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Abstract

ZrB,/ZrC ceramic powders were fabricated by mechanical alloying (MA) of zirconium (Zr), amorphous boron (B) and graphite (C) powder blends
prepared in the mole ratios of Zr/B/C: 1/1/1, 1/2/1, 1/1/2, 1/2/2 and 2/2/1. MA runs were carried out in a vibratory ball mill using hardened steel
vial/balls. The effects of Zr/B/C mole ratios and milling duration on the formation and microstructure of ZrB,/ZrC ceramic powders were examined.
Gibbs free energy change-temperature relations of the reactions and moles of the products were interpreted by thermochemical software. Zr/B/C:
1/1/1, 1/2/1, 1/1/2 and 1/2/2 powder blends MA’d for 2 and 3 h contain unreacted Zr and C, ZrB,, ZrC and B4C particles. Synthesis of ZrB,/ZrC
ceramic powders was completely accomplished after MA of Zt/B/C: 2/2/1 powder blend for 2 h. ZrC and ZrB, particles were obtained ranging in
size between 50 and 250 nm in the presence of FeB contamination (<1 wt.%).

© 2011 Elsevier Ltd. All rights reserved.
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1. Introduction

Zirconium diboride (ZrB,) is a IVB Group transition metal
boride classified as a high-temperature advanced ceramic mate-
rial. Owing to its high melting point, high hardness, high elastic
modulus, good electrical conductivity and excellent thermal
shock resistance, ZrB, is a potential candidate material for high
performance applications. Moreover, it has high resistance to
oxidation at elevated temperatures and excellent chemical resis-
tance to HCI1, HF, molten metals (Al, Cu, Mg, Zn, Cd, Fe, Pb),
cryolite and non-basic slags.!”> Concerning these properties,
ZrB5 has been used in thermal protection systems for hypersonic
flight, atmospheric re-entry and rocket propulsion and in other
high-temperature applications including evaporation boats, cru-
cibles for handling molten metals, thermowells, thermocouple
sieves, wear parts, nozzles, armours, cutting tools and cath-
odes for electrochemical processing of aluminium. ! It has also
been utilized as dispersoid in metal and ceramic composites for
improving mechanical properties.’— Several techniques, such as
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fused-salt electrolysis, carbothermic and borothermic reduction,
gas phase combustion synthesis, solution phase processing and
self-propagating high-temperature synthesis (SHS), have been
established to produce ZrB, powders.'™

Zirconium carbide (ZrC) is an ultra high temperature ceramic
(UHTC) having a number of superior properties such as high
melting point, high hardness, high strength, good thermal shock
resistance, high thermal and electrical conductivity, low evapora-
tion rate, solid-state phase stability and neutron transparency.®’
Differing from ZrBy, ZrC has potential uses in field emis-
sion arrays, microwave devices, spacecraft charge dissipation
devices, diffusion barrier coatings on UO, particles in nuclear
industry, manufacture of electrodes, filaments, refractory parts
and protective shields of metallic thermocouples.’-8

The use of ZrB, and ZrC ceramics in composites can be
expected to offer potential candidates for a variety of high-
temperature thermal and structural applications than those
exhibited separately. Due to improved mechanical properties,
it is important to prepare ZrB,/ZrC ceramic powders with fine
and homogeneous structure as precursors of composites.” !

Currently, there exists a number of research investigations
concerning ZrB,/ZrC composites fabricated by using different
production techniques such as mechanical activation assisted
self-propagating high-temperature synthesis of powder blends
in molar ratio of Zr/B/C: 1/1/1-6/10/1 and spark plasma sinter-
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ing (SPS) at 1800 °C for 5-10 min under vacuum at a pressure of
40 MPa.>~!! Ultra-fine ZrB,/ZrC composite powders have been
synthesized by a sol-gel method using zirconium oxychloride,
boric acid and phenolic resin as sources of zirconia, boron oxide
and carbon, respectively.'? Powders have been also produced by
boro/carbothermal reduction of zirconium dioxide, boron car-
bide and carbon at 1650 °C after 1 h in a vacuum atmosphere. '
Furthermore, dense ZrB,/ZrC and ZrB,/ZrC,_g 67 composites
have been achieved by reactive hot pressing (RHP) of stoichio-
metric and non-stoichiometric blends of Zr and B4C powders
at 1600 °C for 30 min at a pressure of 40 MPa.'* A study con-
cerning spark plasma sintering of ZrB,/ZrC, composites from
commercial powders has been realized considering the effects of
applied load, temperature and heating duration.'>'6 Moreover,
dense ZrB,/ZrC/Zr composites have been fabricated via reac-
tion sintering of molten Zr with ZrB, preform and infiltration of
molten Zr into ZrB; preform which contains 0—40 vol.% B4C,
at 1900 °C for 10 min.!”

In previous studies, ZrB,/ZrC composites have been
commonly prepared by using high-temperature fabrication
techniques. However, room temperature production route of
ZrB,/ZrC ceramic powders is not a well-discussed topic. Con-
sequently, solid-state reaction of powder particles named as
mechanical alloying can be used as an alternative method with-
out need of high-temperatures.

Mechanical alloying (MA) is a high-energy ball milling tech-
nique utilizing various types of mills in which a mixture of
different powders is subjected to highly energetic compressive
forces. By the repeated fracture and cold welding of the con-
stituent powder particles, it is possible to make alloys from
normally immiscible components. Due to the fact that it is a sim-
ple method to synthesize the nanocrystalline materials at room
temperature, it has been recently used to synthesize the metal car-
bides, borides and silicides.®'® MA is beneficial over the other
methods by means of its low cost, simplicity and high through-
put. It has been also reported that carbide and/or boride powders
with fine microstructures fabricated by mechanical alloying and
subsequent hot pressing have exhibited desirable mechanical
properties at room and elevated temperatures. %19

In the present study, ZrB,/ZrC ceramic powders were fabri-
cated via MA in the mole ratios of Zr/B/C: 1/1/1, 1/2/1, 1/1/2,
1/2/2 and 2/2/1. The effects of MA duration and Zr/B/C mole
ratios on the compositional and the microstructural features of
the ceramic powders were evaluated.

2. Experimental procedure

Elemental zirconium (Zr) powders (ABCR™, 99.5% purity,
4 wm average particle size), amorphous boron powders (B)
(ABCR™, 95-97%, 50 wm average particle size) and graphite
powders (Alfa Aesar™, 99% purity, 45 um average particle
size) were mixed to constitute the compositions in the mole ratios
of Zr/B/C: 1/1/1, 1/2/1, 1/1/2, 1/2/2 and 2/2/1. The amounts of
prepared powder batches weighed in a XB320M (Precisa™,
Dietikon, Switzerland) sensitive balance were 5-6 g. MA exper-
iments were carried out in a vibratory ball mill (Spex™ 8000
D Mixer/Mill, New Jersey, USA) using hardened steel balls

(6 mm diameter) in a hardened steel vial (50 ml capacity) with
a ball-to-powder weight ratio (BPR) of 10:1. Milling was per-
formed with a lower BPR with the intention of obtaining fine
pulverization, large contact surface, short reaction time and
high efficiency. Milling vials were evacuated to about 10~2 Pa
and then sealed in a glove box (PlaslabsTM, Michigan, USA)
under Ar gas (Linde™, 99.999% purity) to prevent surface oxi-
dation and contamination of powder blends from atmospheric
conditions. MA durations varied from 30 min to 3 h. Extended
durations were not preferred due to possibility of the formations
of intermetallic phases other than ZrB, and ZrC. Milling was not
interrupted and at the end of mentioned durations, mechanically
alloyed (MA’d) powders were unloaded again under Ar atmo-
sphere in the glove-box. Additionally, as-blended (non-MA’d)
Zr/B/C powders were mixed and homogenized in a T2C Turbula
(WAB™ Basel, Switzerland) blender for 2 h.

The phase compositions of the MA'd powders were per-
formed by X-ray diffraction (XRD) technique using a D8
Advanced Series Powder Diffractometer (BrukerTM, Karlsruhe,
Germany) with CuKa (1.54060 A) radiation in the 26 range of
20-100° with 0.02° steps at a rate of 2°/min. International Cen-
tre for Diffraction Data® (ICDD) powder diffraction files were
utilized for the identification of crystalline phases. Microstruc-
tural characterizations of the MA’d powders were carried out
using a JSM-7000F (Jeol™, Tokyo, Japan) scanning electron
microscope/energy dispersive spectrometer (SEM/EDS) oper-
ated at 10kV and using a JEM-2000EX (Jeol™, Tokyo, Japan)
transmission electron microscope (TEM) operated at 160 kV. In
order to determine both residual elements and approximate for-
mation temperatures of ZrB, and ZrC phases, as-blended and
2h MA’d Zr/B/C: 2/2/1 powders were placed in alumina boats
and heated in a PTF 16/75/450 (Protherm™, Ankara, Turkey)
tube furnace for 1h up to 1200 °C with a heating and cooling
rate of 10 °C/min under Ar gas flow rate of 2000 ml/min. Gibbs
free energy change-temperature relations of the reactions and
mole ratios of the products varied according to the mole ratios
of the reactants were interpreted by HSC Chemistry™ Ver. 4.1
and FactSage™ programs, respectively.

3. Results and discussion

Fig. 1 illustrates the XRD patterns of the Zr/B/C powder
blends in the mole ratio of 1/1/1 after MA for 30 min, 1h, 2h
and 3 h. It is evident from Fig. 1(a) and (b) that there is no reac-
tion between Zr, B and C particles after milling for 30 min and
1h since Zr (ICDD Card No: 05-0665, Bravais lattice: prim-
itive hexagonal, a=5=0.323nm, ¢=0.515nm) phase is still
present in the powder blends. Boron and graphite peaks can-
not be seen in the XRD patterns of the Zr/B/C: 1/1/1 powders
MA’d for 30 min and 1h. The absence of boron peaks is due
to its amorphous nature. Likewise, graphite powder which has
small weight percentage in the total powder blend was exposed
to continuous amorphization during milling. It is obvious from
Fig. 1(a)—(d) that Zr peaks decreased in intensity and broad-
ened with increasing milling duration. Continuous deformation
of powder particles during milling results in crystallite refine-
ment and increase in lattice strain.$1%18 As seen in Fig. 1(c), a
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Fig. 1. XRD patterns of the Zt/B/C powder blends in the mole ratio of 1/1/1
MA’d for: (a) 30 min, (b) 1h, (¢c) 2h and (d) 3h.

reaction takes place between particles of Zt/B/C: 1/1/1 powder
blend after milling for 2 h. ZrC (ICDD Card No: 74-1221, Bra-
vais lattice: face-centered cubic, a=b=c¢=0.476 nm) and ZrB,
(ICDD Card No: 34-0423, Bravais lattice: primitive hexagonal,
a=b=0.317nm, ¢ =0.353 nm) phases occurred in the presence
of small amount of unreacted Zr powders. The milling duration
was extended to 3h in order to observe chemical changes in
the powder blend, but this change comes out as reduction in the
crystallite size of ZrC and ZrB; particles and decrease in the
amount of unreacted Zr powders (Fig. 1(d)).

Fig. 2 shows the XRD patterns of the Zr/B/C powder blends
in the mole ratio of 2/2/1 after MA for 30 min, 1 h and 2 h. The
mole ratio 2/2/1 was chosen as the stoichiometric amount of the
powders for the complete conversion of Zr, B and C reactants
to ZrB, and ZrC products. Similar to the Zt/B/C: 1/1/1 powder
blend, no reaction occurs after milling for 30 min (Fig. 2(a)).
ZrB; and ZrC phases form in the Zr/B/C: 2/2/1 powder blend
MA’d for 1h (Fig. 2(b)). However, there is very small amount
of unreacted Zr powders. As indicated in Fig. 2(c), MA for 2h
enables a complete solid-state chemical reaction of raw materials
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Fig. 2. XRD patterns of the Zt/B/C powder blends in the mole ratio of 2/2/1
MA’d for: (a) 30 min, (b) 1 h and (c) 2h.
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Fig. 3. XRD patterns of the Zr/B/C powder blends in the mole ratios of: (a)
1/2/1 MA’d for 2 h, (b) 1/1/2 MA’d for 2 h, (c) 1/2/2 MA’d for 2h and (d) 1/2/2
MA’d for 3 h.

to the reaction products containing no unreacted Zr powders.
In comparison with Fig. 1(b) and (c), it can be stated that the
increase of Zr/B/C molar ratio from 1/1/1 to 2/2/1 substantially
changes the reaction products even if MA duration is fixed.

Tsuchida and Yamamoto'? have reported that ZrB, and
ZrC particles can be prepared from Zr/B/C: 1/1/1 powder
blends by mechanical activation (for 45 min) and subsequent
self-propagating high-temperature synthesis in air. Their XRD
results showing only Zr peaks after MA for 45 min are in good
agreement with those of this study. However, the sample is
exposed to air immediately after milling and self-ignited for
obtaining ZrB, and ZrC particles in the mentioned literature.'?
In the present study, reaction occurs at room temperature only
by the repeated welding, fracturing and rewelding of powder
particles of the reactant materials with a maximum MA dura-
tion of 3h. A number of contact points are produced between
the powder particles due to a reduction in particle size. This
allows fresh Zr, B and C surfaces to come into contact repeatedly
and thereby a solid-state reaction takes place by the conversion
of mechanical energy into thermal and chemical energy which
develops displacement or redox reactions. Reactions which nor-
mally require high temperatures occur at lower temperatures
during MA inside the milling vial without any externally applied
heat.8,18,19

Fig. 3(a)—(d) shows the XRD patterns of the Zr/B/C pow-
der blends in the mole ratios of 1/2/1, 1/1/2 and 1/2/2 after
MA for 2 and 3 h. ZrB, and ZrC phases occur in the presence
of very small amount of unreacted Zr and C (ICDD Card No:
89-8494, Bravais lattice: primitive orthorhombic, a=0.413 nm,
b=0.494 nm, ¢ =0.482 nm) in the powder blend of Zr/B/C: 1/2/1
after MA for 2h (Fig. 3(a)). As compared with the XRD pat-
terns in Figs. 1(c) and 2(c), the consumption of Zr particles
is ordinarily expected when 2 moles of boron and 1mole of
graphite powders are used in the mixture. Though the increase
in boron content (from mole ratio of B/Zr: 1/1 to B/Zr: 2/1) par-
tially prevents the Zr and C particles to come into contact and
leave behind unreacted Zr and C powders (Fig. 3(a)). As seen
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Fig. 5. XRD patterns of the as-blended Zt/B/C: 2/2/1 powders heated to: (a)
800°C, (b) 1000 °C and (c) 1200 °C.
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Fig. 6. XRD patterns of the Zt/B/C: 2/2/1 powder blends MA’d for 2h and
heated to: (a) 800 °C, (b) 1000 °C and (c) 1200 °C.

» 500 nm

Fig. 7. Micrographs of the Zr/B/C: 2/2/1 powder blends MA’d for 2 h: (a) SEM
micrograph recorded with the secondary electron detector, (b) SEM micrograph
recorded with the back-scattered electron detector, (c) bright-field (BF) TEM
micrograph.

in Fig. 3(b), 2h MA’d Zr/B/C: 1/1/2 powder blend has the same
phases in addition to B4C (ICDD Card No: 75-0424, Bravais
lattice: primitive rhombohedral, a =b=0.562 nm, ¢ = 1.214 nm).
Zr/B/C: 1/2/2 powder blend which contains the least Zr, has only
Zr peaks after 2 h milling (Fig. 3(c)) and has intense B4C and
unreacted graphite peaks together with ZrB; and ZrC after MA
for 3h (Fig. 3(d)). Thereby, undesired B4C phase occurs when
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Fig. 8. TEM micrographs taken from an agglomerate of Zr/B/C: 2/2/1 powder blends MA’d for 2 h: (a) bright-field image, (b) dark-field image, (c) selected area
diffraction pattern revealing the presence of ZrC particles ranging in size between 50 and 200 nm. Objective aperture is on (0 2 0), camera length is 100 cm and zone

axis is [0 O1].

excess graphite is used in the mixture. It could be a constructive
input for the properties of ZrB,/ZrC ceramic powders but its
investigation is not aimed in the scope of present study. In the
current literature in which Zr/B/C: 4/2/3-6/10/1 powder mix-
tures are exposed to MA-SHS, it is not mentioned that some
amount of Zr and C remain unreacted and some amount of B4C
phase forms, although it is unavoidable.' 11

In order to clearly understand the Zr—-B—C ternary system,
HSC Chemistry ™ Ver. 4.1 and FactSage™ programs were used
to calculate the reaction energetics. Gibbs free energy change
versus temperature curves of the formation reactions of ZrB,,
ZrC and B4C are respectively demonstrated in Fig. 4(a)—(c). The
reactions have negative free energy changes which mean that
they take place spontaneously and therefore they are thermo-
dynamically feasible at temperatures between 25 and 2000 °C.

Moreover, negative enthalpy changes of the reactions imply that
an amount of heat is released during milling due to the exother-
mic reactions and the vial temperature increases significantly.'”
Fig. 4 also indicates that the formation of ZrB; is more prefer-
ential than ZrC and B4C.

FactSage™ data, which is essential to comprehend the moles
of probable products of the reactants in Zr—B—C system, are
given in Table 1 for different mole ratios at room temper-
ature. The results of the thermodynamic calculations show
only the equilibrium phase composition at room temperature
without considering synthesis history and reaction Kkinetics.
Although the stoichiometric blend seems to be the most suit-
able one for preparing ZrB,/ZrC ceramic powders according
to Table 1, different mole ratios are tested using the unconven-
tional MA method. Besides, the outputs are generally not in good
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Table 1

Moles of probable products resulting from Zr—B—C reactions given in different mole ratios.

Zr/B/C mole ratio Zr B C ZrB, 7ZrC B4C
1/1/1 - - 0.5 0.5 0.5 -
21211 - - - 1 1 -
1/2/1 - - 1 1 - -
1/172 - - 1.5 0.5 0.5 -
17272 - - 2 1 - -

agreement with the XRD patterns of the MA’d Zr/B/C: 1/1/1, eration in the thermodynamical data. Actually, MA process is
1/2/1, 1/1/2 and 1/2/2 powder blends. Only the XRD pattern of ~ related to the fracturing and welding mechanism and the contact
the Zr/B/C: 2/2/1 powder blend MA’d for 2 h (Fig. 2(c)) matches points between the particles provide favourable conditions for
quite well with the products mentioned in Table 1. Since the  the formation of the products. Due to the fact that MA process
preferential formation is for ZrB,, the formations of ZrC and is far from equilibrium; synthesized phases are not expected to
B4C and the presence of unreacted Zr are not taken into consid- be compatible with thermodynamically calculated phases.

210
. (.) (211)
L]

Fig. 9. TEM micrographs taken from Zr/B/C: 2/2/1 powder blends MA’d for 2 h: (a) bright-field image, (b) dark-field image, (c) selected area diffraction pattern
revealing the presence of ZrB, particles ranging in size between 80 and 250 nm. Objective aperture is on (00 1), camera length is 100 cm and zone axis is [12 0].
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Fig. 10. TEM micrographs taken from Zr/B/C: 2/2/1 powder blends MA’d for 2 h: (a) bright-field image, (b): dark-field image, (c) selected area diffraction pattern
revealing the presence of FeB particles ranging in size between 50 and 300 nm. Objective aperture is on (1 1 1), camera length is 100 cm and zone axis is [1 10].

XRD patterns of the as-blended Zr/B/C: 2/2/1 powders heated
to 800, 1000 and 1200 °C are respectively shown in Fig. 5(a)—(c).
No reaction occurred between Zr, B and C powder particles until
1000 °C (Fig. 5(a) and (b)). However, Tsuchida and Yamamoto'”
have reported the formation of ZrB, at 800 °C and the forma-
tion of ZrC at 1000 °C after heating as-blended Zr/B/C: 1/1/1
powders for 1 h under Ar atmosphere. As seen in Fig. 5(c), after
heating to 1200 °C, predominant formation of ZrB; and incuba-
tion of ZrC are detected in the presence of unreacted Zr and C
phases. Depending on the heating temperature, the intensities of
Zr peaks increase and sharpen due to the increase in crystallite
size. The difference between initial particle sizes of raw mate-
rials and the excess amounts of Zr and C powders could affect
the reaction mechanism and hence change the reaction temper-
ature and products. The results in Fig. 5(a)—(c) indicate that if
as-blended Zr/B/C: 2/2/1 powders are heated up to 1200 °C, an

initial reaction between powder particles takes place to form
very small amounts of ZrB, and ZrC phases. Mechanical acti-
vation is essential for the complete reaction without remaining
unreacted Zr, B and C. The XRD patterns of the Zr/B/C: 2/2/1
powder blends MA’d for 2 h and heated to 800, 1000 and 1200 °C
(Fig. 6(a)—(c)) also prove that there are no additional phases
except ZrB, and ZrC.

Fig. 7(a) and (b) are the SEM images of the Zr/B/C: 2/2/1
powder blends MA’d for 2h. As seen in these figures, powder
mixtures consist of white and dark gray irregular agglomerates
with sizes not larger than 500 nm. Although particle sizes are
generally about 100 nm, agglomeration of the powder particles
prevents the observation of smaller ones. Fig. 7(c) is a bright-
field TEM image of Zt/B/C: 2/2/1 powder blends MA’d for 2h
showing irregular particles with a maximum size of 150 nm. On
the basis of several EDS measurements taken from the men-
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tioned regions in Fig. 7(b), white areas marked as ZrC contain
about 86.38 £2.10 wt.% Zr and 13.62 4+ 1.90 wt.% C and dark
gray areas marked as ZrB, involve about 77.22 £+ 3.63 wt.% Zr
and 22.78 +3.62 wt.% B. EDS results are compatible with the
calculated weight percentages of the elements in ZrB; and ZrC
phases. EDS measurements are also supported by the XRD pat-
tern in Fig. 2(c) indicating the presence of both ZrB, and ZrC
phases following MA. Since a single powder particle does not
contain both phases existing in the sampling volume, a ZrB,/ZrC
composite powder has not been formed.

Fig. 8(a) and (b) are the respective bright-field (BF) and
dark-field (DF) TEM micrographs taken from the Zr/B/C: 2/2/1
powders MA’d for 2 h showing particles in size between 50 and
200 nm. Selected area diffraction pattern (SADP) taken from the
white circled region in Fig. 8(a) is given in Fig. 8(c) and verifies
the presence of ZrC particles. Fig. 9(a)—(c) are the respective BF,
DF and SADP micrographs of ZrB, particles (between 80 and
250 nm) in the Zr/B/C: 2/2/1 powders MA’d for 2 h. SADPs indi-
cate the areas marked with white circles in Figs. 9(a) and 10(a).
Fig. 10(a)—(c) are a series of TEM micrographs (BF, DF and
SADP) taken from the Zr/B/C: 2/2/1 powders MA’d 2 h, reveal-
ing FeB (ICDD Card No: 32-0463, Bravais lattice: primitive
orthorhombic, a=0.406 nm, b=0.55nm, ¢=0.295nm) parti-
cles in size between 50 and 300nm. It is obvious that the
FeB phase results from Fe contamination by the milling media
(vial and balls). Gibbs free energy change versus tempera-
ture curve of the FeB formation reaction is demonstrated in
Fig. 4(d). Although formation of FeB has negatively lower
Gibbs free energy value (—60.353kJ at 25°C) than that of
ZrB, (—318.238k]J at 25°C), the occurrence of FeB phase is
unavoidable. Since the amount of Fe is not more than 1 wt.%
of overall powder blend, it cannot be detected by XRD and
SEM investigations unlike to ZrB, and ZrC particles. TEM
micrographs cannot be utterly related to the literature findings
because any study showing ZrB, and ZrC particles together
in the same powder blend is accessible. However, Rangaraj
et al.'* and Shim et al.?" have reported ZrB, and ZrC phases
and phase boundaries in the ZrB,/ZrC composites produced by
reactive hot pressing and spark plasma sintering. Conversely,
the presented research shows the formation of FeB contam-
ination and the comparison of MA process with equilibrium
predictions.

4. Conclusions

Based on the results of the present study, the following con-
clusions can be drawn:

(1) Mechanical alloying can be successfully utilized in
the fabrication of ZrB,/ZrC ceramic powders with fine
microstructure as precursors of composites.

(2) The best result for the ZrB,/ZrC ceramic powder was
obtained from Zi/B/C: 2/2/1 powder blend mechanically
alloyed for 2 h. In addition, FeB phase was determined in
the TEM micrographs due to Fe contamination of powder
particles.

(3) Zr/B/C: 1/1/1,1/2/1,1/1/2 and 1/2/2 powder blends mechan-
ically alloyed for 2 and 3 h contain unreacted Zr and C ZrB,
ZrC and B4C particles.

(4) Zr/B/C: 2/2/1 powders mechanically alloyed for 2h have
ZrC particles in size between 50 and 200 nm, ZrB; particles
in size between 80 and 250nm and FeB particles in size
between 50 and 300 nm.
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