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Abstract—The alloy 90 Ti 6 Al 4V is used as a mechanical transformer to produce high strains in
metal samples. The internal friction, modulus defect and limiting stable strain amplitudes have been
studied over wide frequency and temperature ranges. The internal friction Q! of annealed samples
has the low value of 5 X 10~ which is independent of the frequency and decreases only slightly at high
temperature. The result is consistent with a model in which the energy loss is produced by a non-linear
motion across the Peierls kink barrier. The value found for the ratio of the internal friction to the
modulus change is 0-03 which is intermediate between two theoretical calculations.

This material becomes unstable at strains from 3 to 5 X 1073, Evidence is presented which shows
that this is a material with a Cottrell type pinning with pinning points on the average about 3 Burgers
distances apart. Assuming that on the average one kink occurs between each pinning point, the modulus
defect is consistent with about 10 dislocations per cm?. The frequency and temperature variations

are consistent with this model.

1. INTRODUCTION

THE ALLOY 90 Ti 6 Al4 V has been suggested
for use in the supersonic plane. It also has
been used as a mechanical transformer[1] for
increasing the strain in a sample whose high
amplitude and fatigue properties are to be
studied. Hence it is important to determine
its internal friction and modulus defect at
both low amplitude and high amplitude vibra-
tion levels.

The internal friction at low amplitudes has
been found to be independent of the frequency
from 17 KHz to 10 MHz, and to be indepen-
dent of the temperature (within about 30 per
cent) from 4-2° up to 600°K. An impurity
type peak is observed which peaks at 180°K
for 10 MHz but after this effect is removed,
the background internal friction is independent
of the temperature. By annealing strained
samples and straining annealed samples it is
shown that this background internal friction

*Supported by the Institute for the Study of Fatigue
and Reliability.

1Supported by the Ford Foundation. Permanent
address Polish Academy of Sciences, Warsaw, Poland.

is due to dislocations. The results obtained
are in agreement with a ‘low frequency’ internal
friction model[2] for which the damping results
from the lattice vibrations generated when the
kink crosses the kink Peierl’s barrier. Theoret-
ical studies[3, 4] have shown that this energy
loss requires a dissipative stress 74, equal to
from 0-01 to 0-1 of the kink stress o, to replace
this energy lost to the lattice vibrations. This
ratio 8 can be measured by determining the
ratio of the internal friction change AQ™! to
the modulus defect change determined when a
strained sample is annealed. This value was
found to be about 0-03 in agreement with the
results in copper.

High amplitude measurements show that
the internal friction is constant up to longitu-
dinal strains of 4 X 1073, This is about half the
static strain. The variation of the static stress
with temperature indicates that the alloy is a
material with Cottrell type pinning with pins
on the average separated by about three times
the Burger’s distance b which is 2-95 x 108
cms for titanium. Assuming one kink on the
average for each pinned loop, the internal
friction and the modulus defect are consistent
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with a dislocation density of about 10 dis-
location density of about 10!? dislocations per
cm?,

2. EXPERIMENTAL RESULTS FOR HIGH
AMPLITUDE EFFECTS

The low frequency measurements (17 KHz)
were performed using a transducer and trans-
former system described previously[1].
Since the system, the shape of the specimen
and the method of calibration have been
described previously, the reader is referred to
this publication[1]. An evacuated container
is used to eliminate the radiation resistance.
The modulus change in the sample alone can
be obtained by multiplying 2Af]f by the ratio
(M,+ My)/M, where M, is the effective mass
of the transducer and transformer and M the
mass of the sample; Af is the change in fre-
quency and f the frequency of the sample and
system.

The internal friction and modulus change for
a typical sample of the alloy are shown by
Fig. 1. Instability sets in at maximum strain
levels which may vary from 3 X 1072 to 5 X
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10-3. The instability is accompanied by a
sharp rise in the internal friction Q! and by
the modulus defect AS/S. After this happens
the modulus defect has increased by about
three per cent and the internalfriction increases
by nearly a factor of 10. Furthermore the
critical longitudinal stress is reduced by over
a factor of 10. It appears that this behavior is
connected with the presence of long disloca-
tion loops which are not repinned at room
temperature. Specimens annealed in a vacuum
at 750°C for 1 hr are sometimes returned to a
normal condition but not always. The presence
of long dislocation loops is confirmed by the
non-linearity of the pick-up voltage as a
function of the frequency, as shown by Fig. 2.
Instead of a symmetrical response about a
resonant frequency, the pick-up voltage builds
up to a maximum as the frequency is reduced,
after which it discontinuously drops to a low
value. On the increasing cycle the response
remains low for 34 cycles above the discon-
tinuous decrease frequency after which it
discontinuously increases to the value of the
decreasing curve. This type of performance is
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Fig. 1. Typical internal friction and modulus defect for an annealed sample of the alloy 90 Ti 6 Al4 V.
Dashed line shows the result obtained after the sample has become unstable.
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Fig. 2. Pick-up voltage plotted against the frequency for an unstable sample near its critical
point. This result is indicative of a non-linear soft spring characteristic.

characteristic of a non-linear spring which is
softer at high amplitudes. This performance is
in agreement with the existence of long dis-
location loops which bow out and become less
stiff as their displacement increases.

It appears that in the annealed state the
dislocations are closely pinned in an atmos-
phere approximating a Cottrell type pinning
[5]. This is shown by the yield stress curve for
static stresses, Fig. 3, plotted as a function of
the temperature. According to the Cottrell
atmosphere concept the concentration along
the dislocation is given by

U/kT

(1)

where c is the concentration along the disloca-
tion, ¢, the density of the impurities in the
body of the material, U the binding energy to
the impurity, & Boltzmanns constant and T the
absolute temperature. If we apply this concept
to the data of Fig. 3, we find that U is about
0-5eV and the average separation between
pinning points is 10-7¢cm or about 3 Burgers
distances. From internal friction measure-
ments it appears that on the average there is
one kink between each pinning point.

C = Coe

Measurements were made of the ultrasonic
yield stress as a function of the temperature.
While the scatter is quite large, it appears that
the ultrasonic yield stress is about half the
static yield stress. Similar results are found
for other metals[6]. This may be caused by
the change in the positions of the pinning
points with ultrasonic stress as suggested by
Alefeld[7].

3. INTERNAL FRICTION MEASUREMENTS

Another important property of the alloy is
its internal friction. This is connected with the
motion of dislocations. This can be verified
by annealing and straining experiments. When
the sample is initially formed by the turning
process its Q is lower and its frequency lower
than found after being annealed for one hour
at 760°C. Table 1 shows the resonance fre-
quency and Q in the as formed condition and
in the heat treated condition. The Q increases
and the resonant frequency increases. If we
take the average of the increase in Q71 i.e.
AQ™, and the average increase in the modulus
change AS/S the ratio is about 0-03 as shown
by the last column. Similarly for a strain of
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Fig. 3. Yield stress for static and dynamic conditions.
Table 1
Sample As formed Heat treated Af AQ! ASIS A0
{AS/S)
fa Q Jx Q
1 17326 1920 17418 6960 92 8-61 % 10* 2:48 X 1072 0-0346
2 17377 2480 17468 8750 87 6-56 X 10~¢ 2-34 X 1072 0-0282
3 17335 2480 17415-5 9200 80-5 67 %10 2:17 X 1072 0-0308
4 17392 2900 17460 10900 68 5:55% 1074 1-83x 102 0-0304

Average 0-0308.

2 per cent, the internal friction increases to
about 5 X 10~* and the frequency drops by 160
cycles. Both of these experiments are indica-
tive of a dislocation background.

Since the average pinning length is very
small any dislocation dissipation due to a
damping proportional to the dislocation velo-

city is negligible and all the damping must be
due to the ‘low frequency’ component dis-
cussed in the next section. Since any othertype
of damping is negligible, this material provides
an opportunity for evaliating the frequency
and temperature variation of this ‘low fre-
quency’ type of damping. Measurements were
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made on a number of unannealed samples
with the result shown by Fig. 4. In order to
cover a wide frequency range some shear wave
measurements were made at 10 MHz. This
raises the question of whether some of the
attenuation was due to scattering losses from
the polycrystalline grain structure of the
material. This alloy has a fine grain structure
with grains from 1073 to 107* cm. Measure-
ments were made over a frequency range and
it was found that grain scattering effects did
not produce an appreciable loss until a fre-
quency of 30 MHz. Hence the values meas-
ured at 10 MHz are due to dislocations. Since
the internal friction scatters over a range, it
appears probable that the values are substan-
tially independent of the frequency as shown
by Fig. 4. Lower values still can be obtained
by annealing the materials.

Measurements were then made to evaluate
the internal friction as a function of the temp-
erature. Since the pulsed 10 MHz system can
be taken down to liquid helium temperature,

1929

measurements were made on two samples as
shown by Fig.5. Both samples showed an
impurity type peak occurring at about 180°K.
This did not appear to be due to dislocations
since straining the sample changed the dislo-
cation background but did not change the
difference of the peak height from the back-
ground. If we analyze the peak as a single
relaxation process, as shown by Fig. 6, it
appears to be somewhat broader than a single
relaxation and with an average relaxation
energy of about 0-1 eV. If we subtract out the
peak, the dislocation loss appears to be inde-
pendent of the temperature.

Since it was not possible to go higher in
temperature with this arrangement, measure-
ments were made with the transducer trans-
former arrangement, using a furnace around
the specimen with the combination mounted
in an evacuated chamber. A number of differ-
ent samples were taken up to 500°K with
similar results. When a sample was taken up to
600°K an apparent increase seems to occur
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Fig. 4. Internal friction for unannealed samples as a function of the frequency. Measurements up to
70 kHz were made with longitudinal vibrations. Measurements at 10 MHz were made by a pulsing
method using shear waves.
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Fig. 5. Attenuation for shear waves at 10 MHz plotted against the temperature for two

unannealed samples.

Fig. 6. Analysis of impurity peak in terms of a single activation energy. After subtracting this
loss the dislocation component is independent of the temperature.
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which may be connected with a partial un-
pinning. Hence up to 500°K there is a decrease
in the internal friction of about 20 per cent.
Figure 7 shows the measured variation of the
internal friction with temperature for two well
annealed samples.

4. THEORETICAL INTERPRETATION

The internal friction due to a drag coefficient
proportional to the velocity has been worked
out by Oen, Holmes, and Robinson. For a
single loop length as would be consistent with
the present case, the internal friction from this
source will not be more than

QO t=6x10"° )
which is negligable compared to the measured
value of 1-5X 10~ Hence another source of
dissipation must be invoked which produces
an internal friction independent of the fre-
quency and nearly independent of the temper-
ature.

Such a source of internal friction has been
discussed previously[2] and has been applied
to explaining the low frequency component
for metals and for the earth’s vibrations which
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also indicate a constant Q independent of the
frequency. This source of dissipation is con-
nected with the motion of dislocation kinks
over Peierls-type kink barriers. This motion
occurs non-linearly and results in the genera-
tion of lattice vibrations which abstract energy
from the motion. For the present case with a
single kink between pinning points the model
is shown by Fig. 8. Here the kink occupies
one minimum energy position and to move to
the next energy minimum it has to cross the
kink barrier of height W. According to calcula-
tions given by Seeger and Schiller{9], the
energy W and the kink stress o required to
take the kink across the barrier are given by

w192 (1—»)2(&)2
5 00k mV3\l+v/ wiu H

where » is the Poisson’s ratio, w is the kink

width, o, the Peierls stress and u the shearing

modulus. For reasonable values of b/w = 1
and (o,/u) =< 1072; it appears that o), will not

(3)

.be more than 10%d/cm? and W < 5Xx 1016

ergs =4-1X10~*eV. This is a low enough
energy so that it will not affect the internal
friction down to 4°K.
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Fig. 7. Internal friction at 17-6 kHz as a function of the temperature.
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Fig 8. Dislocation kinks and kink energy barriers. Dashed
lines show the effect of an applied shearing stress r.

For stresses less than the kink stress o, it
requires thermal energy to take the kink across
the kink barrier. As shown by Fig. 8(b) the
effect of a shearing stress 7 is to lower one
barrier by an amount rab*/2, where a is the
height of the kink, and to raise the other bar-
rier by the same amount. If this is the only
stress applied, it is well known from reaction
rate theory that the net rate of jumps per
second is

— 279 ] s
(Ctgo— g1) = @oe u;kT[ £TWHET __ mbi-’!zk'r}

Tab?
. wo(__k_?)e“W/kT

(4)
since it can be shown that rab?/2kT is much
less than unity even for low temperatures.
we == 27 times the frequency of the kink in the
potential well. This is usually taken to be 10%
Hz.

When the kink has crossed the barrier it
acquires an energy oab?/2 from the negative
slope of the potential barrier. If the kink had
no interaction with adjacent kinks or pinning
points and did not generate any lattice vibra-
tions, this energy would be sufficient to carry
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it over the next barrier, etc. However Weiner
[3] and Atkinson and Cabrera[4] have shown,
using a Frenkel-Kontorowa model, that it
takes a dynamic Peierls stress 74, of from 0-01
to 0-1 of the Peierls stress to keep the disloca-
tion moving after it first crosses the barrier.
This stress is necessary to replace the energy
lost to mechanical lattice vibrations generated
when the dislocation moves across the
barrier. While the calculation is for a straight
dislocation, it has generally been considered
[9] that it applies to a kink also.

When the dislocation is pinned and interacts
with adjacent kinks, the energy acquired from
the negative slope of the barrier is stored in
stretching the dislocation in a string model or
in pushing the kinks closer together in the
kink model. In either case the energy stored is

E= no'kabZ/Z (5)
while the energy dissipated is
AW = nrgab®2 = nBoab?2 6)

where g is the ratio of 74, to o, and n is the
number of kink displacements. Hence for the
dislocation system alone the internal friction
O, which is by definition the ratio of the
energy dissipated to the energy stored, is

0 =8.

For the complete system we have to consid-
er the energy stored in the elastic part of the
crystal and for this case

7

B - __.,.._._AI'L =B——é—’i:
0 =p(2) = P =pasio) @

where AS is the stiffness change for any mode
such as the longitudinal mode used. From the
measurements of Table 1, it is found that 8 =
0-03 which is intermediate to the two theoreti-
cal values. Since the number n of kink jumps
is proportional to the applied stress and is
equal to the total number n, whenr = o, then
we have the relation
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n=rtnoy. 9)

Some idea of the number of kinks moving can
be obtained from the following calculation.
The total shearing strain in the material is the
sum of the elastic strain plus the plastic strain
or

S=S8+5P=8F4+nsb=SE+nab®> (10)
where n is the number of kinks displaced and

s their area equal to ab. But from Equation
(9) this can be written

S =855 +"Tap?.
T

(11)

Dividing through by the shearing stress 7 and
collecting terms

A_“- _ wE—p _ noy,EabZ
K s or

(12)

We found that o, may be in the order of 108
d/cm? and uf=4X10"d/cm?, b=3X%X10"®
and a4 is in the same order. For the turned
sample AS/S = 2 X 1072, Hence we have

2X 102 = ny X 4000 X 27 X 10~%4

or
ny = 1-85 X 107, 13)
If there is on the average of one kink between
each pinning point and the separation between
points is 1077 cm then the number of disloca-
tions for the strained sample is about 1-5 X 1019,
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For the annealed sample this might drop to
1-5 % 10°, which appears to be a reasonable
value.

The frequency and temperature variations
of the internal friction at low strain amplitudes
are also in agreement with this model. Since
the energy loss is proportional to the number
of kink displacements and for a given strain
the number of kink displacements is a con-
stant, the energy loss is proportional to the
frequency and the internal friction Q7! is
independent of the frequency. The energy loss
is proportional to the height of the kink barrier
and this should be constant up to higher
temperatures when the height may drop some-
what. This is in agreement with the curves of
Figs. 6 and 7.
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