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Production of copper-matrix composites 
by in situ processing 
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Reaction synthesis routes were studied as a means of production of copper-matrix 
composites. Routes for providing fine and uniform dispersions of TiC, TiB2 and WC in 
a copper-rich matrix were identified. The reasons for achieving good dispersions of TiC and 
TiB2 in the matrix were explained. The merits of each method were assessed in terms of the 
potential advantages offered. 

1. Introduction 
Copper and copper-base alloys have found a wide 
range of applications where high electrical and ther- 
mal conductivities are required. At temperatures in 
excess of 500 ~ the metal undergoes thermal soften- 
ing and as a result a substantial deterioration in its 
tensile strength and creep resistance takes place [-1]. 
Precipitation hardened copper-chromium and cop- 
per-zirconium alloys suffer from rapid overageing be- 
yond 500 ~ while the higher strength systems based 
on spinodal alloys are unsuitable for applications de- 
manding a high electrical conductivity. There is 
clearly a need for copper conductors with electrical 
conductivity in excess of about 80% IACS (Inter- 
national Annealed Copper Standard) capable of op- 
erating above 500~ for a variety of uses including 
electrical contacts and resistance welding electrodes. 
The most likely materials to fulfil such criteria are 
metal-matrix composites (MMCs) of copper. 

Warrier and Rohatgi [2] have shown that TiO2 
dispersions can improve the mechanical properties of 
copper. Peterson et al. [-3] demonstrated that a disper- 
sion hardened copper alloy containing 1% ThO2 by 
weight retained high electrical and thermal conductiv- 
ities and possessed mechanical properties which did 
not exhibit the extreme softening experienced by con- 
ventional alloys at elevated temperatures. A120 3 dis- 
persion strengthened copper has been commercially 
available for a number of years and has found applica- 
tions at high temperatures. This material is manufac- 
tured by the internal oxidation of Cu-A1 alloys I-41 but 
the process is inflexible from the point of view of 
producing bulk structures. It appears that if MMCs 
based on copper are to gain industrial viability, their 
processing route must not only optimize the critical 
properties, but it must also be economical, flexible and 
reliable. Liquid based routes can provide a means of 
production with these benefits as well as the ability to 
form near net shape components by casting. One of 
the most important recent developments is the Mixal- 
loy process [-5] developed at the Massachusetts Insti- 
tute of Technology (MIT). This process can mix two 

or more liquid metal streams and generate reinforce- 
ment phases by in situ reactions. Nanoscale particles 
(50 rim) of TiB2 have successfully been generated in 
copper by such means. MMCs containing 5 vol % 
TiB2 have been measured to have an electrical con- 
ductivity of 76% IACS. 

The purpose of the work reported here was to 
examine the feasibility of introducing ceramic disper- 
sions into molten copper by in situ reactions prior to 
casting. Such a processing route was successfully used 
by Terry and Chinyamakobvu [-6] to produce iron- 
based TiC composites. The technique was thought to 
produce dispersions whose surface may be free from 
gas contamination and therefore promote the 
matrix-dispersoid bond. 

Three reinforcing materials were chosen for the 
present study; TiC, TiB2 and WC all of which were 
generated in situ. TiC was introduced into the matrix 
by the carburization of copper-titanium alloy melts of 
appropriate composition using carbon black. TiB2 
was introduced by the carbothermic reduction of 
B203 in copper-titanium melts or by the in situ reac- 
tion between copper-titanium and copper-boron 
melts. Finally, W and carbon black were reacted in 
molten copper to produce WC dispersoids. Appropri- 
ate measurements were also carried out to investigate 
the effect of these dispersoids on the electrical con- 
ductivity of copper. 

In addition to this, a simple dispersion test de- 
veloped by Terry and Chinyamakobvu [7] was used 
in the preliminary stages to obtain a qualitative assess- 
ment of the dispersion of particles of TiC, TiB2 and 
WC in copper. Pellets of the metal containing particles 
of the ceramic phases were melted and electromag- 
netically levitated. Samples were quenched and exam- 
ined microscopically to obtain a visual assessment of 
the amount of dispersion achieved. In effect, this test 
provided information on the wettability of the three 
ceramic materials by copper. 

The fundamental theory of the wetting of solids 
by molten metals has been the subject of a number 
of recent reviews [-8-10]. The wettability of a solid 
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reinforcement by a liquid metal is dictated by the 
strength of the solid/liquid interface as measured by 
the work of adhesion, WA. If the surface tension, 7Lv, 
of the liquid metal is known, the work of adhesion can 
be calculated experimentally by measuring the contact 
angle, 0, between solid and liquid using the equation 
[7], 

WA = TLV(1 + COS 0) 

The most common method used for assessing the 
wetting of a solid dispersion by a metal involves the 
measurement of the contact angle by the sessile drop 
method. For good wettability, it is essential that the 
wetting angle is as low as possible, while if 0 exceeds 
90 ~ the system is said to be non-wetting. 

Figure 1 Micrograph of a Cu/55 wt % TiC composite obtained at 
1500 ~ 

2. Experimental details 
All experiments were performed in a special reac- 

tion chamber which was filled with static inert argon 
gas. The raw materials were reacted in graphite cru- 
cibles which were heated by means of electromagnetic 
waves. Cu/TiC composites were produced by reacting 
Cu/Ti alloys of appropriate composition with carbon 
black. Cu/TiB2 composites were prepared by the car- 
bothermic reduction of B203 in the presence of Cu/Ti 
alloys of appropriate composition at an argon pres- 
sure of 0.507 x 105 Pa to facilitate the evolution of CO 
and thus avoid excessive porosity in the final products. 
On completion of the reaction, the chamber was 
evacuated and re-filled with argon. Cu/TiB2 com- 
posites were also obtained by mixing Cu/Ti and Cu/B 
melts. In situ formation of Cu/WC composites was 
achieved by reaction of W and carbon black in the 
presence of molten copper. Following reaction, the 
products were allowed to slowly cool down in the 
furnace. The Cu/Ti and Cu/B alloys used in the study 
had previously been prepared in-house at 1400 and 
1600 ~ respectively, using high purity elements. The 
products were characterized by means of X-ray dif- 
fraction (XRD) as well as optical and electron micros- 
copy. Samples for electrical conductivity measure- 
ments were rolled into thin sheets using a rolling mill. 
The electrical conductivity was obtained from resistiv- 
ity measurements using a 4-point probe system. 

3. Results 
3.1. Reaction between copper-titanium 

melts and carbon black 
During a preliminary study it was attempted to dis- 
perse TiC spherical particles of 20 gm diameter into 
molten copper by means of injection and levitation. 
However, both techniques failed as the TiC particles 
floated on the melt surface achieving no dispersion at 
all. This result suggested that the wetting of TiC by 
liquid copper was extremely poor. 

When Cu-Ti alloys containing the desired amount 
of Ti were reacted with carbon black at 1500 ~ the 
latter was initially observed to rise to the surface of the 
melt. As reaction with Ti took place, carbon black 
gradually'disappeared from the surface into the melt. 
The formation of TiC dispersoids in a copper matrix 
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Figure 2 Micrograph of a Cu/5 wt % TiC composite obtained at 
1500 ~ 

was verified by means of XRD. When carried out in 
40 mm diameter graphite crucibles, the reaction be- 
tween Ti and carbon black to produce 5 wt % TiC in 
copper took about 40 min for completion. The reac- 
tion required much longer to complete when smaller 
diameter crucibles were used. For example, the reac- 
tion was completed in about 3 h when carried out in 
15 mm diameter crucibles. 

Microstructural observation showed that TiC par- 
ticles produced by this technique were completely 
wetted and dispersed in the molten copper. Indeed, 
dispersions of as high as 55 wt % TiC were achieved as 
shown in Fig. 1. These dispersoids were relatively 
large of about 15 gm average diameter. Since several 
cracks and divisions were present within these par- 
ticles, it was concluded that they were the result of 
agglomeration of smaller particles. In comparison, 
particles in the same sample of a size less than 5 ~tm in 
diameter were quite uniform and contained no cracks. 
A much more desirable particle size was obtained for 
lower dispersion contents as presented in Fig. 2. This 
shows fine particles of diameter of about 1 gm for 
Cu/5 wt % TiC. Using data for the variation of the 
lattice parameter of TiC with carbon content as 
presented by Storms [-11], the carbide composi- 
tion ranged from TiCo.83 at 1400~ to TiCo.9a 
at 1500 ~ 

As expected, the hardness of these MMCs increased 
with TiC content as indicated in Fig. 3. However, 
a significant drop in the electrical conductivity also 
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Figure 3 Plot of Vickers hardness (30 kg load) against wt % TiC for 
Cu/TiC composites. 

Figure 4 Micrograph of a Cu/18 wt % TiB2 composite obtained by 
the carbothermic reduction of B203 in the presence of a Cu/Ti melt 
at 1400 ~ 

TAB LE I Electrical conductivity measurements (% IACS) 

Composite % IACS 

Cu/5% TiC 15 
Cu/6% TiC 12 
Cu/10% TiC 7 
Cu/3% TiBz 64 
Cu/5% WC 92 

resulted by generating TiC particles in this fashion, as 
can be found in Table I. 

3.2. React ion be tween  B203, carbon black 
and coppe r - t i t an i um  mel ts  

Preliminary experiments showed hardly any distribu- 
tion of TiB2 particles in copper by means of levitation. 
It was therefore attempted to generate TiB2 particles 
in copper by an in situ technique where B203 was 
carbothermically reduced in copper-t i tanium melts. 
This was performed at temperatures of 1400 and 
1500~ and pressures of 0.507 x 105 Pa. A pressure 
lower than atmospheric was preferred in order to 
facilitate the evolution of CO produced by the car- 
bothermic reduction and therefore prevent excessive 
porosity in the product. Of course another effect of the 
lower pressure was to decrease the temperature at 
which B203 could be reduced. While this reaction was 
taking place, bubbles were observed in the melt thus 
confirming the evolution of CO. X-ray diffraction data 
indicated the presence of copper and TiB2 in the final 
products. Dispersions of up to 18 w t %  TiB2 were 
achieved by such means. A typical microstructure for 
Cu/18 wt % TiB2 is presented in Fig. 4. Although rela- 
tively uniform dispersions of TiB2 appeared to be 
achieved, the wetting between the metal and the ce- 
ramic was poor. This is much in evidence in Fig. 4 
where porous gaps were found surrounding the bor- 
ide. In spite of the use of low processing pressures, 
high porosity levels associated with CO gas evolution 
were obtained. As expected the porosity level tended 
to decrease as the amount of TiB2 generated de- 

Figure 5 TiBa particles in a copper matrix obtained by reaction of 
Cu/Ti and Cu/B melts. 

creased. Thermal conductivity measurements for these 
composites are presented in Table ! and are compara- 
ble to those obtained for Cu/TiB2 composites produ- 
ced by the Mixalloy process [5]. 

3.3. React ion be tween coppe r - t i t an ium 
and c o p p e r - b o r o n  mel ts 

Copper-t i tanium and copper-boron alloys of appro- 
priate compositions were placed in a graphite crucible, 
an ingot of the latter being at the bottom and heated 
to 1550~ Using this arrangement the copper-tita- 
nium alloys were gravity-fed into the copper boron. 
The original contact area between the two materials 
measured 7 x 7 mm. A microstructural examination 
indicated that the two molten alloys mixed only par- 
tially at the interface. Analysis of the products showed 
that only a partial reaction between the two melts 
took place. The top portion consisted of copper-tita- 
nium and the bottom part was copper-boron,  while 
a narrow region of depth of about 5 mm between the 
two contained TiB2 in a copper matrix. An example of 
this is presented in the micrograph in Fig. 5 where 
a TiB2 dispersion in copper is shown. Further exam- 
ination indicated that at the interface of this area, with 
the two alloys on either side, a continuous TiB2 layer 
had formed as shown in the micrograph in Fig. 6. It 
seemed that this layer prevented further mixing of the 
two melts and thus prevented further reaction between 
the two alloys. 
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Figure 6 TiBz layer at the interface of Cu/Ti with Cu/TiBz com- 
posite. 
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Figure 8 Plot of the wetting angle, 0, between Cu and TiCx against 
the Gibbs' Free Energy of formation of TiCx(AG},z98K). 

Figure 7 Microstructure of a Cu/5 wt % WC composite produced 
at 1500 ~ Some particles contain W2C (light grey) surrounded by 
WC. 

3.4. React ion be tween W and carbon black 
in copper  mel ts  

High and uniform dispersions of WC in copper were 
achieved during preliminary experiments using both 
levitation and physical injection of the ceramic par- 
ticles into a copper melt at 1400 ~ In situ processing 
at 1400 and 1500 ~ produced fine dispersions of WC 
of a particle size of 10 gm in a copper matrix. By 
stopping experiments at appropriate intervals, 
it was observed that tungsten was initially converted 
to W2C and then to WC. The reaction occurred 
fairly fast and was usually complete after about 
15 min. The micrograph in Fig. 7 shows WC particles 
dispersed in copper. Some of the particles are not 
fully reacted and contain W2C which is surrounded 
by WC. The dispersions achieved soon after com- 
pletion of the reaction were uniform, but pro- 
longed heating in the melt tended to give rise to 
segregation in the microstructure. Electron probe 
microanalysis showed no solid solution of W in the 
copper matrix. 

Electrical conductivity measurements indicated 
that a Cu/5 wt % WC composite retained a high 
electrical conductivity of 92% IACS. This figure was 
similar to the measurements obtained for samples 
which were produced by the levitation and injection 
techniques. 
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4. D i s c u s s i o n  
4.1. C o p p e r - t i t a n i u m  carb ide c o m p o s i t e s  
The failure of the preliminary study to disperse TiC by 
a levitation technique or by injection of particles into 
a copper melt was hardly surprising if literature data 
of the wettability between the two were considered. 
Wettability depends on the availability of electrons to 
participate in the bonding between ceramic and metal. 
Because the electronic structure of copper has a full 3d 
electron shell, the wettability of the metal for ceramic 
materials is relatively poor [-12]. According to Livey 
and Murray 1-13] the wetting angle, 0, between TiC 
and molten copper at 1200 ~ is 95 ~ while Ramqvist 
[14] measured an angle of 109 ~ . The latter study, 
however, showed that 0 decreases with the carbon 
content of the carbide, that is, as the C/Ti ratio in the 
carbide decreases, the value of 0 also decreases. For 
TiCo.66 an angle of 88 ~ was reported, while complete 
wetting was achieved with TiCo.49. This implies that 
the work of adhesion between Cu and TiCx increases 
with decreasing x. The reason for this behaviour is 
associated with the decrease in the thermodynamic 
stability of TiCx as the C/Ti ratio decreases. This 
relationship can be established by plotting the data 
obtained by Ramqvist [14] for the wetting angle, 0, 
between Cu and TiCx, against data for the Gibbs' free 
energy of formation of TiC~ [15,16] as shown in 
Fig. 8. As the number of vacancies in the carbon lattice 
increases, the electron concentration in TiCx also in- 
creases and this intensifies the electron transfer be- 
tween the ceramic and the metal. As a consequence the 
wettability between TiC~ and copper increases as the 
value of x in the carbide decreases. 

The carbide used for the injection and levitation 
experiments was TiCo.89 and therefore did not wet the 
copper. On the other hand, the in situ reaction of 
carbon black with Ti in the melt generated titanium 
carbide which was completely wetted by the copper 
matrix. The carbide composition obtained ranged 
from TiCo.83 to TiCo.91 so a secondary factor may be 
that the reinforcement which is produced by the in situ 

reaction in the melt, has a surface which is clean and 
free from gas contamination and therefore the wetting 



characteristics are altered in such a way as to promote 3oo 
a stronger carbide-matrix bond. The wetting charac- 
teristics are further altered by the fact that some Ti ~ 

200 
remains dissolved in the copper matrix. Unfortunate- E 
ty, no figures are available for the solid solubility of Ti 
in Cu for the Cu Ti-C system. The solubility of Ti in g 100 
Cu for the Cu-Ti  system has been measured by _~ 
Vigdorovich e t  al .  [-17] to be 7.9 at % at 850 ~ and ~- 0 
1.5 at % at 300 ~ Electron probe microanalysis in- 
dicated that as a result of the processing there ~" 
was about 1.5 wt %, that is 2.01 a t %  Ti dissolved ~-100 
in the matrix. This does not by any means represent " 
the equilibrium value of Ti dissolved in Cu for -200 
the Cu-Ti -C  system. The reaction between carbon 
black and titanium in molten copper may be 
expressed by, 

[Ti]cu + C ~ TiC (1) 

1400 1500 1600 1700 1800 1900 2000 2100 2200 

Temperature ( K ) 

Figure 9 Plot of AG ~ against temperature for the carbothermic 
reduction of B203. - D -  Reaction 2 and + reaction 3. 

and 

aTiC 1 
A G  = - R T l n  - R T  l n - -  

a[Ti]cuae a[Ti]c~ 

No thermodynamic data were found for the above 
reaction in which Ti is not in its pure standard state 
but is dissolved in Cu. Because copper and titanium 
form a series of intermetallic compounds it is reason- 
able to assume that the activity of Ti in copper will 
show a negative deviation from ideality. The driving 
force for reaction (1) during the final stages must be 
extremely low because the activity of titanium is low. 
Even if treatment was prolonged to establish equilib- 
rium it is quite likely that enough Ti will remain 
dissolved in copper and will have an adverse effect on 
the electrical conductivity of the products [18]. The 
observation that the copper matrix contains about 
2 at % Ti helps to explain why the electrical conduct- 
ivity of the product composites was quite low. It 
appears that in order to improve the electrical con- 
ductivity, a higher carbon activity may be necessary 
during processing in order to reduce the solubility of 
Ti in Cu. The production of a thermodynamically 
more stable reinforcement like TiB2 may also lead 
to a decrease in the Ti solid solubility in copper. 
This is due  to B having a greater affinity for Ti 
than C does. 

The following two reaction mechanisms were con- 
sidered possible: 

1. Carbon black initially dissolved in the melt and 
TiC precipitation took place when the melt be- 
came supersaturated with C. 

2. Reaction between carbon black and Ti at the 
melt interface. 

When runs were carried out using the same weight of 
raw materials, but with a different crucible diameter, it 
was observed that the reaction rate varied as the 
crucible diameter. Of the two possible reaction mecha- 
nisms, only the second one is dependent on the size of 
the carbon black/melt interface. It was therefore de- 
duced that carbon black and Ti reacted at the melt 
interface. 

4.2. Cu-TiB2 composites 
The most likely reactions which can occur by the 
carbothermic reduction of B203 are 

B203+~-C -~ �89 (2) 

AG ~ = 8 6 4 0 9 0 - 4 6 4 T J m o 1 - 1  

and 

B z O  3 q- 3C ~ 2B + 3CO (3) 

AG ~ = 8 8 4 8 2 2 - 4 6 7 T J m o 1 - 1  

The thermodynamic data for the reactions at a totai of 
1.013 x 105 Pa have been plotted in Fig. 9 and show 
that reaction (2) is the more favourable of the two. 
Indeed this has been verified by previous work [19]. 
The overall reaction in the presence of copper-tita- 
nium melts can be expressed by 

[Ti]c~ + B2OB + 3C ~ TiB2 + 3CO (4) 

XRD analyses of samples obtained at intermediate 
stages of reaction indicated the presence of Cu, Cu-Ti 
intermetallics, TiBz, BzO3 and carbon. Neither B nor 
B4C were detected at any stage. Because of this the 
reaction mechanism could not be substantiated. In the 
presence of Ti, both B and B 4 C  react according to 
reactions (5) and (6) as shown below to form TiBz 
which is thermodynamically more stable, 

[Tilc~ + 2B ~ TiB2 (5) 

[Ti]c ,  +�89 ~ TiB2 + �89 (6) 

If the rate of reaction (5) is faster than that of reaction 
(3) or if the rate of reaction (6) is faster than that of 
reaction (2), then neither B nor B4C are expected to be 
detected at any stage of reaction. Since B and B4C are 
absent from the XRD data, the above statement is 
substantiated. Although the dispersion of TiB2 par- 
ticles in the matrix appeared to be good and uniform, 
the wetting was relatively poor. This was due to the 
evolution of CO gas during the carbothermic reduc- 
tion of B203 resulting in a poor bond between the 
metal and the boride. This problem could have been 
eliminated if an efficient vacuum system was available 
to the researchers. 
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The electrical conductivity measurements for 
Cu/TiB2 composites were much higher than those 
measured for Cu/TiC. Considering these as well as 
measurements from other workers [5], purely from 
the point of view of electrical conductivity, if cop- 
per-matrix composites are to be produced by reac- 
tions of copper-titanium melts, then TiBz must be 
ranked as a more suitable reinforcement material than 
TiC. This is probably due to the higher thermodyn- 
amic stability of TiB2 (B has a greater affinity for Ti 
than C does) which is likely to result in a low solid 
solubility of Ti in Cu. 

By mixing copper-titanium and copper-boron 
melts it was observed that TiB2 particles could be 
generated in a copper matrix. However, it proved 
difficult to achieve a full reaction due to the develop- 
ment of a coherent TiB2 layer at the interface between 
the reacting melts. This prevented the two melts to 
come together to  react further. 

4.3. Cu/WC composites 
Livey and Murray [13] have reported a wetting angle 
of 7 ~ between copper and WC at 1200 ~ thus indicat- 
ing a wetting system. WC is thermodynamically less 
stable than both TiC and TiB2 so in general it is better 
wetted by metals. This helps to explain why high and 
uniform distributions of WC in copper were obtained 
during the present work. It was very interesting to 
note that the electrical conductivity measurements for 
Cu/5 wt % WC composites were high. This suggests 
that WC is a potential reinforcing material for copper 
in cases where high electrical conductivity is impor- 
tant. This result was attributed to the fact that tung- 
sten metal has no solid solubility in copper. Overall, 
in situ processing of Cu/WC composites appeared to 
offer no advantage over the same materials produced 
by conventional means. 

5. Conclusions 
The work has shown that in situ processing can be 
used to produce copper-matrix composites incorpor- 
ating uniform dispersions of reinforcement ceramic 
phases like TiC and TiBz which might otherwise not 
be wetted by copper. However, electrical conductivity 
measurements have shown that Cu/TiC composites 
obtained from such a route are unsuitable for applica- 

tions where a high electrical conductivity is required. 
This was attributed to the fact that the matrix retained 
about 2 at % Ti which had an adverse effect on the 
electrical conductivity of the product. Cu/TiBe com- 
posites exhibited a higher electrical conductivity and 
therefore TiB2 can be viewed to have a greater poten- 
tial to be used as a reinforcement material for copper 
when using a reaction-based route. It is likely that the 
thermodynamic stability of TiB2 results in an extreme- 
ly low content of Ti in the copper matrix. WC ap- 
peared to be easily wettable by copper and therefore 
the reactive processing route would offer no clear 
advantages over conventional casting techniques. 

References 
1. R . R .  HART, B. C. WONSIEWICZ and B. Y. CHIN, Met. 

Trans. 1 (1970) 3163. 
2. K . G . K .  WARRIER and P. K. ROHATGI,  Powder Met. 29 

(1986) 65. 
3. L. G. PETERSON,  E. R. K I M M L  and R. A. QUEENEY,  

Powder Met. Int. 5 (1973) 65. 
4. W . F .  SCHILLING and N. J. GRANT,  ibid. 5 (1973) 117. 
5. A.K.  LEE, L. E. SANCHEZ-CALDERA,  S. T. OKTAY and 

N. P. SUH, Advanced Mater. Proc. 8 (1992) 31. 
6. B.S. TERRY and O. S. CHINYAMAKOBVU,  J. Mater. Sci. 

Lett. 10 (1991) 628. 
7. ldem, Mater. Sci. Tech. 8 (1992) 399. 
8. B.S.  TERRY and P. GRIEVESON,  IS IJ  Int. 33 (1993) 166. 
9. J .M.  HOWE,  Int. Mater. Rev. 38 (1993) 233. 

10. A. MORTENSEN and I. JIN, ibid. 37 (1992) 101. 
11. E. K. STORMS, in "The Refractory carbides" (Academic 

Press, New York, 1967) p. 8. 
12. G.V.  SAMSONOV, Soy. Powder Met. 71 (1968) 874. 
13. D. T. LIVEY and P. MURRAY,  in Plansee Proceedings 

(Reutte, Metallwerke, Plansee, 1955) p. 375. 
14. L. RAMQVIST,  Int. J. Powder Met. 1 (1965) 2. 
15. V.M.  MASLOV, A. S. NEGANOV,  I. P. BOROVINSKAYA 

and A. G. MERZHANOV,  Combust. Explos. Shock Wave 14 
(1978) 759. 

16. National  Physical Laboratory, Middlesex, UK,  Private com- 
munication. 

17. V. N. VIGDOROVICH,  A. N. K R I S T O V N N I K O V  and 
M. V. MALTSEV, Izv. Akad. SSSR, Otd. Tekhn. Nauk. 
2 (1958) 145. 

18. F .A .A .  CRANE and J. A. CHARLES, in "Selection and use of 
engineering materials", Butterworth & Co., London,  1984 
p. 48. 

19. A. C H R Y S A N T H O U  and P. GRIEVESON,  Unpublished 
work. 

Received 11 April 1994 
and accepted 7 June 1995 

6344 


