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Abstract

The internal friction relaxation peak appearing around 200 K in TiNi alloys is associated with the interaction of twin-related
dislocations with the pinning agents. The 200 K relaxation peak in the 4008C aged Ti Ni alloy appears at the R-phase and martensite49 51

but not at the B2 phase, since there is no twin-dislocation available in the latter. The sources of the pinning agents are due to the
quenched-in vacancies or Ti Ni precipitate-vacated lattice sites in the matrix. It is found that 4008C aging will significantly affect the11 14

relaxation characteristic in Ti Ni alloy. These aging effects on the 200 K relaxation peak in Ti Ni alloy will be systematically49 51 49 51

investigated in this study.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction study, we aim to investigate the aging effect on the 200 K
relaxation peak in Ti Ni alloy.49 51

The internal friction and shear modulus of TiNi alloys
have been investigated by many authors[1–10]. It has
been confirmed that the internal friction peaks corre- 2 . Experimental procedure
sponding to shear modulus minima are associated with the
premartensitic and martensitic transformations. In addition The Ti Ni binary alloys were employed in this study49 51

to these transformation peaks, a relaxation peak appearing and were prepared by the conventional vacuum arc remelt-
at the temperature around 200 K, and not corresponding to ing technique. Titanium (purity, 99.9%) and nickel (purity,
the shear modulus minimum has also been observed[1,3]. 99.9%) for the binary alloys were melted and remelted at
Iwasaki and Hasiguti[1] have proposed that the 200 K least six times in an argon atmosphere. The mass loss
peak in TiNi alloys is a thermally activated relaxation peak during melting was negligibly small. The as-melted but-
and is related to dislocations. Zhu et al.[11] reported that tons were homogenized at 10508C for 72 h and quenched
the quenched-in vacancies may also be involved in the in water, then hot-rolled to plates with 1 mm thickness.
occurrence of 200 K peak. However, there has been no Specimens with size 1103431 mm for internal friction
systematic investigation of experimental parameters, such tests were carefully cut from the plates with a low-speed
as the measuring frequency and strain amplitude of the diamond saw. These specimens were sealed in evacuated
internal friction test, the thermal-testing history of alloys, quartz tubes, annealed at 8008C32 h and quenched in
etc., on the variation of the 200 K peak in TiNi alloys. Its water, then aged in the 4008C salt-bath for 1–100 h and
characteristics have still not been clarified. In the present quenched in water.

The internal friction measurements were made using an
Sinku-Riko 1500-M/L series inverted torsion pendulum in
temperatures ranging from2150 to 1008C. The measuring*Corresponding author. Tel.:1886-4-2451-7250; fax:1886-4-2451-
frequency was set at about 0.6 Hz and the changing0014.

E-mail address: hclin@fcu.edu.tw(H.C. Lin). temperature rate was 2 K/min. The test strain amplitude
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23 25was 1.66310 radian (5310 of maximum true strain). under various aging times, andFig. 4b is the plot of PHR
21The recording of the data was completely automatic; peak heightQ versus aging time. FromFig. 4, we findmax

21calculation and plots of internal friction and frequency that theQ of the peak P increases sharply in themax HR

versus temperature were performed on a digital computer. beginning 10 h of aging and then approaches the steady
Thus results with a rather good resolution could be value for further aging.
obtained. It is well known that the martensite phase[13–17] and

the premartensite R-phase[18] in TiNi alloys consist of
twin-related plates in which self-accommodating groups

3 . Results and discussion are formed. These twin-related plates are themselves
further subdivided into smaller units which are again

Fig. 1a,bshows plots of frequency and internal friction twin-related along the same planes. Based on the previous
versus temperature, respectively, for the as-annealed investigations[1,3,11], it is reasonable to suggest that a
Ti Ni specimen. InFig. 1, peak P is at292 8C in high density of twin-dislocations exists in the martensite49 51 H1

heating and peak P is at295 8C in cooling. Both peaks and premartensite phases. As shown inFig. 1, there is noC1

correspond to the frequency minima and are associated relaxation peak being observed in either heating or cooling
with the martensitic transformation[5,12]. In addition to for the as-quenched Ti Ni specimen. This may come49 51

P and P peaks, no other peak can be observed in either from the fact that the appearing temperature of relaxationH1 C1

heating or cooling. peak P , about 200 K, is now located in the parent B2R

Fig. 2a,bshows plots of frequency and internal friction phase, but not in the martensite or premartensite phase (in
versus temperature, respectively, for the 4008C310 h aged Fig. 1, P is at292 8C and P is at295 8C). In the B2H1 C1

Ti Ni alloy. In Fig. 2b, there are three peaks observed phase, there are no twin-related plates, i.e. no twin-related49 51

in both heating and cooling. Among them, peaks P , P , dislocation exists, therefore, the dislocation involved relax-H1 H2

P appear in heating at 12, 38 and261 8C, respectively, ation peak cannot appear. From the viewpoint of twin-HR

and peaks P , P , P appear in cooling at290, 36 and dislocations, the relaxation peak P of the TiNi alloys canC1 C2 CR R

252 8C, respectively. Peaks P , P , P and P all appear only in the martensite or premartensite phase, butH1 H2 C1 C2

correspond to the minima of frequencyf in Fig. 2aand are not in the B2 phase. The results shown inFigs. 2 and 3
identified as the transformation peaks. Peaks P and P also support this suggestion.H1 C1

are associated with the martensitic transformation and The model proposed by Kochler[19] and developed by
¨peaks P and P are associated with the premartensitic Granato and Lucke[20] has been made to explain theH2 C2

R-phase transformation[5,12]. However, peaks P and relaxation of dislocations with point defects. In which, theHR
21P do not correspond to the frequency minima, and are damping capacityQ of the metals can be divided intoCR
21 21considered to be the relaxation-type internal friction peaks. two components,Q and Q , with the former beingi h

Carefully examiningFig. 2b,we find that peak P appears independent of amplitude, and the latter being dependentCR

in the premartensite R phase and peak P in the marten- on amplitude. The model has the form shown in Eq. (1):HR

site phase. Therefore, the relaxation peak can appear in the 21 21 21Q 5Q 1Qi hR phase or in the martensite phase. Moreover, by plotting
4 3 2the Arrhenius graph relating the reciprocals of peak 5 A r, 1 ( A rL /´, ) exp(2A /´, ) (1)1 2 3

temperatures to the logarithms of vibration frequencies, the
whereactivation energyQ and frequency factorf for the0

relaxation peak are calculated to beQ 5 0.39 eV and
9 21 r : dislocation densityf 5 6.2310 s (H.C. Lin, S.K. Wu, T.S. Chou, un-0 L: the length of the unmovable dislocation segmentpublished research, 2002). These features indicate that the

,: the average loop length200 K relaxation peak is related to the thermally activated
´: amplitudeprocess.
A , A and A are factors depending on materials and1 2 3Fig. 3a,bshows the same plots asFig. 2a,b,but now for
pinning points.the 4008C3100 h aged Ti Ni alloy. InFig. 3, peaks49 51

P , P , P , P , P , and P are located at 24, 46,264,H1 H2 HR C1 C2 CR
The relationship between the relaxation peak height and232, 42 and264 8C, respectively. Both peaks P andHR

the physical parameters seems very complicated at the firstP appear in the martensite phase. The experimentalCR
glance. It is reported that the 200 K peak in TiNi alloys isresults of 4008C35 h and 4008C320 h aged Ti Ni49 51
an amplitude-independent relaxation[11]. This argument isalloys are very similar to those of specimens aged 10 h and
also confirmed in our unpublished research. Therefore, Eq.100 h with the exception of small shifts in peak tempera-

21 (1) can be simplified into the form as:tures and peak heightsQ .max

Fig. 4 shows the effect of aging time on the relaxation 21 4Q 5 Ar, (2)21peak heightQ in the 4008C aged Ti Ni alloy.Fig.max 49 51
214a is the plot of internal frictionQ versus temperature The peak height is thus highly dependent on the disloca-
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Fig. 1. (a) Frequency, (b) internal friction versus temperature curves for the solution treated Ti Ni specimen.49 51

tion density and the loop length for ongoing of pinning– point defects. Under an increasing shear stress, the disloca-
unpinning mechanism during the cyclic vibration of inter- tion segment bows out from the pinning points, as shown
nal friction test. InFig. 5, a single unmovable dislocation inFig. 5a.At a critical value of stress (c→d), the whole
segment initially is pinned along its length by a number of segment is catastrophically torn away from the row of



93H.C. Lin et al. / Journal of Alloys and Compounds 355 (2003) 90–96

 

Fig. 2. (a) Frequency, (b) internal friction versus temperature curves for the 4008C310 h aged Ti Ni alloy.49 51

pinning points. During unloading, the material consequent- with increasing dislocation density and dislocation loop
ly responds down to zero stress with a lower effective length. However, there is a critical range of the loop length
modulus (d→e→f). The energy dissipated per unit volume , for the generation of the relaxation peak, which should
in one complete cycle is given by twice the shaded area, not be ignored. When, is very large, i.e. the amount of
DE in Fig. 5b. pinning points is small, the number of dislocation loops1

21According to Eq. (2), theQ value should increase pinned by point defects which are responsible for themax
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Fig. 3. (a) Frequency, (b) internal friction versus temperature curves for the 4008C3100 h aged Ti Ni alloy.49 51

relaxation peak is too small to give rise to an experimental- there exists an optimum range of point defects for the
ly detectable peak. On the other hand, when, is very appearance of the peak.
small, dislocations with very high amounts of point defects As mentioned above, the 200 K relaxation peak is
are pinned so densely that they cannot be unpinned with generated after the aging treatment on Ti Ni alloy,49 51

the help of measured stress. Thus the peak cannot be implying that the pinning force should be too weak to
observed in this case. It should be expected therefore that cause effective pinning before aging. In fact, there is
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 Ti Ni alloy would increase the vacancy concentration49 51

which will shorten the loop length, and thus decrease the
relaxation peak height. However, it is possible that the
loop length, in the aged Ti Ni alloy may not be short49 51

enough to fix the dislocation segments. In addition, the
coarsened Ti Ni precipitates could provide a much11 14

wider slip area for the bow-out of dislocation segments to
carry out the completed pinning-unpinning reaction, and
therefore could result in a larger energy loss. In contrast,
the shortly aged Ti Ni sample with the finely and49 51

condensely dispersed precipitates would be detrimental to
the complete unpinning of the dislocation loop from theFig. 4. (a) The relaxation peak versus temperature curves for Ti Ni49 51
original pinning agents, thus creating a lower peak height.specimens which have subjected to various aged time at 4008C, (b) The

21 Fig. 6 illustrates the proposed effect of precipitatedvariation of the relaxation peak heightQ , with the aging time for themax

4008C aged Ti Ni specimen. morphology on the unpinning mechanism. In the case of49 51

fine precipitation with short aging time, the complete
bow-out of pinned dislocation is retarded by the Ti Ni11 14

neither twin-dislocations nor pinning agents for the gene- particles. On the other hand, prolonged aging leading to a
ration of 200 K peak before aging treatment. After aging coarse Ti Ni distributed morphology would provide a11 14

treatment, there are a considerable number of vacancies in wider slip area for the unpinning reaction. Obviously, the
the matrix induced by the coarsening of the Ti Ni use of a modified K-G-L model can roughly interpret the11 14

precipitates, which would be able to pin up the transforma- change of 200 K peak height. However, the details of the
tion induced twin-dislocations to cause relaxation damp- microstructure could affect the unpinning mechanism, and
ing. After a prolonged aging, say 20 h in this study, the thus cause a deviation from the K-G-L relation. Care must
growth of precipitates slows down[21] and the vacancy also be taken to relate the dislocation density as part of the
concentration tends to approach a constant. As a conse- pinnable-unpinnable dislocations rather than the entire
quence, the peak height of P approaches a steady value, dislocation density being effective in the matrix.R

as shown inFig. 4b.
It may seem confusing that prolonged aging of the

 

 

¨Fig. 5. (a) Unpinning sequence of a Granato-Lucke type pinned disloca-
tion segment during a loading cycle. (b) The corresponding stress–strain
curve and hysteresis loop. The lettered points match the sequence a–f in Fig. 6. The proposed effect of precipitation morphology on the bow out

¨(a). (After Granato and Lucke, for more explanation please refer to Ref. of pinned-up dislocations by vacancies for (a) fine Ti Ni precipitated11 14

[17]). condition, (b) coarse Ti Ni precipitated condition.11 14
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