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ABSTRACT

This study deals with the prediction, by amathematical model, and the cor-
responding experimental confirmation of the mechanochemical synthesis
conditionsof MgO. Theball milling processisaeasy toimplement inindus-
try process but that involves several parameters which makeit very complex
to identify the optimum operating conditions. It was established that the
reaction zone of MgO is between accumulative energies of 41 to 64 MJmol
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regardless of the grinding material or the conditions used. Above thisregion
only MgO is obtained. It is necessary to have energies between 24 and 48
Wh/g and to have energies of impact greater than 0.025 J/hit to trigger the

mechanochemical synthesis of MgO.
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INTRODUCTION

The use of porous oxides has recently attracted
great interest dueto their potential technological appli-
cationsinthechemical and electronicsindustries. This
interest in nanoparticulate oxidesisnot only duetoiits
high surface area, but a so to the high concentration of
defectsonitssurface’s!!. One of themost used oxides
inindustry ismagnesium oxide (MgO) duetoitsphysi-
cal and chemical properties. MgO hasbeenused asa

refractory materia, catalyst, gas sensors, carriersfor
controlled drug delivery, hydrogen storage materid,
optically transparent ceramic window, or asasuper-
conductor; among other applicationsg?,

Severa methods have been used to produce MgO,
but the particle size and the microstructure obtained
depends of themethod used. For instance, therearea
variety of synthesismethodsto produce nanocrystaline
particlesof MgO like: combustion synthesis, sol-gel,
hydrothermal, surfactant, spray pyrolysis, laser vapor-
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izing or mechanochemical synthesig-1¢, However,
mechanochemical synthesisisnot only away of pro-
ducing nanocrystal line materid swith ahigh concentra-
tion of defects, but dsoitisasmple, chegpand easy to
implement at industrid scal essynthesismethod.

Themechanochemicd synthesisisperformedinhigh
energy ball millswherethe continuousmixing of reac-
tants, thehigh structure disorder and high vacancy con-
centration generated by the mechanical processallows
thegradual progress of solid statereactiong*’?%. The
mechanochemical processes start with an activation
period during whichtheparticlesizeinthe mixtureis
reduced and theformation of defectsisinitiated. After
this period, the reaction occursif theaccumul ative en-
ergy supplied by thecollisonsovercometheactivation
energy of thesystem; but if thisenergy isnot achieved
then only acontinuous amorphizationsoccurs. There-
fore, thestudy of reactivemilling processesisof funda-
mental importance, asthey can providevauableinfor-
mation about the energy supplied by thedevicesduring
mechanica millingoperationsand it can beestablished
the operating conditions during the reactionf?Y. How-
ever, themain difficultiesin establishing the operating
conditionsduring mechanochemicd synthesisisthelarge
number of variablesinvolved intheprocesssuch asthe
dengty of thegrinding materid, thenumber andthesize
of the balls, the grinding speed, the grinding time, the
balls/powder weight ratio, theatmosphere used, etc. In
order to smplify the system and to study the effects of
different componentsintermsof accumulative energy
severa mathematical modelshave beenimplemented.
However, almost nothing is known about operation
conditions during the mechanochemical synthesisof
MgO. Therefore, this study isfocused on the micro-
structural evolution of Mg and Mg (OH), induced by
high-energy ball milling and on the prediction of the
mechanochemicd synthesisconditionsof MgOusinga
mathematical model. Thisstudy will serveasarefer-
encefor further sudiesonthemicrostructurd evolution
and mechanochemica synthesisof MgO.

MATHEMATICAL MODEL
Themechanica milling processinahighenergy ball

mill hasmany variables, for example: thedensity of the
grinding materia, thenumber and thesizeof theballs,
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thegrinding speed, thegrinding time, the bal s/powder
weight ratio, theatmosphere used, etc. Therefore, high
energy bal milling optimization required alargenumber
of experiments.

Many mathematical model shave beenreported to
describethehigh energy ball milling process. Schwarz
& Koch? and Daviset d 1% proposeamodd to evau-
atethetemperature during ballscollison. Maurice &
Courtney® proposed amodéd to evaluatetheimpact
time, temperature increment and powder strain, be-
tween other operation parameters. Magini & lasonnd®
proposed amodel to quantify the energy transferred
per impact and per unit of massin aplanetary mill as-
suming that collisionisthe dominant energy transfer
event. They assumethat the energy transferred isre-
lated with the milling operating conditions. A similar
model was proposed by Abdedllaoui & Gaffet?d; their
model cal culatesthe energy transferred through kine-
mati ¢ equations considering the speed and the accel -
eration of theballs. Alsothismode cdculated theballs
impact frequency and theinjected shock power.

A reativesmpler modd wasreported by Burgio et
al.1?™; they propose akinematic equation to describe
the speed and acceleration of aball inaplanetary ball-
mill vid. They propose atheoretica -empirica approach
to evaluatetheenergy transfer from themill tothesys-
tem constituted by the sample, theballsand thevial.
Also they reported that the end products strongly de-
pend on the operative milling conditionsand they re-
ported aclear correlation between theoperativemilling
conditionswith theinput energy. Themode considers
mill and via geometry parametersasrotatory disk, via
and ball diameter, height and diameter ratio of thevidl,
and diametersratio betweenthemaindisk andthevid,
between others.

There arefour assumptionsinthemodel. i) The
movement of onebal inthevia isstaticwiththe pe-
ripherd point (without rollingor didingontheinnerwall)
until itislaunched at agiven moment against the oppo-
stewall. Then, after ashort succession of hitswiththe
inner wall, theball becomes static again withthewall
itself and it isnewly accelerated by thevid for the next
launch. ii) Energy isonly rel eased by collisonsbetween
ballsandthewall of thevidl. iii) Theenergy istrans-
ferred from the ballsto the sampl etrapped during col-
lisions, whichisobvioudy only afraction of thetotal
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energy released. iv) Theenergy transferred iscorre-
lated to thedegreeof vid filling.

Theenergy transferred is cal culated with thetotal
energy released by the ballsduring thecollision. This
energy isgiven by thekinetic energy of theballsduring
thelaunch and the energy after theimpact. The energy
rel eased generates deformation of the sampleand in-
stantaneous rise of temperature of : the ball, the sur-
rounding region of the hit wall point, and the powder
trgpped between thebal | and thewall. Theenergy trans-
ferred for oneball inoneimpact (AE,) iscalculated as
afunction of theball and thevid density (p,); thediam-
eter of theball (d,) andthevial (D, ); thedistance be-
tween the center of themain disk and the center of the
vid (R,); and the speed of thevia (W ) andthemain
disk (W ). Thisenergy isca culated with:

5 _1( md}, 2 (H';)E(Hu—da)“(l ;zm")
h _2 i & H] 1__1_;“ * '|,.'|_.-'II
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Theenergy transferred for oneball in oneimpact
(AE,) dependsof thefreespaceintothevid,; therefore,
itisused afactor (¢,) to describethedegreeof filling.
Whenthevid iscompletdy filled with bals, no move-
ment ispossible and ¢, =0; onthe opposite, for oneor
few balls ¢, =1. Considering thisfactor, the corrected
equation to calculatetheenergy transferrediis:

Ak, = $udl;

Thetotd energy transferred fromthemill tothesys-
tem during collisonsistheenergy cumulated during the
severd impactsto thesample. Therefore, in order to
caculatedetota energy itisnecessary to caculatethe
frequency of impact (;+):
no= WKW, — 1)

N, isthe number of balls used and K is afactor
related to the time necessary to dissipate the energy
AE,’". K depends of the main disk and the ball geom-
etry. Thus, the accumulated energy transferred can be
cal culated with the next equation, wheretisthemilling
timeandm X isthe powder mass.

AL vt
m,

Inthe present study, themodel proposed for Burgio
et al.? was used to predict the operating conditions of
aplanetary bal mill pulverisette 7 premium line (Fritsch)
for the mechanochemical synthesisof MgO. Thepa-
rametersof themill are: R =6.985cm; D =4.62 cm;
via height H =4.62 cm; W /W ratio=-2; N,= 15;
D,=1cmandK=1.5. Using these parametersand con-
sderingthevid speed, themateria dendty, themilling
time and the powder mass as variables the accumu-
lated energy can be calcul ated with:

I"‘I"'I; Ant

'b'l'.'l.l.m

Eoym = 1322821

it

Using thisequation, the cumulated energy during
themechanochemica synthessof MgOwascd culated.
With thisenergy and themathematical mode, anew set
of milling parameters were proposed and they were
tested experimentally. Also an energy map of accumu-
lative energy at different milling conditionswas con-
structed.

EXPERIMENTAL CONDITIONS

In order to obtain the operating parameters of the
high energy ball milling for themechanochemical syn-
thesisof MgO severd millingsweredone. A mixture of
magnesium (Mg) and magnesium hydroxide(Mg (OH),)
wasused asstarting materid. Thehigh-energy ball mill-
ingtreatment wascarriedoutinar (inhermeticaly sedled
vids) inaplanetary ball mill (pulverisette 7 premium
line, Fritsch). Vials(80ml) and balls (15 of 1cm(d,))
of tungstenegrinding materia swereused. Different ro-
tation rateand millingtimewereused, TABLE 1. The
temperature during milling was not measured, but the
vidscould betouched directly after milling.

X-ray powder diffraction (XRPD) patternswere
collectedinair and at ambient temperaturein aBruker
D-8Advance diffractometer with the Bragg-Brentano
0-0 geometry and CuK  radiation. The 26-range ex-
plored was 10-80° with 0.05° step size, 10s counting
time, in acontinuous mode and spinning of 15 rpm.

TABLE 1: Milling conditions

Milling time (min)

Disk speed (rpm)

Density of milling materials (g/cm®)

5, 10, 20, 40, 80, 160, 320, 640

200, 400, 600

14.7

Tnorganic CHEMISTRY
A Tndian W



ICAIJ, 10(2) 2015

E.A.JJuarez-Arellano et al. 37

RESULTSAND DISCUSSION

A typical powder diffraction pattern obtained from
thestarting materia beforeany mechanica millingis
showninFigurel. Thispowder diffraction pattern can
be completdly indexed by assigning peaksto either Mg
or Mg (OH),.

Thestructura evolution of theinitial powder mix-
tureat different milling conditions and asafunction of
milling time can befollowed by the X-ray diffraction
patternsin Figure 2. It can be seen from Figure 2 that
usingsilicon nitrideasagrinding materid doesnot have
anoticeabl eeffect on the structure of the starting mate-
rid even after 640 min of grinding. However, changing
the grinding material to tempered stedl, it can bede-
tected the amorphization of Mg (OH), after 320 min
and 400 rpm. Thereaction and formation of MgO is
observed at 640 min of milling. Thesamereactionis
observed at 180 min of milling using tungsten carbide
asamilling material. Fromthisfigureitisclear thatin
order get themechanochemica synthesisof MgO cer-
tain accumulative energy must beachieved. Therefore,
itisclear the complexity of themilling processand the
difficulty to obtainthe operation conditionsexperimen-
tally. Thusthe use of the mathematical model and the
calculaion of theaccumulativeenergy (E,,) becomea

Intensity(u/a)
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powerful tool.

To get anideaof thevauesof accumulative energy
(E,,,) involved duringthehigh energy ball milling of the
mixture of Mgand Mg (OH), inTABLE 2 areshown
someva uesusing tungsten carbide (WC) asamilling
meterid.

From TABLE 2it can be seen that similar cumu-
lated energies can be obtained using different milling
parameters. For exampl e, the formation of MgO was
observed at 600 rpm after 180 min of milling (Figure
2), which correspond to an accumulative energy of
around 42 MJ/mol (TABLE 2). Thus, to achievethe
same amount of accumulative energy and get thefor-
mation of MgO at 400 rpm it is necessary to mill the
mixtureduring 640 min (TABLE 2). InFgure3isshown
acompleteenergy map of accumulativeenergy consd-
ering different speedsand different milling materids.

An estimate of theenergy suppliedtothesystemis
giveninFigure3. Thisaccumulaiveenergy can beused
to predict the optimum operating conditionsduring high
energy bal milling operation.

Usingthe caculated energiesand the experimentd
phaseanadysis, it was possibletoidentify the operating
conditionsof themechanochemicd synthesisof MgO,
Figure 4. According to theseresults, at 200 rpmitis
not possi bleto obtain M gO becausethe accumulative

starting material

Mg(OH),
I Mg

10 20 30 40

20

50 60 70 80

Figurel: Powder diffraction patter n of thestarting material befor eany mechanical milling.
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Figure3: Energy map of accumulative ener gy at differ ent milling conditionsusing Bur gio et al. model?”

energy does not overpass the activation energy that

TABLE 2: Accumulated energy usngWC asamilling mate-

according to our resultsis of around 40 MJmol. At Ti&
400 rpm the mechanochemical synthesisof MgOis Main disk speed Milling Accumulated
achieved only using Feand WC as milling materials; (rpm) time E’}f/)fgyl
whileat 600 rpmthereactionisobservedindl thecasss. o (22'8) (2209?33),

Using theenergy mapsof Figure4, theexperimen- '
tal results showed in Figure 2 can be explained com- 288 igg ﬁ;ﬁg'g
pletely. For example, using Feasareference, at 400 600 320 74578'18
rpm and 320 min of millingno MgOwasobserved (E i

am 600 640 149156.36

=30 MJImoal), whilea 640 min of millingthereaction
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occurs (E,,, =59 MJmol). Theintensity of themain
reflection of MgO (20 =42.5°, Figure 2) ismorein-
tenseinthe samplemilled at Fe-600rpm-640min than
at Fe-400rpm-640min. That is becausethe excess of
energy at 600 rpm (E_, = 80 MJ/mol) promotesre-
crystalization. Severd milling experimentsweredone
to validate thetheoretica resultswith success.

Withthisstudy it can beestablished that thereection
zoneof MgOisbetween accumulativeenergiesof 41 to
64 MJmoal regardlessof thegrinding materid or thecon-
ditionsused. Below thisregion noreaction occurs, within
thisregionamixtureof Mg+Mg(OH), + MgOisfound,
and abovetheregion only MgOisobtained.

Themilling energy map shownin Figure5wascon-
structed by corre ating thebal lsimpact energy with the
normalized accumul ated kinetic energy. Using thisplot
itisidentifiedthat thecritica or minimumenergy totrig-
ger themechanochemica synthesisof MgOisbetween
24 and 48 Wh/g and it is necessary to have an energy
of impact greater than 0.025 Jhit.

CONCLUSIONS

Using amathematical model waspossibleto pre-
dict themechanochemical synthesisconditionsto ob-
tain MgO. It was established that thereaction zone of
MgO is between accumulative energies of 41 to 64
MJmol regardless of the grinding materia or the con-
ditions used. Abovethisregion only MgOisobtained.
The higher theaccumul ative energy the better thecrys-
tallinity of the product. It isnecessary to haveenergies
between 24 and 48 Wh/g and to have energies of im-
pact greater than 0.025 J/hit to trigger the mecha-
nochemical synthesisof MgO.
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