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TRANSFORMATIONS IN ALLOYS
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Abstract Internal friction and ultrasonic attenuation peaks

associated with diffusionless phase transformations in alloys,

such as thermoelastic martensites and others, were reviewed.

They were discussed from the stand point of (1) Understanding

the mechanism of the phase transformations and (2) Developing

new alloy materials of high damping capacity for application

to noise and vibration abatement. Phase transformation peaks,

a twin-boundary relaxation peak, and a Zener peak were identi-

fied in Mn-Cu, Mn-Ni, In-T1l, In-Cd, Au-Cd, Ti-Ni, Cu-Al-Ni,

Cu-Al-Mn, and Cu-2n-Al alloys, respectively.
1. Introduction Coupled phenomena of elasticity with other physical
properties, such as magnetism, electricity and others, have been
known for a long time. The magnetoelastic effect is responsible for
the high damping in some ferromagnetic materials. It is called
magnetoelastic hysteresis damping and has been studied intensively
by many workers. The piezoelectric effect is responsible for the
electric polarization in ionic crystals under applied stress. Internal
friction phenomena due to the magnetic and electric effects have been
reported by many workers. However, the interaction of elastic energy
with thermal energy is known only by the thermoelastic effect in
metals and alloys. It is responsible for the resisting force of dis-
locations to motion through the lattice. When a region of expansion
or contraction around a dislocation moves through the lattice, it will
be accompanied by an adiabatic volume change that results in a temper-
ature change. In most metals and alloys this effect is not very large.
The micro and macro-thermal flow in a specimen vibrating transversely
will contribute to the thermoelastic damping, which is usually very
small compared with other damping phenomena. This is because elastic-
ity originates from the potential energy of the crystal atoms in most
metals and alloys, and hence the coupling between thermal and elastic
energies can be only possible within the limit of thermal expansion
of the lattice, which is not very large. Such an elasticity can be
called "energy elasticity ".

The large elastic deformation in rubber can be explained in terms

of "entropy elasticity”. In this material the energy ealsticity is so
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small that it can be neglected, while the change in distance and angle
between the molecular chains under applied stress will contribute to
the elastic deformation. It is a change in entropy and hence it is
called entropy elasticity. The entropy decreases when stressed and
increases again when unloaded. Egquation (1) shows that the force
necessary to elastically deform a material of length x consists of
the two elasticity terms,.

F= (2, - r$, (L)
where F is the force, U is the internal energy, S is the entropy, and
T is the température of the material.

In some alloys called thermoelastic martensites the effect of the
temperature on elasticity is so large that it cannot be understood in
terms of the energy elasticity. The martensite phase ‘contains as a
result of the self-accomodation internal faults such as twins, stack-
ing faults or even dislocations. Rearrangement of these internal
faults may contribute to a kind of entropy elasticity which results
in an anomalously large thermal expansion and internal friction. The
purpose of the present paper is to describe typical experimental
results on internat friction and elastic constant measurements in
alloys with the thermoelastic martensite transformation and to discuss
them on the basis of physical metallurgy of martensite in high damping
alloys.

2. Mn-Cu Alloys Alloys containing 40 wt% Mn or more are known to be
very high damping when quenched from the y-phase range or aged after
quenching (see Fig.4). The internal friction originates from the phase
transformation from fcc to fct at around the Neél-temperature.
Although it is closely connected with the antiferromagnetic ordering
in the fcc phase, it is a kind of martensitic transformation because
it goes in a diffusionless and shear-like way. In order to reduce the
total strain energy the fct martensite phase is accompanied by micro-
twin boudaries of the {lOl}—type. These make the material very high
damping. Stress relaxation across the twin boudaries is shown in
Fig.l (1,2,3) and Fig.2 (4). A phase transformation peak B is observed
together with the twin-boundary relaxation peak A in Fig.3 (5). It is
remarkable to see that the phase transformation peak is accompanied by
a large elastic anomaly as shown in Fig.5 (6). The y-phase Mn-Cu alloy
is the only example where the phase transformation peak and the twin-
boundary relaxation peak have been both found clearly. Fig.6 will give
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examples of the peak separation (7).

The transformation fccefct does not occur in alloys with less
than 70 at% Mn as the Neél-temperature falls down to 0K as shown in
Fig.4. If the alloy is aged at 375°C for the time given in Fig.6 after
quenching from 850°C, the alloy containing 44.6 wt% Mn becomes anti-
ferromagnetic and the fccfct transformation peak is observed at
increasing temperatures with increase in ageing time. Fig.7 illust-
rates the change in the internal friction spectrum of the guenched and
aged alloy with lower Mn-content (7). The low temperature peaks Pl and
P2 are not well known yet, whereas P3 and P4 are the twin-boundary
relaxation peak, respectively. It is interesting to know that the
internal friction profile has changed to a great extent depending on
the position of the transformation peak shown by arrows in Fig.7.

The above experiments were carried out at frequencies of about
1 kHz. The results in Fig.8 are obtained at a frequency of 5 MHz by
means of an ultrasonic attenuation measurement with pulse-echo method
in a single crystal specimen of a 37.2 wt% Mn-Cu alloy (8). The speci-
men was solution-treated at 720°C followed by quenching and then aged
at 425°C for 4 hr, so that the phase transformation fcc2fct occurs at
around 300K. It was concluded that the twin-boundary relaxation peak
can be thermally activated, the activation energy being about 5.15 x
lO4 J/g atom. It is interesting to confirm that the temperature of the
phase transformation peak does not depend on the fregquency, but only
on the history of heat treatment. Fig.9 shows a similar phase trans-
formation peak observed in a 77.7 at% Mn-Ni alloy specimen guenched
from 950°C. (9).

3. In-Tl Alloys It is known that In-rich alloys undergo a fcc=fct
phase transformation which occurs in a diffusionless and shear-like
way. Fig.l0 shows examples of the internal friction peaks associated
with the phase transformation (10). Peaks occurring at temperatures
slightly below the Ms—temnerature (the startina temnerature of the
martesite transformation) are seen in curves (a), (b), and (¢). In
an alloy with 25 at% Tl a Zener relaxation peak was observed as shown
by curve (c) in Fig.1l0.

The height of the phase transformation peaks was smaller when
the frequency was higher. There was a slight temperature hysteresis
between the cooiing and heating curves. It was concluded that the
phase transformation peak was amplitude-dependent as shown in Fig.ll
(10). The same transformation peaks were reported by use of ultra-
sonic attenuation measurement in single crystals as shown in Fig. 12
(11). Almost the same peaks were reported on In-Cd alloys (12).
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4. Au-Cd Alloys The B-phase Au-47.5 at% Cd alloy has an ordered CsCl
(B2) type structure above 350K. Upon cooling in the vicinity of 333K,
this cubic phase transforms martesitically to the orthorhombic B!
structure with four atoms in a unit cell. Fig.l1l3 shows the change in
the ultrasonic sound velocity CL and attenuation coefficient o with
the phase transformation (13). The same change in Young's modulus E
(see Fig.l1l4), shear modulus:,Poisson's ratio, and adiabatic compress-
ibility K, (see Fig.lS) was observed. It is interesting to know that
the serrations observed on the curves of the attenuation coefficient
in Fig.l1l3 apparently represent the multiple-interface mechanism of the
transformation (13). The bulk effect is reflected on the elastic
anomalies, while the ultrasonic attenuation is more sensitive in the
detection of the formation of the martensite plates and its twinned

boundaries.

5. Ti-Ni Alloys Fig. 16 shows a sharp internal friction peak and the
elastic anomalies reported in an early work done at about 1 Hz (14).
Ultrasonic attenuation measurements on polycrystalline TiNi specimens
has made clear that the sharp attenuation peak and the velocity
anomaly may be caused by a similar mechanism as the "Akhieser effect"”
in ferroelectric materials (see Fig.18) (15). Fig.l17 shows the anomaly
in the thermal expansion coefficient of the same alloy in the vicinity
of the martesnite transformation temperature. It should be mentioned
that careful experiments on internal friction of single cyrstal speci-
mens with a well-known thermal history must be carried out in order to
make clear the mechanism of the peak. The high damping behavior of the
Ti-Ni alloys is, therefore, not so well-known as the famous "shape-

memory effect"™ of the same alloy.

6. Cu-Al-Ni Alloys The B-phase Cu-Al-Ni alloy has an ordered bcc

(D03) structure above the transformation temperature which are usually
in the range from -150 to 100°C according to the Al-content. On pass-
ing through the transformation temperature, the cubic phase transforms
to the orthorhombic Yi (or Bi when the Al-content is smaller) marten-
site phase. Fig.l9 shows the change in internal friction, Young's
modulus, and the shape change accompanied by the phase transformation
" (or anomalous thermal expansion due to martensite transformation) in
a single crystal specimen of a Cu-14.5 wt% Al-4.4 wt% Ni alloy (18).
The transformation temperature shown at the top of the figure
were determined by electric resistivity measurements. It was confirmed
that the internal friction consists of the three components. They are
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(1) Low internal friction at temperatures above Mg {or A; on heating),
originating from movements of dislocations in the B,-phase, (2) Very
sharp internal friction peak in the transformation range between MS
and M (oxr Ay and Ap on heating), originating from movements of inter-
faces between the martensite and the Bl—phases, and (3) High internal
friction at temperatures below Mf(or Af on heating), originating from
movements of the twin faults or martensite boundaries in the marten-
site phase (16, 17, 18). Ultrasonic attenuation peak at the trans-
formation temperature was found in single crystal specimens of a Cu-
13.0 wt% Al-3.6 wt% Mn alloy (19). It is still not well known why a
twin-boundary relaxation peak cannot be found in these Cu-base alloy
martensites with internal twin faults.

7. Cu-Zn-Al Alloys The Bl—phase of the Cu-Zn-Al alloys with ordered .
structure transforms martensitically from a bcc to an orthorhombic

9R or 18R structure (20). Internal friction peaks and the elastic
anomalies have been reporfed by several workers. Fig.20 shows the
effect of room-temperature ageing after quenching from the B-phase
range oﬁ the internal friction peaks. It shows also the effect of
heating (or cooling) cycle on the peak shape. It was pointed out that
the thermomechanical history could give rise to an enhanced effect on
the interface mobility and also on the martensite boundary mobility,
thus producing a drastic change in the peak shape as shown in Fig.20.

The movement of martensite boundaries was responsible for the
damping at high stress levels, while the movements of dislocations
was responsible for the damping at low stress levels (20). The very
sharp internal friction peak in Fig.22 obtained after 10 oscillations
at a temperature of measurement completely disappeared in Fig.21,
which was taken after 120 oscillations at the same temperature (21).
This is in a sense consistent with the disappearence of the internal
friction peak in Sample 2 which has been air-cooled from the B-range
(22). Very small particles of the precipitated o-phase (or even Cu-
rich zones since no nrecivitates could be seen under optical micro-
scope) may impede the motion of the interfaces and hence reduce the
internal friction peak as seen in Fig.24.(22). Fig 25 confirms the
fact that the transformation in Sample 2 goes more slowly than in
Sample 3 which has been water-guenched. Sample 1 is as hot-forged and
has no martensite peak.

8. Conclusions It should be mentioned that the process of the marten-

sitic transformation (or reverse transformation on heating) can be



C5-976 JOURNAL DE PHYSIQUE

well detected by measuring internal friction peak and the elastic
anomalies. They are ,therefore, one of the best method for analysing
the mechanism of the martensite transformation. if they are measured
simultaneously with electric resistivity change (22. 23). Internal
friction or attenuation peaks due to phase changes in some oxides has
also been investigated (24). The effect of elastic anisotropy on the
lattice dislocations and internal friction was discussed (see Fig.23)
(25) .,

The effects of thermal history. coolina (or heating) rate, and
measuring time on the internal friction peaks were discussed and the
possibility of applying.internél friction method to investigate the
mechanism of the martensite (or reverse) transformations was pointed
out. Several metallurgical aspects important for developing new high
damping alloy materials with martesite phase have been suggested and
discussed referring to the previous review papers (26, 27, 28).
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Fig.24 Effect of quenching rate on the internal friction and Young's

modulus of a Cu-~26.00 wt%2n~4.05 wt3Al alloy. H.F.(hot forged and
slow-cooled), A.C. (air-cooled), and W.Q.(water-quenched) (22).



