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SUMMARY

Since the last two decades important developments and novelties

have been introduced in the composition of nuclear fuels. The motivation

in making new type of nuclear fuels is to increase the burnup efficiency

and thus the fuel cycle times in reactor cores. This can be achieved with

the use of burnable absorbers in the fuel. Two fundamental techniques

employed for this purpose are, (i) the use of gadolinia homogeneously

mixed with the fuel, and (ii) the use of zirconium diboride coated on the

fuel. The fuel produced by either technique has some advantages and

disadvantages. Gadolinia has low thermal conductivity, very fast

depletion, and low moderator temperature coefficient control. Zirconium

diboride has some difficulties with its fabrication technique, and it

introduces some troubles in the dissolution of burned fuel.

Boron nitride (BN) coating of the fuel either by chemical vapor

deposition (CVD) or plasma enhanced chemical vapor deposition

(PECVD) seems to be quite attractive. Because it has all the nuclear and

physical advantages of boron compound coating, and in addition it is

easy to develop its technology. The use of two burnable absorbers, that is

both gadolinia and a boron compound is much more advantageous than

the use of one single absorber. In a former IAEA research contract work

(i.e. IAEA: 5977/R2/RB) the deposition of BN on nuclear fuels was

studied in full detail. It can be deposited by CVD from boron trichloride,

or from borane trimethyl amine complex (BTMA). It can also be

deposited from boron trichloride (BCI3) by PECVD technique.

The use of metallic boron coating seems to be much more

advantageous than BN coating because boron has higher density.

However boron may interact with oxide fuels at high temperature and

lower the vitrification temperature of fuels because of its fluxing effect.
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Therefore there must be an inert layer between fuel surface and boron.

This can be achieved by the use of BN layer which is also another

absorber material. Boron nitride/boron layers make an hybrid coating on

the fuel, their relative thicknesses must be adjusted such that BN is

depleted soon after the boron depletion.

In this research work the hybrid coating was achieved by the use of

CVD and PECVD techniques. In both of them BCI3 was used as

precursor material, and its reduction was accomplished by the use of

hydrogen gas. Three different nuclear fuels were used in the experiments.

These are urania-only, and gadolinia (5% and 10%) containing fuels. BN

was deposited on these fuels from BTMA by CVD. Then metallic boron

was deposited on BN layer again by CVD. In PECVD technique both BN

and boron (B) were deposited under plasma conditions on three fuels.

Boron deposited onto BN layers showed grainy structure in all cases. The

formation of some B fibers were also observed. The sizes of B grains

decreased with the increase in gadolinia (Gd2C»3) content in the fuels. An

excellent adherence of B onto BN layer, and BN onto fuel was observed.

Boron coated on BN layer by PECVD was seen in the form of fine grains

scattered randomly in all fuels. Some hexagonal seated layers of B was

also observed rarely on all fuels and the hexagonality was distorted by

the increase in Gd2C»3 content.
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INTRODUCTION

Apart from fuel management (and mechanical) considerations, the

useful life of a reactor core is often determined by the excess (or built-in)

reactivity available at start up. This excess reactivity is then compensated

by poison control rods which are adjusted during reactor operation as

fissile material is consumed (and generated) and llssion product poisons

accumulate [1]. These control rods are also used to cease up the reactor

operation by stopping the fission reaction in the case of reloading,

maintenance or an incidence. In the design of reactors the limitations on

the fission rate comes from the melting point of fuel elements and the

structural materials in the core. The heat energy from the fission and of

the decay heat of fission products should be removed by the coolant

without causing any damage to the fuel elements. The highly depleted

(burned up) fuel is taken out from the core and kept for about 2 to 4 years

in water cooled ponds, then this spent fuel is reprocessed to gain

plutonium produced in it during the reactor operation.

The need to improve reactor performance through longer cycle

lengths or improved fuel utilization, has been apparent since the

beginning of commercial nuclear power generation. Among other

modifications introduced as a consequence, the fuel initial enrichment

has been increased, which has meant that the additional amount of fissile

material in the core has to be compensated for by the introduction of

additional absorber material in the core. This was initially achieved by

lumped absorbers located between the assemblies (control rods or

removable curtains) or by soluble absorbers (boric acid) in the coolant.

Strong neutron absorbing materials were used for controlling the

nuclear reactors in early times. This has created the problems such as

irregular power production, burnup of fuel inefficiently and material



failures. Nowadays control rods consist of weak neutron absorbing

materials.

When the burn out rate, and thus the positive reactivity insertion of

the nonfissionable burnable poison could be adjusted to exactly

compensate for the negative reactivity due to fuel depletion and gradual

fission product (stable) build up, the optimum control requirements could

be established [2].

Because the burnable absorbers have a large absorption cross-

section for thermal neutrons and is converted into a material of low

absorption cross-section as a result of the neutron capture, it is possible

to introduce large amounts of burnable absorbers and thus also the

enriched fuel into the core to compensate each other. The primary and the

most important target in nuclear reactor engineering is to get more power

by using highly enriched fuel. But the use of this fuel could not be

achieved successfully in the past by using control rods due to the

difficulty of smooth control of the positive reactivity coming from the

enriched fuel.

Recently, more attention given to the efficient management of fuel

and to the operating of the reactor with longer life cycle require the use

of different types of burnable poisons to get uniform power distribution

and ease reactor control. These absorbers are classified as soluble

poisons, gaseous poisons, boron containing poisons, and poisons

employed within the fuel.

Soluble Poisons:

The soluble poisons control the long-term reactivity changes

caused by fuel depletion and fission products build up. When not much

needed it can be removed from the moderator by an ion exchange system



outside the reactor, the power distribution in the reactor is not distorted.

The principle disadvantages are the decrease of moderator density as a

result of void formation and the removal of soluble poison through loss

of coolant, therefore insertion of positive reactivity. The main soluble

poison is the boric acid dissolving in the moderator of the PWRs [3].

Gaseous Poison:

A modification of the PWR control system is suggested, based on

the introduction of a gaseous absorber such as ^He to the core thimbles.

The possibility of the reactivity control during reactor operation without

affecting the reactivity coefficient of moderator and without distorting

the reactor axial power distribution is the main benefit of the method.

This method also provides a redundancy of the control system. The

disadvantages of the system arises from the engineering and economic

aspects and not in the neutronic ones. Such as; ^He is expensive because

of its presence in natural He is 1.3xlO~4 parts, this control will require an

additional system of tubes for connecting the thimbles with a suitable gas

storage, the creation of the radioactive tritium ^H from ^He by neutron

capture will necessitate a system of leak-proof, and a positive reactivity

insertion as a result of depressurization of thimbles [4].

Boron Containing Poisons:

As outlined below, an evaluation of boron-containing burnable

poisons encompasses almost all types of materials [5]:

a) Ceramics - most widely used is an AI2O3 (alumina) - B4C (boron

carbide) mixture.



b) Glasses - borosilicate glasses such as Pyrex sealing glasses are good

examples.

c) Graphite - boronated graphite, B4C in reactor-grade graphite mixture.

d) Cermets - mixture oi Zircaloy and B4C are best examples.

e) Alloys - zirconium (Zr) - boron and boronated stainless steel.

These poisons are contained in fuel elements and behave as fixed control

rods.

Chief advantages of AI2O3-B4C are proven commercial

performance, low helium release, and good chemical stability.

Disadvantages include high swelling rate and pellet-cladding interaction

(PCI).

Glass advantages include low procurement and rod assembly cost,

low swelling and propensity for PCI, and good boron homogeneity.

Disadvantages are 100 % helium release and low creep strength.

Boronated graphite has been commercially manufactured and

fabricated into complex shapes. PCI is low because of its inherent

lubricating properties. The main disadvantage is that compatibility of

Zircaloy with boronated graphite has not been demonstrated.

The Zr-B4C cermet performed somewhat better than the Zr-B

alloy and potentially easier to fabricate into complex shapes. It was

shown that yittria (Y2O3) and stabilized zirconia (ZrO2) have better

dimensional stability than AI2O3. Both ceramics offer promise as a

matrix for B4C because of their excellent chemical and physical

properties. It does appear likely that swelling, related PCI, and helium

release generally increase with increasing B loading and fluence for all

materials considered.
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Poisons Employed in Fuel:

In this type of fuels there is no displacement of water because of

the presence of absorbers in the fuel. These can be divided into two

groups, such as:

a) burnable poison contained in the fuel (Gd2O3 in urania (UO2)),

b) burnable poison coated on the fuel (zirconium diboride (Z1B2) on

UO2).

Burnable Poison inside the Fuel:

Here, Gd2O3 is homogeneously mixed with UO2 fuel and placed

in selected fuel rods within a fuel assembly. Natural gadolinium consists

of seven isotopes with mass numbers 152, 154, 155, 156, 157, 158, and

160 having natural percentage abundances of 0.2, 2.1, 14.8, 20.6, 15.7,

24.8, and 21.8 respectively, and thermal neutron (v = 2200 m/s) capture

cross-sections of 14.4, 85.9, 6.09x104, 1.71, 2.55x10$, 2.0 and 0.77 b

respectively (lb = 10~24 cm^). Gadolinium has a high neutron

absorption cross section (aa = 49000 b) and if designed properly it can

approximately match U-235 depletion [6].

Gadolinium has several advantages over boron such as [6, 7]:

a) Due to the large absorption cross section, a large amount of reactivity

can be bound in the gadolinium at the beginning of cycle (BOC) with

only a small reactivity penalty at the end of cycle (EOC).

b) Enrichment savings due to decreased water displacement and parasitic

materials.

c) Improved fuel management flexibility.

d) Lower fabrication costs (a controversial point).
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e) Addition of boric acid into moderator changes the properties (density,

thermal conductivity, pH, and corrosion resistance) of the moderator.

f) Decreased fuel handling and personnel exposure.

g) Elimination of additional storage and disposal. In the case of using

boron in the moderator, the coolant should be filtered and ^Li formed as

a result of the neutron absorption of '^B should be removed by ion

exchangers.

h) Decreased fuel cycle cost resulting from the above.

There are also potential disadvantages to gadolinia [6]:

a) Uncertainties in burn out predictions lead to uncertainties in power

peaking, cycle length, and shutdown margins.

b) Thermal-mechanical performance that should be comparable to fuel.

c) Lower thermal margins than UO2-

By increasing the gadolinia content in UO2 fuel the thermal

conductivity of UO2 - Gd2O3 fuel decreases and also higher porosity is

seen due to the retarding effect of gadolinia on sintering. The useful

amount of gadolinia content in the fuel is in between 5 to 10 wt % to

reach extended lifetime. In general UO2 - Gd2O3 fuels are manufactured

by sintering the powders of UO2 and Gd2O3 which are blended

mechanically. The new method called sol-gel is applied to produce the

UO2 - Gd2O3 fuel pellets from their nitrate crystals. The best mixing is

achieved by this process at molecular level [8 - 26].

Burnable Poison Coated on the Fuel:

In this method, the fuel pellets are coated with a thin layer of

burnable poison. This fuel consists of zirconium diboride (ZrB2) thin

layer deposited by sputtering on the surface of the UO2 pellets [27, 28].



The layer adheres perfectly on the UO2 substrate. The material properties

(including thermal conductivity) are not affected by this layer. ZrB2 has

compatible thermal conductivity with mania. Boron has two isotopes

with the atomic abundances of 20 and 80 % for B-10 and B-l 1 and their

thermal neutron cross sections are 3837 and 0.005 b respectively. Natural

boron has an absorption cross-section of 760 b. Compared with the

gadolinia, boron can not be burnt up totally and bear residual negative

reactivity at the EOC if it is contained in the fuel. But when coated on the

fuel, the slowed down (i.e., thermal) neutrons mostly hit this layer before

reaching the fuel. Some of the neutrons are absorbed by this layer, so the

spectrum of neutrons passing to the fuel is hardened. Because thermal

neutrons are preferably captured due high thermal cross section. The

boron on the surface is burnt at high rate. The neutrons whose energies

are increased due to hardening, causes higher rate at conversion of U-238

into Pu-239.

The main disadvantage of ZrB2 is its dissolution problem in the

reprocessing stage of the spent fuel and complicated manufacturing

method. To get rid of this difficulty, a new method of coating the fuel was

developed by Uslu [29, 30]. This is coating the fuel surface by chemical

vapor deposition (CVD). In this present research the method has been

further improved and also plasma enhanced chemical vapor deposition

(PECVD) of BN and of B thin layers has also been achieved. BN has the

following advantages,

a) high thermal stability, corrosion resistance, and chemical inertness,

b) strength to high temperatures and pressures,

c) resistant to thermal shocks,

d) high thermal conductivity comparable to stainless steel.
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BORON NITRIDE AND BORON

Boron nitride is one of the most interesting materials of the III-V

compounds, from both a scientific and a practical viewpoint. BN is a

ceramic material with outstanding chemical, thermal and electrical

properties. It can be used as a high-temperature solid lubricant, is stable

at high temperatures and is not wetted by many metallic melts such as

aluminium and magnesium. BN shows good thermal shock resistance,

high thermal conductivity, high resistivity, very high hardness, low

density and chemical inertness.

The use of BN for high temperature insulation in plasma arc

heaters, high temperature capacitors, transistor heat sinks, in nuclear

reactor control as neutron absorber, as crucibles for evaporation of metals

are some examples of its applications. Also it is used as a substitute for

beryllia in certain electronic applications due its nontoxic property.

Boron has also high hardness coupled with low density. This

makes it a material of technical and industrial importance such as in

protective coatings for cutting tools and coating in the manufacture of

fibers and in composite materials.

Chemical Vapor Deposition

Chemical vapor deposition is a process which consists essentially

of reducing or decomposing a volatile compound of coating material

upon a heated substrate surface.

For the practical employment of this method, the material should

form a volatile compound which can be readily dissociated or reduced at

temperatures below the melting points of the coating or of the base

material, but which is sufficiently stable to prevent decomposition or

reduction before reaching the deposition surface. The coating adhesion is
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excellent where a physical or chemical bond is formed by diffusion or

reaction taking place between the coating and the substrate surface.

BN and B thin films have been grown by many types of chemical

processes including CVD, PECVD, low pressure chemical vapor

depositio, and molecular flow chemical vapor deposition.

Rand and Roberts [31], Murarka et al. [32] and Hirayama and

Shohno [33] prepared BN thin films from diborane (B2H6) and ammonia

(NH3) by using inert carrier gas, according to the reaction,

B2H6 + 2NH3 -> 2BN + 6H2

Rand and Roberts [31] used different substrates such as silicon, tantalum,

molybdenum, germanium, and fused silica and kept the substrates at

various temperatures ranging from 600 to 1080 C. Typical deposition

rates were 12.5 - 60 nm min~l in hydrogen or helium and 100 nm min~'

in nitrogen. The dependence of the deposition rate on temperature and

NH3 to B2H6 ratio was found to be complex. The deposition rate

exhibited a maximum at about 800 C and decreased as the NH3 to B2H6

ratio was increased from 10:1 to 20:1.

Murarka et al. [32] studied the growth process on silicon

substrates. The deposition rate was proportional to the flow rate of B2H6

and to the negative fifth power of the flow rate of NH3. For a fixed NH3

to B2H6 ratio, the deposition increased linearly with the flow rate. The

deposition rate increased with temperature in the range of 400 - 700 C,

and at higher temperatures the reaction was nearly independent of the

temperature.

Hirayama and Shohno [33] also used silicon substrate, keeping the

substrates at temperatures from 700 to 1250 C. The growth rate of the

film was about 50 nm min~l at 700 C.
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Stcele and coworkers [34, 35] used a large variety of substrates at

temperatures ranging from 800 to 1600 C. It was (bund that the nature of

the substrate could greatly influence the degree of preferred orientation

of the crystallites.

Baronian [36] deposited BN thin films on quartz substrates

successfully at temperatures ranging from 600 to 900 C. Sano and Aoki

[37] used silica and sapphire substrates at temperatures varying from 600

to 1100 C. Motojima et al. [38] used copper substrates at temperatures in

the range 250 - 700 C. The films deposited at temperatures below 450 C

were unstable in a moist atmosphere.

Takahashi et al. [39,40] studied in detail the effect of the substrate

material on the growth process. According to their results, iron and

nickel were the favourite elements for forming BN crystalline deposits.

The formation of the first layer of BN was initiated by a catalytic action

of the iron atoms.

BN thin films have also been prepared by the reaction of NH3 with

BF3 [41], and by the decomposition of B3N3CI [42].

Recently, Nakamura [43] proposed a new CVD method in the

molecular flow region for depositing BN films by using NH3 and

B10H14 reaction gases at substrate temperatures between 300 and 1200

C. He has reported that the composition of the films could be closely

controlled by regulating the pressure of source gases and stoichiometric

BN films could be deposited at NH3 to B10H14 ratios of 20 or more at a

substrate temperature of 850 C.

Cochran and Stephenson [44] determined the optimum parameters

for hydrogen reduction of BCI3 to obtain B films by using CVD method.

At 1300 C, about 85 % of the B was deposited. They reported that

tungsten substrate did not react with the B deposit while the other
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substrates were reacting to various extents. However, in a recent study by

Sezgi, tungsten was found to react with B at 1300 C [45].

Park et al. [46] deposited the boron onto graphite by CVD

technique by using a gaseous mixture of BCI3 and 112 also. Boron was

deposited as an amorphous material below 1250 K, and mainly as the [3-

rhombohedral modifications above 1250 K.

Das and Kumar [47] studied the CVD of boron onto beryllium.

Thermal decomposition of B2H6 was found to be far superior to the

reduction of BCI3 by H2 in the temperature range 700 - 800 C. The

presence of BeO on the beryllium surface prevents boron film from

diffusion bonding, necessitating an O2-free CVD environment.

Considerable diffusion reaction was seen at 700 C. The CVD boron film

was converted to BeB6 by a post- deposition diffusion thermal treatment.

The formation of BeB2 should also be possible using this procedure. The

true microhardnesses of the films was found to be greater than a Knoop

hardness value of 3000 kgf/mm^.

Low Pressure Chemical Vapor Deposition

Patterson et al. [48, 49] used the static pyrolysis of u.-tri-

chloroborazole at temperatures of about 700 C and, by reducing the total

pressure in the reactor below 3.25x10^ Pa, they prepared continuous

films of BN.

Adams and Capio [50], Adams [51], and Dana and Maldonado

[52] prepared BN films from B2H6 and H3 at low pressure and

temperatures ranging from 250 to 600 C. Adams [51] also prepared BN

films by the pyrolysis of borazine at a temperature ranging from 300 to

450 C and reported that films formed from B2H6 and NH3 are inert
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towards water and aqueous solutions. In contrast, the films formed from

borazine react with the atmospheric moisture.

Plasma Enhanced Chemical Vapor Deposition of

BN and B

Plasma is defined as the fourth state of matter containing ions,

electrons, excited atoms, photons and neutral atoms or molecules. If an

energy greater than ionization energy of an element is supplied, the atom

loses at least one electron (negative charge) and passes into ion state, i.e.,

ionized. Chemical plasma is a mixture of ionized and neutral atoms or

molecules.

In plasma enhanced chemical vapor deposition the free electrons

present in non-equilibrium plasma medium have very high kinetic

energies, so easily break chemical bonds of reactants and lead easily to

the formation of BN and B at quite low temperatures.

Previous Work on BN and B Coating by

PECVD

Hyder and Yep [53] studied the growth process at substrate

temperatures from 750 to 1000 C (frequency: 13.5 MHz; pressure: 39-65

Pa) by using B2H6 and NH3. Stoichiometric films were obtained for an

NH3 to B2H6 ratio of 7 at 1000 C.

Miyamoto et al. [54] grew BN thin films at a substrate temperature

of 300 C by using external ring electrodes (52 Pa; 13.5 MHz; NH3 to

B2H6 ratio of 1 to 16). Yuzuriha and coworkers [55, 56] studied the

effect of a low intensity magnetic field on the growth process in a parallel

plate plasma reactor. The deposition rate was greater with the applied
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magnetic field at pressures below 52 Pa, while at pressures above this

value the deposition was higher without magnetic Held enhancement.

However, the optical properties were identical with or without the

application of a low intensity magnetic field.

BCI3 [57] and BBr3 [58] have also been preferably used as boron

sources and, by using these compounds, BN uniform coatings have been

developed.

Using a double-plasma system and BH3N (C2H5)3 as the boron

source, Schmolla and Hartnagel [59-61] deposited high quality BN thin

films at low substrate temperatures (200 - 300 C).

Cholet et al. [62] obtained B coatings at a temperature equal to or

lower than 600 C, from BBr3 plus H2 mixture in a microwave plasma.

Amorphous B films were obtained with high deposition rates up to 25

(Lim h~l and high efficiencies.

Vandenbulcke et al. [63] accomplished the compact coatings of

amorphous B on the smooth surface of substrates such as graphite,

refractory metals, iron, and stainless steel using the reduction of BCI3 by

H2. The rate of deposition was studied at temperatures ranging from 950

to 1200 C. It was observed that adherence and absence of cracks were a

function of the specific nature of the substrates.

Properties of Boron Nitride

Boron nitride exists similar to carbon in two main crystalline

modifications, a hexagonal structure (h-BN) and a cubic zinc blend

structure (c-BN). The crystal structure and lattice parameters of h-BN

and c-BN are almost identical to those of graphite and diamond

respectively. The name "white graphite" for h-BN emphasizes the

similarities and differences to graphite. h-BN is a soft, white and
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electrically insulating material, whereas graphite is a soft, black electrical

conductor. The strikingly different electronic properties of h-BN,

compared to graphite, are due to an ionic bonding character, dividing the

7i-clectron band into subbands, separated by a gap of nearly 6 eV. The

high melting point, low density, high thermal conductivity, high

hardness, low thermal expansion and chemical inertness are the most

important properties of BN. The cubic formed BN (c-BN) and diamond

have many similar and outstanding properties [64]. The density of h-BN

is 2.25 g/cm^ [65]. It has been shown that the BN film density ranged

from 1.7 to 2.1 g/cm^ [34, 35, 42, 66]. From the reaction of trimethyl-

borate (B(OCH3)3) with NH3 the BN film with density ranging from 1.2

to 1.5 g/cm^ were obtained at 1700 C [41]. BN films obtained from the

reaction between BCI3 and NH3 at 1300 C had a density of 1.5 g/cm-*

and by increasing the temperature of coating to 1600 C, the BN film

density rose to 2.0 g/cm^ [31]. BN obtained from BCI3 and NH3 reaction

at 600 C is white powder [38]. It is easily scratched and rubbed off from

the substrate (fuel) surface. But sintering above 1400 K creates too hard

BN films that it is not possible to scratch them from the substrate even

with a blade [31], so a hard glassy coating is obtained. However, BN

obtained from BTMA (C3H12 BN) complex appears in blackish color

because it contains some carbonaceous compounds. It turns into a

transparent, hard, glassy material on sinterings. BN sublimes in nitrogen

atmosphere at 2300 C.

Boron Nitride Film Formation Reactions

There exists a very complex reaction between BCI3 and NH3. The

expected reaction mechanisms are as follows [57],
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BCI3 + 4NH3 -» BN + 3NH4 Cl

BCI3 + NM3 -> Cl2 BNH2 + MCI

Cl2 BNM2 + NH3 -> C1B (NH2)2 + HC1

2BCI3 + 9NM3 -» B2 (NI 1)3 + 6NII4 Cl

B2(NH3)3 -> 2BN + NH3

The overall reaction is,

BCI3 + NH3 -> BN(s) + 3HC1

The formation of BN from C3H12 BN can be written as shown below

C 3 H J 2 BN -A-> BN(s) + C x H y

The undesired side products on the substrate are removed there by

sintering at temperatures above 1400 K. The type of the crystals of BN

depends on the sintering conditions. The mechanical properties of BN

films also increase on sintering.

Properties of Boron
Elementary B exists in two forms:

1) Fine crystalline so-called amorphous boron which is brown in color.

2) Crystalline boron of dark grey color [67].

Boron is a high-temperature structural material because of its high

melting point (2300 C), low density (2.35 g/cm^), moderate oxidation

resistance, and high Vickers hardness (2800 kg/mm^) [68]. It is a

semiconductor with a low mobility which prevents non-ohmic effects.

The high cross section of B-10 for thermal neutrons (4010 b) has lead to

the use of natural or enriched elemental boron in neutron counters, in

control rods and shields for nuclear reactors. It is also used as coating

material due to its high hardness, and wear and corrosion resistant

properties.
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Boron reacts with many metals (V, Fe, Ba, Zr, Hf, Nb, Ta, W, Ti,

Cr, Th, Mo, Co, Ni, Al, U) and forms the respective borides at 1800 -

2000 C. With other metals it reacts at even lower temperatures.

Apparently the alkaline metals are the only metals which do not react

with boron [67].

Boron has the crystal structures of a-rhombohedral with 12 atoms

below 1100 C, P-rhombohedral with 104 atoms and tetragonal with 50

atoms between 1300 - 1450 C. a-boron and [3-boron can not be

transformed into tetragonal boron at temperatures of 1300 - 1400 C [69].

Boron Film Formation Reaction
The deposition process can be assumed to proceed as follows [70]:

1) H2 and BCI3 diffuses to the deposition surface.

2) They react depositing B and releasing HC1, and HBC12 which is the

only important intermediate species obtained at equilibrium.

3) HC1 and HBC12 diffuse away from the surface.

The reactions mainly are:

BCI3 + 1.5 H2 -> B + 3HC1 main reaction

BCI3 + H2 -> HBC12 + HC1 side reaction
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EXPERIMENTAL WORK

As the substrate, three different nuclear fuel pellets were used. One

was pure urania (UO2-only), and the other two were 5 % and 10 %

gadolinia containing fuels (UO2-Gd2O3 (5 %), UO2-Gd2O3 (10 %)).

The preparation of these fuels used in the experiments were

explained elsewhere [25, 26, 30, 70].

Boron Nitride Coating by CVD

Boron nitride (BN) films on the fuels were performed by two

different methods. In the first method, it forms as a result of the reaction

taking place between BC13 and NH3. In the second method, it forms

from the thermal decomposition of BTMA. The CVD was accomplished

in an alumina tube furnace schematically shown in Fig. 1.

The alumina tube was heated by resistive heating element

surrounding it. Deposition was performed at two temperatures of 875 K

and 1200 K in each cases (e.g., for BCI3 and BTMA reactions). The fuel

pellets were located on a U-shaped copper tubing cooled by water to

create a temperature gradient between the gas phase and the surface of

the fuel. The furnace is first purged with H2 and argon (Ar) gas mixture,

and is heated to the deposition temperature under the same gas

atmosphere. Since BCI3 readily reacts with NH3 even at room

temperature, these gases were introduced separately into the furnace.

Argon was also used as carrier gas for BCI3. NH3 was introduced

directly into the central zone of the reaction tube through a thin alumina

tube, while BCI3 and Ar mixture was introduced at a location 2 cm ahead

of the first stream. Although BCI3 and NH3 readily react, the outlet gases
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Figure 1. Tube furnace and BCI3 + NH3 feeding system



were bubbled through a basic water solution to decompose the unreacted

RCI3 into boron hydroxide (B(OII)3) and hydrogen chloride (HC1).

The same furnace was used for the coating experiments with

BTMA by changing only the feeding system as shown in Fig. 2. BTMA

was heated in a balloon at 390 K. Since it melts at 367 K some vapor

pressure develops above the melted BTMA at 390 K and the molecules

in the vapor phase were carried into the furnace by N2 gas. The feed

tubing was kept heated at 390 K to prevent condensation. This is

accomplished by recycling around, and pouring hot oil on the feed line as

seen in Fig. 2. After completing the coating operations, the furnace was

cooled down to room temperature under H2 gas.

Boron Coating by CVD

In a former work [71] it was shown that the chemical vapor

deposition from BTMA resulted in better coating than from boron

trichloride. Therefore the pellets which have been already been coated

with BN from BTMA were coated with B by the reaction taking place

between BCI3 and H2. The coating temperature was 1250 K. The same

experimental assembly as shown in Fig. 1 excluding NH3 feed was used

in this part.

Boron Nitride Coating by PECVD

The PECVD was carried in an inductively coupled plasma (ICP)

medium which was produced by a radio-frequency (RF) discharge on Ar

gas passing through a silica tube. The 27.12 MHz RF excitation was

coupled into the plasma with a two-turn coil that was water cooled. The

device is Plasma-Term, Model: ICP-2500.
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The fuel pellets were located at a point close (about 1 cm) to the

plasma flame. BCI3 and NH3 was sent separately into the reaction zone.

The BN coating was performed at an RF power of 650 W and at

atmospheric pressure. The experimental set-up was shown in Fig. 3.

In PECVD technique, chemically active species are generated

under non-equilibrium plasma conditions. The average temperature of

the gas molecules is maintained at moderate values while the electron

energy is sufficient to break molecular bonds. This substitution of

electron kinetic energy for thermal energy in classical CVD allows

deposition at lower temperatures.

Boron Coating by PECVD

The pellets which have been coated already with BN by PECVD

method were coated also by B. The same experimental set-up shown in

Fig. 3 was used. But here NH3 was removed and H2 was introduced. The

power of the plasma was around 500 W.

The BN and B formed on silica glass were collected and a small

amount of each was mixed with KBr to make pellets for taking their IR

spectra.

The IR analyses were made by taking the spectra from an IR

spectrophotometer (Schimadzu, Model: IR 470), and the morphology of

the coating films were examined by a scanning electron microscope

(SEM) (JSM, Model: 6400).
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RESULTS AND DISCUSSIONS

IR Spectrum

The IR spectrum of B produced from boron trichloride was given

in Fig. 4. It was reported that B has three absorption peaks at 1080 cm" ,

800 cm'1, and 750 cm"1 [69]. All peaks are due to B-B vibrations. The

first two peaks can be clearly seen from Fig. 4, the third peak also exists

but it is very weak.

Microstructure of Grains from CVD

The material discussed in this work has three different grains; (i)

grains of fuels, (ii) grains of BN on the fuel, (iii) grains of B on BN. The

first two have already been examined in former research work [25, 30,

70, 71, 72, 73]. The grains of UO2-only, UO2-Gd2O3 (5 %), and UO2-

Gd2O3 (10 %) were shown in Fig.s 5, 6, and 7. These fuels will be

shortly denoted by I, II, and III respectively. It was found that the grain

sizes increased with gadolinia content, and the average grain sizes were

found to be 4, 6, and 12 urn for I, II, and III respectively [74].

Figure 5. Grains of UO2-only (magnification: 3000)
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Figure 6. Grains of UO2-Gd2O3 (5 %) (magnification: 3000)

Figure 7. Grains of UO2-Gd2O3 (10 %) (magnification: 3000)

The BN grains formed from the decomposition of BTMA on I, II, and

III were shown in Fig.s 8, 9, 10, and 11.

Figure 8. BN on I (magnification: 200)
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Figure 9. BN on I (magnification: 3000)

Figure 10. BN on II (magnification: 1000)

Figure 11. BN on III (magnification: 1000)

The rod shaped grains form on III. As the temperature of

deposition was increased glassy layers formed on the surface [30]. The
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average sizes of grains deposited on I, II, and HI were determined to be

4.75, 2.2, and 2 fim respectively.

In the following discussions BN(I), BN(II), and BN(III) will

indicate BN layers on I, II, and III respectively. The SEM pictures of

deposited B were shown in the following figures. The analysis of SEM

pictures of deposited B showed that the grains formed had rather small

sizes. In Fig. 12 the grainy B coating on BN(I) was seen. Its average size

was determined to be 1.04 u.m. The visual appearance of B grains look

like the uncoated fuel grains shown in Fig. 5. This similarity is probably

due to cubic crystal structure of urania and rhombic crystal structure of

Figure 12. B on BN(I) (magnification: 13000)

Figure 13. B on BN(I) (magnification: 3000)

30



boron. The crystal structure of BN is hexagonal. B also forms a

continuous structure in the form of a long thin fiber as seen from Fig. 13.

The average size of B grains on BN(II) was found to be 0.84 jim

which is smaller than the grains on BN(1). The grains formed on BN(H)

are relatively irregular in shape as seen from the comparison of Fig.s 12

and 14.

Figure 14. B on BN(II) (magnification: 13000)

The fiber like structure of B was also observed on BN(II) as seen

from Fig. 15.

' . • *

Figure 15. B on BN(II) (magnification: 1000)
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It has larger diameter than the one seen in Fig. 13.

The B grains on BN(III) are seen in Figure 16. The average grain

size is 0.63 jxm which is smaller than the size of grains on BN(II). The

grains look somewhat spherical in appearance. The relatively sharp

corners of Fig. 12 were distorted in Fig. 14 and completely disappeared

in Fig. 16. This must be due to the increased amount of gadolinia in the

fuel.

The crowded and small size rod shaped B structures are seen

above the much smaller B grains in Fig. 17.

Figure 16. B on BN(III) (magnification: 8000)

Figure 17. B on BN(III) (magnification: 3000)
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Two different grains are seen in Fig. 18. The B grains with

relatively large sizes were deposited on very small grains. The magnified

view of the small gravel shaped grains are seen in Fig. 19. In contrast to

large grains above them they have very sharp corners.

Figure 18. B on BN(III) (magnification: 3000)

Figure 19. B on BN(III) (magnification: 3000)

To study the effect of repeated coating, the specimens were coated

for a second time under the same conditions. The appearance of the

coating varied from previously grainy structure to a very different

structure similar to cracked soil. In Figure 20 the cracked boron islands

are seen. The magnified view of an island is seen in Fig. 21. It shows

high irregularity in shape.
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Figure 20. Overcoated B on BN(I) (magnification: 100)

Figure 21. Irregular B structures

In Figure 22, the cracked overcoated B is seen on BN(II). Here the

border lines between B islands are very thin with respect to the lines in

Figure 20. Also thin B fibers and leaf like B structures are observed as

seen from Fig. 23.

The cross sectional view of BN and B layers are seen in Figure 24.

This picture was taken from the cross section of a specimen broken

mechanically. From this picture, the excellent adherence of B onto BN

layer is seen from the boundary line between BN and B layers. This is of

primary importance for fuel stability. BN sticks on the fuel and sticks on

the BN firmly providing a good mechanical rigidity and stability.

34



Figure 22. Overcoated B on BN(II)

Figure 23. B Fibers on BN(II)

Figure 24. Fuel/BN/B interfaces
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Microstructure of Grains from PECVD

The B formed in the plasma medium are seen from the SEM

pictures below. Boron coats BN in the form of fine grains scattered

randomly in all fuels as seen from Figs. 25, 26 and 27 where B(P) and

BN(P) denote boron and boron nitride respectively deposited under

plasma conditions. In Fig. 25 the distribution of B grains on BN(I) grains

is seen. Both grainy and short rod like B structures are observed.

Figure 25. B(P) on BN(P)(I)

Figure 26. B(P) on BN(P)(II)
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Figure 27. B(P) on BN(P)(III)

Occasionally very regular hexagonal layers of B on each other

were observed as seen in Fig. 28. B forms perfect hexagons or hexagons

with unequal sides and with sharp comers seated on each other in a

pyramidal form.

! * . # •

Figure 28. B(P) on BN(P)(I)

The hexagonality was somewhat distorted on BN(II) as seen from

Fig.29.

37



Figure 29. B(P) on BN(P)(II)

As the grain morphology of BN was changed due to Gd2O3 in the

fuel, the sharp corners of boron hexagons were rounded off, and the

pattern looked like a trapezoid as seen from Fig.29. As the fractal

dimension of BN grains were further decreased due to increase in Gd2O3

content [74], the trapezoidal pattern was also lost and seated layers were

observed as seen from Fig.30.

™

Figure 30. B(P) on BN(P)(II1)

What actually happens is that Gd2O3 content affects the grain

morphology of fuel which first affects the grains of boron nitride, and it

in turn affects B crystals. The epitaxial effect of the very bottom layer
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(i.e. fuel) is first carried to second layer (i.e. BN layer) and then to the

last layer (i.e. B layer).

In order to see the interfaces of the coating layers a cross sectional

view was taken from SEM. The cross sectional view of BN and B on a

fuel surface is seen in Fig. 31.

Figure 3 1. Fuel/BN/B layers (left: fuel, middle: BN, right: B)

As also noted in the former work BN forms a nice smooth layer on

fuel [71]. The B layer is not in the form of a smooth layer. However this

is expected, because BN can form glassy like structures while B being an

element can form crystals which need long times to build up and form

smooth layers. It is quite difficult to get such layers under plasma

conditions because of the high speed of the deposition process.
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CONCLUSIONS

1. B can be deposited on BN layers which are already deposited on

nuclear fuels by CVD or PECVD techniques.

2. The IK spectrum of B is in agreement with the ones given in the

literature.

3. Boron deposited onto BN layer shows grainy structure in all fuels.

Also some long thin, short narrow B fibers on BN(II), and short rod

shaped and gravel type B structures on BN(III) were observed.

4. The sizes of B grains decrease with increase in Gd2O3 content in the

fuels.

5. By repeated coating the grainy structure turns into cracked structure.

6. The excellent adherence of B onto BN layer and BN onto fuel was

observed from the picture of fuel/BN/B interface.

7. B coated on BN by PECVD is seen in the form of fine grains scattered

randomly in all fuels.

8.The hexagonal seated layers of B was also observed rarely on all fuels

and the hexagonality was distorted by the increase in Gd2O3 content.
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