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Acoustic emission (AE) duoring martensitiq.transfdrmation in
nitinol,indium-cadisium, a&nd indium-thallium ailoys has been in-
. vestigated and the results have been compared with ultrasonic
data of the same alloys. In indium- thallium and indium-cadmium
alloys, acoustic emission is generated by a face-centred cubic
<= face~-centred tetragonal phase transition.On cooling,nitinol
undergoes the diffusionless transition (like the indium;thallium
alloys) from a body-centred cubic to a monoclinic structure.

Elastic behavicur of TiNi and In-Tl alloys in the vicinity of
the martensitic transformation is btriefly discussed in the light
of previous work ( Pace,1970 and Gunton,1973 ).

A qualitative intgrpretatioﬁ of acoustic'emission from nar-

tensitic transformations has been outlined.
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? : CHAPTER 1

INTRCDUCTION

Phase transformations that occur in metals and alloys are of
great importance in scientific studies and industrial apuvlicatios.
Nitinol and indium-thallium alloys are known'for their martensi-
tic transformations which are accompgnied by a number of mecha-
lnical property changes.

The alloys that undergo martensitic transformation have a
unique thermomechanical property known as the shape memory effect.
This phenomenon has some spplications in stored energy devices.

Ultrasonic and acoustic emission investigations of these
alloys help to understand the.mechanism of the martensitic trans-
formations, .

Apart from studies of martensitic transformations,acoustic

emissicn techniques have many applications in industry.Some of

: these applications can be put under the title " Non-Destructive

ing of th

i

v

(i
|-,

materials ".They are : study of fatigue crack

growth charactlteristics under various loading conﬁitions, deter-

mination of crack formation during weld cooling,cﬁecking the

flaw groﬁth during hydrostatic proof test of pressure vesels,etcea.
A brief review of the elasticity theory has been given in

Chapter 2.The ultrasonic and acoustic emission techniques have

3 2

been outlined in Chapter 3 and 4.In Chapter 5, the results

L:'_\
n

and hort discussion have been presented,.Tne conclusions

and suggesticns for further work are given iu Chapter 6.




D

Finally, in Appendix I, cconputer programmes for analysing ulira-
sonic data and the calibration cf a thermocouple have bezn given.

In Appendix IX,publications up tc date are listed.
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CHAPTER 2

ELASTIC PROPERTIES OF ANISCTROPIC SOLIDS

2.l Definition of stress and strain tensors

A1l solids are deformed under the action of external forces.If,
after removel of the external forces, the solid returns to its
original form, the deformation is elastic. The force per unit
area is called the stress . The six possible independent compo-
nents of stress T 5 form a symmetric second rank tensor (Cr =

ij
O ..). The first subscirpt represents the normal to the plane on

i
which the stress component acts:awnd the second bUOSCrLDt the di-
rection of the stress component. Thecr ij (i=3) 1epruscnt uenunlo
stresses while thecyij (1#1) represent chear str esses,

The strain tensor is defined in terms of the coordinates of
a position vector Xx (xi) and 3'(x}) before and after deformation
with displacement u (uj). Let us assume a one dlmenQ10ual solid
of length x . After stretching it will have a length of x+u ,
then a portion of the so0lid of original length A x will now have
a 1eng.’r.hAx+Au « The strain e at a point in the solid is thke
limiting value of Au/Ax , that is

Au (ju

e=lim === (2.1)

X
[&y@le
In a three olmensional selid the strain is a second rank tensor.
nalagous to the cne dimensional case, the variation of the 2dis-

placement u, wilh %, in bhe s0lid may be writien as below

ou.

1 .
eij= 15§;—_ s (i,j = 1,2,3) (2.2)

The tensor eij hss two parts ; the first part is antisymmetrical
and related to body rotations, the second wnart represents the change
in the iength and shape of the solid.This latter part, which is a

symmetric tensor, is denoted byE:ij and expressed by

-1 \
15770 5" g1
(2.3)
u u,
£ =% S +1_.J. )
ij’¢ X. 73X




."h-

St

2.2 Hooke's law

For most sclids it is ohserved that for sufficiently small
stresses, the amount of strain is linearly proportional tc the

applied stress. The generalised form of Hooke's law

T3;° S0

relates the components of the stress tensor CTij to the compo-

nents oif the symmetrical part of the strain tensor E:kl .
Equation (2.4) can be written in its reciprocal form
157 13190 (2.5)

where the Sijyl are the elastic compliance constants , and the
ijkl are the elastic stiffness constants. Since they relate se-
v o) £
cond rank tlensors, the elastic constants 5, . . and C, | th
’ 1jel ijkl

fora fourth-rank tensors with 81 elements each. Both .. and

1]
£ 1 are symmeirical and as a conscquznce the elastic constants
tensors also must be symmetrical.

1

('l)
(ﬂ Y

-
masilved

9
¢ L

C,

1317 Ck1i37 ki (2.6)

The relation {2.6) reduces the number of elastic constants from
81 to 36 . The additional condition that there exist an elastic
potential amounts to having the sturain energy be a functicn-of

state and indevendent ot fhe path by which the &tate i3z reached;

this imposes the symmetry relation (Truell,BEibaum and Chick,1969)
Cirsq= Coqs, - 2.7
ikil™ Tjlik (2.7)
and reduces the number of independent elastic constants from 36
to 21 , In addition, for crystals or media for higner syametry,
the nscessary independent elastic ccnstants become fewer in
number,
The Cijkl can be written in matrix form ( reptacing 11 by 1,
22by 2, 33 vy 3, 23 and 32 by 4, 13 and 31 by 5 and 12 and 21
by 6 ).

The complete set of equations involving the 23 independent

o
o)
<r
i)
I

elastic constants previously mentioned as f£ollow (matri:

tion ) :



e
SEE! ®13 €12 Cy3 S Cis G [ €11

ool 1012 Ca €23 Cay  Cos Oy 22
| 7 C15 a5 33 Cs G5 Caefl |l B3

23 i Cay Cmy Sy Gs Cuell Il Tasll 0 (2.8
os| [S15 €25 Cs5 Cus Cos Cegll f

Sael 0% €26 C36 Cug s Cuef Il 12

The triclinic crystal system requires all 21 elastic constants

because there are no further symmetry conditions that reduce the

" number of constants., The cubic system requires only three indewmen-

dent constants (Truell et al.,l969) .

The general relation between the S,. . and the C,. . is
ijkl 1jkl
given by
8;5=(-DYT A /AT (2.9)
13-V 15 7 A =e

=

where A® is the determinant of the C;y terms and A®; , is the

minor of the element Cij .



2.3 louation of motion and its solutions

In a medium of density p and in the absence of body forces,
the equations of motion which describe the movement of elastic

disturbances are
p‘[ifg%_i-l : (2.10)
3

using the Hooke's law (2.4) gives

“i3c0 €2, 7PN (i=1,2,.-3_) _ (2.11)
. 0 E k. | !
mere €,y P By :

The definition of strain (2.3) this becones

i . o~ ) .
(o % Uy ) 72 =py (2.12)

Cijkl J

Since the Ci*kl is symmetrical with Yespect to ij and k1 'this
J :

reduces to

_ o ] N
Cijkl .uk,.].l—pui o (d.l//

Plane bulk wave solutions tc this ecuation of can be written as

ui=_uoiexp[i(wt-gt§ﬂ ' (2.14)

where Uy represnts the maximum amplitude of the displacement in
the direction.i;g(kl,ka,k%) is the propagation vector, equal to

(w/¥)n where v is the phase velocity and n (n is unit

1’n2’“5)

propagation vector ; w is the angular frecuency of the wave.

YVr— _?i_ - ..2_1'.1_ - -—TL. < (=
{-_ v .‘v.l.- Tv H— x 2 (dul))

where N is the wavelength of the wave. The components ng of the
propagation vector are ithe direction cosines of the direction of

propagation.

RN
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Substitution of the equation (2.1}) inte the eguation of motion

.13) gives

n

(
2 - n . . \ -

PV Ui Cygp1 PyM Yok (i=1.2,3) (2.16)

This may be written in the form due to Christoffel (1877) as

| 20 o
CCigur My My —PV By vy =0

or
2 B - LI -
( Lik -pv 6 ik) uOk = 0 (3-"1?2’3) . (8017)
where o) - )1 i=3 and
ik 0 i#j
L= Cig1 2y M : (2.18)
L;, are the Christoffel coefficients .

Equation (2.17) gives three linear homogenecus equations in

the three unknowns, w., and u., , the components of par-

Yo1, Yoz 03

ticle displacement., These secular eguaijons

PR ?_ - [ -

U L= PY ) Ut By Y2 ¥ by yz =0
3 ' - . ,2\ . . ;_\. . \
“12 Y01 . t (Lgpm PV ugpt Lpg Uys 0 (2.19)
L u + L. u + ( L, - p Va) u =0

13 Yo1 23 Y02 3 03

can have a non-trivial solution only when the determinant of

their coefficients is zero, that is when



n

This is a cubic equation in pv . For a given propagation direction

the roots of (2.20) yield in general three possible velocities

and hence three elasitic waves may be propagated. The u

o1 Y2

and uo3 corresponding to a glven root are gcenerally such that the

wave is neither pure longitudinal ( u « n = 0 ) or pure trans-

& xu =0 ). The direction of propagation may be chossan

such that one pure longitadinal and

4 ey oy vy ~r .
two pure transverss wave



2.4 Solution of the Christeffel eqguations for a cubic zystem

In a medium of cubic symmetry the Christoffel coefficients

(2.18) are givean by the expressions :

2 2
Lll" ny Cll+ n, 044+ n__5 bhh
2 o 2
Lo.=n° ¢, + nS C..+ n5
Lap=my Gt my Cyqtong Cpy
2 2 2
- -'- . ~
337 00 Oyt P2 Ot s O

(2.21)

51 5 71 ‘12 iyl
Lyg= g ny (Gt Cpp)

Cubic symmctry reduces the numbher of independent elastic

; constants from 21 te 3 , namely Cll’ 012’ Chh’

the matrix

as represented in

1 1
11 Y2 G 0 O 0
G120 €41 G @ O 0
C12 Co G © .0 0 (2.22)
o o 6 ¢, 0 0

C
0 o o 0 b O
o o o 0 0 c,,
b ++J

For propogaticn along the fourfold symmetry axis the Christoffel

gquations reduces to

3 2 ~
CCiy-pv™) gy =0

i
-
-

(‘Hgf'pvz) Voo (2.2%)

%]

( - e 57 - .
O PY ) vy = 0




. ~10--

and the determinant eqﬁation-has rdots 511 and Chh .
o] - )

. —_ — - 3 Bt lal c) as r"i T e

For pv = Cll s Ugp= uOB_ 0 and Uy = 1 . This m=de has particle

displacement in the ([100) direction and is pure longitudinal. The
. 2 .

mode Qv = th is a shear.
The relationships between elastic constants and velccities for

the high symmetry directions are listed in Tabie 2.1 .
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Table 2.1

Relationships between ultrasound velocity and elastic

constants for different propogation direction in cubic crystals

Propogation Polarisation
Relationships
direction direction
[100] [100] ve= ¢
P 11
. 2
{100} in (001) plane pvo=Cy,
) _ 2 _
[110] (110] Pvi=E (Cpyv €2, )
2
{110] (o021} pv-= cl_m_
- 2
(110] [110] | pv= % ( Cyq- Cyp)
2 1 .
[111] [111] pve= 3 ( Cy7#2C) ,*4C, )
. . 2_ i . .
{111] in  (111) plane | Pv°= 5 ( Ciq- €y Cy )
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2.5 Solution of the Christoffel equations for an isotropic medium

In an isotropic material there are only two independént elas-

tic constants,

C11= Cpp= C33
Cuy™ Co5™ Cge

(2.24)
C,.=C.,_=¢C

125 Y137 Yoz
t R - ’
644” = Cll 012 )
with all the other constdis zero.

The solutions of the equation (2.19) are the same for all

propogation directionsz.On taking un,=1, n,=n,=0 equaticn {2.19)

273
becomes

2y . , _

( Cyympv7) vy - =0
2 ~ e
( CHQ_ pvo) Uy =0 (2.25)

( ¢C,, - va) u \ =0

uy~ P 03

and three solutions are

2 2 2

pv = Cll R p\r = 91;!: ,.pv = C-’T’L.l
\
- 2 ; = : > -
._vlong." ( Cll/p) and Voo ( Cl-|!4«/p) (2.26)

The elastic properties of isotopic media are usually expressed

in terms of the Lame constants k and M which are defined by
Cip=A+ 2p

C,p,= K (2.27)
C12= A



2.6 Young's mocdulus, volume and linear compressibilities of

cubic crystals and isotrepnic materials

The reciprocal of Young's modelus in the direction of thes unit

vector Ry is given by ( Nye,1957)

1 2 2,2 2 2 2 L
1= l_—E( S 1& $5Ll)(nl otn; n3+n3 nl) (2.28)
where
112* C1p
(€46 000 Cy5)
S, 5= ek (2.29)
B R P S ROy o
Y/ (Il.|.l.|.

The linear compressibility of-a cublic cryustal is ﬁ}: S1 + 25
and volume compressibility is 3 B . The reciprocal oi wolume
compreésibility is known &s the Bullk modulus,

T

he (stlc moduli charateristics of an isotropic material cre

related to the scund wave velocities

(vlongitudinal and Vehear )
by the eQuations
: 2 2\ .
K=(3 pvi-k pvO)/3
f=pv (2.20)

=pvg(Z pvf—u pvg)/ ( pV§— pvi)
{ = s -2_ . / —2'
4] z{ Py zpfs) \pv D\S

where K is the bulk modulus, " is the shear modulus, Y is the

Youngis upodu , 0 is Poisson's ratio and P iz the density of

the medium.
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CHAPTER 5

MARTENSITIC TRANSTORMATION AND ACOUSTIC sMISSION

3.1 General characteristics of martensitic transformations

It is a customary practice to group vhase transformations in
metals and alloys inlo either of two general categories: (1)
nucleation and growth, or (2) martensitic transformations.The
category depends upon the atomic mechanism involved in the trans-
formation process.In the first one, thermal activation and di f-
fusicon play an important role and transformation is base& on
the atom by atom transfer zcross the interface (ji.e. civilian
movements) A martensitic transformation is a diffusionless,
shear like process carried out by cooperitive movements of

LY

atoms (i.e. military movements ).

pu

The word martensite was originally used oy metallurgisis to
describe the plate-like structure in guencnhed steels.iow the
ternm martcnaltp refers to the product of vhassz trensitions which

exhibit certain characteristics.he general features of martensi-
tic transformations are :

(2) The coherent formation of one phase from ancher of the
same compositiqn by & diffusionless,homogencous lattice shear
pProcess.

(b) The process is athermal,that is, it only occurs on cooling
and not when the temperature is held constant.

(¢} Thermal stabilisation can cccur if the temperature is
reld bhelween M {(martensite start {emperature) and M (mOrtcnolte
finish temperature).

(d) Transformations are reversible with a temperature hy:teresis

There is usually a definite relationship bebiween planes

~
MO
~


http://stee.li3.Novj

and directions in the parent and the martensite phases.A trans;
formation matrix can be written down to describe the stirains in
a particular transition.

(f) The metallographic observations show twinned lamellae
being parallel to eachother or tilting of the surface !(sce
figure 3.1).

A list for other metals and ailoys which undergo a martensitic

transformation is given in Table 3.1 ( Gunton,1973).
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Table 3.1

Martensitic transformations occuring in metals and alloys

Metals or alloys . Structﬁre chaﬁgg
Ti bcc to hep
Li : bce to hep (fanlted)
Na bce to hep ( n )
Hg rhomtiohedral to bct
In- 15 to 31 at.%Tl fcc to fct '
Au-47.5 at.%cd bce to orthorhombic
Cu-5n bce to ortherhoumbic

kce to fce (fanlted)

TiNL B2 tc monoclinic
¥e-C fcc to bt
Fe-HNi _ "
| Fe-Ni-C "
Tce Lody-—-ceéntred cubic
fcc face-centred cubic
fect face~-centred tetragonal
bct: . body-centred tetragonail
hcp haxagonal close;packed

52 CsC1l structure
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5.2 Martensitic transition in nitinol

At elevated temperafure the structure of nitinol is B2 (CsCl)
with a lattice spacing of 3.00 A°.on cooling; the material un-
dergoes a martensitic transformation to two.slightly difierent
but distinct base-centred monoclinic structﬁres ( Pace,1970).
The transition'is accomplished by a simple shear on the (112)
planes of the parent B2 structure, in either the [11I1] or the
lili] directions, thus creating the two martensites.The trans-
formation takes place over a wide temperature range and is-nét

vsually complete at room temperature.The transition temperature

]
D

S

s

is'extremely compositio nsitive near 50 at.® Ni (figure 3.2).
An extensive investigation of TiN1i around the martensitic
transition has been made ( Wang et al., 1968).The thermal ex-

pansion of TiNi was measured by Pace (1970).The results are

shown in figure 3.5 .


http://martensito.-s.The
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3.5 HMartensitic transition in indium-thallium alloys

Indium-thallium alloys in the compoéition range 16 to 31
at.% T1 undergo a martensitic phase transformation from the fcc
to fct struture.At room temperature alloys containing less than
22 at.% Tl are fct and becomes fcc at higher temperatures,vhile
those with a higher thallium pcrcentage are fcc at room tempera-
ture and go through the transition below this.On cooling,by
tdking care, s single crystal of the high temperature fcc phase
can transform to the banded twin phase by passage of a single
interface ( Burkart and Read, 1953 ). |

The phase diagram is given in figure 3.3 (&) and the transition
region of the fcc to fct is shown in figure 3.3 (b).

There is a plastic deformation ahead of the interface.,'The ten-
perature must be lowered to provide an additional driving force
before the transformation can procesd by further growth:The
boundary lines between the fcc and fct structures are not to be
regarded as eouilibriws boundaries; the two phase regicn rép resente
a neta ahlp equilibrium between two phases of the sample compo-
sition under conditions of varying temperature and pressure.

The_plane of the interface,which is the habit plane,has been
showvn to be approximately a (110) plane of the cubic phasej;anyone

cf the six different (110) planes could form the interfac

(D

.Usually

there is more than one interface which passes through the material.

The preseﬁ;e.;f twins in the tetragonal phase is a result of the
structural differences between the two phascs.The photogravhs of

the twinned teiragonal phase taken by CGunton (1973%) are shown in

figure 5.4 .Transition in terms of double shear mechanism has

ol

been analysed by Bowles,Rarrett ana Guittman {1950).

/‘
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The observed (110) habit plane was taken as the plane of the

first shear; a second shear was taken on another (110) plane
0 . .
| ~at 60 to the first one. These two shears very nearly produce

a tetragonal structure.




3.4 Elastic behaviour of nitinol and indium-thallium alloys

around martensitic transformation

The martensitic phase changes in TiNi and In-T1 alloys are
preceded by " scftening " of certain elastic coefficients and
the transitions result from the development.of lattice instability
; _ evidenced as a soft acoustic modé.As the transition temperature
is approached the mechanical instability rises,certain lattice
vibration modes undergo a considerable engrgy.decrease and as -
their frequencies falls the waveiength increases and the inter-
atomic Wwinding forces are decreased, Consequently, the vibraticn
amplitude and anharmonicity are so large that the atoms adopt
néw sites ( Pace and Saunders,1972).

The thermal cxpansion coefficient,which is related the anhar-
monicity of lattice vibrations,has a peak around the martensitic

transformation in TiNi as shown in figure 5.5 .

Soft lattice vibrations lead to a large increase in the

attenuation of ultrasound waves accompanied by a minima in th

=
i}

: ey ~d B -
ulirasound velocity (see figures 3.5 and 3.7).

a

In indium-thallium alloys, the two shear ultrasonic waves in
the [110] direction of a cubic phase slow extreme.changes in
their propagation characteristics in varticular the meode
polarised along the [1I0] direction.It has an anomalously large
attenuation while its velocity decrezses énd goes near to zero.

The related modulus 4( € } tends to zero as the martensi-

-C
11 12
tic transition is approached as shown in figures 3%.8 and 3.9
( Gunteon 1973, Pace 1%70, and Pace and Saunders 1972 ).

Elastic constants of indium~thallium alloys are lieted in

Table 3.2 .
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Table 3.2

| , Flastic constants of indium-thallium alloys at 290 K°

Composition | Density Flastic constants

(at.% T1) (gm.cm-B) (lQll dynes.cm—e)

‘ Ci1 G2 Cy3 Cz5  Cuy
o (1) 7.28 4.535 4,006 4.1501 4.515  0.65
1.5 (21| 7.79 4,290 3.910 3.930 4.220  0.682
15 @] g5 | 4.20 3.95 3.95 418  0.752
25 (@1 g 55 .06 4.000 0.79
27 2 g2 5.94  3.875 - 0.83
28.1353) | 8.65 4.012 3.954 0.837
30.16(3) 8+75 h.085 4.009 0.858
35.15(37 | g.98 §.082 3.962 0.87
39.06(3) 4,17 4.085 3.932 0.877

(1) Chandrasekhar,1961
(2) Gunton and Saundasrs ,1974

(3) Novotny and Smith, 1965




3.5 Acopustic emissions from martensitic transformatious

%5.5.) Introduction to acoustic emission

hAcoustic emission,A¥,may be defined as thes stress or pressure
waves generated by the rapid releace of energy within a material
during dynamié procesgses.Common mechanisme for the generation of
acoustic emission include p]astlc deformation,crack initiation,

,

crack ypr o agation, diffusionless transformation (m sitic) ete...

Acoustic emission can be so.loud that it is audible to the ear.

The earliest use of AE analysis probably occured in seismo-

logy.Elastic waves produced by an earthguake were analyzed to che-
racterize fault movements in terms of energy released,locaticon

and depth.
The phrase ' tin cry ' is a term given to audiltle sounds or
clicks generated by deformation of tin (fwinaning deformation).

The same sorts of c¢licks were noted during heat treatnmeni of
L

gl

steel ( martensitic transformation ).

The application of AE 1o vrovlems of interest tc research
and isaustry has only ju€:i begun.lhe main applications in indus-
try as nondestructiive testing VDY) of materials are : menoto-
riné.for flaw "growth,during hydrostatic proof testing of
pressure vessels,determination of crack formation during weld
cooling and the study of fatigue crack growth charateristics
under variouéiloading conditions.

The study of acoustic emission during plastic deformation has

been made by varicus werkxers (Fisher and Lally 1967

-3

-
L]
c
o

1)
©
=}

and Tatro 1671 ).Liptai et al., {196

emigsion during martensitic formation in Au-Cd,In-Tl,and Co




-
-
At

both on heating and on cooling.They have also studied a Sn-Cd
alloy.The '"nucleation and growth" transformation in Sn-10 at.® Cd
did not produce acoustic emission since such transformations
involve low,diffusion controlled growth rates where there is a
sufficient time for sirains to be relaxed by creepn.On the other
hand,martensitic transformation is a diffusionless shear transfor-
mation involving the movement of 1arge nunbers of atoms and

- produces high-amplitude acoustic emissions.
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2.5.2 General characteristics cf acoustic emission

Evidence indicates that the acoustic emission signal is a
very short period transient -lessthan a 0.03 sec period.For
the finite thickness material,the total acoustic emission
signal can be a combination of many path reflections between
boundaries of the sample.Emission events initially having a
wide frequency range become filtered sothat essetially they
have a dominant frequency between 100 KHz and 300 KHz (de-
pending on the band-pass filter used in the system).
| Dunegan and Green (1972) have listed a number of factors
that influence acoustiic emission {Table %.3%).

In the martensitic transformation§,the individual plates

6 3

form in 10 " to 10™° sec and the transformation is knowa to
be autocatalytic in nature with each plate triggering the
nucleatior of other plates in adjoining regions.

Acoustic esmission signals are usually picksd up by a piezd-

L8N
-electric transducer.The initial veltage output from the trans.

. . ) . n g 4 . ° . i .
ducer ccoupled te a deforming matericl,V is proporticnal to

o

the square root of the energy released during a given defer-

mation process
v =YlE (3.1)

The voltage V of the signal can be regarded as an exponentially

demped sinusoidal wave,according to the relaticen

V:‘JO e“r3t cos wt (3.2)

where ﬁ is @ damping constant and w is the anguler frequency of



-3l

the transducer material.

The number of counts,N,measured for a single eveht is the
number of times that the signal exceeds the threshold Qoltage
(reference voltagg), Vr’ at which the counter is set.If T is
the time for the signal to be damped down to Vr’ then

V=V e BT cos we ' (3.32)

| _ Nz fT = %%tql (see figure 3%.10) (%.5)

o
[
o

U

for H counts - wIl=Z]TN

v =V o~ B

T vo oML COS(?Tt:!

=7 T T .o (4 5

Vfwoe p {%.5)
v

T= & 1n(79)

B

ln(v")
T

1
g

By substituting squation (3%.1) into (3%.6), one gets a relation

N={T=

N

N
.

N
S

[

between the number of AE 3signals,N, and the energy of & given

event
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Table 3.7

Facbors that influence acoustic emission detectability

Factors resulting in higher

amplitude signals

High strength
Anisotropy
Nonhomogenity
Thick section
Twinning matexrials
Cleavage iracture
Low temperature
Flawed.material
Crack prupagation

Maretensitic transformation

Large grain size

Factors resulting in lower

L)

amplitude signals

Low strength
Isotropy

Homogenity

Thin section
Nontwinning materials
Shear defarmation
High temperature
Unflawed material
Piastic deformntion’
Diffusion countrolled
trans{formatiocon

Small grein size




-36-

) i
V:Vo e |3° cos wt

<3

r FH—~--

7___ .._..-_I{_ — /,\__/;;

7 "\

\ﬂ/ \)j '\J/ TN e

Vo\%qge

Figure 3.10 An output voltage trom an acoustic

emission transducer.
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5.5.3 Free-energy conditions for martensitic transformations

and écoustic emission

Acoustic emission during martensitic transformation arises
from a sudden shearing of a vcolume of austenite (pﬁr“nt phase)
into martensite.

The martensite reaction cannot take plece unless the overall
free-energy conditions are favourable:

AF KO
In figure 3>.11,the chemical free energy (Gibb's free energy)
versus temperature is shown schematically.At the temperature,

TO,AF (F,-F,) is zero.The transition can rot start at T because

e

of mechanical energies such as intexfacial energy,stirain energy,

etc... Before reaction sets in,suuercooling (Tcer) is necessary.
[s)

Tn 5 correrpond to the driving force of the transformation.

The shear process gives off aconustic emission reguiring an
= “ ol

)-ﬁ

irreversible expenditure of kineic energy.Thers is another irree-

O

“versible expengluure of energy related to the momentum.ct the
shearing process.Tnis foPm of energy changes into heat awd is
lost to the reaction.Because of these irreversible energy éxpenf
ditﬁfes some superheating must occur before the verﬂl!:ree
energy halance is favourable for starting the reverse transfor-
mation,For indium-thallium alloys,i -M_ ia about 5-107C,but it
is sometimes-és large as 400 L for iren and unickel based alleys.
There is some work done dy Zeaer (1949) on the calculation of
overall free enszrgy changes of Fe-~C alloys during martensitic

transformation.He has considered the molal energy of a phase


http://reaction.Becav.se
http://martens.it.tc

in terms of the chemical potentisls of the components and cal-

culated M _ as a Tunction of

5 carbon concentratiocn in Fe.

To give a theeritical quantative result

[

for the energy related
wo accustic emission, the micro-structure of the transformation
has to be ztudied more clo=zely and some suitable approximations

have tc bLe made.
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CHAPTER L4

EXPERIMENTAL TECHHNIQUES

L.l Crystal growth

A twinned crystal of indium-20 at.% thallium has been grown
from the melt using a horizontal zone method (see figure 4.1).
The poiycrystalline materials were 99.999 % indium and 99.999 %
thalliuwm supplied by Koch-Light Ltd,

The two material were cleaned in'dilute nitric acid and washed
with distilled water.Thallium gets oxidised fery'easily 20 a
special care was taken in handling of the material.A pyrex glass
boat in which In-T1 alloys were grown had a volume of about 4 cc.
Its pointed ends were sufficient to start the crystal growth,
Since thallium does not reuct in watér,the approximate amount cf
thallium was weighed and etched by dilute nitric acid and put
into a beaker filled with water.The exact amount of ind¥um was
weighed to an accuracy.of + 0.1 mg and placed into a clean_ﬁffex
boat.The right amount of thallium required to obtain an alloy cf
_ the desired composition was weighed and put on top of the indium
in the boat.The boat was placed in a long pyrex glass tube con-
taning nitrogen gas.Then, the tube was evacuated and sekled.
Heat was applied wiﬁh a flame to the outside of the tube to melt
the metals in the boat.Mixing of the constituents was achieved
by snaking the %tube when the contents were in the ligquid state.

In order to obtain vpolycrystalline samples the tube was left
tc cool dewn to room temperature.The alloy was taken out from
the pyrex boat and cleaned by using dilute nitric acideA noly=
crystal of In-4.85 at.?% Cd was also vrepared in the same wvay for

the acoustic emiszion experiments,



A horizontal furnace was:used to grow a tmlnned crystal of

O

In-20 atﬂ% TL.The melting point of this alloy is abhout 155 C .
Details of the furnace have been given by Gunton (1973).The
alloy has a twihned fct structure at room'tc erature.After
a few passes,etching of the alloy in dilute nitric acid revealed
some grains.The numober of zrains decreased with each pass,Final-
ly,after 8 passes, the allcy was a twinned crystal.

The sample,In-21 at.% Tl,being used for the thermalexpansion
meaourementé,had been grown by a modified Bridgman tnphniqﬁe
( Pace,1970). |

The samples of nitinol alloy with a composition cloze o

50 at.% Wi were kindiy supplied by Dr. B.F. deSavage (.S HWaval

Ordnance Laboratory )for the purvose of the
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experiments (Pace and Sauncdérs,1970),


http://thei-maT.expaxi.sion

| ———

Copper cooling

coils

A

RS

ﬁ R

f E 5
{ &

h et tumbrpinvton

;m mv

':lﬁ-w |.-‘L

Figure 4,1 The horigont

tal zone

Ao R, R KD

Sl

£ityry -~
LUIrnnacsE




. "'L!:Z’.-

L.,2 X=ray work

A boule is mounted on a Philips Type PV 1031 goniometer by
gluing vwith Durafix.Theﬁ,the crystal is aligned by Laue back
reflection x-ray photograph to have a desired crystallographic
axis,

Ne¢ grain had been seen in the boule of indium=-20 at.% thal-

lium after the etching.The x-ray photogi'ovhs also confirmed

that the boule wac a twinned crystal.

The x-ray victures of the indium-21 at.% thallium ssuole
used in earlier works tPace,lQ?O) showed a two—fqld symmetry
Trom one of its flat fuces,

The x-ray enalysis of In-T1l alloys have heen made in detsil

by Pace (1970) and Gunton (1973).
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L.% Sample preparation,cutting and polishing

iz
e
o}

A spark machine manifactured by Metal Hesearch_Ltd. (Type
was used to cut and polish the samples.The cutting action is
produced by a rapid series of spark discharges_between the tool
and the wo“w,notu of which are immersed in a paraffin bath.
This machine can only be used for conductors.In order to fé-

e electrical conuuctlon,1 small amount of graphite
powder was mlxed with the Durafix glue.Because of the high
melting point of nitinol,cutting was very slow.A continously
moving thin,tin coated copper wirs was used for the cuttiag of
the nitinol s“aw-eﬁa-u order to cut the indivm-theilium alloys

a copper plate wes employed.By this
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. can be obilained better than »xi0
The faces of the alleoys being cut by the spark machine were

el

flat encu 1 for the acoustic emi
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nrpeses, out someilines

additional polisaing was required.




Loli Transducers and bonds

If a stress is applied to a piezoelectric material an electric
field is developed.This effect is kaown as a piezoclectiric efiect,
In the converse viezgelectric effect msiress waves can be produced

from rf electrical signals.Quartz (SLU ) is one of the well-known

plezoelectiric crystals.It has an electro-mechanical coupling

pa s -12 ) e .
coefficient of 1.2x10°~° coulomb.newton ~.There are many plezo-

eleciric crystals and ceramics such as Tourmaline,Roc.hellé'.’;‘-alt=

Ba Hloj, and PZT ( lead zirconate titanate).Particularly PzV-5
piezoelectric ceramics are very commor in industry.Quartz anc

PZI can be used up to 573°C and 363°C rosvpoctively.For nigher
temperatures & Lithium uléua*u transducer can be usad (up to ElﬁcC).
J‘ ' ¥or lon gitudiﬁal vaves X-cut quartz, for transverse waves either
Y-cut or AC-cut quartz transducers are generally used,

kY

Three sizes of guartz transducers ( Smm,€mn and 10mm in dizmeter

vere uscd for the ultrasonic evveriments.They had gold plated as

sicwn in figure 4,2 .

(ne of the Dunegan Research Corpar tion's differential transducers,
Model D~140 B sy Was used during the whole acoustic emission expe-
riments.The typical frequency responze curve is nearly flat bet-
ween 10C-500 ¥iz ( see fTigure 4.3 )}, A PZT biewoelectic ceramic
-was in the transducer as a detectiing sensor.A differential dnput
pre—amplifieg'is esgsential for correct operaticn of ‘this trans-

ducer.
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For bonding a transducer to a sample, various substanc¢os can be
used,such as: one of the epoxy resins,cements,the Dow Corning-Series
-200 silicon fluidse. One of the_best bonds, especially  at lower
temperature, was the stcorcock grease ‘Nonéq' manufactured by
?isﬁer Scientific Cgd. A bond must be thin, parallel ‘and provide
a good acoustic c¢oupling for compressional'and sllear wavesSe

In order to measure ultrasonic velocity and attenuation of
longitudinal waves in TiNi, the stopcock grease 'Nenag' was

) e

sed as a hond. For the shear waves, various organic materials,

<

such ass. Benzophone(m.pt.&&oc); Phenyl Salicylate (m.ﬁtouuoc)
and Mannitol (mspt.169°C) were tried.The best results were
obtained from Manxnitel.

An Edward Silicone-High vacnum grease has hoen found to per-

form a good bond for the acoustic emission experiments.
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Figure 4.2 Quartz transducers

'ne shading revresents gold

' plated areas.The flat indicates particile displacement

direction.
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.5 Samvle holders

L sample holder for ultrasonic work is designed sothat an
electrical contact can be made with a transducer bonded to a
sample.The sample holder used in the ultrasonic experiments
consists'of a brass platform on which was placed the samples.
Adjustment of a screw enabled the rlatform to be raised till
act was made between the transducer and a small sprin
loaded copper vlunger.The schematic diagram of the sample holder
is shown in figure ol

Siunce the acoustic emission transducer consists of an epoxy
neunting part,great care has been taken nol to ruin the trausdu-
cer durianpg the temperature rune.f svecial samele holder was de-
sifgned te heold the wave guides as shown in figure 4,5.Mainly
a stainlesss steel rod of diameter of 32 nm was used as a wave
guide.The trancducer was bounded to the one end of the wave guide
and ithe samule to the other end with the same grease.lnother

type of wave gulde was ULried to fiud the west condition for the

=
-~
<
an]
c+
=
0]

transmissior: very low level AE from the specimaen fo the
detecting transducer.l'wo brass cones were soldered to the ends

of a very thick piocno wire (2.5 mm in diameter).Better results
were obfained'from the rod shaped wave guida;IA order to pre-
vent oxidation of. the sample,at higher temperatures, a stalnless-

steel itnbe in which the vave guide was placed ond cvacuated

(see figure L.G ).
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» Cowger plunger
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INEREE)
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» Adjusting screw

Figure L.} Sample holder used for the ulrasonic

measurenents .
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L.6 0il bath and furnace

A modified o0il bath manufactured by Grant Instruments Lid. was
used for ultrasonic measurements above room temperature.A heater
of maximum power 1.5 KV was supplied from the mains through a
variac.A Jumbo-Shandon adjustable contact thermometer was immer-
sed in the o1l bath to control the temperature.The stirring of
the oil was needed %o obtain & constant tempegature (see f{igure
Le7)

stir, the oil bath was not used

i
o
=
P
o

Because of the noise of
for acoustic emission experiments,A kanthal-wire wound furnace

vas used for this purwose,as shown in figure '.d.

The rate of heating was contreclled by the variac in the both
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Figure 4.7 The o0il bath used for ulrasonic measuremenis.
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experiments,



Y

4.7 Temperature measurements and thermocouple calibration

Cupper~constantan and chromel-alumel th uTWO"OUﬁJ 25 with refo-

rence junctionsain,dewérs of ice-water mixture were used for the
méasurements of temperatures.ihe junctions were formed by spot
wglding.The voltage between thermocouple leuds was measured by

a leJtal voltmeter (' B \adlcy Electronics,lMo 1738j). The leads
of thermocouple_were connected to the X-terminal of a Hewletit

Packard's X-

]
e}

rder ( Model 7035i) in order to record the
temperature for the acoustic emission experiments,

The thermocouples were calib:

H

ated according to a cublc equation

_m.-f’-!r'\‘?- m ' .
J=aT + 02" +cT+ad (4.1)

where V is the thermocouple voltage,T is the absolute temperature

and a,b,c,d are constants.The procedure regquires

of thermccouple voltages corresnonding t0o three calibraticn teups

ratvres and the determination of residual voltap

=3
S

d, with both

jurnctions at the reference point,The calibratior temperatures

vierces

1) 77.3% (1iquid nitrogen)

2) 196 Ok ( A dry ice and acetone mixtunre)
3)w:273 % ( ice-water mixture)

B 4.2% ( 1iquid helium)

A computer programme was written to find the veoltages cor-

5. R ) 1, ; Ovr ~ Lyf Bl .,
resvonding tc temperatures tetwesn 771 and L473°K
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4,8 Ultrasgonic methods

Ultrasonic waves are produred by means of a short nulse of
high frequéncy oscillations applied to a piezoelectric trans-
ducer bonded to a sample.The sound waves,generated by the trans-
daucer,propagate back and forth between the narallel faces.The
same transducer can be used as a receiver.In this case, by the

time the first echo has arrived back to the tramnsducer the trans-

)1

mitter has been turned off.The transducer coverts a small fraction
of the enrgy of the returned pulse back into electrical signal .,
This electrical signal is aﬁplified by a recsiver and displayed on
an oscllloscope,The process is repeated & number of ftimea.The
velocity of sound waves can be found by measuring the tiwe in-
terval bhetween successive echocu.The decay rate of the pulss amp-
litude is related to the attenuation of ultrasound in the mate-
rial.When only one transducer is used as bolh the transwmitter angd
the receiver,.the method is called 'Single-ended pulase echo
method!,In the 'Double-~ended method',two sevarate transducers

are used as itransmitter gnd receiver.The repetition rate of the

r.f, pulses is about 1 KHz and the duration time is about 1”»599.
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L,8.1 Pulse echo technique

A Matec Pulse Generator and Amplifier,Model 6600 with Plug-in
760 having 10-90 MHz frequency range was used to measure the atte-
nuation of ultrasound.Phis system consists of the Model 12C4 A
attenuation Comparator and Master Synchroniser. The attenuation
comparater had a calibrated chart up to 4 uB/ t*sec.The exponential

curve was produced by the discharge of o capacitor on a ari iable
resistor.

The block diagram of the system is shown in figure 4.9.Th

aitenuation oi ultrasound was found by adjusting the exponential

T
i
)

gdecay. of the comparator pulse by a calibrated h

i

[0}
=
C
]
-
]
d-
=
M
t—
(¢}
=
[T
3
-
=]
)
by
=
ct
[#2]
07
jo
[p]
Q
M)
]
(]
L]

the eche vatiern.Velecity of

sound waves is found from the specimen Length and the transit

[}
&3

time,the tiwre for one compleie round irip,which can be obtained

using a callbrated delay.The velocity meusuremants made by this

method heave an accur acy of 1%.Using a pulse echo overlap techni-

que,which will be discussed in section 4.6.2,the accuracy of the
, i L5

measurements can be 1 within 107-107.

The echoes in a sample are severcely affected by non-parallisim

of the sample,Another major effect on thc shape of the echoes

~~

S

57}

comes from diffraction losses in the samule e Tigure 4.10).
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L.8.2 Pulse echo overlan tecnnique

On one hand,very accurate absclute measurements of ultrasound
velocity are wanted in order to determine the elastic pronsrties
of a s0l1id.On the other hand,one iray need to measure the change
in the velocity as a function whatever variables are interest,
In the presenl case,the change in the velocity with temperature

is of interest.One of the best techniques to measursc

ot
bt
w3
<0

velocity
change is nulse-echo overlap method,The sensit

)
- . . 1 . 4 -
is about 1 within 10" ( Papadakis,1967 aand Chung,3iiver

sith,and

Chick,1968).

Pulse echo overlap is a mcdificaticn of the wulse echo method.
Overlapping of two selected echoes is obiained by triggerinz the

display oscilloscope atl a frequency which is approximately the
reciprocal of the transit time in the sauple.The I
the oscllloscope is reduced sothat just two selecieu ¢

“displayed by z-modulation of tha cscillescope.Critical

of the triggering freguency gives a sensitive measurements of the

transit time.'The block dizzram of the system is shown in figure

1}.11 .
Ths ec *hoes in figure 4.9 are the rectified form (envelaope)
of the ¢ripginal r.f. echoes.A r.f. pulse and two overlanned r.f.

echoes are shown in figure 4.12

ivitby of the system

CRWENEPY

ot o et i T Y e
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4.8.3% Units of attenuation

(i) The measurement of the output of many circuits or amplifiers
is made by use of a unit of power ratio known as the decibel.A

bell is defined as the logarithm of a power ratio,or

Humber of belis:= log

=
Y
e

4 unit one tenth of bell iz called one decibel and avbreviated db.
2 . .
dB= 10 10810 5. _ _ - (he3)
1
The gain of an amplifier in decihels is

P, V./R
K ain= 1 on —— = 10 logz., . (m=—pm—
dB gainz= 10 10814 C 10“l0 V1/§~)

wihere V, and Ve are input and ocutput veltzpge. & list ol various

gains and corresponding power and

-
o
=~
[
(,'\_',
02
(o]
3
ot
:_l-
2
7]
|
E
[ ’
s
P
w

T&bl@-l}.l .
(ii) '"The decrease in amplitude of successive schees is a mzasu~

re of the ultrasonic attenuvation with distance or time,.

o ()=ce GF : . (L.5) :

whereO (x) is the amplitude at the distance % .Attenuatiion may

be defined by

{ S ) : (L!--6:"

for tvo different points X, and Xy vhere x](x .It can be expressed

in decibels cor in nepers ,as




. HeréOn and O n+l are the amplitudes

~65-

1 oo ()
O = (=) 20 log, A(—=7="5) dB/unit 1
xa-.—..l 10 0'(1\2)
1 o xl)
&= (——) log (——=) nepers/uni
*2™%, e "o (x;)
since .
loglgAz logloe . logeA
108y 8= 0.4343

then
& (dz/unit length)=8.6856 € (nepers/unit
Another expression for on2rzgy loss is th

decrement

vhere W is the energy loss per cycle in the
totaT vibration energy stored in the sanvle

5 =

of two

.From equation (/.8)
O (nepers)= Q(nevers/cm) A(cn)
Finally one can get the:.relations below
y €
G,(dB/ﬂsec): 65.68x107° v (cn/sec) Ci{nepers/cm)
faxn hY ~ / "6-‘
a \uB/,t\s-ec Y= Q(dB/cm)x10 v (cm/sec)
¢ Truell,®lbaum,and Chick, 194Q).

length

e ?)

~
.
o

ength

-

t .Leng‘th (L{o8)

h

)

g lopsrithaic

(L.31)

the

nag K is

consecutive cycles.

(4.13)
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Table L.l

Gains and corresnonding power and voltage ratios

| 4B Powver ritio Voltage rétio
10 10510"?? 20 1oglé_~i
1
0 1 1
1 L.259 1.222
2 1.585 1.259
5 3,612 1.778
10 10 3,162
20 16° 10
30 10° 1012
40 10" 10°
50 10° 10°°7
90 107 10t?




L.9 Acoustic emigcsion technicues

-~

The basic block diagram of an acoustic emission detecting and
analysing system is shown in figure 4.13 . The low level acoustic
emissions received by a piezoelectric transducer are firstly amp-~

Jified and then filtered by a band-pass filter. The data prrocess-

oy

ing systems vary from a simple X-Y recorder to a very complicated

computer analysis depending on

C'J

ulremente.

In the present c

@

L5€,

o

& phantom powered 40 dB fixed pgain pre-
Y
amplifier was provided to enmables the main unit to be cpergted un
"to 10 feet.A compact Tek-105 acoustic emission PrOCesSESY wWaS used
for the experiments. The amplifier gain could bz ilacraased up Yo
658B by a step of 14B. The maximum total gain of the system was
105 43, but in the_éxperimonﬁs the ‘total gain was beitween 85-~213B.
The frequency range of the band~pasg ftiltered used in the experi-
menis was 100-300 KHz.

is shown

The hlock diagram of the Tek-105% acoustic emi:

in figure 4,1l . The experimental saol up (see figure 4.13) consists

of & pre-~amplifier.Mek-10%.an X-Y recorder; =z storag:

(n

) SCoRC, an
a digital voltmeter for the tempemature nmeasurements.The furna
gnown in Tigure 4.8 was used to heat the samples which undergc

ng off the

!.I-

teonid

_,_1.

martensitic transition.Cooling was performed by sw

o5

vowsr applied to the furnace.Acoustic emissions were recorded as
a function or temverature,The analogue output of the Tek-105 was
connected tc the Yeterminal of the recorder while the leads of the

thermocouple were connected to the X-terminal.The clock facility

e

of the Tck-105 was used to set AE counts to zero at the end of
eacnh second 1n order to record acoustic ewission rate.A chart
recorder wzs also used in the two experiments tc record the acous-

tic emission counts against time as the temperature was increased.
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Figure 4.1% Block diagram of an acoustic emission

systenm.
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CHAPTER 5

EXPERIMENTAL RES IL;‘ AND DISCUSSION

.1l Ultrasonic velocily and attenuation in TiNi.

The ultrasonic velocities of 12 MHz loangitudinal waves wers
measured by pulse echo overlap method in tvwo different TiNi
samples.One of the samples was arc-cast nitinol,the other one
was hot-wrought nitinol.,Attenuation of ths 12 MHz longitudinal
waves was measured in the arc-~cast sample.uh ear wave velocity

was measured only at room temperature

The density of the sample was measured by Avchimedes prin-
‘o o -3 - am s - toas .
civle (6.401 gm.cm -) .The elastic moduli characterisiice of the

samnles were calculated and listed in Table 5.1.
The figures (5.1-%.3) show the téﬁperature devendenca ¢i the
velocity and attenuvation of longitudinal waves in the arc.-caslh

nitinol.The velocity of the longitudinal waves in two samples cut

: ' from the same TiNi bar (hot-wrougnt) arec sﬁcwn in fizure 51%'.

f As shown in figure 5.4, & small shift in the velccity minimo
was observed because of the incgmplete thermal cycling efifect.
To ensure an identical thermal hisfory for each experimenis,
samples cut frem the arc-cast nitinol were cycled completely
between 2009C and —196°C.A thermal hysterisis effect was olser-
ved in the samples as a consequence of the characteristic of

mertensitic transformations,




Table 5.1

Elastic properties of nitinol (the arc-cast sample) at room

temperature

Longitudinal wave velocity 5.132 xlob cm/sec
Shear wave velocity 2,120 x107 0

. AT e & i % mer ool o, 2
Bulk modulus,X 15%5.0864 X1011djﬂeb/bm
Shear modulus, M 2.877 »10 "
Young's modulus,Y 8.077 ¥igtt o om
Poisson's ratio, o 0.598

¢ -
The density of the sample is 6.401 gom.cm ~.
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5.2 Acoustic emission results on TiNi,In-Cd and In-TY alicys

Summaﬁions of acoustic emissionﬁ and acoustic eniszion rate
(counts/sec) were recorded as a function of temperature,both on
cocling and heating, in a TiNi,In-4.85 at.% C& and In-Tl alloys
(18,20 and 21 at.% T1).The martensite start temperature and the

stenite start temmerature can be uiert c¢d by AE. methods i.20 in
single crystals, _5 in polycrystals.he results for the TiNi
sample (arc-cast) are shown in figures 5.9 and 5.£ .Accustic
emissicn from the In-21 at.% Tl crystal is shown in figure 5.9,
Total acoustic emission in the same sample was aiso recorded as
a function of time snd temperature (figurc 5.8 and 35.9).Figure
5.10 shows acoustic emission events, envelops of the cmission

(ol

bursts.The resuits from In-T1 (18 and 20 at.% 11} and In-4.85

at.% €d are shown in figures 5.11=-5.15." .

]

4

To sse the effect of volume on the AE,ivo sanmvles ol diffesreu

volumes (Table 5.2) were cul frow the same specimen and acoushic
emission was recorded in cach of them.%he resulis gre shown

iin figure 5.16 '

The photographs of acoustlc emission signals taken from the

- TiRi and the In-T1 (21 at.%) sample are in figure 5.17.

Acoustic emission from a pelycrystalline sample is generated
a broader temperature range than that of a single crystal

sample.,

in
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Table 5,2

Volumes of the samples used in acoustic emission experiments

Sample

State

2
Volume (cm”)

In-18 at.% T1

In-20 at.% Tl-I

In=20 at.% TL -II

In-4.85 at.% Cd

TiNL ( 50 at.% Ni)

Twinned crystal
Twinned érystal

Twinned crystal

Polycrystal

quycrystjl

¢

0.

H_J
~J

~
4

0.

\n

J
A6
—

0,258
0.625
0.500

0,217
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5.3 Comrvarison of ultrasonic data with acoustiic emission data

and discussion

Martensite start temperature (i ) found by ultrasonic and accus-
tic emission technigues were comvared in Table 5.3 HS determined
by ultrasonic method is the attenunation peak temperature.This
may not be actual martensite start temperature,Especially in the
nitinol ,there is about 2 O_difference between Ms tenperaturss
detected by these two terhvlquea.rrom the expeimental reesults,
one can say that the attenuation peak usually occurs in the niddle
of the transformation rather than at the begining.la polycrystaullin
sample,because of grain boundaries and irregularity of the atomic
structure, there is a broadening of téﬁperature in AE. "This is
because the interface of the two phases mizfs in irregular
fashion as it interacts with the grain boundaries.Thiz,therefore,
réquires more cnergy to travel and needs superconling.

The uvltrasonic attenuation peak or the velocity minima is much

-
i

sharper in sin

t\

gle crystod =amples than in polyerystals, is preswa~

fw ]

ably due to the broadening of the transition temperature,




TABLE 5.3

Martensite and austinate start temperatures determined by

ultrasonic and accustic emission methods

Sample M_ (c®) A () ref, for

s I
! . . . M - -
- ultrasonic - AE ultrasonic AE} ultrasonic
| resulis
|' .
- - 2 I + o , e
In-20 at.% T1 . 80-2 _| 63+2
.- - ol - + r-+ ~ - ey
In-21 2t.% Tl 58 622 | 652 Pace ot al, 1972
In-4.85 at.$% Cd _ 48-5 . | 50-3
+ Tl - .-
-5. 72 90-5 [Iais work &

Tili 59 83

Pace et al., L5370

.
il
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__CHAPTER 6

COHCLUSIONS

The measured ultrasonic wave attenuation and velocity showed
a marked alteration around the martensitic phase triansition as
observed by Pace (1970) and Gunton (1973).

Acoustic emission during martensitic. transition of TiNi,In-Cq
and In-T1 alloys has.benn investigated.Depending on the micro-
structure cf the material,the observed acoustic emission charac=
teristics varied widely.Acoustic emission from polycrystals were
feund to be broader than that of singlie crystzls.the effect of
the volume of & sample on AL counts was iavestigated and found
that the counts were proportional to'?pc velunme of the-sample.

In the nitinol sample,the chzerved thermal history was larger,
in order to get reproducible data,the samplec was annealed at
about 70000 for 24 hours and for each experimeant the sample
vas cycled coﬁpletely between 200°C and —1?600,Thir thermal

Fal
RS

~
[»]

effect vas small in the In-Ti alloys.As a characteristic
martena;tnc trﬁn sitions 6% thermnal hysteresi; effect was obser-
ved ip all -ampleé.The effact'( AS-HS:) vas 2-5°C in the In—Pl
alloys but in the Tiﬁi,it was about 12-1500.

Martensite start temperatures determined by ultrasonic and
acoustic emission tschniques viere close to zach opher.
in the indiwn-thallium alloys,the dlfforcnuo was less than 57C,
In nitincl,there was about 20°C gifference.

The M and AS temperatures can be determined ravidly by the

accustic ¢mission techniques.This methed is more sensitive than

som& o the other metheds. For instance,thes change in elecirical
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resistivity of In-T1 alloys ét the transition is usually very
small ( sometimes too small to-detect).In the wdrk done by
Predel_and Sandig (1970),the measuements of the resistivity
as a function of temperature did not show an anomaly.By the
accustic emission methed,the transition temverature is usﬁally
detected easily in In~T1l alloys.

The detection and analysing of the acoustic emission play

an important role in understanding of the martensitic transfor-

is particularly useful in obtaining information on the

i

mation

0

ol

kinetics of the transformation such as : nucleation rates and

burst vhenomcnon.In contrast to the other methods (ultrasounic,

dilatometry,

slectrical resistivity) acoustic emission provides
an almost plate by plate record of the transition.
The study of the transformation by ultrasonic technigues

still needs more experiments to be done.''he nmeasurement of the

s

frequency devendence of the attenuation arcund the transformatior
is reguired in order to understand the mechanism.Sowme work in”

this area has been done by Gunton (1970) ,but scme more sxperi-

{

ments at higher frequencies are still needed,

In order to understand the source and the characteristics of
acoustic emissions,experiments are needed to analyse the fre-
auancy spectrum of the AR,

To Join the ultrasonic and acoustic emiscion work some ultra-
sonic measurements are required st the freouencies where the
acoustic emission frequendy spectrum has a maxima.

In the present work,acousfic emission counts were recorded

as a function of temperature above room temperature,lo complete
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the worlr,sone exﬁeriments need to be carried out below room
temperature.The main difficulty,below room temperature, is the
external noise of the crystalisation of the condensed water in
the air.in order to prevent this,the whole system should be
under vacuui,.

The use of a heavily damped transducer as a detecting sensor
in thg AE exveriments will give some interesting results and
clear a few points resulting from the ringing of the PiT mate-

rial in the transducer,

-



in cubic crystals and for the calibration of a thermocou

(iii)

APPENDIX I

COMPUTER PROGRAMMES

The computer programmes which were written in Fortran-IV are
for the calculation of the elastic wave propagation characteristics

le,.

&,
s

¢

The notations used in the programmes are explained,when they are
desired,by putting some commeunt cards in the programmes,

In the programmes 1-3,the input data iz @he elastic mocduli and
density.The programme for the thermocouple calibration needs calib-
ration temperatures and corresponding voltages to be puf as the
input data.

The first three programmee can be adapted for tetragonal crystals
by replacing the Christoffel céeIficieﬁtg Lij for the tetragonal

symmetry into the main programme. .
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1~-Prograin to calculate eigen values,eigen vectors of Christoffel
= equations,particle displacement directions and energy flux direc-
tionms in cubic crystals.
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(viii)
2-Program to calculate velocity and sleowness surfaces in cubic

crystals in the (001),(011),and (111) planes.
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Z .- 8 - ol
>-Program to calculate S, from ij, bulk wodulus,volume and linesa
""v ., 4 -

compressibilities,Younglte modulus ,and Foisson'ratios
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4~ Program to calibrate a. thermocouple,
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