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Features of Titanium Fatigue 

Features of special interest here are the fol
lowing. First is the safe fatigue range, and the fact 
that the upper limit of this range may be no more than 
half the static elastic range (1) • Both raise the 
question of how strain-amplitudes that are apparently 
elastic can cause an "elastic" fatigue only above a 
sharp limit. 

Second is the observation that elastic amplitudes 
can cause some titanium grains to develop plasticity 
(1); they develop clear signs of slip, for example. 
The proportion of these grains is small for small 
amplitudes but may increase to some 20 or 30 per cent 
for amplitudes approaching yield. So it is tempting 
to ascribe the elastic fatigue to these plastic grains; 
and this previous workers have done (1). But ~vidence 
will be given below that it may occur by an independent 
mechanism at low cycle-frequencies (LF) , frequencies of 
the order 100 c/sec. or less normally used for fatigue 
testing; and only by a special behavior of the plastic 
grains at ultrasonic or high frequencies (HF) , fre
quencies of some 20,000 c/sec. or more. 

A final feature, indicated by observation described 
below, is that titanium can tolerate surprisingly high 
internal stresses. It is to these that the peculiari
ties of its fatigue will be attributed. 
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To provide comparable illustrations of these 
features the observations will refer to the same com
mercially pure titanium annealed to a grain size 
~ 0.001 in. and having main impurities c 0.016, 
Fe 0.112, N 0.008, 0 0.228, H 0.007 wt.-per cent. The 
LF fatigue-was produced by alternating torsion of given 
strain-amplitudes applied at 30 c/sec. to specimens 
with electropolished tubular test-portions l 1/2 in. 
long, 1/4 in. o.d., and 3/16 in. i.d. The HF fatigue 
was produced in an apparatus (2) that applied alter
nating push-pull at 17.000 c/sec. to electropolished 
tubular test-portions 0.45 in. long, 0.20 in. i.d., 
and 0.18 in. i.d. The resulting microstructural 
changes were studied by scanning electron-microscope 
(SEM) • All photographs reproduced here are mounted 
with their horizontal direction parallel to the speci
men axis so as to permit comparison of slip and crack 
directions with directions of the applied cyclic 
stress. 

The Plastic Grains 

Study of these was facilitated by the SEM because 
their slip bands extruded debris from which the secon
dary emission under the incident beam is enhanced; so 
they stood out brightly, generally as bright ribbon or 
point extrusions, Figure 1. But a more significant 
aspect of this activity was revealed by a light etch 
in 3 per cent HF. This removed the debris and showed 
that it issued from holes and cavities in the slip 
bands, Figure 2a. The cavities, as was clear from 
stereomicrographs, were about as deep as long. Thus 
they indicated the early form that fatigue damage took 
in the plastic grains. It was in fact always possible 
to find too a still earlier form where the damage 
consisted merely of holes along potential slip bands, 
Figure 2b. 

However the observation of special significance 
here was that the damage never progressed beyond these 
early forms. It never progressed to the extent that 
plastic fatigue normally progresses in a wholly plastic 
metal like copper (3). To emphasize this point it will 
be convenient to reproduce Figure 3 from similarly 
tested copper. This exemplifies the normal massive 
damage: a dense distribution of slip-band fissures 
traverses the grains; cross-linking fissures appear at 
grain and sub-grain boundaries. Therefore it was 
difficult to see how the sparse cavities in isolated 
titanium grains could provide a comparable mode of 
fatigue fracture. This conclusion was confirmed by 
observations on how the titanium did in fact fracture. 
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Fig. 1. Ribbon and point extrusions in slip zones in specimen with 
5 x 103 cycles at ± 0.009 strain. 

A B 

Fig. 2. a) Etched up slip zone notches in specimen with 3 x 104 
cycles at ± 0.0045 strain. b) Etched up holes along 
potential slip bands in a similar specimen. 
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Pig. 3. Copper specimen with 10 6 cycles at + 0.0045 strain etched 
to show slip band fissures in the grains and the cross
linking fissures at grain (g) and subgrain (s) boundaries. 

Fig. 4. 
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a) Transcrystalline cleavage of a single grain in an etched 
specimen with 3 x 104 cycles at ± 0.0045 strain. b) Trans
crystalline cleavage of several grains in the same specimen, 
unetched. 
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LF Fatigue by Cleavage 

The difference in mode of fracture was especially 
clear in the LF fatigue. Here it was found that crack
ing in fact originated in the elastic grains, not the 
plastic ones. A grain developed a transcrystalline 
cleavage in a direction of maximum applied shear, and 
this crack then extended in the same shear direction by 
cleaving one grain after another, always without any 
accompaniment of noticeable plasticity or slip, Figures 
4a, b. Further evidence that cracking was of this 
brittle type was that the crack continued in the same 
general direction despite the different crystallographic 
orientations of the grains that it traversed. Still 
further evidence was obtainable when a crack became 
wide enough for the SEM to penetrate between its walls. 
These then could be photographed in situ. They were 
typical cleavage surfaces, Figure Sa. 

Other confirmation was made possible by similarly 
photographing in situ the internal walls of secondary 
cracks that the primary -crack sometimes started when it 
encountered plastic grains, or triple points, or 
happened to coincide with a grain boundary. These 
fracture surfaces were of a rough ductile type; as 
shown by Figure Sb from the wall of a secondary grain
boundary crack they were quite different from the 
above cleavage type. 

The HF Fatigue Cracking 

This differed from the LF type in now utilizing 
a plastic grain, but the way it developed still dif
fered basically from the way plastic fatigue normally 
developed. The HF deformation merely produced occa
sional slip-band fissures in a plastic grain. One of 
these it might propagate partially into tbe grain; but 
if this grain were elastic it did so with evident 
difficulty, for the crack would tail off in an 
irregular manner, Figure 6. Thus fracture in practice 
began in some area where enough of these small extended 
cracks might link into a large one. 

That this HF fatigue have a safe range followed 
from observations on the internal friction Q-1 as the 
amplitude was slowly increased from a low strain of 
about lo-6, Figure 7. The value of Q-1 at first 
remained roughly constant until the amplitude approach
ed a critical value, here ~ lo-3. Then it rose rapidly 
because it then started slip and cracking of the kind 
just illustrated. This strain amplitude was of the 
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Fig. 5. a) Fracture surface of cleaved grain in a specimen with 
3 x 104 cycles at + 0.0045 strain. b) Fracture surface of 
a secondary grain-boundary crack in the same specimen. 

Fig. 6. Etched up slip band microcrack in an ultrasonically 
fatigued specimen. 
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same order as the safe limit at low frequency. 

The High Internal Strain 

This at· low frequency made itself evident where one 
of the slipless cracks in its early stages crossed a 
grain boundary; there it would produce a striking 
shear in the boundary, Figure 8. From this it seemed 
reasonable to conclude that cracking of the grain had 
released a shear strain of an order given by the length 
of the step over the grain size. This strain in prac
tice reached values of about 0.05, equivalent to a 
stress of 0.05 G, where G is the shear modulus, and of 
the same order as the theoretical strength of metal, 
generally put at about 0.1 G. 

At high frequency, comparable internal stresses 
could make themselves evident where one of the HF slip 
bands crossed a surface marker. For such markers it 
was possible to utilize occasional fine straight lines 
that remained on the metal surface after.fabrication, 
annealing, and electropolishing. An example of such a 
line and the steps produced in it by the HF slip appears 
in Figure 9a, b. The key diagram Figure 9b show that 
the slip has shifted point C to C' and D to D', but has 
not shifted the grain boundary at points F where the 
slip bands enter the boundary zone. Therefore the 
boundary is containing shear strains CC'/BC and DD'/CD; 
and these, as inspection at once shows, are ~ 0.1, 
again indicating that internal streses of the order of 
the theoretical strength can develop locally in a 
titanium grain. 

Discussion 

A point of main interest is the last one, the 
high internal stress. In the material used here, bulk 
yield occurred as the elastic strain in torsion reached 
0.009 shear. The elastic amplitudes employed were 
always less than this value and therefore much less 
than the local internal stresses ~ 0.1 G to which they 
could give rise. Similarly the HF amplitudes were 
much less than the local internal stress they could pro
duce. Thus in some way it is possible for a low cyclic 
stress to give rise at least momentarily to a high 
unidirectional one. 

A full explanation must await further observations, 
but it could take the following form. We recall that 
to produce an elastic range of any significance the 
dislocations in a metal must be strongly pinned. 



1226 

0 - I r3 
I a 
c 
0 .. 
0 

iO'l U: I 

5 

D. E. MacDONALD AND W. A. WOOD 

I 

) 
~ 

"' ~ -

Maximum Longitudinal Strain In Sample 

Fig. 7. Internal friction for ultrasonic specimen taken to fatigue. 

Fig. 8. Grain boundary displac~ment produced by a slipless crack in 
a specimen with 3 x 10 cycles at ± 0.0045 strain. 
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Fig. 9. a) Strain concentration at slip bands in ultrasonically 
fatigued specimen. b) Diagram shows that strains CC'/BC 
and DD'/CD are on the order of 0.1. 
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Fig. 10. (a) and (b) Schematic representation of brittle cracking 
in the elastic range of titanium. 
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Suppose AD in Figure lOa is pinned at intermediate 
centers represented here as points B and C (though 
pinning centers in practice might be of various kinds; 
sub-boundaries for example) . 

Up to a particular amplitude the dislocations 
simply oscillate about the pinning centers, and there 
is no reason for fatigue. The material has a safe 
range. 

Above this amplitude, parts of the dislocation 
between more widely spaced pinning centers break away 
as in Figure lOb. But in an elastic matrix, with its 
many pinning centers, they cannot travel far before 
they are recaptured. Under cyclic strain they might 
wander to an fro between positions l to 4, for example. 

But parts of the dislocation between nearer 
centers such as BC are less likely to break away; thei~ 
amplitude is less; they are attracted to their own cen
ters rather than to neighboring ones. 

Therefore we may have a relatively stable layer 
between the unstable ones shaded in Figure lOb. And 
during the instants that a dislocation is moving 
between centers in the shaded layer, the externally 
applied load is borne mainly by the intervening layer. 
The layer is momentarily overloaded. Depending on the 
relative areas of the shaded and unshaded regions this 
overload could be large enough for fracture. 

Further it should be noticed that the direction 
of the overload is simply the direction of the exter
nally applied stress, whereas the direction of dis
location movement is likely to be a crystallographic 
slip direction. The two directions in titanium with 
its few slip directions may differ widely. Therefore 
the overload need not start slip. 

Finally the wandering of individual dislocations 
does not constitute slip; for this a concerted ava
lanche of dislocations must break away. Therefore 
the fracture caused by the overload becomes slipless 
cracking in the direction of maximum applied stress. 
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