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Abstract

The synthesis of(Ti1Zrx)B2-Al03, (TixHf)B2-Al,03 and (Zr14xHfx)B2-Al 03
(x=0, 0.5 and 1) powder nanocomposites via a mextt@mical method using T¥DZrO,,
HfO,, HBO, and Al as the raw materials was investigated. Thamétion of the
nanocomposites proceeds via a mechanically-indaedeustaining reaction (MSR) process
that involves several simultaneous reactions. Timiaothermic reductions of theyD, and
HBO, produce A}O; and transition metal and boron elements, whidiin react to yield the
diboride phase. The ignition of the complex comimmstreaction occurred after a short
milling time (15-30 min), instantly transforming stoof the reactants into products. The
sample composition was marked by the stoichiometrthe combustion reaction, and the
resulting nanocomposites were analysed using XRI), $EM, TEM and EDX techniques.
The X-ray results confirmed the biphasic charaofahe prepared composite powdef B
and ALOj; structures); minor amounts of the Zr and Hf oxidesre also observed. The
achieved microstructure was characterised by tigageration of AJO; nanocrystallites and

diborides crystals with a diffraction domain siaaging between 100 and 300 nm.



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

1.INTRODUCTION

Ti, Zr and Hf diborides are significant materialschuse their properties make them
suitable for high performance applications, suchn@sact resistant armours, cutting tools,
wear resistant coatings, molten metal crucibles high temperature electrodes. These
materials offer high melting points, hardness aladtee modulus values, good thermal and
electrical conductivities, low thermal expansioritizients, chemical inertness, high thermal
stabilities, and excellent wear and oxidation tasises [1]. The three diborides possess the
same AlB-type structure and can form solid solutions [2,v@hich has been proposed as an
approach to improve the properties of the final anat [4]. However, the use of these
materials is currently limited due to their low &wf sinterability.

These metal diborides have been mixed with othfeagtry ceramics such as@l;
to produce more dense materials without damagiegptioperties. Two different methods
have been used to prepare these composites. Bhariol most effective method is to prepare
the compositen-situ starting from the metal oxide, boron oxide or bacid and Al or Mg
[5-20], which generally proceeds through a comgelt-propagating or combustion reaction.
The second method is to obtain the two phases agbaand to then produce a mixture of
both phases [21-23]. A large number of investigetibave been performed in both cases,
although we will highlight select studies that haeen performed using combustion
reactions. Mishra et al. [5-8] synthesised Z/,03; nanocomposites using a self-propagating
high-temperature synthesis process (SHS), an addamoethod that has been used
extensively for preparing refractory materials. Mauan et al. used a mechanical activation
process to aid microwave-assisted combustion sgistite produce a TiB-Al,O3; composite
[9] and studied the effect of mechanical activatmnthe SHS synthesis to obtain the same

composite [10].
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Self-sustaining reactions can be initiated not ardiyng heat, as in an SHS process, but
also by mechanical energy during the milling ofhhjgexothermic mixtures. This type of
mechanochemical process is called a mechanicallyced self-sustaining reaction (MSR)
[24], and the critical milling time required to ig@ the mixture is called the ignition timey)t
Sharifi et al. [11] proposed a mechanochemical gssimg to prepare a TiBAI,Os
nanocomposite and reported that during the balingilin a planetary mill, the Al/BO3/Ti
mixture reacted in a combustion mode after 30 hat'sSO0 rpm. The same nanocomposite
powder was prepared by Rabiezadeh et al. [12, 18] cbmbining sol-gel and
mechanochemical methods. In their study, the nanposite was obtained after milling a
mixture of a dried gel (containing B and Ti) andpdwder for 30 hours at 300 rpm, without
any evidence of the occurrence of an MSR procesgniglsium was used as an alternative to
aluminium by Welham [14-16] and Akgun et al. [10] $ynthesise TiBand ZrB from
TiO2/B,03/Mg or ZrO,/B,0s/Mg, respectively, using a ball-milling technigusong milling

times were always required, and no combustion i@actvere reported.

In this work, the synthesis ofTi1Zrx)B2-Al;03, (Ti;xHfyx)B2-Al,0O3 and (Zr ;.
«Hfx)B2-Al,03 (x=0, 0.5 and 1) composite materials, in whichdhmoride phase is formed by
a solid solution of two transition metals, was istugated. The process was conducted using
the MSR mechanochemical method starting from stomobtric mixtures of TiQ, ZrO,,
HfO,, HBO, and Al. This study demonstrates that the compaséterials can be formed by
high-energy ball milling, inducing a self-sustaigireaction without an external heat supply

and in a short time.
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2. EXPERIMENTAL PROCEDURE

Titanium oxide (anatase T#299%, Aldrich), zirconium oxide (Zr§) 99%, Aldrich),
hafnium oxide (HfQ; 99%, Alfa Aesar), metaboric acid (HB(™®8%, Fluka, dried at 110°C)
and aluminium (Al; 99%, Aldrich) powders were usedhis work. The appropriate powder
mixtures according to the stoichiometric quantifi®ed by equations (1) to (6) (table I) were
ball-milled under 6 bars of high-purity argon gasifle) to avoid oxidation using a modified
planetary ball-mill (Pulverisette 7, Fritsch). Thé g of the powder reactive mixture and
seven tempered steel balls were placed in a techeel vial (67 HRC) for each milling
experiment. The volume of the vial was 45 mL. Therteter and weight of balls were 15 mm
and 12.39 g, respectively, and the powder-to-bassnratio (PBR) was 1/17.5. A spinning
rate of 600 rpm was used. The vial was purged aitjon gas several times, and the desired
pressure was selected before milling. The vial e@mected to the gas cylinder during the
grinding experiments by a rotary valve and a flexjmolyamide tube. The argon pressure was
continuously monitored during the milling procesghwan SMC solenoid valve (model
EVT307-5D0-01F-Q, SMC Co.) and recorded in a p&ssridevice (RSG30 Ecograph T,
Endress+Hauser). When a self-sustaining reactiearecthe increasing temperature due to
the exothermic reaction produces an instantanewusase in the total pressure. The ignition

time (ig) was thus determined from the time—pressure record

X-ray diffraction (XRD) analysis was performed onPa&Nalytical X"Pert PRO
diffractometer equipped with a graphite diffracteeam monochromator and a solid state
detector (X Cellerator) with an angular apertur@ df2° (®) using Cu Kx radiation (45 KV,

40 mA). The data were collected over ®@-tange of 20° to 150° using a step size of 0.017°
and a counting time of 300 s/step. The Rietveldnesient method using the freely
distributed programme FULLPROF was employed fonerhent of the cell parameters in the

diboride solid solutions and for the quantitativeape analysis of composite products.
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Scanning electron microscopy (SEM) was performedgua Hitachi FEG S-4800
microscope. Transmission electron microscopy (TEABctron diffraction (EDpandenergy
dispersive X-ray spectroscopy (EDX) were performeda Philips CM-200 microscope
operating at 200 kV with a LaBfilament (point resolution of 2.3 A) and EDAX agsis

system.

3. RESULTS AND DISCUSSION

All the reactants were analysed using X-ray diffien and SEM techniques; the
results are presented in Figure 1, and the stralcharameters are listed in table 1l. The Al
powder is highly crystalline and shaped by largerometric round particles, which are
formed by smaller crystallites. The HB@® also a crystalline material with a smaller peti
size. These two reactants were used for all the M&iRtions, and the transition metaj(
oxides were varied as indicated in equations (Ip}oThe three transition metal oxides were
formed by small round particles with similar meantgele sizes and shapes, which benefit the

viability of obtaining similar results for all tromposite materials.

The preparation of 6 different nanocomposites &arny diboride and AD; phases in
a molar ratio of 3/5 was attempted; the nomenatatdithese nanocomposites is presented in
table I. In a first attempt, stoichiometric amounfsthe starting materials were mixed to
obtain theT composite (equation 1) and milled under the afordgmaped conditions. An
abrupt increase in the pressure was observed itirtteepressure record after 16.5 min of
milling (Fig. 2), which is a clear indication that combustion or self-sustaining reaction
occurred. The large increase in the pressure istalube increase in temperature; the ball

collisions with powder reactants activate the migtuntil the reaction starts, and a large
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amount of heat is liberated, producing a self-pgapiag front that spread out instantaneously.
Then, the pressure suddenly decreases and reaehgtsitting value in a few seconds.

For theT composite, milling was stopped directly after igmit (16.5 min), and the
obtained powderT(;) was analysed by XRD (Fig. 3). The XRD patterneads the formation
of the diboride and AD; phases in addition to a minor amount of reagdu$ig the ball-
milling technique, we have obtained a composite g@mwn a very short time compared with
the literature data for similar methods [11-15]. &lthe same experiment was repeated with
the milling process continued for two hours to ctetg the reaction after combustion, the
XRD pattern (Fig. 3) indicates that the reactantampeared and a full conversion was
attained. Peak broadening is observed due to ttem@ed milling process, which decreased
the coherent diffraction domains. The other fivactens were performed under the same
conditions (2 hours of total milling), and the tipeessure records (Fig. 2) indicated that
ignition was possible for all of the reactions. Theccessful synthesis of the intended
composite materials was confirmed by XRD measurésngéiig. 4).

All the combustion reactions occurred after a sinoiiing time (16-24 minutes), as
observed in table | and Figure 3. It is not easyevaluate the slight differences in time
observed as the global reactions (1) to (6) arepos@d of several semi-reactions that
simultaneously occur. The formation of eachBE-Al,Os nanocomposite implies three or
four semi-reactions (table I); the first two ordérare aluminothermic reactions, yielding
Al,O3, B and Ty. The reduction of HB@by Al most likely initiates the process as it isay
exothermic self-propagating reactiofi{=-1132.50 kJ) and is common for all the systems.
Concerning the transition metal oxides, Ti@duction is the more exothermic reaction
(4H=-527.20 kJ)compared with the ZrO(4H=-49 kJ) and Hf@ (4H'=1.1 kJ) reductions
and can proceed through an MSR process. Howewergettuctions of Zr@and HfQ by Al

are not viable as self-propagating reactions etiengh the reactions were triggered by the
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liberated heat from the HBQ@luminothermy. The last concerned reaction is {mhesis of
the binary or ternary diboridghasedrom the mixture of their elements obtained in the
previous aluminothermic reactions. These mechamoat reactions of the formation of
binary and ternary (solid solution) diborides hde=n already reported [2, 3] and can also

proceed via an MSR process, which is consisterit thieir high exothermic character (table

).

However, it could be experimentally appreciatedy(2) that the pressure inside the
jar increases as more heat is released in thegsesgin this manner, the attained pressure for
reactions (1), (2) and (3), in which three diffdareami-reactions are involved, increases from
(1) to (3). A similar tendency was observed forctems (4), (5) and (6), in which four
different semi-reactions occur. Nevertheless, ast@m weight of reactants (5 g) was set for
all the reactions, which means that the number olfeminvolved in each process was not

constant.

As stated previously, the XRD analysis revealed the six composites are formed by
a hexagonal diboride phase6/mmm and a rhombohedral AD; phase (corundurR-34.
Only small amounts of Zrand HfQ were detected in thé, H, TZ, TH andZH samples.
To confirm the formation of solid solution diborigbases, the obtainddTZ-Z (Fig. 4a),T-
TH-H (Fig. 4b) andZ-ZH-H (Fig. 4c) diffractograms corresponding to the saystem were
compared. The three solid solutions were formedaasbe appreciated by observing that the
20 position of the reflexions of the ternary diborioleases appeared just in between those of
the two binary diboride phases. Although the@ITyB, molar ratio was 5/3 (table 1) for all
the samples, the relative intensity of the@J XRD peaks decreased from Ti < Zr < Hf
because of the lower X-ray scattering factor asatoenic number decreased. To verify the
phase proportion in each sample, Rietveld analyais performed, and the fitting results as

well as the lattice parameters for the binary andary diboride phases are presented in table

7
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[ll. The calculated proportion in weight of the gka is consistent with the expected
stoichiometry (table I) considering the amount nfaacted metal transition oxide. The lattice
parameters of the ternary diborides exhibit thecslpshift characteristic of a solid solution
because of the partial substitutions of Ti, Zr andf in the (0,0,0) position of the AjRype

structure.

Microstructural characterisation of the six powd&nocomposites was performed
using scanning and transmission electron microstegyniques (SEM, EDX-mapping TEM,
ED and EDX), and representative results are predantfigs 5 and 6. The SEM micrographs
(Fig. 5a) show the morphology and particle sizdrithgtion of the six samples. All the
materials are quite similar and are formed by aggi@tes, in which faceted (100-200 nm)
and rounded particles can be distinguished. InTHZeH series, the particle size decreases
from T toH, and consequently, the same trend was observée izt TH-ZH series. Due to
the great agglomeration of particles, it is almimspossible to distinguish the AD; and
diboride phases in the image contrast. EDX-mappkpgeriments were performed to analyse
the element distribution, and the results for ¢ composite are presented in Figure 5b,
where the secondary electron image and the Alnditdf elemental maps are shown. From
the coloured maps, it can be assumed that the laagicle in the middle of the image
corresponds to AD; and that the diboride phase is a solid solutidmclvis supported by the
similarity of the Ti and Hf maps. A good distribanti of the constituent phases in the

composite material can also be inferred.

Two representative TEM micrographs correspondingthte T and TH powder
nanocomposites are presented in Figure 6 and ootifie agglomerated particle distribution
observed by SEM. An ED study established that dhgel diffraction domains correspond to
the diboride phase, TiBn the T composite and (Ti,Hf)Bin the TH composite (marked in

image Fig. 6), with a hexagonal symmetry &@&immmspace group. The T3BED pattern
8
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was oriented along thd. Q1] zone axis, and the (Ti,Hf}BED pattern was oriented along the
[001] zone axis. The smallest diffraction domaimsrespond to the AD; phase in both
nanocomposites, as observed in the ED rings (Fi@. &hdTH), where all of the d spacing
can be indexed in the corundum rhombohedral synynRt8cspace group. The ED results
are supported by EDX analysis, and the spectrantakéhe same regions as the ED patterns
show Al and O in the AD; region and Ti or Ti and Hf in the diboride areag(F6, T and
TH). These results confirm the formation of a dibergblid solution. After many ED and
EDX analyses, it can be concluded that the two gheame homogeneously distributed

throughout the powder samples.

4. CONCLUSIONS

Six powder nanocompositeJiB ;-Al,03, ZrB »-Al,03, HB»-Al,03, (TigsZr o.5)B:-
Al 03, (TigsHfo5)B2-Al 03 and (Zr ¢ sHf 9. 5)B2-Al203) were successfully synthesised using a
mechanochemical method, starting from a mixtureesly simple and inexpensive reactants
(Al, HBO, and Ti, Zr or Hf oxide powders). Additionally, himethod can be completed in a

short milling time (approximately 30 minutes), winican reduce contamination problems.

The analysis of the experimental results in thiskndemonstrated that a mechanically
induced self-sustaining reaction (MSR) process weduduring milling. This process can be
useful for the synthesis of powder nanocompositdenas, even for complex system
involving several reaction3he ability of the MSR process to tailor the cheshimomposition

of composite materials belonging to the Ti-Zr-Hbaliide- ALO3; system was demonstrated.

The microstructural characterisation of the comjgoppwders revealed an excellent

distribution of the two phases, nanometrig@y particles in all of the powders and Ti, Zr, Hf



binary or ternary diboride phases with micrometiaceted particles. The formation of

diboride solid solutions was confirmed using vasicharacterisation techniques.
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FIGURE CAPTIONS

Figure 1. X-ray diffraction patterns of the read¢taand the corresponding SEM micrographs.
The space group is indicated in each case.

Figure 2. Pressure evolution versus time insidevidieto obtain all the compositest X TiB,-
Al 203, (Z) ZrB2-Al 20z, (H) HfB2-Al20s, (TZ) (Tio.sZr0.5)B2-Al20s, (ZH) (Zro.sHfo.5)B2-Al 203
and TH) (TigsHfo5)B2-Al03. The maximum pressure indicates the ignition tforeall the
MSR reactions.

Figure 3. X-ray diffraction patterns correspondinghe TiB-Al,O3 composite directly after
ignition (T5) compared with the same composite milled for 2tamithl hours T).

Figure 4. X-ray diffraction patterns of the obtalr@mposites: (a), Z andTZ; (b) T, H and
TH; and (¢)Z, H andZH compared with the diboride solid solutions.

Figure 5. (a) SEM micrographs corresponding todh&ined compositesT] TiB,-Al,0Os,
(Z) ZrBz-A|203, (H) HfBz-A|203, (TZ) (Tio.sto.s)Bz-Aleg, (TH) (Tio.sto.5)Bz-A|203 and
(ZH) (Zro sHfo.5)B2-Al05. (b) SE image and elemental maps ofthecomposite.

Figure 6. TEM, ED and EDX representative resultsesponding to theT() TiB,-Al,Os and
(TH) (Tio.sHfo.5)B2-Al 03 composites.

14



Table I. EquationsAH® [25] and ignition time values of the reactionsarm the six composites:
(TiB2-Al03); Z (ZrB2-Al03); H (HfB2-Al03); TZ (TigsZrosB2-Al,03); TH (TigsHfosB2-Al,03)
andZH (Zrp sHfo sB2-Al»03). Data of formation enthalpies for the ternaryadides are not available
in the literature; the averaged values from thenfdion enthalpies of the binary compounds have

been used.

6HBQ:+ BAI - 6B + 3A10s+ 3H 20
3Ti02+ 4Al - 3Ti + 2A1:0s
3Ti + 6B _ 3TiB:
3Ti0z + 6HBO:+ 10Al — 3TiB2+5Al0s+3H:0 (1) T

AH°=-113250kJ
AHP= -52720kJ
AH°= -94770kJ
AHC=-260740kJ ti =16.5min.

6HBO:+ 6AI - 6B + 3Al0s+ 3H:0 AHC=-113250kJ
3ZrOe+ 4Al - 3Zr+ 2A1.0s AH°= - 49%60kJ
3Zr+ 6B - 3ZrB: AH°= -97140kJ

3ZrOz+ 6HBO:+ 10Al — 3ZrB2+5A1:0s+ 3H:0 (2) Z

AHC=-215350kJ ti =22.3min.

6HBO:+ 6Al - 6B + 3Al0s+ 3H0 AHC=-113250kJ
3HfOx+ 4Al - 3Hf + 2Al:05 AH= 10kJ
3Hf + 6B — 3HfB: AH°= -98670kJ

3HfOz+ 6HBCe+ 10Al - 3HfBz+5A120s+ 3H20 (3) H

AHC=-211810KkJ ti =19.9min.

6HBO:+ 6AIl — 6B + 3Al0s3+ 3H:0 AH°=-113250kJ

A 2TiO+ 2Al - I 2Ti + Al20O3 AH°= -26360kJ
32Zr0e + 2Al - I 2Zr+ Al2Os AHC= -2480kJ

3 2Ti +32Zr +6B — JTiaesZros)B2 AH°= -95950kJ

3/ 2TiOz+ 3/ 2ZrOx+ 6HBO:+ 10Al - 3(TioZro9Bz+5A1:0s+ 3H-0 (4) TZ

AHC=-238040kJ ti =20.6min.

6HBO:+ 6Al - 6B + 3Al0s+ 3H0 AHC=-113250kJ

I 2TiCx+ 2Al - I 2Ti + AlOs AHP= -26360kJ

3/ 2HOz + 2AI3 - 3/ 2Hf + Al20s AHP= 055kJ

3 2Ti + 3 2Hf +6B — JTiosHf 05)B2 AH°= -96720kJ

3/2TiOe+ 3/ 2HfOz+ 6HBO:+ 10AI — 3(TioHfo9Bz + 5A10s+ 3H20 (5) TH

AHP=-236275kJ ti=17.6min.

6HBO:+ 6AIl — 6B + 3Al:0s+ 3H:0 AH°=-113250kJ
32ZrQe + 2Al - J2Zr+ Al2Os AHC= -2480kJ
3/2HfO: + 2AI3 - 3/2Hf + Al2Os AH°=  055kJ

3 2Zr + 3/ 2Hf + 6B - JZrosHf 05)B2 AHP= -97910kJ

3 2ZrOx+ 3/ 2HfO+ 6HBOx+ 10Al - 3(ZroHfo5)B2+ 5A1:0s+ 3H20 (6) ZH

AHC=-213535kJ ti = 23.8min.




Table II. Structural parameters of the used reastancarry out the self-propagating

reactions by mechanical milling.

Symmetry Cell parameters Space group | Main particle
(nm) (°) size (nm)
Al Cubic a=0.405 Fmam (25) 10000
a=0.712,0=90
HBO M in b=0.8843=93.26 200
onoclinic - o
2 ini c=0.677;y=90 Ps1/a(14)
TiO, Tetragonal | a=0.378 ¢=0.950| ls1/amq(41) 150
(anatase)
a=0.532,0=90
o b=0.521;3=99.22
ZrO, | Monoclinic ¢=0.515y=90 P21/a(14) 100
a=0.528;,0=90
HiO M in b=0.518;3=99.25 100
onoclinic - o
2 c=0.512;y=90 Ps1/a(14)




Table Ill. Phase quantification (%owt,), diboridétiee parameters and goodness of fithess obtained

by Rietveld analysis in the studied nanocomposites.

Nano. | Alz0s XB2 X0, |
composite Yowt. Yowt. a c(A) %owt. x
T 73.9 26.1 3.032,3.232 1.28
Z 51.3 36.4 3.169, 3.529 12.2 4.07
H 46.3 41.4 3.143, 3.476 12.3 4.07
TZ 60.2 34.5 3.091, 3.375 5.3 1.51
TH 48.0 42.2 3.080, 3.347 9.8 1.90
ZH 46.1 49.6 3.158, 3.504 4.3 2.28
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