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Abstract

Effect of mechanical activation on the structural transformations in zirconium — graphite — hydrogen
system was studied using X-ray powder diffraction, scanning and transmission electron microscopy and
kinetic techniques. Experiments with zirconium — graphite mixture were carried out under high-energy im-
pact milling in a permanent hydrogen flow. Mechanically induced process of two stages was observed: (1)
formation of the tetragonal e-ZrH, (x = 1.8—2) phase, and (2) decomposition of the newly formed e-ZrH,4_,
phase into metal zirconium and zirconium hydride phases with lower hydrogen content. The transition from
one stage to another is connected with the evolution in sample morphology. A loose and highly dispersed
“composite” powder consisted of e-ZrH, -containing fragments (2—30 nm in size) randomly distributed in the
amorphous carbon, which were prepared at the first stage, transformed to larger compact particles with a
fine multilayered structure at the second stage. Finally, the micron-size ribbon-like particles of partially
crystallized graphite with Zr-containing fragments bimodal in size were formed. Carbon played a vital role in
these transformations. No phases of zirconium carbide or zirconium carbohydride were detected in the reac-

tion products.

INTRODUCTION

The high-energy impact milling is a prom-
ising technique for synthesizing hydrides, ni-
trides, and carbides of IV b group metals from
elements at room temperature [1-5]. Usually,
these reactions are carried out at high temper-
ature and pressure. Chemical transformations
mechanically induced in binary systems (me-
tal = hydrogen, metal — nitrogen, metal —
carbon) are studied sufficiently in detail. The
processes in ternary systems including metal,
gas, and carbon are still only partially under-
stood.

From the point of view of thermodynamics,
formation of ZrC is preferable in a ternary sys-

tem, as compared to that of ZrH, system due
to the heats of ZrC and ZrH, formation (DH =
—199.5 kJ/mol [6] u DH = —165 kJ/mol [7],
respectively). From the point of view of kine-
tics, the formation of ZrH,in a ternary sys-
tem is more preferable due to higher mobility
of hydrogen. The aim of this work was to
compare reactivity of carbon and hydrogen,
when both react with zirconium. Chemical,
phase, and morphological transformations in a
zirconium — graphite — hydrogen system were
studied with the use of X-ray powder diffrac-
tion (XRD), scanning (SEM) and transmission
(TEM) electron microscopy, temperature-pro-
grammed reduction (TPR) and kinetic tech-
niques.
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EXPERIMENTAL

Zirconium powder (purity of 99 %, H, con-
tent of 3—5 %) and graphite (chemically pure)
were used as received. All the experiments were
carried out at room temperature and atmo-
spheric pressure in a hydrogen flow. The mill-
ing process was carried out under the follow-
ing parameters: a vibration frequency of 50 Hz;
an amplitude — of 7.25 mm; the average energy
intensity was 1.0 kW /kg. A stainless steel flow
mechanochemical reactor was loaded with 1.8 g
of reaction mixture (1.5 g Zr + 0.3 g graphite)
together with 19.8 g of hardened steel balls.
The input of the reactor was connected to a
setup for preparing gas mixtures; the outlet
was combined on-line with a gas chromato-
graph to analyze the effluent gases. Hydrogen
(99.5 %) was used as received. The duration of
mechanical treatment was 15, 60, 85, 110, or
190 min. Specific surface area of powder (S)
was measured by BET technique. XRD pat-
terns of as-received and as-milled powders
were recorded using a Dron-3 diffractometer
with a CuK, anode. The TPR was carried out
at a heating rate of 12°/min from 20 to 550 °C
under flow conditions (flow rate 100 ml/min.)
using a H,/Ar mixture with 7 vol. % of H,. For
SEM measurements, a Cameca MBX-1 micro-
probe in a regime of scanning microscopy was
used. The TEM investigations were carried out
on a Philips EM 420 ST electron microscope
with a resolution limit of 0.3 nm and an accel-
erating potential of 120 kV. The TEM samples
were prepared in an ethanol suspension and
placed on copper grids covered by amorphous
carbon.

RESULTS AND DISCUSSION

Hydrogen consumption started immediate-
ly, as the mechanical activation started. The
maximum sorption rate was observed in the
first 10—20 min of milling (Fig. 1, curve 1). The
amount of hydrogen taken up was enough to
form a stoichiometric zirconium hydride ZrH,.
In parallel, the CH, formation was detected
from ~15 min to 90—100 min of treatment (see
Fig. 1, curve 2).
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Fig. 1. Kinetic curves of hydrogen sorption (I) and CH,
formation (2). H, flow rate: 5.6 10™* mol/min.

Phase transformation
in the zirconium — graphite — hydrogen system

Figure 2, a shows XRD patterns of original
Zr (curve 1) and powders tested after 15, 60,
85, 110, and 190 min of milling. The 15-min
milled powder (curve 2) consists of a-Zr, gra-
phite, and zirconium hydride phase. The phase
newly formed was identified as e-ZrH,, were
x = 1.8—2. According to TPR, ~80 at. % of Zr
transformed to Zr-hydride during the first 15
min of milling, when the major hydrogen sorp-
tion occurs. Figure 2, a (curve 3) shows that
60-min milled powder consists of graphite and
e-ZrH, 4, phase. According to TPR, the sample
still contains ~2 at. % of Zr. Figure 2, a (curve
4) shows that only highly dispersed e-ZrH, 4,
phase is present in the 85-min milled powder.
TPR data confirm the absence of Zr in the
sample. The XRD peaks of graphite disappear,
which is indicative of amorphous graphite.The
XRD pattern of 110-min milled powder (curve
5) again contains a-Zr and graphite diffraction
peaks, as well as a set of peaks assigned to
g-ZrH (JSPDS 2-862), d-ZrH, ¢ (JSPDS 34-
6490) and e-ZrH, 4_, (Fig. 3).

The intensity ratio I(002)/1(101) of the newly
formed zirconium is significantly increased, as
compared to that of original a-Zr. This indi-
cates the plastic deformation of Zr microcrys-
tals along the basal plain (0001). According to
TPR, the sample contains ~20 at. % of Zr.
Figure 2 (curve 6) shows that the intensity of
the diffraction peaks of d-ZrH, ¢ and g-ZrH
phases markedly increase, while the peaks of
e-ZrH, ;_, phase nearly disappear after 190 min
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Fig. 2. XRD patterns: (1) initial Zr and Zr — graphite powders mechanically activated under H, flow for 15 min (2),

60 (3), 85 (4), 110 (5), and 190 min (6).

of milling. This suggests the decomposition of
e-ZrH, 4, phase. Intensities of a-Zr peaks also
increase. Lattice constants of the newly formed
a-Zr, are slightly enlarged (a = 0.324 nm, ¢ =
0.515 nm), as compared to these of original a-Zr
(a = 0.323 nm, ¢ = 0.514 nm). The reason evi-
dently is an insertion of C atoms into the met-
al lattice. According to TPR tests, the powder
contains ~80 at. % of Zr.

No phases of zirconium carbide or zirconi-
um carbohydride were detected in the mechan-
ically activated zirconium — graphite powders.

Table 1 contains some characteristics of the
samples on different steps of milling.

Morphological changes
in the zirconium — graphite — hydrogen system

Morphology of original Zr and Zr — graphite
powders following different milling times is
shown in Fig. 4. According to SEM, as-received
Zr powder consists of “smooth surfaced” large
particles on average size of ~50 mm (see Fig. 4, a).
Mechanical treatment during 15—85 min fa-
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Fig. 3. Details of (5) and (6) patterns. See Fig. 2.

vours a decrease of average grain-size from
50 Mm to 0.2—0.4 mm, which is in good agree-
ment with an increase of the specific surface
area from 0.6 to 584 m?/g (see Table 1 and
Fig. 3, b, c¢). Small particles are lumped toge-
ther. After 110 min of milling, particles bimo-
dal in size are observed. Surface of large par-
ticles is rough due to small particles placed on
the external surface of larger ones. The large
particles are of a flake-like morphology (see
Fig. 4, e). Average particle size of 110-min and
190-min milled powders is ~25 and ~65 mm,
respectively. This is in a good agreement with
a drastic decrease in the powder specific sur-

TABLE 1

Characteristics of initial and as-milled samples

face area from 58.4 m?/g to 1.8 and 0.3 m?/g,
respectively (see Table 1 and Fig. 3, c—e). The
110-min milled powder contains particles lar-
ger than 150 mm and less than 0.2 hm, where-
as the 190-min milled powder contains very
few small particles.

According to TEM investigation, the 85-min
milled powder consists of large loose aggre-
gates (~200—250 nm) formed from small com-
posite nanoparticles of more or less oblong
shape about ~20—50 nm in projection. Each
nanoparticle contains small e-ZrH, 4, “frag-
ments” (2—30 nm in size) randomly distribut-
ed in amorphous carbon. After 110 min of
milling, loose aggregates of small composite
particles are transformed to compact particles
of similar size with highly disordered micro-
structure. Thin layers (2—8 nm in width) of
carbon and Zr-containing phases are inter-
mixed. Separate fragments (less than 2—15 nm
in size) of the randomly distributed Zr-con-
taining phase also exist. Although such partic-
les are quite typical for the powder tested,
some others have macroscopic dimensions (seve-
ral 100 nm). Large spherical carbon particles
with spiral-like arranged layers are also ob-
served.

190-min milling results in the further in-
crease in the particle size and partial crystalli-
zation of Zr-containing fragments as well. Mic-
ron-size ribbon-like composite particles are
formed. Carbon whiskers and nanotubes (20—
80 nm in diameter) can be also seen on the

Characteristic Initial reagent Mechanical activation time, min
Zr C 15 60 85 110 190
Phase composition a-Zr C C, a-Zr, C, eZrH,3_, €ZrH;4, C, a-Zr, C, a-Zr,
e-ZrH, g, o-ZrH, g-ZrH,
d-ZrH, g, d-ZrH, g,
e-ZrH, g, e-ZrH, 4,
(traces) (traces)
Zr content, at. %
(TPR) ~20 ~2 0 ~20 ~80
S, m?/g 0.34 2 8.7 25 58.4 1.85 <0.3
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Fig. 4. SEM micrographs of initial Zr (a) and Zr — graphite powders after 15 min (b), 85 (c), 110 (d), and 190 min

(e) of milling.

particle surface. The Zr-containing fragments
from ~400 nm till several nm in size are ran-
domly distributed in a carbon matrix.

As evident from the SEM and TEM data,
the size of zirconium — graphite powder de-
pends on milling time: it progressively de-

creases from several tens of micrometers to
several nm and then increases again to sever-
al tens of micrometers. The “composite” ma-
terial produced consists of Zr-containing frag-
ments randomly distributed in a carbon mat-
rix.
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DISCUSSION

In context of chemistry of the studied pro-
cess, it may be described as a two-stage pro-
cess: (1) formation of the tetragonal e-ZrH
(x = 1.8—2) phase by the reaction

X

a-Zr + H, ® e-ZrH, 4,

and (2) decomposition of the newly formed
e-ZrH, ;_, phase by the reaction

eZrH,,_, ® d-ZrH,  + ¢-ZrH + a-Zr(C) + H,.

The e-ZrH, ;_, phase is formed from the be-
ginning of mechanochemical treatment due to
the fast H, transportation to a juvenile zirconi-
um surface. During the first 10—20 min of mill-
ing, the high rate of Zr — graphite powder
disintegration is accompanied by the high rate
of hydrogen sorption (see Fig. 1 and Table 1).
This time is not sufficient for intermixing Zr
and graphite on microscopic level, which is
necessary for their interaction. At this stage,
graphite being present in the reaction mixture
stimulates the powder size reduction, as well
as a-Zr conversion to e-ZrH, 4_,. In contrast to
virtually constant specific surface area of Zr
(0.4 m?/g), the surface area of Zr — graphite
powder was increased from 0.6 to 8.7 m?/g af-
ter 15 min of milling in H, flow. Conversion of
to eZrH, 45 was 50 % for pure Zr, as compa-
red to 80 % for Zr — graphite powder (see Tab-
le 1). After 85 min of treatment, the specific
surface area of Zr — C powder was 58.4 m?/g
due to brittle disintegration of Zr-hydride and
effect of H, on the graphite specific surface
area. The latter increases from 2 to 175 m?/g
after 120 min of milling in H, flow. We sup-
pose that the major part of the specific sur-
face area of Zr — graphite powder comes from
graphite. According to [8], graphite with large
surface area has a large internal surface due
to nanosized pores. Highly dispersed nanopo-
rous graphite powder seems to make small
Zr-containing fragments, which is distributed
in graphite matrix, accessible for H, to pro-
duce e-ZrH, 4, Formation of CH, detected at
this stage of treatment is the indirect evidence
of this suggestion [9]. Zirconium was complete-
ly transformed to e-ZrH,4 , at the first stage
of mechanical treatment.

The solid-state transformation e-ZrH, 4, ®
d-ZrH, 4 + -ZrH + a-Zr(C) + H, is the major
reaction of the second stage. Decomposition of
metal hydrides initiated by the mechanical
treatment is well known [10, 11]. The special
feature of the process studied is the decompo-
sition of e-ZrH, ;_, upon a permanent hydro-
gen flow, when e-ZrH, with the highest hyd-
rogen content (62.5 at. %) [12] is easily formed.
According to Zr — H phase diagram, the tran-
sition e-ZrH, 4, ® d-ZrH, is a diffusionless trans-
formation. It occurs when hydrogen content in
e-phase reduces from 62.5 to 614 at. % and
hydrogen atoms remove from the tetrahedral
sites in Zr-hydride lattice. The transition be-
comes more slow if contaminates, which oc-
cupy the octahedral sites [6, 12, 13], (oxygen,
for example) are present. The broad two-phase
e + d region is observed in this case. When
hydrogen content falls to 60 at. %, the three-
phase region (d + metastable g + a-Zr) is ob-
served.

In our case, the hydrogen content in a e-phase
is stable until the surface of e-ZrH, 4, frag-
ments is accessible for H,. When these become
blocked, the hydrogen content in e-ZrH, 4_, falls
down. The fact that the CH, formation stopped
after ~100 min of milling is an indirect evi-
dence of the surface blocked [9]. The progres-
sive phase transition is indicative of impuri-
ties in a Zr-hydride lattice, namely, of car-
bon atoms, which occupy the octahedral sites,
as well as oxygen atoms. The interstitial carbon
atoms and structural defects seem to stabilize
the metastable g-ZrH phase and support the
four-phase region (e + d + metastable g+ a-Zr),
which is observed after 110 min of milling,
but never was detected in the Zr — H phase
diagram. The four-phase composition can be
“frozen”, if milling stopped. As milling starts
again, the solid-state transformation goes fur-
ther (compare Fig. 3, curves 5 and 6).

The second stage of the process is induced
by the drastic morphological changes: the loose
particles of powder stick together to form the
compact and large particles with a high con-
centration of strains. Specific surface area of
the powder falls down from 584 m?/g to 1.8
and even to 0.3 m?/g. Simultaneously, the in-
termixing of Zr-containing fragment with car-
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bon on microscopic level is observed. The par-
ticles consist of thin carbon and Zr-containing
nanolayers (2—8 nm in width) chaotically in-
termixed. These particles are believed to be
something like a transition state of material.
The interaction between carbon and e-ZrH, 4,
is realized due to close contact of solid surfa-
ces and significant extend of interfaces. As a
result, carbon atoms incorporate through the
surface into the Zr-hydride lattice to make the
surface inaccessible for H,. Carbon atoms be-
ing in the octahedral sites of e-ZrH, ;_, lattice
displace the H atoms from the nearby tetra-
hedral sites [13]. The decrease in hydrogen con-
tent initiates the e-ZrH, 3_, decomposition. An
increase in the a-Zr lattice constants indicates
that carbon atoms are dissolved in the lattice
of Zr, the product of e-ZrH,,_, decomposi-
tion.

The surprising thing is a sharp decrease in
the specific surface area of reaction powder.
According to [14], the graphite specific surface
area initially increases and then 2—3 times de-
creases after about 3 h of milling in a stainless
steel mill. More than 100-fold decrease, as com-
pared to the maximum value, is observed in
our case. The reason seems to be the modifica-
tion of the powder surface by stable products
of the partial graphite hydrogenation by ac-
tive hydrogen of e-ZrH, 4, [9, 15]. These com-
pounds are likely to change the mechanical
properties of reaction powders through the
powder surface modification. This phenomenon
requires further investigation.

CONCLUSIONS

Mechanical activation of the Zr — graphite
mixture in a hydrogen flow was described as a
two-stage process.

1.In a framework of the milling mecha-
nism, the first stage is characterized by the
formation of a highly dispersed composite ma-
terial, whose loose particles contain nanofrag-
ments of Zr or e-ZrH,4 ,, embedded in an
amorphous carbon matrix. In a framework of
the chemical transformations, the first stage is
characterized by a gas — solid reaction of H,
with zirconium to form e-ZrH, 4_,.

2.In a framework of the milling mecha-
nism, the second stage is characterized by stick-
ing the loose particles in compact and large
ones with a fine multi-layer structure. These
particles evolve to ribbon-like particles includ-
ing the Zr-containing fragments crystallized
partially.

In a framework of the chemical transfor-
mations, the second stage is characterized by
the decomposition of e-ZrH, z_,.

Carbon plays a vital role in these transfor-
mations. However, no phases of zirconium car-
bide or zirconium carbohydride were detected
in the reaction products.
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