due to magnetostatic forces. Thus it is 
unlikely that stabilisation of an agglomerate during 
grinding could occur due to magnetostatic forces, and 
magnetic forces do not contribute to agglomerate bonding 
in the absence of an applied magnetic field. In the 
calculation shown in Appendix 6 the magnetic moment 
has been taken to be 161 oersted per g. Allowance for 
the presence of the two allotropes of cobalt in an 
agglomerate could alter the binding energy slightly
but insufficiently to alter the order of magnitude of

(134)
the binding energy. Myers and Sucksmith have shown 
that the magnetic moment at 293 K is 161.0 Oe/g 
(1,280 x 104 amp tum / m  g) for h.c.p. cobalt and 
167.3 Oe/g (1,330 x 104 amp turr/m g) for f.c.c. 

cobalt.

Cobaltosic oxide can exhibit induced 

magnetic properties, a flln. of this material Is 
present around some fine cobalt metal powders prior

to grinding.



A calculation shown in Appendix 7 indicates that 
the binding energy of an agglomerate of C03O 4 
would only be 7,28 x 10"54 joules.

Thus although Exner, Fischmeister and 
Lindelof suggested that magnetic forces could 
promote agglomeration of cobalt powders, the 
model in Appendix 6 indicates that the binding 
energy due to magnetic forces is negligible.

(6) van PER WAALS FORCES I It has been suggested that 
van der Waals forces can contribute to the bonding 
of powder agglomerates. Van der Waals forces 
attraction between metal surfaces have been measured? 
for chromium plates at a separation of lu the 
force of attraction was 0.01 dynes/cm2 (10 3 N/m2).
Thus very weak forces of attraction between the 
metal particles are expected which are attributable 
to the van der Waals effect. These forces are 
effective over only very small distances end 
diminish with the 7th power of the distance between 
the particles. For particles with irregular 
surfaces therefore, these forces would be limited 
to very small areas around point contacts of the 
particles. Since acetone is a small molecule and 
therefore easily polarised, van der Waals forces 
between oxide layers and acetone could exist. Thus 
it may be concluded that van der Waals forces of 
attraction may occur during grinding, but the forces 
are small and effective only over very limited distances.



THE INFLUENCE OF THE DIELECTRIC CONSTANT OF THE FLUID»
~  (137) ~

Kopelman and Gregg noted that the electrical
polarisability of the grinding fluid influenced the
degree of dispersion? the turbidimetrically measured
particle size of tungsten powder decreased with
increasing dielectric constant of the liquid as the
dielectric constant increased to 25? with dielectric
constants greater than 25, the particle size remained
constant. Acetone has a dielectric constant of 21.4
at room temperature? thus some of the agglomeration
noted in the cobalt powders could possibly be
ascribed to the electrical polarisability of the
acetone. However very different agglomeration
tendencies were n< ted during grinding of different
cobalt powders in the same liquid; thus this effect
could not account for the differences in agglomeration
characteristics observed. The physical reasons for
the effect noted by Kopelman and Gregg are difficult
to explain, and the following suggestion is made for
this effect: As the dielectric constant e of the
fluid is increased so is its dipole character. With
increasing c the forces of attraction between the
fluid molecules *nd metallic particles becomes
greater than the van der Waal, forces o t i t t r ^ o n

between the metallic particles themselves? thus
particles become detached from the aggregates
and are removed to the bulk of the fluid.



It is evident that none of the physical 
effects discussed above can explain the agglomeration 
behaviour observed on grinding cobalt powders, and 
it is therefore necessary to consider in greater 
detail the motion of the powder mass and the balls 
in the mill during grinding.

3.6. PHYSICAL ADHESION AND COLD WELDING

When the metal powders are placed in 
the milling fluid prior to grinding, the analysis 
of the previous section indicates that the pArticles 
tend to diffuse towards one another, and 
agglomerate. Einstein's equation indicates that 
the finer powders should agglomerate together more 
rapidly than the coarser powders.

During milling the powder agglomerates 
are impacted by the grinding balls. Bradshaw 
originally suggested that in addition to comminution, 
a "cold-welding" process could occur during 
grinding. Based on observations on fine nickel 
powders, Bradshaw suggested that "stable unions" 
of fine particles could be formed during grinding. 
Stable unions of large particles were thought to 
be unlikely, but no reasons could be advanced why 
very small particles could not "cold-weld' to the

large particles.

(63)



Bradshaw suggested that the type of bond formed
between the metal powder particles was similar to
that formed in Bowden's experiments on sliding
friction. In Bowden's work adhesion due to diffusion 

(141)  ̂ J wwelding occured. The phenomenon first noted by
Bradshaw implies that when two metal particles are
pressed together by an external force the particles
yield to the applied force by adhering together, and
a metallic bond is formed by diffusion.

(142)
From the Duprd equation the force 

required to separate two adhering metal surfaces by 
a molecular dimension may be calculated, and is 
approximately 600 kg/cm2 (5,81 x 107 H/m2). In 
practice such high adhesive strengths are not 
obtained; usual values are about 30 kg/cm2 (2*4 x 10 
N/mi)!3JThis large difference between the 
values arises from plastic flow and is thought to
be due to the existence of dislocations in the adhering

(144) 
surfaces.

Soft mcLc.l surfaces adhere strongly 
to one another, since the adhesion is not opposed by 
elastic stresses in the solid?" Adhesion between 
metal surfaces may be r e d u c e d  considerably by the 
presence of oxide ftiiL’ However if the properties 
of the oxide are such that it may be easily ruptured
marked adhesion between the metal surfaces may

(145) 
still occur.



As has been discussed in several works 
the studies of adhesion and friction are closely 
interrelatedf and depend on the same mechanical 
properties of the solids. When two solid surfaces 
are brought into contact under ;n applied load, 
the asperities of the two surfaces will contact 
and deform elastically and plastically until the 
applied load is supported. If while the two 
surfaces are adhering together, a tangential force 
is applied to one of the solids, a very definite 
force is required to move one solid over the other. 
This force is a function of the true surface 
area of contact, and of the shear strength of the 
material under the real contact area. The 
resistance to movement of one surface over the 
other is friction, and the applied tangential force 
is the friction force. Thus measurement of the 
coefficient of friction will yield information 
about the adhesional properties of solids.

The coefficient of friction is closely 
(147) ,(148).(149) 

related to crystal structure. The coefficient of
sliding friction has been measured £° ^ ^ ngle
crystal specimens of hexagonal cobalt; the
coefficient of friction was 0.35. In the same
series of experiments the coefficient of friction
was measured for a single crystal of (f.c.c.)copper

»nH was found to be 21.0.

(65)



These experiments showed that the friction 
coefficient for f.c.c. cobalt was slightly higher 
(0.40) than for the h.c.p. form, but the friction 
coefficient was not as large as that determined 
for copper. Of particular significance is that 
cobalt oxide films did not significantly reduce 
the measured friction coefficients compared with 
the values obtained for the oxide free metals 
studied in vacuum. In this respect the influence 
of cobalt oxides on the adhesional characteristics 
differs markedly from the behaviour of other metals 
with oxide surface layers, where a marked decrease
in friction between metals is noted in the presence

(146),(161) 
of an oxide film.

These differences in friction 
coefficients for the two allotropes of cobalt may 
be explained on the basis of the differences in 
mechanical properties described earlier; in 
particular the greater ductility of the f.c.c. 
form will permic greater ease of deformation 
under an applied load than is the case for h.c.p. 
cobalt. Thus a more marked increase in the true 
area of contact of the specimens will result in 
the f.c.c. cobalt compared with h.c.p. cobalt 
which leads to greater adhesion and an increase 
in the coefficient of friction.

(66)
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It is generally believed that the
presence of dislocations in the adhering surfaces
will result in a decrease in the adhesion and

(144)  ̂ .thus friction. The effect of the presence of
dislocations would be to reduce the true area of
contact between the adhering metal surfaces.
This decrease in the true area of contact arising
from the presence of dislocations in the surface

may occur in two ways:

(1) Herring has pointed out that surfaces
subjected to an applied load tend to deform 
by slip of dislocations in atom layers which 
are just below the free surface. The 
surface thus acquires a structure in which 
lines of atoms are missing from the crystal 
face, giving rise to a surface layer of 
atoms with an "internal step".

(2) An "external step" can arise from a pile up of 
dislocations at a particle boundary. In 
addition a pinned dislocation at a surface 
can  give rise to a kinked boundary. Both 
of these processes were discussed in Section

3.2.

Therefore the particles have a 
tendency to adhere tr on. another when placed 
initially in the grinding floio.

(67)



When milling commences the agglomerates will be 
impacted together by the grinding balls. F.c.c. 
particles will exhibit greater physical adhesion 
than h.c.p. cobalt particlos as a consequence of 
the differences in deformation characteristics 
expected between the two cobalt aliotropes.

It is important to assess the physical 
processes which can occur when the particles are 
in intimate contact. From observations of 
agglomerates on the scanning electron microscope 
(e.g. Figures 4.5. and 4.6. of the previous volume) 
it appears that the aggregates have the appearance 
of large metallic particles. This implies that 
a type of "metallic bonding" is formed between the

smaller particles.

Bradshaw suggested that during 
grinding tne metallic particles formed a "cold- 
welded" bond, and that atomic diffusion occured by 
atoms of one surface diffusing into the surface 
and along the grain boundaries of an adhereing 
surface. However a more detailed consideration of 
the "cold-welding" process suggests that Bradshaw's 
diffusion mechanism may not be entirely correct.

It is well known that the activation 
energy for atomic diffusion may be leered in 
plastically deformed regions of a metal. As 
discussed in 3.2. plastic deformation could introduce 
a large number of vacancies, which might be expected 
to enhance the rate of volume diffusion.

(68)



y,

In addition plastic deformation could increase the 
so called "internal energy" of the metal. The 
presence of vacancies would be expected to lower 
the activation energy required for atomic self 
diffusion. Some theoretical calculations have shown 
that while the activation energy for self diffusion 
in copper by a direct interchange mechanism is 
about 2.05 eV (3,28 x 10-19 joules) the activation
energy may be lowered to about 1.40 eV (2,24 x 10
joules) if diffusion occurs by a monovacancy 
mechanism!^^As a monovacancy is one of the simplest
defects which is thought to be introduced by cold 
working, empirical grounds might suggest that the 
presence of vacancies and a higher "internal energy 
would lower the activation energy required for 
volume self diffusion. The cold worked condition

-19

is said to be in a thermodynamically mestastable
(163)

state compared to the unstrained condition; the
higher "internal energy" or stored energy 
arises as a consequence of the "cold-working"

However, diffusion is a thermally activated
process!5 The calculations shown in Appendix 1 
indicate that the average temperature within the mill 
is at maximum 135°C. The maximum temperature that can 
arise in a single collision between two colliding 
grinding balls cannot be explicitly calculated, because 
there is no rigorous theory for estimation of the time 
of the collision, and thus the rate of energy 
dissipation cannot be evaluated.

. -  .



(18)
According to Tabor's theory for impacts between 

a soft metal and non deformable colliding body in which 
permanent pintle deformation of the soft metal occurs, 
the duration of the impact is given by;

■$

Where t is the time of duration of the impact 
R is the radius of the colliding sphere 
m is the mass of the colliding sphere 
pQ is the dynamic flow press' —  of the softer metal, 
which is plastically deformed in the impact

Solving this equation indicates that the duration 
of the impact between a 6 mm hard metal ball and a cobalt 
particle is 2.88 x 10-4 seconds. Consider a section of a 
hard metal ball adjacent to a cobalt powder aggregate as 
shown in Figure 2.6.1. Assume that the section of the 
ball is cylindrical with a diameter of 2r.

Assume that the heat generated is one half of
that generated in a ball collision, i.e. 0.975 x 10 3 
calories; Assume that the acetone at the edge of the 
agglomerate is at a temperature of 100°C. Assume that 
all the heat dissipated in a collision is used to 
maintain the acetone at a temperature of 100°C. Let 
the temperature at a distance rx from the centre of the 
section be V  Asaime that the heat is dissipated in a

cylindrical length of 1 mm.
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(167)
By the Fourier equation for heat conduction:

ti - *-2 ’

Where q Is the heat flux
k is the thermal conductivity of hard metal,

(166)
which is given as 0.06 cals/ cm sec. 

tj is the acetone temperature of 100°C 
Thus solving this equation yields:
When r1 • 0.5% then t1 ■ 372°C

r^ ■ 0.05% then t^ - 582°C
r^ ■ 0.01% then t^ » 725<'C

This inaccurate model indicates that the 
tesiperature generated in a ball collision 

may result in the temperature at the edge of a 
cobalt agglomerate exceeding the allotropic 
transformation temperature of cobalt in localised 
areas. In practice repeated impacting by the 
grinding balls produces the low temperature h.c.p. 
phase; the high temperature f.c.c. phase is not 
produced. In this analysis the temperature at 
the edge of a powder agglomerate has been considered 
and not the temperature at the centre of an 
agglomerate. Heat would have to flow from the 
edge of the agglomerate to the centre of the 
agglomerate.



Therefore it may be concluded that direct 
Impacting of the agglomerates by the belle may 
produce temperatures in excess of the allotropic 
transformation temperature in localised regions.
The balls and powder are in constant motion within 
the mill and an exact solution of the heat transfer 
process is not possible.

Experiments have shown that the activation 
energy for self diffusion in unstrained cobalt 
at 1000 - 1400°C is approximately 62 to 67 k cals/g

.t which th.« 
experiments were carried out, it is presumed that 
the materials studied had cubic structures, 
although the structure was not specifically 
determined in any of the investigations)• 
empirical postulate of Van Liempt states that the 
activation energy for bulk diffusion in a metal 
is given by 32 Tm, (where Tm is the melting 
point of the metal in degrees Kelvin). Van 
Liempt1s postulate indicates that the acvivation 
energy for self diffusion in cobalt should be 56.48 k 
cals/g atom, which is in good agreement with tne 
experimentally measured activation energies. In 
sinweriid cobalt specimens prepared from powders, 
the activation energy for self diffusion has been
determined to be 38.5 k cals/g atom at 600 to

(163)
800 C.

(72)



In a aintwred metal powder compact. It ie suggested 
that the activation energy is probably lowered 
compared with cast materials by the occurence of 
more extensive diffusion along the smaller grain 
boundaries, and as a result of other imperfections 
associated with a sintered product.

Diffusion of atoms along dislocations 
in low angle boundaries is a phenomenon that is 
known to occur;^ * thus^ the presence of dislocations 
can enhance the apparent volumetric diffusivity.
The activation energy required by a process of this 
kind is thought to be approximately half t h e ^ ^  
activation energy required for volume self diffusion. 
In the case of cobalt an activation energy of 
approximately 30 k cals/g atom would be required.

Surface diffusion of atoms on cleaned 
metal surfaces requires a lower activation energy 
than bulk diffusion, and will occur in preference to 
bulk di ffuBlon*. ̂ Surface diffusion h.s been observed 
at 300°C in adhered copper - nickel surfaces in
vacuum, but times of several hours were required to

(170)
obtain marked diffusion.

Thus it may be concluded that "red- 
heat" temperatures (600 - 800°) would be required 
for long periods to achieve appreciable "cold- 
welding" by diffusion of material between adjacent

d it 3. in s •

(73)



During grinding the maximum average temperature is 
about 135°C, and the maximum temperature generated 
by direct impacts must be approximately 700°C; 
the duration of the impacts is small. Thus there is 
little possibility that the extensive "cold-welding" 
observed (especially in f.c.c. cobalt) occurs as a 
result of volume diffusion. Very localised volume 
diffusion might occur, however. The surface 
diffusion characteristics of cobalt have not been 
reported in the literature, but in view of the very 
slow rate of surface diffusion noted for copper - 
nickel surfaces at 300°C it is improbable that surface 
diffusion could contribute to the "cold-welding" 

process.
C1S2J m ^

Herring has developed an expression for the
driving force for self diffusion between two adhering
surfaces where zhe only motivating force for self
diffusion is a concentration of vacancies between
the surfaces and the interior of the solids. Using
this expression for cobalt particles of radius IU,
assuming that the surface free energy of cobalt is
'v 2000 ergs/cm2 and t..at the atomic volume of cobalt

g
is 6.02 cc/g yields a driving force of 4.Si x 10 
ergs/g atom (48,1 joules/g atom). The thermal 
energy at 30C°K is approximately 2.53 x 1010 ergs/g 
atom. Thus the driving force provided by a 
concentration of vacancies is considerably less than 
the thermal energy of the system, and cannot motivate 
self diffusion between adjacent particles in physical 

contact with one another.



At the average temperature within the mill i.e.
-v 100°C therefore, a concentration of vacancies 
cannot motivate self diffusion.

Thus it does not appear that a diffusional 
mechanism can account for the "cold-welding" process 
even though vacancies and defects are present which 
could lower the activation energy. It does not seem 
possible that temperatures necessary for thermal 
activation of diffusion persist for sufficient time 
during grinding for "cold-welding" to occur by a 
diffusional process; thus another mechanism must be 
proposed for the "cold-welding" process. Dislocation 
climb cannot occur if the temperature does not exceed 

700°C.
(171), (172), (173)

Bubble raft experiments have shown that
slip can result in the bonding together of adjacent
particles and no thermal activation is necessary.

(171) ,(172), (173)
Bragg and his co-workers have shown that the forces
between uniformly sized bubbles of a plastic 
crystalline material on the surface of a liquid 
closely resembled those that were predicted to exist 
between metallic ions, and that rafts of bubbles 
would deform at a critical stress by the slip of 
dislocations. Bubble raft studies showed that 
geometric changes from the state of initial adhesion 
can be readily accomplished by slip deformation 

processes.



In both allotropes of cobalt pile up of 
dislocations at grain boundaries are expected, and 
thus slip processes between adjacent grains could 
occur. In order to study a process of this type 
consider the phys cal situation shown in Figure 3.6.2.> 
two adhering powder particle? re in physical contact; 
both particles have been severely deformed during 
grinding and their surfaces can be represented by a 
series of terraces; one particle is represented by a 
flat plate the other by a cylinder. Suppose that a 
dislocation of Burgers vector b is nucleated ii. either 
surface by the slip of one terrace into another.
The yielding of the second grain is caused by an 
unstressed pile up of dislocations at the surface of 
one of the particles. Consider that the boundary 
formed is a wedge shaped notch with a wedge angle 0 
as shown in Figure 3.6.3. If the slip plane of the 
nucleating dislocat'.on is approximately normal to 
the surface of the plate the two surfaces will move 
towards each other by a distance approximately equal 
to their normal separation thereby annihilating a 
region of material approximately equal to the cross 
hatched region shown in Figure 3.6.3, The width of 
the strip of annihilated surface is approximately 
equal to the terrace width (or b/tan 0). The length 
is twice the radius of the dislocation loop.

(76)
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Since two surfaces are annihilated, the free energy 
change is given by:

Where y 1* the surface free energy of cobalt
r is the radius of the dislocation loop

If two free surfaces contain grain or mosaic boundaries
which are eliminated an additional negative free energy
is introduced. Let this be G . By introducing a

0
dislocation in the second grain, an elastic energy
term has been introduced which (neglecting the core

(174)
energy of the dislocation) is given by:

Gd - ^  In Q r  j per unit length
Where y is the shear modulus of the metal

The total free energy change upon nucleation 
of the dislocation and annihilation of the interface is 
the sum of the interfacial, grain hour ' ; end elastic

energy terms, i.e.& = y~] - - -ev
In the model considered no external work 

was involved, thus tne free energy equation contains 
no additional terms. Also noteworthy is that no 
thermal activation is necessary for this process.

Consider the following specimen calculation:



(176)The anisotropic elasticity theory and a 
consideration of the stacking fault energy for cobalt 
indicates that the ratio r/b must be approximately 10, 
is the dislocations are widely extended*
Assume tan 6 - 0.01 therefore e = 0.01 radians = 0.6°
Y Cobalt - 2000 ergs/cm2

b ■ 3°A

.\ AG-2(3xlO'8) 310.0.798xl012.2.303Cog2-GB- 4 a 0 i 3 x l 0 ^ L 2 .

. 12 x lo”11 - 720 x 10-U _ Qg ergs
- -708 x 10*11 - Gb ergs
. -7,08 x 10“ 1* - (63 x 10"7) joules

This simple process whereby slip occurs between two 
grains in physical contact yields a negative free energy; 
thus the process could occur spontaneously.

The model therefore suggests that dislocation 
interactions could exert a significant influence on the 
-welding" together of fine particles during grinding, and
that the 30 called "cold-welding" process could result 
from slip deformation processes while the grains are in 
contact. With the evidence that dislocation inter­
actions are probably responsible for "cold-welding", 
it is possible to make some suggestions as to the type 
of bond that is formed between metal particles during 
grinding. Cross slip and dislocation climb are not 
possible in the dislocation interactions.



Three met# of dimlocations with three non- 
coplanar 3urgerm vectors are a prerequisite for
the "urination of a general grain boundary much as is

(176)
present in a polycrystalline metal. If three 
independent sets of dislocations are not present as
is the case in both allotropes of cobalt only special

(176)
types of boundaries can be formed. In f.c.c. cobalt 
the only dislocations that nee a be considered are 
those of he <111} planes? in h.c.p. cobalt 
dislocations which can -esult in slip interactions 
are ti..o*e of the basal plane. Thus the types of
grain boundaries that can rorm are theoretically

(177)
predicted to be unique tilt boundaries. Ho other
orientation is theoretically possible such that
characteristic metallic bonding may occur. A u n i q u e ^
tilt boundary consists of one set of edge dislocations?
the boundary angle would depend on the dislocation

(178 )
density as would the boundary energy. Another 
property of the unique tilt boundary is that it has
no long range stress field. This can be proved

(178)
theoretically.

In practice these theoretical predictions of 
orientation at grain boundaries are often not obeyed 
since the dislocations can interact with one^another 
resulting in configurations with lower energy. In 
the particular case of the allotropes of cobalt, a pile 
dislocations can generate very large stresses at the 
boundaries which can cause fracture or slip in an 

adjacent grain.
(79)



Hypothetically a grain boundary can move 
normal to itself by pure slip through motion of 
individual dislocation segments on their glide planes, 
provided none of the segments with edge dislocations 
has glide planes coinciding with the boundary. 
Theoretically this wou^d require very high applied

'j 7 )
stresses. Thus generally low angle grain boundaries 
are both, immobile in glide and stable against 
dissociation. The unique tilt boundary is however a 
glissile boundary, which can advance normal to itself 
by glide on slip planes normal to the boundary plane.
As the boundary advance* the volume of one grain 
increases, in the same proportion as the volume of the 
other decreases. This forward boundary motion requires 
no net transport of matter to or from the boundary, 
but only exchange of matter between the dislocations 
in the boundary. Some segments in the boundary^are 
thought to act as sources and others as sinks.

Thus in so far as the dislocation motions 
in "cold-welding" are concerned the following is the 
proposed description of the process involved: 
agglomerated metal particles are impacted by the 
grinding balls, and dislocations are introduced which 
interact with -he dislocations initially present.
The impacting of the balls results x- physical adhesion

between the metal particles.

(80)



Stresses generated in the agglomerates by the balls 
result in slip p sees between adjacent grains 
which can reduce the free energy of the system as 
shown in the model. In addition unique tilt 
boundari as can be formed by interaction of the (111); 
planes of the cubic and the (0001) planes of the h.c.p. 
structure. These unique tilt boundaries are mobile 
and, as they consist of sets of dislocations, it is 
likely that they could be attracted towards free 
surfaces i.e. boundaries of the particles. If these 
processes do occur the apparent sis* of the "coherent" 
metal particles can increase, and the "cold-welded" 
aggregates will consist, in appearance, of particles 
larger in size compared with the particles size of 
the powder before grinding. By the formation and 
migration of unique tilt boundaries, the free energy 
of the powder will be reduced by elimination of free 
particle surface. Further the energy of the 
dislocations will be reduced provided the dislocations 
in the boundary can be eliminated at free surfaces,
and do not interact with other dislocations whereby

(179)
the dislocations become sessile. All these processes 
occur while the particles are in physical contact, 
but the migration of the glissile low angle boundaries 
can only occur under the influence of an applied 
stress. Slip between adjacent particles can occur 
while the particles are in physical contact in the 
absence of an applied stress provided a pile up of 
dislocations can break through the boundary.

(81)



More extensive slip can occur In the f.c.c. form 
compared with the h.c.p. form, and more extensive 
"cold-welding" is therefore expected.

In addition to the glide 01’ the 
dislocations during grinding, the vacanci.es in the 
metallic lattices must be considered. The vacancies 
tend to be driven away from rigid boundaries under 
the influence of an applied stress, and are attracted
towards the free boundaries such as dislocations and

(69)free surfaces. If a vacancy is eliminated at a 
particle surface, the energy required for the 
formation of a vacancy is released, which is about
20 k cals/g atom.

Vacancies expelled from the metal 
- rtlclea would tend to reduce the number of defect, 
in the adhering eurfecee, end the effect of the 
removal of vacancies could be to Increeee the true 
area of contact between particle, that are In 
adhesion. The concept of vacancy elimination reducing 
the number of step, on a surface ha. been propoeed, 
thus the energy rel.aeed on the vacancy reaching the 
.urface would probably reduce the free energy of 
the surface.

Twinned region, could be expected In 
certain area, of the -cold-welded" agglomerate., .Inc. 
twinning t. an expected mode of deformation In both 
allotropes of cobalt.

(82)



The "cold-welding" processes described above 
cannot continue indefinitely, because of the increasing 
deformation of the particles (and hence dislocation 
density) which is introduced by continued impacts from 
the balls. Work hardening of the cold welded material 
will result in the s ’ip processes being impeded, and 
fracture will result from large concentrations of 
dislocations at the mosaic and twlr. boundaries. After 
extensive deformation, certain of the dislocations may 
become sessile and act as obstacles towards further 
glide of dislocations. Cubic regions of the powder are 
transformed to the h.c.p. form by deformation; the 
h.c.p. form is more prone to brittle fracture. Small 
particles will therefore tend to become removed from 
the cold welded agglomerates. Certain of these particles 
may be rewelded to other agglomerates, but it is shown 
later that there is a chemical reaction in the grinding 
fluid by which certain compounds c^n be adsorbed on the 
powder particle surfaces, which can prevent metal -metal 
readhesion. A stage during grinding will be reached 
therefore where the rate of fracture exceeds the rate 
of re-adhesion and the agglomerates will decrease in

size.

Severe! investigations have shown that f.c.c.
metal'* work harden more rapidly than do the h.c.p.

(1 8 1) 
metals.

(83)



Thus it might be expected that comminution of f.c.c. 
agglomerates would occur more readily than occurs 
for h.c.p. agglomerates. However the occurence of 
more extensive slip in the f.c.c. form compared 
with the h.c.p. form leads to more extensive "cold- 
welding" in the f.c.c. form.

The presence of grinding fluid would 
promote the occurence of physical adhesion between
the metal surfaces in comparison with adhesion in

(182)
air. This is predicted by the Stefan equation 
which is shown in Appendix 8. (This equation was
originally derived by Stefan in 1874, and has

(1 8 2)
subsequently been derived by others). According to 
chis equation, physical adhesion increases with 
viscosity of the surrounding medium, '"he viscosity 
of air at room temperature is 0.018 centipoise
compared with a value of 0.320 centipoise for

(183)
acetone at room temperature. In addition the 
Stefan equation predicts that the forces of adhesion 
are much greater for flake shaped particles than 
for rounded particles.

Thus it is suggested that physical 
adhesion and "cold-welding" occur when the agglomerated 
particles are impacted by the grinding balls. The 
adhesion and "cold-welding" behaviour is governed 
primarily by the operation of the slip systems in 
the hexagonal and cubic allotropes of cobalt.



"Cold-welding" implies the formation of larger 
particles from smaller particles during grinding, 
such that the large particles appear to be virtually 
coherent. The formation of these aggregates by 
diffusion'1 processes is rather tenuous, but as the 
temperature generated on impact of balls cannot be 
evaluated exactly, diffusional processes resulting 
in "cold-welding" cannot be entirely ruled out. Slip 
and dislocation interactions while the particles 
are in contact could also and probably do result in 
"cold-welding". During grinding of both allotropes 
of cobalt cross slip and dislocation climb processes 
are improbable. It has been suggested that j. o w  angle 
tilt boundaries are involved in the "cold-welding" 
process; it was suggested that thesa boundaries are 
formed on the {111} planes of the f.c.c., and the
(OOOl) of h.c.p. cobalt.

The distinction between physical adhesion 
and "cold-welding" is very difficult. Physical adhesion 
implies that there should be some evidence of discrete 
particles in the aggregates. It is suggested therefore 
that during grinding of metallic particles both physical 
adhesion (with some evidence of individual particles in 
the agglomerate) and "cold-welding" (where the large 
aggregates appear to be "coherent") occur. Factors such 
as surface roughness of the particles may influence the 
extent of "cold-welding" and physical adhesion observed.

(85)



It la possible that during the comminution of cobalt 
metal powders both processes occur to varying degrees. 
Both "cold-welding" and physical adhesion depend on 
the same physical properties of the metal. The 
occurence of agglomerates of this type in the ground 
powders indicate that considerable adhesion occurs 
during grinding and the junctions are able to withstand 
the released elastic stresses.

As a consequence of the deformation 
characteristics of f.c.c. cobalt under an applied load, 
compared with those of h.c.p. cobalt much greater 
adhesion would be expected between f.c.c. cobalt 
particles than between h.c.p. cobalt particles. It 
was recorded earlier that oxide films on f.c.c. cobalt 
are thought to be under greater strain than those on 
h.c.p. cobalt; the strained oxide scales would be 
more susceptible to fracture. Furthermore the previous 
work showed that predominantly f.c.c. cobalt powder 
prepared by reduction at high temperatures had coarser 
grain sizes compared with the h.c.p. powder prepared at 
low temperatures; the oxygen contents of the f.c.c. 
powders were shown to be lower than those of the h.c.p. 
powders. It is likely therefore that if oxide films 
were present on the f.c.c. particles prior to grinding, 
they could be easily ruptured and increased adhesion 
between f.c.c. particles could occur.



Ttvie it must be concluded that the forces of adhesion 
between cobalt particles would decrease in the 
following order:

f.c.c. - f.c.c. > OF* - f.c.c. - f.c.c. > OF 
- f.c.c. - OF - f.c.c.> h.c.p. - h.c.p. =
OF - h.c.p. - h.c.p. = OF - h.c.p. - OF - h.c.p.

In general terms it has been found, 
that the less ductile a metal is, the lower will be 
its adhesion. Thus agglomeration due to forces of 
adhesion will be much lower for h.c.p. cobalt than 
for f.c.c. cobalt, but this does not mean that cold 
welding between h.c.p. metal particles cannot occur.

4. PROPOSED MECHANISM FOR THE GRINDING OF COAALT META1 
POWDERS

Having described a number of effects 
which are operative during comminution of metal 
powders, it is possible to attempt to explain the 
grinding characteristics of cobalt powders, which
initially contain different proportions of the 
hexagonal and cubic phases.

* OF represents an oxide film

(87)



The following points summarise the expected 
behaviour, and some of the experimental resultsi

(1) During the initial stages of grinding of cobalt
powders, all powders (except the annealed powders) 
were found to agglomerate. Irrespective of initial 
allotropic ratio. Evidence for the agglomeration 
is provided by the decrease in specific surface 
area, and direct observations made on the ground 
powders with the Stereoscan Microscope. It is 
not possible to predict theoretically which allotrope 
has the greater tendency towards natural agglomeration 
when a cobalt powder is placed in the grinding fluid.

(2) On theoretical grounds it would be expected that 
hexagonal cobalt could be comminuted more easily 
than cubic cobalt, and cubic cobalt would exhibit 
"cold-welding" during grinding more readily than
hexagonal cobalt.

(3) On grinding, predominantly cubic powa a tend to 
fora large "cold-welded" agglomerates, whereas in 
the hexagonal powders, powder particles with sites 
similar to the initial sizes are evident within the 
agc/1 omerates. Some evidence for the occurence of 
"cold-welding" is present in the hexagonal powders,
however.

(4) During the course of grinding of cubic cobalt, 
transformation to the hexagonal modification occurs, 
as a result of shear.



Complete transformation of all the cubic material 
present to the hexagonal modification does not occur 
during grinding, but a significant proportion of the 
Initially cubic material Is present in the hexagonal 
form after extended grinding. Thus on grinding a 
cobalt powder, initially predominantly cubic in 
structure, characteristics of the cubic structure would 
be expected; thereafter properties more characteristic 
of th* hexagonal modification could be expected.

Thus in broad outline the following behaviour 
would be expected on grinding cobalt powders*
(a) The predominantly cubic powders would show pronounced 

evidence for adhesion and "cold-welding* during the 
Initial stages of grinding. Transformation to the 
hexagonal form would be occuring concurrently with 
the adhesion process. The hexagon# 1 form shows 
much reduced adhesiona1 characteristics compared 
with the cubic form, and in addition less energy 
would be necessary to comminute the particles. 
Therefore the "cold-welded" aggregates could be 
broken up into smaller particles.

Thus it would be expected that the following 
changes in specific surface area would be observed 
during the grinding of a predominantly cubic cobalt 
powders The specific surface area would decrease 
initially due to the adhesion of the cubic particles, 
but simultaneously small particles of hexagonal 
material would be formed.



However during the initial period, the strong 
adhesional characterirtica of the cubic material 
prevent any increase in specific surface area being 
recorded even as a result of the hexagonal particle® 
formed. The particles of the hexagonal cobalt which 
are produced have a small tendency to adhere to one 
another, but the measured specific surface area 
still decreases. However a stage will be reached at 
which the energy supplied by the grinding will exceed 
the forces of adhesion in the agglomerates. The 
aggregates will break down and the specific surface 
area will increase. Thus a slow decrease in specific 
surface area due to adhesion of cubic material and 
formation of hexagonal material will occur over an 
extended grinding period. Thereafter a marked 
increase in specific surface area will occur due to 
the poorer adhesional characteristics of the
hexagonal material.

Predominantly hexagonal cobalt powders
would be expected to show some adhesional 
characteristics during grinding. This would result 
in a decrease in the measured specific surface area. 
However hexagonal material exhibiting brittle 
fracture characteristics could also be comminuted 
during the initial stages of grinding. The net 
effect during the initial stages of grinding must 
be that the adhesional process operates in 
preference to the comminution process.



A stage will be reached where energy imparted to the 
agglomerates by the grinding balls will exceed the 
forces of adhesion within the agglomerates, and small 
particles will be removed from them. Either through 
contamination from the grinding fluid or by some other 
means, which are discussed later, hexagonal particles 
removed from the agglomerates do not tend to readhere to one 
another and the specific surface area increases. Thu* on 
purely mechanical grounds a predominantly hexagonal cobalt 
powder would show an initial decrease in specific surface 
area, followed by an increase in specific surface area. The 
grinding period during which the initial decrease in 
specific surface area occurs would be expected to be much 
shorter than in the case of predominantly cubic powders 
due to the reduced adhesion shown by hexagonal powders 
cong>ared with cubic powdurs.

The above processes probably represent 
a very simplified picture of the processes which occur 
during the comminution of cobalt powders. A number 
of the processes mentioned are probably occuring 
simultaneously with one another, and may compete with 

each other.

The mechanism proposed above for the 
comminut m  of predominantly hexagonal powders is not 
obeyed during the comminution of a cobalt powder, which 
consists solely of the hexagonal modification.

(91)



It was noted earlier that comminution of an ultrafine 
powder consisting only of the hexagonal form resulted 
in the minimum specific surface area being achieved 
after 90 hours of grinding. The probable reasons 
for this behaviour are described later in this section.

Metal powder particles could fracture 
during ball milling in the following way: Grinding
in the cold works the metal powder particles and cold 
working makes the particles more reactive. The 
cold working of the particles is most severe in the 
sections of each particle caught between impacting 
balls (or between balls and ball mill wall) and this 
volume acquires a more positive free energy than the 
rest of the particle. On average the points of 
impact became thinner than the rest of the particle. 
The impacted regions of the particle are likely to 
be more reactive with respect to the ball milling 
medium than the rest of the particle which reacts 
with the milling fluid to a lesser degree. Eventual 
fracture of the particles probably occurs through 
these most heavily cold worked regions both 
because they are thinner (and thus weaker) than the 
remaining portions of the particle and because 
localised c:.amical reaction could produce effects 
which could assist the fracture process.



It is therefore necessary to discuss tha
possible role of the acetone in the comminution
process. Evidence presented earlier suggested that

cobalt reacted with the grinding fluid during
milling. A carbon pickup from the acetone was not-d
in the ground cobalt powders. After grinding cobalt
powders for periods of about 70 to 100 hours the
grinding fluid acquires a distinct yellow coloration.
Using a spot test technique, it can be shown that
this grinding liquid contains dissolved cobalt. The

(184)
basis of the spot test is as follows: 
a - Nitroso - B napthol (I) reacts in its 

tautomeric isonitro-oxime form (II) with cobalt to
give a red brown precipitate (III) which is Insoluble
in hydrochloric acid: i.e

)b

Co/3

0
*

'(I) - '(Ilf (III)'
This spot test is positive with both 

di- and trivalent cobalt since the « nitroso e 
napthol reagent itself can act as an oxidising igent 
since it is an orthoquinoid compound, and a derivative 
of nitrous a c i d T h u s  it is not possible to be 
specific (without further experimentation) about 
the valency state of the cobalt in the acetone after

grinding.
represents a hybridised 
BENZENE RING 
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Nevertheless chemical -eaction between the cobalt 
and the acetone must occur during grinding. Pure 
acetone not used for grinding exhibits a negative 
spot test.

It was noted earlier that no chemical 
reaction between cobalt metal and acetone has been 
reported in the literature, but reactions between 
basic oxides and compounds containing the carbonyl 
group were known. Thus it is suggested that the 
reaction observed during comminution might arise 
from the cobalt oxide rather than from the cobalt 
metal itself. It was noted that certain basic 
compounds could cause intermolecular condensation 
reactions, and it is conceivable that cobaltosic 
oxide could promote the condensation reaction. It 
is assumed therefore that it is through C o ^  
adsorbed on the surfaces of the metal powder 
particles that the condensation reaction results. 
In Co304 both di and trivalent cobalt ions are 
present, as was noted earlier.

Thus it is suggested that during 
grinding of cobalt powders, the behaviour expected 
from the crystal structures of the two allotropes 
of cobalt is modified by the presence of the 
acetone in the following respects:

(1) The acetone react, with oxide films on the 
surface of the metal powder particles.
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(2) The acetone promotes physical adhesion as 
predicted by the Stefan equation.

(3) For the reasons noted earlier the acetone is 
unlikely to influence fracture characteristics 
of the ductile metals as suggested by the 
Rehbinder theory.

(4) The acetone promotes limited agglomeration by 
its electrical polarisability effect.

Concurrently with particle fracture, it has 
been suggested that there is the competitive process 
of particle welding occuring during grinding. Particles 
of micron sizes dispersed in a licuid tend to stick to 
one another when they touch each other, (as was 
discussed earlier). Loose agglomerates of powder 
formed in this way could become "welded" to one 
another when caught between impacting balls (or 
between a grinding ball and the mill wall)•

In general the smaller the particles the 
more readily they would be expected to stick to one 
another. As the particles grow by welding they 
could eventually reach an equilibrium size at which 
the rate of welding is equal to the rate of fracture.

Although some suggestions were made 
earlier for the mechanism of the "cold-welding 
process, the detailed processes involved are difficult 
to explain, and it is difficult to suggest experimental 
techniques by which it may be investigated.
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The technique which would be most suitable for the 
examination of this mechanism would be electron 
transmission studies on thin agglomerates of powder.
No investigations of transmission studies on metal

C1 8SJ
powders have been reported; metal oxide powders 
have been studied in transmission and in a number of 
cases results have been obtained which cannot be 
explained satisfactorily and in some instances the
anomalous results have been ascribed to the support

( 1 8 6 J
technique used for the powder.

The theory of electron penetration of 
solids is still incomplete, but thicknesses of the 
order of 1000°A are required for transmission studies. 
Cobalt has the smallest relativlstically corrected 
extinction coefficient of a number of metals. Humphries 
has calculated that 1.5 MeV m i c r o : « r e  necessary 
for the satisfactory examination of metal sections ly 
in thickness for a metal of medium atomic weight (e.g.

iron).

A number of techniques were us^d in this 
work in an attempt to study the internal structure of 

the cobalt particles:

(1) A number of cob.lt powder particle, were mounted
on Cellofas lacquer and coated with carbon platinum. 
The lacquer wa. dl.aolved In water and the film, 
placed on copper grid, for examination In the EM200

unit.
(96)



_ n

Studies indicated that none of the particles were 
thin enough to obtain transmission results.

(2) Samples of the powder were treated with hydrochloric 
acid for various times. Thiu treatment was found
to increase the proportion of the f.c.c. form; in

(190)electrolysis it has been found that a low pH
favours electro-deposition of the f.c.c. form; the
same effect could perhaps be operative during
leaching. On examination of the leached powders
no particles yielded electron transmission results.
Another disadvantage of a technique of this type
is the possible formation of etch pits on 

(191) 
dislocations.

(3) Some powders were mounted in a "Woods alloy"* (with 
a melting point of 95°C) but the alloy did not 
wet the cobalt particles, and only a mechanical 
bond between the particles and alloy was evident 
on micro-examination. A three phase structure (a 
eutectic composition of the Woods alloy and cobalt) 
was evident in these specimens which made 
electropolishing very difficult. These samples 
could be thinned to electro-transparency but the 
resulting foils were very brittle. The internal 
structure of the cobalt particles was not discernible

however.

* Supplied by cerro-tru Corporation - New York
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Similar experiments were carried out using a 91 %
Sn 9 % Zn alloy (melting point 205°C) for mounting 
the particles. Similar difficultiew to the use of 
Woods metal were encountered.

An alloy of low melting point must be
(192'

used for mounting the powders, as. the previous work 
showed that the stacking fault probability was 
altered by heating powders to 300°C.

Thus the cobalt powders cannot be
examined by direct transmission using 100 Kv which
hampers a complete interpretation of the phenomenon
of "cold-welding" and also the mechanism of the
Co-,0* reduction process described in Chapter 2 

J (193)
of Volume 1. Howe has found that cobalt foils
0.65v in thickness may be examined at 750 Kv»
thus it does not appear thet the type of bonding
present in cobalt powder agglomerates several
microns thick can be examined eve,, with very high
electron accelerating voltages. Very high electron
accelerating voltages would also be required for
studying the detailed mechanism of the cubic to
hexagonal phase transformation which occurs during

grinding.

From the suggestions made above it 
1. likely that the extent o£ tren. formation will be 
„o,t marked In the eector. of the particle, which 
are caught between Impacting grinding ball..



The important question that has to be answered 
is the manner in which the transformation from 
one phase to the other occurs in the impacted 
regions, and the depth to which impact affects 
the structure and dislocation density. Without 
being able to examine the particles directly in 
transmission microscopy, the process of the 
transformation in powders, and the importance of 
prior faulting cannot be established. The 
mechanism of the cubic to hexagonal transformation 
in cobalt is well established in general ter us, 
but the actual progress of the transformation does
depend on the prior thermal and mechanical

(194)
history of the material. In particular surface 
effects could play a large role in the 
transformation in fine powdered metals. In a 
number of studies on single crystals it has been 
found that the slip processes near the surfaces
of the specimens are different from those in the

(2 2 )bulk of the materials. Any chemical reaction 
with the grinding fluid could alter the properties 
of the surface compared with bulk material.
Oxide films on the surface of the metal can affect

(104)t (105)
the work hardening rate. None of these effec 
can be observed without the use of a microscope 
with very high accelerating voltages.



X ray methods are unsatisfactory for the 
examination of cold welded aggregates, in particular 
"cold welded" cobalt powders. It is shown later that 
the "cold welded" metal particles are porous In certain 
areas. This could lead to X ra> line broardening and 
porosity is not accounted for in the formulae used. In 
cobalt powders which consist of both f.c.c. and h.c.p. 
modifications the (1111 f.c.c. and (0002) h.c.p. profiles 
are practically coincident. Thus twinning on {111) of 
f.c.c. which is an expected mode of deformation for cubic 
cobalt cannot be quantitatively studied. Nabarro et al. 
have pointed out that X ray methods are inadequate in 
resolution to provide a detailed structure of the cold 
worked state. In addition point defects such as 
vacancies have hardly any influence on X ray line breadth. 
However as is shown later X ray diffraction can provide 
some information on dislocation densities ind distribution. 
The effects which are actually measured in X ray diffraction 
are confined to a very limited depth at most approximately 

10y from the surface of the material.

Thus in the present case the only w*y in which 
the adhesional process can be studied is from observation, 
on a Stereoscan Microscope.
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Oxide films formed on fine cobalt powders 
would be expected to be non-stoichiometric in 
character for the following reasons: On exposure of
a fine cobalt powder to air one or two molecular 
layers of oxygen could become bonded to vhe metal 
particles by van der Waals forces of adsorption; 
however, the character of the bond between the 
electropositive cobalt and electronegative oxygen 
changes in such a way that a chemisorbed film of cobclt 
oxide is formed on the surfaces of the metal powder 
particles. During this process of formation of the 
chemical bond and when a thin film present, 
electrons can travel to the outer surface by the 
quantum tunnel effect! ̂ Once thess electrons arrive 
at the surface they could conceivably ionise adsorbed 
oxygen atoms and cause an electric field to be 
established between che surface of the oxide film 
and the metal surface. Cations from the metal could 
then be transferred from the metal through the film 
under the influence of the concentration gradient 
and the electric field. Studies of the oxidation of 
cobalt suggest that the oxide film grows by cation 
movements through vacant lattice sites, and that 
equilibrium is not established^ the oxide scale, 
contain a deficiency of cations. Although no results 
have been reported for cob.lto.ic oxide, it was noted 
earlier that CoO scales exhibited greater plasticity 
the greater the deviation from stoichiometry with 
respect to the cations.
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It was also noted that there were reasons to believe, 
from the coefficient of friction studies, that an 
oxidised h.c.p. surface showed no marked decrease in 
coefficient of friction compared with a "clean" h.c.p. 
metal surface. Thus adhesion between two oxidised 
h.c.p. surfaces would be expected to be comparable 
with that shown by two h.c.p. "clean" metal surfaces.

During the preparation of cobalt metal 
powders with different initial allotropic ratios, 
described in Volume 1, carbon dioxide gas was passed 
over the metal powder before exposure to the 
atmosphere, to prevent pyrophoricity. It was 
suggested that the C02 was physically adsorbed at 
certain sites, thus preventing further oxidation 
from the .too.ph.r.. Th. CO, would b. .xp.ct.d to b. 
adsorbed at a certain number of preferential sites 
on the metal powder which would depend on topographical 
features such as surface roughness and grain else and 
shape, on exposure to the atmosphere, adsorption of 
oxygen would probably occur at the site, which were 
not occupied by CO, molecules. A soul, of cobaltoslc 
oxide could be formed at the C02 deficient sites, 
and the CO, could also Interfere with the growth of 
scale, at other sites. Du. to th. strong affinity 
between fin. cobalt powder, and oxygen there are 
reasons to suspect that oxygen could diffuse through 
4-ho mrianrbed CO - Isy®** •
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The barrier formed by the C02 could lead to greater 
deviations .rom stoichiometry in the scale than would 
be fourd in the absence of adsorbed <X>2 molecules.
Thus in addition to the non-stlolchlometry exhibited 
by C03O4 under more normal conditions of formation, 
it is suggested that the particular circumstances 
present in fine cobalt metal powders could lead to 
very marked deviations from the stoichiometric 
composition. In addition surface oxidation is expected 
to be anisotropic as discussed in Section 3.3. It would 
be expected, therefore that -cobalt powders (in 
particular fine hexagonal powders prepared at low 
reduction temperatures) would contain a non-uniform 
distribution of oxide scales with the ccbaltosic 
oxide showing substantial deviations from the true 
stoichiometry. The calculations shown in Appendix 5, 
where spherical particles were assumed, indicate that 
in the case of the fine hexagonal powder the layer 
can be up to 20OoA thick. In predominantly cubic 
cobalt powders with coarser grai" sizes the layer 
of cobaltosic oxide would be expected to be much 
thinner. In addition it was noted that oxide films 
formed on hexagonal cobalt do not show the straining 
that is present in oxide layers formed on cubic 
cobalt. Thus although the oxide layer formed on 
hexagonal cobalt powders may be strongly bound to 
the metal, deviation, from stoichiometry could 
occur for the above - mentioned reasons, and a non- 
uniform oxide distribution would also be expected.
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The presence of dislocations on the surfaces of the 
metal powder particles could also lead to non-uniform 
adsorption.

With the above facts and the pronounced 
"stickiness" expected from very fine powdern it is 
possible to suggest the processes which occur during 
the grinding of fine pure hexagonal cobalt powder:
On adding the powder to the grinding fluid, metal 
powder particles will tend to adhere to one another. 
Particles loosely agglomerated together could, on 
being trapped between impacting balls, become welded 
to one another through the oxide films present on the 
particle surfaces. These oxide films, it was suggested, 
are susceptible to chemical reaction with the grinding 
fluid as milling proceeds. Although the oxide films 
could be expected to show a considerable degree of 
plasticity, the bonds formed between the oxide layers 
could not be expected to show the same adhesive 
strength as metal—metal bonds, because of the 
differences in the nature c oxide bonding compared 
with metallic bonding. A mtrked adhesion between 
oxide layers may however be evident. Due to chemical 
reaction with the acetone and further imt cting by 
the grind' -j balls certain areas of the oxide may be 
removed to the grinding fluid, and severe strains 
and dislocations could be set up in other parts of 

the oxide layers.
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These effects would be superimposed on « very non 
uniform and non-stoichiometrlc oxide scale. The 
two effects (oxide scale dissolution and deformation) 
could take place over a considerable grinding period 
and a long t ime may be necessary before these 
processes are completed. Removal of the oxiae film 
will expose chemically pure hexagonal metal surfaces 
which (although the effect is not so strong as in 
cubic cobalt) could adhere to one another by the 
physical adhesion and 'cold-welding" processes.
Thus a further decrease in specific surface area may 
be anticipated with additional grinding. A stage will 
however be reached at which fracture of the 
agglomerates will exceed the extent of "co.1 d-w< Iding" 
and the net effect will be a further increase in specific 
surface area with increasing grinding time.

Thus it is suggested that the long 
period necessary to achieve the minimum specific 
surface area on grinding a pure hexagonal cobalt powder 
is due to the occurence of two adhesional or ‘cold- 
welding" processes. The proposed mechanism would 
account for the observations made on the agglomerates 
of hexagonal cobalt on the Stereoscan Microscope, namely 
that the agglomerates consist of «. large n jnber of 
small metallic particles bonded together, with other 
areas which show evidence of "cold-welding .
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If it is assumed that the twc adhesional processes 
take place over a very long grinding time, the 
continuous decrease in specific surface area over 
90 hours of vibratory lilling may be explained.
The above proposed mechanism suggests that after 
very long grinding times, individual hexagonal cobalt 
particles should have rounded smooth surfaces similar to 
ground cubic cobalt particles which hfcve been through 
a "cold-welding" process, followed by comminution of 
the "cold-welded” agglomerates.

Evidence of hexagonal particle surfaces 
presented later'-suggests that this is the case. The above 
mechanism assumes that oxide layers released by 
impacting balls are largely removed by dissolution 
in the acetone, or that their removal from the 
surfaces of the metal particles does not result in 
any net increase in specific surface area.

It was suggested earlier that on 
average particles removed from an agglomerate by 
comminution tend not to re-combine with one another 
on further impact from the grinding balls. Evidence 
that this must be the case, is provided by the 
continuous increase in specific surface area which 
is recorded after the minimum value has been measured.
This process is noted in both the predominantly 
cubic and predominantly hexagonal cobalt powders.
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If it is assumed that the two adhesional processes 
take place over a very long grinding time, the 
continuous decrease in specific surface area over 
90 hours of vibratory milling may be explained.
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a "cold-welding" process, followed by comminution of 
the "cold-welded" agglomerates.

Evidence of hexagonal particle surfaces 
presented later4-suggests that this is the case. The above 
mechanism assumes that oxide layers released by 
impacting balls are largely removed by dissolution 
in the acetone, or that their removal from the 
surfaces of the metal particles does not result in 
any net increase in specific surface area.

It was suggested earlier that on 
average particles removed from an agglomerate by 
comminution tend not to re-combine with one another 
on further impact from the grinding balls. Evidence 
that this must be the case, is provided by the 
continuous increase in specific surface area which 
is recorded after the minimum value has been measured.
This process is noted in both the predominantly 
cubic and predominantly hexagonal cobalt powders.
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Observations made on cobalt powders after 
extended grinding periods (e.g. Figure 4.13 of 
Volume 1) show that the particles are generally 
rounded in shape and have smooth surfaces. Such 
particles .«refore have the lowest surface area tn 
volume ratio that is possible. The reasons for this 
lyophilic behaviour are not clear but the following 
may constitute a partial explanation: the surfaces
of the rounded particles must be in a state of strain 
with a large number of crystal imperfections on 
the surfaces which have resulted from the cold working 
processes arising from grinding. In order to reduce 
the surface free energy, adsorption of acetone from 
the grinding fluid could occur with the surface 
imperfections acting as an "anchor". An analogy
is provided by the way in which interstitial impurities

U8?)
segregate to dislocations and anchor them. The 
individual rounded metallic particles could carry a 
"solvation sheath" of acetone molecules with them, 
and this state has a lower total free energy than 
any other state such as the adhesion (after a 
collision) of two metallic particles. This may be 
a rather idealised partial explanation for the 
observed behaviour. Unfortunately the adsorption 
of acetone from solution on metallic cobalt has not 
been reported in the literature, so no previous data 
are available to confirm this suggestion.
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In addition measurements of the surface tree energy 
of cobalt metal in acetone have not been made. The 
literature records no bservations of differences in 
surface free energy of metals in solution arising 
from the cold working of the metals.

It was suggested earlier that: reaction 
between cobalt metal and acetone during grinding was 
unlikely; _nus there is little possibility of the 
presence of any reaction product (arising from 
interaction between cobalt and acetone) on the rounded 
metal particle surfaces, which would reduce the 
surface free energy and prevent adhesion between two 
rounded particles. However experimental evidence 
given later, indicates that the reaction of cobaltosic 
oxide and acetone results in the formation of some 
phorone, which is an unsaturated olefinic molecule. 
This compound could be adsorbed on the surfaces of 
the cobalt metal. This adsorption might be expected 
by analogy with studies in catalysis, where it has 
been found that transition metals with their 
unfilled 3d bands can cauje adsorption and even 
polymerisation of olefinic molecules under certain 
conditions. Metallic cobalt with its IcPAb  ̂ band 
structure can show marked chemisorption and catalytic 
reactivity.
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If the above suggestions are correct, cobalt 
powders which contain large amounts of oxide before 
grinding should exhibit lower adhesional characteristics, 
after the states of minimum surface area have been 
achieved, than cobalt powders which contain lower 
quantities of oxygen initially. Ideally the lowest 
adhesional characteristics, after .he states of maximum 
agglomeration have been achieved, should be exhibited 
by pure hexagonal cobalt powders for the following 
reasons:

(a) In hexagonal powders a large amount of oxygen is 
present initially which would result in the 
formation of a considerable quantity of phorone 
by reaction of cobalt oxide and acetone. The 
phorone would be adsorbed on the cobalt metal 
particles.

(b) Hexagonal powder particles exhibit basal slip 
and thus are easily fractured compared with 
other cobalt powder which still contain some of 
the cubic modification after the state of maximum 
agglomeration (i.e. minimum specific surface 
area) has been achieved.

The above discussion will have indicated 
that complex physical and chemical effects may 
probably occur during the comminution of different 
cobalt powders.
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In general the results in Chapter 4 of 
Volume 1 indicate that the following behaviour is 
recorded on grinding commercial cobalt powders with 
different initial allotropic ratios:

(1) Predominantly hexagonal powders (hexagonal 
fraction greater than 30 % by weight) show a 
rapid decrease in specific surface area to a 
certain minimum value during the first stages 
of grinding after which the specific surface 
area increases.

(2) Predominantly cubic powders show a much slower 
approach to the condition of minimum specific 
surface area, after which the specific surface 
area increases.

Powders of type 1 would not be expected 
to show the adhesional characteristics of powders 
of type 2. pjwders of type 1 adhesion is the
major process and the state of minimum surface area 
is reached relatively quickly. In powders of type 2 
there is adhesion of the cubic phase but also 
conversion to the hexagoAal form, and a much longer 
time is required to reach the state of minimum specific 
surface area.

It is very likely that several of the above 
mentioned processes are occuring simultaneously and in 
comoetition with each other.
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In commercial cobalt powders it is clear that factors 
such as method of preparation, oxygen level, degree 
of prior mechanical working (e.g. the introduction of 
stacking faults by screening) and the allotropic ratio 
can interact with each other in a complex manner 
during grinding and lead to very different specific 
surface area variations. A special mechanism has 
been proposed for ultratine hexagonal cobalt powders. 
Thus cobalt powders can be effectively graded into 3 
categories according to their behaviour, on grinding 
in acetone.

A further complication in the Interpretation 
of the results arises from the fact that the materials 
are polycrystalline. One single particle of cobalt 
powder consists of many single crystals. The particle 
is not composed of one phase and regions of both 
cubic and hexagonal modifications will be present in 
the same particle.

It was noted earlier that no formal theory 
is known which can be used to study the collision 
process between a grinding ball and a cobalt powder 
particle or agglomerate, because of the plastic 
deformation that occurs in the cobalt. Becavse of 
this incomplete knowledge, it is also not possible 
c) gain any quantitative idea of the factors which 
determine the maximum else to which an agglomerate 

can grow.
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Fracture of the metallic particles by fatigue 
mechanisms has been neglected in the above analyses. 
Repeated impacting of the metal particles by the grinding 
balls must lead to a fatigue fracture mechanism for 
some of the particles. The capacity of the f.c.c. form 
of cobalt to absorb more plastic deformation before 
fracture occurs, suggests that this modification would 
be less prone to a fatigue fracture mechanism than would 
be the case for the h.c.p. form. However as noted in 
Section 3.2. deformation of the f.c.c. phase by twinning 
could increase the possibility of fatigue fracture in the 
f.c.c. material.

In Chapter 5 of the previous work, it was shown 
that agglomeration of cobalt was an important requirement 
for achieving a satisfactory sintered density of hard 
metal powder compacts after a minimum grinding time. The 
main function of milling is to achieve a uniform 
dispersion of cobalt around the asperities of the carbide 
grains. The dispersed cobalt promotes uniform and regular 
shrinkage during sintering. The presence of eny large 
cobalt particles devoid of carbide grains in the pressed 
compacts results in porosity in the sintered structures.
It was shown that a predominantly hexagonal cobalt powder 
was preferable to a predominantly cubic cobalt powder 
for achieving a given sintered density after a minimum 
grinding time.
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Suggestions must therefore be made as to the type of 
agglomerate and its bonding that would be most 
desirable in this particular use of cobalt metal 
powders. Type 1 cobalt powders were preferable to 
those of type 2, while the most satisfactory was an 
ultrafine hexagonal powder.

It was suggested that aggregates of cobalt 
were formed, and the finer carbide particles initially 
became embedded in the agglomerates. As grinding 
proceeded the agglomerates were broken down in else and 
also a rolling into thin foil like shapes occured during 
hard metal milling. The foils were thought to envelop 
the carbide grains and promote the initial stages of 
sintering. It was thought that the foil like particles 
were produced by the cutting of the cobalt aggregates by 
the carbide grains in the presence of the hard metal 
grinding balls.

It is very likely that fine brittle tungsten 
carbide grains impacted against a cold welded agglomerate 
consisting of predominantly ductile f.c.c. cobalt could 
become embedded in the binder metal agglomerate. The 
cobalt agglomerate would be plastically deformed by 
the impact and some conversion to the hexagonal 
modification would occur. The impact of a carbide grain 
large in size in relation to the size of an f.c.c. cobalt 
agglomerate would produce fracture of the carbide grain 
with perhaps some of the fractured material adhering to 
the binder metal.
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On the other hand, impact of a large carbide grain 
against a more brittle oxygen bonded agglomerated 
hexagonal material would probably result in both 
fracture of the carbide and the fracture of the binder 
metal aggregate, with areas from the agglomerated 
cobalt adhering to the fractured carbide. Repeated 
impacts and collisions of this type would result in 
a much more rapid dispersion of cobalt throughout the 
tungsten carbide grains than would be the case with 
the more ductile aggregate of predominantly cubic 
material. There is little likelihood of a ductile 
f.c.c. agglomerate being fractured by impact? the 
agglomerate would plastically defoxm under the influence 
of the applied stresses. The only way in which the 
ductile material could be broken down and become 
dispersed uniformly throughout the carbid* grains 
would be by a "cutting" process.

Thus it is suggested that the mechanism 
previously discussed for combination of cobalt and 
tungsten carbide during hard metal milling was 
perfectly correct for a predominantly cubic cobalt 
powder. However some modification to the proposed 
mechanism is necessary for a predominantly hexagonal 
cobalt powder which does not exhibit such pronounced 
metal-metal adhesion within the agglomerates.
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Therefore during hard metal milling using a 
predominantly hexagonal powder, it is suggested that 
weak metal-metal and oxide- ■>xide adhesion occurs resulting 
in the formation of an agglomerate. The cobalt 
agglomerates and the carbide grains are fractured on 
impact with some of the binder metal agglomerate 
adhering to the fractured carbide. In the regions 
where hexagonal 1cold-welding" has occured, the mechanism 
operative during hard metal milling is preaumeably 
similar to that which was suggested for cubio cobalt.

It is important to emphasise that during hard 
metal milling adhesion between carbide and cobalt must 
occur. The only way in which this can be achieved is 
through an agglomeration process followed by a fracture 
process. Very pour sinte ng characteristics result 
from a powder compact in which the cobalt powder 
particles are merely dispersed in a tungsten carbide 
matrix, no mavter how fine or however well the binder 
metal particles are dispersed. Successful sintering 
only results when adhesion of the cobalt to the caibide 
has occured, and the cobalt must be uniformly disperse: 
around tlu edges oi: the carbide grains.

An experimental programme was therefore 
formulated to test some of the suggestions made earlier:

(1) The grinding of a completely cubic cobalt powder 
was not studied in the previous work.
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(2)

(3)

(4)

(5)

(6)

A powder of this type could be expected to show 
marked Initial adhesion.
Considerable emphasis was placed on the role of 
adsorbed oxygen films in the grinding of 
predominantly hexagonal cobalt powders. A 
number of the observed effects were attributed 
to the presence of the oxide films. These 
films must be detected.
The inability of metal particles to adhere to 
one another after the state of minimum specific 
surface area has been reached, and certain effects 
associated with the grinding of hexagonal cobalt 
powders were attributed to a chemical reaction 
occuring during grinding. Thus it is necessary 
to study the nature of this chemical reaction.
In order to confirm the behaviour of different 
cobs.lt powders, it would be useful to extend the 
grinding tests to other milling fluid systems.
The dislocation density and dislocation, distribution 
can be determined using X-ray techniques on the 
powders studied previously and reported in Chapter 4 
of the previous work.
The differences in appearance between hard metal 
powders prepared with hexagonal and cubic cobalt 
powders can be investigated in greater detail.
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EXPERIMENTAL PROGRAMME

5.1. THE GRINDING OF CUBIC COBALT POWDER

As the grinding of » cobalt powder 
which showed no traces of the hexagonal 
modification had not been studied In the 
previous work, a powder was prepared by 
hydrogen reduction of cobaltosic oxide at 
850°C for 6 hours. X-ray analysis showed 
that this powder contained no detectable 
proportion of the hexagonal modification.
The oxygen content was 0.03 %, and the 
measured specific surface area was 0.32 m /g.

500 g of this powder was ground in 
a 800 ml. mill in the same manner as the powders 
that were studied previously. Small samples 
were removed after 5, 10, 15, 20, 30, 50, 70,
90 and 110 hours of grinding. The samples were 
dried under vacuum to remove the grinding fluid 
and the specific surface areas were measured 
on the Perkin Elmer 212D Sorptometer. X ray 
diffraction patterns were taken from the 
powders. Figure 5.1.1. shows the variations 
in powder properties with grinding time. There 
was a continuous decrease in specific surface 
area from the inception of grinding to the 
state of maximum agglomeration.
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A number of samples of the powder were 
examined on the Cambridge Stereoscan Microsrope. A 
sample of powder after 5 hours of grinding Is shown 
In Figure 5.1.2. (x 1960). The small cube of metal 
shown In this figure suggests that some "cold-welding" 
has occured after this grinding time, as does the 
appearance of some of the other aggregates. Figure 5.1.3. 
(x 1960) shows the powder after 10 hours of grinding, and 
the extent of adhesion can be seen to be much increased 
compared with that observed after 5 hours grinding. The 
appearance of the small cubic particle is noteworthy.
As grinding was continued further, adhesion occured 
although there were a number of fine particles evident 
in the powder. Figure 5.1.4. (x 4940) shows a small 
sample of the powder after 15 hours milling. An 
agglomerate exhibiting the occurence of "cold-welding' is 
visible but a considerable number of very fine powder 
particles are also evident in this photograph. Figure 
5.1.5. (x 9880) shows a single "cold-welded" agglomerate 
after 15 hours grinding. In this agglomerate there 
appears to be a basic structure onto which successive 
layers of cobalt have been "flattened" by the action 
of the grinding balls. During the period from 15 to 30 
hours of grinding the specific surface area continued 
to decrease indicating the continuance of the process 
of adhesion during this period. Figure 5.1.6. (x 980) 
shows a typically "cold-welded" aggregate after 30 

hours of grinding.
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FIGURE 5.1.2.
Sample of cubic cobalt powder 
after 5 hours grinding (x I960)

FIGURE 5,1.3.
Sample of powder after 1C hours 

grinding (x I960)
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FIGURE 5.1.4.
Sample of powder after 15 hours 

milling (x 4940)

FIGURE 5.1.5.
Single cold welded agglomerate observed 

after 15 hours grinding (x 9380)

J



FIGURE 5.1.6
Cold-welded" aggregate observed after 

3 hours of grinding (x 980)

FIGURE 5.X.7
Cuue particle observed after 30 

hours grinding (x 100)



After 50 hours of grinding typically "cold-welded" areas 
were evident. During the period 10 to 50 hours it was 
apparent that a number of "glistening" metallic cube and 
flake particles were being formed by grinding which were 
visible, because of their "glistening" appearance to the 
naked eye. A typical example of a cube particle is shown 
(x 100) in Figure 5.1.7., which was observed after 30 
hours of grinding. This cube was approximately 0.20 mm 
in size. A small flake with an adhering cold welded 
region is shown (x 980) in Figure 5.1.8.

The above photomicrographs show that 
considerable adhesion of particles occured during grinding 
and in certain areas quite large unions of smaller 
particles must have been formed. This is confirmed by 
the decrease in specific surface area. However in all 
the powders examined although there was considerable 
evidence for the occurence of "cold-welding" some fine 
particles (as for example in Figure 5.1.4.) were always 
present in the ground powders. The non-adhering fine 
particles could have been cubic cobalt or alternatively 
could have been fine particles consisting predominantly 
of the hexagonal modification which had been removed 
from the aggregates by the action of the grinding balls.
A low magnification photograph of the powder after 10 
hours of grinding is fhown (x 500) in Figure 5.1.9. 
Although there is considerable evidence of adhesion 
some particles are visible in the range less than 1 u.
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FIGURE 5.1.8.
lit flake observed after 30 hours of

grinding (x 980)

FIGURE 5.1.9.
Sample of powder after 10 hours 

grinding (x 500)



Fine particles less than lu in size are also visible 
in Figure 5.1.10 (x 500) which shows the powder 
after 15 hours of grinding. A particle union which 
would probably result from further grinding in the 
formation of a cubic "cold-welded" aggregate is shown 
in Figure 5.1.11. (x 9880). This union was observed 
after 5 hours of grinding. It appears from this 
figure that small particles of cobalt of initially 
irregular shape have been forced together and become 
"welded" to one another by the forces of the grinding 
balls. The shapes into which the original particles 
were forced by the grinding balls during the adhesion 
did not nsult in the elimination of porosity.
However the "tail" of the particle at the top of 
Figure 5.1.11. seems to indicate that a large union 
of smaller particles has been formed and there is 
no evidence of the initial particles within this tail.

The cobalt powder initially in the cubic 
form after 70 hours of grinding is shown in Figure
5.1.12. (x 4940). Some evidence of agglomeration is 
present after this grinding time, but in general 
breakdown of the large agglomerates formed during 
the earlier stages of grinding has occured. Figure
5.1.13. (x 4940) shows some individual particles 
after 110 hours of grinding. The particles are seen 
to have smooth surfaces.
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FIGURE 5.1.10.
Sample of powder after 15 hours grinding

(x 500)
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FIGURE 5.1.11. 
rticle union observed after 5 hours grinding
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FIGURE 5.1.12.
Initially cubic cooalt powder ground 

for 70 hours (x 4940)

"t

FIGURE 5.1..3. 
Initially cubic cooalt powder 
ground for 110 hours (x 4940)
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Figure 5.1.1. shows that the cubic to 
hexagonal phase change proceeds with grinding, with 
an initially rapid increase in the hexagonal to cubic 
allotropic ratio, with a slower increase during the 
later stages of grinding.

It is suggested therefore that the f.c.c. cobalt 
particles "cold-weld" to one another during the initial 
stages of grinding. Adhesion between the individual 
cobalt metal particles appears ti be such that contiguous 
units are formed in which the shape of the initial 
particles becomes unrecognisable in the milled aggregates. 
It was suggested earlier that "cold-welding" occured 
through processes involving dislocations. The adhesion 
is so strong that the surfaces are not "peeled" from 
one another when the impacting force provided by the 
grinding balls is released. The "peeling" (which
is observed with less ductile metals) arises from the

( 1 9 8 )

release of elastic stresses.

The formation of the cube and flake shaped 
particles during grinding of f.c.c. cobalt is of interest. 
The presence of these flakes in some hard metal powders 
has long been known in industry, and their mechanism 
of formation has been a matter of speculation, flaky 
glistening particles of cobalt are sometimes evident 
on the surfaces of hard metal compacts, in the green 
state after preheating.
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The presence of such particles can cause "pull-outs" 
during the forming operation, which can eventually 
lead to porosity in the sintered surface. Alternatively 
the particles can melt during the sintering operation 
by the formation vf a eutectic composition with carbon, 
and the resulting liquid can b* drawn into the interior 
of the compact. The final result is again porosity 
on the sintered surface. It was anticipated in the 
previous work (Volume 1, Chapter 5) that some evidence 
for the occurence of flakes of cobalt would be seen in 
the various mixtures and compacts. No obvious examples 
of the occurence of flakes were noted however. This 
was probably because all the batches fabricated were 
made with cobalt powders that contained initially 
greater than about 20 % of the hexagonal modification. 
The cube shaped particles observed on grinding cubic 
cobalt were too small to be individually mounted in 
an x-ray goniometer for determination of their 
structure. Attempts were made to prepare cube shaped 
particles with sizes larger than 0.2 mm (which was 
approximately the maximum size detected). Several 
experiments wore carried out using 3 kilos of hard 
metal grinding balls and varying powder charges of 
initially cubic cobalt powder with grinding times 
varying by hourly intervals up to total grinding 
times of 30 hours. Although cube shaped particle# 
were detected in a number of these grinding experiments, 
the cube aggregates produced were too small in size for 
X ray examination of the individual units.
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THE PRESENCE OF OXIDE FILi-tS ON THE SURFACES 
OF THE METAL POWDER PARTICLES

In Section 4 it wee suggested 
thet oxide films must be present on the surfaces 
of the hexagonal cobalt metal powders in order 
to explain the observed behaviour of these 
powders on grinding. It was suggested that these 
films must participate in the grinding process.
It was known from the reduction studies reported 
in Chapter 2 of Volume 1 that the ox>-^en content 
of fine hexagonal powders is some 10 to 12 times 
greater than the oxygen content of the 
predominantly cubic powders prepared by reduction 
at high temperatures.

For various reasons discussed in 
Section 4 it was suggested that these oxide films 
would be non-stoichiometric in character and be 
non-uniformly dispersed on the powder particle 
surfaces.

It was decided therefore to see 
whether these oxide films could be directly 
observed. A fine hexagonal cobalt metal powder 
was prepared by hydrogen reduction of cobaltosic 
oxide at 400°C for four hours. X ray diffraction 
showed that only the hexagonal phase was present.
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The oxygen content of the powder was 1.91 %. The 
initial powder warn examined on the Stereoscan 
Microscope. A typical sample of the powder is 
shown in Figure 5.2.1. (x 1000). A sample of the 
powder was placed on Cellofas lacquer, and coated 
with carbon-platinum using an Edwards high vacuum 
coating unit. The Cellofas was dissolved in water 
and placed on a copper grid for examination in a 
Philips EM 200 Electron Microscope at 100 kV.
Figure 5.2.2. (x 96000) shows the presence of a 
film of material around the cobalt metal particles 
which was more permeable to the passage of 
electrons than the metal particles. Around the 
greater part of the periphery of the metal particles 
the film is between 100 and 200 °A in thickness, 
with the thicker film joining the adjacent metal 
particlss approximately 1000 °A across? one or two 
small petal particles are embedded in this thicker 
film. A sliver cf material appears to have become 
detached from the metal particles. In the film 
joining the two particles there appears to be little 
evidence of porosity. It was not however possible 
to observe the fields of force arising from 
dislocations in the adsorbed film. Figure 5.2.3.
(x 40000) shows a larger area of the metal powder 
particles from which the photograph shown in Figure

5.2.2. was taken.
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FIGURE 5.2.1.
Fine hexagonal powder after 

reduction (x 1000)
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FIGURE 5.2.2
Oxide film surrounding fine 
hexagonal cobalt (x 96000,





...... .

Films that ate non-uniform in thickness can be observed 
surrounding the metal particles.

Figure 5.2.4. (x 10000) shows a similar
structure and some of the film material has become
detached from the metal powder particles

It was not possible to obtain electron
diffraction patterns of the film in direct contact with 
the metal particles. The reasons for the non- 
correspondence of the area observed and the diffraction 
pattern obtained have been discussed by Marsh >d 
Quarrel!/ However it was found possible to obtain a 
diffraction pattern from a small region of scale 
material which had become detached from the metal powder 
particles. The film material was approximately 1200°A 
in diameter. The diffraction pattern of this material 
showed a pattern similar to that which would be expected 
from CogOj. The (511), (440), (620), (642), (822) and 
(662) reflections were positively identified, although 
the intensities were not the same as they would be in

in the electron diffraction pattern tended to suggest 
that the oxide scale was polycrystalline. The fact that 
a spotted pattern was obtained indicated that very 
little refraction occured, and also tends to indicate 
that the surface of the oxide was relatively rdugh.

a Debye-Scherer pattern The absence of fine structure

as the electrons must h a v e  entered the material at
(119/

large angles of incidence.
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FIGURE 5.2.4. 
nexaqonal cobalt (x lOOOO)



A number of other patterns were obtained 
from other pieces of scale; all closely but not 
exactly corresponded with the patterns expected for 
C03O 4. It is suggested therefore that the film 
surrounding the metal particles was an oxide of cobalt, 
which either due to non-stoichiometry or experimental 
difficulties associated with electron diffraction was 
not definitely characterised as Co304 but had a 
similar structure. The roost convincing evidence that 
COg04 is present on the surfaces of the metal particles 
is provided by the detection of C03O4 using X ray 
diffraction on fine pyrophoric hexagonal cobalt powder. 
This was discussed in Chapter 2 of Volume 1.

The metal powder with the surface oxide 
films was then ground in acetone using the same 
procedures as were detailed earlier, and samples were 
removed after various milling intervals. Some special 
precautions were taken during sampling of this batch 
in order to minimise the occurence of additional 
oxidation during sampling. Sampling was carried out 
under a large polythene container from which the air 
had been previously displaced with carbon dioxide gas. 
The ground powders were then dried under vacuum and 
examined on the Stereoscan Microscope. Figure 5.2.5.
(x 2000) shows the powder after 5 hours of grinding. 
There is evidence for some adhesion after this 
grinding time. Figure 5.2.6. (x 9400) shows a very 
small agglomerate after 5 hours of grinding.
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FIGU ■- 5.2.5. 
Hexagonal powder after 5 hours 

grinding (x 2000)

FIGURE 5.2.6.
Small agglomerate in hexagonal powder after 

5 hours of grinding (x 9400)



The agglomerate la approximately 5 y across and 
there Is some evidence in this photograph for the 
occurence of "cold-welding" In the material. The 
state of the powder after 10 hours of grinding is 
shown in Figure 5.2.7. (x 2000). There is more 
evidence for the occurence of adhesion compared with 
that observed after 5 hours grinding. Very much 
greater "cold-welding" is noted after 20 hours of 
grinding as shown in Figures 5.2.8. and 5.2.9. (both 
x 2000). Although "cold-welding" has occured in the 
powder, there is considerable evidence for the presence 
of some ultra-fine particles within the agglomerated 
structures. This is in complete contrast with the 
behaviour noted earlier (5.1) with the cubic powder.
More physical adhesion is noticeable after 30 hours of 
grinding. Powder samples after 30 hours of grinding 
are shown in Figures 5.2.10., 5.2.11. and 5.2.12.
(all x 2000).

Thus physical adhesion and "cold-welding" 
can occur in hexagonal powders during grinding, but 
the effect is not so great as in cubic cobalt powders.

The powder a ';?*? 70 hours of grinding J.s 
shown in Figure 5.2.13. (x iOOO). Agglomerates ate still 
visible but a number of the agglomerates have started 
to break down. The breakdown of a single agglomerate 
is shown in Figure 5.2.14. <x 2000). In this case it 
appears that material has been removed from the centre

of an agglomerate.
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FIGURE 5.2.7.
Initially hexagonal powder after 10 

nours of grinding (x 2000)

FIGURE 5.2.8.
Initially hexagonal powder after 
20 hours of grinding (x 2000)



FIGURE 5.2.9.
Initially hexagonal powder after 
20 hours of grinding (x 2000)

FIGURE 5.2.10.
Initially hexagonal powder after 30 hours 

of grinding (x 2000)



FIGURE 5.2.11.
Initially hexagonal powder after 30 

hours of grinding (x 2000)

FIGURE 5.2.12.
Initially hexagonal powder after 30 

hours of grinding (x 2000)



FIGURE 5.2.13.

Hexagonal powder after 70 hours grinding
(x 1000)

FIGURE 5.2.14.
Single agglomerate after 70 hours of 

grinding (x 2000)



Further comminution occur* with additional grinding, 
e.g. Figure 5.2.15. (x 4940) which shows the powder 

after 110 hours of grinding. Comparison of Figure
5.2.15. with Figure 5.1.13. shows that after very 
long grinding times initially hexagonal powder appears 
similar to an initially cubic powder, which has been 
ground. Both powders have rounded particles with 
smooth surfaces.

Evidence of the metal particles shown in 
Figures 5.1.13. and 5.2.15. tends to confirm the 
supposition made earlier that the particles do not 
tend to reweld to one another after a minimum specific 
surface area has been attained during grinding.

Tho direct observation technique using the 
Philips EM 200 microscope was applied to a number of 
the ground hexagonal cobalt metal powders. Figure
5.2.16. (x 39000) shows a region where a number of 
metal powder particles have been forced together
with oxide films linking the metal particles in certain 
cases. In this example the powder had been ground for 
5 hours. An example after 10 hours grinding is 
shown in Figure 5.2.17. (x 64000). Figure 5.2.18. 
shows a sample of powder after 110 hours grinding 
(x 64000). There is very little evidence of oxide 
films around the peripheries of the individual metal 
particles but a flake of oxide can be seen which has 
become detached from other metal particles, and is 
freely dispersed within the powder.
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FIGURE 5.2.15.

Hexagonal powder after 110 hours of 
grinding (x 4940)



FIGURE 5.2.16.
Electron Micrograph of adhering metal 

powder particles (x 390C0)

FIGURE 5.2.17.
Electron micrograph of adhering metal 

powder (x 64,000)
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FIGURE 5.2.18.

Sample of powder after 110 hours of 
grinding (x 64,000)

f i g u r e 5.2.19.
Isolated oxide particle (x 140,000)



A larger thicker jxide scale is shown in Figure 5.2,19. 
(x 140,COO) . Even at this magnification it is not 
possible to resolve the fine internal structure of the 
oxide.

As was mentioned earlier very little is 
known about the mechanical properties of oxides. It 
is generally recognised that oxide scales fail 
mechanically by a "spalling" processdiscrete oxide
particles being removed under the influence of

(200)
mechanical forces.

It was suggested that oxide films would 
not be expected to exert an influence during the 
grinding of predominantly cubic cobalt powders, for 
with these materials the particle size is coarser 
and much less oxygen is present than in a predominantly 
hexagonal cobalt powder.

Several samples of the povdez that was 
initially cubic in structure referred to in 5.1. were 
examined in the Philips EM200 microscope.

Photographs of this material shown in 
Figures 5.2.20, 5.2.21, and 5.2.22. indicate that 
little oxide is present on the surfaces of the metal

particles.

The experimental results Indicate that the 
cleulatlons of th. oxid. f i m  thick...... . h o w  In
Appendix 5 .re meenlngle..j the met*l powders er 
not surrounded by »  oxide layer that 1. uni for. In

thickness prior to grinding.
(129)
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FIGURE 5.2.20.
Electron micrograph of a sample of c u d i c  cobalt. Small 

particles observed in sample of cubic cobalt prior to 
grinding. There is little evidence for the presence of 

oxide films (x 24000)

FIGURE 5.2.21.
Electron micrograph of a sample of cubic 

cobalt after 10 hours of grinding (x 64000)
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FIGURE 5.2.22.

Electron microt,1-aph of a sample of cubic cobalt 
(x 96000) after 30 hours of milling. The oxide 
films appear to be very thin. Noteworthy is 
the evidence for "cold welding" and the presence 
of porosity within the cold welded areas.



The oxide is unevenly distributed, which M y  be a 
consequence of both the stabilisation technique use,, 
and the anisotropy of the surface free energy of the 
metal.

1201)
uassner has shown that the oxygen content

of cobalt powders decreases with increasing grinding
(202)time. In the previous work it was noted that there 

was much scatter in the variations in oxygen content 
of the ground powders and grinding time. It is 
suggested that some of this variability in oxygen 
content with grinding time could be associated with 
the presence of chemically bonded oxide films on 
the surfaces of the metal powder particles; some 
areas of scale become detached during grinding, 
whereas other scales are firmly adhering to the metal.
It could be anticipated that these effects super­
imposed on non uniform reoxidation du-ing examination 
of the powders after grinding could lead to a very 
scattered relationship between oxygen content and 
grinding time.

The appearance of the metal powder shown
(103)

in Figure 5.2.2. tends to confirm Parravano's suggestion 
that metal powder particles may be bonded together by 
a common oxide film.
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THE CHEMICAL REACTION OCCURING DURING THE GRINDING 
OF COBALT MET,\L POWDERS

5.3.1. OUTLINE OF POSSIBLE REACTION IN ACETONE

The following evidence, described 
earlier, Is Indicative that there Is a 
chemical reaction during the grinding of 
cobalt powders in acetone:

(a) The carbon content of the milled metal 
powders increases with increasing 
grinding time.

(b) Using a spot test with « nitroso 6 
napthol reagent, acetone used as the 
grinding fluid can be ihown to contain 
dissolved cobalt.

(203)
It is known that acetone (I) undergoes 

the aldol condensation in the presence of 
basic hydroxides to form diacetone alcohol (II)s 

da (OH) ,
2CH3 COCH3  ̂ (CH3) 2— C(OH) ch2 coch3

(I) (ID

(II) is formed in small quantities
in the above reaction. When acetone is
treated with a solution containing H3O ions,
mesityl oxide (III) and phorone (IV) are 

1203) 
formed •
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2CH3 COCH3
E^O1

(I) (III)
(CH3)y- C—  CH COCE— C(CH,)3' 2

(IV)

Th*«« products have the following 
(303) 

properties:

(II) is a colourless liquid with a boiling point 
at 760 mm Eg pressure of 164°C. 0.1 heating, it
readily eliminates water to form (III). (Ill) is 
a liquid b.p. 130°C with a peppermint smell. (IV) 
is a yellow crystalline solid m.p. 28°C b.p. 198°C.

The mechanism of the a Idol condensation is
(303)

considered to be as follows: in the presence of
the base one molecule of the ketone fores a 
carbaninn (V):

v  i
I

BO H - CH, COCH3 H O ♦ TH2COCH3

(V)

The carbonyl group in the other ketone 
molecule involved in the condensation is thought 
to undergo the electromeric effect in the presence 
of the carbanion which is a nucleophilic reagent,!.*.
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I
ch3 - c - ch2 coca3 

ch3

(ii)

The proton necessary to complete the reaction
Is thought to be supplied by the dissociation of water 

(ZOZ) 
molecules.

EXPERIMENTAL

The 300 ml. of acetone used as grinding fluid 
for a batch of commercial cobalt powder, which had been 
ground in a vibratory mill for 110 hours, was carefully 
separated from the ground cobalt powder by filtration 
through a Millipore filter (the pore size of which is 
claimed to oe 0.22 v) . The acetone had a slight yellow 
coloration, and the smell of the liquid indicated that 
some reaction had occured for the smell was not that of 
pure acetone. A positive spot test for the presence 
of dissolved cobalt in the used grinding fluid was

obtained.

100 ml. of u.ed grinding fluid wa. plnced In . 
simple distillation flask and gently heated over a 

Bunsen burner.

(133)





A reduced pressure was applied to the contents of the flask 
by means of a water pump. The distillate was collected in 
a water cooled round'bottomed flask. The greater volume of 
the liquid distilled over at 30 - 35°C which appeared to be 
relatively pure acetone. At this stage only about 5 cc of 
liquid remained in the distillation flask. The round 
bottomed flask used for collection was replaced by another. 
Heating was continued to about 75 - 80°C when a colourless 
fraction started to flow down the side arm of the distillate 
receiver. The round bottomed flask was again changed and 
heating continued. At 115 - 120°C the yellowish liquid 
remaining in the flask finally distilled over to the 
collection vessel. The heating of the distillation flask 
was continued until there was no liquid remaining to be 
distilled. A small quantity of an oily tar remained at 
the bottom of the distillation flask. A little acetone was 
added to this fraction and a positive spot test for the 
presence of dissolved cobalt was obtained.

The fraction which distilled over at 75 - 80°C 
(approximately 2 cc) was placed in a boiling point tube 
and heated in a liquid paraffin bath over a Bunsen burner. 
The boiling point at atmospheric pressure for this fraction 
was found to be 110 - 112°C. This liquid had a slightly 
peppermint smell and was distinctly lacrimatric.

The boiling point of the second fraction 
(approximately 1.5 cc) was found to be 165 - 167 C at 

atmospheric pressure.
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After carrying out the boiling point test the liquid 
was placed in a small beaker, and cooled to below room 
temperature in a refrigerator, to set whether the 
material would crystallise and form a solid. After 
standing for several weeks a yellowish oily liquid 
remained which showed no tendency to form a solid.

On the basis of this evidence it is suggested 
that the lower boiling fraction corresponded to an impure 
form of mesityl oxide and that the higher boiling fraction 
was an impure phorone. It is suggested that diacetone 
alcohol may have been formed in the reaction during 
grinding, but none of this compound was isolated in the 
separation, probably because of its decomposition to 

mesityl oxide.

Three further 100 ml volumes of vsed grinding 
fluid were fractionally dlatilled; no diacetone alcohol 
wae isolated from any of the separations. The mesityl 
oxide fractions were found to have boiling points in 
the range 107 - 116*0. After cooling in a refrigerator 
it was found that two of these phorone fractions yielded 
oily yellow solids. It was difficult to experimentally 
determine the melting point, of the solid compound, 
isolated, one of the solid, became completely liquid 
at 25°C, and the other showed no defined temperature of 
melting. The boiling points of these compound, were in 
the range 160 - 169°C. On. of the solid, isolated was 
recryetallised fro. fresh acetone, and was found to melt

at 24 - 26°C.
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It is suggested that although it was not possible to 
isolate very pure forms of mesityl oxide and phorone 
from the used grinding fluid that both these compounds 
are formed by reaction during grinding.

The water content of the acetone prior 
to grinding was determined and found to be 0.48 % by 
volume.

The possibility of the above reactions 
occuring during grinding must be considered; also 
the presence of the cobalt ions dissolved in the 
acetone must be accounted for.

The first point to establish is the 
origin of the hydronium and hydroxyl ions which can 
promote the formation of meeltyl oxide end phorone 
in the ecetone. The oxide layers released from the 
cobalt metal are non stoichiometric for the reasons 
described earlier, there is a deficiency of cations 
on one side of the scale, the higher oxygen content 
on the one side could possibly promote adsorption 
of water from the acetone possibly in the for. of 
ions. co,04 is reported to be insoluble in acetone 
or w.tlr, the oxide is amphoteric and claimed to 
be hy,ro.coplc!',<JCo304 is claimed to form a number 
of hydrates, (which are also claimed to be amphoteric, 
non. of which are well characterised, ̂ o r  have their 

solubility products been established.
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•later adsorbed on the metal powder from the 
atmosphere during a removal from the reduction 
furnace could result in the formation of hydroxyl 
groups on certain areas of the scales although 
hydroxides were not detected by electron diffraction. 
The solubility of the hydroxides (although low) in 
water would probably be greater than the solubility 
of the oxides. Co(OH)2 could form from the 
tetrahedral groups in C03O4. The solubility product
of this compound in water is 2.16 x 10"1-6 at room

(205)temperature; thus some solubility of this compound 
in water is expected, although the solubility will 
be low. Co3* ions (derived from the {(Co3*)20} 
groups in the octahedral sites of Co^O*) would be
verv unstable in water, being reduced to Co and

(205)
the water oxidised to hydrogen and oxygen.

All of these factors together with the 
small size of oxide particles released on grinding 
would suggest that the small amount of water present 
in the acetone might be Ionised yielding h / o  and OH 
lone. It is not possible to calculate the 
requirements of H3+0 and OH* necessary for the 
formation of phorone, mesityl oxide and diacetone 
alcohol, because It appear, that the Ion. promote the 
reaction. In catalytic manners. However there 1. the 
possibility that H3+0 and OH" Ion. can be formed in 
a mill during grinding which can promote reaction.

in the acetone.
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It was suggested that the diacetone alcohol 
could be formed during grinding but was unstable 
during the extraction process, probably foneing 
aesityl oxide.

Co ions can form inner salt complexes
(lOH)

containing chelating ligands e.g. Vll. The 
properties of these compounds have only been cursorily 
examined.

Co2*

(CH.)3' 3 IC - 0
ICH
I
c •  o 
I

(CH3) 3 c

(Vll)
Compound (Vll) is known to have a tetrahedral 
structure and is very stable. It is formed by the 
reaction of Co2* and the sodium salt of the ligand 
in ethanolic solution. The chelating ligand shewn 
in (vll) is similar in structure to th* intermediate 
(VI) thought to be involved in the formation of 
diacetone alcohol, i.e.

(CH3) 3 - C

f - o
CH
I
c ■* o
I

(CH3)3 - C  
Ligand of (Vll)

r .
c h 3 - c - o

f 2c *  o 

C H .

(VI)
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The presence of the oleflnic linkage in 
the ligand of (Vll) (which is absent in (VI)) would 
probably contribute to the stability of the
tetrahedral complex with cobalt ions by it bonding

( 206 )within the ligand. It is suggested that (VI) could 
form a compound of limited stability with the Co2+ 
ions, and that the Co2+ - (VI) 2 compound is soluble 
in the acetone. It is suggested that the oily tar 
compound which contained coo alt that remained after 
the distillation was a decomposition product of Co2+-
(VI) 2.

Diacetone alcohol (II) is a tertiary alcohol. 
Several of these compounds can be dehydrated with 
the formation of an define, but the temperatures 
required for this are high (> 400 C) and thus

(206)
olefine formation during grinding is improbable, 
tiesityl oxide is formed from (II) instead. Well 
defined olefine transition metal complexes are 
known, but .re mainly ch.r.cterl.ed by m«t.l. 
with filled d shell., e.g. copper «nd palladium. 
Cobalt with Its 3d7 structure is therefore unlikely 
to form a well defined oleflne-metal compound. 
However because of the unfilled d band in cobalt 
chemisorption of compound, with oleflnic linkages 
1. likely, since It is thought that the , orbital.
of the double bond in an olefine can donate electron.

(2 0 8) 
to the metal.
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It may be concluded therefore that (111) and (IV) 
which both contain olefinic linkages could be 
adsorbed on the cobalt metal particles during 
grinding.

The presence of the carbon in the ground 
cobalt metal powders may be accounted for in the 
following manner: Both t i.e s ityl oxide and phorone
have relatively high boiling points. During vacuum 
drying following grinding of the cobalt powders, 
the water bath temperature does not exceed 60°C.
This temperature (even with the reduced pressure) 
may be insufficient to remove any mesityl oxide, 
phorone and diacetone alcohol formed by reaction 
during grinning. Thus although the acetone is 
removed during vacuum drying, the three compounds 
of higher boi ? ing point would remain entrained 
with the dried metal powder. These compounds 
could contribute to the increase in carbon content 
of the ground metal powder.

The initial carbon content of the cobalt 
powder used in the first fractional distillation 
experiment to determine the organic compounds formed 
during grinding was 0.06 %. After 110 hours of 
grinding, the carbon content was 0.35 % indicating a 
carbon pick-up during grinding of 0.29
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Assuming that the Increase In cart on arising 
from grinding was contributed equally by compounds (11J , (Hi) 
and (IV) , 0.48 g carbon in the 500 g metal powder 
was contributed by diacetone alcohol. The molecular 
weight of diaoetone alcohol is 116 g of which 72 g 
are carbon. Thus the calculated weight of diacetone 
alcohol in the 500 g cobalt metal powder was 0.77 g. 
Assuming all the diacetone alcohol formed % chelated 
compound (based on VI) 0.19 g Co2+ would be required 
in the solution. The oxygen content of the cobalt 
powder prior to grinding was 1.08 %, meaning that 
5.40 g oxygen were present in the 500 g powder. If 
half this oxygen was present as C03O4, 7.45 g cobalt 
could be present in association with the oxygen a< 
an oxide. Thus quite sufficient cobalt (as oxide) 
would be present to react with the calculated 
quantity of diacetone alcohol.

However the solubilHj -odu't Kgp for Co(0H)2 

in water is given by:

KSP - 2.16 x 10*16 - (&co2+)(aC )2 "
(Cco2+)(C0h-)2

where the C .  refer to the molar concentration, of 
the lone, and the .ct) tty co.fflct.nt. « .  n.,l.ct.d 
(which is justified)""' Ksp indicate, that only 
512 x 10-1* eg o£ co2t could be present in the 
solution, assuming that the oobaltoslc oxide 

dissociated through Co(oH)2-
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6y using the method of chemical analysis 
given in Appendix 9, the amount of cobalt dissolved 
in 300 ml grinding fluid was found to be 6.0 mg.

This indicates the following, either:
(a) It is unlikely tL *t all the calculated quantity 

of diacetone alcohol was found in a chelated 
compound with Co2*.

(b) The COgO^ does not dissociate through CotOHlg 
into solution but probably through another 
hydrate which has an snhanced solubility in 
water compared with that of CotOHlg*

(2 1 0)
The observations made in the previous work 

when a ground cobalt powder was heated in hydrogen 
in a Stanton thermobalance can now be explained*
On reduction in hydrogen in the presence of a finely
divided cobalt powder (acting as a catalyst in a

(2 1 1)
similar manner to that of Ranay nickel) mesityl oxide 
could yield 2 methyl-n-pentane, as could diacetone 
alcohol. Phorone on reduction could yield 2, 6 
dimethyl-n-heptane. 2 methyl pentane boils^at 60°C 
and 2, 6 dimethyl-n-heptane boils at 132 C. These 
reduction products could therefore be expected to 
be easily removed on heating in hydrogen, and the 
weight loss occuring in the temperature range 20 
to 200°C shown in Figure 4.18 could be satisfactorily

explained.
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It is important to assess whether sufficient
of the organic reaction products was produced such 
that a layer cZ organic material could exist on the 
cobalt metal particles and prevent realhesion after 
the state of minimum specific surface area had been 
reached during grinding.

in 500 g rjbalt 0.48 g carbon was contributed by
phorone and C .48 g caroon was contributed by mesityl
oxide. Therefore the weight of phorone in 500 g
ground cobalt
» 0.48 x 138 g To5
- 0.48 x 138 moles

ioi x m
. 0.48 X 138 x 6.02 x 1023 molecules

109 x ii5
■ 2.66 x 1021 molecules
Therefore the weight of mesityl oxide in 500 g cobalt

- 0.48 x 98 g72
- 0.48 x 98   moles

72 x
- 0.48 x 6.02 x 1023 molecules

 72-----

■ 4.04 x 1021 molecules

In the above example it was assumed that

Thus the total number of molecules that

could oe adsorbed on
molecules. Studies
indicate that a

-16 2 area of 21 x 10 cm .
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Therefore surface area of organic compounds that
could be adsorbed on the cooalt ■ 6.70 x lO21 x

“20 , ,21 x lO nr equal to 1410 m .

After grinding for 110 hours the cobalt 
powder had a specific surface area of 1.62 m2/g. 
Therefore surface area of ground cobalt - 500 x 1.62 
m2 * 810 m2.

This approximate calculation indicates 
that there is sufficient mesityl oxide and phorone 
in the cobalt to form a monolayer, which could 
prevent readhesion of the i. ital particles ? in 
addition it was possible to isolate small quantities 
of phorone and mesityl oxide from the used grinding 
fluid; thus more than sufficient for monolayer 
formation was present. Furthermore the assumption 
has oeen made that the organic molecules are not 
adsoroed lengthwise but are adsorbed normal to the 
direction of the carbon chains. Thus in practice 
considerably more than one monolayer can be adsoroed 

on the cobalt particles.

Thus during the course of grinding of 
cooalt powders In acetone. It Is suggested that three 
organic compounds are formed In varying Mounts, 
namely dl.cetone alcohol, phorone and mesityl oxide. 
Free energy data for these compound, are not 
available to asses, whether the suggested reaction, 
are thermodynamically favourable. It appe.r. that 
the cooalt oxide present on the cobalt metal powders 
prior to grinding can promote the formation of these

compounds. ,



It was suggested that Co2* ions are present in the 
acetone after grinding due to the formation of a 
chelated compound, but only small quantities of 
this compound can be present.

If the suggestions above are correct 
there should oe a correlation between the amount of 
oxygen present as cobaltosic oxide in the powders 
prior to grinding and the extent of reaction 
during grinding as determined by the caroon content 
of the ground powders and the amount of cobalt 
present in the acetone after grinding. Unfortunately 
the amount of cobalt oxide present in a cobalt 
metal powder prior to grinding cannot easily be 
determined, and the total oxygen content Jiust be 
taken as a measure of the oxide present.

In order to test this hypothesis ten 
cobalt powders differing in allotropic ratio and 
oxygen content were prepared by reduction of 
cobaltosic oxide in hydrogen as described in 
Chapter 2 of Volume 1. The precaution of stabilisation 
with carbov. dioxide gas prior to exposure of the 
powder to the atmosphere after removal from the 
reduction furnace was observed.

The powders were ground in 800 ml 
vibratory mil., ualng 300 ml acetone for 110 hours.
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The acetone for the different metal powder 
batches was selected from the same container, the 
water content of which was determined by the Karl 
Fischer method and found to be 0.51 % by volume.

After grinding the greater volume of the 
fluid was decanted and filtered through the Millipore 
filter. The ground powders were dried under vacuum 
on a water bath. Small samples were assayed for 
total carbon. The cobalt dissolved in the grinding 
fluid was determined using the method outlined in 
Appendix 9.

Table 5.3.1. summarises the oxygen and 
carbon contents of the cobalt powders and the cobalt 
contents of the fluid used for milling.

Figure 5.3.1. shows the determined 
cobalt content of the grinding fluid plotted against 
the initial oxygen content of the powder. Figure
5.3.2. shows the relation between the carbon 
increments of the ground powders and the initial 
oxygen contents, and Figure 5.3.3. shows the relation 
between the percentage of hexagonal cobalt in the 
unground powders and the carbon increments of the 

powders after grinding.
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TABLE 5.3.1.

Summary of carbon Increments in cobalt 
powders on grinding, and the dissolved 
cobalt content of the grinding fluid

Reduction 
Condition 
For Cobalt 
powder

[nitial
Carbon
Content

%

Initial
0;

Content
%

Allo­
tropic 
ratio 
H/C +

[nitialC 
Spec. 
Sur. 
Area G 
m2/o

Zarbon
Zontent
after
rinding

%

Carbon
Incre­
ment
%

Cobalt 
)issolved 
n Grinding 
Fluid f

!50°C 2 hrs 0.04 0.03 C 0.46 0.12 0.06 1.9

750°C 1 hr 0.03 0.41 0.18 0.79 0.14 0.11 3.6

550°C 2 hrs 0.03 0.76 0.72 1.24 0.15 0.12 5.1

i00oC 4 hrs 0.05 0.88 1.02 1.51 0.17 0.12 5.6

150°C 2 hrs 0.04 1.09 1.59 2.00 0.20 0.16 8.1

450°C 4 hrs 0.06 0.99 H 1.91 0.25 0.19 7.2

tOO°C 1 hr 0.05 1.98 H 2.76 0. 30 0.25 13.4

tOO°C 2 hrs 0.04 1.41 H 2.24 0.27 0.23 10.2

350°C k hr 0.04 3.79 X 3.02 0.49 0.45 19.1

300°C h hr 0.05 10.69 X 4.79 0.69 0.64 45.0

ammercial
Powder 0.06 1.08 0.4" 1.36 

J----- -
0.35 0.29 6.0

f Amount in mg. in 300 ml. grinding fluid
+ The allotropic ratio - hexagonal to cubic

C ■ 100 % cubic
H ■ 100 % hexagonal
X Mixture hexagonal cob.lt and Co304 - Improperly reduced
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The correlation of the data shown in 
Figures 5.3.1. and 5.3.2. tend to confirm the 
suggestions made earlier that the extent of the 
reaction with the acetone during grinding is 
governed oy the initial oxygen content of the 
cobalt powder and some of this oxygen must be 
in the form of cobaltosic oxide to permit the 
reactions indicated to occur.

On the other hand the reaction
Co (S)-------- ) Co++ (aq) +2e has an ( m )

associated free energy of AG ” -12800 cals per g atom
(-5 3,57 k joules per / atom). Thus the thermodynamic
prediction is that cobalt could dissolve in the

2+water yielding Co ions.

The following evidence is presented to 
indicate that cobalt oxide is responsible for the 
ooserved reaction and not cobalt metal:

(1) C03O4 has a spinel type structure which is
hygroscopic.

,2, rf.ter in contact with ((Co3+) 20) could provld. 
a source of Co2+, because of the inherent 
instability of non-complexed Co3+in water.

,3, The .nailer . i »  of the oxide particle, compared 
with the metal particle. »u,g..t. that the 
solubility (although .mall) would oe higher 

for oxide than for metal.
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(4) The correlation between the caroon content of 
the ground metal, the cobalt content of the 
acetone used for grinding and the oxygen content 
of the cobalt powders prior to grinding.

However the finer metal powders with the 
higher oxygen contents have a higher surface free 
energy than the coarser powders. If the observed 
effect could be attributed to metal dissolution, thd 
finer metal powders would be anticipated to yield a 
larger dissolved cobalt content in the acetone after 
grinding.

In order to prove more conclusively the origin 
of the cobalt dissolved in the acetone the following 
experiment was carried out. A 1 Kg batch of cobalt 
powder was prepared by reduction of oxide in hydrogen 
at 400°C for 1 hour; the oxygen content was 2.10 % 
and the specific surface area 2.90 m2/g. 500 g of
this powder was reheated in hydrogen at 400°C for 3 
hours; the specific surface area was 2.05 m2/g end 
the oxygen content 1.02 %. Both batches of cooalt 
were ground in acetone for 110 hours. The acetone 
used for the cobalt powder with the higher oxygen 
yielded 15.0 mg dissolved cobalt in the 300 ml acetone, 
whereas the batch with the lower oxygen content 
yielded 7.6 mg cobalt dissolved in 300 ml acetone.

(149)



The specific surface areas of the metal powders 
before grinding were of the same order whereas 
the oxygen levels differed by a f ctor of aoout 2.
The dissolved cobalt contents after grinding 
differed by a factor of approximately 2. This 
suggests that oxygen chemisorbed on the c bait is 
the cause of the chemical reaction during grinding.

In Section 4 it was suggested that some 
of the organic material produced oy reaction after 
long grinding times became adsorbed on the metal powder 
particles and prevented re-adhesion. It was pointed 
out that adsorption of organic material on cobalt 
would be probable because of the electronic structure 
of the metal. The calculation described earlier in 
this section suggested that sufficient organic 
material was present for a monolayer to be formed on 
the metal particle surfaces. The structural f.atures 
of both phorone and mesi :yl oxide which are relevant 
to their surface adsorption properties are the polar 
groups, the presence of the clefinlc linkage, and 
thu lengths of the alkyl chains.

The dsorption process would be expected 

to occur by the same mechanism for both hexagonal 
and cubic cobalt powders since It Is recognised that 
a metal's surface adsorption character for a specific 
compound depends on its electronic structure and not 

__ i *..s structure.

(150)



Surface adsorption characteristics of the transition 
metals are related primarily to the percentage of 
"d-band character" of the metal “and not to its crystal 
size parameters which was originally supposed

It was suggested that adsorption of 
olefinic compounds occurs on the surfaces of the 
metal powder particles during grinding. The type of 
adsorption was not specified; it would be very 
difficult to prove conclusively using a readily 
available experimental technique whether physical or 
chemisorption had occured. However the process of 
chemisorption is considered to be irreversible at 
the temperature at which adsorption occured Initially, 
since a chemical compound is formed on adsorption.
In certain cases it is thought that the chemical 
compound produced by chemisorption may be desorbed 
by heating to a temperature much higher than that at 
which adsorption occured initially.

Using this feature of the chemisorption 
process# It should be possible to beet . ground cobalt 
powder in sn Inert atmosphere In a thermobalance and 
record the temperature range In which desorption occurs. 
„  desorption occur, at a temperature much hlgher tnan 
that at which adsorption occur. It must be assumed that

nh«miaorntion occured initially.
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In order to investigate the desorption, a 
4 g sample of ground cobalt derived from one of the 
powder batches prepared for one of the experiments 
where the used grinding fluid was fractionally distilled 
was heated in an Argon atmosphere in a Stanton 
Thermobalance. Figure 5.3.4. shows the weight loss - 
temperature curve obtained on heating the sample. Wo 
weight loss occured at the temperature at which adsorption 
could have occured. A weight loss did occur however in 
the temperature range 400 - 700°C. The total weight loss 
recorded was about 25 % greater than would be expected 
if the olefinic compounds alone had been desorbed. In 
certain cases it has been observed that a chemical 
compound consisting of components from both adsorbate
and adsorbent can be desorbed at a temperature higher

(217)
than that at which chemisorption occured initially.
This somewhat indirect evidence suggests that the 
chemical compounds produced during grinding are 
chemically adsorbed on the surfaces of the metal 
powder particles. Heating of ground cobalt powders 
in an inert atmosphere was repeated several times; 
in all cases a weight loss in the 400 - 700°C 
temperature range occured.

The possibility of chemisoption of compounds 
with olefinic linkages occuring on finely divided 
cobalt metal at the temperatures attained during 

grinding must be considered:

(152)



W
EI

GH
T 

I 
ng

q 
O

BT
AI

NE
D 

IN 
A 

TH
ER

M
O

&
A

LA
N

C
E 

ON
 

HE
AT

IN
G 

A 
G

R
O

U
N

D

55-335
O Z  _) o. 
O  Onil
u  O  a  r. 5 

u  <



Phorone is an u'.saturated ketone; such compounds
show marked additive properties at the positions of

(203)
the double bonds. Chemisorption is thought to be 
involved in these reactions, some of which can occur

0 (211)at temperatures as low as 200 C. Heterogeneous
hydrogenation at i80°C with fine cobalt has been

(211)
reported. Chemisorption from solution is known to

(218)t (219)t (220) occur at room temperature in certain systems
containing organic compounds and finely divided metals.
In view of this evidence it must be assumed that both
phorone and mesityl oxide produced during grinding
could be chemically adsorbed on the metal powder
particles during grinding.

The data shown in Figures 5.3.1. - 5.3.3. 
indicate that cobalt powders that are predominantly 
h.c.p. in structure prior to grinding have a greater 
extent of reaction with acetone during grinding than 
do cobalt powders which are predominantly cubic in 
structure initially. However these data were obtained 
after an extended grinding period, and yield no 
in forma cion regarding the rate at which the organic 
compounds were produced during grinding. As the 
rates of formation of phorone and mesityl oxide could 
influence the adheeional characteristics of the metal 
powders during grinding, it is important to investigate 
the manner in which the organic compounds are 
produced during grinding using cobalt powders with 
different initial allotropic ratios and oxygen contents.

(153)



A measure of organic compounds adsorbed can be 
obtained by assaying the ground metal powders for 
total carbon after various grinding times.

Several cobalt powders were prepared 
using the reduction procedures given in Chapter 2 
of Volume 1. The properties of the initial powders 
are summarised in Taole 5.3.2. The powders were 
ground in acetone and samples were removed after 
various milling intervals. The samples of the ground 
metal were assayed for total carbon. Figure 5.3.5. 
summarises the carbon increments obtained with 
grinding time. Noteworthy from these data is that 
Powder 1 (initially cubic in structure) increased 
in carbon during the first 50 hours of grinding 
much more rapidly than did powder 5 in the same 
period. (Powder 5 was initially hexagonal in 
structure). These data suggest that predominantly 
hexagonal powders increase slowly in caroor. during 
the initial stages of grinding; a very rapid 
increase in carbon occurs during the later stages 
of grinding. On the other hand predominantly cubic 
powders increase in carbon rapidly during the 
first stages of grinding after which the carbon 
increment remain, practically constant. It was 
recorded earlier that oxide film, on cubic cobalt 
show increased straining compared with film < on

hexagonal cobalt.
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TABLE 5.3.2.

PROPERTIES OF COBALT POWDERS USED FOR 
DETERMINING CARBON INCREMENTS

Powder
Humber

Initial
Carbon
Content

«

Allotropic
Ratio
H/C

Initial
Surface

Area
m / g

Initial
Oxygen
Content

«

1 0.03 C 0.39 0.02

2 0.03 0.69 1.15 0.65

3 0.04 1.15 1.62 1.27

4 0.04 1.49 1.89 1.88

5 0.05 H 2.65 3.01
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It appears therefore that the carbon increments of 
the powders measured during grinding of the powders 
may be related to the mechanical stability of the 
chemlsorbed oxide films present on the metal powder 
particles prior to grinding. In other words, cubic 
cobalt powders with strained oxide films show a rapid 
increase in carbon content of the ground samples 
during the initial stages of grinding after which 
the carbon remains esentially constant, whereas 
hexagonal cobalt powders with more stable oxide films 
show slow carbon increments during the initial stages 
of grinding with a rapid increase in the carbon content 
being recorded during the latter part of the grinding 

cycle.

5.3.3. THE IMPORTANCE OF THE CHEMICAL REACTION

The experimental evidence suggests that 
a chemlsorbed layer is formed on the metal particles 
during grinding. This strongly bound layer could 
prevent adhesion of metal particles.

However the chemical reaction in grinding 
could h.v. mother Important cone.qu.ne.. The proce.o 
of .deception 1. ecccepenl.d by the evolution of 
h..l!'lld . decree., in the free energy of the ed.orb.nt

results.
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It is generally recognised that the heats of 
chemisorption are comparable with the energies of 
the chemical bonds being broker and formed during 
chemisorption, and the heats of chemisorption are
of the order of 40 k cals/g mole (167,4 k joules/g

(217)mole) . It is not possible to calculate an order of 
magnitude value of the heat of chemisorption when 
phorone and mesityl oxide are adsorbed on cobalt for 

extent of coverage of the metal by adscrbate and 
the orientation of the chemisorbed molecules cannot 
be established. As a consequence the decrease in 
surface free energy of the metal resulting from 
adsorption cannot be calculated. However in the 
case of deformed cobalt the decrease in free energy 
on adsorption will arise not only from the formation 
of an adsorbed chemical compound but will also be 
related to the presence of dislocations^the^metal 
particle surfaces. There is ample evidence that 
surface dislocations enhance chemisorption. This 
property of dislocations is caused by a chemical
unsaturation in the neighbourhood of a dislocation

(223)
core.

In the ground cobelt powder, there 1. an 
exc... eurfece free energy compered with cobalt In 
e bulk .tat. and al.o the cold worked condition 1. 
thermodynamically met.at.bl. compared with the un.tr.ined

state.



Chemisorption will therefore tend to reduce the total 
free energy of the ground metal and in addition 
prevent adhesion of metal particles. Because of the 
higher electron density at the positions of the 
olefinic linkages and the 3d^4s^ cobalt structure it 
would be anticipated that any adsorption of the organic 
molecules would occur with the olefinic linkages most 
firmly adhered to the metal. If this occured the alkyl 
groups would be directed towards the liquid. In the 
case of mesityl oxide there would be three carbon atoms 
on either side of the double bond, and for phorone 
there would be three carbon atoms on either side of 
each of the double bonds. The carbonyl groups would 
be expected to be compatible with the metal rather 
than with the liquid because of the higher electron 
density in the region of the 0 atoms. These surface 
adsorption characteristics suggest that the organic 
molecules would not be adsorbed at right angles 
to the direction of the carbon chain, but at a small 
angle such that the carbon chain was practically 
parallel to the surface of the metal. In this way the 
entire surface of the metal powder particles could be 
covered with a multilayer of adsorbed material. If 
this suggested adsorption process did occur, metal- 
metal adhesion would certainly be reduced. It is 
probable therefore that a. fine particle. • »  co-alnuted 
fro. agglomerates after the et.t. of ..*1—  .»9l=»r.tlon 
has been reached, adsorption of organic naterl.l frc. the 
liquid occur, which prevent, re-adhe.lon.
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GRINDING OF COBALT METAL POWDERS IN ALTERNATIVE 
GRINDING FLUIDS

A 2.5 Kilo batch of cobalt powder was 
prepared by hydrogen reduction of cobaltosic oxide 
at 700°C for one hour. The powder had a specific 
surface area of 1.32 m^/g; the hexagonal to cubic 
allotropic ratio was 0.48, and the oxygen content 
was 0.75 1.

500 g batches of this powder were ground 
in an 800 ml capacity ball mill using 2 Kg 6 mm 
hard metal balls as the milling medium. Different 
grinding fluids were used in each charge. The 
grinding fluids employed were acetone, ethanol, 
ordinary tap water and distilled water.

The powders were milled for 10, 20, 30, 
50, 70, 90 and 110 hours and small powder samples 
of 8 g were removed after each milling interval.
The specific surface area and allotropic ratio of 
each ground powder were determined.

Figure 5.4.1. (i - tv) summarises the 
results obtained and shows the variations in 
powder properties with grinding time.

The use of acetone results in a powder 
agglomeration during the Initial .tag.. grinding, 
in a manner similar to all those po»ders studied

previously.
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Tap water results in no agglomeration of the 
metal powder particles, and a continuous increase in 
specific surface area with grinding time. After 10 
hours of grinding, x ray diffraction analysis showed 
that a considerable quantity of CoO was present, 
and as grinding proceeded the strongest X ray line 
of C03O4 appeared. After 20 hours grinding it was 
not possible to determine the allotroplc ratios in 
the ground metal due to the presence of the large 
quantity of oxide. There was a considerable gas 
pressure release on opening the mill. It is suggested 
that the gas formed was hydrogen.

For the room temperature reaction:

3 CO (S) + 4H2OU) --*Co304 (S) + 4H2 (p) the
(224)

free energy change is:

AC° = -182,000 r 0 - (0 - 4 x 56720) cals 
» 44.88 k cals
■ 18 7,8 k joules

Thus this reaction is thermodynamically 
unfavourable. Thermoaynamic data indicate^that the 
following reactions are also unfavourable:
Co (S> + H20U) — » CoO(5) + H2 (p)
3CoO(S) + H20(Z) — > Co304 (5) + H2(5)

However the reaction:
C0 (S)-*C0^ W  1. favourable .Inc. the frae energy ^ 
change 1. -12800 =.1. to -53 570 joule.) at 238 t.

(160)



Thermodynamics therefore indicate that direct 
conversion of the metal to oxide is unlikely, but the 
oxide could be formed through the divalent cation. In 
the case of tap water the reaction could have been 
accelerated by the presen-e of dissolved oxygen or an 
anion (such as chloride)„ On the other hand, although 
thermodynamics predict that direct conversion of metal 
to oxide is not likely, special factors such as the 
large surface area and the cold worked nature of the 
powder could have assisted the reaction. In any 
event a considerable quantity of CoO was formed during 
grinding and no metal-metal adhesion was possible, 
which could contribute to agglomeration.

Using distilled water as the milling fluid, 
no powder agglomeration was evident. The X ray 
diffraction patterns indicated that the proportion 
of CoO formed was much reduced compared with the 
case when tap water was used. Here again the oxidised 
material produced on grinding must have prevented 
metal-metal adhesion.

On opening the mill in which the cobalt powder 
had been ground in ethanol, the release of a very 
small quantity of gas was noted which may have been

due to the reaction:

co + 2c 2h 5oh  >  co(c2h 5o )2 + h2

(161)



This reaction of ethanol is characteristic 
with electropositive metals. Ethanol does not undergo 
any other reactions with cobalt or the oxides of 
cobalt. The occluded carbon in the ground cobalt 
powder after grinding was much less than noted for 
acetone. After 110 hours of grinding the cobalt 
powder contained C.1C % carbon after milling in 
ethanol.

The use of ethanol as milling fluid resulted 
in a larger decrease in specific surface area during 
the initial stages of grinding than was noted in 
acetone. The cause of this may be the greater 
viscosity of ethanol compared with that of acetone.
The relevant viscosities at 25°C axe 0.320 centipoise

(225)
for acetone and 1.32 c.p. for 95 % ethanol. The 
chemical reactions resulting in the formation of 
hydrogen must have occured to a very small extent 
and did not interfere with the agglomeration.

The electrical polarisability effect would 
promote greater agglomeration in acetone compared 
with ethanol. The dielectric constant of ethanol
at 25°C is 25.8 compared with a value of 21-4 for

(225)
»r?et-nne.

I

I

I

(162)



5*5* THE d i s l o c a t i o n d e n s i t y and dislocation distribution
IN COaALT POWDERS

5.5.1. INTRODUCTION

It was noted earlier that it was not 
possible to obtain transmission photomicrographs 
of the cobalt powders at 100 Kv. As information 
regarding the presence of dislocations is 
necessary to explain the grinding behaviour of 
different cobalt powders it is important to 
investigate the data that may be derived from 
X ray diffraction patterns of the ground powders.

5.5.2. AVAILABLE X RAY DIFFRACTION TECHNIQUES

For pure hexagonal cobalt powders, which 
show no traces of the f.c.c. phase on X ray 
diffraction, the stacking fault probability may 
be derived by three independent methods that 
have been reported in the literature:

(1) Mitra and Haider's method (discussed in
(238)

Chapter 2 of Volume 1).
(2) The line breadth method of Rao et al.

( 227)
(also discussed in Chapter 2 of Volume 1).

(3) The Fourier analysis method used by Rao
This technique employs Pikes method

for determination of the centre of gravity
(229 )and Stokes method for evaluation of the 

Fourier coefficients.

(1631



In addition this technique enables the domain size 
and r.m.s. strain to be evaluated. Rao et al'Zrlginally 
applied the technique for the determination of the 
faulting, strain and domain size of the (loll) planes 
of the h.c.p. phase. An LQ value of 50°A was used 
where Lq = nag where n is the harmonic number and ag 
is the Sin Q interval within which the peak is expressed 
as a Fourier series.

Mltra and Haider's method (used in Section 4.7.
(23S)

of Volume 1) also yields information about the domain 
size and r.m.s. strain.

(230)
For f.c.c. metals Wagner has shown that the 

deformation and twin stacking fault probabilities may 
be calculated using the observed peak shift as a measure 
of the deformation stacking fault probability. This
technique may be applied when the density of both types

(230)
of deformation error is low.

For powders which consist of a mixture of 
f.c.c. and h.c.p. cobalt complete analysis of the faulting 
and dislocation density in both phases is not possible, 
because of the overlapping of certain of the profiles 
of both phases (in particular the (111) of the f.c.c. 
and the (0002) of the h.c.p. and both these are of 
high intensity).

Theoretically, the dislocation density of a
deformed metal can be evaluated if the particle size D

% (231)
and r.m.s. strain <e2> are known.

(164)



The dislocation density calculated from the
r, 4  i _   '231)' 2domain size is given oy:

’.There P%) is the dislocation density
D is the domain size
n is the number of dislocations per block of

side length D. (In severely deformed metals 
n is assumed to be unity ).

the formula:

Where Pg is the dislocation density
£ is the strain broardening
b is the Burgers vector of the dislocation
F is a strain energy factor which allows for

Where E is Young's modulus of the metal
A is a factor with a numerical value of 2 

for a Cauchy distribution and w/2 for a 
Gaussian distribution.

M is the shear modulus of the metal

In addition the dislocation density may be 
calculated from the strain broardening <e^> ̂  by

(231)

the occurence of dislocation interactions 

k is given by

(165)



ln 'r,,1 f12s32‘aken to b« 4 W l l U « s o n '. „ d  SMlhum.. 
analysis.

Calculation of Young's modulus and the shear
modulus using the compliance coefficient!2(using

, (233)
Me Skimin s data for the compliance coefficients) and 
assuming a Cauchy distribution (which is thought to be 
valid for a number of deformed metals)''indicates that k 
has the following values in h.c.p. cobalt:

For the direction parallel to the hexagonal axis 
k - 38.8
For the <ll"?0> direction k ■ 11.9
For <20?3> and <4013> directions k ■ 15.4

(234)Assuming Rosters experimentally measured 
values of Young's modulus k * 24.9.

Values of Pg can only be calculated if a value 
of F is known or assumed. The simplest assumption that
can be made is that F is unity which corresponds with

1231)
the model with n equal to unity.

However Williamson and Smallman's equation for 
Pc given above must be incorrect since the following 
formula derived by Stibitz was used for the stored

energy:

V = 3E (Ae2)/2
rfhere V is the jtored energy

(1661



Subsequently f.ulkner proved thet stlbit/ fomul.
"or the ,t0r,d " > « »  “*■ erroneous, « d  shoved thet the 
stored elestlc energy in an-isotropic swdlum is given by,

V - 15E<e 2>
i(3 - 4v +8v2)

Where v is Poieeon's ratio

Reworking Wi1liamson and Smalimans formula for pg shows 
that it should be given by

*• 5k <E2 >S FE?T7 -"iV " 9vZ)
(231)

Williamson and Smallman Vave shown that in 
deformed metals whore there are pile ups of dislocations 

will differ from PD , and the true dislocation density
is glvfen by;

p * Cps.Pnl **

Where P is the true dislocation density
The number of dislocations (n ) in a pile up is given 

(221) 
as follows:

n'  -  [  ps /  pd]^

RESULTS

o and Pe were calculated for the h.c.p. phaseD o
Of all the powders described in Chapter 4 of Volume 1.

(238 j
The line breadth method of Mitra and Haider was u^ed for 

evaluating D, c and (3 = + B)«

(167)



Hence P and n' were calculated.

The Fourier method of Rao et il^wi. 
applied to the (loTl) reflection, of the fine 
hexagonal powder samples-(which was prepared by 
hydrogen reduction of cobaltosic oxide at 400°C)

(230)
Wagner's method was used for estimating 

the de-ormation and twin stacking fault probability 
of the cubic cobalt powder described in 5.1. of this 
volume.

°D was calculated with n equal to unity;
the corrected expression for ps was used? V was
calculated using Faulkners expression with the energy

, (237)
expressed in joules/g. Fosters value of Poisson's 
ratio was used; Fosters value of Young's modulus 
was deed for calculating k? the Burgers vector of 
the dislocations was assumed to be 3°A in all cases; 
the apparent surface energy (E in joules/g) was 
calculated from the measured specific surface areas 
of the powders, assuming that the surface energy of 
cobalt is 2000 ergs/cm2.

The results obtained are summarised in 

tabular form as follows:

Table 5-5.1. CF-6 Cobalt p; er
Table 5.5.2. CF-10 Cobalt powder
Table 5.5.3. Hoboken Cobalt powder

(168)



Table 5.5-4. Annealed CF-6 powder 
Table 5.5.5, Annealed Hoboken Cobalt powder 
Table 5.5.6, Ultrafine hexagc cobalt powder 
Table 5,.S.-7.. Cubic cobalt powder described in 

Section 5.1.

,4. COMMENTS ON RESULTS

From the examination of the data in the 
Tables , the following points are noteworthy:

(1) For all the samples studied pD differs from ps 
which suggests that the dislocations are piltd 
up into groups with an average of 20 to 30 
dislocations per group. As noted in 3.2. this 
behaviour is expected because of the single 
operative slip system in h.c.p. cobalt. In the 
cobalt powders prior to grinding there is also some 
evidence of the dislocations being in groups.

(2) Annealing of the CF-6 and Hoboken powders leads 
to a decrease in the dislocation density compared 
with the values recorded in the unannealed powders. 
However the annealing treatment leads to increased 
ny values in the ground powders, which suggests 
that the annealed powders would be more prone to 
brittle fracture during grinding than the
unannealed powders.

(3) The remits show that the dislocation density 
increases throughout the course of grinding.

(169)



TABLE 5.5.1.

POWDER: CF-6 Cobalt powder

Grind­
ing

Time
Hours

Poem-2 Pgcm"2 pem-2 n/
1

V joules
/g

E
aules/
9

)« + 6

No
grind­
ing

liP x x'io10
7.IQ 4 

x 109 |
0,04 0,65 3.0041

5 liP x i - > | 8
0,14 1,62 0.0163

1 10 2.13 x 6.15.. io9 x zxr1 8-‘> 17
0,86 1,34 0.0172

1 20 2.42 x 7.82,, 
109 x 10iX 8- > 18

1,09 1,28 0.0165

30 3.46 x 1.92 
10y x lO1^

1,67 1,82 0.01S4

50 5.19 X 2.15.. 
109 x 1012

2,99 2,29 0.0141

70 6.82 x 3.28 
109 x 10lZ

1.91.. 22 
x IO11

4,56 2,51 0.0130

| 90 

110

7.63 x 4.76.- 
109 x 1012

9.81 x 5.20.. 
109 x lO1^

1.43 x 5.72 
1010 x IO12

2.26,, 25 
x 10

2.45 23
X IO11

2.8611 20 
X 10 |

6,65

7,20

8,00

2,71

2,94

3,16

0.0099

0.0086

0.00*9
130
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TABLE 5.5.2.

POWDER: CF-10 CobaiLt powder

Grinding
Time
Hours

PD cm"2 -2ps cm ' Pcm-2 /n
V

joules/
9

B
joule;
/g

3« +6

So grind­
ing

1.94 x 
109 3a $ i - x

13 0,46 0,41 0.0098

5 2.18 x 
10* l o ® '

I

15 0,69 1,52 0.0192

10 3.32 x 
109 5i i h - 4.24 xiolo 13 0,76 1,74 0.0251

20 4.18 x 
109 6i o h x * 13 0,94 1,68 0.0274

30 4.74 x
109

6.05 x 
1010

14 1,06 1,65 0.0246

50 5.32 x 
109 8i o ^ X !o?i x

15 1,24 1,86 0.0232

70 « i P -
8.84 x
1010

15 1,65 2,10 0.0172

90
2i ^ y i « 15 2,84 2,38 0.0169

110
8i ^ x y f x

15 5,00 2,42 0.0154

130
4io°2X loft'

15 5,71 2,68 0.0142

1



TABLE 5.5.3.

POWDER: Hoboken Cobalt Powder

Grinding 
Time 
Hours

P cm P cm.P cm qjoulei
/g

joule

0.00180,058.95 x 108Ho grind 
-tng

0.00410,37

0.00540,966.89 x 
lO11

0.0066

0.00584.30 x 
1012

0.00519,30
6ioi2X

0.004911,809,60 X 
109

0.00472,8412,35
198 i2X

0.004010,80

0.003810,006.16.x 11 
1011 1

(1721



TAPLS 5.5.4.

POWDER: Annealed CF-6 pcwder

Grlhd-
lAg
Time
Hours

PoOn - 2 PsOn - 2 pern
T

- 2 V
jouleajj

/g

E
loules

/g
3 « + B

No
Grind­
ing

1.72 x 
108 3^ o ’ 2.53 X 

10
II 0,05 0,55 0.0002

10

3.54 x 
108

1.85 X 
1011

8.10 x 
109

23 0,26

5.45 X 
108 lioIox 25 0,48

1,26 0.0007

1,70 0.0014

20 4.78 X 
108 1iol2X 2io?ox 46 1,43 1,83 0.0016

30

50

70

6.43 X 
108 3i X 55 2,72 2,06 0.0023

7.71 x 
108 10J

8.39 x
108

41

44

1,83 2,25 0.0017

2,32 2,46 0.0011

90

110

130

\ $ x

1.72 x 
lO*

3.19 x 
109

\ & x

1.17.x
1012

\ $ ° x

4i ? = x

6i > x

35

23

19

1,69

1,30

1,62

2,64

2,85

3,04

0.0012

0.0019

0.0015
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TABLE 5.5.5.

POWDER: Anne.iled Hoboken Powder

Srindinc
Time
Hours

PDcm-2 Pscm"2 -2pern *n
V

oules
/g

E
)oules

>*r
3 « + 0

to grinc 
-ing

2.19 x 
10*

6.15 x 
109

5 0,008 0,95 0.0001

5 4.49 x
108

3.45 x
i o n hit*'

28 0,48 1,41 0.0003

10 6.07 x 
108 5iiZix

1.77 x 
101°

34 0,72 1,92 0.0009

20 8.85 x 
10® 3w 5°X

35 1,56 2 ,06 0.0026

30 1.18 * 10 9 4i ^ = x
41 2,73 2,14 0.0019

50 1.74 x 
109 6i S = x

26 3,72 2,29 0.0017

70 2.94 x 
109

2.86.x
10X^

32 4,00 2,43 0.0015

90 4.45 x
10® 2i ^ x \ : ! i x

23 3,30 2,55 0.0023

110 5.15 x 
109

6.40 x 
109

\ o ! 2 X

'ill*'

9io5°X

9; ? o x

19

14

2,55

1,74

2,70

2,81

0.0014

0.0015
130

(174)



TABLE 5.5.6

POWDER Extra Fine Hexagonal Cobalt Powder
IGrinding I 

Time 
Hours pD=m"2 Ps - - 2

P , cm 2

j T F '
, V 1 E 
n joulesjoules

/g  1 /g
«+«/'3

So grind­
ing

1.65 x 
108

. 60: x 
10s 1i ^ x

7 0,0li 7,45 0.0087

10 1ij?4X \ & x
27 2,07 4,80 0.0089

20
3i ^ i x 1ioh X \ : ^ x

24 2,70 4,61 0.0110

30 8i i h - ii^3- 24 6,50 3,79 0.0126

50
3iol2* 8; ? 4 x 3i|t3« 24 12,10 2,74 0.0174

70 \ : k x 5ii»3- 30 20,80 2,44 C.0188

90
3iJ?5X \1*>X

32 43,00 1,89 3.0179

110
3ii< = x 2f r X M U

26 35,60 2,01 0.0165

130
3i : ! ; x 2ifrX 6il^

30 p9,10 I 2,37 0.0142

(175)



POWDER: Cubic cobalt powder described in Section 5.1

Grinding
Time
Hours

.

--------- r

. ’d - ' 2 PScm~2 pcm“2
!

./
V

joule:
/g

E
joules
/g

3=+ 6

5 \ l lo* 2.89 x 
10iZ 'lot1*

13 4,01 0,35 0.0086

10 ' i l l s 41 26,00 0,36 0.0141

15 | ' i l l s 22 25,20 0,34 0.0153

20 i i ih* ' i l l s 14 17,20 0,31 0.0175

30
5io!°X I 1 lots’1 ' i l l s 14 14,40 0,26 0.0152

50 1.00.x
101X j W \ I IS 13 25,00 0,33 0.0146

70 l i l l s 12 22,00 0,43 0.0116

90 l i l i s ' i l l s 8 17,20 0,84 0.0105

110
2\ f r

8.90_x
10iZ ' i l l s 6 12,40 1,32 0.0088

po grindi"9 «n Het.aon»l-iffase detect
able ty5C rav dif frac

Wagner's method showed the following  ....
? ^ dp i o b i » m t y ^ f CoIcure;o. of deformation faulting
The^ probability of occurence of twin faulting (6,
« 0 . 0 0 0 0 \



Considering the arbitrary assumptions that are 
made in the derivations of Pd and Pg comparisons 
o£ differences in dislocation densities of 
different powders would probably not be valid.
However the result# do suggest that the hexagonal 
and cubic powders prepared by hydrogen reduction 
of cobaltosi c oxide have higher dislocation densities
than the commercial cobalt powders.

(.210 )Wagner's technique provides some useful results on 
the stacking fault defects present in the cubic 
cobalt powder prior to grinding. Deformation 
stacking faults as well as a very small proportion 
of twin (or growth) faults are present. It was 
suggested in Chapter 2 of Volume 1 that the 
deformation arises from a volume change during 
reduction. However it appears that twinning does 
not constitute a major part of the faulting 
arising from the volume change deformation; the 
deformation type stacking fault predominates, 
in Chapter 4 of Volume 1 it was assumed that D 
was a dimension of the coherently diffracting 
domains, and that the powder particles consisted 
of an array of single crystallite, with dimension 
D. Without electron transmission It Is not 
possible to confirm this suggestion. Although 

there have been a number of
investigation, of deformed cobalt, there have 
been no suggestion, a. to the physical significance

of D.
(177)



(239)
In deformed aluminium it has been suggested that 
D corresponds to the slip band spacing. In 
Chapter 4 of Volume 1, as a result of the decrease 
in D with grinding time it was suggested that the 
agglomerates formed consisted of aggregates of 
particles of dimension D bonded together. As a 
result of the discussion given in Section 3.6 of 
this Volume it is realised that this conclusion 
was erroneous. However it is not possible to suggest 
the significance of the D parameter. The significance 
of D can only be established by electron transmission 
studies on the powders.
The stored energy results for the h.c.p. phase of 
the ground powders are not directly comparable with 
the stored energy values reported for a number of 
deformed metalsf^Thls arises because a number of 
result, reported In the literature were derived using 
Stlbltz formula, which Faulkner showed to be 
Incorrect. Use of Faulkner’s formula for stored 
energy lead, to values that are approximately 
1.96 time, those obtained using the Stlbltz formula. 
The result, in the Table, do however show that the 
stored energy In surface region, of the powder, 
are of comparable magnitude to the surface energies. 
However V 1. the total stored energy .rising from 
the presence of dislocations, and no Information 
can be obtained a. to the relative contribution, to 

......  and -glls.lle- dislocations.

(178)



The two types of dislocations will behave 
differently with further grinding. Thus the 
two types of dislocations will contribute to 
the total free energy of a powder, but the 
sessile dislocations are locked, and any 
decrease in free energy that occurs during 
grinding will take place by different processes 
for the sessile and glissile dislocations.

(8) No information regarding vacancies is obtained 
from the data, and the techniques used do not 
take account of porosity which may be present 
in the agglomerates.

(9) All the results suggest that an annealing of 
the stacking faults takes place during the later 
stages of grinding. As was noted in Section 4.7. 
of Volume 1, this phenomenon cannot be 
satisfactorily explained. It might however be 
associated with high temperatures generated at 
the instant of impact of colliding balls and the 
a„.., 11 particles, but this is only a speculative 
assumption which cannot be proved.

(10) in general little information of value can be 
derived from X r«y diffraction analyee. of the 
powders ( which can explain difference. In 

grinding behaviour.

(179)



DIFFERENCES IN DISPERSION OF COBALT IN HARD METAL 
POWDER BATCHES PREPARED WITH CUBIC AND HEXAGONAL 
COBALT POWDERS

In Chapter 5 of Volume 1, electron 
micrographs of ground hard metal powder mixtures 
were shown; the hard metal powder mixtures were 
prepared using commercial cobalt powders with 
different initial allotropic ratios. It was 
concluded that differences in the degree of 
dispersion of the cobalt in the hard metal mixtures, 
using different commercial powders could not be 
readily detected.

In order to investigate this problem 
further, batches of hard metal were prepared using a 
tungsten carbide powder with a pure hexagonal cobalt 
powder, and the same tungsten carbide powder was 
ground with a cobalt powder which was cubic in 
structure. Electron micrographs cf the ground 
powders were prepared using the techniques described

previously.

Two hard metal powder batches were 
prepared from the eame carbide powder; In one of 
the batches hexagonal cobalt powder prepared by 
hydrogen reduction of cob.lto.lc oxide at 400°C 
was used, in the second batch of hard metal cobalt 
powder prepared by hydrogen reduction at 80O°C was

used.

(180)



This cubic powder contained no detectable traces 
of the hexagonal modification. Both batches 
contained 10 % by weight of cobalt. The powders 
were ground in acetone for 2, 4 and 24 hours. An 
800 ml mill was used.

Figure 5.6.1. (x 4000) shows a region 
of agglomerated carbide grains with an agglomerate 
of cobalt which has only a small number of carbide 
grains embedded in it. The mixture shown in 
Figure 5.6.1. was prepared with the initially cubic 
cobalt powder; the mixture had been ground for two 
hours. Figure 5.6.2. (x 9600) shows aggregated 
carbide grains, which are practically devoid of 
cobalt in the same hard metal mixture.

Figures 5.6.3., 5.6.4., and 5.6.5.
(all x 9600) show the hard metal mixture prepared 
with hexagonal cobalt powder after two hours of 
grinding. Large carbide grains are seen to be 
dispersed in the cobalt agglomerates.

Figures 5.6.6. and 5.6.7. (both x 9600) 
show the mixture prepared with the initially cubic 
cobalt powder after 4 hours of grinding. Small 
individual carbide particle, can be .een to have been 
-beaten- Intc the cubic cobalt agglcer.te.. but 
there Is little evidence of cobalt around the 
asperities of the carbide grains.
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FIGURE 5.6.1.
Hard metal mixture prepared with cubic 
powder ground for 2 hours (x 4000)

FIGURE 5.6.2^
Aggregated carbide grains practically 

devoid of cobalt (x 9600)
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Hard metal mixture prepared with hex­
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FIGURE 5.6.5.
Hard metal mixture prepared with hexagonal 
cobalt after 2 hours grinding (x 9600)



FIGURE 5.6.6.
Hard metal mixture prepared with initially cubic cobalt after 

4 hours of grinding (x 9600)

FIGURE 5.6.7.
Hard metal mixture prepared with initially cubic cobalt after 

4 hours of grinding (x 9600)



FIGURE 5.6.6.
Hard metal mixture prepared with initially cubic cobalt after 

4 hours of grinding (x 9600)

FIGURE 5.6.7.
Hard metal mixture prepared with initially cubic cobalt after 

4 hours of grinding (x 9600)



Figure 5.6.8 (x 9600) shows a similar structure 
after 4 hours of grinding of the powder mixture 
prepared with the cobalt powder which was initially 
cubic in structure. Figure 5.6.9. (x 9600) shows 
another region in the same mixture which is 
practically devoid of cobalt.

Figures 5.6.10. and 5.6.11,, (both x 9600) show 
the mixture prepared with the cobalt powder which was 
initially hexagonal in structure after 4 hours of 
grinding. The cobalt adhering to the asperity of the 
carbide grain in Figure 5.6.11. is noteworthy.

Figure 5.6.12* (x 56000) shows fine 
carbide particles embedded in cobalt agglomerates 
after 4 hours grinding? initially cubic cobalt 
powder was used. A similar structure is evident in 
Figure 5.6.13. (x 22000); there is little evidence 
for cobalt dispersed around the edges of the larger 
carbide grains in this figure.

As the grinding time is increased, 
discernible differences between hard metal powders 
prepared with cobalt powders with different initial 
allotropic ratios become less evident ? this is clear 
from . Figures 5.6.14., 5.6.15., and 5.6.16.
Figure 5.6.14. (x 25000) shows the mixture prepared 
with initially hexagonal cobalt after 24 hours 

grinding.
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FIGURE 5.6.8
(x 9600)

FIGURE 5.6.9
(x 9600j



(x 9600)

FIGURE 5.6.11
(X 9600)
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FIGURE 5.6.12.
Fine carbide grains embedded in a 

cobalt agglomerate (x 56000)

FIGURE 5.6.13^
Carbide grains embedded in a cobalt 

agglomerate (x 22000)
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FIGURE 5.6.14.
Hard metal powder after 24 hours of 
grinding (initially hexagonal cobalt) 

(x 25000)

FIGURE 5.6.15.
Hard metal powder after 2 4 hours of 
grinding (initially cubic cobalt) 

(x 25000)

■



FIGURE 5.6.16.
Hard metal powder after 24 hours grinding 

(initially cubic cobalt) (x 25000)



Figure 5.6.15. and Figure 5.6.16. (both x 25000) 
show the mixture after 24 hours of grinding where 
initially cubic cobalt powder was used. It is 
difficult to detect differences in the degree of 
dispersion of cobalt in these three samples.

This set of micrographs clearly shows 
differences in the dispersion of the cobalt after 
short grinding times when hexagonal and cubic cobalt 
powders are used for the preparation of hard metal 
mixtures. Using the initially cubic cobalt powder 
fine carbide grains are embedded in the ductile 
agglomerates during the early stages of grinding.
With hexagonal powder the individual particles of 
cobalt agglomerate; impact of carbide particles 
appears to result in fracture of the weakly bonded 
metal agglomerates and adhesion of the cobalt to 

the larger carbide grains.

in Chapter 5 of Volume 1 it was suggested 
th.t during grinding the carbide gr.ln. were embedded 
in the cob.lt aggregates; another process which 
was suggested to occur was a rolling of the cobalt 
aggregates Into thin foils. This mechanism 1. 
probably correct for predominantly cubic cobalt 
powders, with hexagonal cobalt powder fracture ,f the 
agglomerates and adhesion to the larger carbide grain, 
probably occur, during the initial stag., of milling.
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6. DISCUSSION

6.1. INTRODUCTION

The experimental programme has confirmed 
a number of the suggestions made in Section 4; 
in particular evidence of a chemical reaction 
during the grinding of cobalt metal powders in 
acetone has been obtained. The experimental work 
described in Section 5.4. indicated that the use 
of difft rent milling fluids had a significant 
effect on the grinding characteristics of cobalt 
powder.

In Volume 1 *t was noted that predominantly 
hexagonal cobalt powders reached the state of 
minimum specific surface area after shorter grinding 
times than did predominantly cubic cobalt powders. 
Hexagonal cobalt powders proved to be very suitable 
for achieving satisfactory hard metal compact 
densities after short grinding times. To thoroughly 
explain these findings it is necessary to briefly 
summarise a number of features associated with the 
cobalt powders. These features were reviewed 

in Section 3:

(1) The vroportions of the allotropes of cobalt 
present: As discussed in Sections 3.2. and
4. the h.c.p. phase should oe more easily 
comminuted than the f.c.c. phase during 

grinding.
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More extensive slip prior to fracture is 
expected from the f.c.c. form than from the 
h.c.p. form.

(2) The presence of dislocations: Dislocations 
present in the powders prior to grinding are 
expected to influence the fracture characteristics. 
Dislocations were also thought to be responsible 
for the phenomenon of "cold-welding". Surface 
dislocations would reduce the true area of 
contact between adhering particles. The 
dislocations present o\; the surfaces of the metal 
particles after reduc ion could influence the 
dispersion of chemically bonded oxide that is 
formed on exposure of the powder to the atmosphere;
the role of surface dislocations on oxidation

(2 2 1)
of surfaces has been previously discussed. As 
dislocations are chemically reactive surface 
sites^dislocations could influence the free 
energy change that occurs on adsorption of the 
chemical compounds that are produced during 
grinding in acetone. The dislocations present 
at any stage during grinding may be of more than 
one type; both sessile and glissile dislocations

could be present.
,3) The presence of oxide films: Chemlc.Uy bonded

oxide films ere present on certain ar.es of the 
metal powders prior to grinding.

(1851



These films will alter the surface free energies 
of the powders compared with the pure metal.
The oxide films are responsible for the chemical 
reaction in acetone and thus the strains present 
in the oxide films prior to grinding will influence 
the rate at which th*' rganic compounds are 
produced during grinding. Oxide films on h.c.p. 
cobalt are expected to exhibit lower dislocation 
densities than oxide films on f.c.c. cobalt.
These oxide films are expected to exhibit only 
slightly reduced adhesional characteristics 
compared with those of the metal. The oxide 
filjns are probably non—stoichiometric and are 
expected to exhibit a certain degree of plasticity

during grinding.
(4) The specific surface areas of the powders prior to 

grinding: As a consequence of the incomplete
bonding of the surface atoms of the metal as 
compared with those in the interior of the 
particles, the powders have ah associated surface 
free energy which is anisotropic in both allotropes 
of cobalt in microscopic regions, but which is 
approximately proportional to the specific surface

area of the powders.

rrc„ a consideration of the above 

factors it is possible to propose a theory for the 
agglomeration behaviour during grinding of cobalt 
powders with different initial characteristics.
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THEORY OF AGGLOMERATION OF COBALT POWDERS

An individual powder particle in a powder 
mass probably has unique characteristics; no two 
particles will be exactly alike with respect to 
the properties: phase ratio, surface free energy,
oxide content, dislocation density and particle 
size.

Thus in order to explain the grinding 
characteristics of a given powder mass it is necessary 
to consider the average properties of the given 
powder.

The following section represents an 
attempt to explain the grinding characteristics of 
different metal powders. In order to explain 
different grinding characteristics consider the 
terms which contribute to the total free energy G 
of unit weight of a metal powder during the various
stages of grinding:

G « Gj + Gg + g b
Where G is the total free energy of the powder

per unit weight 
Gj is the internal free energy
Gy is the surface free energy
G is the free energy associated with mosaic

boundaries in the powder mass
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.fhere Gq is the free energy of bulk cooalt (which 
will differ for cubic and hexagonal cobalt)

Do is the free energy due to the presence of 
dislocations in the bulk

GS ~ + Gox
where is the surface free energy of the metal

Gox is the free energy of the oxide
%  ” Gms + Gds 

Where G^g is the surface free energy associated 
with the specific surface area of the metal

gDS f8 fhe surface free energy associated 
with the dislocations on the metal particle surfaces

Gox “ G° oxide + GDo + Gos + gDoS 
Where G° oxide is ^  free energy of bulk cobalt 

oxide
GDo is the free energy associated with the 

presence of dislocations in the oxide 
film

GoS is the surface free energy of cobalt 
oxide

Gq oS is the surface free energy arising
from the presence of dislocations in the 
surface of the oxide film

Thus the free energy of a powder prior to grinding 

is given by:
G  «  G b  +  G 0  +  D 0  +  Gl4s +  Gqs ♦  G °  oxicfl * GDo

(1)+ G0s + GdoS  ----— ------ ---
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This equation shows that the free energy 
of a powder is greater than that of bulk cobalt.
There it thus a driving force for the system to 
lower its total free energy if this is possible.

Pflor to grinding the powders must be 
assumed to be in an unstable thermodynamic state 
compared with bulk material due to the excess of 
surface free energy. Impacting of the powder by 
the balls during grinding permits some of the excess 
free energy to be reduced as a result of agglomeration; 
however at the same time the impacting balls raise 
the dislocation density of both metal and oxide.
The total free energy is thus raised and there is 
thus a further driving force for the system to 
reduce its total energy. The free energy may be 
reduced by any of the following processes;

(1) "Cold welding".
(2) Physical adhesion of a metal-metal and metal 

oxide surfaces.
(3) Adsorption of olefinic compounds.
(4 5 Formation of an additional amount of h.c.p.

cobalt which is slightly more stable than the
(22)f.c.c. form by an amount of the free energy change

involved in the transformation which is about 
(240)

100 cals/g atom.
(5) Elimination uf vacancies at particle surfaces.
(6) Elimination of the energy associated with pixe

ups of dislocations at twin sites, stacking 
faults and particle boundaries.



In order to teat this hypothesis it would 
be necessary to follow the total free energy of a 
number of powderi during the course of grinding 
by examining individually all the terms in equation 
(1) on various ground powders. In this way the 
grinding time necessary to achieve the minimum 
specific surface area could be predicted.

Physical measurements of all the energy 
terms would have to be made on a certain number of 
individual particles, such that the statistically 
averaged value of each energy term was representative 
of the entire powder mass. In certain powders 
accurate measurements of all the terms in equation 
(1) would be difficult; in particular in certain 
of the powders the dislocation densities in the 
oxide films could not be easily measured.

In this argument classical thermodynamics 
has been used; strictly classical thermodynamics 
only applies to systems at equilibrium. However 
the total free energy of a powder should yield some 
information regarding the grinding behaviour of a 
powder, although the use of free energy is not 
corrc ct theoretically as the system is not in 

equilibrium.



With the present results equation (1) cannot 
be discussed in a quantitative sense, although some 
qualitative suggestions regarding the various terms 
in equation (1) can be made for various cobalt powders 
with different initial characteristics. The processes 
(1) to (6) which can lead to a reduction in the total 
free energy cannot occur to the same extent in all 
cobalt powders. For example as dictated by the crystal 
structures of the two allotropes of cobalt, "cold- 
welding" and pnysical adhesion cannot occur to the 
same degree in h.c.p. cobalt as they can in f.c.c. 
cobalt. Predominantly h.c.p. powders therefore tend 
to reduce their free energy by agglomeration and limited 
physical adhesion and "cold welding" and in order to 
reduce the total free energy further, reduction of 
energy associated with pile ups of dislocations occurs 
(resulting in fracture) and at the same time adsorption 
of olefinic compounds occurs. Thus the specific 
surface area of the ground material starts to increase 
after a shorter grinding time than is the case for 
predominantly cubic cobalt powder.. Oltrafln. hexagonal 
cobalt powders represent a special case due to the 
much finer part.cb, sire compared with the commercial 
cobalt powders, and the much larger amount of oxide 
present, thus a relatively long grinding period is 
necessary to reach the state of minimum specific

surface area.
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Another serious limitation on the testing 
of equation (1) is the estimation of the free energy 
change resulting from adsorption. Although it may be 
possible to measure the heat of adsorption, the entropy 
change on adsorption cannot be readily calculated and 
thus the free energy change cannot be evaluated.
F u r t h e r m o r e  the h e a t  of adsorption will vary with extent

(217)
of coverage; thus the free energy change due to this 
process is a constantly varying quantity during the 
course of grinding. Some evidence of physical 
adsorption is also expected prior to chemisorption.
The Gibbs adsorption isotherm can be used for estimating 
the free eneryy change occuring on physical adsorption

r 241
but Herring has pointed out that the Gibbs adsorption 
equation is not valid if the state of strain adjoining 
the surface changes during the adsorption process.

Thus it may be concluded that it may b® 
theoretically possible to assess the grinding behaviour 
of different cobalt powders In terms of the changes In 
total free energy that occur, however due to the 
practical difficulties it is not possible to prepare 
quantitative energy balance, for different powder, 
during the various stages of grinding.



j!££LIi:ATI0M 0F THE THEORY OF DIFFERENT GRINDING 
BEHAVIOUR TO THE COBALT POWDERS DESCRIBED IN 
CHAPTER 4 OF VOLUME 1

As noted in the previous section 
practical measurements of physical properties of the 
powders do not enable the behaviour of a given 
cobalt powder on grinding to be explained quantitatively. 
In addition as was shown in Section 5.5. measurements 
of the dislocation density cannot be made with great 
reliability. In general, however, it must be assumed 
that a greater proportion of h.c.p. cobalt in the 
powder prior to grinding will lead to an increased 
rate of comminution during grinding than would be 
the case for a powder that contained a large proportion 
of the f.c.c. phase. Furthermore the powders that 
contain a high proportion of h.c.p. phase initially 
do tend to have more oxygen than powders that are 
predominantly cubic in structure. This may be seen 
by reference to Table 2.1. Thus in cobalt powders 
of approximately the same particle size there will 
be a tendency for the predominantly h.c.p. powders 
to reduce their total free energy by fracture and 
chemisorption. On the other hand predominantly 
cubic powders tend to reduce their free energy by 
"cold-welding" and conversion of the f.c.c. form 
to the h.d.p. form. Thus the time rate of approach 
to the state of minimum specific surface area is slower 
in the case of the predominantly cubic powders than 
for the predominantly h.c.p. powders.
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This confirms the results found experimentally.

The grinding behaviour of the annealed 
CF-6 and Hoboken cobalt powders are difficult to 
explain in detail. Annealing was found to increase 
the proportion of the h.c.p. phase, reduce the 
oxygen content, and to reduce the specific surface 
area of the powders. The dislocation density of 
the h.c.p. ’'*se of the powders was reduced. During 
grinding no agglomeration of these powders occured.
It must be presumed therefore that the free energy 
reduction due to the dislocations and specific 
surface area decrease wh: ch occured during annealing 
reduced the total free energy such that no further 
free energy change on grinding could occur by 
agglomeration. It is also noteworthy that the 
annealing increased the numoar of cU a locations in 
the pile ups in the ground powders. The free energy 
change occuring during grinding resulted in an 
increase in specific surface area of the powder.
It is difficult to suggest ways in which this free 
energy reduction occured.

OTHER FACTORS AS1 'CIATED WITH G«™DING OF COBALT POrfPERS

In Section 3.4. it wa, suggested that the 
Rehbinder effect could net cor.trioute to the ft cture 

of the ductile metals.
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The ultimate fracture of tue oxide films could have 
arisen from the Rehbinder effect, but It Is suggested 
that the Rehbinder effect was not very pronounced 
because acetone la a liquid of low viscosity; the 
liquid would have been able to penetrate readily 
any cracks that were present or were formed In the 
oxide. This fact together with the time for which 
the oxide films could persist during grinding suggests 
that the Rehbinder effect contributed little to the 
fracture of the oxide films.

As the Rehbinder effect is probably not 
operative with ductile metals, chemieorptlon of 
organic compounds produced during grinding probably 
did not contribute to the comminution of the metals.

Thus during the grinding of cobalt powders 
in acetone it is suggested that the Rehbinder effect 
made an insignificant contribution to the comminution 
process of both the oxide and the metal.

Some suggestions were made earlier that 
"cold-welding" of metal powder particles could arise 
from dislocation slip processes, and diffusion 
probably does not play any role in the agglomeration 
process. It was suggested that the type of bonding 
formed during "cold welding" must be the same as is 
found in a polycrystalline metal with sets of 
dislocations at the grain boundaries;



during grinding slip processes occur between 
favourably orientated particle regions to form a 
metallic bond in which there are no long range 
stresses.

Twinning probably occurs during grinding 
of cobalt powders, but the extent of twinning 
cannot be evaluated. Twinning is expected in both 
allotropes of cobalt.

5. APPLICATION OF FINDINGS TO THE PREPARATTON OF HARD 
METAL POWDER MIXTURES

The work described in Chapter 5 of Volume 1 
showed that hexagonal cobalt powders were preferable 
to cubic powders in hard metal milling in order to 
achieve satisfactory sintered densities within a 
minimum grinding time. In Section 4 the probable 
reasons for the superiority of the hexagonal 
modification were given. The experimental work 
described in Section 5.6. tended to confirm the 
suggestions made in Section 4, namely that impact 
of the crbid. grain, .gainst th. cobalt .gglooerat.. 
occurad, and th. large carbide grain, could adhere 
to th. weakly bonded hexagonal cobalt egglc-ar.ta., 
in th. C M .  of th. predominantly cubic cobalt powdar 
only th. fin. carbide grain, could be -bedded In 

the cobalt agglomerates.

(196)



From the experimental work described In 5.4.
It Is possible to make some suggestions as to the 
characteristics of the grinding fluid for hard ni'ital 
milling,-the use of which should lead to satisfactory 
densifloation after the shortest possible grinding 
time.

A major requirement of the grinding fluid is 
that it should not result in any chemical reaction 
with the tungsten carbide which will alter substantially 
the carbon balance of the powder mixture and ultimately 
cause the appearance of undesirable phases in the 
sintered hard metal compacts. Because of the nature 
of the bonding forced in the cobalt agglomerates, 
hexagonal cobalt would still be preferable to cubic 
cobalt, but certain fluids could promote adhesion of 
the hexagonal metal particles. In so far as the cobalt 
is concerned the milling fluid should show a very small 
extent of chemical reaction with either cobalt 
or cobalt oxide during the initial stages of grinding 
otherwise metal-metal adhesion may be substantially 
reduced. The property of the fluids which could lead 
to increased adhesion is the viscosity. Increased 
agglomeration of cobalt with ethanol compared with 
acetone was noted in the experimental work.
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Ethanol would therefore be expected to be more 
satisfactory than acetone In hard metal grinding.
Thus It is suggested that an Ideal liquid for 
hard metal milling should have a viscosity 
higher than that of either acetone or ethanol 
and result in no chemical reaction with either 
cobalt or tungsten carbide during the Initial stages 
of grinding.

(242)
Some time ago, Worn, in not well 

documented evidence stated that an oxidising 
atmosphere during grinding promoted the agglomeration 
of iron powders, and suggested that the addition 
of cobalt oxide might promote dispersion of the 
cobalt during hard metal milling. No experimental 
results were given, however. This work has shown 
that the presence of cobalt oxide in hard metal 
milling is important in order that the grinding 
time may be reduced, but the oxygen must not be 
present in the form of individual particles of 
cobalt oxide but rather as thin films of metal 
oxide on the cobalt particles prior to grinding.
It was through oxide-oxide bonding, it was 
suggested, that adhesion of ultrafine hexagonal 
cobalt powders occured.



CONCLUSIONS

The grinding in acetone of cobalt powders 
with different initial allotropic ratios has been 
qualitatively described. Suggestions have been 
made for the mechanisms of the processes which are 
likely to occur during grinding. Not all the 
suggestions made could be tested experimentally, 
principally because the internal structure of the 
particles could not be examined directly. Thus 
suggestions regarding the importance of dislocations 
incroduced during grinding could not be experimentally 
confirmed. Some preliminary experiments suggested 
that thinning of the powders to electron transparency 
could alter the character of the powders.

The behaviour during grinding is determined 
not only by the mechanical properties of the two 
allotropes of cobalt; interaction effects caused 
by the milling fluid and the presence of oxide films 
on the surfaces of the metal powder particles also

occur,

some suggestion, for the possible mechsni.. 
of the "cold welding" process hsve been made. This 
effect 1. shown to a large extent by cobalt powder, 
which contain a high proportion of the cubic 
allotrope initially-
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Probable reasons for the suitability 
of predominantly hexagonal cobalt powders in hard 
metal milling have been suggested. Some properties 
of an ideal milling fluid for hard metal manufacture 
have been defined for these alloys where cobalt is 
used as the auxiliary metal.
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