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Summary 

A phosphor bronze plate was coated with a thin layer of TiB2 from a 
gas mixture of TiCl,, BCl,, H, and argon at temperatures of 580 - 850 “C. 
The oxidation and corrosion stabilities were examined. Uniform and ad- 
herent TiB, layers were obtained on the phosphor bronze plate in the tem- 
perature range of 600 - 700 “C. The deposition rates were 1.1 pm h-’ and 
2.2 pm h-’ at temperatures of 700 “C and 750 “C respectively. TiB,-coated 
phosphor bronze plates were stable to oxidation at temperatures below 
600 “C and were slightly affected by 3.2 N HNO, at room temperature and 
concentrated HCl at 60 “C. 

1. Introduction 

Titanium diboride (TiB,) has many excellent chemical and mechanical 
characteristics, such as high refraction and high resistance to abrasion, oxida- 
tion, corrosion and chemical attack. These characteristics make it a promis- 
ing candidate for many chemical and engineering applications which involve 
high temperatures and severe abrasion or corrosion. 

TiB, protective coating layers have been most conveniently obtained 
by a chemical vapour deposition (CVD) process using a gas mixture of 
TiCl,--BCl,-H, [l - 41, TiC14-BBr,-H, [5, 61, and TiCl,-B,H,-H, [7, 81. 
TiB, layers have also been obtained by the titanization of boron fibres 
[9, lo] and by ion plating [ll]. 

We have previously reported the deposition of the TiB, coating onto 
the copper plate, and its corrosion resistance against acid solutions and sea- 
water and its abrasion resistance against sea sand [ 3, 41. 

In this work, we examined the CVD parameters for the deposition of 
TiB, protective layers onto the phosphor bronze plate, and examined the 
oxidation and corrosion stability. 
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2. Experimental procedure 

A vertical reaction tube (quartz, inner diameter 21 mm) - in the cen- 
tral part of which the substrate(phosphor bronze plate, 10 mm X 10 mm X 
0.3 mm) was hung using tungsten wire - was heated from the outside. The 
phosphor bronze plate (96wt.% Cu, 4wt.% Sn, 0.02 - O.O4wt.% P) was 
polished by emery paper (1200), and was cleaned ultrasonically in acetone. 
Titanium tetrachloride was saturated into hydrogen gas using a circular 
saturator, and was introduced into the reaction zone from the lower inlet of 
the reaction tube. Boron trichloride was prepared in situ by the chlorination 
of boron carbide (B&) at 800 “C. The total gas flow rate was fixed at 3.1 ml 
s-r and the total chloride flow rate (TiCl,, + BCl,) was 0.26 ml s-l, unless 
otherwise described. 

3. Results and discussion 

3.1. Deposition parameters 
The effects of the reaction temperature and source gas flow ratio 

(BCI,-TiCI,) on the deposition of TiBz layers are shown in Fig. 1. An appre- 
ciable weight increase was observed at reaction temperatures above 600 “C, 
and the weight increased steeply above 700 “C. The lowest deposition tem- 
perature at which the colour of the phosphor bronze plate disappeared to 
become the silver colour of TiBz deposits was about 580 “C - 40 “C lower 
than that on copper substrate [3]. 

This lowest deposition temperature is comparable with that of deposi- 
tion from TiCl,-B,H,--H, gas [7,8]. The lowering of the deposition temper- 
ature may be caused by the higher catalytic activity of the substrate surface 
for the nucleation of TiBz crystallites, which is especially affected by the 
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Fig. 1. Effect of the reaction temperature and source gas flow ratio (Be&--TiC14) on the 
weight gain: reaction time, 30 min; l t reaction temperature 800 *C; 0, source gas flow 

ratio (BCl,-TiCl+) of 1.5. 
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presence of tin and/or phosphor as well as copper. The thickness of the TiB, 
layer increased linearly with increasing reaction temperature, and the growth 
rates were 1.1 pm h-l, 2.2 pm h-’ and 3.4 pm h-r at the reaction tempera- 
tures of 700 “C, 750 “C and 800 “C respectively. These values are consider- 
ably higher than that obtained for the gas system TiCl,-BCl,-H, using sub- 
strates of cemented carbides or nickel-bonded TiBz [2]. 

The maximum deposition rate was obtained at the source gas flow ratio 
(BCls-TiCL,) of 2 - 3, below which it decreased steeply and above which it 
decreased gradually, as can be seen in Fig. 1. 

The TiBz layers obtained at reaction temperatures below 750 “C were 
very fine and completely dense; appreciable gram growth or roughening of 
the surface was observed at a temperature of 850 “C (as seen in Fig. 2). There 
was good adhesion of the thin TiBz layers (less than 2 pm thick) with the 
substrate, despite the low reaction temperature of 600 - 700 “C. However, 
thick TiB2 layers (more than 2 pm thick) were apt to form cracks or to peel 
off, probably because of a large difference in thermal expansion between the 
TiBz layers and the substrate, and because of the formation of brittle inter- 
mediate layers (perhaps TiB), as seen in Fig. 3. These intermediate layers 
could not be observed on the thin TiBz layers (less than 1 pm thick). For the 
copper substrate, no such intermediate layers were observed, and good ad- 
hesion was obtained for TiB2 layers up to 10 pm thick [3]. 

Abnormal extrusion of the bulk of the substrate through the TiB2 
layers was observed rarely (as can be seen in Fig. 4). These defects, as well as 
pinholes, cracks or brittle intermediate layers, will degenerate characteristics 
such as oxidation and corrosion stabilities. 

3.2. Stability to oxidation of the TiB2-coated phosphor bronze plate 
The phosphor bronze plate coated with TiBz layers was exposed to air 

at elevated temperatures; the weight gain is shown in Fig. 5, in comparison 
with that of the bare phosphor bronze plate. The bare phosphor bronze plate 

(a) (b) 

Fig. 2. Surface appearance of the TiBzcoated layers. Reaction temperature: (a) 700 “C; 
(b) 850 “C; reaction time: 30 min, source gas flow ratio (BC13-TiC14) of 1.5. 
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Fig. 3. Cross-section of the TiBz-coated phosphor bronze ,.._>e (a) and the line profiles by_ 
electron probe microanalysis (b). Reaction temperature, 800 “C; reaction time, 90 min; 
(a) substrate; fb) intermediate layer; (c) TiB2 layer; (d) resin. 

was oxidized easily at temperatures above 450 “C. However, TiB+oated 
phosphor bronze plates oxidized gradually with an increase in the oxidation 
temperature above 600 “C; the weight gain increased steeply above 800 - 850 
“C. But the rate of weight increase of the TiB,-coated phosphor bronze plate 
was less than that of the bare phosphor bronze plate, being about a quarter 
at 800 “C. No weight increase or tarnishing reaction was observed below 
600 “C. The influence of the thickness of TiBZ layers on the weight gain of 
the TiB,-coated phosphor bronze plate when exposed to air at elevated tem- 
peratures is shown in Fig. 6. The weight gain decreased steeply with increas- 
ing thickness of the TiBz layers and reached a constant value which de- 
pended on the oxidation temperature: I pm at oxidation temperatures of 
700 - 800 “C and more than 3 pm at 900 “C. In the temperature range of 



Fig, 4. Crass-section of the T&-coated phosphor bronze plate. Reaction temperature, 
800 “C; reaction time, 60 min; source gas flow atio (BC13-Ti&) of 3; (a) Ti& Layer; 
fb) substrate. 
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Fig. 5. Oxidation stability of the TiBz-coated phosphor bronze plate exposed in air at 
etevated temperatures. Reaction temperature, 700 “C; increasing rate of the oxidation 
~em~eratu~, 3.8.2 *C min-‘; air flow rate, 1 .O ml i”. 

Fig. 6. Effect of the tfiickness of TiB;? layers on the weight gain of the coated plate 
exposed in air at elevated temperatures. Reaction temperature, 7OEt ‘C; increasing rate 
of the oxidation temperature; 18.2 “C min-l; axfdation temperature: 0, 900 “C; *+ 800 
“C; il, 700 “C. 

600 - 700 "C, the oxidation of the TiBz layers obeyed the “parabolic law”“, 
which may be affected by the formation of dense and protective layers of 
TX&. However, at temperatures above 800 “C, the oxidation obeyed the 
initial “parabak law’” followed by the ‘“linear law’“. The slight weight in- 
crease observed in the temperature range of 600 - 700 “C is considered tu 
be caused mainly by the oxidation of the TSz gayer itseff, whereas the steep 
we&ht increase observed above 8UQ "C is caus& mainly by crack formation 
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on the TiBz layers followed by oxidation of the phosphor bronze plate itself. 
It may be concluded that the TiB2 layer is stable to oxidation at temper- 
atures below 700 “C in air and improves the oxidation stability of the 
phosphor bronze plate. 

3.3. Stability to acid solutions of the TiBz-coated phosphor bronze plate 
3.3.1. 3.2 N HNO, 
A phosphor bronze plate coated with TiBz layers was dipped in a 3.2 N 

HNO, solution at room temperature, and the weight change was measured 
and plotted against the thickness of TiB? layers (Fig. 7). The weight of the 
TiBz-coated phosphor bronze plate reduces linearly with immersion time 
with increasing thickness of the TiB? layers; then the slope decreases and 
reaches a constant value at a thickness above 3 pm, indicating that pinhole- 
free films are obtained at thicknesses above 3 pm. The weight decrease of the 
TiB*-coated phosphor bronze plate (with TiB, layers 3.2 pm thick) was one- 
twentieth that of the bare phosphor bronze plate after 3 h of immersion. But 
TiB2 layers could not act as a perfect protective layer against dilute nitric 
acid solution, because TiBz layer dissolve very slowly in this solution, as 
reported by Covino et al. [ 141. 

3.3.2. Concentrated HC1 
The weight change of the TiB2-coated phosphor bronze plate dipped in 

concentrated HCl at a temperature of 60 “C is shown in Fig. 8. The weight of 
the coated plate decreased linearly with increasing immersion time, but the 

TiB2-Thickness (p m) 
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Fig. 7. Corrosion stability of the TiBz-coated phosphor bronze plate to 3.2 N HNOs. 
Reaction temperature 700 “C; source gas flow ratio (BCla-TiC14) of 1.5; immersion time 
in 3.2 N HNOs at 60 “C; 0, 60 min; n , 100 min; a, 120 min; 0, 150 min; 0, 180 min. 

Fig. 8. Corrosion stability of the TiBz-coated phosphor bronze plate to concentrated HCl. 
Reaction temperature, 700 “C!, source gas flow ratio (BCls-TiC14) of 1.5; immersion tem- 
perature: 60 “C; 0, bare phosphor bronze plate: A, 0, TiBz-coated phosphor bronze plate; 
thickness of TiB2 layer: A, 0.6 pm; 0, 0.9 pm. 



Fig. 9. Surface appearance of the TiBz-coated phosphor bronze plates which were 
immersed in concentrated HCl for 9 h. Reaction temperature, 700 “C; source gas flow 
ratio (BCls-TiC14) of 1.5; thickness of TiB2 layers, 0.6 pm. 

rate was smaller than that of the bare plate: one-half for TiB,! layers 0.9 pm 
thick. The weight reduction of the coated plate at a reaction temperature of 
800 “C was considerably larger than that at 700 ‘C; the same weight decrease 
was observed for the coated plate with TiB2 layers 0.9 pm thick at 700 “C! 
and with layers 5.3 pm thick at 800 “C. 

The surface appearance of the coated plate with TiB, layers 0.6 pm 
thick, immersed in concentrated HCl for 9 h at 60 ‘C, is shown in Fig. 9. The 
surface of these TiB,-coated layers was tarnished in places and a central part 
of the tarnished layers was exfoliated. These tarnished spots were formed by 
the dissolution of the substrate through pinholes in the thin TiB, layers 
followed by the formation of cavities at the boundary of the TiB2 layers and 
the substrate. 
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