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ABSTRACT 

The morphology of growth of Cu20 on Cu has been studied using scan- 
n ing electron microscopy. The mechanical  properties of columnar  Cu20 
specimens prepared by total oxidation of metall ic copper have been studied 
as a function of bend rate and temperature.  The modulus of elasticity of 
cuprous oxide was constant  (~4  x 106 psi) from room temperature  to 500~ 
and thereafter  decreased l inearly with increasing tempera ture  to ,-2 x 106 
psi at 800~ The oxide exhibited a pseudo br i t t le-duct i le  t ransformat ion at 
360~ and 400~176 when slow and fast bending rates, respectively, were 
used. There was also a max imum strength peak at a critical tempera ture  
related to the onset of plastic deformation. Load-deflection functions indi -  
cated large amounts  of plastic deformation and in the light of fracture sur-  
face observations this can be interpreted in terms of a slow cleavage 
mechanism. 

Although a knowledge of the mechanical  properties 
of oxide scales is impor tant  wi th  respect to unde r -  
s tanding completely the mechanisms of envi ronmenta l  
degradation and breakdown of metals and alloys, few 
measurements  of the mechanical  properties of scales 
formed by thermal  oxidation of the metal  have been 
made. Tylecote (1) first a t tempted to measure the prop- 
erties of copper oxide films on copper by a hot torsion 
method and more recent ly Harr ison (2) has measured 
the fracture strain of FeaO4 films formed on steel at 
316~ in 2.5M NaOH at ambient  tempera ture  by an 
electrochemical method. Douglass (3) also presented 
evidence for the plasticity of ZrO2 films on Zr at 
500~ None of the exper imental  techniques were 
completely satisfactory and most of the available in-  
formation concerning properties has been obtained for 
oxide specimens produced by complete oxidation of 
the metal. The strength (4, 5) and creep (6) of i ron 
oxides, the strength, elasticity, and creep of NiO (4, 
7, 8) and the strength of Cu20 (1) have all been mea-  
sured. In  the earlier investigations little at tent ion was 
given to the effects of scale structure on properties 
and more recent  studies of NiO (8, 9) indicated that  
the tempera ture  of oxide growth and hydrogen an-  
neal ing of nickel prior to oxidation had a significant 
effect on oxide structure and hence on properties. 
Stratford and Gartside (10) succeeded in establishing 
that the mechanical  behavior  of CoO is markedly  af- 
fected by oxide stoichiometry and in part icular  that  
plastic deformation decreased as stoichiometry was 
approached and the n u m b e r  of cation vacancies de- 
creased. 

The present  s tudy of Cu20 has been carried out to 
provide detailed s t ructural  and mechanical  informa-  
tion for total ly oxidized mater ia l  to provide a suitable 
background for future  studies of the properties of 
films attached to the metal. Oxide growth and frac- 
ture  morphology have been investigated using scan- 
n ing electron microscopy and the modulus of elasticity 
and the yield and fracture stress and strain studied 
a s  a function of loading rate and temperature.  It was 
of part icular  interest  to examine the onset and mech- 
anism of plasticity in Cu20. It is anticipated that  in the 
long term, this knowledge, with addit ional  informa-  
t ion concerning the properties of cupric oxide will  
permit  a bet ter  unders tanding  of certain aspects of 
the oxidation of copper to be achieved. 

Experimental 
Copper of 99.999% purity,  in the form of 0.006 in. 

thick sheet by Metals Research Ltd., Cambridge, was 

used. No metallic impurit ies were detected by spectro- 
graphic methods. Standard  specimens 0.3 cm broad 
and 3 cm long were oxidized in purified air at 1030~ 
for the required period of t ime to effect part ial  or com- 
plete oxidation of copper to Cu20. 

The mechanical  properties of the oxide specimens 
were measured using a three point  loading bend tech- 
nique (7, 9, 11). The apparatus used in the present  
work (11) was fully automatic and capable of mea-  
suring the properties up to 1200~ and under con- 
trolled atmosphere conditions. The load applied to the 
specimen and its central deflection were measured by 
a load cell and displacement transducer, respectively. 
The electrical outputs from the load cell and displace- 
ment transducer were fed into an X-Y autoplotter 
from which a load-deflection function was obtained. 
Bending rates of 0.011 and 0.508 cm/min were used 
throughout the work. The load-deflection functions 
were carefully analyzed to determine the modulus of 
elasticity, yield stress and strain, or fracture stress 
and strain as appropriate. 

The modulus of elasticity (E) was calculated from 
the relat ionship E ---- PL3/4bd3h where  P is the load, 
L is the coupon length between its supports, b and d 
are the specimen width and thickness, respectively, 
and h is the measured deflection. Individual ly  mea-  
sured values of d must  be used in order to ma in ta in  
accuracy of the value of E. The fracture stress (Su) 
of specimens exhibi t ing only elastic deformation is 
given by Su = 3PuL/2bd2 where Pu is the fracture 
load and the other terms have the same significance 
as above. The fracture s t ra in (~) of coupons exhibi t -  
ing only elastic deformation is given by Su/E. If how- 
ever the oxide coupons exhibit  elastic and plastic de- 
formation the methods outl ined above for the calcu- 
lation of stress and strain cannot be used. It  can, 
however, be shown (11) that  under  these conditions 
the fracture strain is given by e ~ 8hy/L 2 red where 
y is d/2 and L red ~ ~/8hR where R is the radius of 
curvature  of the bent  specimen. Fur thermore  it can 
be shown (12) that the stress (S) of a plastically bent  
rec tangular  section is given by 

2 
S = (2M 4- ~b dM/d~) 

bd2 

where M is the bending moment  of the coupon and 
is half  the angle subtended by two plane sections 

after bending. This relat ionship can be used to obtain 
the fracture stress when the coupons exhibit  both 
elastic and plastic behavior  (11). 
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Specimens for scanning electron microscopy were 
fractured either in the bend test apparatus or by hand 
while immersed in liquid nitrogen. The fractured 
samples of oxide or composite coupons were cemented 
to small  Dura lumin  stubs by means of Durofix cement. 
The fracture surface was mounted normal ly  to the 
stub and set at ~ 45 ~ to the stub surface. In  order 
to prevent  surface charging of the specimen in the 
microscope the Durofix cement was coated with a 
th in  layer of carbon black. A conducting path from 
the oxide sample to the Dura lumin  stub was also ob- 
tained using carbon black, great care being taken to 
avoid contaminat ion of the fractured surface. The 
specimens thus prepared were examined in a Cam- 
bridge Ins t rument  Company, Stereoscan Mk IIa. The 
theory of the ins t rument  has been discussed by Oatley 
eta l .  (13) and will  not be discussed here. The speci- 
men detail  resolution was always better  than  500A 
and as good as 150A in some cases with a depth of 
focus at least 300 times greater than that  of a normal  
light microscope. 

Results 
Morphology of oxide formation on copper.--An 

SCEM study was made of the na ture  of growth of 
Cu20. The structure of the Cu20 film formed after 2 
rain at 1030~ is shown in Fig. la. It can be seen that  
a portion of the Cu20 film has lifted straight off the 
Cu substrate dur ing the fracture process. The Cu20 
film is compact and the metal-oxide interface is re la-  
t ively smooth. After  oxidation for 10 min  at 1030~ 
the oxide was again compact al though in one special 
area numerous  voids were present (Fig. lb ) .  The pro- 
nounced markings in the Cu20 film are cleavage steps 
produced by the fracture process and the points 
marked x in Fig. l b  are cleavage facets. The struc-  
ture  of a completely oxidized coupon is shown in Fig. 
lc and a number  of voids can be seen at the core of 
the coupon. 

The structure of the oxide film formed at the cor- 
ners of copper coupons was unusua l  and consisted of 
an outer co lumnar-gra ined  layer and an inner  fine- 
grained layer which exhibited numerous  pores. The 
formation of this s t ructure is shown clearly in the 
scanning electron micrographs in Fig. 2. The Cu-Cu20 
interface after only 2 min oxidation at 1030~ is 
shown in Fig. 2a. It is immediately apparent  that  Cu20 
crystallites (B) have grown at the interface beneath 
a compact columnar layer of Cu20 and pores are as- 
sociated with the crystallites. This area was found to 
have developed into a f ine-grained porous structure 
after oxidation for 10 rain at 1030~ (Fig. 2b). The re-  
maining  metal  core is indicated in Fig. 2b and the f in-  
ger- l ike crystalli tes of Cu~O, observed in Fig. 2a, can be 
seen growing from this region near  the corner of the 
Cu-Cu20 interface. An extremely porous and con- 
fused mass of small crystals is shown in Fig. 2c. De- 
tailed examinat ions of specimens after total oxidation 
indicated the presence of large holes and small  grains 
of Cu20 in the specimen center between the outer 
compact co lumnar-gra ined  layers of Cu20 (cf. Fig. 
lc) .  It was now of interest  to measure the mechanical  
properties of such totally oxidized coupons and to ex- 
amine the fracture surfaces in some detail. 

Ef]ect of measurement temperature, atmosphere, 
and bending rate on the mechanical behavior of Cu20 
coupons.--The properties of the coupons were mea-  
sured at temperatures  ranging from ambient  to 800~ 
in both Ar and 02 atmospheres. Over-al l  the load-de-  
flection functions and mechanical  properties were 
found to be the same for both Ar and 02 atmospheres. 
For the slow bending rate, the Cu20 coupons exhibited 
elastic behavior prior to fracture at 325~ whereas 
at 360~ some plastic deformation was also observed 
(Fig. 3). The amount  of plastic deformation observed 
at 360~ was such that some coupons were unbroken  
at the max imum deformation l imit  of the apparatus 
and hence the properties were not investigated at 
higher temperatures.  For the fast bending rate elastic 
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Fig. 1. Fracture surfaces of Cu or Cu20 specimens. (a) Cu spe- 
cimen after partial oxidation for 2 min in air at 1030~ (b) Cu 
specimen after partial oxidation for 10 min in air at 1030~ 
isolated area near edge showing marked porosity in Cu20 film. (c) 
Cu20 specimen produced by total oxidation of Cu in air at 1030~ 
after bending at the slow rate at 360~ in argon. 

behavior  to fracture was observed at 325 ~ 360 ~ 
and 400~ and plastic deformation was only observed 
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Fig. 3. Load-deflection functions obtained for Cu20 specimens at 
the slow bending rate (0.011 cm/min) in 02 or argon at 325 ~ and 
360~ 

Fig. 2. Details of Cu-Cu20 interface and of porosity in Cu20 
films. (a) Metal-oxide interface at specimen corner after 2 rain 
oxidation in air at 1030~ (b) General view of metal-oxide inter- 
face; exposure as in (a). (c) Details of porous region in specimen 
(b). 

at temperatures  > 500~ The load-deflection func-  
tions obtained at both bending rates exhibited marked 

serrations when the CusO coupons were plastically de- 
formed to an amount  > 65 x 10 -3 cm (Fig. 3). 

The mechanical  properties of the Cu20 coupons were 
calculated from the load-deflection functions and the 
results are given as a function of tempera ture  in 
Tables I and II for the slow and fast bending rates, 
respectively. The modulus of elasticity was independ-  
ent of the bending rate and was constant at ~ 4  • 106 
psi when the tempera ture  was increased from ambient  

Table I. Mechanical properties of Cu20 coupons bent at 0.011 
cm/min as a function of temperature 

O x i d e  O x i d e  O x i d e  
O x i d e  m o d u l u s  o f  y i e l d  f r a c t u r e  

T e m p e r -  O x i d e  y i e l d  f r a c t u r e  e l a s t i c i t y ,  s t r e s s ,  s t r e s s ,  
a t u r e ,  ~  s t r a i n ,  % s t r a i n ,  % p s i  • 10 -e t s i  t s i  

A m b i e n t  - -  0 . 1 5  (0 .01)  4 .0  (0 .5 )  - -  2 .7  (0 .5)  
325  - -  0 .22  (0 .01)  3 .8  (0 .5 )  - -  3 .7  (0 .5 )  
3 6 0  0 .11  (0 .02 )  0 . 5 6 / 7 . 8  4.2 (0 .5)  2 .1  (0 .3 )  - -  

Standard deviation values are given in parentheses. 

Table  I I .  Mechanical  properties of Cu20  coupons bent at  0.508 

cm/min  as a function of temperature 

Oxide Oxide 
Oxide Oxide modulus of Oxide fracture 

T e m p e r -  y i e l d  f r a c t u r e  e l a s t i c i t y ,  y i e l d  s t r e s s ,  
ature, ~ strain, % strain, % psi • I0-~ stress, tsi tsi 

A m b i e n t  - -  0 .17  (0 .01 )  4 .0  (0 .5 )  - -  3 .1  (0 .5 )  
3 2 5  - -  0 . I 9  (0 .01 )  4 .0  (0 .5 )  - -  3 .4  (0 .5 )  
360 - -  0.23 (0.02) 4.2 (0.5) - -  4.2 (0.5) 
4 0 0  - -  0 .23  (0 .02 )  4 .2  (0 .4 )  - -  4 .2  (0 .5 )  
500  0 . 0 6 5  (0 .005)  ~ 4.2 (0 .5)  1.2 (0 .2 )  - -  
600 0.032 (0.003) - -  3.5 (0.5) 0.5 (0.1) - -  
700  0 . 0 2 7  ( 0 .002 )  - -  2 .5  (0 .5 )  0 .3  (0 .05 )  - -  
8 0 0  0 .014  ( 0 .002 )  - -  2 .0  (0 .3)  0 . I  (0 .02 )  - -  

S t a n d a r d  d e v i a t i o n  v a l u e s  a r e  g i v e n  i n  p a r e n t h e s e s .  
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Fig. 4. Fracture strain of Cu20 coupons as a function of the 
measurement temperature and bending rate. 

to 500~ Above 500~ a rapid decrease in the 
modulus of elasticity from ~ 4  • 106 psi to 2 • 106 psi 
was observed when  the t empera tu re  was increased to 
800~ The Cu20 coupon fracture  strain is shown as a 
function of the bending rate and tempera ture  in Fig. 4 
in order to bring out clearly the presence of a pseudo 
br i t t le -duct i le  t ransformat ion which was dependent  on 
the bending rate. For  the slow bending rate  the t rans-  
formation occurred at N360~ whereas  for the fast 
bending rate the t ransformat ion was delayed to some 
tempera ture  between 400 ~ and 500~ At t empera -  
tures above the t ransformat ion t empera tu re  Cu20 
specimens remained unbroken after 7.8% strain (ap- 
paratus l imit)  for both bending rates. The fracture  
strain of the oxide specimens at tempera tures  below 
the t ransformat ion t empera tu re  increased from 0.16 to 
0.23% when the t empera tu re  was increased f rom am-  
bient to just  below the t ransformat ion tempera ture  
for each bending rate. In this t empera tu re  range  the 
f racture  stress remained constant at ~ 3 - 4  tsi. Finally,  
it is clear that  the yield strain and yield stress of the 
CuzO coupons bent at the fast ra te  decreased from 
0.065 to 0.014% and from 1.2 to 0.1 tsi, respectively,  
when the t empera tu re  was increased f rom 500 ~ to 
800~ 

Microscopic examination of mechanically deformed 
Cu20 specimens.--A Cu20 specimen after bending at 
360~ in an argon a tmosphere  is shown in Fig. 5. E x -  
aminat ion of the surface topography of such speci- 
mens indicated by the presence of numerous slip lines 
and few deformation bands that  plastic deformat ion had 
occurred during bending. Other  specimens bent to f rac-  
ture at the slow rate  were  examined with  the SCEM. 
A typical  area of the f rac ture  surface is shown in 
Fig. 6a and in more  detail  in Fig. 6b. A comparison of 
these figures shows that  the na ture  of the crack front, 
commencing at point x (Fig. 6a) was complex. A sep- 
arate area of the f racture  surface is shown in Fig. 6c, 
and this provides evidence that  f rac ture  occurred at 
360~ both by t ransgranular  and in te rgranular  crack 
propagation. The crack front  propagated in the direc-  
tion shown by the arrows. Original ly the crack pro-  
gressed in a t ransgranular  manner  then in the vicini ty  
of the arrows it changed par t ia l ly  to an in te rgranular  
front  ( indicated by the solid arrows) while the re-  
mainder  continued in a t ransgranular  manner  across 
another  grain (dotted arrows) .  

Discussion 
The SCEM study of the growth of Cu20 on copper 

confirms the columnar  nature  of the grains and the 
smooth nature  of the oxide-meta l  interface in general  
(Fig. la) .  The format ion of isolated crystall i tes and 
oxide bridges at the corners of specimens (Fig. 2a, b) 
was of especial interest.  This has most probably arisen 
due to the severe mechanical  constraint at the corners 
which has prevented  plastic flow of the oxide. 

It  is also clear f rom the present  work  that  there  was 
no significant difference in the  properties of Cu20 as 
a function of a tmosphere  (Tables I and I I ) .  Thus un-  
der these conditions the same resul ts  were  obtained 
whe ther  the measurements  were  made in argon or 
oxygen at atmospheric pressure. There was thus no 
indication of changes in propert ies  of the specimens 
with  possible changes in vacancy distr ibution across 
the scales. 

There  are few absolute values of elastic modulus for 
Cu20 in the l i terature.  Dankov and Churaev (14), how-  
ever, suggested that  a value ~ 3 x 106 psi was typical  
for Cu20 at ambient  temperature .  They obtained this 
value  indirect ly  from internal  stress measurements  
and the agreement  wi th  the measured value of 4 x 106 
psi in the  present  work  is satisfactory. The rapid de-  
crease in the modulus of elasticity at a cri t ical  t emper -  
a ture  is a common occurrence in metals and oxides, 
e.g., in polycrystal l ine MgO at ~ 1000~ (15, 16), and 
it  has been suggested (17) that  this rapid decrease may 
be caused by grain boundary sliding. Since this can 
be an important  deformation mechanism at t empera-  
tures > 0.5 Tm (Tm for Cu20 ~ 460~ the decrease 
in modulus of elasticity at 500~ would be in reason-  
able agreement  wi th  a grain boundary sliding mech-  
anism. This wil l  be discussed more ful ly later  with 
respect to fracture.  

The yield strain and stress of Cu20 specimens de-  
creased with  increasing t empera tu re  f rom 500 ~ to 
800 ~ (Table II) .  This is in agreement  wi th  the fact 
that  an increase in tempera ture  increases dislocation 
mobil i ty  thus facil i tat ing plastic flow at lower  stresses. 
The values obtained are in excellent  agreement  with 
those obtained (18) from compression exper iments  
at s imilar  tempera tures  at a crosshead speed of 0.13 
cm/min,  i.e., between the two values used in the pres-  
ent work. However ,  Vagnard and Washburn found 
that  yielding occurred at 200~ and not at 400 ~ - 
500~ as observed for the fast bending rate  in the 
present  work. Compressional exper iments  are bet ter  
suited for observing plastic deformat ion in oxide ma-  
terials because the tensile stresses which develop in 
bending accentuate brit t leness and therefore  higher  
tempera tures  wil l  be required to ini t iate  yielding in 
bending. 

Fig. 5. Cu20 specimen after bending at the slow rate (0.011 
cm/min) at 360~ X6.5. 
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Fig. 6. Fracture surfaces of Cu20 coupon after 3,6% strain at 
360~ in argon at the slow bend rate (0.011 crn/min). (a) General 
view. (b) Detail of cleavage facets on tensile side of neutral axis. 
(c) Additional aspects of tensile side of neutral axis, 

The f rac ture  s t rains  of Cu20 at t empera tu re s  below 
the  pseudo b r i t t l e -duc t i l e  t r ans format ion  t e m p e r a t u r e  

a re  in agreement  wi th  the f rac ture  s t rains  observed 
in br i t t le  mate r ia l s  (19). At  t empera tu re s  grea te r  than  
the t rans i t ion  t e m p e r a t u r e  the  observed s t ra ins  of 
~--7.8% before  f rac ture  can be compared  wi th  previous  
work  (1) in which  Cu20 elongations of ~12% and 
~25% were  observed at 500~176 and 700 ~ 
900~ respect ively.  The observat ion tha t  plast ic  
deformat ion  is observed at  lower  t empera tu re s  
(~360~ wi th  a slow bend ra te  is in genera l  ag reement  
wi th  observat ions  in meta ls  where  the  flow stress is 
increased by  an increased s t ra in  r a t e  (20). Ove r - a l l  
the  yie ld  stress corresponding to the onset of plastic 
deformat ion  was lower  at  h igher  t empera tu res  (cf. 
Table  I I ) ,  in fur ther  ag reement  wi th  the  mechanica l  
behavior  of metals .  Since the  flow stress is the  stress 
requ i red  to ini t ia te  plast ic  deformat ion  it wi l l  depend 
on such ma te r i a l  factors as pur i ty ,  gra in  size, and crys-  
ta l  s tructure.  In the  case of Cu20 here  this is of high 
pur i ty  and of large  co lumnar  gra in  s tructure.  The re l a -  
t ive ly  easy deformat ion  of Cu20 is reflected in the 
re la t ive ly  low yie ld  stress at al l  t empera tu res  and 
the re la t ive ly  high f rac ture  strains.  Cuprous oxide 
has an unusua l  s t ruc ture  (18) in that  oxygen  atoms 
are  ordered  on a b.c.c, la t t ice  and the copper atoms 
occupy the sites of an f.c.c, latt ice.  The s t ruc ture  con- 
sists of two in te rpene t ra t ing  and ident ical  ne tworks  
which are  not cross-connected by  any p r ima ry  Cu-O 
bonds. Slip lines have been observed on the tensi le  
surfaces of Cuba bu t  examinat ion  of specimens af ter  
f rac ture  at  360~ (Fig. 6a) did  not  show any  d imple  
formations which are  character is t ic  of duct i le  f rac-  
tures  (21). In  cont ras t  the  f rac ture  surfaces exhib i ted  
c leavage wi th  some isolated areas  showing in te rg ran-  
u lar  fracture.  These observat ions are  in contras t  to 
the shape of the  load-def lect ion functions (Fig. 3) 
which  suggest  extens ive  plas t ic  deformat ion.  Obser-  
vat ions on the Cu20 specimens s t rongly  suggest  tha t  
slow cleavage is responsible  for the  shape of the  load-  
deflection functions of the  type  shown in Fig. 3. Sur -  
face cracks were  also found in the Cuba specimens. 
This was also observed in Cu20 by  Vagnard  and Wash-  
burn  (18) dur ing  compress ional  exper iments  at  
~400~ They found tha t  cracks nuclea ted  at  local 
stress concentrat ions where  slip bands crossed and also 
where  they  met  gra in  boundaries .  A s imi lar  t ype  of 
crack nucleat ion has been observed in MgO (22, 23) 
and analyzed by  Stroh (24, 25). I t  seems l ike ly  tha t  
cracks observed in the  present  work  nuclea ted  in the  
manner  descr ibed by  Vagnard  and Washburn,  since 
large  local deformat ions  were  observed at slip band 
intersect ions (Fig. 7a) and also where  slip lines pi led 
up at  a gra in  bounda ry  (Fig. 7b). This inhomogenei ty  
of slip observed in this  system could offer a possible 
exp lana t ion  for  the  compl ica ted  shape of the  load-  
deflection funct ion in Fig. 3. The peaks in the  plast ic  
region of the curve were  observed cont inuously up to 
deformat ions  of ~800 x 10 -3 cm and i t  seems pos-  
sible tha t  these peaks  are  associated wi th  the  ini t ia t ion 
of sl ip in grains  which, up to tha t  point, were  unde-  
formed. The increase in work  harden ing  observed 
af ter  the ini t ia l  y ie ld  point  wil l  be due to gra in  bound-  
a ry  and c rys ta l lographic  blockages which oppose slip. 
At  some cr i t ical  s t ra in  these blockages wi l l  be over -  
come and slip wi l l  be in i t ia ted in ne ighbor ing  grains. 
When this occurs there  wil l  be an ini t ia l  decrease in 
the  w o r k  ha rden ing  ra te  fol lowed by  an  increase  as 
fu r the r  slip becomes blocked.  This process wil l  r e -  
pea t  i tself  giving r ise to the  observed peaks  in the 
load-def lect ion functions. 

Once surface cracks have formed thei r  ra te  of p rop-  
agat ion wi l l  depend on the  bending  rate ,  t e m p e r a -  
ture, and degree of plast ic  r e laxa t ion  at the crack  tip.  
This plast ic  r e l axa t ion  absorbs energy and prevents  
r ap id  crack propagat ion  (26). In  fact it  has been  ob-  
served  tha t  cracks have p ropaga ted  th rough  Cu20 
grains  which do not  exhibi t  slip deformat ion  and tha t  
c rack  propaga t ion  has been ha l ted  at  the  gra in  ex -  
hibi t ing extens ive  slip deformat ion.  The cracks p rop-  
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Fig. 7. Surface topography of Cu20 specimen, formed in air at 
1030~ after bending at 360~ in argon. (a) Intersection of slip 
bands. (b) Intersection of slip lines with a grain boundary. 

agate by repeated breaking of crystal bonds at the 
crack tip. In  Cu20 the {111} planes have weak bonds 
and cleavage occurs along them (18). During bending 
therefore, slow cleavage on {111} planes would be ex- 
pected if most of the surface energy, created by crack 
formation, was absorbed by plastic deformation. Such 
plastic deformation during cleavage of ionic crystals 
has been observed even at ambient  temperatures  (27) 
and hence at the higher temperatures  in the present 
work plastic relaxat ion is even more favored. The 
fracture surface of a Cu20 specimen (Fig. 6a) indicates 
that  a crack was ini t ia ted at a grain boundary  marked 
x on the tensile side of the neut ra l  axis. To the left of 
the boundary,  cleavage occurred main ly  on one crystal 
plane wi thin  the large grain, whereas to the r ight  of 
the boundary  a complicated crack front was observed 
(Fig. 6b). It  would appear that  this crack front  could 
be described by two main  vectors situated at 90 ~ to 
each other. At the same time as the crack front  was 
moving directly perpendicular  to the neutra l  axis it 
was also moving parallel  with this axis. The resul tant  
crack front  was therefore most l ikely situated at 
-~45 ~ to the point marked x in Fig. 6a. It can be vis- 
ualized that this duplex direction of crack propagation 
would produce a "tearing" effect result ing in a con- 
fused s t ructure  (cf. Fig. 6b). It can be seen in Fig. 6b 
that  numerous  small  cleavage steps are associated 
with larger cleavage steps which are situated at 
~90 ~ to each other and could therefore represent  cleav- 
age on the {111} planes. It is suggested therefore that  
during bending cracks are nucleated on the tensile 
surface. These cracks are prevented from drastic prop- 
agation by plastic relaxat ion at the crack tip. Bending 
continues and the stress at the crack tip builds up 
unt i l  it is sufficient to cause fur ther  propagation of 
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the crack which in tu rn  is halted by plastic relaxation. 
This process will be continuous and the crack propa-  
gates slowly along the (111} planes. This in te rmi t ten t  
crack propagation is probably responsible for the 
serrations in the load-deflection function. Gi lman et al. 
(28) have shown that  the increases in surface energy 
that  accompany cleavage step formation in ionic crys- 
tals may cause the cracks to move more slowly than 
they would normal ly  do under  the same driving force. 
Thus the suggested crack propagation mechanism 
would account for the shape of the load-deflection 
functions and the lack of evidence in the oxide frac- 
ture surfaces for extensive ductility. 

F ina l ly  the strength peak observed at a tempera-  
tu re  immediately below that  for which plastic de- 
formation was observed (Tables I and II) requires 
comment. A similar phenomenon has been reported 
previously for Cu20 wires (1) and for NiO wires and 
sheet specimens (4, 8). Silicon and germanium also 
exhibit  such s trength peaks with increasing tempera-  
tures (29). The strength will  tend to rise as the heat-  
induced abil i ty to deform plastically increases with 
temperature.  Plastic deformation relieves stress con- 
centrat ions and thereby promotes the ful l  s t rength 
properties of the material .  Above the tempera ture  of 
ma x i mum strength, the strength decreases with fur-  
ther  increase in temperature,  as in the case of ductile 
metals. 
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The Free Energy of Formation of 
Tantalum Silicides Using 
Solid Oxide Electrolytes 

S. R. Levine and M. Kolodney* 

The City College of The City University of New York, New York, New York 

ABSTRACT 

A method is described for determining the standard free energies of 
formation of the t an ta lum silicides from emf measurements  on cells with 
solid thoria=yttria electrolytes. Measurements were conducted over the tem- 
perature  range 900~176 in a purified argon atmosphere. Corrections for 
electronic conduction were established with Ta, Ta205 electrodes. Difficulties 
were encountered because the hard, refractory na ture  of the compounds 
prevented fabrication of dense electrodes and because silica films in ter-  
fered with the measurements.  At 1300~ the measured s tandard free 
energies of formation in kcal per gram atom of silicon are: TaSi2, --8.1 
(+1.8 / - -3 .7) ;  Ta~Si~, --24.0 +__3; Ta2Si,--27.2 +--3.1; Ta4.sSi, --37.3 +_7.2. 

Silicides are of interest  as protective coatings for 
t an ta lum and other refractory metal alloys exposed 
to oxidizing conditions. Since the formation of a silica 
glass is essential for protection, a desirable reaction 
is one that  produces silica and a lower silicide, as for 
example 

5TaSi2 + 7 0 2  = 7SIO2 + TasSi~ [1] 

On the other hand, since the formation of the oxide 
of the substrate may interfere with the integri ty of 
the silica film, the following reaction is undesirable  

4TaSi2 + 13 02 = 2Ta20~ + 8SIO2 [2] 

However, the refractory metal  oxide may be tolerable 
where  SiO2 and the metal  oxide form a glass or where 
the metallic oxide is volatile (1, 2). 

In  order to predict and unders tand the oxidation 
behavior of refractory metal  silicides accurate free 
energy of formation data are required for the silicides 
and their  oxidation products. Data for silica and for 
the refractory metal  oxides are available (3), but  data 
for silicides are scanty. Free energies of formation are 
known only for some of the rhen ium silicides (4). For  
most other refractory metal  silicides only enthalpies 
of formation are available. Thermodynamic informa-  
t ion on the tan ta lum-s i l icon system, which is the sub-  
ject of this study, has been collected by three classical 
techniques: Brewer and Krikor ian  (5) determined 
limits for the stabili ty of refractory silicides by direct 
reaction of the compounds with carbides and nitrides. 
Robins and Jenkins  (6) measured the heats of forma- 
t ion of some t ransi t ion metal  silicides from the heat 
evolved dur ing formation of the compoundsr from their  
elements. In the third technique, employed by Searcy 
and co-workers (7-9), the dissociation pressure of 
silicon over the silicide of interest  was measured by 
the Knudsen  effusion method. The vapor pressure data 
were analyzed by a Second or Third Law approach to 
obtain enthalpies of formation for the silicides. Data 
for the t an ta lum silicides, obtained by these three 
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e n e r g i e s  of f o r m a t i o n ,  e m f  m e a s u r e m e n t s ,  e l e c t r o n i c  c o n d u c t i o n .  

techniques are presented in Table I. The values listed 
in column IV are based on an average of the Second 
and Third Law techniques using a value of --112 kcal 
for the heat of subl imation of silicon at 298~ The 
values in  column V are based on the same vapor 
pressure data as column IV but  an improved value of 
the heat of subl imation of silicon (--108.4 kcal at 
298~ was used and the calculations were made 
using only the Third Law method (10, 11). 

In  the present work a fourth method was for the 
first t ime applied to the determinat ion of the thermo= 
dynamic properties of the t an ta lum silicides. This 
technique employs a solid oxide electrolyte between 
a silicide electrode and a reference electrode. Solid 
electrolytes for the measurement  of thermodynamic  
properties were brought  into prominence by Kiukkola 
and Wagner  (12), Schmalzried (13), and others. Oxide 
electrolytes are b inary  oxides which conduct almost 
ent i re ly  by transport  of oxygen ions over a given 
temperature=oxygen, part ial  pressure domain. A simple 
cell employing an oxide electrolyte and an i ron- i ron  
oxide (FexO) reference electrode may be formulated 
as 

Pt /Fe,  Fe~O//oxide e lec t ro lyte / /M,MO/Pt  [3] 

where the cell reaction is 

M + FexO -- MO + xFe [4] 

If the cell is reversible, the free energy of the reaction 

Table I. Enthalpy of formation data for the tantalum silicides 
(kcal/g-at~m of silicon) 

I I  I I I  I V  V 
B r e w e r  a n d  R o b i n s  a n d  M y e r s  a n d  S e a r c y  a n d  

I K r i k o r i a n  (5) ,  J e n k i n s  (6) ,  S e a r c y  (7) ,  F i n n e y  (1O), 
C o m P o t m d  AH ~ AH ~ ~ ~ H  ~ ~ H  ~ 

1/2 TaSi2  -- 12.6 to -- 13.9 ~- 1 - 11.6 • 5 -- 12 ~- 3 
- -  3 2 . 3  

1/3 Ta~ Sis - - 2 0 t o  - - 2 5 . 3 ~  I - 2 6 . 7  4- 5 - - 2 4 ~ - 4  
- -77 .2  

T a r S i  - - 2 0 t o  ~ --29.3---+5 - -30 .2  ~- 4 
--90.1 

Ta4 . sS i  - -20  ~ - -34 .4  + 5 - -35 .8  ~ 4 
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