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Abstract 

The Z ~ B - C 1 - H  system was experimentally studied 
by LPC VD using gas mixtures of BCl3, ZrCl+ and H2. 

A rational experimental design was adopted and the 
results showed that the deposition rate and the surlace 
morphology depended strongly on the reduction of 
boron trichloride by hydrogen. 

The kinetics were detailed and a deposition diagram 
was established. The experimental diagram is in good 
agreement with the thermodynamic predictions. 

From the characterization o/' deposits it resulted 
that zirconium diboride is the only compound which 
can be synthesized in the system. Depending on the 
experimental conditions, it can either eo,stallize in 
isotropic Jbrm or in three types of  textures, and can 
either be accompanied by.lkee boron or not. It also 
showed the existence o fan  amorphous domain which 
is constituted by boron with a small quanti O' o[ 
zirconium (< 5%). 

Das Zr B-CI-H System wurde ausgehend yon Gas- 
mischungen yon BCI 3, ZrCl+ und H 2 mittels LPCVD 
untersucht. 

Durch Anwendung einer rationellen Versuchs- 
anordnung konnte gezeigt werden, daft die Abschei- 
dungsgeschwindigkeit und die Oberflachenmorphologie 
& starken Marie yon der Reduktion yon Bortrichlorid 
durch Wasserstoff abhdngig sind. 

Die Kinetik wird ausfurlich dargestellt und ein 
A bscheidungsdiagram erstellt, welches in guter Ober- 
einstimmung mit thermodynamischen Betrachtungen 
ist. 

Aus der Charakterisierung der Abscheidungs- 
produkte jblgt, daft Zirkoniumdiborid als einzige 
Verbindung in diesem System erhalten werden kann. 
In Abhdngigkeit yon den experimentellen Be- 
dingungen kristallisiert die Substanz entweder in einer 
isotropen Form oder in drei Texturtypen und unter 
bestimmten Umstdnden kann nebenbei elementares 
Bor auftreten. 
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Die Existenz einer amorphen Domiine aus Bor mit 
einem geringen Anteil yon Zirkonium (<5%) wurde 
ebenfalls nachgewiesen. 

Une exploration paramOtrique du systOme Zr -B-  
CI-H est effectuOe sous pression rOduite h partir de 
mOlanges de BCI 3, de ZrCl4 et de H 2. 

Un plan d'exp¢;rienee rationnel montre que la 
vitesse de d¢;pOt et la morphologie de surjace des 
couches obtenues d~pendent Otroitement de la r~duc- 
tion de BCI 3 par I'hydrog~;ne. 

La cin~;tique a OtO prOciske, et un diagramme de 
dkp6t a ~;t~ ~;tabli. Ce dernier est en bon aceord avec les 
pr~visions thermodynamiques. 

De la caractkrisation des dOp6ts, il ressort que le 
seul composO synthOtisO est le diborure de zirconium. 
Suivant les conditions paramOtriques, il peut cristal- 
liser de ja¢on isotrope ou presenter trois O'pes de 
textures et ~tre accompagnO ou non de bore libre en 
plus ou moins grande quantit& 

Un domaine amorphe eonstituk de bore contenant 
moins de 5% de zirconium a Ogalement OtO mis en 
~vidence. 

1 Introduction 

Zirconium diboride has a great potential application 
in many domains because of its good chemical, 
electrical and optical properties. Interest in this 
compound has increased and a number of studies 
have been done, especially on sintered materials. 

Already, in 1931, Moers t successfully synthesized 
zirconium diboride from a mixture of boron 
tribromide and zirconium tetrachloride reduced by 
hydrogen. The few CVD studies, often at 1 atm, only 
started after 1975. Zirconium chloride (ZrCI+) and 
boron chloride (BC13) were generally used in a 
reducing hydrogen flow. 

The flow control of zirconium tetrachloride, solid 
precursor, is not easy. ZrCI+ was often prepared in 
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s i t u  by chlorination of sponge zirconium. 2-4 Vapour 
transport by hydrogen flow through the heated 
chloride was also used. 5 

Recently, zirconium borohydride was used for 
synthesizing the boride at low temperature, 6-8 but 
this single precursor of zirconium and boron is not 
commercialized and its use is not easy. 

In all studies only zirconium diboride was 
synthesized, sometimes accompanied by free boron. 
The deposition rate increased with temperature. 
Randich 2 observed that the deposition rate in- 
creased with BC13/ZrC1 ~ ratio and decreased with 
H/C1 ratio. In contrast, other authors 4 indicated 
that hydrogen had a strongly positive influence on 
deposition rate. 

Few layer microstructures were given. A preferred 
orientation, in which the c-direction of  the ZrB 2 
crystal cell was parallel to the substrate surface, was 
observed. 4"5 The authors observed also a very good 
adherence of the ZrB2 layer to graphite, tantalum 
and copper. 

This work contributes to the experimental study 
of the system, using the same precursors (BCI 3, 
ZrCI4, H2) but at low pressure. It is in the wake of  a 
thermodynamic approach 9 which shows particu- 
larly the strong influence of BC13 reduction by 
hydrogen on the nature of the condensed phase and 
on the yield, as well as the preponderance of  ZrB2 

® 
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Fig. 1. Schematic diagram of the apparatus. 1, Substrate; 2, 
graphite tube; 3, quartz tube; 4, inductor; 5, vacuum pump; 6, 
cryotrap; 7, manometer; 8, optical pyrometer; 9, valve; 10, 
isothermic furnace; 11, temperature regulator; 12, flow meter; 13 

and 14, thermal insulation; 15, access to vacuum pump. 

deposit over the other possible compounds (ZrB, 
ZrB12 ). According to this study, the solid yield 
increased firstly with temperature, secondly and 
especially with hydrogen content, but decreased 
with pressure. 

2 Experimental Procedure 

The apparatus used in this work is a hot-wall CVD 
reactor, schematically shown in Fig. 1. 

Zirconium chloride is contained in a thermostated 
vaporizer and evaporated above 470 K through an 
orifice 1 mm in diameter. 

The substrates are pure graphite (CWA manufac- 
tured by Vicarb, Grenoble, France) disks of 16 mm 
in diameter and 5 m m  thick. The surfaces are 
polished with diamond paste to 6/tm and washed 
ultrasonically in ethanol. 

The purity of  the gas used is superior to 99.99% 
except for ZrC14 (>98%). 

The deposits are examined with different tech- 
niques: X-ray diffraction, optical metallography, 
scanning electron microscopy (SEM), electron 
microprobe analysis, Auger electron spectrography 
(AES), microhardness and roughness measurements. 

3 Experimental Design 

For a complex chemical system which has a number 
of  parameters it is suitable to use a rational 
methodology which permits a maximum amount  of  
information concerning the influence of the diverse 
parameters in the answer to be obtained with a small 
number of  experiments. 

3.1 Application to the ZrCI4-BCI3-H 2 system 
There are five independent parameters in the system: 
temperature (T), total pressure (PT) and three gas 
fluxes--DZrC14, DBCI3, DH 2. In this case a 
fractional experimental design is adopted. This plan 
consists of  only 16 experiments instead of  32, and 
gives a polynome with 16 terms. 

The experimental design and the mathematical 
treatment of the results have been realized with a 
computer  program, 'NEMROD' ,  developed by 
Phan-Tan-Luu and coworkers. 1° 

The two levels, maximum (+) and minimum ( - )  
for each parameter, which fix the experimental 

Table 1. Parametric domain of the experimental design 

Parameters - + 

T(K) 1323 1473 
P (Pa) 103 5 × 103 
DZrC14 (litre. h- 1) 0"05 0-8 
DBC13 (litre. h ~) 0.12 3.0 
DH 2 (litre. h 1) 1.0 10'0 
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Table 2. Exper imenta l  design 

Number T P DZrCl4 DBCI3 DH2 

1 . . . . .  

2 + - - + + 
3 - + - + - 
4 + + - - + 
5 - - + - + 
6 + - + + - 
7 - + + + + 
8 + + + - - 

9 - - - + + 
10 + . . . .  
11 - + - - + 

12 + + - + - 
13 - - + + - 
14 + - + - + 
15 - + + - - 
16 + + + + + 

domain, are given in Table 1. The choice is based on 
the preliminary test, on the thermodynamic studies, 9 
and on the limits of the apparatus used in this work. 

The experimental matrix at two levels ( + , - )  is 
given in Table 2. 

3.2 Exploitation of the experimental design 
Among the quantitative responses of interest in the 
work are deposition rate and arithmetic roughness 
(Ra), which give an image of the deposit micro- 
s t r u c t u r e .  

In Table 3 these results and the morphological and 
structural observations for the 16 experiments 
predicted by the experimental design are given. The 
mathematical treatment of the results leads to a 
polynomial response modelling. 

3.2.1 Depos i t ion  ra te  
B e c a u s e  o f  t h e  h y d r o d y n a m i c  i n h o m o g e n e i t y ,  t h e  

d e p o s i t i o n  r a t e  o n  t h e  f r o n t  f a c e  t o w a r d s  t h e  g a s  f l u x  

is different from that on the back face away from the 
flux. Consequently, the values given in Table 3 
correspond to the deposition rate on the face 
towards the flux. The mathematical treatment leads 
to the following deposition model: 

V(/tm. h -~) = 29"55 + 27"2DH 2 + 25'08DBC13 
+ 23"12(DH2. DBC13) 
+ 17"22(DH2. PT) + 16"25DZrC14 
+ 15"28PT + 14"7(DH 2 . DZrC14) 
+ 6'18(T. DBC13) + 5-38(T. DZrC1j 
+ 5"02 T 

According to this polynome, the influence of 
parameters on the deposition rate, in order of 
importance, can be established as DH 2, DBC13, 
DZrC14, Pv and T. 

The larger coefficients for H 2, BC13 and their 
coupling show their strong influence, and demon- 
strate that the boron chloride reduction by hydrogen 
dominates the deposition rate. 

Among all the parameters, the temperature has 
the weakest influence on the deposition rate, which 
can be explained by its small experimental range and 
by the existence of a diffusional process. 

3.2.2 SuUaee roughness 
The arithmetic roughness of deposit surface varies 
from 0"3 to 2"9/~m and shows a great difference of 
crystallization or microstructure. The mathematical 
treatment of the values concerned gives a polynome: 

Ra(ttm) = 0"94 + 0"36DBC13 + 0"33DH 2 
+ 0"3 I(Px. DBCI3) + 0"26(T. DBC13) 
+ 0"I9P T + 0"12(T. DZrC14) 
+ 0-094(PT. DZrC14) + 0"08 I(T. DH2) 
+ 0"081 (DZrC14 . DBC13) + 0-056DZrC14 

T a b l e  3. Resul ts  o f  the exper imenta l  design 

Number Size (?/ Phases Textures 
crystals (6c) a 

Deposition 
ra te  

(ira1. II- , )b 

Rugosity 
(Ra) (tim) 

1 - -  A m o r p h o u s  
2 Small  ZrB 2 I so t rop ic  
3 A m o r p h o u s  - -  
4 Small  ZrB 2 I so t rop ic  
5 Small  ZrB 2 I so t rop ic  
6 M e d i u m  ZrB 2 Type II (0 ° 18 ~) 
7 Large ZrB 2 Type I (0 °) 
8 N o  depos i t  - -  - -  
9 Small ZrB 2 Type III  (53"4 °) 

10 Small ZrB 2 l so t rop ic  
11 Small ZrB 2 l so t rop ic  
12 - -  A m o r p h o u s  - -  
13 Small ZrB 2 I so t rop ic  
14 M e d i u m  ZrB 2 Type II (0 ° 18 °) 
15 N o  deposi t  
16 Large  ZrB 2 Type I (0 °) 

0.55 
48.0 

0.1 
1.2 
3.0 

15.5 
138.5 

35.0 
1.0 

19.0 
1.5 
0.1 

1 1 . 0  

198-3 

0.9 
l-6 
1-5 
0.4 
1.1 
0.5 
1.6 
0.1 
0.8 
0.3 
1.3 
1.2 
0.3 
0.5 
0.1 
2.9 

"6c = Angle  between the c-axis and  the subs t ra te  surface. 
5Thicknesses  on  the face agains t  the flux. 



For the roughness, the influence of the parameters is 
in the following order: DBC13, DH 2, Pv, DZrC14. As 
for the deposition rate, the influence of all the 
parameters is positive for the roughness. 

The flux of BC13 and H 2 always have great 
influence on the roughness of the surface and on the 
growth rate of the deposit. 

The effect of total pressure on the crystalline 
growth is relatively smaller. The temperature, which 
weakly affects the deposition kinetics, has practically 
no influence on the roughness. It is probable that the 
narrow experimental temperature range (~200K) 
does not permit the observation of its direct effect on 
the structure. 

Generally, the results show the strong relation 
between kinetics and the crystalline size. 

4 Parametric Kinetics Studies 

Supplementary parametric studies based on the 
results of experimental design have been done. The 
temperature range, which seems too narrow in the 
experimental design, has been expanded. The 
influence of BCI 3 and H2, the parameters with 
greater influence, has been examined and expressed 
in H/C1 and BCla/ZrCI4 ratios. 

4.1 Influence of temperature 
Figure 2 shows the evolution of deposition rate 
versus temperature. The result is obtained under the 
following conditions: total pressure PT = 10mbar, 
total gas flow D T = 121itre. h-~; gas ratios H/C1 = 

4"5 and BCla/ZrC14 = 2"5. 
The deposition rate increases with temperature up 

to 1450K. Above this temperature it is stabilized 
and decreases slowly. 

Figure 3 gives the results in the form of an 
Arrhenius diagram. There exists a change in the 
slope at about I170K, which indicates a change in 
the deposition mechanism. The activation energy is 
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Fig.  2. D e p o s i t i o n  ra te  versus tempera tu re .  PT = 103 Pa, H / C ]  = 
2'5, B/Zr=4'5, DT= 12litre.h-L 
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F i g .  3.  A r r h e n i u s  d i a g r a m  o f  t h e  g r o w t h  r a t e .  

118 kJ. mol-  ~ for the temperature below 1170 K and 
72 kJ. mol-  1 for higher temperatures. The last value 
is in agreement with that obtained by Randich under 
an atmospheric pressure (66 kJ. mol-  1).2 

4.2 Influence of hydrogen concentration 
Figure 4 gives the deposition rate versus H/C1 ratio. 
The temperature is fixed at 1373 K, the pressure is 
103 Pa and the BCla/ZrC14 ratio is 6.6. 

V(.um.h -~ ) 
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Fig. 4. Deposition rate versus hydrogen concentration. T= 
1373 K, PT = 103 Pa, B/Zr = 6'6. 
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Fig. 5. Deposition rate versus BCI3/ZrCI 4 molar ratio. T= 
1373 K, PT = 103 Pa, H/CI = 2, DZrC14 = 0-45 litre, h- '. 
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Fig. 6. Experimental deposition diagram of system Zr-B- 
C1-H. T :  1373 K, PT = 103 Pa. ~k', Isotropic ZrB2; O, type I + II 
textured ZrB 2 (D); &, type III textured ZrB2; I ,  amorphous 

alloys. 

The deposition rate is clearly more influenced by 
the hydrogen concentration in the gas mixture than 
by the temperature. In fact, the deposition rate 
increases very rapidly with the H/C1 ratio at first, 
then it seems to tend to be saturated. 

This strong influence of  hydrogen on kinetics is in 
good agreement with the thermodynamic  ap- 
proach, 9 and with the results of  the experimental 
design. 

4.3 Influence of BCI 3 concentration 
Figure 5 shows the influence of  the initial BC13/ 
ZrC14 ratio on the deposition rate in the case of  
H/C1 = 2. 

The deposition rate increases very rapidly at first 
with BC13/ZrCI 4 ratio, then decreases. For  the ratio 
from 13 up to 200 (the diagram in Fig. 5 is cut at 
BCls/ZrC14 = 20), the deposition rate is stabilized at 
about  9/~m. h-1. The maximum deposition rate is 
situated at BCls/ZrCI4 = 5. 

Other authors have observed the same phenom- 
ena in a cold-wall reactor, but the maximum position 
is situated at values (1.8-4.0) inferior to the present 
results. The difference in experimental, notably 
hydrodynamic conditions, can explain the dis- 
crepancy. 

5 Characterization of the Deposited Solid 

5.1 Experimental deposition diagram 
A large number  of  deposit  characterizations have 
permitted the building up of  a diagram giving the 
existence domain of  different deposi ted solids. 
Figure 6 shows the diagram established under the 
conditions: T = 1 3 7 3 K ,  PT= 10mbar,  0 - 2 < H /  
CI < 40, 0-2 < BCIs/ZrCI 4 < 200. 

This diagram is in good agreement with the 

theoretical diagram (Fig. 7) based on thermo- 
dynamic studies 9 and established under the same 
conditions. Only the domains corresponding to Zr 
and ZrB, difficult to access by experiment, have not 
been exploited. 

The morphological ,  chemical and crystallo- 
graphic aspects of  the deposits, which permitted the 
building up of  this diagram, will be discussed in the 
following sections. 

5.2 X-Ray diffraction analysis 
5.2.1 Phase identification 
The analysis by X-ray diffraction indicates the 
existence of  amorphous  or well-crystallized deposits. 
In the latter case, only zirconium diboride (ZrB2) is 
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1 

Z r B  2 

o,1 
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\ \ \  / 

\ ! 
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Fig. 7. Theoretical deposition diagram of system Zr-B CI-H. 
T= 1400 K; - - ,  PT = l0 s Pa; . . . .  , Px= 103 Pa. 
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Fig. 8. Typical X-ray diffraction spectra of ZrB 2 deposit for 
different textures. G: Graphite of substrate. (a) Powder diagram; 

(b) isotropic; (c) type I; (d) type II; (e) type III. 

camera chamber. 11 In this work the orientation 
direction is represented by a symbol tic, which gives 
an angle between the c-axis of the hexagonal lattice 
of diboride and the substrate surface. 

The preferred orientation of the deposit is very 
variable according to the experimental conditions. 
They can be classed in three types. Figure 9 shows 
the typical texture micrographs of these three types 
and their morphologies. 

--Type I: The preferred orientation follows the 
plane (110) corresponding to 6 c = 0, that is the 
c-axis of the crystallites is parallel to the sub- 
strate surface (Fig. 8(c), Fig. 9(a)). The rapid 
epitaxial growth forms good crystals. 

--Type II: In this group there exists, in addition to 
the preceding direction, a range of preferred 
orientations, in which the angle 6c varies from 
11 ° to 21 °. Figure 9(b) represents this type for 
6c = 18°, corresponding to the diffraction spec- 
trum (Fig. 8(d)). 

--Type III: This groups together the orientations 
following the planes (113), (114), (115), (013), 
(015), etc., corresponding to the large angle 6 c 
(from 50 ° to 70°). Figure 9(c) is a typical 
example, and the corresponding morphology 
for a deposit has a preferred orientation angle 
6 c = 53.4 °, and its X-ray spectrum is shown in 
Fig. 8(e). 

Types I and II (zero/small angle 6c) coexist, type I 
being major in the monophasic domain signified by 
f~ in the deposition diagram (Fig. 6). 

Type III (large 6c) exists in an important domain: 
ZrB2(III) + B in the diagram. The diffraction peaks 
(Fig. 8(e)) are broader than that of monophase 
diboride, which indicates a strong diminution of the 
crystallite size. The typical morphology of this type 
is shown in Fig. 9(c). 

identified. This phase occupies a large domain in the 
diagram (Fig. 6). In the other parts of the diagram 
the deposit is amorphous. Important intensity 
change in the diffraction peaks, which denotes the 
presence of preferred orientation, is observed. 

Figure 8 shows some typical spectra. Spectrum A 
represents a standard powder diagram (ASTM Card 
No. 6-0610). Spectrum B indicates a deposit without 
a preferred orientation. The other three are represen- 
tative of crystallites with different preferred 
orientations. 

In the ZrB 2 monophase domain, the spectra have 
very sharp peaks which indicate a well-crystallized 
material. 

5.2.2 Textures 
The direction of preferred orientation is determined 
by a radiocrystallographic method with a cylindrical 

5.3 Element analysis 
5.3.1 Composition 
The element content has been determined by 
electron microprobe analysis. The deposited layers 
have homogeneous composition with a high purity; 
no elements other than zirconium and boron were 
detected. Figure 10 shows a linescan analysis of the 
elements Zr and B traversing a layer cross-section. 

In contrast to temperature and pressure, the 
relative concentration of BC13 and ZrC14 in the 
input has a large influence on the deposited solid 
composition. This influence is illustrated by Fig. 11. 

The analysis is made on the deposits situated on 
the line H / C I = 2  in Fig. 6, which crosses the' 
deposition diagram. 

When the BC13/ZrC14 ratio is below 10, the 
obtained solid is always stoichiometric zirconium 
diboride (B/Zr(s)=2). For a ratio above 10, free 
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Fig. 9. Texture diagrams and corresponding 

boron is codeposited with isotropic ZrB 2 or with 
type III oriented ZrB z to form the biphasic domain. 
The transition position of the monophasic-biphasic 
varies with the H/C1 ratio. 

The boron content in the deposited solid increases 
rapidly with the BC13/ZrC14 ratio, particularly 
approaching the domain B(a). In this domain there is 
always more than 95 mol% boron in the deposited 
solid. In contrast to the crystallized pure boron 
obtained at the same temperature from the mixture 
ofBC13 and H2, lz these deposits are amorphous. It is 
evident that the addition of ZrC14 modified the 
system and affected the solid crystallization. 

The curve of Fig. 11 permits the more accurate 
determination of the limit position between the 

morphologies. (a) Type I; (b) type ll; (c) type 11I. 

monophasic and biphasic domains for H / C l =2 .  
This boundary is closer to the frontier F1 (BCI3/ 
ZrC14 = 6) determined by theoretical studies (Fig. 7) 
than to the frontier F 2 (BC13/ZrC14 = 15) obtained 
by X-ray diffraction (Fig. 6). So there exists a small 
biphasic zone in which diboride is isotropic (domain 
ZrB2(i)+ B in Figs 6 and 11). 

5.3.2 Qualitative analysis 
AES analyses have been performed in order to 
complement the microprobe ones. 

The displacement and deformation of the charac- 
teristic zirconium and boron peaks are significant 
for their strong bonding in the ZrB 2 compound.  

The AES spectra of four samples with different 
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Fig. 12. AES spectra for different composition deposits. Boron 
KLL transition. 

Fig. 10. Elemental analysis traversing a deposit section. 
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Fig. 11. Deposit composition (B/Zr) versus BCI3/ZrC14 ratio. 
T=  1373 K, PT = 1 0 3  Pa, H/CI = 2. FI: Theoretical frontier (Fig. 

7). Fz: Experimental frontier (X-ray). 

compositions (B/Zr = 2, 7.5, 11.5, 24.5), determined 
from microprobe analysis, are superimposed in Fig. 
12 and compared with that of pure boron. When the 
B/Zr ratio increases, the KLL boron transition shifts 
progressively towards the position and shape of pure 
boron. 

X-Ray diffractograms show only the ZrB 2 com- 
pound for all samples. So it is assumed that excess 
boron exists in amorphous form, just like in the 
boron-rich (B(a)) domain. 

5.4 Surface morphology 
The sample surfaces, observed by scanning electron 
microscopy, present a large feature diversity. This 
internal organization image of the layer is strongly 
linked to the deposition conditions. 

Morphology of isotropic deposits in the mono- 
phasic domain ZrB 2 (Fig. 6) varies very much with 

the experimental conditions. The emerging grain 
facets are either hexagonal, and then representative 
of the (001) planes, or rectangular, corresponding to 
the (100), (010) and (110) planes. 

It was also observed that the pyramidal crystal- 
lites are given by the (hkl) planes with h = k > 0 and 
l > 0. The grain size can reach 15 #m. 

The largest crystals, up to 30/~m, were obtained in 
the domain f~ for the oriented type I growth. 

The codeposition of free boron radically modifies 
the deposit morphologies (Fig. 9(c)). They present an 
aspect of 'cauliflower', generally characteristic of 
amorphous products. This phenomenon is particu- 
larly clear when it goes from monophase domain 
ZrB 2 to biphasic domain ZrB2(i ) + B. The deposits 
are very well crystallized, only the presence of the 
boron considerably lowers the crystallite size, which 
is emphasized in the biphasic domain ZrB2(III ) + B. 

The aspect of amorphous deposits (Fig. 13) in the 
domain B(a) is different from latter one's by a 
metallic aspect and by a negligible roughness. 

Fig. 13. Surface morphology of amorphous deposits. 
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Fig. 14. Effect of  hydrogen concent ra t ion  on rugosity (Ra) and morphology.  T =  1373 K, Pr = 103 Pa, B/Zr  = 6. (a) H/CI = 0'46; 
(b) H/CI = 3"73: (c) H/CI = 7"2. 

The various aspects of the layer surface have been 
quantified, as a function of the main parameter, by 
measuring the roughness (Ra). 

Even though the parameter domain has been 
widened, in agreement with the results given by the 
experimental design, a temperature change from 
1080 K to 1480K does not have an influence on the 
roughness. 

In contrast, the influence of the hydrogen 
concentration is very important. Figure 14 shows 
that the roughness (Ra) of the deposit surface and the 
crystal size (Fig. 14(a) and (b)) increases with H/C1 
ratio in the monophasic domain. It tends to be 
stabilized in crossing the ~ domain (1 < H/C1 < 4). 

The rising part of the curve corresponds to the 
aspect 'cauliflower' in domain ZrB2(i)+B (Fig. 
14(c)). The agglomeration becomes more and more 
voluminous when the hydrogen concentration 
increases, but the crystallite size decreases. 

The positive influence of the pressure increase on 
the deposition rate is, here in the ~ domain, shown 
by the rapid crystal growth (Fig. 15). It confirms the 
results from the experimental design. Under the 

same deposition conditions, the arithmetic rugosity 
(Ra) varies from 0"21 #m for the deposit obtained at 
10mbar to 1-6#m for those obtained at 50mbar. 

5.5 Microhardness  
The Vickers hardness has been measured with an 
automated microhardness meter. The measurement 
has been realized on the surface and on sections of 
the deposited layer which were polished with 
diamond paste to 1 #m. 

Figure 16 gives the hardness variation versus the 
composition (B/Zr) with 100g load. In the ZrB 2 
monophasic domain, the microhardness varies from 
21"5 to 26 GPa. These values are in agreement with 
those determined by other authors (Hv~ ~o = 23.3 GPa 
for sintered material, 13'14 Hv25 = 22 GPa for vapour- 
deposited productsS). 

It seems that the hardness has little sensitivity to 
microstructure. There is not any difference between 
the measurements performed on the surface and on 
the section of the deposits with type I orientation. 

Contrary to the results of Gebhardt & Cree, 5 the 
hardness increases with boron content and becomes 
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Fig. 17. Meyer  constants for var ious compos i t ion  deposits. 

n = 1"7976, P in g, d in /~m) the hardness can be 
calculated thanks to the relation Hv(kg. mm -2) = 
3956P -°'u26, for any load P, if the indenter is in the 
form of Vickers pyramid. 

Fig. IS. Effect o f  reac t ion  pressure  on  crystal l ine size. T =  
1373 K, BCI3/ZrCI 4 = 6, H/C1 = 1"8. (a) PT = 103 Pa; (b) PT = 5 x 

103 Pa. 

constant around 31 GPa for the B/Zr ratio superior 
to 11 (boron excess >65 vol.%). 

A more rigorous characterization of a material's 
resistance to the penetration of an indenter consists 
of determining the constants k and n of the Meyer 
relation (P=kd") between the load (P) and the 
imprint diagonal (d). 

Figure 17 shows the linearization of the Meyer law 
for the deposits of different compositions. 

The index (n) varies with the boron content in the 
solid, but the constant k, more directly related to the 
material properties, varies in the same way with 
boron content. 

For pure diboride (B/Zr = 2) (with k = 1.9758 and 
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i i i 
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Fig. 16. M i c r o h a r d n e s s  versus depos i t  compos i t i on .  

6 Discussion and Conclusion 

An important aspect of this system is that the 
experimental results are in good agreement with the 
thermodynamic prediction. 9 It seems to prove 
that the system is experimentally approaching 
equilibrium. 

The influence of the parameters on the system is 
generally identical in these two cases. The observed 
differences are caused by the hydrodynamic diffu- 
sion and reaction phenomena in the gaseous phase 
or the crystalline growth, which, in addition to the 
surface reaction, contribute to the whole deposition 
process. 

It is particularly true in the case of pressure 
variations. In fact, the augmentat ion of total 
pressure increases the deposition rate, but, according 
to the theoretical analysis, the yield of solid phases 
would be diminished. So it is thought that pressure 
will have more influence on the concentration 
gradient in the boundary layer (positive effect on the 
system) than on the surface reaction (negative effect). 

In the same manner, the maximum deposition rate 
is situated at a temperature (1450 K) inferior to the 
theoretical temperature (1730 K) for the maximum 
yield. This shift can be due to the existence of 
homogeneous reactions which are different from 
that producing the high-temperature species (sub- 
chlorides, C, H) predicted by thermodynamics. 

Also the above-mentioned phenomenon can be 
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the cause of the displacement of the frontiers in the 
experimental diagram compared to the theoretical 
diagram. In this case the poor sensitivity of the 
characterization methods (principally the X-ray 
diffraction) can have an effect. 

Compared with the theoretical curve, the depo- 
sition rate decrease with BC13 rising concentration is 
emphasized. That could result from microstructure 
changes (decrease of the crystallite size) when free 
boron is codeposited with diboride. 

Moreover, in the explored temperature range, the 
obtained results show that BC13 reduction by 
hydrogen has a strong influence on the chemical 
system. 

However, there exist two kinetic mechanisms 
below and above 1170 K. At low temperature the 
deposit growth can be limited by the homogeneous 
reaction 

BCI 3 + H 2 ---+ BC12H + HC1 (1) 

or by the heterogeneous reaction 

BC13 + 3/2H 2 --+ B + 3HC1 (2) 

In the thermodynamic approach, it was concluded 
that the homogeneous reaction (1) is the most 
probable. The diboride or the free boron is formed 
from the intermediate species BClzH. In fact, the 
formation of zirconium diboride from the elements 
or directly from the chlorides is less probable in this 
system. 

Above the transition temperature the process is 
generally controlled by the diffusion of the gaseous 
species in the boundary layer, which is, for a large 
part, constituted of hydrogen. It is thought that the 
diffusion of this molecule is the limiting step. 
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