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Combustion in the solid-state displacement reaction between zinc oxide and magnesium during mechan-
ical milling was investigated using X-ray powder diffraction, electron microscopy, and thermal analysis.
It was found that mechanical milling decreases the critical reaction temperature at which the combustion
reaction occurs, Under the milling conditions emplayed in this study, the temperature of the powder
mixture during bali/powder collisions is estimated to reach a value of 640 K before combustion.
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Introduction

New methods of materials syathesis have
reccived increased attention in recent years.
Of particular intercst are low-tcmpcrature
techniques, such as mechanical alloying,
which offcr the possibility of forming struc-
tures exhibiting new and unusual properties.
Mechanical alloying is a high-energy ball-
milling process which is capable of causing
both alloy formation (I, 2} and dispropor-
tionation (2—), and inducing chemical reac-
tions (5-8). Recent studies have shown that
a number of metals and alloys, including
titanium (7), tantalum (9}, and rare earth
permanent magnet alloys {18, 11}, can be
synthesized by the reduction of the respec-
live oxides or halides during mechanical
milling with strong reducing elements such
as Ca and Mg. Depending upon the value
of the adiabatic temperature of the reaction
and milling conditions, the reaclion may oc-
cur in a steady-state manner during mitling
or by unstable therma! combustion of the
reactants (/2-15). It has been shown that
combustion occurs during milling if the tem-
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perature rise during ball/powder collision
evenls exceeds the ignition temperature of
the reactant mixture {/4). In this paper, we
rcport the study of a combustion reaction
between zinc oxide and magnesium during
mechanical mifling,

Experimental Procedures

The starting materials used for miifing
were Zn0O (AJAX Chemicals, = 97%) and
Mg (CERAC, 93.9%, — 325 mesh) powders,
A total of 5 g of powder, including a 109
stoichiometric excess of Mg, and a ball-to-
powder mass ratio of 7:1 were used. A
Spex 8000 mixer/mill with a hardened steel
vial and balls (@ 9.5 mm} was used for
milling. The vial was loaded and sealed under
high-purity argoninacontrolled-atmosphere
glove box. The reaction was followed by
monitoring the vial temperature during the
eourse of milling using a type-K thermocou-
ple attached to its outer surface. Samples
were taken from the vial at different stages
of milling and the structures were analysed
by X-ray diffraction {XRD) using a Siemens
D5600 Diffractometer with CuKae mono-
chromatic radiation. The morphology of the
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FiG. 1. Yaration of vial temperature with milling
time.

powder was examined in a JEOL 6400 scan-
ning electron microscope (SEM) and a
Philips EM430 transmission electron micro-
scope (TEM), each with an EDAX 9900 en-
ergy dispersive spectrometry (EDS) system
attached. Thermal behavior was studied by
differential scanning calorimetry (DSC) us-
ing a Perkin—-Elmer DSC-4,

Results and Discussion

The wvariation of the vial temperature
monitored during the mechanical milling of
Zn0O/Mg mixture ts shown in Fig. 1. An ini-
tial increase in temperature with milling time
was observed as the result of mechanical
energy dissipated in the mill. At a milling
time of ~45 min, an abrupt temperature rise
of ~18 K within seconds was recorded.
After the abrupt increase, the temperature
gradually decreased to its previous steady-
state value. The sudden increase of the tem-
perature is an indication of the rapid release
of a large amount of heat associated with a
combustion reaction between ZnQO and Mg.
The reaction was confirmed by XRD analy-
sis as shown in Fig. 2. Curve (a) is the XRD
pattern of a sample taken from the vial after
milling for 40 min (prior to combustion). The
pattern is composed of diffraction peaks as-
sociated only with the reactants ZnO and
Mg, with no evidence of the reaction prod-
ucts Zn or MgQ. Due to the similarity in
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crystal structure between ZnO and Mg, the
diffraction peaks of the two phases are virtu-
ally overlapped. However, with an enlarged
28 scale, it was found that each apparent
diffraction peak in the figure is actually com-
posed of two diffraction peaks correspond-
ing to ZnO and Mg, respectively. The XRD
pattern of the powder removed immediately
after the combustion event showed only the
preduct phases of Zn and MgO (curve (b)).

TEM examination of a powder sample
(as-milled for 40 min prior to combustion)
revealed an intimate mixture of the two mill-
ing constituents of ZnO and Mg. In Fig. 3,
a dark-field TEM image of a typical particle
of the powder is shown. The dark regions
in the micrograph are Mg whereas the sur-
rounding bright areas are ZnO, as deter-
mined by both the EDS analysis and the
previous XRD results.

The milling was interrupted immediately
after the combustion, to preserve the mor-
phology of the combusted powder particles.
Visual examination showed that the com-
busted powder consisted of homogeneous
fine particles, unlike those other reactions
where nodules and flakes with significant
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FiG. 2. XRD patterns of samples: (2) as-milled for
40 min, (b) as-combusted (45 min), and {(¢) as-milled
for 40 min, followed by annealing at 573 K for 3 hr.
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FiG. 3. Dark-field image of as-milled powder prior
to combustion.

size variation are commonly obtained after
combustion (/6). Shown in Fig. 4 is a SEM
micrograph of a combined secondary and
back-scattered electron image of the as-
combusted powder. Based on both EDS and
XRD analysis, the light particles are zinc
and the dark regions are MgO.

FiG. 4. SEM micrograph of as-combusted powder.
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F1G. 5. TEM micrograph of the as-combusted pow-
der: (a) general view and {b) SAD of MgO agglom-
erates,

A typical TEM bright-ficld image of the
combusted powder is shown in Fig. 5a, in
which two types of particles are clearly dis-
tinguished. The large dark particie of ~700
nm is a Zn particle. The polygonal shape of
this Zn particle is consistent with the faceted
morphology of Zn observed by SEM. No
detailed structure could be observed due to
the thickness of the particle, suggesting that
the particle is equiaxed. However, electron
diffraction using a convergent beam at the
edge of the particle revealed clear Kikuchi
lines, indicating that the particle is ¢crystal-
line. The porous particle agglomerates con-
sist of small crystallites of 50-80 nm; EDS
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detected only Mg in these agglomerates.
Figure 5b shows a selected arca diffraction
pattern of the Mg-rich regions. The pattern
is indexed to a fce structure with a lattice
parameter of 4.22 A, corresponding well
with the structure of MgO.

The reaction of ZnQO + Mg— Zn + MgO
is characterized by an enthalpy change of
—253 kI and an adiabatic temperature of
2006 K. The adiabatic temperature is well
above the melting and even the boiling tem-
perature of Zn metal, T, = 693 K and
T, = 1180 K. In addition, the vapor pressure
of pure zinc is rather high, reaching I atm at
907 K (17). The morphology studies suggest
that the heat generated by the combustion
reaction is enough to cause not only the
melting of the Zn, but also vaporization.
Toward the end of the combustion reaction,
Zn vapor condenses to form solid zinc parti-
cles and/or a Zn coating on MgO particles.

To study the effect of premilling on the
ZnO + Mg — Zn + MgO reaction, the
milling was interrupted at different time in-
tervals prior 1o the combustion and samples
were removed for analyses. XRD measure-
ments showed a progressive line broadening
and a reduction in peak intensity with mill-
ing time. The effect of milling time on the
crystallite size, estimated from the (100) dif-
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Fig. 7. DSC curves of powder samples milled for
different times,

fraction peak of ZnO based on the Scherrer
equation (/8), is shown in Fig. 6. A progres-
sive reduction in crystallite size is clearly
evident with increasing milling time,

DSC curves of samples milled for differ-
ent periods of time are shown in Fig. 7. As
a reference, the DSC curve of a ZnO/Mg
mixture not subjected to mechanical milling
is also included in the figure. Three thermal
events can be seen in the-DSC curves of the
premilled samples, most clearly shown in
curve {e). An exothermic reaction was first
observed in a temperature range of 480-580
K. This reaction was followed by an endo-
thermi¢c event occurring at ~625 K. The
third exothermic reaction, which corres-
ponds to the only one observed in the refer-
ence sample (curve (a)), occured at the high-
est temperature. It is seen that the heats of
the first two reactions increased with milling
time, whereas the heat and the critical tem-
perature associated with the third reaction
decreased as milling time increased. The re-
action temperatures of this reaction taken
as the temperature of maximum heat flow
are shown in Fig. 8 as a function of milling
time. It is seen that the reaction temperature
decreases from a high value of 850 K before
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the start of miiling to 650 K after milling for
45 min. The DSC trace for the as-combusted
sample (curve (g)) showed a single sharp
peak commencing at 642 K. Reference to
the Zn-Mg phase diagram shows that this
peak corresponds to the eutectic tempera-
ture of a Zn—8% Mg alloy. This result indi-
cates that complete reduction of ZnO oc-
curred during combustion, with the excess
Mg combining with the Zn to form a Zn-
rich alloy.

To study the three reactions involved in
the heating process of premilled powder
samples, a sample milled for 40 min was
annealed at 573 K for 3 hr in an argon atmo-
sphere and then examined by X-ray diffrac-
tion. As shownin Fig. 2, curve (¢}, anumber
of new diffraction peaks appeared as a result
of the isothermal treatment, although the
main diffraction peaks remained the same
as those without thermal treatment (the
scale of the curve (¢) is enlarged relative to
that of curves (a) and (b) to show the peaks
corresponding to the minor phase). Most of
the new diffraction peaks were indexed to
the MgZn phase which has a rhombohedral
structure. In addition, a small peak consis-
tent with the {101} reflection for Zn is also
present,

The presence of MgZn in the heat treated
powder indicates that the exothermic event
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which started at 480 K is the reduction of
some of the ZnO by Mg and the subsequent
alloying between the Zn and Mg to form
the MgZn intermetallic. According to the
equilibrium phase diagram of Mg-Zn (19),
MgZn melts peritectically at 627 K. This
reaction is believed to be responsible for
the small endothermic peak observed in the
DSC measurements. The exothermic reac-
tion occurring at higher temperatures cor-
responds to the reduction of the remaining
Zn0O by Mg to form Zn and MgO.

For displacement reactions, such as that
studied here, self-sustaining thermal com-
bustion reactions occur when the reactant
mixture reaches a critical ignition tempera-
ture (20). It has been shown that a similar
combustion condition applies during me-
chanical milling and it may be characterized
as the milling time for the temperature re-
quired toignite the combustion reaction, T,
to decrease to the particle collision tempera-
ture, 7, (I4). The ignition temperature is a
function of the enthalpy change and micro-
structural parameters such as particle and
crystallite size. Combustion does nof occur
at the start of milling when T;, > 7. The
refinement in microstructure during milling
progressively reduces T, (Fig. 8), resulting
in combustion when T;, = T,. Approximat-
ing T, with the value of the reaction temper-
ature from DSC measurements, the particle
collision temperature of the reactant mix-
ture immediately prior to the combustion
can be estimated by extrapolating the reac-
tion temperature measurements to the igni-
tion time (#,; = 45 min). The value of 640
K obtained is in good agreement with the
value observed in other reactions under sim-
ilar mitling conditions (/4) and values esti-
mated from computer modeling (21).

Acknowledgment

The authors thank Miss J. Rose-Meyer for experi-
mental assistance.

References

1. J. S. BENJAMIN, Sci. Am. 234, 40 (1976).
2. K. B. GErasiMov, A. A. Gusev, E. [vaNov, aND
V. V. BoLDREV, J. Mater. Sci. 26, 2495 (199]).



10.

COMBUSTION REACTION OF ZnO AND Mg DURING MILLING

T. ALonso, H. YANG, YINONG Liu, aND P. G.
McCorMICK, Appl. Phys. Lett. 60, 833 (1992).

. P. A, L. SMITH anND P. G. McCorMICK, Scr. Met-

all. 26, 485 (1992).

. . B. ScHAFFER anD P. G. McCorMick, Appl.

Phys. Lett. 55, 45 (1989).

. G. B. ScHAFFER anD P. G. McCormick, Scr.

Metall, 23, 835 (1989).

. P. G. McCorMIck, Y. N. WHARTON, M. M. REY-

HANI, AND G. B. SCHAFFER, in ‘*Microcomposites
and Nanophase Materials’” (D. C. Van Aken, G.
S. Was,and A. K. Ghosh, Eds.), p. 65, TMS(1991).

. P. G. McCormick, T. ALONSo, Y. Liu, F. LIN-

corN, T. C. PARKS, AND (. B. SCHAFFER, in **Pro-
ceedings of International Symposium on Rare
Earths: Resources, Science, Technology and Ap-
plications’’ (R. G. Bautista and N. Jackson, Eds.),
p. 247, TMS (1992}

. H. YanG anNDp P. G. McCorMick, submited for

publication.
YinonG Liu, M. P. DaLLiMoRrE, P. G. McCogr-
MICK, AND T. ALonso, Appl. Phys. Lett. 60,
3186 (1992),

i1

I2.

13.

4.

13,

6.

17,

18,

19.

29.
21,

263

Y. Liu, M. P. DALLIMORE, T. ALONSO, AND P.
G. McCorMmick, J. Magn. Magn. Maier., In press.
(. B. SCHAFFER AND P, G. McCorMICK, J. Mater.
Sci. Lett. 9, 1045 (1990).

G. B. SCHAFFER aND P. G. McCorMmick, Merall.
Trans. A 21A, 2789 (1990).

G. B. SCHAFFER anD P. G. McCorMIck, Metall.
Trans. A 22A, 3019 (1991).

G. B. ScHAFFER AND P. G. McCorMick, Merall.
Trans. A 23A, 1285 (1992).

H. Yang anp P. G. McCoRrMick, in preparation.
“*Handbook of Chemistry and Physics,”” 68th Ed.,
(R. C. Weast, M. J. Astle, and W. H. Beyer, Eds.},
p. D218, CRC Press, Boca Raton, FL (1989).

B. E. WARREN, "' X-Ray Diffraction,” p. 251, Addi-
son—Wesley, Reading, MA (1969).

“‘Phase Diagrams of Binary Magnesium Alloys™
(A. A. Neveb-Hashemi and JI. B. Clark, Eds.}, p.
353, ASM (1988).

Z. A. MuNIr, Ceram. Bull. 67, 342 (1988).

R. M. Davis, B. McDerMoOTT, AND C. C. KocH,
Metall. Trans. A 19A, 2867 (1988).



