-

View metadata, citation and similar papers at core.ac.uk brought to you byﬁ CORE

Characterization of the thermoelastic martensitic transformation
Title in a NiTi alloy driven by temperature variation and external
stress

Author(s) Liang, K; Lin, ZC; Fung, PCW; Zhang, JX

S Physical Review B (Condensed Matter), 1997, v. 56 n. 5, p. 2453-
Citation 2462

Issued Date | 1997

URL http://hdl.handle.net/10722/43205

Rights Creative Commons: Attribution 3.0 Hong Kong License



https://core.ac.uk/display/37882503?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

PHYSICAL REVIEW B VOLUME 56, NUMBER 5 1 AUGUST 1997-

Characterization of the thermoelastic martensitic transformation in a NiTi alloy driven
by temperature variation and external stress

K. F. Liang
Department of Physics and Centre of Materials Science, The University of Hong Kong, Pokfulam Road, Hong Kong
and Department of Physics, Zhongshan University, Guangzhou 510275, China

Z. C. Lin
Department of Physics, Zhongshan University, Guangzhou 510275, China

P. C. W. Fung
Department of Physics and Centre of Materials Science, The University of Hong Kong, Pokfulam Road, Hong Kong

J. X. Zhang
Department of Physics, Zhongshan University, Guangzhou 510275, China
(Received 29 May 1996; revised manuscript received 7 October)1996

In order to test the concept of the physics of dissipation during first-order phase transitions in solids, we
measured the internal frictionQ(!) and the relative shear modulug ) during a thermoelastic martensitic
transformation in a NiTi alloy. We adopted two approaches: temperature variation and application of external
stress. This investigation of internal friction was carried out with various vibration frequengctesnperature
variation ratesT, and strain variation rates. The index| (coupling factor between phase interface and
oscillating stregsand indexn (rate exponent for the effective phase transformation driving jdneee been
calculated from the experimental data for each case and the vallesndin are about the same in the two
(doped NiTi samples, irrespective of whether the phase transition is driven by a temperature variation or stress
induced process. We compare the valuenadnd| for the NiTi samples with that of the other samples
(VO, ceramics and FeMn alloysreinforcing the previous physical interpretations of these indices. We believe
the indicesn andl are indeed fingerprints of first-order phase transitions in solids.

[S0163-182607)00230-0

. INTRODUCTION AH
AGd=T— (T—Ty), (2b)
A theory of dissipation associated with a first-order phase 0
transformation(FOPT) in solids was formulated recenﬂy,
leading to explicit representations of the effective drivingangA Gy is the resistance to the motion of the Pl exerted by
force AG’ and the d_|s_3|pat|o_n1 energy functianGg(T) in jmperfections of the crystal lattice, lattice vibrations, etc.
terms of internal friction Q") and the §Pl1ear modulus  clearly, the coupling indekis the most important param-
(#). We have shown in Ref. 1 that th@ * during the  oior 1t specifies the relatio; *— w and describes the de-
FOPT can be expressed as gree of response of the Pl in the sample to external oscillat-
ing stress; it is a measure of the mobility of the PI involved.
The indexn may be called the effective driving index and is
where a measure of the effective part of the phase transiti®p
driving force. In order to test the theory and understand fur-
Q; '=B(Mw'™? (18  ther the nature of a FOPT, we have analyzed ceramig VO
and FeMn samples in Refs. 2 and 3 and found thde-
scribes essentially the ease with which the PI vibrates during
a FOPT, whilen actually describes the degree of effective-
ness of the net driving force. In particular, the FOPT in-
Q. ! is the internal friction corresponding to the situation Volved in VO, is a lattice reconstructive-type leading to a
Where the phase interfa@b is Stationary; we may even Ca” nonCOherent type Of Pl so that the diStort.ion Of the |attice
B(T) the stationary coefficient. Qd—y% gives the dynamic structure on both sides of the Pl is relatively snaWe
part of the internal friction, dependent dn T, andw, where expect that the net or effective driving force in Y@ rela-

A(T) is the dynamic coefficient. These were derived suppos!ivflig small falso. Sincen d.incr(taasEeszmonotionicaII%/qv;/ithbthe
ing that the net driving force on the PI[iEg. (3¢) of Ref. 1] net driving force according 1o 429), we expec o be
relatively small accordingly. The value found farduring

Q=0 1+ Qgi=B(Mw' ?+AMTY"?, (1)

and

Qui=A(T) TV "2 (1b)

AG'=AGy—AGr=A,(T)(T=T", (2a the PI motion in VQ was 0.1. Turning now to the FeMn
sample in Ref. 3, the burst-type martensitic transformation
whereAGy is the driving force for the PT, (MT) there is of the displacive type, leading to a semicoher-
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ent Pl. As a consequence, a large distortion of lattice struc- 035 ' ' : '
ture occurs on both sides of the PI during the PT. We expect, ., 034} ]
in this case, that the net driving force and, hengeare g 033f M (Co) :
relatively large. Indeed, we have found from analyzing our § oml e ]
experimental data that=0.33 (heating and 0.47(cooling), % oar} j’ y .
which are significantly larger than 0.1, the value obtained for § 4547 /’ VAW ]
the VO, sample. Now let us consider the valued aleduced ¢ | 7 A ‘\: a1
for these two samples. The FOPT in Y@ a reconstructive =+ AN :ﬁ_"__:.::‘:_ﬁ,—fzz ]
type and the amount of distortion is very localized at any g 0'27 | M; (C5) 1
instant of time during Pl motion. The PI could not respond &
sensitively to external influences such as that introduced by 0261 ‘ . 1
forced oscillations, leading to a relatively largésuch as 0.2 023 0 230 250 270 290 310 330 350
in the VO, samplg. On the other hand, the burst-type MT in  (a) T (K)
the FeMn alloy sample is a displacive type, implying that the 50 — : :
lattice distortion is broader in space, so that the response of _ M, (258K)
the PI to external influence is high and, consequently, the & w0l TN CesE i
value ofl should be small, as found in Ref.[8.015 (heat- £ // g, L G13K)
ing) and 0.035(cooling)]. In summary, the theory leads to < %0 / \\ |
consequences which can fit experimental data, and the FOP1g o/ \ \
of the VO, and FeMn samples can be characterized by the 2 \ T 6
two indicesl andn. g 200 ST N S 1

There are three main objectives of writing this article. '§ <160

(i) To test the theory further and understand the nature of §  10f ]
the FOPT, we sought a sample with a displacive crystal ®
transformation, like the FeMn sample, but which undergoes 0

. . . . | . .
240 260 280 300 320 340 360 380

a relatively small degree of lattice distortion. The FOPT in a b) T®

Niso.3Tiag 7 (@bbreviated NiTji alloy falls into the category

we wanted. We should note also that thermal hyster&3is FIG. 1. (a) Variation of electrical resistanc® with respect to
=|T,—T,| for this typical NiTi sample is<5K, much change in temperatuf® for the Ni,gTis, Sample. The premartensite
smaller than that of the FeMn sample. We hope also to ge®T (1/C) occurs in the high-temperature range 290-272 K, and the
some information on the influence AT on the values of =~ martensite PT €/M) occurs in the lower-temperature range
andn. The methodology to achieve this objective is similar <272 K. (b) Electrical resistanc® against temperatur& for the

to that in Refs. 2 and 3. NiFeTi sample. Note that théC andC/M PT’s are well separated

(i) To extend the theory to the situation where the FOPTN temperat_ure{316—288 K, below 258 Kwith the introduction of
is induced by stress, rather than induced by variation of temF€ doping in this sample.
perature. - . .

(iii) To compare the results of the two different induction PSeudoelasticityPE). The SME is provided by the thermo-
processes with similar type of samples, so far as the rever&lastic MT induced by temperature variation; the PE is sup-
ible 1/C PT can be identified. plied also by the thermo elastic MT, but induced by streSs.

In Sec. II, we develop our theory to describe the FOPT!N the previous two examples, the PT has been induced by
which is driven by the application of stress. We shall findVariation of temperature and we purposely induce a PT by
that all the basic equations holdTifis replaced by ande is app'y”?g an external stress n this paper. Thl.Js we focus our
a linear function of time. A typical NiTi sampldlike gnaly3|§ on the pseudpelasnc properties in this paper, provid-
NissTic; or Nigy sTise) with. close to equal amounts of Ni ing a different(stress-induced BTmethod to test the theory.

. 349, . . In actual experimentation, we applied the external stress at a
and Ti does not demonstrate a lineat behavior. However, temperatureégt or slightly higher ?f?ahA 8-10 10 then stud-
with doping of a tiny amount of Fe, the NFeTi, (NiFeTi) . . fr !
sample offers a sizable domain where thes relation is ied the relation between the consequential PT strain and

_l _1- - _
linear, leading to a&-t linear region as required. For this Q . We also analyzed th@ -« behavior. When we mea

reason, we have used a second sample, i.e., NiFeTi for thsured the electrical resistance of a MT sample as a function

characterization process in the stress-induced situation. i;)e Zp?;a:#;?t,evr\]“sait% b;ﬂnogﬂgs\'ﬁﬂi;yt%istg;]cug;i'rénr;g'e
We devote Sec. lll to training of the two slightly different ap P 9

P agP - .
samples and the measurementQof* as well asw. Analysis MS_'Mf _(C_S'Cf) for the N'49T'5_1 _sample, hergz, tr;e_ Super-
of the data is presented in Sec. IV. Relevant discussions art¢'IPtP indicates that the PT within the rany;-Mj is pre

i, P
conclusions based on this investigation are given in the laghartensitic. Below the temperatuld; (Cy), the MT takes
section. place and we may takkl;~M;(Cs) in this sample. In the

second situation of the NiFeTi samplil is significantly

lower thanM fP(Cf) and a corresponding-T curve is shown

in Fig. 1(b). Note that thd/C andC/M PT'’s are separated

in the second situation of the NiFeTi sample. Since we plan
It is well known that any specimen capable of a thermoto analyze thd/C PT, we need a sample showing that the

elastic MT demonstrates the shape memory ef8stE) and |/C and C/M PT'’s are well separated in temperature. For

II. EXTENSION OF THE PREVIOUS THEORY OF FOPT
DRIVEN BY AN EXTERNAL STRESS
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wf ~ 7 T T T ] £ )
i AGd:_(O'u_O'|):A08:A08t (4)
—N=12,..,36 7 2
—N= 2 . L . . . .
~ 30f --N=36 . L ] in the situation of loading with a constaaf whereA, is a
g‘) = constant. Equatiot4) has the same form as E@) in Ref. 1.
< Ll .,,'..,.-,'.:'/"""/ | Following our analysis in Sec. Il of Ref. 1, we have the
2 ",_,,,-;:'/'-"’ following explicit form for the effective driving force:
7 ol ] AG'=AGy—AGgr=A,(&)(&t)". (5)
J,,/’/ Equation(5) is identical to relation3c) in Ref. 1, implying
Z ‘ ‘ that the solution for the equation of motion of the Pl is the

0 Il 1 Il L 1 1 1 1 il
00 02 04 06 08 10 12 14 16 18 20 22 same as that depicted in E€), substantiating the applica-

@ Strain e (%) bility of our theory to the stress-induced PT at constant tem-
50 ' ‘ perature and constast i.e.,
€m
40t o {/,/,//:/7 1 Q =B(g)ot ?+A(s)e" "2, (6)
:'é ol R //cff;/ | It is well established that the premartensitic PT is an inde-
® YT _:./_———if"/’/ pendent transformation preceding the normal martensitic PT
° /T 7 in a NiFeTi alloy®~*® During a cooling process, the NiFeTi
g 201 v e ] alloy undergoes a second-order PT at first and the parent
s //// / /// phasg(P, B2, CsC) transforms to an incommensurate phase
1or //// },/ e 1 (I, B2), which then transforms to a commensurate phase
/’ //// (C, rhombohedrg] the last PT is a first-order one. Both of
0 & — : . : . the P/l and I/C transitions in NiFeTi alloy fall into the
(b) Strain & (%) category of premartensitic PT, but théC PT can demon-

strate the SME and PE.

FIG. 2. (a) Typical stresso versus straire for the NiTi alloy The investigation of the PE effect using t@e * method
with almost equal amounts (MNTis) during training at T  during a process of stress-induced PT was initiated in the
=298 K, nearM% . HereN specifies the result after théth train- 1980s'%1415A Q! peak and a minimum of. were ob-
ing cycle. (b) Stresso vs straine for the NiFeTi sample during served in theQ ~1-& andu-& curves, respectively. The peak
training atT= 333 K. HereN signifies the result after thdth train- height of thlel-s curve, i_e_,Q,;l, and the minimum ofx

ing process. in the u-& graph were found to be more pronounced with
increasing strain rate and decreasing frequenay. The
this reason, we have used a NiFeTi sample. concept of dynamics of the Pl was used then to explain such

Figure 2a) demonstrates a typical “shuttle-type” stress- experimental finding&>*>*® More recently, Stoibeet all’
strain loop of the NiTi sample during a stress-inducedhave introduced a technique @ ! measurement to inves-
thermo elastic FOPT in a trained polycrystalline PE sampletigate theB,/; interface motion during the stress-induced
the training method is described in Sec. Il B. The upperMT in Cu-Zn-Al single crystals. They made a “window” in
curve was taken during loading. The stresis decreased by parallelepiped specimen, a Pl was introduced on a cross sec-
reducing the load and the-e curve does not pass through tion of the parallelepiped sample, andQa ! peak was ob-
the origin after the first stress cycle. Generally, after a fewserved during loading and unloading. The shear stress in-
tens of cycles, we have a loop closedeat0 ando=0 as duced by torsion had a vector component along the PI
shown in Fig. 2a8). The driving forceAGy for the stress-  (according to Ref. 1, this is just the condition for the occur-
induced thermoelastic MT §8-1% rence of coupling between a PI and oscillating streasd a

Q! peak was observed in tf@ - graph—such a condi-
. tion was believed to be satisfied in their sample with “win-
AGdz_O (oy—0). (3) dow.” The experimental finding is very interesting, and they
2 concluded that *“ the majority of the energy dissipation dur-
ing single variant transformations is due to the nucleation
Of course, theo-¢ relation holds at or around the tempera- process and not due to the growth of the new phase.”
ture A; in Fig. 1(a). Such a loop, as indicated in Fig(a®,
pertains to the situation where there is mainly one ndw 1. EXPERIMENTATION AND EXPERIMENTAL
phase during the PT. Note that a large temperature gap RESULTS
[ME(CS)—MS]~30—50 K appeared in our NiFeTi speci-
men as indicated in Fig.(lh), enabling us to analyze the
I/C PT by itself. The corresponding-¢ loop (called a
type-ll thermoelastic Pl appears like that shown in Fig. The NiTi alloys are best known for demonstrating the
2(b), with “four straight sides and a tail.” In this type-ll SME which is provided by the thermo elastic MT induced by
situation, ,— o) varies linearly withe. ThenAG4 can be  temperature variation.® More than one type of the thermo-
expressed as elastic MT (induced by temperature or strggsmn occur in

A. Sample training and measurements
for the Nisg 3Tiag 7 SpECiMeEnN
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FIG. 3. (8 R-T curve of the NiTi sample after the constraint FIG. 4. (a) Q’l and p againstT for the NiTi sample during
aging processh) R-T curve of the NiTi sample after ten cycles of heating with T=1.9 K/min for different f: f,=0.5 Hz, f,
training. Anl/C PT appeared within the temperature band of 280—=1.0 Hz, andf;=2.0 Hz.(b) Q" andx vs T for the NiTi sample
350 K. during heating withf=0.5 Hz for differentT: T;=0.4 K/min,

T,=0.8 K/min, T3=1.9 K/min, andT,=4.0 K/min.
most alloys which demonstrate the SME, including NiTi

alloys*%-20|n particular, in the set of NiTi alloys with . .
various compositions, there are two thermoelastic MPT’sC"’lrrIeOI out in the temperature range from 273 to 353 K,

during cooling, one from incommensurateor B2 phasgto separating the temperature ranges of the PTM/C from
commensuratéC, rhombohedral oR phasg, and the other C/!: The sample was then ready for use.

from commensurate to the martensitic phase withB 9 The electrical resistance of the trained _sample, for the
structure. It should also be noted that the relative amounts dfn9€ from room temperature to 365 K, FigbB shows
thel, C, andM phases in the sample are very sensitive toclearly that al/C PT has occurred. Moreover, with x-ray-
the thermomechanical histofy-25In this paper, we focus on diffraction analysis, we identified a reversiblkC PT within
reversiblel /C transitions after introducing a special training the temperature range of 280-350 K. The experimental re-
process to separate théC transition from theC/M transi- sult also showed that if the wire was not trained, thephase

tion. With just thel/C transition, we can proceed to test the ON Neating changed to a mixture M phase ancC phase
theory. around 328 K and then tb phase at 393 K during heating.

The wire sample, with nominal composition On coolling,the usudl-C-M phase transiti(_)ns occurred, but
Nisg.4Tise 7 (at. % of diameter 1.0 mm and length 50 mm, the resistance peak was rather narrow Wlthout a plateau and
was. sup'plied by the General Research Institute of Non_ihe r_lature of the various phase t_ra}nsmons is the same as that
ferrous Metals, Beijing, China. in Fig. S(a): However, aftgr training, only am/C phase

Two-way-shape-memory training is necessary to ensurér""”Sformf"lt'On occurrefhs in Fig. 3b)]. ,
that thel/C transformation is completely reversible and to "€ Q ~ of the sample was measured by a vacuum in-
separate thé/C transformation from th€/M PT. We have Verted torsion Plendulum as in Ref. 3. The free decay mode
employed the constraint agifff” (CA) method. was used foQ measgrement with a maximum amplitude

The wire was(a) first annealed at 993 K fdL h followed ~ Of 1X 10°°. The resolution fOQ_l measurement is 1%, and
by an ordinary air cooling process, thér heated at 673 K th?l:“ could be recorded with a precision of 0.2%. The
for 1 h, followed by furnace cooling, and théo) stretched Q ~ and u were measured simultaneously during a heating
by £=2.5%, while being held at 393 K. The stretched process(from room temperature to 373)Kor constantT
sample was clamped at both ends to maintain constarit 1.9 K/min, but for various frequencie§;=0.5 Hz, f,
length, heated to 673 K for 1 h, and then furnace cooled to=1.0 Hz, andf;=2.0 Hz; these results are presented in Fig.
room temperature. The-T curve after the process of CA is 4(a). Also, at a fixed initial frequency=0.5 Hz, we varied
shown in Fig. 8a). Further thermocycledN>10 timeg were T (T;=0.4 K/min, T,=0.8 K/min, T3=1.9 K/min, andT,
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=4.0 K/min) and recorded th€ *-T, u-T graphs in Fig. 100 T T
4(b). We also repeated the measurementQof-T, u-T 0 , | b te /f 110
relations with other frequencig€6.5, 1.0, and 2.0 Hzduring 80 | L i/ /
heating, but these graphs are not shown here. Moreover, & 701 | ® ////' /
similar data were collected on cooling. é 601 | . 1o &
We should note tha® ! is defined theoretically as £ sof ! o ' g
% a0 {//// 3
_1:iA_W 3 a0l / {10
27w’ 20
where Aw andw are the energy dissipated over one cycle 10
and the maximum energy stored in that cycle, respectively. 0 P 7°
In experimentation, we measured the logarithmic decrement Straine (%)
le of the torsion vibration of the sample Q! is found to _ o
be related thgl by3 _F_IG. 5. Stress_a vs straine for the NiFeTi sample after 30
training cycles, withe extended to 5.6%. Note that only one PT,
1 i.e., 1/C, occurs within the range 0.75%¢<4.35%. The shaded
Q_1=E [1—exp(— 277le)], areaAS measures the enthalpy of the stress-indud€dPT.
and we have plotted the value @F ! (rather thanQ; %) in ~ metrical dimensions. The formulguxf?(1+¢)° was
all our graphs. adopted_ as in Ref. 14, Wh|!eT the relatlvg variation in electri-
Comparing Figs. @) and 4b) with Fig. 3b), we observe Cal resistivity was modified according ta\p/ P:£|§8
that a clearQ ! peak and a minimum ipe occur over the — Ro)/[Ro(1+¢)°], whereRy is the initial resistancé®

same range of temperature as th€ PT. The peak height Our equipment allowed a resolution of 0.1 kg/ffor the
Qp Yincreases with decreasitigand increasing’, while the stress fr%eisr%rlew_ﬁm’ whl:etyve ;:oulglmeaﬂjne an atccu-
minimum of theu-T curve becomes more prominent fs racy o ©. - The resolution folQ = measurement was

. . . . found to be 1%, and the crystal structure analysis was carried
decreases and ab increases. Since the difference in the 0 y Y

minimum of u (i.e., Aw) can be determined, we can use theﬁ:fat\ ;N”h the help of an x-ray diffractometémodel D/max-

method of Ref. 2 for the V@sample to calculate the value of

| for this NiTi sample. The specimen treatment began by tightly clamping it in a

stainless steel holder, heating to 673 K for 1 h, and then air
cooling. The resistance-temperature curve during a cycle of
B. Sample preparation and measurements heating and cooling is shown in Fig(k). From 283 to 313
for the NisgFeTiso specimen K, the structure of the sample was rhombohed@)l.(When
The large plate sample with nominal compositionthe temperature was increased from 313 to 333 K, the speci-
Ni,oFeTi, of thickness 1.3 mm was supplied by the Generalmen changed to thB2 structure () and stayed in the same
Research Institute of Non-ferrous Metals, Beijing, China.form when heated further to 363 K. In cooling from 363 K,
The plate was cold rolled to a thickness of 0.7 mm and d&he specimen was in the incommensurate phase down to a
strip of size 0.% 0.7x 150 mn? was cut for our experimen- temperature of 316 KGs), at which a commensurate phase
tation. appeared. At 288 K(;), the transition was completed. Fur-
The four graphs, namelyg-¢, Q 1-&, u-e, and R-g, ther down at 258 K, the martensite PT appeared, with a tem-
were measured simultaneously using the Tensile Testing Mgerature gap of 30 K betwedly andMs. The sample was
chine (model DL-1000 manufactured by Chang Chun Ten- heated back to 333 K, at which the training process was
sile Testing Machine Factory. When we performed the usuahtroduced. Figure @) indicates that after the first stress-
tensile test, we clamped one end of the sample and loadeiirain training cycle N=1), there was a residue strain of
the other end. We attached a horizontal vibrating rod to the,~0.4% wheno was reduced to zero. After 30 cycles of
middle part of the sample so that the free torsional vibrationgraining, the o-¢ loop maintained the same shape with
of the sample could be set up, with it its own natural fre-e—0 aso—0 during unloading. In this training process, the
quency of free vibrationgso-called “middle torsion pendu- maximum strain reached was keptdg=3%.
lum”). In order to excite and detect the vibrations, two stan- In order to find the maximura,, reached by the strain of
dard electronic coils were fixed close to the ends of thehel/C PT which left theo-¢ loop form closed and practi-
vibrating rod, and th& ! as well as thew were calculated cally unchanged, we used the other sample and tsigd
through the measurement of the amplitude and the frequency 6% and 7% for 30 training cycles using two very similarly
of vibration with anx-y recorder and a millisecond meter. prepared samples. We have found thatjfwas extended to
Two probes were attached to each end of the sample, and tii@6, the residuak, was not equal to zero, while in the case
standard four-probe method was employed to record the,=5.6%, thes-¢ loop was kept very close to constaeee
electrical resistance over the strain demonstrated. With thiEig. 5. From this figure we see that the maximum strain
setup, the stated four curves were recordectyrecorders g, supplied byl/C transition was found to be 4.35% and the
simultaneously. Since the true length of the sample was exsteep rise of ther-¢ curve fore>5.0% represents a transi-
tended and the cross section decreased accordingly durinign contributed by a martensitic transformation.
loading in the tensile test, we had to modify the shear modu- Further experimentation on thee relations showed that,
lus and electrical resistance to reflect the changes in geavhen ¢,>3%, the quantity of residuaM (or sometimes
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Q! versus straine for the NiFeTi sample(d) Relative shear
FIG. 6. (a) Relative intensity of x-ray diffraction as measured by modulus w(f?/f3) against straine. The strain rates,=9.0

the number of counts per sourf@P9 of the NiFeTi specimen x107%s™! the temperatureT=333 K and the oscillation fre-
before the 30th training cycle for the diffraction angle #franging  quencyf,=2.5 Hz are fixed fora)—(d).
from 30° to 50° atT=333 K. (b) Relative intensity against® ) o ) .
corresponding tda) after the 30th training cycle at=333 K. phase identificatiorfsee Figs. @) and Gb)]. Comparing

Figs. @a) and Gb), we clearly observe that there are the
C) phase varied on performing each cycle. Only whgn same two phases in both situations—the domiraphase
<3% was the amount of residull phase relatively small and a small residu# phase.
and constant after each cycle. We therefore characterized and The effect of changing the strain rateon theQ ! char-
analyzed our results based on #he relation corresponding acteristics during a stress-induckC transition was inves-
to e,=2.5%), making sure that theC PT was reversible tigated with three constant strain rates namely,e,=3.0
and the amount of residubl phase unvaried during the X107 %/s, 6,=9.0x10 %/s, ands3=21.3<10 %/s. The in-
stress-induced PT. We recorded the relative intensities of thifuence of the measuring frequency was measured by five
x-ray-diffraction patterns for a range of diffraction anglé 2 different initial frequencies:f;=0.6 Hz, f,=0.9 Hz, f,
before and after the 30th training cycle in order to carry out=1.5 Hz, f,=2.5 Hz, andf;=3.6 Hz for each strain rate
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1 . . .
FIG. 8. Q! against straire for three frequencie$,=0.6 Hz, 'T.lG' flO. rllr[(lg\l'T/'(AM/M)l] against Ifiw(Hz)] during heating and
f4=1.5 Hz, andfs=3.6 Hz, all at;=21.3x105s % and T  C00ling for the NiTi sample.
=333 K (NiFeTi sample.
IV. DATA ANALYSIS
A. Temperature-induced thermoelastic martensitic

& mentioned aboveQ ~! during the PT is independent of the _
transformation

strain amplitude of oscillation.
The variation withe of o, the change in relative resistivity In a phase transformation study, we usually estimate the

Aplp, Q™ 1, andu during the stress-inducddC transition  fractional volumeF of the new phase at a particular by

for the trained NiFeTi sample are plotted with respect tomeasuring the fractional change in electrical resistance at

change in strair in Figs. 7a)—7(d), respectively; the strain that temperature. We can see from Figh)3he temperature

rate £,=9.0x10"%/s and f,=2.5 Hz are constant during T2 at which the resistance is just half of the highest value.

these measurements. It is clear from Fig®) and 7b) that  Note thatT,,, depends o also, but is independent of fre-

the o~ and Ap/p-¢ loops are closed ar=0 ande=0. dueNcyw, a result obtained in Ref. 2 and which is assumed

Here Q! increases, bu decreases with increasingas to be valid in the present study. For this particular we

revealed in Figs. (€) and 7d), respectively. The existence of obtain thte’,z1 and w4, values at thisT,,, [from Fig. 4b),

two practically linear sections in bo- ando ,-= curves ~ corresponding to heating

of Fig. 7(a) demonstrates that the dissipation theory proposed We now proceed to evaluate the crucial inditesndn.

in Ref. 1 can be applied to the analysis of the dissipativéNote that the relative shear modulus defégt/ . consists of

behavior during the stress-induckC transition in this par- tWo partst  (Au/u)sy corresponds to the softening of the

ticular NiFeTi alloy. phonon modepertaining toT—0 and independent of),
Figure 8 shows the variation d * with & for three ~ and the other partXu/u)p, is contributed by the motion of

different frequencies as marked and at a constant strain ratbe Pl(corresponding ta #0).

£3=21.3x10%/s. For three measuring strain ratess la- Using the method described in detail previodsiyd us-

beled and at a constant frequenigy=0.6 Hz, we have the ing data points obtained from the whole set of experimental

Q 1-¢ plots shown in Fig. 9. Note tha@ ! increases with  results like that in Figs. @) and 4b), we have plotted lines

increasinge, but decreases with increasing frequency. ~ for heating(a) and cooling(b) in Fig. 10, from the slopes of
which we obtain =0.15 (heating and 0.12(cooling), which

are also listed in Table I. Having fourd we can now use
Eqg. (1) in the form

0.06 T
hos|  fOEH: el QA (0 ) =B(Ty) +A(T) TV (0™,  (7)
,/// ____ —ne . 2 to obtain the values af. We now taken as a parameter and
0.04 1 Pt l for a series of values of plot Qy3/ % (for heating against
3 003} el ] T(w**™) with the set ofQ;,; data. The values of that
yd 7 I . & minimize the error aren=0.35 (for heating and n=0.30
002 /:/ T T 1 (for cooling). Figure 11 gives two graphs @y/(w ™)
f/ T versusT"/(w*™"), during heating and cooling; they are close
oorr 7 1 to straight lines, leading to a determination of the indines
- andl as listed in Table I, along with the valuesmfand| for
0.005 1 2 3 VO, (Ref. 2 and FeMn(Ref. 3.
Strain € (%)

1 . . . B. Stress-induced thermoelastic martensitic transformation
FIG. 9. Q™ * vs percentage strain for three strain rates,

=3.0x10 °s 7}, £,=9.0x10 % s}, ande;=21.3x10 ° s L all For the second sample, NiFeTi, using data points obtained
for f,=0.6 Hz and aff =333 K (NiFeTi sample. from the whole set of experimental results like those pre-
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TABLE I. Indicesn and| of several samples during FOPT.

n I lo
Heating Cooling Heating Cooling Step (r:o)
VO, 0.1 0.2
Fe—18.8% Mn 0.33 0.47 0.06 0.02 0.86
Niso.sTiag 7 0.35 0.30 0.15 0.12
NiygFeTig stretching stretching
0.35-0.38 0.12-0.14

sented in Figs. 8 and 9, we can pIan against Im in Fig.  (6) to find the value oh. Since there is a one-to-one corre-
12(a) for three fixed strain rates, , &,, ande; stated before, SPpondence between the valuesadnd the phase amouRtof
while the specimen contains 46% 6f phase. We refer to the C phase, once is fixed, F is fixed also. We then plot
Fig. 7(a) for the estimation of the “background internal fric- QF /@'~ % againste"/(»**") with a whole set o * data
tion” Q. During the initial part of theo-¢ plot, the pro- ~ (with a certain phase fractidf) and calculate the root-mean-
cess is elastic and we observe a linear relation. &,  Square erronds of the data points about the straight line,
(see Fig. 7, the o-¢ relation deviates from linear behavior Which is determined by a simple least-squares fitting. Figure
and we can assume that for>¢, the strain is provided by 15 demonstrates two such straight lines corresponding to
the I/C phase transition. For that reason, g’ ate, is  Phase fractiorF=23% and 46% as marked. The results of
taken to be the background value. In Fig.(@2we show DN and| thus deduced_ perta|r_1|ng to the smalles; values of
three lines which demonstrate theqml_le)_m o behav- 45/5 f_rom our analy3|§ for different phase fractidn are

ior. Likewise, we obtain the relation 1(1—Q;%)-In & for ~ lISted in Table Il covering==13.8%-55.0%.

fixed f and fixed p_erce_zntag(éG%) of theC phase; we obtain V. DISCUSSION AND CONCLUSIONS
again three lines in Fig. 18). Now we turn our attention to

the shear modulus. The initial shear modylysis defined to (1) We have chosen the material NiTi for this investiga-
be the shear modulus at 0, and the relative shear modulus tion because we wish to find out whether the indexs
defect is defined to bA w/u=(uo— u)/ ng, Which again in

this case can be decomposed into two parts, i.e., 25 < *
(Apl pw)smt (Aplp)p. We plot in Fig. 13 the variation of
(Au/w)/Q~1 with ¢ when the amount of th€ phase is 3.0} e 1
46%. We have a set of such graphs for a series of composi- e Thmel
tions covering the whole range of phase amount of Ghe Z B5) \‘\o\\\ ]
phase. Each curve in Fig. 13 corresponds to a fixed fre- & — T &
quency as labeled. Using the data such as shown in Fig. 13 € & ol Ml o e, o
we can make a cross plot at constanis shown in Fig. 14, = el _ S
IN[Q Y(Au/w)] against Inw, taking ¢ as the parameter for el
each line as marked; note again that there is 46%hase in aal )
the sample.
From the slopes of lines in Fig. 14, the average value of ~ -507 s 2.0 25 30 3.5
| is found to be 0.14see Table)l We can now employ Eq.  (a) In(@ (Hz))
28 ‘ ‘ ‘ ‘ ' 1
0.015 a0l £ ]
b: Cooling /////- 40.010 = 321 )
= 3 34l S
_/y,//" 0.005 & & a6l ]
o = fs
0.015 | - 4 0.000 % 38 1
B -4.0 |- b
% 0.010 |- a: Heating //)///// -42 | B
% /.//'// 4.4 1
0.005 | T 46 i
')./( I I { | L
L ‘ ‘ -10.5 -10.0 -9.5 9.0 -8.5 -3.0
00003 01 02 0.3 0.4 (b) In(€(s1))
T/wl+n

_ FIG. 12. (a) In(Q?! Qb Y vs for Ir{w(Hz)] for the NiFeTi

FIG. 11. Qy3/(»*~?) againstT"/(w*™") for the NiTi sam- sample £,=3.0x10 %s £,=9.0x10 °s !, and £5=21.3

ple: (@) during heating takingg=0.15 andn=0.35 and(b) during x10%s™L (b) In(Q*! Qb 1y against Iz for the NiFeTi sample,
cooling takingl =0.12 andn=0.30. for f1:0.6 Hz, f;=1.5 Hz, andf;=3.6 Hz.
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FIG. 13. (Au/p)/Q *—¢ relation for the NiFeTi sample, for o1 0z 03 04 05 06

f,=0.6 Hz, f3=1.5 Hz, andfs=3.6 Hz. Hat
FIG. 15. Q" Y(»*™?) againste"/(w'™") for the NiFeTi sam-

related to the type of phase transition and whether it is reple: (a) taking |=0.13, n=0.35 for F=23% and(b) taking |
lated to the lattice coherency on both sides of the PI, taking=0.14,n=0.38 for F=46%.
the FeMn sampfeand VO, samplé as references. The
FOPT’s of all three samples were caused by temperaturghase and its boundaries contain a significant amount of in-
variation. It is interesting to note that the FOPT’s in both elastic distortion. During heating, much of the heat energy is
FeMn and NiTi are displaciv®, and the values of found  absorbed to eliminate such inelastic distortfdiwe expect
[0.35 (heating, NiT), 0.33 (heating, FeM 0.30 (cooling,  that the effective driving force is thus diminished. The result
NiTi), and 0.47(cooling, FeMn] are around 0.30—0.47. It of our combined experiment-theory analysis indicates that
appears that the value &fT (~50 K for FeMn and~5K  indeed the effective driving coefficiemt (0.33 is smaller
for NiTi) does not affect the value of the net driving index than that during the cooling process=0.47). It appears
significantly. The FeMn sample has a semicoherent PI, anthat consequences of our theory are consistent with the ex-
the NiTi sample has a coherent PI, while Y@as a nonco- perimental findings of the three samples ¥@eMn, and
herent P+?° Since the coupling indek is a measure of the NiTi.
mobility of the PI, we expect the value bfound for NiTi to (3) The dissipation theory of FOPT's was proposed to
be smaller than that of Vg but larger than that of FeMn. describe phase transitions induced by temperature variation
This result is indeed observedee Table | for listing the in our previous works=> Here we have extended the theory
indices for the three samplesSo far, we have deduced two 10 analyze PT’s induced by application of stress in Sec. Il of
physical indiced andn for three samples only. this paper. The major difference in the stated two situations

(2) Based on energy considerations, we analyze wha@rises from the fact that the generalized driving fofo8
could have happened in the NiTi sample during a FOPTfor the stress-induced thermoelastic MT’s is expressible as
which has been triggered by temperature variation. Consider
a complete heating and cooling cycle of the NiTi sample.
Before heating, the lattice has already stored up elastic dis-
tortion energy, a characteristic of the martensite phase. When, . . . L
the temperature is raised to drive t#1 PT, the elastic while that in the temperature-induced situation,
energy released in the course of the PT may enhance the
effective driving force, giving a value af(0.35), which is
greater thann(0.30) during the cooling process. During In our first applicatiorf;® we choseT=T, at initial time t’
cooling, some energy is stored as elastic distortion energy te-0 and we can expressGy=A,Tt’, whereA, is a con-

complete the cycle. stant[see Eq.(2) of Ref. 1]. Under such a situation, we can
On the other hand, in a FeMn sample, the martensite

€0

AGdz 2

(oy—0y),

TABLE II. Indices n and| deduced for different fraction vol-

0 ‘ ' ‘ ‘ ume.

F (%) n I
3 e T 13.8 0.38 0.16
g T 18.4 0.36 0.14
£ o | 23.0 0.35 0.13
S - 27.6 0.35 0.13
32.2 0.35 0.12
. 36.8 0.36 0.13
1.0 1.5 201n(m (Hz)jZ.S 3.0 3.5 44.4 0.38 0.13
46.0 0.38 0.14
FIG. 14. IHQ Y(Au/wn)] against Ifiw(Hz)] for the NiFeTi  50.6 0.38 0.15
sample: £,=3.0x10 %s! £,=9.0x10 %s™!, and £5=21.3 550 0.37 0.16

x10° % st
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measureQ ! and u with T=const and deduce the driving fact, we observe from Figs.() and 3 that thel/C and

force of a Pl or PT. Here we analyze the dynamics of theC/M phases are separated clearly in the strain domain and

stress-induced P!, ang,— o, is not a linear function of in W€ ¢an analyz¢/C as a single FOPT. Since only 1% of Fe
general. As revealed by Fig(d, the ¢ plot for a typical |s'doped t'o the NiTi specimen with around equal amounts of
NiTi sample with almost equal amounts of NiTi demon- NI @nd Ti, we hope thereby to test the theory along two
strates a shuttle-type-¢ loop, but when we use a NiTi alloy parallel lines(temperature vangnon_ and stress appllca'Flon
sample doped with Fe, a “four-straight-sides’-types loop _(5_3) T_he values of the coupling mdc_alxand the effective
results, as shown in Figs(t® and 7. For the NiFeTi sample drlvmgIerxn for the above tyvo_ specimens are fou_nd to be
(see Fig. J, a certain part of ¢,— o) is a linear function of V€'Y _similar [1=0.12—-0.15(NiTi) and 0.14(NiFeTi); n

¢, implying that we can approximate E@4) by writing =0.3-0.35(NiTi) an_d 0.36(NiFeTi)]. SL_lch a resulti |qd|—
AGy=(80/2) (04— 1) ~Ags = Agict. As in the cates that and n, Whlch represent certaln chgracterlstlcs of
temperature-variation situation, the last equality holds whefn€ Pl remain practically the same, irrespective of the meth-
we have a correct choice of the zero point of time Wh"eodology of |n|t|at|0r_1 of the P'I'(_l.e., temperature varlatlor_1 or
keeping & =const. This expression is identical in form to stress induced This conclusion appears to be consistent

AGy=A,Tt', with & replacingT. Thus Eqs(4) and (5) are }/_vlth m'ﬂ_,n'uon.]c \IéVSPt_l)_e_hevel_'?e indicea and| are indeed
valid under the approximation thatr(— o) is a linear func- Ingerprints o N SONAs.
tion of ¢, to the lowest order of approximation.

(4) Based on the analysis presented in Sec. Il, we have
found that while thes-¢ plot for the NigTis; Sample is not a
straight line, ther;-& ando,-¢ plots for the NiFeTi sample The work of J.X.Z. and Z.C.L. was supported by the Chi-
are straight lines in a certain region. In such a regiae a  nese National Science Foundation and the Guangdong Prov-
linear function of time based on Ed4): AGy=(e¢/2) ince Natural Science Foundation. P.C.W.F. is Visiting Pro-
X(o,—a)). For this particular reason, we have chosen thefessor at Zhongshan University, and is partly supported by a
NiFeTi sample to test our theory developed in Sec. Il. INCRCG grant and RGC grants in Hong Kong for this project.
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