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VACUIJM BAIJU&E STUDIES OF MILLED MATERIAL AND MECElANOC~IcAL REACTIONS 
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The types of change.in surface properties and porosity of milled materials 

having widely different hardness and crystal structure are reviewed. For more 

intensive milling, the use of vacuum balance techniques in conjunction with X-ray 

diffraction, optical- and electron-microscopy enables changes in microstructure 

and phase composition to be determined during mechanochemical reactions. 
.9 

Metallic or non-metallic harder materials (Mobs scale 8-91, such as 

transition metal nitrides or silicon nitride and boron carbide, increase their 

surface on milling largely due to brittle fracture, so that the surface area 

tends towards an upper limitins value with comparatively little development of 

porosity. 

Softer materials (Mobs scale l-2) , such as gypsum, china clayWaolinite) and 

hydrated lime and magnesia undergo plastic deformation and strain hardening on 

longer milling, so that the surface area passes through a maximum before 

decreasing to an equilibrium value. This is applicable also to materials of 

intermediate hardness (Mobs scale 3-s) , such as calcite, magnesite and dolomite, 

provided that the milling is sufficiently intensive; the flow and welding 

processes during the plastic‘deformation leave the grains non-porous to nitrogen 

gas, but adsorption of water vapour Causes development of porosity, a phenomenon 

also observed with lunar fines (mainly silicate minerals) which are of somewhat 

greater hardness but contain amorphoussirrface layers (cf. Beilby layer) and 

nuclear Particle d&age tracks having tubular pores with narrow constrictions 

forming micropores. 

More intensive milling can result in Crystal transformations and mechano- 

chemical reactions. pus gypsum is converted to anhydrite, viz., CaS04.2H20 -f _. 

CaSC4.fH20 + y-caSoq t &aSo4. Calcite, CaCO2, is converted to aragonite, while 

&&it& CaC03 and magnkite, M&8; formdolomite CaC03J%gC03.. 
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INTRODUC!I'ION 

Milling of solids usually enhances reactivity by increasing the surface area 

and number of crystallites and producing crystal strain. For harder materials, 

these changes are largely due to brittle fracture, so that the surface area 

increases to an upper limiting value with comparatively little develowent of 

porosity. Softer materials undergo plastic deformation and strain hardening on 

longer milling, so that the surface area subsequently decreases to an equilibrium 

value. Materials of intermediate hardness behave similarly on sufficiently 

intensive milling, with the flow and welding processes during the plastic 

deformation reducing porosity. Phase transformations and mechanochemical 

reactions (l-6) can result from more intensive milling, where critical amounts 

of crystal lattice distortion of about l-2% have been developed. zecovery of 

crystallinity in samples severely disordered by milling is possible by thermal 

treatment(71. 

Changes in microstructure and phase composition may be determined by vacuum 

balance techniques (for measuriny surface area and porosity by gravimetric B.E.T. 

gas sorption(8)) used in conjunction with X-ray diffraction (for phase identi- 

fication and strain from X-ray line- (or peak-1 broadening). optical- and 

electron-microscopy (for crystallite and aggregate sizes). 

ExPERIMEIxl%L TECHNIQUIZS 

Milling of materials 

The harder materials Wohs scale 8-91, such aa transition metal nitrides or 

silicon nitride and.boron carbide, were milled in a vibration mill (Glen Creston) 

using tungsten carbide ball pestles. Softer materials Wohs scale l-2), such as 

gyP==a, china clay (Kaolinite) and hydrated lime and magnesia were milled in 

ball-mills containing porcelain balls or in small roller mills containing 

cylindrical agates. Materials of intermediate hardness (Mohs scale 3-5) such as 

calcite, magnesite and dolomite were milled in ball-mills containing porcelain 

or stainless steel balls. The latter were found more satisfactory; the brittle 

enstatite porcelain (MgSiO 1 
3 

balls wore at a rate about 250 times faster than 

those of the ductile steel(g). Thus small charges of 16 g were intensively 

steel-ball milled with the pot filled to 50% volume with steel bails and the 
-2 

charge only sufficient to form a thin film of about 10 mgcm on the interior 

surface of the mill. There were only small and practically steady rates of iron 

uptake by the charges of about 4-10 ppm per hour (analysis by atomic absorption 

spectrosmpy, after dissolving portions of the samples LI hydrochloric acid). 

ExaminatCon of the samples 

Phase composition and apparent crystal strain were 

diffraction patterns and line- Cor peak-l broadening, 

determined from X-ray 

after_allowing for any 
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effects due to.very,small- crystallit& size (below-O.1 m); The surface areas 

were determined by a gravimetric B.E.T. methodC81, using nitrogen (or occasion- 

ally oxygen) .gas sorption at -18@or -196OC recorded on .an electrical sorption 

balance(I0) (quarter mg'serisitivity using 5-10 g samples)' or on vacuum micro- 

balances (ug to mg sensitivity using 0.25 g samples or less), viz., Sartorius or 

CI Microforce Mark ZB;, The adsorption isotherms also indicated any porosity 

present (from hysteresis) and pore size ranges. Average crystallite sizes ded- 

uced from the specific surfaces of the-less porous materials were compared with 

aggregate sizes- observed by optical- and electron-microscopy (Philips TEM 300 or 

Jeol SEX 35). 

REEXJLTS AND DISCUSSION 

Harder materials 

Metallic or non-metallic harder materials (Mobs scale 8-91, such as transition 

metal nitrides( silicon nitride or borideCl2) and boron carbideCl3), develop 

surface on milling largely due to brittle fracture. This is illustrated in Fig. 

l(a), where the surface area of.titanium nitride increases towards an upper 

limitfng value as milling proceedsCl1). The high temperatures required for 

producing refractory hard metals cause sintering to the extent that samples 

generally have sp. surfaces of below 
2 -1 

lm g and average crystallite sizes 

(equivalent spherical diameters) of over 2 um. Since,.the adsorption isotherms 

show practically no hysteresis, the absence of porosity permits the average 

crystallite sizes to be determined from the surface areas, cf. Fig. l(b). 

Accordingly, electron-micrographs showed that the original nitride consisted of 

single crystals and aggregates of about 0.5-5 m size. The single crystals were 

fractured during the earlier stages of the milling and the fragments were incor- 

porated into the aggregates which remained approximately the same size throughout 

the milling. Thus the average crystallite size decreased rapidly at first and 

later slowly when the crystallites became of submicron size. when aggregation 

and attrition proceed at equal rates, a "grinding equilibrium" is established 

and the specific surface and average crystallite size remain practically constant. 

Fence most of the crystal strain, n, C%n Fig. l(c)) developed during the first 

2 h milling and subsequently rFaln::d practXcally constant. Other transition 

metal-nitrides showed similar behaviour on millfng. Also In a sample of 

tantalum nitride containing about equal parts of E-TaNO 9 1 o _ 
and 6-TaNo 8-o 9 

_ _ 
Coverall TaNo g3+o .03 from analygisl, the z-form progre;sively converted to the 

. -. 
&form during 10 h milling. The crystal lattice transformation from a hexagonal 

CoSn(B35) to-WCCB,)-type lattice Xnvo~vss an -crease of about 2% in the &- 

dime&ions-within the.layers a& a decrease of about l? in the qdistance 

between the- layers. Since the true hcanogeneity range cr' the C-TaN is nearer 1 

than 0,9 at& h' per Ta .CO.99~1.00~ ax&that of-the d-:_tructure is nearer 0.9 

- . 
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Pig. 1. ?lilling of Titanium Nitride. 

than O-8 (O-87-0.90), the crystal lattice transformation evidently aCjusts the 

distribution of nitrogen to approach these homogeneity ranges favourable to the 
. 
0- and E-structures. 

Softer materials 

Materials (Mobs.scale l-2) such as ~sum , china clay dr hydrated lime and .._ 

magnesia undergo plastic deformation and strain harden%- on longer milling,'ao 

that the surface area passes through a maximum before decreasing to an wgi-. : .. 
ibrium'value when disintegration and re-aggregation proceed at the s&k- r&es, .: . . 

..- 

:. ,: 
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This is_ill&.&atedin j?ig;:2for~hydr&sd lime ; where ball milling using 

-por_c&&n balls of a&o&d sizes i$stead of equsl~sixe~ produced a more rapid 

increase -in-surface . , but &bseq&tly,the&-is .loss of surface when the.crystal- 

lites aggregate..- This is found.also-in the milling with cyli.ldrical. agates 

&&is analogous to the.bahaviour of-magnesium hydro&ide,on ball milling(I4). 

The anisotropy of the Ca(CH)_2 and .Mg (OH).2 crystal lattices (hexagonal layer 

-structures) tends to cause the original'crystallites to. fracture -into layers 

whit+ shearkear) to.some,extqit, before aggregating by stacking which ultimately 

causes the surface area to effectively-decrease somewhat. A similar loss of. 

&face has ,been found in the longer milling of kaolin(l5). During the changes, 

the materials show a- I&ted porosity,. indicated by- a small adsorption hysteresis 

to nitrogen. Longer.milling. (beyond 5h) introduces appreciable strain intc the 

materials, especially during ball milling where the impaction is greater than in 

the rotary milling action .of the cylindrical agates, which.produce.s mainly shear, 

cf. extent of X-ray line-broadening. These differences in milling action also 

lead to differences in shapes of aggregates, .cf. electron-micrographs, as 

reflected in variations in the rheological properties of hydrated lime suspensions 

and putties. Thermogravimetric betaviour is also modified(l6). 

Fig. 2 Ca(OH)2 
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.-Key to Fig. 2; Ball-milled m-equal sizes, 0 ass&ted si.zes., 

: . . & Cylindricalagates .. '.. 

:. pii. 2.and 3 &face area&. and average.c~tallite~sises of ground. -:- 
Ca(CH)2 arid CaCO3 s&t@les . . 

.: 
. . ., 

:_.:..I -_ :- ‘. T 
. ‘. .. ‘_ 

.-. .. 



60 

Milling of gypsum results in an-increase of surface from l-4 to 4.2,11k~g-~ 

while it dehydrates to CaSO 
4' 

rE 0 
2 *- 

from C&SO 4' 2B2"' There is subsequent loss 

of surface as the CaS04, %H20 dehydrates toY-CaS04 (which-has approximately the 

same layer lattice with water removed), before conversion and densification 

(2.45 to 2.96) to &CaS04, anhydrite. 

Materials of intermediate hardness 

Calcite, magnesite and dolomite (Xohs hardness 3-5) are not laminar materials 

like. china clay, or hydrated lime and magnesia which show easy cleavage. Thus 

with moderately intense milling conditions , calcite (Iceland Spar) behaves 

similarly to the harder materials, cf. Fig. 3 with Fig. 1. Kowever, under high 

confining pressure and/or temperature calcite crystals flow plastically on a 

multiple slip system. Hence during ball milling, the processes of flow and 

plastic deformation leave the grains non-porous to adsorbed nitrogen, but 

adso,option of water vapour causes development of porosity, a phenomenon also 

observed with lunar fines (mainly silicate minerals) which are of somewhat 

greater hardness but contain amorphous surface layers (cf_ Beilby layer) and 

nuclear particle damage tracks having tubular pores with narrow constrictions 

forming micropores. The pore system in the ground calcite is more open, the 

capillary condensation behaviour suggesting the presence of slit-shaped 

o_cenings of width about 36 A-(17). 

The grinding cf small quantities of either calcite, aragonite or vaterite in 

a stainless steel ball mill produces phase transformations,(3)_ In each instance 

the end product is an equilibrium mixture of calcite and aragonite. Before the 

phase transformation calcite to aragonite can occur, a critical amount of 

lattice distortion, about l-S%, must be developed. The calcite produced from 

transforming aragonite appears with and maintains the same distorted lattice. 

Vaterite is very unstable in the mill and transforms rapidly, first to calcite 

and then to a calcite-aragonite mixture. Each crystalline form of calcium 

carbonate is deformed plastically, and in a flowing together and apart of the 

grafns a grindiry equilibrium is established with an equivalent particle size of 

about 86.0 nm. The precipitated calcite suffered a marked reduction in specific 
2 -1 

surface from 20.3 to.3.2 m g , while vateritic CaC03 decreased from 5.8 to 

2.6 m2g" 
2 -1 

and the aragonitic CaC03 increased slightly from 2--3 to 2.5 m g . 

The changes for the calcitic CacO 
3 

are shown in Fig. 4. 

The above milling was found later to be sufficiently tntensive for a sample 
2 -1 

of magnesite ($ = 0.6 m g , - average crystallite size, 3.3 ml to reach a 
2 -1 

maximum specific surface of 12.3 m g 
2 -1 

before decreasing to about 4 m g (Fig. 

4). Similar changes were shown on milling dolomite. When the precipitated 

calcite was milled with a stoicheiometric amount of the magnesite (lrlmolecular 

ratio), the specific surface of the mixture progressively decreased. @me- 0.f 
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the calcite was converted to aragonite, while the remainder‘incorporated maghsite 

into its crystal lattice to produce dolomite. Formation qf the dolomite was 

found to ease crystal strain (from X-ray line- (or peak-) broadening) and also 

caused decrease in surface, since 'Lhe experimental curve for the CaC03/MgC03 .- 

mixture (Pig. 4) is lower than the broken-lined curve representing changes in 

specific surface if there was not interaction between the components. However, 

prolonged milling again leads to equilibrium values for the specific surface of' 

about 3 m2g 
-1 

, as found for mineral dolomite after about 200 .? milling. 
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