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Abstract: lhe transformation temperatures  of  shape  memory  alloy  vary  with  the  composition  and  processing and
manufacturing  conditions  of  the alloy. Tlie purpese of  the presenl study  is to clarify  the effe ¢ ts of  cold  working  and

heat treatment on  varieus  transfoFmation temperatures, and  te estimate  probabilistically the  transformation

temperarures  by means  ofa  model.  111e shape  memoTy  alloy  used  was  Ti-41.7Ni-8.5Cu (at%), and  the  transformation

temperatures  were  measured  by the differential scanning  calorimeter  method  (DSC method).  The effects  of

processing and  heat treatment on  the transformation temperatures  were  investigated by changing  the  cold  working

ratio (10-40 %) and  the heat treatment temperature  (623-773 K), respectively,  As a  result, the transformation

temperatures  were  found to decrease with  increasing cold  working  ratio. [lhe transformation temperatures  were  also

found to increase with  increasing heat treatrnent temperature. [Iherefbre, the  transforrnation  ternpeTatuTes were

modeled  by considering  quantitatively the effects of the cold  working  ratio  and  the heat treatment tcmperature. A

probabMstic prediction formula was  proposed so  that the reliabiljty  of  the prediction may  be estimated  quantitatively.
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1. INTRODUCTION

   Ti-Ni-Cu alloys have been used  in various  fie]ds
because they  have  two  unique  functions: superelasticity

and  shape  memory  effect  [1-3]. In the applications  of

shape  memory  alloys  to actuators  and  heat engines,  it is

desired that the transformation  tempeTature  hysteresis is

srnall in order  to achieve  rapid  cyclic rnotion.  As
applicable  a]loys,  the Ti-Ni-Cu  system  shapc  memory

a]loys are superior  to other  al]oys  such  as the Ti-Ni

system  and  the Cu  system,  and  have been continuously
developed as elements  for energy  conversion,  because of

their superior  fatigue pToperties and  corTosion  resistance,

From the viewpoint  of  thermal  engine  deveiopment, we

have noted  tbat the mechanical  and  functiona] properties
of cyc]ic deformation behavior may  be improved by
adding  copper  to the Ti-Ni binary a]Ioy, because the

recovery  stress increases with  increasing Cu content,  and

both stress  hysteresis and  transformation strain  decrease

with  increasing Cu content  [4,51. Furthermore, copper

addition  is effective for decreasing temperature  hysteresis,
The  authors  have already  clarified  that the most  suitable

com-  position for realizing the required  properties can  be
obtained  at a Cu content  of  8.5%, The  development of a

thermal  engine  requires  transformation  temperature data

as  fundamental design  data for basic specjfications.

   The purpose of  the present study  is to clarify  the

effects of  processing on  the transformation temperature.

FiTst of  all, the  effects  of  cold  working  and  shape  memory

heat treatment  on  the transformation  temperature of Ti-
41.7Ni-8.5Cu  (at%) are  investigated experimenta]Iy  and

formulated deterministical]y. Then, the probabilistic pre-
diction formu]a is proposed so  that the  reliability  of  the

prediction by our  proposed formula may  be estimated

quantitatively.

2. MEASUREMENTS

   The  composition  of  the

8.5Cu  (at%), The  wire  alloy
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Fig.1. Schematic diagfam of transformation
measurement  by  DSC  method.
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mm  in diameteT, and  was  manufactured  by  Tepeatedly

alternating  co]d  extrusion  and  annea]ing  of a hot forged
baT froin the  ingot a]loy.  For the specimens  subjected  to

heating at 673 K, co]d  working  was  performed at the cold

working  ratios,  CW] of 10, 20, 30  and  40 %. For the

specimens  with  CW  of  30 %, heat tTeatrnent was

performed  at  the  temperatures  of  623, 673, 723 and  773
K. Measurement of  the transformation temperatures  was

conducted  twice for each  specimen  by the DSC  method,

as shown  schematica]ly  in Fig.1. Four transformation
temperatures  weTe  defined, as shown  in this figure.

3. RESUIII]SAND  DISCUSSION

3.1. Effects of Cold Working and  Shape Memory  Heat
[[Yeatment on  [[Vansformation [Ibmperature
   Figure 2 shows  the effect  of  CW  on  the transfbrma-
tion tempeTature.  Four transfoTmation  temperatures  .4f,  A,,
M,  and  ua, were  measured  by DSC  under  stTess-free con-

ditions. The  transformation  tempeTatures  decrease with

increasing CW.
   As  CW  increases, it becomes  rnore  difficult to induce
martensite  transformation,  but easier  to induce Teverse

transformation,  This is because the interna] strain  energy

due to cold  working  accompanying  the increase of

dislocations changes  the critical driving force required  foT
tbe phase transformation.  Therefore, since  the change  of

the transformation tempeTature may  be considered  to

saturate  together with  the dislocation density due to cold
woTking,  the peak temperatures for both martensite                                       i

transformation  and  reverse  transformation, Mcw  and

A'cw, can  be expressed  by the fo1]owing formula:

AE.ME.AE.  - A;

M8.  -M;exP(-CWCW-P･3).AgwmMc'w-,(1)

       l l

wheTe  A  3o and  M  3o are  the  peak temperatures  for the

360

                       * l

specimen  with  CW=30  %, A .and  M  .are  the saturation
temperatures  of  the lower limit foT CW=oo,  and  CWo  is a
sca]e  parameter for CW.
   Figure 3 shows  the infiuence of  CW  on  the
transformation  tempeTature  differences, AAcw  and  AMcw,
between the staTt  and  end  of  transformation,  AMcw
decreases slightly, whi]e  AAcw  incTeases with  increasing
CW  and  reaches  saturation.  It is considered  that such  a

change  of  AAcw  might  be caused  by  the  irnpediment of
the transfbrmation progress due to the increase in
dis]ocations during cold  working.  Therefore, from the
abov ¢  consideration,  both AAcw  and  AM/cw can  be
expressed  as  a  function of  CW  by  the fo11owing equation:

AAcw  Af-A,

AMcw  M,-Mf

  AAcw3o  
-

 A4wm

 AMcw3o  
-AMcwm

   ( CW-O.3X
exp<-

 cw,  ]+A
  cW.M

  cw.,(2)

where  iL4cw3o  and  tM4cw]o  are  the temperature
differences for the specimen  with  CW=30  %, which  is the
standard  CW  used  in engineering  working  and  therefore

was  selected  as  the  standard  CW  value  in the model,

Mcwco  and  AMcwoo  are  the satuTation  temperatures  of

the lower limit for CW=oo,  and  CWo  is a  scale  parameter
for CW,  Using Eqs.(1) and  (2), the effects of  CW  on

transformation temperature can be expressed  by  the

fol]owingequations:

A
 scwA

 fcw

M
  sCWM

  fCW

: AE. +  A.tl..m  Asm

  Af

=  MJw  +AMcwn
 Asn

 '"f

;

,

where  mAs,  mAf,  nM,  and  nMr  aTe defined be]ow:

(3)

(4)
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Fig.2. Effects of  cold  working  ratio on  the various

transformationtemperatures,

MA,  =  (A, 'A')/(Af -A.)

m.,  = (A, 'A')/(A, eA,),;

nM,  t  (M, -M')/(Mf  -M.)  '

n.f  ==  (M, -M')1(M,  -M,)                       .

   We  consideT  the scatter  of  various  transfoTination
temperatures quantitatively to discuss the reliability  of  the

values  predicted by Eqs.(3) and  (4). Then  their scatter can

be estimated  by using  ", which  is the ratio of measured

values  to predicted values  of  the  transformation

temperatures  for various  CWs,  as  fo]lows:

p-Experimentaldata
Predicted value.
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Fig.3. Effects of  cold  working  ratio  on  the

differences.
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Fig.4. Weibull distribution of transformation  tempeTature

with  various  co]d  working  ratios.

Figure 4 shows  the Weibul] plots of  pa. [{'he scatter can  be
wel]  expressed  by the 2-parameter Weibull distribution.

The scale parameter is extremely  small;  namely,  the

scatter of  the transformation  temperatuTe  is found to be

very  small  in Eqs,(3) and  (4). Therefbre, it is noted  that

the transformation  temperatures can  be well  predicted
deterministically by Eqs,(3) and  (4) without  considering

theiT scatter,

   Next, the effect  of  the heat treatment  temperature on
the transformation  temperature is shown  in Fig.5, wheTe

M'  and  A'  represent  the peak temperatures foT both

martensite  transformation and  reverse  transformation,  and

lhT repTesents  the heat treatment  temperature. It is found         -*

that both M  andA  increase linear)y with  the same  slope

with  increasing lkT, ]zmperature hysteTesis gradua]ly
becomes  narrow  and  saturates  with  incTeasing THT. These
behavior seen  in Fig.5 arise  when  strain  energies  in

crystals  are  released  through either rearrangement  oT

disappearance of the dislocations generated during cold

working  by heat treatment, and  hence the critica]  driving

energy  for both transforrnations change.  Therefbre, it can
be understood  that the effects  of  cold  working  on  the

transformation behavioT are  opposite  to the effects  of  heat
treatment  temperature  on  the  transformation  behavior.
Also in this case, using  Eqs.(1)  and  (2), the effect  of  lkT    - i

on  MT.  and  A  T.  can  be expressed  by  the fo11owing
equatlon:

A'TmMST..=a(7h,-673)+A'THT61]

M'T.6n
        ,(5)

        s l i                                        +

where  MT.673  and  AT..673 are MT.. and  AT.. for

ll{T=673 K, which  was  experimental]y  estimated  to fit the
heat tTeatment  temperature  of  the Ti-Ni-Cu al]ey  used  in
this experiment  and  is theTefore treated as the standard

temperature for modeling.
   FiguTe 6 shows  the effects of  heat treatment tempera-
tuTe 7i{T on  the transformation tempeTature  differences

(AAT.., AMT..) between the start and  end  of  transform-

ation.  Both  iL4T.  and  AMT.  tend  to decTease exponent-
ially and  rapidly  with  increasing heat treatment  tempera-

tuTe. Such tendencies  of  transformation ternperatures can

be infeTred by considering  that the increase of  heat treat-

rnent  temperature may  promote  the growth  of  such  new

formation phases as  the martensite  phase and  the parent
phase because cold  working  strain eneTgy  is released

during heat treatment.
   Therefore, it can  be understood  that the  effects of  cold

working  are  opposite  to the effects  of  heat treatment
tempeTatuTe  on  the transfbrmation behavior, The  release

of  cold  woTking  strain  energies  by  heat treatment

saturates with  incTeasing heat treatment  temperature,  and

the effect of  heat treatment  temperature  on  the changes  of

AAT.. and  AMT.. saturates  at the  same  time. Therefore, the

behavior of MT.,  (;Af-4,) and  AMT,. (=M,-Mf) with

.m"..Y:-sgs"-gS"ts"-o
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Fig,5. Effects of  the heat treatrnent temperature  on  the

various  transformation  temperatures,
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incTeasing lkT isgiven by the foI]owing equation:

AAT.  Af-As

AMT.  As-At

  AA  T.671  
T
 AA  'HTm

=  exp(-

 AM  T.fin  rAM  T.m

Z,, - 673Tkro)+AA'. 
.AM'T:.

 (6)

In addition,  using  Eqs.(5) and  (6), the effect  of 71.iT
transformation temperatures can  be expressed  by
fo11owing equations:

M  
sT    mM.

    HT

211  sT   ffA.

   "

=M',  +AM.     -T              m

=A',  +A.4.    m            HT

n  M,n

 Mf

m  msm

 li

onthe

     IL, - 673
             ) (7)exp(-

       7;iro              ,

exp(-7L,
 
-
 673)

 (8)
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Fig.6. Effecls or fne neai Treaiment  rempera[ure  on

transformationtemperaturedifferences.

fLTo

   Now}  let us  consider  the scatter  of  transformation

temperature quantitatively to discuss the reliability  of  the
values  predicted by  Eqs.(7) and  (8). Their scatter  can  be
estimated  by using  ", which  is the ratio of measured

values  to predicted values  of the transformation tempera-
tures for various  1inT, Figure 7 shows  the  Weibu]1 plots of
li for various  THT. The  scatter  of  the  transformation

temperature is extremely  small,  TherefoTe, the transform-

ation  temperature can  also be predicted deterministically
by Eqs,(7) and  (8).

3.2. Effects of Co]d Werking and  Heat [It'eatment
[llemperature on  Tl'ansformation Heat  Energy

   Figure 8 shows  the effect of  CW  on  the reverse

transformation heat eneTgy,  EA, and  the transformation
heat energy,  EM. Figure 9 shows  the  effect  of  the heat
treatment tempeTature  llrT on  EA  and  EM. EA  and  EM
decrease with  increasing CWI  and  increase with

increasing 1laT. We  assume  that EA  is equal  to EM  for
various  CWs  and  lkTs, and  the behavior ofEA  with  CW
can  be expressed  by  the fbllowing equatien:

   Etw  
-

 (Etw3o 
-
 Etw.)exp(-  

CI2IGI)i!
 
3)+

 Ebwto 
(g)

                                         '

   ErTH 
=(4TH6n

 
-
 ET..x)exp(- 

7h't.273)+

 ETHco (lo)
                                         ,

wheTe  Ecw3o and  Ecwco are respectively  the transfoTma-
tion heat fov CW=30  %  and  the saturation  transform-
ation  heat for CW:co,  ET..673 and  ET.co are the
transformation  heat for lhT=673  and  the  saturation

transformation heat for 7hT=co,  and  THTn is a scale

pararneter.
   Figure 10 shows  the  INbibull distribution of  ge ratio

*  99.9q"

    90-tsDtuAoLao>･.-"tusE]o

50

10 Weibullmodulus
247

Scaleparameter
1.00

O.5 1.0 1,5 2.0

 Measured valuelPredicted  vaiue  u                              '

Fig.7. VVbibull
valuelpredicted

71{T.

the

p]ots of  " that is defined by the measured

 ones  of  transformation tempefature for

of EA  and  EM  for vaTious  CWs  and  IMTs. Namely, st is the
ratio of measured  data to predicted ones,  It is obvious

from Fig.10 that CW  exerts greater effects than THT on
the scatter  of  transformation  heat. These  effects  will  be
discussed in the probabilistic prediction of  the variation
of  tTansformation heat in section  4.

3.3. [firansformation [[lemperature Properties and

Their Use in the Prediction of  Tlr'ansformation Heat
Energy

   Figure 11 shows  the  effects  ofA,  and  Mf on  vaTious

transfoTrnation temperatuTe differences, A,4 and  AM.  This
figuTe indicates that A, is related  to the heat energy  that is
given off at the start of  the reverse  transformation, and
that Mf  is relatecl  to the heat energy  Temaining  in the alloy
at the  end  of  martensite  transformation.  It can  be inferred
that lta is related  to the  thermal  energy  from  the

environment  while  reverse  transformation  occuTs,  and

AM  is related  to the therma]  energy  discharged to the
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environment.  In Fig.11, it is seen  that AA  and  AM

decrease with  increasingA, and  Mf. In other  words,  the

overheating  temperature  range  in which  energy  is
absorbed  from the environrnent  decreases as  the potential
energy  at the start  of  reverse  transformation increases,
and  the oveTcooling  temperature  range  in which  energy  is

discharged to the environment  decreases as the potentia]
energy  at the  end  of  the martensite  transformation

increases. The relationship  between AA  and  A, can  be
expTessed  by  the fo]lowing formula, as  can  the re]ation-

ship  between  AM  and  M}.

AAAMAf-As

AsLAf=a.4,1ew+Au4ymAMI.(11)

  Figure 12 shows  the Weibull distribution of the
transformation  temperature diffeTences, ltAA and  /tAM,
which  are the ratios of  measured  values  to predicted
values.  The  error  in the prediction of  M  and  AM  on  the

basis ofA,  and  M,  is large, as shown  in Fig.12, but is well
fitted by the VLleibull distribution, Then, both M  and  AM
can  be probabilistically predicted, considering  the

confidence  interval, as described in section  4. 0n the

other  hand, considering  the relatienships  of  EA and  EM
with  the  ratio  R, of  AA  to A,  and  AM  to Mf, EA  and  EM
decrease along  their respective  straight ]ines with

decreasing Rb as shown  in Fig.13. The  relationship

between transformation  heat eneTgies  and  Rt at various

CWs  and  7hTs is expressed  as:

E6.
 

=

 
a(R,

 
-O･05)+Etwo,os

 
,
 (n)

ET,. ==b(R,

 
-O･05)+ET..o.os

 . (13)

The  values  predicted by Eqs.(12) and  (13) are  we]l  fitted

by the Weibull distribution, as shown  in Fig.14, and  show
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Fig.11. Effects of  A,  and  Mf  on  transformation

temperaturedifferences.
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small  scatter,  Therefore, good predictions can  be achieved

by using  these  equations,

4. FUNDAMENTAL  CONCEPTS  OF  SbdLLUE
SC2lj]TER  AND  APPLIC,scION  TO  RELIABILITY
DESIGN

   Every VVbibul] distribution described above  can  be
analyzed  using  the ratio " of  the experimental  data to the
predicted value  as a scatter parameter. Therefore, usingX

for the values  of  various  properties such  as A,, Af, Ml, Mf,
AIVd' and  M,  X  can  be estimated  probabilistically
according  to probability P, by the fbJlowing equation:

tsaLo=

¢

=o･--asE6u=esgH

xa"

 25
 
'F=di;ti

 20

15

          O  O.04 O.08 O.12

                  Rt(AAtAs, Altttua)

Fig,13, Effects of  both ratios  Rt of  AA  toA,  and  AM  to Mf
on  each  tTansformation heat.
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   O.5 1.0 1.5 2.0
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VVleibu]1 distributions of  pa ratio of  EA and  EMas

I(P)-X,F-i(p), (l4)

where  Xb is 2 deterministic value  predicted by various

equations  as a function of lhT or  CVV] and  F'(P) is
equivalent  to the probability vaTiable  Ii(=XZXIo) with  a
shape  parameter m  and  a sca]e  parameter sto and  is given
by the  fo11owing equation:

          F'i(p)=/t=",m]n(1-p)'i. as)

   In contrast,  in the first functional design of a heat
engine  using  shape  memory  al]oy,  the  optimization  of

heat hysteresis, AM  and  M,  is required  depending on  the

heat source  avai]able  fbT it, CW  and  1\iT are  used  to

adjust  the  optimization,  because they  have a large
infiuence on  AM  and  AA,  TheTefore, when  all values  oflY6

fbr transformation temperatures Af, A,, M,  and  Mf, and
transformation  temperatures  differences, AM  and  tM,  are

predicted on  the basis of  CW  and  THT according  to a
functional design specifications,  at the  eonfidence

interval P. (example:90 %), the predicted value  X  is in
the range  given by

         x,F-'(o.os)<I<x,FLi(o,gs). (16)

Also  for heat hysteresis, AM  and  M,  as  well  as

transfoTmation  heat energies,  EA  and  EM, of  the shape
memory  alloys  at  arbitTary  THT, CW  should  be predicted
pTobabilistically from the viewpoint  of re]iabMty  design,
according  to reliabi]ity, R (example:99.99 %). The
predicted value,  X] exists  in the Tange  given by

         Itx,F-i(1.P)-XhF'i(O.OOOD, (17)
The probabilistic estimation  method  proposed herein is
very  useful  fbr reliability design of a heat engine  that
requiTes  probabilistic estimation  from  the  point ofview  of

functionalreliability.

5.CONCLUSIONS

   The  effects  of  processing and  heat tTeatment

conditions  on  the transformation  temperatures were  in-
vest{gated.  The  behavior of  various  transformation tem-
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peTatures and  transfoTmation heat energies  were  mode]ed,

considering  the  effects  of  cold  working  and  heat treat-
ment,  to predict probabi]istical]y the scatter of  measured

values  and  the  confidence  interval of  the values  assurned

from  the proposed model.

   In the design of  a  reciprocating  heat engine  that uses

shape  memory  alloy  Ti-Ni-Cu as  an  eneTgy  conversion

element,  the fundamental properties of transforrnation

temperature undeT  the stress-free  condition  must  be
known and  used  as  initia] design data to deteTmine the
basic specifications  of  the heat engine.  In this case,  the

effects of  co]d  working  and  heat treatrnent on  the

fundamental properties of  transfbrmation temperatures
measured  by the DSC  method  must  be estirnated

quantitatively, including their scatter.  Therefore the

relationships  for the transformation ternperatures  and  the

transformation  heat eneTgies  with  cold  working  and  heat

treatment  were  modeled  as  Eqs.(3), (4), (7) and  (8). The

results obtained  are  summarized  as follows:
(1) The  transformation  temperatures, Af, A,, Mk  and  Mf,

decrease with  increasing CWL The relationships  between
transfoTmation  ternperatures and  CW  can  be formulated

as  Eqs.(3) and  (4),
(2) Both  reverse  transformation  ternperatures  and

martensite  transformation tempeTatures  show  the sarne

decreasing tendency with  increasing CW  that can  be

represented  by  Eqs.(3) and  (4),
(3) The  cold  woTking  ratio  has the opposite  tendency to

the  shape  memory  heat treatment concerning  the effect on
transformation heat energy,  The  behavior of  transfofma-

tion heat energy  with  increasing CW  and  shape  memory

heat tTeatment  temperature  can  be represented  by Eqs.(9)
and  (10).
(4) The  martensite  transfoTmation  temperature  Tange  AM

and  reverse  transformation tempeTature range  M  tend  to

decrease with  increasing Mf  andA,.

(5) The scatteT of  the ratio tt of  measured  dataX  to values

Xb predicted using  modeling  equations  (3), (4), (7), (8),
(9) and  (10) can  be we]1  fitted by the Weibull distribution,
Modeling equation  (14) was  deTived to probabilistically
predict varieus  transformation temperatures and  energies

required  for a  heat engine.

(6) Modeling  equation  (14), which  can  be used  to analyze
the confidence  level and  the reliability from the pTedicted
transformation temperatuTe and  temperature hysteresis,
can  be app]ied  to functional reliability  design of  a heat
engine  using  shape  memery  alloy,
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