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Abstract

Microstructure and mechanical property of neutron uradiated TiN1 shape memory alloy have been investigated.
The doses were on the order of 10°° to 10%n/m*  All of the rradiation was performed below 423K Amorphization
was confirmed after the irradiation of 12> 10”n/m®>  The recovery behavior of the applied strain was drastically
changed after the irradiation. The breaking point of the stress-strain curve, 0 v, increased with increasing dose
These results indicate that amorphous phase dommates the suppression of the martensitic transformation, and causes
the change in mechanical property.
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1. Introduction

TiN1 shape memory alloy is expected to be used
nuclear reactor environment'”’. Many researchers have
examined the stability of the mechamical property dur-
mg neutron irradiation. The previous work has re-
vealed that TiN1 irradiated with hugh energy particles
showed some peculiar behavior™,  Diferential
Scanmng Calerimetry (DSC) measurements tevealed
that the martensitic and its inverse transformation
temperatures (Ms and Af point) shifted to the lower
temperature side™  An extraordinary pseudoelastic
behavior was observed in TiNi irradiated at high
dose™  These resuits implied that the shape memory
effect and the pseudoelasticity were affected by high
energy particles wradiation, however, the mechanism
15 not fully understood at this point On the other
hand, TiN: s well known as the intermetallic com-
pound in which amorphization occurs during electron
wradiation™®. The cormrelation between such irradia-
tion-mduced microstructural change and the change
in mechanical property has not been discussed
enough

In the present study, both microstructure and the

mechanical properties of neutron irradiated TiN1shape
memory alloy have been investigated The primary
concern 1s to clanify the mechanism whereby the me-
chanical property changes after nentron rrradiation.

2. Experiments

Three kinds of TiN1 alloy with different composition
and transformation temperatures, were used for thas
experiment. They were kindly supplied by the Japan
Stainless Steel Ltd. Co. Electron Probe Micro Ana-
lyzer (EPMA) revealed their composition were Ti-
30.0, 51.0 and 51.5 at %Nr.  The transformation tem-
peratures and the structure at room temperature before
uradiation are shown in Tablel The all neutron
irradiation was performed at Japan Materials Testing
Reactor (MTR)} The alloys were delivered as sheets
with thickness of 0.2mm They were cut into discs
with diameters of 3mm and tensiles with size of 16mm
X4mm The doses were 1 4% 107 1.3 107 and 1.2
X 10%n/m® The irradiation temperature was below
423K, and the alloys were kept at thus temperature
during the iradiation for 0.6ks, 3.6ks and 515.4ks,



respectively.

After the tradiation, the microstructure was ob-
served by 200keV Transmission Electron Microscope
(TEM) at room temperature. Tensile tests were per-
formed at room temperature with strain rate of 2.8 X
10%s. Differential Thermal Analysis (DTA) was per-
formed in order to check the transformation tempera-
ture after the irradiation  Since the temperature range
can be measured by DTA was only above room tem-
perature, we measured ondy the inverse transformation
temperature of Ti-50.0at.%Ni  The heating rate was
TOK /s.

3. Results
3.1 Microstructure

Figl shows typical microstructwres and corre-
sponding electron diffraction patterns for each dose.
In each of the three compositicns, there was no obvi-
ous micrestructural change after the irradiation of up
to 13X 10%n/m*. However, a halo ring appeared in
the diffraction pattern of each alloys after an irradia-
tionof 1.2 X 10”n/m®.  This means that amorphization
was induced by the neutron irradiation.

Fig.2 shows the dark ficld image from the halo ting
The amorphous phase was confirmed as fine particles
with the diameters of 10 A order.
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With respect to Ti-51.5at.%Ni irradiated at 1.2%
10”n/m’, many extra diffraction spots besides B2 re-
ciprocal lattice spots were also observed Fig3
shows the diflraction pattern of this alloy in the
[100]s: zone. Both (a) and (b} were observed in the
same specimen. We will mention these extra spots in
section 4.4.

Table.l Composition, Ms point, Af pomt and structure at
room temperature before neutron irradiation of alloys.
Composition Was revealed by means of EPMA.

Composition Ms Af Structure at R.T,
Ti-580aL%Ni | 337K} 373K | BI19 Martensite
Ti- 51.0 at %61 | 298K | 338K B2
Ti-5E5aL %6Ni | 267K} 308K B2

[ Ti-51 0at. 5 NiJiR

Fig2 Dark field image from the halo ring of the alloys
irradiated at 1.2 10%n/m ™.

Fig.l Microstructure and corresponding electron diffraction pattern of neutron irradiated TiNi. Neutron

doses were 1.4 X 10%°, 1.3X10** and 12X 10%wv/m”,

All irradiation was performed below 423K




Fig3

[100)g2 zone diffractien pattern of Ti-51 5at%N:
wrradiated at 1.2 X 10%n/m”,
was below 423K Both (2) and (b) were observed m the

same specimen

The rradiation temperature

32 Mechanical Property

Fig 4 illustrates the stress-strain curve 1n which the
alloys were strained up to 5% and then the applied
stress released In Ti-50.0 and 51.0at %N1 samples
wradiated up to 13X 10”n/m®, a stran of approxi-
mately 2% remained after releasing the applied stress,
The strain of 2% also remained m wmrradiated Ti-
51 Sat %N1, however, the strain almost completely
recovered 1n trradiated allovs  Thus implies that Ti-
51 5at.%N1showed pseudoclasticily after the irradia-
tron.

Alter the trradiation of 1.2 X 10Pn/m?, the strain was
recovered almost completely by releasing the applied
stress irrespective of alloy™s composition This be-
havior 1s just the pseudoelasticity from the viewpoint
of strain recovery, however, the strain hysterisis was

quite less than the one 1n conventional pseu-
doclasticity

Fig 5 illustrates the plot of 0w, which 1s the break-
ing point of the stress-strain curve, at cach of the
doses. It 1s obvious that g y increasoed as the dose
increased Incase of a shape memory alloy, O w1s not
the yield stress. It 1s the critical stress associated
with the martensitic transformation m this alloy 7
Therefore, the 1ncrease 1n ¢y would indicates the
suppression of the martensitic transformation

3.3 Transformation Temperatare

Fig.6 shows the DTA curve of umirradiated and
neutron irradiated T1-50.0at.%N1.  Since these are the
curves during the heating process, the peaks of the
curve depend on the inverse martensitic transforma-
tion

The peaks slightly shified from the 1mitial sitc to the
lower temperature side and split after iradiztion at
low dose There 1s no peak at the highest dose
Comparing the peaks of the irradiation of 10%° and 10%*
n/m*, their deviation from the 1mitial site were almost
the same, and total amount of heat decreased with in-
creasing dose. Therefore, the peak would vanish at
the site without more shifting to the lower side

The largeness of the DTA peak represents the ther-
mal change accompanied by the transformation, namely,
it corresponds to the amount of the transformation
Therefore, this result indicates that neutron uradiation
suppresses the martensitic transformation
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Fig.4 Stress-strain curve of unirradiated and neutron irradiated TiNi
1.3% 107 and 1.2 X 10%/m?. All irradiation was performed below 423K

Strain (%)

Strain (%)

Neutron doses were 1.4 X 107,



1000

e+ e e ey gt T
! .
900 ’
M, o+
U L
El
800| . s
g I3
A
= 70O
a.
=
< eoug Suamn
3

o 500k

sopm==""" S p Ti-51.5at. 6 Ni

—Ti-51.0at.%6 Ng
soar —— Ti-50.0aL %Ni
e rerar g POTH S TN Y P E T
200 1010 10!! E.OH 1011 lou

Dose (n/m’}

Fig.3 Breaking point of the stress-strain curve, ¢ y, of
neutron radiated TilN: at cach doses.  Neutron doses were
143107, 1.3 X107 and 1.2 X10%wm®. Al irradiation
was performed below 423K,

4. Discussion

4 1 Suppression of Martensitic Transformation by
Amorphous Phase

Microstructural observation revealed that the amor-
phous phase formed after irradiation, and both results
oftensile test and DTA measurement indicated that the
martensitic transformation was suppressed 1n irradi-
ated alloys. It could reasonably be hypothesized
that the amorphous phase plays the role of suppress-
ing the martensitic transfonmation.

Though the amorphous phase was confimmed only
after the highest dose in our experiment, however, it
would be formed also in an alloy irradiated less than
10%n/m®.  The srradiation temperature and dose rate,
which were the predominant {actors of wradiation-in-
duced amorphization, were unified in this experiment.
Therefore, the extent of the amorphous phase would
depend on the dose. The amount of the amorphous
phase lormed by the irradiation at a lower dose was so
small that we could not detect a halo ring in the dil-
fraction pattern.  That is the reason why 0 y in-
ereased cven after the irradiation of less than 10%n/m?,
in which amorphous phase was not confirmed,

The result suggested by A Kimura etai®’ supports
our hypothesis. The conditions of their irradiation
were almost the same as ours. Theiwr DSC analysis
showed that the martensitic transformation was sup-
pressed completely after irradaation of 10 n/em? and it
recovered after post-anncaling at 548K, The tem-
perature of 548K would correspond to the crystalli-
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Fig.6 DTA curve during heating of neutron irradiated Ti-
50.0at%Ni.  Neutron doses were 1.4 X 10°°, 1.3 % 10%% and
12X 107 wm®
423K

All irradiation was performed below

zation temperature of the amorphous phasc 1n thus al-
loy.

4.2 Correlation between Amorphization and Chemical
Disordering

In general, it is interpreted that the disappearance of
Ms and Af peak in DSC {or DTA) curve of ncutron
irradiated TiNi is caused by a decrease in the degree of
the chemical order. The logical basis is as follows;
Ms and Af points depend on the alloy” s composition,
that is, they decrease with the increase of the compo-
sitional deviation from stoichiometry. The deviation
brings structural defects, namely, the degrec of Bragg-
Williams order decrease with an increase of the com-
positional deviation. Therefore, it is reasonable to
understand that the decreasc in the degree of order
brings a decrease in the Ms and Af points. It was
confimied in the DSC analysis of clectron irradiated
TiNi that Ms and Af points shghtly shifted to lower
side after the irradiation”. In case of TiNi irradiated
neutron at high dose, there was no peak 11 DSC curve.
Based on the logic as mentioned above, the absence of
Ms and Af peaks in the DSC curve of neutron irrad:-
ated TiNi was interpreted such that they shilted to
suchan extremely low temperature that they could not
be detected. The absence has been believed to result
from the complete desiruction of the chemical order.

Our DTA measurement suggested the possibility of
another mechanism. In our result, DTA peaks van-
ished at the initial site rather than shifled to the lower



stde It 1s more reasonable to understand that the
suppression of the martensitic transformation did not
result from the complete destruction of the degree of
Bragg-Williams order but from the formation of the
amorphous phasc  Though a slight shift of the peak
1o the lower side was also confirmed in our experument,
this would be the phenomenon accompanied by amor-
phization. The formation of the amorphous phase, in
other words, a topological disorder results in the de-
crease 1n the degree of Bragg-Williams order, naturally .
Therefore, 1t 15 no wonder that a shifting of the DTA
peak occurred by amorphization

From the discussion mentioned above, the follow-
ng conclusion can be made The decrease 1n the de-
gree of Bragg-Williams order relies on amorphization
in this alloy during high energy particle irradiation,
at least, under the condition that amorphization 1s
confimed after the irradiation Therefore, the Ms and
Af peaks recovered after post-annealing at the crystal-
lization temperature of the amorphous phase

4 3 Pseudoelastic Behavior of TiN1 Irradiated High
Dose

Irrespective of the alloy’s composition, TiN1 irra-
diated at the highest dose showed extraordinary
pseudoelastic behavior, which was almost the same as
conventional pseudoelasticity from the viewpoint of
recoverable strain but was different in shape from the
stress-strain curve. The stress-strain curve of TiNi
irradiated at the highest dose was almost linear with-
out strain hysterisis. This extraordinary pseu-
doclastic behavior 1s conjectured to be not the pseu-
doelasticity relying onmartensitic transformation but
the expansion of recoverable elastic deformation of the
B2 phase. The stress-strain curve of Ti-51.5at.%6Ni
wradiated at the highest dose has a small strain hys-
tertsis, and s elastic deformation enlarged clearly
compared with the curves of Ti-51.5at. %N1 uradiated
lower dose. Considering the fact that there s no
peak in the DTA curve of TiNi irradiated 10%n/m’, 2
stress-inducing martensitic transformatron would not
occur 1n the TiNi wradiated high dose, either Since
it is tremendous that such an extent of strain can re-
cover as elastic deformation, possibly the amorphous
phase dispersed in the B2 matrix plays a role i the
expansion of the elastic deformation.

In amorphous materials, it 1s well known that the
extent of such 2 strain can recover elastically Re-
cently, thin foil amorphous TiN1 was reported to show
the same behavior, too®. These facts would support
our hypothesis that the change i mechanical proper-
tics after neutron jrradiation is caused by the forma-
tion of the amorphous phase.

A similar pscudoclastic behavior has been observed
1n cold worked Tlng'm, however, the mechamism 1s
diflerent from the one observed in irradiated TiN1  In
the case of cold worked TilNy 1t was revealed that the
mnitial structure before straining was the mariensitic
phase'™'", and the behavior relied on reonentation of
martensite domain stabilized up to high temperature.
Therefore, the recovery mechanism of the applied strain
would be different in nature.

4.4 Anomalous Diffraction Spot of T1-51 5at. %Ni Ir-
radiated at High Dose

As shown 1n Fig 3, many extra diffraction spots be-
sides B2 were observed in Ti1-51.5at.%N1 wrradiated at
1.2%X10%n/m?. These diffraction spots are different
from the spots of the R phase or metastable phase
TisNis". This cannot be explained by the phase
transformation known to occur m Ni-rich TiN1 with
thermal treatment. Therefore, this would be the phase
transformation induced by neutron irradiation We
have examined this phase transformation. The de-
tailed analysis will be publish in another paper

5. Conclusion

Microstructural change and the mechanical property
of neutron irradiated TiNi were investigated The
results are summarized as follows:

(1) Fine amorphous particles were observed after an
irradiation of 1.2 X 10%n/m™.

{2) © wmincreased as the dose increased.

These results indicate that the amorphous phase
mduced by neutron irradiation suppresses the marten-
sitic transformation.

(3) Irrespective of the alloy’s composition. the alloy
wradiated 12X 107 n/m’ showed extraordinary pscu-
doelastic behavior.

This behavior 1s not the pseudoelasticity relving on
the martensitic transformation but the expanded clastic
deformation of the B2 phase. This expansion is sup-
posed to arise from the formation of the amorphous
phase by neutron irradiation.
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