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recovery of  the fibres which were d isplaced 
dur ing  the inden ta t ion  process.  A t  90 ~ (Figs. 3b 
and  4) the fibres break.  In  this case they are 
bent  to much smaller  radi i  of  curvature  over  
the sharp intersect ions of  the facets of  the 
K n o o p  d iamond .  
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Creep strength of sing~e-crystal sapphire 
filaments 

In this note  we r epor t  the results o f  investiga- 
t ions o f  the creep s t rength o f  commerc ia l ly  
avai lable  single-crystal  sapphi re  f i laments at  
t empera tures  up to 1480~ The sapphire  
f i lament  was " S a p h i k o n "  ob ta ined  f rom Tyco 
Labora tor ies ,  Wal tham,  Mass,  USA.  The mater -  
ial  was 250 lam (0.010 in.) d iameter  and  sup- 
pl ied in lengths o f  30 m or  more  (p roduced  by  
pul l ing f rom the melt  [1]). The cross-sect ion 
was near ly  circular.  Wi th  one exception,  when 
the a l ignment  was close to [1100] ,  the or ienta-  
t ion o f  the mater ia l  chosen for  examina t ion  
was c-axis, [0001] ,  a long the length so that  
the chance of  basal  slip was minimized.  A l t h o u g h  
this was the nomina l  or ientat ion,  X- ray  exam- 
inat ion showed tha t  the true or ien ta t ion  fre- 
quent ly  var ied  by a few degrees f rom this:  in 
one instance a devia t ion  of  9 ~ was measured.  
Addi t iona l ly ,  the or ien ta t ion  was not  always 
cons tan t  a long the length. The r o o m  tempera-  
ture tensile s t rength was typical ly  abou t  2000 
M N  m -2 (285 • 10a lb f  in -2) when measured  
at  a s train rate  o f  0.5 m m  rain -1. Samples  
f rom several batches  of  the f i lament were 
analysed  spec t rographica l ly  in this l abo ra to ry  
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and the impur i t ies  detected are l isted in Table  I. 
The impur i ty  levels are s imilar  to those found  
previously for  f lame-fusion grown single-crystal  
sapphire  [2]. 

Our  work  fol lowed some pre l iminary  investi-  
ga t ions  carr ied  out  on similar  mater ia l  by 
workers  at  the Na t iona l  Gas  Turb ine  Establ ish-  
ment  [3, 4]. They used a specimen length o f  
abou t  20 cm heated  in air  in a hor izon ta l  furnace 
and de te rmined  the t ime to rup ture  under  stress. 
Their  invest igat ions spanned  the t empera tu re  
range 900 to 1300~ They did no t  a t t empt  
to measure  creep strain,  and  since when fai lure 

TABLE I Spectrographic analysis of Tyco Sapphire 
Sample no. 

l 2 3 4 

Analysis 
(ppmby 
weight) 

Fe 3 3 3 5 
Si 3 1.5 10 1.5 
Cr 1 <1 <1 <1 
Cu 2 1 0.5 <0.2 
Mg 3 3 3 3 

The following elements were sought but not detected 
(with limits): 13 < 3, Ni < 2, V < 5, Mn < 2, Mo < 3, 
Zn < 10, Pb < 5, Na < 20, Be < 2, Ca < 1, Ti < 1. 
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took place it did so rather explosively, it was 
difficult to recover the broken ends to detect 
how failure had occurred. In the few instances 
where recovery was possible, failure appeared 
to have happened in a brittle manner. The results 
NGTE obtained showed that, although there was 
a tendency for failure to occur after shorter 
times for higher stresses, failure was a rather 
random event. This fact suggested that failure 
might be initiated from a flaw or defect, possibly 
on the surface. Although such flaws might well 
be present initially in the surface of the filaments, 
since the specimens were tested horizontally it 
was always possible that  failure could have been 
initiated by a particle falling from the furnace 
liner on to the specimen. For these reasons we 
decided to investigate the matter further at 
NPL.We used an apparatus in which the samples 
were loaded in tension and heated in air in a 
vertical Crusilite tube furnace. Temperatures 
were measured with a P t /13~  Rh-Pt thermo- 
couple. An attempt was made to detect any creep 
strain with a linear variable differential trans- 
former: the limit of detection was about 0.05 ~.  
The specimen length was about 350 mm Of 
which 50 mm was in the hot zone of the furnace. 

Our results are shown in Table II. Again, 
quite a wide spread can be seen in the time to 
failure and in no instance was any creep strain 
recorded. It was rather surprising to us that 
no creep was detected even in the sample that 
came from a batch found to be 9 ~ off nominal 
c-axis orientation. We would have expected 
that the resolved shear stress on the basal planes 
(calculated to be about 50 MN m -s) should 
have been large enough to produce basal slip, 
at least according to the earlier findings of 

Figure 1 Scanning  electron mic rograph  of  sapphire  
f i lament  after delayed brittle fracture ( •  200). 

Wachtman and Maxwell [5, 6]. (The results 
of Wachtman and Maxwell indicate that a 
resolved stress greater than about 20 MN m -~ 
would produce creep in flame-fusion grown 
sapphire at temperatures in the range 1100 to 
1300 ~ C.) 

Since our specimens were tested vertically, 
it is thought unlikely that failure was initiated 
by particles of material falling on to the surface 
of the filament. Chemical attack of the surface 
in air at temperatures in the range 1000 to 1480 ~ C 
also seems unlikely. However, since the rupture 
strength measured at these elevated tempera- 

T A B L E  I I  Stress-rupture  results  on  Tyco sapphi re  

Specimen L o a d  Stress 
(kg) 

(lbfin -= x 10 a) (MNm -=) 

Temp.  Orient.  T ime  to 
(~ off rup tu re  

[0001]  (h) 

a 1.832 53 363 
b 1.832 53 363 
c 1.832 53 363 
d 1.832 53 363 
e 1.832 53 363 
f 0.941 28 190 
g 2.760 80 550 
h 2.760 80 550 

1000 A 14 
1200 9 ~ ~ 1�89 ~ 23 
1400 9 ~ • 1�89 ~ 0.3 
1400 1�89 ~ • 1 ~ 25 
1480 1�89 ~ 4- 1 ~ 1.5 
1480 1�89 ~ • 1 ~ > 216 
1200 �89176 :~ �89176 (0) 
1200 �89 • �89 (0) 

(0) = broke  on  loading. 
A = 1 ~ 4- 1 ~ off [1100]  orientat ion.  
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Figure 2 Optical micrograph of  sapphire filaments, 9 ~ 
off c-axis orientat ion (after creep test) ( •  27). 

tures are very much below those measured at 
room temperature, a thermally activated mech- 
anism would seem to be responsible. 

We have made some examination of the 
fracture to see if there is any evidence as to how 
they were initiated. A typical fractured end as 
seen in the scanning electron microscope is 
shown in Fig. 1. Failure has obviously occurred 
in a brittle fashion but there is no internal 
flaw apparent which could have initiated it. 
(The appearance of the fracture is somewhat 
reminiscent to that observed by Stofel and 
Conrad [7] in 0 ~ sapphire broken in bending at 
room temperature: they found that fracture 
followed [10]-1] planes over most of the sur- 

face with the remainder being conchoidal.) With 
all the specimens we tested, failure was by de- 
layed brittle fracture. 

We have also examined filaments along their 
length and Fig. 2 shows their typical appear- 
ance under certain reflected light conditions 
(the filaments shown were examined after creep 
test). Markings possibly resulting from the 
growth process are evident, somewhat similar to 
those recently reported by Pollock [8], together 
with irregularly spaced transverse bands. It 
would seem at least plausible that failure could 
have started from one such feature although 
it has not been possible to establish this defi- 
nitely. When attempts were made to examine 
such fibres in the scanning electron microscope, 
no evidence of these features could, however, 
be seen: the external surface of the fibre also 
appeared smooth and no defects were detected. 
One filament in Fig. 2 shows a kink and appears 
similar to the effect observed by Groves and 
Gooch [9, 10] after creep at high temperatures 
in sapphire filaments several degrees off c-axis 
orientation. 

In an attempt to analyse the experimental 
data presented in Table II, it may perhaps be 
assumed that, to a first approximation, the value 
of the strain, e, is the same for each specimen 
at the time, t, when the specimen ruptures. 
(e was too small to be measured.) It is further 
assumed that deformation took place either by 
slip on the basal plane so that ~ is a function of 
the resolved shear stress ~- of the form 
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= A ~-n exp ( -  Q/kT) ,  

or by dislocation climb normal to the basal 
plane so that i is a function of the resolved 
tensile stress ar of  the form 

= A err ~ exp ( -  Q/kT) .  

In the above equations, Q is the activation 
energy for the creep process (assumed inde- 
pendent of the stress), T is the absolute tempera- 
ture, k is Boltzmann's constant and A and n are 
other constants. To test these two possibilities 
for the present data, lOglo t -  (Q logloe)/kT 
has been plotted against logl0~" in Fig. 3a and 
against log10 err in Fig. 3b. In the two graphs a 
value of 57.6 kcal mo1-1 (242 kJ mo1-1) has 
been taken for Q from the results of  Oishi and 
Kingery [11] for self diffusion of oxygen in 
unannealed specimens of single-crystal A1203 at 
temperatures below 1600 ~ C, although the degree 
o f  fit of  the experimental points to a straight 
line was found on testing to be rather insensitive 
to the particular value of Q adopted. 

For  specimens a to f the stresses were resolved, 
as indicated above, with respect to the basal 
plane. As a result, these points are much more 
nearly colinear in Fig. 3a than in Fig 3b, 
indicating that slip in the basal plane is more 
likely to be occurring than dislocation climb. 
(The scatter in the experimental points is due in 
par t  at least to the error in determining the 
orientation of the specimens.) 

For specimens g and h, which broke on loading 
and in which the tensile axis was very close to 
the c-axis, slip on the basal plane seems very 
unlikely due to the very low value of the resolved 
shear stress (although dislocation climb might 
be responsible: the points g, and h refer to this 
possibility in Fig. 3b). Possibly slip occurs in a 
structural rhombohedral  direction for which 
Groves and Gooch [9, 10] found evidence in 
sapphire subjected to bending at higher tempera- 
tures. I f  this is so and the time to rupture is 
assumed to be 0.1 sec, the points gl, hi result in 
Fig. 3a. Another possibility, as suggested by 
McLean [12] is that glide occurs in a c + a 
direction. Such an assumption, with a time to 
rupture of  0.1 sec, gives the points g2, h2. 
Although the second hypothesis gives a some- 

what better fit to a straight line for the complete 
set of  points a to h in Fig. 3a, the mechanism 
seems a little unlikely due to the large Burgers 
vector that would be involved. In any case, taking 
the results as a whole, dependence on ~- appears 
to be stronger than on Crr, so that glide seems 
more likely than climb to be responsible for the 
deformation. 
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