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portional to 1/o [14]. Therefore, from dielectric 
loss measurements of z against 1/T or from initial- 
rise analyses of the TSDC, an ionization energy of 
[Li] ~ centres can be evaluated. 

A single peak in the dielectric loss spectrum has 
a relaxation energy of 0.73 eV and an oscillation 
frequency of 197cm -1 [16], the latter being 
about one-half of an oscillation frequency of 385 
to 485 cm -1 for lithium ions in various oxide 
glasses [9]. Equation 2 was used to calculate T m 
for the polarization which is relevant to a single 
loss peak. Tm thus calculated, 250 K, is proximate 
to the 255K peak (Fig. 3). If the polarization 
arises by ionic conduction within Li20 preci- 
pitates rather than by ionization of [Li] ~ centres, 
the activation energy for conduction in Li20 
crystal must be equal to or close to 0.73 eV. A.c. 
conductivity measurements [18] reveal H e of 
0.72 to 0.77eV for four samples out of six of 
Li20 polycrystals. Therefore, it seems better to 
ascribe the relevant polarization as arising from 
ionic conduction within Li20 precipitates rather 
than ionization of [Li] ~ centres within micro- 
galaxies. 

References 
1. A. DOI, J. Appl. Phys. 50 (1979) 1291. 
2. C.M. HONG and D. E. DAY, J. Mater. Sci. 14 

(1979) 2493. 
3. A. DOI, Jap. J. Appl. Phys. 19 (1980) 2085.  
4. S . W . S .  MCKEEVER and D. M. HUGHES, jr Phyg. 

D 8 (1975) 1520. 

5. C. BUCCI and R. FIESCHI, Phys. Rev. 148 (1966) 
816. 

6. A. DOI and D. E. DAY, J. Appl. Phys. to be 
published.  

7. R .H .  REDWlNE and M.B. FIELD, J. Mater. Sci. 
4 (1969) 713. 

8. C. M. HONG and D.E.  DAY, J. AppL Phys. 50 
(1979) 5352.  

9. G . J .  EXARHOS and W.M.  RISEN Jr, Sol. Stat. 
Commun. 11 (1972) 755. 

10. G . J .  EXARHOS, P.J.  MILLER and W. M. RISEN 
Jr, jr. Chem. Phys. 60 (1974) 4145. 

11. C.M. HONG, PhD thesis, University o f  Missouri- 
Rolla (1979). 

12. V. PROVENZANO, L. P. BOESCH, V. VOLTERRA,  
C. T. MOYNIHAN and P.B. MACEDO, J. Amer. 
Ceram. Soc. 55 (1972) 492. 

13. A. DOI and D. E. DAY, unpubl ished work (1980).  
14. R . J .  CHARLES, Jr. Amer. Ceram. Soc. 46 (1963) 

235. 
15. R .M.  CATCHINGS, J. AppL Phys. 50 (1979) 2813. 
16. D . J .  EISENBERG, L.S .  CAIN, K.H.  LEE and 

J. H. CRAWFORD Jr, Appl. Phys. Lett. 33 (1978) 
479.  

17. Y. CHEN, H.T.  TOHVER, J. N A R A Y A N  and 
M. M. ABRAHAM, Phys. Rev. B16 (1977) 5535. 

18. R .M.  BIEFELD and R. T. JOHNSON Jr, J. Electro- 
chem. Soc. 126 (1979) 1. 

Received 2 October 
and accepted 5 December 1980 

A K I R A  DOI 

Department o f  Inorganic Materials, 
Nagoya Institute of  Technology, 

Nagoya 466, 
Japan 

Grain-boundary deformation behaviour in 
a metastable beta-titanium alloy 

Recent studies of tensile and bending fracture in 
heat-treated Ti-4.5 ,~d-5 Mo-1.5 Cr (CORONA 5) 
weld metal have shown that room-temperature 
sliding can occur at grain-boundary alpha/trans- 
formed-beta interfaces [1]. The mechanism of 
sliding differs fundamentally from that reported 
for grain-boundary sliding during high-temperature 
creep, and appears to involve highly localized, 
shear-induced deformation at the grain-boundary 
alpha/transformed-beta interface. In order to 
determine the universality of this phenomena for 
titanium alloys the present programme investi- 
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gated the deformation behaviour of the metastable- 
beta titanium alloy Ti-15 V-3  Cr-3 A1-3 Sn. 

Studies were conducted on sheet material 
approximately 2 mm thick which was given one 
of two different heat treatments: 

(1) solution heat-treated at 788 ~ C/3h-WQ to 
obtain an entirely beta microstructure; 

(2) solution heat-treated at 788 ~ C/3 h-WQ + 
aged at 675~ which resulted in a 
Widmanst~itten plus grain-boundary alpha micro- 
structure in a retained beta matrix. 

Following thermal treatments, blanks were 
machined into bend specimens, mechanically 
polished through 600 grit SiC paper, and elec- 
tropolished at - -45~ in a perchioric acid 
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Figure 1 Widmanst~itten plus grain-boundary alpha microstructure of solution heat-treated and aged Ti-15-333: 
(a) light micrograph, arrow indicates beta grain boundary; (b)TEM showing grain-boundary alpha (dark), a dense 
dislocation substructure is evident. 

electrolyte described by Williams and Blackburn 
[2]. Deformation was provided by progressive 
bend testing around dies of known radius. Optical, 
scanning-electron, and transmission-electron 
microscopy, and electron microprobe analysis 
techniques were employed in microstructural 
characterization and in the study of deformation 
and crack-initiation behaviour. 

Beta grains in the solution heat-treated alloy 
exhibited an omega-type instability, evidence of 
which was diffused intensity lines on the TEM 
diffraction patterns. Microprobe analysis of the 
single-phase beta alloy indicated an absence of 
alloying element segregation at grain boundaries. 
The microstructure of the aged alloy consisted 
of Widmanstatten plus grain-boundary alpha in 
a beta matrix (Fig. la). The TEM in Fig. lb of 
a specimen which was severely deformed shows 
a large dislocation density and an absence of inter- 
phase phase at the grain-boundary alpha/beta inter- 

T A B L E I Microprobe analysis of grain-boundary region 
in solution heat-treated and aged Ti- 15- 333 

Composition (wt %) 

Alloy element GBa Beta adjacent GBa 

A1 4.12 2.63 
V 7.00 16.28 
Cr 1.39 4.08 
Sn 2.38 1.93 

face. As expected, the alpha plus beta microstruc- 
ture was characterized by a partitioning of solute 
elements to the alpha and beta phases (Table I). 

Fig. 2a shows extensive slip occurring through- 
out beta grains in the deformed solution heat- 
treated microstructure. Grain-boundary separation, 
which resulted from slip incompatibilities, is 
illustrated in Fig. 2b. In general, it was observed 
that fractured surfaces at the crack initiation sites 
in the single-phase, retained-beta microstructure 
were covered with irregular-shaped dimples 
(Fig. 2c). Deformation of the two-phase micro- 
structure was typically characterized by sliding at 
the grain-boundary alpha/retained-beta interfaces. 
A large step formed by the sliding process is shown 
in Fig. 3a and b. It is of interest to note: (1) the 
lack of observable macroscopic deformation in the 
adjacent grains; and (2) the absence of a crack at 
the interface (this was confirmed by carrying out 
various tilting experiments in the SEM). From 
Fig. 3c it appears that grain-boundary alpha/beta 
interface sliding was followed by extensive defor- 
mation, which can be seen by gradual bending of 
the alpha platelets. Finally, Fig. 3d shows a step 
formed by grain-boundary alpha/beta interface 
sliding which experienced a transition to dimple 
formation at the interface, possibly because of a 
change in the state of stress at the crack tip. 

The present work suggests that sliding requires 
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Figure 2 Deformation and crack initiation characteristics 
of solution heat-treated Ti-15-333: (a) extensive homo- 
geneous slip; (b) inhomogeneous nature of the slip at beta 
grain boundary as indicated by bending of fidncial scratch 
(arrow); (c) crack initiation at beta grain-boundary. 

the co-existence of alpha and beta phases, and 
that it can occur without the presence of interface 
phase. It is of interest to note that visible sliding 
was observed only at grain-boundary alpha/beta 
interfaces and not at Widmanstgtten alpha/beta 
interfaces. 

Generally, the formation and growth of grain- 
boundary alpha is associated with the rejection 
of beta stabilizers across the interface into the 
beta phase, which leads to the creation of steep 
concentration gradients. Such gradients have, in 
fact, been observed in the studies of CORONA 5 
[1] using electron-microprobe analysis and in 
T i -6  A1-2 Sn-4  Z r - 2  Mo [3] using a high resol- 

ution "dedicated" scanning-transmission electron 
microscope. Considering these results, it might 
be expected that the region in the vicinity of the 
interface would have a composition intermediate 
between the alpha and the beta phases, including 
critical compositions which have been shown to 
exhibit interesting features in titanium alloys, such 
as a very low elastic modulus. This critical com- 
position could also have a lower elastic shear 
modulus given by C'=(Cll-C12)/2,  which 
may be related to the occurrence of (reversible) 
martensitic phase transformations, and thereby be 
a useful parameter for estimating the relative 
stability of b c c crystal structures [4-6] .  Thus, 
the application of stress could cause localized, 
stress-induced phase transformation [7-11] along 
the alpha/beta interfaces and lead to a large 
amount of  shear-induced sliding. In addition, it 
is also possible that interracial dislocations may 
participate in the shearing process. Finally, since 
the alpha/beta interfacial sliding has been observed 
to occur at low stresses and was most typically 
associated with an absence of observable macro- 
scopic plastic deformation in grain-boundary 
alpha, it can be stated that such deformation may 
not play a major role in sliding. In conclusion, 

2033 



J O U R N A L  OF M A T E R I A L S  S.,CIENCE 16 ( 1 9 8 1 ) . L E T T E R S  .... 

Figure 3 Deformation and crack-initiation characteristics tn solution heat-treated and aged Ti-15-333; (a) and (b) 
step formation at grain-boundary alpha/beta interface; (e) evidence of slip on previously formed step; (d) transition 
from interface sliding to crack opening and dimple formation, arrows indicate grain-boundary alpha. 

the observation of ga in-boundary  alpha/beta 
interface sliding in T i - C O R O N A 5  [1], T i - M n  

alloys [121, and T i - M o  [31 alloys indicates 
universality of this phenomena in t i tanium alloys 

under certain conditions. 
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