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Research on Development of Lightweight Thermal Resistance Intermetallic
Compound Materials

916C0048A Tokyo KENKYU HOKOKUSHU 12 in Japanese 1991 Issue pp 1-17
[Special Research, FY85-FY88]
[Text] Abstract

From the research over the past five years it has been found that the
intermetallic compound TiAl has excellent high temperature characteristics as
a lightweight heat-resistant material, and that although this compound has
defects in low ductility at ordinary temperatures and hardness of processing
at high temperatures, these are not insurmountably difficult defects. The
objects of this special research project which was started in FY 1985 are to
overcome the defects of TiAl by developing schemes based on the study of
alloys, the plastic working method, etc., and to establish the basic
manufacturing method of materials based on TiAl. The strategic goal is to have
the world recognize TiAl as a structural material for industries.

In the present project, the five fields of alloy design, melting and solidifi-
cation, plastic deformation, powder metallurgy, and surface modification were
the principal research topics. In alloy design, the influence of the control
over the composition and texture on the structure and characteristics of the
TiAl-based alloys was studied. Research results that are worthy of mention re
the findings that the alloys doped with Mn and dispersed TizAl manifest
ductility of 3 percent at ordinary temperatures, and that the addition of Si
enhances the resistance to oxidation. In melting and solidification, the
dissolution method by means of a plasma beam furnace and high frequency vacuum
melting that uses a Ca0 crucible were studied. It was found that ingots of
sound TiAl-based alloys can be obtained by plasma beam melting, but it was
impossible to avoid the oxygen content of ingots obtained by high-frequency
melting, which is a handy method, to be about three times higher than the
oxygen content of the plasma melted materials. In plastic deformation, a
working simulation device was developed in order to investigate the isothermal
forging method which is effective for working the compounds and controlling
the texture. The plastic behavior and the working method of TiAl at high
temperatures and the lubricant to be used in isothermal forging were also




investigated. In order to apply the powder metallurgical method ‘to TiAl, the
relationship among the raw materials, forming and sintering conditions, and
the mechanical properties was studled In the sintering of a cold" green
compact, it was not possible to obtain materials free from voids; thus it was
necessary to subject powder to hot isostatic pressing (HIP) by sealing it in
a stainless steel container. The characteristics of the HIP materials depended
on the method of preparation of the raw material powder. For surface modifica-
tion of TiAl, a method of injecting nitrogen ions was used. The distribution
of injected nitrogen and the analysis of nitrides produced were studied along
with surface hardening, improvement of corrosion resistance, etc.

1. Introduction

Lightweight materials that can be used in a high-temperature environment are
constantly in demand by those who are involved in the design of equipment for
high temperature. However, the performance of typical metallic materials has
already been exhaustively developed.by now, and their characteristics are said
to be approaching the saturated state. However, there are too many problems in
malleability and ductility, toughness, and manufacturability to make ceramics
the material for general structures. The underlying ideas of . the present
research is that since there exists an unexplored field of structural
materials called intermetallic compounds between metals and ceramics, which
have characteristics essentially between the two, we should try to seek epoch-
making new materials for structures in this field rather than going directly
to the development of ceramic materials,

Among the intermetallic compounds there exist some which have the reversed
temperature dependence of strength which is the very characteristic. we are
seeking. Unfortunately, such a compound is usually brittle. That the grain
boundary brittleness of NijAl which belongs to such a group of compounds can
be enormously improved by the addition of a minute amount . of boron has just
been discovered recently. This means that the ductility at ordinary tempera-—
tures of the intermetallic compounds can be improved by a scheme based on the
theory of alloys, unless they have an especially strong nonmetallic property.
Then the question is: which intermetallic compounds, with metallic properties
that have strong reversed temperature dependence, have the highest value for
development? As the answer to this question, we at the National Research
Institute for Metals (NRIM) selected the intermetallic compound TiAl which has
a melting point of 1753 K and specific gravity of 3.7. This compound has an
electrical conductivity comparable to metallic titanium, and a crystal
structure of relatively good crystal symmetry of L1, type with an axial. ratio
of 1.02.

At NRIM, we selected TiAl five years before the start of the present special
research program, and expanded the research scale from general research to
specified research. During this period it was found that Ti-rich TiAl is not
so brittle as was believed, making it possible to achieve compressive
deformation of more than 20 percent at ordinary temperatures, that it has a
high yield strength of 400 MPa at 1073 K, and 250 MPa at 1273 K, that it is
possible to subject it to high temperature plastic working if special methods
are used, that it can be subjected to cutting work, etc. The objects of the
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present special research program which was started in FY 1985 based on these
findings are to develop characteristics of TiAl to establish it as a new
industrial material, and to establish a basic manufacturing method. The result
of this special research program became the object of attention not only of
scientific societies but also of industries. At present, materials based on
TiAl are being actively investigated in many universities and 1large
enterprises specialized in metals.

2. Alloy Design

In order to put the metallic compound TiAl to practical application it is
necessary to improve ductility at ordinary temperatures and resistance to
oxidation which is degraded at high temperatures above 1073 K. To resolve
these problems we examined methods of adding alloy elements.

The ductility of a compound is closely related to its crystal structure, and
the basic data required in attempting to improve ductility at ordinary
temperatures by the addition of an alloy element is the change in the crystal
structure of the compound that accompanies the solid solution of the added
element. In Section 2.1, the techniques of predicting the tendency in the
change of crystal structure of TiAl that accompanies the addition of an alloy
element will be examined. In addition, in Section 2.2, the influence of the
added element on the texture will be examined in its connection with
ductility, and the structural factors required to improve the cold ductility
will be extracted.

On the other hand, as to improving the characteristic of resistance to
oxidation, techniques accumulated for various kinds of heat resisting alloys
will be applied to the TiAl phase, and the basic data will be studied. Namely,
in Sections 2.2 and 2.3, the relationship between the addition of elements Y,
Si, Cr, Al, etc., which are said to improve oxidation resistance and the
increase in the amount of oxidation will be examined at a temperature near
900°C.

2.1 Influence of Addition of a Third Element on the Crystal Structure of TiAl
2.1.1 Experimental Method

1) Specimens: TiAl-based alloys with an added third element are produced by
argon arc dissolution. Their chemical compositions are shown in Table 1. Here,
Zr and Nb are elements having atomic diameters greater than that of Al,
whereas Mn and V have smaller atomic diameters.

2) Crystal Structure Analysis: By X-ray analysis, measurement of the lattice
constants and the amount of element distribution in the sublattice were
determined. It should be mentioned that in the present research we developed
a new analytical method regarding the determination of the amount of element
distribution in the sublattices.




Table 1. Chemical Composition (wt$%) 2.1.2 Result and Consideration

..... e Ti-34.89A1- 3.10Zr 1) As a result of examining the
l‘!-32.78Al- 3.58Mn Ti-33.89A1- §.86Zr extension of the analytical -methc_>d
Ti-31.59Al1- 7.09Mn Ti-31.92A1-11 33Zr for the long-range regularity in

| Ti-30.42A1-10.52Mn | | 50 08Al-16.44Zr

Ti-31.99A1- 5.91Nb Ti-28.36A1-21.23Zr
Tio30 NALLL 43Nb | Froosme ol

binary system compounds to ternary
system, it was found that the
element distribution in the two

o Ti-35.37A1- 1.76V sublattices of TiAl crystals that
..... Ti-28.36A1-16.58Nb 1 | Ti-34.75A1- 3.37V contain an added element can be
Ti-32.03Al- 5.81Zr Ti-38.00A! determined by measuring at least
Ti-30.18A1-11.24Zr | |e-eneeseoee e two sets of integrated intensity
Ti-28 45A1-16.33Zr Ti-36.61A1- 3.67Mn that determines the regularity. An
------- Ti-35.25A1- 7.25Mn example of the result obtained by
Ti=33.15A1- 2.50V | Jerereeereemrremeennnnniinenn, . . . .
Ti-35.72A1- 6.04ND this technique is shown in Figure
Fi-32.30A1- 5.00V “-33.58A1-11.67Nb 1. In the figure, the symbols 0O, o,

Ti-31.52A1- 7.50V | |........ e rereruntemeinreineenses and A represent the amounts of the

Ti-36.00A1 'l:f'35'75M‘ 5'94?" element that enter the sublattice
""" e o] | T8l 482 | position that the TL atom should
Ti-35.32A1- 1.90Mn Ti-36.10A1- 5.00V properly occupy (Ti sites), W, -,

and 4 represent the corresponding
amounts of the element that enter
the sublattice position that Al
should properly occupy (A site),
and the circle,square, and triangle
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Ti-34.70A1- 3.62Mn
Ti-33.42A1- 7.17Mn

signify Ti, Al, and the third element,
respectively. As shown in the bottom
parts of Figures 1(a) and 1(b), in the
case of addition of Zr and Nb, the
values for the blank triangles are
large, indicating that Zr and Nb mainly
enter the Ti sites. Similarly, from
Figures 1l(¢) and 1(d), it was found
that Mn and V preferentially enter the
Al sites. In addition, as the black
circles and the blank squares show,
addition of small amounts of Zr and Nb
reduce the mutual replacement amounts
of Ti and Al elements. Namely, the
regularity is improved. In contrast, in o ¥
the case of adding Mn and V, increase 02460246024¢6024
in the added amount reduces the mutual E;t‘z”"te“t '}:tgm““t Lg%"te“‘ '}‘;t?“te“"
replacement amount, and increases the Figure 1. Quantities of Constituting
regularity. From these changes in the Elements That Occupy the Ti Sub—
element distribution that accompanies lattice and Al Sublattice

the solid solution of the third ele-

ment, several predictions can be ob-

tained as to the modification of the TiAl phase. For example, Mn or V replaces
Al of the TiAl phase and augments the atomic ratio, Ti/Al, in the phase. This
suggests a reduction in the shared bonding in the crystal and the accompanying
improvement in cold ductility.
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2) Analogous to the element distri-— o E £
bution in the sublattices, the size 'E;‘JS ®:X Zr. O1X:Mn §f687..,,,ynn J;
of the unit lattice and the aniso- '§:4J°_Ji;_f::::;i §§G78ﬂf4ﬁzzv /
tropy of crystals are considered to 2 4.0 tjffssz*/” ;{5&9 </
be closely related to the ductility &« 4.00~Fe==z % 66.0 4
at ordinary temperatures. The 3 335 ", 22651
change of the TiAl crystal lattice . ,,mﬂ_f ‘6 8 10336L§37 7.85 2,01
accompanying the addition of a 8 SiX Zr. i Xuis 2.88 2.90 2,92
third element is shown in Figure 2. 2a1.02 Mean atomic diameter
It can be seen that the addition of Eulul\\\m;::*\\v D/10°" nm
elements with large atomic radius & k\‘\\ 1.03] \
e O Mn

Zr and Nb inflates the crystal g1 00— : 8 lé | &t
lattice, and the addition of ele— .ies.0 o .02

®:XLr (X M | ....\\
| :

ments with small atomic radius Mn 5% ol Nba e

Ll .l
and V contracts .the lattice. In %:660 - * 1.01
addition, since the axial ratio c/a . & z*<:~
. . = b
which represents the anisotropy of 3650 S, i 1-@01 TR T b
. . . 64.0 . . . .
the' crystal latFlce is in the 02 1 6 8 10 Sublattice mean atomic
reciprocal relation to the mean diameter ratio,

atomic diameter ratio represented i/ Dx

by Dri/Da, it can be concluded that Figure 2. Change in TiAl Lattice Constant
c/a is determined by the amount of Accompanying Solid Solution of
added element and the replacement Added Element

position. From the point that the

contraction of the lattice increases the cleavage fracture strength, it can be
estimated from the data that the addition of Mn and V improves ductility at
ordinary temperatures. In addition, from the fact that the addition of Mn and
Zr improves the anisotropy of the lattice, the isotropy of deformation will be
increased, and includes the possibility of improving ductility at ordinary
temperatures.

2.1.3 Summary

The influence of the addition of a third element on the crystal structure of
TiAl: which is the fundamental data in improving ductility at ordinary
temperatures due to addition of an alloying element was investigated.

a) The replacement position of a third element added to the TiAl phase, and
the mutual replacement amounts of Ti and Al were determined according to the
analytical method developed by the present research. As a result, the trend
estimation of the change in the mechanical properties accompanying the solid
solution of a third element became possible.

b) The rule on the change of the lattice constants accompanying the addition
of a third element was formulated. Namely, the addition of a large element
inflates the lattice, and the addition of a small element contracts it.
Further, the axial ratio c/a of a crystal lattice can be determined if the
amount of added element and the replacement position are found. As a result,
it was possible to obtain the selection standards that are suited to the
increase of the fracture strength and the enhancement of isotropy.




2.2 Influence of a Third Element on Structure and Mechanical Properties of
TiAl-Based Alloys

2.2.1 Experimental Method

1) Specimen: The alloy compositions used are the same as in the previous
section.

2) Structural Analysis: Analyses were made using optical microscope, scanning
electron microscope, and electron beam microanalyzer.

3) The mechanical properties were investigated by hardness measurement,
compression test using a square bar of 3 mm x 3 mm X 7 mm, and three-point
bending test using a testpiece of 2.5 mm x 5.0 mm x 25 mm.

2.2.2 Experimental Result and Consideration
The result of the structural analy- T,
sis is shown in Figure 3. Here, v
is the TiAl phase, and a; is TijAl
which appears in a TiAl-based alloy
as the second phase. From the fig-
ure, it can be seen that in alloys
of Ti-excess composition, the addi-
tion of Zr and Nb augments the vol- o
ume factor of the a, phase, makes é¥55fz+r+¢:
the structure finer, and reduces <& i ~ N
the atomic ratio Ti/Al in the TiAl ~ °/§ y Py I ° N\%
phase. Moreover, the addition of V o ot Lo
does not alter the volume factor Al/at% — Al/at% -

and the atomic ratio, but the '

addition of Mn reduces the volume Figure 3. Phase Equilibria in Vicinity of

factor but increases the atomic TiAl Phase at 1273 K

ratio. In this way, the changes in The a; + /7y phase boundaries shown by
the structure accompanying the solid and brokgn lines correspond to
addition of a third element can be Short and long time heat treated
predicted from the figure. Further- materials, respectively.

more, it became clear that the

addition of Mn and V increases the annealing twins, which leads to finer
structure of the alloy. The compressive and bending strains at room tempera-
ture are shown in Figure 4. In the figure, notation such as "34 series" signi-
fies that Al/(Ti+Al) in a TiAl-based alloy is fixed, and a third element is
added. For a composition on the Ti-excess side, addition of a small amount of
Mn and V increases the compressive ductility, whereas on the Al-excess side,
addition of a large amount of Nb improves ductility. A similar tendency can
also be seen in bending tests. As a result of an overall examination of the
effect of adding an alloying element and the change in the crystal structure,
it was concluded that an added element which is suitable for improving ductil-
ity is an element which reduces the stability of the TiAl crystal lattice, and
more specifically, that it is Mn for Ti-excess compositions and is Nb for Al-
excess compositions.
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2.2.3 Summary 34Al series 36Al series  38Al series
v : _ 50t——2-Mnt—(a ) Mo~ b ) (e
In order to obtain the selection 40 vl b 2 Nb_|
standards -of a component element 30 I AT
which is suitable for improving ~V
ductility at ordinary temperatures, 20 - l' iz‘r |
the relationship among the added ]8 0 7.3 5!0' b., 500 2.5 5000 2.5 50

element, crystal structure, and the

change in the alloy texture was ~ 34:\:"‘“?:5 36Al se(nbe;s 38A s:.zr::e;
systematically clarified, and the 45— — Mn 1
predictions and the actually measured 355 I

ductility at ordinary temperatures - Zr

[
[24)

were compared.

. -—
QU o

a) Addition of a large amount of Nb
to an Al-excess TiAl-based alloy
improves the compressive and bending
ductility. The factors in improving Figure 4. Changes in Compressive and

Bending strain /10-2pmim Cou\pressive strain
o
(23]

0 25 50 7.50.0 2.5 500025 50
fimount of added alloying element/at¥

ductility are the increased fineness Bending Strains Accompanying
in the texture due to dispersion of a the Addition of an Alloying
small amount of the a, phase, reduc- Element

tion of the axial ratio, and nearly
fixed volume of the unit lattice.

b) Addition of a small amount of Mn to a Ti-excess TiAl-based alloy improves
the compressive and bending ductility. The factors in improving ductility are
the increased fineness due to dispersion of a small amount of the a, phase and
the annealing twins, the decrease in the axial ratio and the volume of the
unit lattice, and the increase of the atomic ratio Ti/Al.

2.3 Effect of Third Elemem: Addition on Oxidation Characteristic of TiAl-Based
Alloys
Table 2. Chemical Composition of Alloys

(wtg)
1) Specimen: The chemical compositions ::Q: :::;g::
of the TiAl-based alloys are shown in Cr-1 Ti-36A1 -0.69Cr (0.5at%)
Table 2. Here in addition element Y is 2 1.38Cr {1.0)
well known for its effect to improve 3 2.76Cr (2.0)
the adhesion to oxide film and to Yol Ti-36Al -1.17Y (0.5)
improve the oxidation characteristic of 2 2.34Y (1.0)
Ni-Cr alloy. Chromium is added to 3 . 4.68Y (2.0)
stainless steel, and Si is added to Mn : Ti-345A1-1.50Mn (1.0)
austenite stainless steel, and it is Si-1 Ti-36A) -0.155;
known that the oxide films produced are ' 2 0.30Si
dense and have an excellent protective 3 ©0.50Si
characteristic. Manganese is an element 4 1.00Si

which improves the cold ductility of
TiAl-based alloys.




2) The oxidation experiment was carried out in the.air in the range of
1173~1223 K. : '

2.3.2 Result and Consideration

Irrespective of the added element, the oxide
film produced consists, in order from out—
side, of TiO,, Al,0;, and a mixed layer of
TiO, and Al,0;. The resistance characteristic
to oxidation of the TiAl phase is clearly
superior to Ti alloys. The reason for this is
that there is a large amount of Al in TiAl so
that Al,0; is readily formed. Figure 5 shows
the increase of oxides in TiAl alloys at 1173
K. The addition of Cr, Mn, and Y degrades as
resistance characteristic to oxidation, but
the addition of Si clearly improves the
resistance characteristic to oxidation. As a 0
result of structure analysis of the oxide 0 40 8o
films, it is concluded that the reason for . Tine, t/ks

s . . . Figure 5. Curves for Increase
this is that SiO, forms a continuous oxide . .
film which suppresses the diffusion of oxide ;P Amount of Oxides
ions and metallic ions. In addition, it was , _
found that the addition of Y improves the adhesion of the oxide film, and that
the degradation of the resistance to oxidation brought about by the addition
of Cr or Mn is due to the fact that it makes the Al,0; layer porous.

2

AW /10" 2kg-m~2

10

Increase in the amount of oxides

2.4 Brief Summary

The fracture mode of TiAl at room temperature is cleavage fracture or pseudo
cleavage fracture, and the slip deformation exhibits a strong flatness.
Therefore, considering that the most plausible method for improving cold
ductility of the TiAl phase is the addition of an alloying element, we
investigated in this research the influence of an added element on the cold
ductility of the TiAl phase. In addition, the resistance to ox1dat10n was also
studied. A summary of the result is given below. :

a) An alloying element which causes the crystal 1attice of the TiAl phase by
solid solution, reduces the anisotropy of the lattice, and increases the alloy
Ti/Al; for example, Mn improves the cold ductility of a TiAl-based alloy.

b) An element which forms a solid solution with the TiAl phase and forms a
dense oxide film in the oxidation process, :for example, Si, improves the
characteristic of resistance to oxidation of the TiAl phase.

3. Melting and Solidification

In melting TiAl, it is possible to dissolve it by arcing in an Ar atmosphere
if the amount is small, but various problems will arise if the amount is
several kilograms or more. For example, in an electrode consumption type
vacuum arc furnace, the melting rate is high due to stabilization of the arc
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which tends to generate microcracks.? On the other hand, in an electron beam
furnace, the pressure in the furnace is low at 1072~107*Pa so that Al evaporates
which makes melting impossible.

Therefore, in the present research, TiAl was dissolved by the use of a plasma
beam furnace which permits free adjustment of the melting rate and the in-
furnace pressure is higher than that of an electron beam furnace by two orders
of magnitude.

Next, the possibility of using high frequency melting was investigated. This
method is desirable for both profitability and workability. However, it is
said that the high—-frequency melting is not feasible because of an easy
reaction with the crucible of Ti and Ti alloys that are active, which leads to
the contamination of the molten metal. However, the rate of Ti atom in TiAl is
half that of metallic Ti so that the activity will be reduced and it seems as
if melting in crucible is possible. Therefore, the feasibility was examined
for using a crucible made of CaO which is one of the most chemically stable
and general industrial materials.

3.1 Experimental Method

For the plasma beam melting of TiAl, a 60 KVA furnace was used. The principle
of the furnace is to convert Ar gas to high—temperature gas of low—pressure
plasma within a Ta tube (cathode with inner diameter of 13 mm) by the use of
a high-frequency superposed dc power supply, and to melt a sample used as the
anode by thermoelectrons that are generated from the plasma. The flow rate of
Ar gas for plasma was 0.8 2/min and the current for melting was 900 A. In
addition, the pressure within the furnace at the time of optimum melting was
around 2.7 Pa. As the raw material for a primary melting by a water—cooled
hearth (width 60 mm, depth 40 mm, and length 100 mm), a compressed body of
sponge titanium and chopped pieces of Al rod (diameter 3 mm) was used. An
ingot (5.2 kg) 80 mm in diameter was obtained by a secondary-melting of the
obtained rod material by the pull-down method.

For the high—frequency melting of TiAl a commercially available CaO crucible
of high purity and high density, was used having an inner diameter of 74 mm,
outer diameter of 94 mm, and height of 170 mm. In addition, sintered crucibles
with 5 percent and 10 percent CaF, blended were also used to suppress the
reactivity of the Ca0O crucible. The 0.7~1.1 kg of TiAl was melted by a high-
frequency melting furnace at 5 kW and 10 kHz. The pressure within the furnace
was kept at 0.53 Pa before start of melting, and the pressure was increased
2.1 x 10%Pa by passing Ar gas after completion of melting, and holding it for
3 minutes or so, and then poured into a metallic die at about 1873 K,

3.2 Experimental Result

3.2.1 Plasma Beam Dissolution

Although Ti-36wt%Al was melted several times it was not possible to obtain a
solution with desired composition. Namely, the Al of the obtained ingots was

scattered in the range of 34~32wt% (Al yield of 95~89 percent) which varied
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for every melting. This decrease in the Al yield is due to evaporation of Al
from the surface of the melt pool, and this was understood from the generation
of a vaporized layer close to pure Al on the surface of the hearth after
melting. Here, the cleaning of the evaporated layer of Al is cumbersome work.

4.0

Next, reproducibility was examined. Even

with melting in accordance with the g 3.0F . N _
standard manual for the apparatus, the = ' \\\thme'ﬁoxmmm
pressure within the furnace varied within g 2.5f Current : 900A
the range of 0.93~4.0 Pa. Since it was & ' Al . 220 '
Sl . o 2.0+ content @ 36%

suspected that the in-furnace pressure - N
variation is related to the evaporation :
of Al, the relationship between the in- 3 1.5¢
furnace pressure and the evaporation rate 4 Lok .
of Al was investigated. The evaporate & \\\\\\\

. . . > .
rate was determined from the melting time 2 .| ange of -

. . — Y peration| :

and the weight decrease. The size of the < SN
pool is 60 mm wide and 70 mm long. The v TR M T S S S
result is shown in Figure 6. Namely, the ¢ 4 681 2 4681 2
evaporation rate of Al within the range 107 10-2 1071
of variation of the in-furnace pressure . Furnace pressure/Torr .
that is generated by ordinary dissolution Flgqre 6. Influence of Pressure in
is, on the high-vacuum side, even twice Furnace on the Rate of Al
as large as that on the low-vacuum side, Evaporation

and it became clear that this phenomenon

strongly influences the yield of Al. To resolve this problem, the Ar gas flow
rate for plasma was constantly regulated in small amounts in order to keep the
in-furnace pressure at a constant level, and a satisfactory reproducibility
was obtained by this arrangement. The optimum condition of the pressure within
the furnace was 6~7 Pa and the yield of the Al was 96 percent.

Next, Ti-34.5wt3Al-1l.5wts$Mn was melted. As a result of melting under the
above-mentioned conditions, Mn was not observed in the ingots by almost
complete evaporation. Then, aware of the existence of a limit to the increase
of blended amount of Mn, the sample was melted at the lowest current for
melting, 750 A. Even in this case, 40% in the melting of a rod material and 50
percent in the melting of pull-down melting, of the Mn was evaporated.
Eventually, by blending 4.5%Mn an ingot of 1.5%Mn was obtained. As in the
above, melting of TiAl containing Mn in a plasma beam furnace is difficult.

The quality of the ingots obtained was examined. Samples were taken from the
top, bottom, and sides of the ingots to examine the micro and macro
segregation of EPMA, and homogeneous ingots with obtained which revealed no
segregation that may be considered due to melting and solidification. In
addition, the ingots were sound materials having neither microporosity nor
microcracks. On the other hand, among the ingots doped with Mn, some
segregations were observed in Al, Ti, and Mn because of the melting at low
temperatures, but they were not of the degree that should be of special
concern,




3.2.2 High-Frequency Melting 0.07
Figure 7 shows the oxygen and calcium contents 0.06}F ! ° o
of the ingots. When TiAl is melted in a Ca0 ! o
crucible, the oxygen content in an ingot is in X ! o
the range of 0.10~0.15 percent. This value is / LJPN
about three times as high as the value of 0.04  0.04} l 0o®
percent for the plasma beam furnace shown in 3% ] Oxygen o
Figure 7. It should be mentioned that a cruci- 3l ETE;Ese ¢
ble was mixed with CaF, that does not react ! o
with Ti, for the purpose of reducing the 0.2t |/ ¢
oxygen content, but no oxygen effect was ]
observed. On the other hand, the content of Ca 0.01k f Plasma

. . 0 CaO
as an inclusion of Ca0 was 0.02~0.04 percent é//mﬂm o Ci0-CaFs
which is not too high a value. However, it is oyt PRI RSN

0 0.05 0.10 0.15

of concern as a nonmetallic inclusion. There-
fore, its area factor was determined according
to the measuring method of nonmetallic inclu- Figure 7. Oxygen and Calcium

sion in iron and steel. As a result, it was Contents in TiAl Ingot
found that the value is 0.12~0.17 percent in

the case of high purity CaO crucible which is comparable to the value of
0.1~0.2 percent of the commercially available case hardening steel, being of
no particular concern. It should be noted that the area factor for a crucible
compounded with CaF, is 0.08 percent, so that the mixing was effective for
reducing the nonmetallic inclusions. Moreover, the size of the nonmetallic
inclusions is about 1~5 pm and are considered not to be adversely affecting
the mechanical properties. Table 3 shows a comparison with the dissolved
materials by a plasma beam furnace. Magnesium and Cl have nearly equal values
for both cases and there will be no problem.

Oxygen content /wt%

Table 3. Analytical Values of Ingots 3.3 Consideration
0 Ca Mg cl In melting TiAl in a plasma beam
Ca0 crucible Olg 5 0-9(21 0 (‘1;30307 03(2) o furnace, a sound ingot having desired
: : : : composition can be obtained if the
0.02 0 0.001 |[0.02 pressure in the furnace 1is kept
Plasma beam ~0.04

~0.005] ~0.03 constant. Although this method is an
excellent melting method, its indus-
trial use will give rise to the
following problems: 1) the press forming of the raw material for melting and
2) the long time required for rod material melting and pull-down melting. It
is not an efficient melting method. For this reason the establishment of high-—
frequency melting technology is proposed.

The oxygen content of TiAl obtained by high—-frequency melting was in the range
of 0.1~0.15 percent for all cases, with the mean value 0.13 percent. This
value can be considered as the equilibrium value for the case of using the Ca0
crucible. This fact can also be understood from the following phenomenon; that
is, the equilibrium oxygen quantity when pure Ti is held in a Ca0O crucible for
20 minutes is 1~1.3 percent. Further, when the oxygen quantity in Ti which is
in equilibrium with Ca0 is computed, using the free energy for partial mol
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formation of Ti-O system at 1473 K obtained by Kubachewsky, et al., it comes
out to be 1.3 percent which agrees with the above-mentioned measurement value.
On the other hand, from the value of about one—tenth for the activity of Ti in
TiAl obtained by these authors, the oxygen quantity when a GCa0 crucible is
used comes out to be 0.13 percent. In other words, when TiAl is melted by the
use of Ca0 crucible, the phenomenon that the oxygen quantity becomes 0.13
percent is an inevitable fact. For this reason, the development of a material
for crucible which brings down the activity of Ca0 is necessary for reducing
the oxygen.

3.4 Brief Summary

(1) In melting TiAl in a plasma beam furnace, the problem with reproducibility
of the composition arises, but it can be settled by fixing the pressure within
the furnace at a constant level. The ingots obtained were sound ones with
uniform composition and free of forging defects.

(2) When TiAl is melted in a Ca0O crucible, the two react with each other and
the oxygen content becomes about 0.13 percent. This value is higher compared
with the wvale of 0.04 percent in a plasma beam furnace, but seems to be
inevitable. Further, a nonmetallic inclusion Ca0 is observed in crucible
melted materials, but the area factor is about 0.1~0.2 so that it is
considered not a value of concern.

(3) Research on new crucible materials that have Ca0 as the principal
component is necessary.

4. Plastic Deformation

In order to put the TiAl intermetallic compound to practical use as structural
materials, R&D on forming and processing technologies such as precision
forging, powder metallurgy, plastic processing, etc., have been pushed
vigorously.

For forming and processing as well as improving the material by such a plastic
processing method as isothermal forging for hard-to-process materials of this
kind, we developed an apparatus for simulating plastic processing at high
temperatures of the intermetallic compounds. Using this apparatus we examined
high temperature deformation behavior, high temperature processability, and
the lubrication characteristic in isothermal forging, of the TiAl compounds.

4.1 Preliminary Consideration for Experimental Manufacture of the Apparatus

The principal factors to be considered in the plastic processing of the hard-
to—process materials like intermetallic compounds are shown below.

(1) High Temperature Processability: Considering the simplicity of stress and
strain, high reproducibility, difficulty in preparing testpieces of the object
material, etc., the best evaluation method of processability will be the
simple compression method. We decided to use this method for this apparatus,
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and extracted the follow1ng technical problems In a compression test, the
influence of friction betwéen a material and a tool becomes a problem. In the
range of uniform deformation, the equivalent stress (o) and the true stress
coincide. When the friction between the sample and the tool is taken into
account g is glven the follow1ng Equation (1),

- P/(1 + pD/3H), (1)

where P is the mean compressive pressure, u is the friction coefficient, and
D and H are the diameter and the height of the testpiece. A quantitative
evaluation of the deformability by the compression test is difficult. However,
it can be evaluated by comparing whether or not cracks generated in a
compression testpiece are generated by a strain of a predetermined magnitude
and over.

(2) Processing Tool and Processing Method: Ceramics can withstand stress at
high temperatures better than Mo. However, their fracture toughness is
extremely small compared with alloys. It is necessary to devise a design that
will be able to withstand severe conditions for practical use. In this
apparatus, use of sialon was considered.

(3) Characteristics of the Lubricant: The problem of lubrication in isothermal
processing at a temperature above 1400 K has not been clarified so far. In
this research, we examined glass and BN lubrication which are relatively
stable even at high temperatures.

Thermo-

couple

I —
(4) Deformed Texture: As to [ I
the dynamic characteristics qu11;)nlient {
of the lower texture of de— |[control
crystallization, etc., we B r_ hfrequ‘:n‘c"‘
considered = freezing the [Main (ihg device
control &

deformed state by quenching
it by gas jet of Ar, etc.,
and examining it .at room |Computer

\. o’

temperature. , |

Plotter

Vacuum ex-
haust device

ment meter

Hydraulic ey

{Source of hydrau-l
. . . serva
(5) Material Quality After l

Processing: Since these are LJ L

materials where it is diffi-
cult to  apply ordinary hot
pressing, we tried to obtain
materials that make it possi-
ble to examine changes in the
material characteristics by
processing.

Driving system
Maximum load

Maximum speed
Maximum heating
temperature

Quenching system
fAitmosphere
Control system

Voltage and hydraulic pressure servo
620kN control
200mm-s™!

1800K Cinduction heating)

Argon gas jet, maximum of 40K-s™!

Vacuum (8.801 PA) or argon gas

Computer control

Figure 8. Schematic Diagram and Principal
Performance of High-Temperature
Processing Simulation Apparatus

13




4.2 Specifications and Performance of Experimentally Manufactured Apparatus

An apparatus aimed at satisfying the conditions of various factors described
in the previous section was trial manufactured. A schematic diagram and its
principal performance are shown in Figure 8. The test was carried out by full

control of the program by personal computers, and the test result was output
by the plotter.

4.3 Experiment on High-Temperature Plastic Deformation and Its Consideration

A testpiece of TiAl compound with a diameter of 25 mm and 30 mm high was
inductively heated at a temperature rate of 4 K/s, and a satisfactory result
was obtained with a followup delay within 5 K. Photograph 1 [not reproduced]
shows an example of texture observation of the TiAl compound which was
inductively heated, and quenched by Ar gas jet immediately after compressive
deformation at high temperature. A dynamically recrystallized texture (a) by
the so-called bulging mechanism and a twin deformation and a minute recrystal-
lization in a part near the grain boundary are observed.

(2) Ceramic Tools for Hot Processing

As a result of performing upset processing at constant temperatures with
actual distortion above 1.2, and at the average pressure of 300 MPa after
lubricating TiAl compound with BN or glass, the ceramic tool was broken three
to five times. It was found that the durability of the working tool can be
improved sharply by inserting a plate of Mo or W, or by using a method of
winding ceramic fibers around the periphery of the working tool giving them
tensile stress. ‘

(3) Compression Test With Constant Rate of Strain

200 T T
A compression test with a constant rate 1445K, 10725 !
of strain was carried out using a TiAl ~— Ji-30.2A1
compound. The true stress—strain rela- & ' “ Ji 48.2A1
tionship in which the influence of fric- § —
tion on the stress is compensated for by E 100 !
Equation 1 (in Section 4.1), and the =@ 1600K, 10-*s-"
influence of the testing machine system B Ti-50.2A1
is compensated for, is shown in Figure 9. " 50 // Ti-48.24Al
In the example of testing a single «v E—— L
phase material under 1445 K and 0.01 s™1, 0
the true strain shows a maximums tress, ¢ 0.2 0.4 0.6 0.8 1.0
and at higher strain the stress decreases ‘ True strain -

gradually, approaching a constant value. Figure 9. True Stress-Strain Rela-
In single vy phase materials, such a peak tionship of TiAl Compound at High
stress is observable. On the other hand, Temperatures

in testing vy/a, two—-phase material that

includes TijAl, the strain where the maxi- Compression test of Ti-50.2mol%Al
mum strain appears is small, and the value (single-phase v) and Ti-48.2mol%Al
of the stress is larger compared with the (two—phase y+o;) high—temperature
case of the single vy phase material. On forged materials
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the contrary, the value of the stress which is nearly constant is smaller. The
characteristic situation which is seen in the true stress-strain relationship
for the vy/a, two-phase material can be understood as follows. The yielding
stress is higher for a two-phase texture than for a single phase texture. The
drop in the stress due to the increase in the strain was generated by a local
grain boundary slip and the progress of fine dynamic recrystallizing texture
from the vicinity of the grain boundary accompanying the increase of the
strain. This is clear also from an example of quenched texture.

100 Y . 500 45 350 300
We have already reported that the rela- ETi-51.7A1 S
tionship between the deformation stress . I 2 250

10" - 200

of TiAl compound and the temperature

and the rate of strain can be satisfac— f 27— 7 Deformation —Z150
torily represented by hyperbolic % 105 Ll Le stress = =
~curves. The result of determining the ¢ 0Ztar NWE 100
maximum flow stress of TiAl compound by £ 10 ability ¢F1-93

this method, and a summary of further ¥ = 50MPx
investigation of the deformability are T ., G AR S _—
shown in Figure 10. From the result, we 1200 1300 1400 1500
made it clear that the TiAl compound Temperature/K

shows a satisfactory workability pro-— Figure 10. High-Temperature Work-
vided that the temperature is high and ability Map of Ti-51.7molsAl

the rate of strain is low. Melted Material

(4) Glass and BN Lubrication 1in

Isothermal Forging The numerical value attached to
‘the right end of each curve shows
Using a standard ring testpiece of TiAl the maximum flow stress. The
compound, isothermal forging was carried .deformability shows the condi-
out with ceramic tools lubricated by tions, temperature, and rate of
hexagonial system BN powder (BN) and ' strain for which sound compres—
glass, and the friction coefficient was sive deformation with the true
determined by referring to the calibra- strain of greater than 1.0.

tion curve shown by Marle, et al. The

result is shown in Figure 11l. As a result

of the test it was found that BN shows the most stable lubrication
characteristic. : '

4.4 Brief Summary

A testing machine for simulating high temperature working of intermetallic
compounds, etc., which do not lend themselves to workings by conventional
methods, was developed.

By the use of the experimentally manufactured apparatus, high—temperature
deformation behavior, high—-temperature workability, deformation texture, etc.,
were investigated, and the usefulness of the apparatus and several basic
problems for the high-temperature plastic working of TiAl compound were
clarified. By applying the so-called thermomechanical treatment to the
compounds of this kind, it is expected in the future to improve the quality of
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the materials. Finally, we are very grate-— 0.3
ful to Tokyo Koki Works Co., Fuji Denpa
Koki Co., Hitachi Metals Co., and NKK Co.,
who assisted us greatly in the trial o2l I
manufacture of the present apparatus. '

0.1} I .
Plastic working of TiAl is difficult by '
usual methods such as forging, hot roll- ’ -
ing, hot extrusion, etc., even at tempera— 0 BN Yo NW
tures above 1273 K. Because of this, vari- Lubricant '
ous research to improve room-temperature Figure 11. Lubricants and Friction
ductility and plastlc workability has been (oefficient in Isothermal Forging

5. Powder Metallurgy

Friction coefficient

conducted. , of TiAl Compound

One way to avoid the difficulty of the

working method is to manufacture a near BN (hexagonal system boron ni-
net shape sintered member by utilizing tride powder) 347M, and NW
powder metallurgical technology. This is (glass powder) lubricants for
also a convenient method to make the hot working. Forged for the
texture fine. A TiAl sintered body manu- ranges of temperature of 1200~
factured from fine powder does not have 1500 K and the strain rate of
a coarse cast structure, and may be con- 1 x 107%~1 x 107%s™! by using
sidered macroscopically as a homogeneous sialon—-forged tools.

bulk material. Further, a sintered body

of fine crystalline grains is expected to be obtained by the use of solidified
powder obtained by quick cooling. In this report, the structure of the
sintered bodies and the mechanical properties for the range of room
temperature to high temperature were investigated using pulverized powder,
centrifugally atomized powder, and powder obtained by a combustion synthesis
(SHS) method.

5.1 Equivalent

The pulverized powder used is the powder of —-200 mesh obtained from a TiAl
material manufactured by Consolidated Aeronautics Corp. (United States). The
centrifugally atomized powder is solidified powder obtained by quick cooling,
manufactured by high-frequency melting TiAl in the gas by the use of a calcia
crucible, and pouring it over a fast rotating graphite desk. The powder is of
—-60 mesh centered around the powder diameter of 100~200 pm.

The other is an SHS powder obtained by mixing Ti powder and Al powder, and by
mechanically pulverizing a spongelike alloy manufactured by combustion
synthesis. This is a powder formed by aggregation of fine grains.

The chemical composition of these powders is shown in Table 4. The pulverized
powder contains a large amount of impurities Fe (0.02wt%) and O which are
mixed during the course of pulverization. The centrifugally atomized powder
contains about 0.2wt% of O, and is close to what is seen in an ordinary Ti
alloy such as Ti-6Al1-4V alloy. The SHS powder contains a large amount of
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Table 4. Chemical Analysis Values of
TiAl Powders (wt%)

Al A% C (0] N Mg Ti

impurity O, but it is considered to be
reducible by improving the method of

Pulverized powder manufacture.
34.87 .- e 2.5 0.024 64.08
Centrifugally atomized powder The sintered bodies of the pulverized
DI~ 36.7 - 0.031 0.227 0.004 - bal. powder and the SHS powder were manufac—
D4 37.5 <+ 0.044 0.185 0.004 -+  bal .
b 3' : : : : tured, after formation of pressed
D: 3:: ;;3 ggi; gi:g 3825 o :1' powder by a cold isostatic press (CIP)
Do 323 526 05670.N8 ohog bn. at room temperature and 4000 atmospher-
’ ) ’ ' ) at ic pressure, sintering them at a
SHS powder

temperature below 1623 K. The centri-
KA~ 34.80 - e 072 -+ 0.040 bal.  fygally atomized powder and the SHS
KB 35.63 «» - 078 - 0.060 bal. powder were vacuum sealed in stainless
KC 36.84 - - 0.9 w  0.033 bal.  steel tubes and their sintered bodies
were manufactured by a hot isostatic
: process (HIP) at 1000 atmospheric
pressure, and 1473 K. For the purpose of homogenizing the sintered body, the
sample was further annealed at 1273 K for 100 hours.

The mechanical properties were investigated by the compression test and the
18—mm span three-point bending test using an instron type testing machine.

5.2 Result and Consideration
5.2.1 Structure of the Sintered Body

The pulverized powder and the SHS powder which were in vacuum after CIP at
room temperature contain many voids even after sintering at 1632 K, their
relative densities were about 91 percent and about 70 percent, respectively,
and showed two—phase layered structure of Ti;Al and TiAl. These structures were
destroyed by the succeeding HIP treatment and the homogenizing sintering at
1273 K, but the voids did not go away even after the HIP treatment of the
sintered body, so that it was not possible to obtain sound bulk materials.

For the HIP sintered body a bulk material with relative density of 100 percent
was obtained for both the SHS powder and the centrifugally atomized powder.
Both samples consisted of fine crystal grains of about 30 pm, and some layered
structure was observed in the former, whereas such a structure was hardly
observable in the latter.

5.2.2 Mechanical Properties of Sintered Bodies

In the sintered body in vacuum, the compressive ductility at room temperature
increases as the two-phase layered structure is destroyed by heat treatment,
but ductility by the bending test was not obtained. In the compressive
deformation, it was observed that cracks originate from the residual voids,
propagate within the grain by linking the voids, and lead to the fracture.
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In an HIP sintered body, a compressive T T T T A; Y
deformation of more than 26 percent was
possible at room temperature for both
the centrifugally atomized powder and
the SHS powder. Figure 12 shows the
temperature dependence of the compres-—
sive stress of the centrifugally atom—
ized powder (Dl). The compressive
stress does not decrease up to the L
vicinity of about 1073 K, dropping 300 500
suddenly thereafter. It also shows that . ‘
the curing does not change up to the Figure 12. Tempera;u;e Depend?nce of
vicinity of 973 K. These tendencies are Compressive Stress of HIP Sintered
similar to the result for the molten Body of Centrifugally Atomized
materials. Figure 13 shows the tempera— Powder (D1)

ture dependence of the bending charac- :
teristic in vacuum of the HIP sintered body (Dl) of the centrifugally atomized
powder and the HIP sintered body (KA) of the SHS powder, respectively. At room
temperature, both have a bending ductility of about 0.5 percent, and above 973
K the bending increases. In contrast to a ductility of greater than 15 percent
at 1073 K for the former, only about 4 percent of the ductility is observable
for the latter. For both, the ductility goes down at 1173 K. The corresponding
fractures are shown in Photographs 2 and 3 [not reproduced]. Both exhibit
cleavage at room temperature, crystal grain boundaries at 1073 K, and
prepowder boundary fracture at 1173 K. The ductility at room temperature :is
not strongly influenced by the amount of oxygen contained in a sintered body,
but it may be said that it has a large effect for cracks at crystal grain
boundaries and cracks at prepowder boundaries at high-speed.
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Figure 13. Bending Characteristic of Figure 14, Behding Characteristic of

HIP Sintered Body of Centrifugall HIP Sintered Body of SHS Powder

Y gaily Yy
Atomized Powder (D1) ‘ (KA) .

The strength and ductility of sintered bodies are affected by the environment
in the atmosphere at room temperature. In the atmosphere the bending ductility
and the strength are larger for the larger deformation rate, and the bending
ductility and the strength in the atmosphere are smaller than in a vacuum.
When delay test due to a bending load is carried out in the atmosphere with a
Vickers indentation as a source of the stress concentration, crack growth over
time is recognized as shown in Figure 15, and the crack face of delayed
rupture showed a fracture of crystal grain boundary.. ' '
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5.3 Brief Summary T e e e S — '
(1) To manufacture a near—net-shape E i Load = 100k«

bulk material using powder metallurgi- E”'olomkpsk £ Tond =
cal technology, green compact forming ~ i 102kg
at room temperature and sintering are ¥ | r_w_TUy*ns
desirable. However, for this compound, 5 0.5} a :';gﬁ"ta'
it was impossible to obtain a sound =3 Eff

sintered body with no voids by CIP. 2 [ Load | ]
Neither was vacuum sintering possible, T
either for the pulverized powder or for Thmﬁﬁn 0 5000

the SHS powder.
Figure 15. Growth of Delayed Rupture

Crack of HIP Sintered Body of
Centrifugally Atomized Powder (D1)
(In atmosphere at room temperature;
source of stress concentration is a
Vickers indentation)

(2) By HIP after vacuum-sealing the
centrifugally atomized powder or the
SHS powder in a stainless steel tube,
it was possible to obtain a sintered
body having small crystal grains and
relative density of 100 percent.

(3) Both the centrifugally atomized powder and the SHS powder have a bending
ductility of about 0.5 percent at room temperature in vacuum, exhibiting a
cleavage fracture. The bending ductility increased with the temperature up to
about 1073 K, and it dropped at 1173 K. At temperatures with high ductility,
both sintered bodies exhibited a grain boundary fracture, and at high
temperatures where the ductility drops, they exhibited prepowder boundary
fracture.

(4) The sintered body is affected by the atmospheric environment, and it was
observed that delayed puncture cracks propagate along the crystal grain
boundaries.

In order to prevent the prepowder boundary rupture and improve the ductility
of the TiAl boundaries at high temperatures it is necessary to subject them to
sufficient heat treatment or hot processing. Further, by HIP sintering the SHS
powder having small oxygen content, it is expected that a ductility similar to
that of the sintered body of the centrifugally atomized powder can be
obtained. A further examination of the effect of the environment on the
strength and ductility at room temperature, and the effect of oxygen at high
temperatures will be necessary.

6. Surface Modification

The atomic bonding between Ti and Al in TiAl which takes up the L1, face-
centered cubic lattice is not a typical metallic bonding, differing from that
between Ti and Ti or Al and Al. It is possible to increase the bonding
strength of the TiAl lattice via an element which has a strong bonding with
the constituents of the crystal, introduced into the lattice. In particular,
nitrogen enters the TiAl lattice as an interstitial element to form a regular
lattice with higher symmetry by L1, type—Bl type, forms stable compounds by
reacting with Ti and Al, and hence is expected to increase the bonding
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strength within the grain and at the grain boundary. Based on the above
viewpoint we attempted the surface modification of the intermetallic compound
TiAl by means of ion implantation; namely, the microscopic structural change
and the change in the mechanical properties were investigated by implanting
nitrogen ions into the surface of a TiAl sample.

6.1 Sample and Experimental Method
6.1.1 Preparation of Sample

A button ingot of about 100 g was prepared by arc melting in an Ar atmosphere,
and an ingot of about 2.5 kg was prepared by Ar plasma melting.

These materials were held for 1.8 ks in a vacuum at 1473 K to remove working
strain, and were further subjected to a homogenization treatment at 1273 K for
605 ks. After specular finishing of these materials by buffing and electro-
polishing, these were used as samples for ion implantation.

6.1.2 Ion Implantation and Various Measurements

fAtomic X Al
The implantation of N,* ions was carried T T

out at room temperature under an accele-— 3 50 52
ration voltage of 150 kV and a dose of 2 1500
x 10'7~1.8 x 10'® jions/cm?. For each of
the samples, the product, composition
distribution, concentration distribution
of implanted nitrogen in the depth
direction, etc., were measured by the X-
ray diffraction (XRD) method, X-ray
photoelectronic  spectroscopy (XPS),
Auger electron spectroscopy (AES), etc.
Further, transmission electron micro—
scope (TEM) and scanning electron micro-—
scope (SEM) observations were taken for
the purpose of the microscope structural
analysis of the implanted layer. 1In
addition, the hardness measurement by a
micro Vickers hardness meter was carried
out. For the corrosion resistance test,
etching was given for 30 seconds at room
temperature using a corroding solution 0 Q % £
obtained by diluting a mixture of nitric Weicht % Al

and hydrofluoric acids with water. The . 9

three—point bending strength at room Figure 16. Hardness Change at the
temperature was measured by an instron TiAl Sample Surface Due to Implan-—
type tension tester at crosshead moving tation of 150 kV Nitrogen Ions
speed of 8.3 x 107%m/s, using a narrow (o for electropollshed.materlal and
slip-formed (3 mm x 45 mm x 0.7 mm) N for buffed material)

sample.

1000

500 -

Vickers hardness (load of 2 gf)




6.2 Experimental Result and Consideration
(1) Hardness Change

Figure 16 shows the relationship between the increase of the hardness and the
comp051tlon of the TiAl samples with nitrogen ion implantation of 2 x 107
1ons/cm and 5 x 107 ions/cm?. For the electropolished material, a conspicuous
minimum of the hardness is recognizable at stoichiometric comp051t10n of
50at%Al, obtaining a V-shaped curve. Such a dependence on the composition is
considered due to the presence of Al lattice vacancies on the Ti-rich side and
to the presence of replacement type Al atoms in the Al-rich side. The hardness
is increased by nitrogen implantation, and it is two to three times the hard-
ness of unimplanted material on both sides of the stoichiometric composition.
That the increase in the hardness is larger on the Ti-rich side is considered
due to the contribution to the hardening, of the stable vacancy type point
defects among the point defects introduced by the ion irradiation. In the
mechanically polished buffed material, the hardness increase due to nitrogen
implantation is smaller on the Ti-rich side. This is considered due to
canceling of hardening by the point defects caused by the dislocation lines
introduced by the surface working acting as the sinks for the point defects.
As in the above, the increase in the surface hardness due to nitrogen
implantation is considered to be contributed by the hardening caused by the
point defects introduced by the ion irradiation, in addition to the internal
strain hardening by the supersaturated solid solution nitrogen and the
precipitation hardening due to formation of nitrides.

(2) Distribution of Implanted Nitrogen and Identification of Nitrides
Figure 17 is an XPS composition distri- wo_
bution curve obtained by the implanta-—
tion of nitrogen into the Ti-48at$Al
sample. For the implantation of 5 x 10V’
jons/cm?, a maximum concentration of
~40at% is reached at a depth of ~80 nm.
An example of measuring the change in
the depth direction of the XPS spectrum
taken to examine the bonding condition

10nm
—

Nitrogen concentration/atX
on
o

(=]

of the implanted nitrogens is shown in 0 50 100 150 200
Figure 18. The Nls spectra after sput- Sputtering time/min

tering for 70 minutes which produces the Figure 17. Depth Distribution Curve
maximum nitrogen concentration shows of Implanted Nitrogen
that there are peaks in the neighborhood (¢ 2 x 10Yions/cm?® and
of 396.7 eV or 397.0 eV that correspond o 5 x 10Yions/cm?)

to the bonding energy of TiN. Further,

an examination of the Ti,p spectra re—

vealed that the peaks exist at positions between the energy of metallic Ti and
the bonding energy of TiN. These results in the above suggest the formation of
AlIN and the formation of quasi stoichiometric nitrogen compound Ti,N.
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Figure 19 is an example of the X-ray diffraction pattern obtained from a
nitrogen implanted sample. Although the diffraction lines for Ti,N and AIN were
observed, the formation of TiN was not recognized. Even for a sample of heat
treatment for 1.8 ks at 773~973 K in an Ar atmosphere after the implantation,
it was not possible to confirm the formation of TiN. The formation of Ti,N is
not due to insufficient nitrogen, but the presence of the defects by irradia-
tion has something to do with it.

(3) Elimination of Surface Microcracks and Improvement of Corrosion Resistance

The microcracks that are generated by the corrosion of the surface of a buffed
material are considered to be stress corroded cracks caused by the stress at
the time of surface working. Photograph 4 [not reproduced] shows that the
generation of the microcracks that appear in the 48at3%Al material is prevented
with the implantation of nitrogen (Photograph 4(b)), and the corrosion
resistance is improved (Photograph 4(c)). This is considered to be the result
of the action of obstruction of crack generation caused by the strong
compressive stress in the neighborhood of the surface by the solid solution
nitrogen, and the formation of large amounts of corrosion-resistant nitrides.

(4) Bending Test and Rupture Behavior

A bending test was carried out to investigate the rupture behavior of the TiAl
samples. Photograph 5 [not reproduced] shows the optical micrographs of the
samples obtained by corroding the surface on the tension side after the
rupture. In the unimplanted material, rupture occurs preferentially along the
grain boundaries. On the other hand, in the ion implanted material, the
rupture edge is rather smooth and the rupture penetrates through the grains,
and there are observed local slips along the rupture edge and several cracks
along the bending axis. In the ion—implanted material it is characteristic
that no grain boundaries appear as a result of corrosion treatment, but the
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above finding is an important result which shows the possibility that by ion
implantation the rupture mode shifts from the grain boundary destruction to
the in-grain destruction. Although there is yet no detailed explanation, it is
expected that the strengthening of the grain boundaries is brought about by
the modification of the grain boundary structure as a result of segregation of
the implanted nitrogens to the grain boundaries or by the precipitation of the
implanted nitrogens as fine nitrides.

v : Ion implantation

The bending strength of the TiAl
sample becomes lower than that of .
the unprocessed material as a Jride IBQ :

. Irradia-
result of nitrogen implantation. tion damaged
However, it was found that the la";rd,f ]
bending strength is conspicuously 1:,:,“ 1D
recovered and improved when the ‘ Nitrogen
bending test is given after cor-— h concentration
roding the implanted surface. In

particular, for Ti-5lat3Al in Figure 20. Schematic Diagram Showing

which ions are implanted at a Relationship Between Structural Change
relatively low level of 2 x 10%7 of Ion-Implanted Surface Layer and
ions/cm?, it was found that the Change of Bending Strength

bending strength of the corroded

material can be improved to an extent that exceeds the bending strength of the
unprocessed material. These results seem to indicate, as illustrated in Figure
20, that the bending strength is lowered with the irradiation damaged layer
formed at the time of ion implantation and the oxide layer in the surface
layer as the crack generation sites, but the truly modified layer by the
nitrogen implantation can be made to appear on the surface side by the removal
of these defect layers by corrosion, improving the bending strength. The
degree of formation of the defect layer and the modified layer depends on the
amount of implantation, but within the range of this experiment it is
suggested that implantation of a small amount of the order of 2 x 10Yions/cm®
or below seems to be effective.

6.3 Bfief Summary

For the intermetallic compound TiAl, the following effect of surface
modification was observed by the implantation of nitrogen ions.

(1) The surface hardness was increased by two to three times by nitrogen
implantation.

(2) The s'i.;rface microcracks generated in the uriimplanted material can be
eliminated and corrosion resistance can sharply be improved.

(3) The tendency of the bending rupture mode shifting from the grain boundary
rupture type to the in-grain rupture type was observed. Further, an
improvement of the bending strength was observed for a relatively low dose of
implantation. '

23




These effects are brought about by the introduction of internal strain or
internal compressive strain due to supersaturated solid solution of the
implanted nitrogens, and chemically stable Al-N and Ti-N bondings, or a
uniform and fine distribution of Al nitrides and Ti nitrides.

7. Conclusion

This special research was carried out to establish an infrastructure to
legitimize new TiAl intermetallic compounds as practical structural materials.
Note that what is called basic here is meant for items that can directly be
linked to practicality such as the performance or manufacturability of the
materials.

As a result of this research it was predicted that the ductility at low
temperatures which was the largest drawback as the material can be improved by
about 3 percent in elongation. This is the value from which its use as a
structural material starts to become an object of study, even according to the
conventional design standards. The conclusion of the research which was
carried out by active use of the alloy design techniques is that ductility can
be achieved by the addition of Mn and dispersion of a small amount of TizAl.
The second drawback of TiAl, namely, the plastic workability at high
temperatures, may be improved as a result of introduction of a simulating
device of working at high temperatures. Great advances in the shape giving
technology by plastic working is expected in the future along these lines
Although TiAl has an excellent high temperature strength and resistance to
oxidation as a lightweight material, we attempted to improve resistance to
oxidation with the attempted use at temperatures above 1073 K, and it was
found that the addition of Si is effective in improving the resistance to
oxidation. For melting of materials with a large amount of Ti, a vacuum arc
melting furnace is ordinarily used which is suitable for melting large
quantities. In order to give a flexibility to the production scale, a plasma
arc melting method was developed as a method of obtaining ingots of about
several kilograms. High frequency melting by a Ca0 crucible as a handy melting
method was also studied, but there are problems in the quality of the
materials obtained, and it became clear that further research is needed. On
the other hand, in powder metallurgy, the combination of the cold powder
pressing and sintering does not work, but it was found that a TiAl sintered
body of a bulk material with a degree of filling of 100 percent can be
obtained. However, there remains a problem in obtaining high quality TiAl
powder. The surface modification by ion implantation was found to be effective
for surface hardening and improvement of corrosion resistance. The utility of
this technology depends on what purposes TiAl is used for in the future.




Research on Properties of New Superconducting Wire Materials for Nuclear
Fusion Reactor
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[Text] Abstract

In this research, a testing technology for evaluating the characteristics of
superconducting wire materials was developed, under conditions (superfluidic
helium cooling, stress, and varying magnetic field) which simulated the
environment in which the superconducting wire materials of a nuclear fusion
reactor are subjected. Further, by evaluating the characteristics of various
kinds of superconducting wire materials using the testing technology, the
practicality as wire materials for a nuclear fusion reactor was examined.

As to the characteristic evaluating test in superfluidic helium, we developed
a new superconducting alloy VTiTa which can generate a magnetic field up to

12 T by cooling with superfluidic helium. In the area of compound systems, it
became clear that a V;Ga tape wire, and (Nb,Ti);Sn and V,(Hf,Zr) superthin
multiconductor wires are promising as materials for generating a magnetic
field in the vicinity of 20 T in the superfluidic helium temperature region.
In addition, a pressurized helium cooled device was trial manufactured to
simulate the cooling operation of the actual magnet for the nuclear fusion
magnet, and a simulation test was carried out.

In the characteristic evaluation test under stress, the critical temperature
and the critical current of an Nb;Sn wire, obtained by the bronze method, were
evaluated under a static stress. It was found that the volume ratio of the
bronze matrix against the wire material strongly influences the superconduc—
tivity under stress. Further, the characteristics of superthin multiconductor
NbTi, Nb3Sn, and V,(Hf,Zr) wires under repeated stress were tested. The in-
fluence of the repetitious strain load on the critical current characteristic
was found to be small as long as the magnitude of the repetitious strain is
within the range of reversible strain, even for the compound system wire
materials which are susceptible to mechanical damage such as cracks.
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In evaluating the characteristics in varying magnetic fields, we trial
manufactured a device which measures the pulse loss, an energy loss which
occurs in a superconductor in varying magnetic fields. Further, the
alternating current loss was evaluated by measuring the magnetization for a
superthin Nb;Sn multiconductor wire manufactured by composite working. As a
result, it was made clear that the Nb;Sn wire material has small ac loss, and
is promising as a wire to be used in varying magnetic fields.

Moreover, as a new superconducting wire material for nuclear fusion reactor,
the manufacturing method of the Nbs;Sn wire material that shows stabilized
characteristics under stress and the basic research for manufacturing wire
material of YBaCuO oxide superconductor were carried out by utilizing hot or
cold isostatic press.

1. Introduction

In nuclear power generation, whose history dates about 30 years, energies
emitted in the fission reaction of heavy atomic nuclei are utilized. On the
other hand, attempts to realize the fusion reaction of light nuclei as a power
reactor are actively being pursued in many countries. In the Tokamak type
fusion reactor, the most advanced so far developed, a high magnetic field is
utilized for confining an extremely high-temperature plasma. If normally
conducting copper magnets are used to generate a high magnetic field, an
enormous amount of energy that exceeds the output from the nuclear fusion
reactor will be consumed. Accordingly, in the actual reactor it is indispens-—
able to use superconducting magnets which require almost no power consumption.

The superconducting magnet considered in the stage of experimental reactor or
an actual fusion reactor is much larger compared with a magnet of laboratory
scale, is more than several meters in diameter, generates a magnetic field
higher than 12 T (tesla), etc. As a result, a gigantic electromagnetic force
acts on the superconducting wire material wound around the coil. In this case,
a high pulse magnetic field—in addition to a stationary magnetic field-—works
so that a repetitious force is applied and an energy loss (pulse loss) due to
variations of the magnetic field takes place. Further, since the supercon—
ducting wire is used in the nuclear fusion reactor in a high magnetic field
which is close to the limit, it is necessary to examine the magnet, not in
ordinary liquid helium (4.2 K), but in a pressurized superfluidic helium (near
1.8 K) where the characteristics of the magnet are improved. Moreover, irradi-
ation with a large amount of neutrons generated in the nuclear fusion reaction
also markedly influences the superconducting characteristics. For the above-
mentioned reasons, we hope the superconducting wire material for. nuclear
fusion reactors can satisfy the following conditions:

(1) The critical current density at high magnetic fields is high for the
temperature range of 4.2~1.8 K.

(2) The superconducting characteristics are stable under the presence of
a stress, in particular a repetitious stress.

(3) The pulse loss in a varying magnetic field is small.
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(4) The degradation of the superconducting characteristics by the
irradiation of neutron beams is small.

The superconducting wire materials put to practical use are NbTi alloy, NbiSn
compound, and V;Ga compound. In various countries, NbTi and Nb,Sn which have
low manufacturing cost and satisfactory performance are being examined for
nuclear fusion reactors.

However, NbTi has insufficiently high magnetic field characteristics, though
the resistance to stress and neutron irradiation is excellent, and the upper
limit of the generated magnetic field is 8~9 T. On the other hand, NbsSn and
V;Ga have excellently high magnetic field characteristics and a magnetic field
generation of 12~18 T can be expected, and it is said that they have
mechanical brittleness of chemical compounds and have problems in resistance
to neutron irradiation. None of the superconducting wire materials that are
now put to practical use can be called suitable for the manufacture of magnets
for a nuclear fusion reactor, thus the development of new superconducting wire
materials having high performance for nuclear fusion reactors is awaited.

In our Institute, we have been studying optimization of the manufacturing
conditions of the wire materials and other problems in order to improve the
high magnetic field characteristics of superthin multiconductor wire
materials, and the development of new alloy system wire materials. In the
compound system, we studied using V,Hf system Laves phase compound—which has
a resistance to neutron irradiation more than 10 times that of NbsSn or V,Ga
and has superior high magnetic field characteristics—as a wire material, and
succeeded in the trial manufacture of superthin multiconductor wire of
V,(Hf,Zr) by a compound working method. On the other hand, we studied the
effect of adding a third element to improve the high magnetic field character—
istics of superthin multiconductor wire Nb;Sn, and showed that the addition of
Ti is particularly effective in improving the characteristics in high magnetic
fields. In addition, we developed new in-situ type wire materials which have
extremely stable characteristics under stress, various new wire materials of
superthin multiconductor type which have small pulse loss. However, what kind
of behavior these new wire materials will show under severe conditions in
which the superconducting magnet will be placed in the actual nuclear fusion
reactor has not been clarified. Moreover, optimization of the performance of
the wire material in such an environment is a problem yet to be solved.

The object of this research was the development of the technology for the
evaluation test of the superconducting wire materials under the nuclear fusion
reactor environment, and examination of the possibility of putting to practi-
cal use the various kinds of new superconducting wire materials developed in
our laboratory by applying the testing technology developed.

2. Evaluation Tests in Superfluidic Helium Temperature Region

It has been reported that by cooling the NbTi alloy wire material-—whose use
is limited to the magnetic field generation of below 9 T at 4.2 K—to 1.8 K
the upper critical magnetic field Hg, can be raised sharply so that it becomes

possible to generate a magnetic field of about 12 T. For this reason, cooling
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with superfluidic helium and the use of alloy wire material for the fusion
reactor is now being examined in many countries. Under these circumstances,
this research was aimed at developing an evaluation and testing technology of
the superconducting wire materials in superfluidic helium, and carrying out
evaluation of various superconducting wire materials for a fusion reactor.

2.1 Alloy System Superconducting Wire Material

0f the alloy system superconducting wire materials known so far, the NbTi
alloy shows the best superconducting characteristics at 4.2 K. However, for
use in the temperature range of the superfluidic helium of around 2 K, it is
possible to find alloys whose characteristics are comparable or even superior
to those of NbTi. In this research, as an alloy with such possibilities we
focused our attention on VTi alloy which is known to have a theoretical value
of 20 T for Hg, at 0 K, and exceeds the value for NbTi, and developed an alloy
wire material which is suited for use in the superfluidic helium temperature
region, by adding a heavy element (Ta) which can weaken the Pauli paramagnetic
effect which is suppressing Hg,, and has the effect of raising Hg,.

N T T T

Figure 1 shows the change with tempera-— 1l \
ture of Hg, for V-60at3Ti(0,3,6,9)atyTa SR
and Nb~(56,60)at3Ti. The value of Hg, was 1
measured at the measured constant cur—
rent density of 10 A/cm? by the resis—
tance method, and it was defined as the
magnetic field that corresponds to one-
half the resistance when it made transi-
tion to normal conductivity. For VTi, by
the addition of Ta Hg, showed only a
small increase at 4.2 K, but it was
sharply increased at 2.0 K. The value of
He, for V-60at3Ti-9%9at%Ta exceeded that
for Nb—60ats$Ti at 2.5 K, and the extra-
polated value at 0 K was 16.3 T. This
value is comparable to the maximum value
reported (for NbTiTa) for the alloy
system superconducting materials. By the
addition of Ta to VTi the Hg, at 4.2 K 2
and below is improved markedly, and it

is anticipated that it will be a super-
conducting material suitable for use in 0
the superfluidic helium temperature
region (in the vicinity of 2 K). In the
future, research on raising the critical
current density J¢ is needed.

V -60at%Ti-9at%Ta R
V -60at%Ti-6at%Ta
V 60at%Ti-3at%Ta

10

V -60at%Ti

Upper critical magnetic field (T)

0 2 4 5 8 10
Temperature (K)
Figure 1. Comparison of Changes With
Temperature of the Upper Critical
Magnetic Field of VTi Alloy and

NbTi Alloy
2.2 Compound System Superconducting Wire

Materials

Figure 2 shows the magnetic field dependence of J; per total cross sectional
area of the wire at 4.2 K and 1.8 K for the V;Ga tapes by the surface diffusion
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method and the in-situ method, a superthin
multiconductor (Nb,Ti);Sn’ wire by the
bronze method, and a V,(Hf,Zr) superthin
multiconductor wire by the compound work—
ing method. For all of the wire materials
it can be seen that the J; per total
cross—sectional area of the wire material
is increased markedly by going from 4.2 K
to 1.8 K by cooling. The magnetic field
characteristic of J¢ at 1.8 K roughly
corresponds to the result of shifting the
magnetic field characteristic of J¢ at 4.2
K by the percentage of increase in Hg, for
each wire material to the high magnetic
field side, indicating that lowering the
temperature is very effective for improv-
ing the high magnetic field characteris—
tics of J¢. The magnetic field for which J¢
per total cross—sectional area of the wire
material at 1.8 K equals 2 x 10%A/cm? is
21.5T for a VjGa tape by the surface dif-
fusion method, and is 19.5 T for a super—
thin multiconductor (Nb,Ti);Sn wire and a
superthin multiconductor V,(Hf,Zr) wire,
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Figure 2. Magnetic Field Depen—

dence of Critical Current Density
per Total Cross—Sectional Area of
Wire Material of Various Kinds of
Compound System Superconducting
Wire Materials, at 4.2 K and 1.8 K

which shows that these wire materials show promise in generating a magnetic
field of 20 T in the superfluidic helium temperature region.

2.3 Trial Manufacture of Pressurized Superfluidic Helium Cooling Device

For the characteristic evaluation test
in superfluidic helium described above,
the superfluidic helium was obtained by
decreasing the ordinary liquid helium
using a pump. However, when cooling the
actual fusion reactor magnet by super-
fluidic helium, the state of reduced:
pressure with pumps is unstable so that
cooling with pressurized superfluidic
helium must be adopted. This is because
the state is more stable and has excel-
lent cooling efficiency. For this rea-
son, a device cooled with pressurized
superfluidic helium which can be used
for characteristic test of superconduct—
ing wire materials in pressurized super-—
fluidic helium and for cooling a super-
conducting magnet was designed and trial
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Figure 3. Diagram Showing Principle

of Cryostat for Pressurized Super-
fluidic Helium

manufactured, and carried out a cooling test of a simulated magnet. A diagram

showing the principle is

shown in Figure 3.

This device can generate

pressurized superfluidic helium of temperature of 1.8 K in a 30 cm—diameter
space by the use of a vacuum pump that has evacuation power of 3000 1/min.
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The simulated cooling test was carried out by incorporating a simulated
stainless steel magnet 30 cm in diameter and 30 cm high in the cooling device.
In addition, in order to simulate the coil current, a current of 400 A or
200 A, 1is introduced to the pressurized superfluidic helium, tank and a
cooling test was also carried out for the case when such a heat source exists
in the tank. As a result, we succeeded in cooling it from 4.2 K to 1.7 K in
about 1.5 hours. By incorporating a superconducting magnet in a cryostat, it
is possible to realize a state close to the environment of the actual fusion
reactor, and moreover, to carry out a characteristic test of a superconducting
wire material in it.

3. Characteristic Evaluation Test Under Stress and Strain

When a superconducting wire material is used for a magnet, the stresses
applied to the superconducting wire material include mainly the bending and
tension at the time of winding, thermal stress due to cooling to the magnet
operating temperature, and the electromagnetic force at the time of
magnetization. A superconducting magnet for a fusion reactor will become an
extremely large high magnetic field magnet which has a coil diameter of
several meters. Because of this, in such a large magnet, the electromagnetic
force whose magnitude is proportional to the coil radius becomes especially
large, so that the deterioration of the superconducting wire material due to
stress is of concern. Therefore, this research was aimed at creating a testing
technology that can evaluate the characteristics of the superconducting wire
materials under stress and strain.

3.1 Characteristic Evaluation Tests Under Static Stress and Strain

At present, the most promising compound system superconducting material is the
Nb;Sn wire material by the bronze method. In a wire material manufactured by
the bronze method, there is a big difference in the thermal contraction
coefficient of the bronze matrix and NbzSn so that at the magnet operating
temperature of 4.2 K, Nbs;Sn receives a compressive stress from the bronze
matrix. The compressive stress strongly affects the superconducting
characteristic when an external tensile stress is applied to the wire
material. In order to investigate the influence of the bronze matrix on the
stress and strain effect, wire materials with various values of the bronze/Nb
volume ratio were prepared. For these wire materials, the critical temperature
Tc, the critical current I; when the bronze matrix is removed were measured
under an external tensile stress,

Figure 4 shows a schematic diagram of a sample holder for measuring T of a
superconducting wire material under a tensile stress. In this system, T was
measured by the four—terminal resistance method. On the 30-mm end of a sample
about 11 cm in length was soldered to a copper block fixed to the bottom part
of the sample holder, and the other 30-mm end was soldered to a copper block
linked to a draw bar. These copper blocks also play the role of electrodes. A
voltage lead wire was soldered to the sample with a spacing of about 5 mm.
Tensile stress was applied manually. The strain was obtained by measuring the
displacement of the draw bar with a dial gauge and was calibrated by a strain
gauge. The temperature of the sample was changed by adjusting the output of
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the heater of manganese wire wound around a copper case that surrounds the
sample, and the distance between the sample and the liquid helium level.

Figure 5 shows a block diagram for a device for measuring I of a
superconducting wire material under tensile stress. The details of the device
will be presented in the item for evaluation tests of characteristics under
repeated stress given below.

—
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The sample is prepared as follows. Compound
bodies (with the bronze/Hb volume ratios of
about 3/1, 5/1, and 9/1) obtained by insert-
ing Nb into Cu-7at%Sn alloy pipes (outer
diameter 6 mm; inner diameters 3.1 mm, 2 mm,
and 1.6 mm, respectively) were worked to

wires with an outer diameter of 0.5 mm while 16 750°Cxdshr
giving them intermediate annealing at 600°C. oL Bronze/Niobium =9/1 N
By vacuum-sealing these wires in quartz 0 02 04 08 03 1.0 1.2 14 16
cylinders and heat treating for 48 hours at Strain (%)

750°C, Nb3Sn layers with a thickness of 5~6 Figure 6. Change in C¥itica1
pm were formed. Temperature of Nb;Sn Wire Mater—

ials of Bronze/Nb Volume Ratio
Figure 6 shows the T characteristic of ©°f 9{1 Due to Externally Applied
wires with bronze/Nb ratio of 9/1 wunder Tensile Stress
tensile stress. The value of T¢ increases

" 1

NbsSn  Wire

Critical temperature (K)

L
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initially with the strain, and falls down after reaching a maximum. The
initial increase of Ty is believed to be due cancellation of the compressive
stress in the NbySn layer by the thermal contraction of the bronze matrix, by
the externally applied tensile stress. Namely, it is believed that the NbzSn
layer is applied a compressive stress up to the maximum strain, and a tensile
stress is applied for the strain beyond that. The T; of Nb;Sn decreases with
both a compressive stress and a tensile stress. In addition, the midpoint of
transition showed a similar rate of decrease for the strain on both the
compression side and the tension side. The width of the transition increases
rapidly when the strain passes 0.8 percent, and this is believed caused by a
nonuniform strain generated in the NbzSn layer by a nonhomogeneous plastic
deformation of the bronze matrix.

18.0 S ——
Figure 7 shows the strain dependence of the = 1.8} NbsSn wire |
midpoint of the transition of T¢ of samples = o 750°C X 48hr
with bronze/Nb ratios of 3/1, 9/1, and 3 7.6/
15/1. The values in the unstrained states £ 17.4}
prior to the application of an external &l ws| ¥
tensile stress were 17.55 K, 17.05 K, and : e (8/1) Tume
16.95 K for samples of 3/1, 9/1, and 15/1 § '7.01“ 15/10 i
bronze/Nb ratio, respectively, showing that ﬁ.lﬁs—(Berd&hbmm)
the value decreased with the increase of “ 65 . — , . .
the ratio. With the application of an 0 02 04 06 08 1.0 1.2 1.4 1.6

external tensile stress T; increased with Strain (%)

the stress for all samples, and decreased Figu?e 7. Change of Midpoint of
after attaining a maximum. The values of CFltlcal ?empera?ure of NbjSn
the stress that show the maximum T¢ values er?s Having Various Volume
were 0.4 percent, 0.64 percent, and 0.75 Ratlos of Bronze/Nb Due to
percent for samples with the ratios of 371, External Tensile Stress

9/1, and 15/1, respectively, showing an

increase with the increase in the bronze/Nb

ratio. Figure 8 shows the strain depen-—

dence of the critical current of the sam-— T
ples with the bronze/Nb ratios of 3/1, [
5/1, 9/1, and 15/1, normalized by the
value I (t%, 4.2 K) in the unstrained
state prior to the application of the
external tensile stress. Analogous to the

— s s
O s N R

Normalized critical current

1

0.9f .
case of T, I increased initially with 0.8
the increase in the strain, and decreased \
after attaining a maximum, for all &7-5TK (BRONZE/NIOBIUM) ]
samples. In addition, the value of the &8'4? —
strain which gives the maximum value of 0 0.2 04 06 08 1.0 12
I¢ increased with the increase of the Strain (%)

bronze/Nb ratio. Figure 8. Change in Critical
Current of Nb,;Sn Wires Having

The value of the strain which gives a Various Volume Ratios of Bronze/

maximum T or I, namely, the compressive Nb Having Externally Applied

strain ¢ generated in the Nb,Sn layer, is Tensile Stress

with the increase in the bronze/Nb ratio.
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However, if one assumes that ¢ is due to the elastic deformation of bronze,
Nb;Sn, and Nb which are the constituent elements of the wire which forms a
composite material, then it is given from the balance of the forces of Nb;Sn

and Sn by

€ = Aa AT (EpEe) (RTM4E,/Ec)!

In this equation, Aa is the difference be-—
tween the thermal absorption coefficients
of bronze and NbiSn, AT is the temperature
difference in the heat treatment tempera-
ture of NbsSn and 4.2 K, E; is the Young's
modulus of bronze, E; is the Young’'s modu-
lus of Nb, and R is the volume ratio of
bronze to Nb. Further, it is assumed here
that the thermal contraction coefficient
and the Young's modulus are equal for NbsSn
and Nb. As shown in Figure 9, the computed
value and the measured value agreed quali-
tatively. That the difference between the
computed and measured value is with the
decreéasing value of R is believed due to
the fact that the strength of bronze
decreases with the decrease of the volume
ratio of bronze, and plastic deformation
takes place during the time it is cooled

from the temperature of heat treatment to 4.

What:is presented in the above is the re-
sult of measuring changes in the supercon-—
ducting characteristic for the case of
applying an external tensile stress to the
wire. Next, the result of measurement of I
before and after removal of the bronze
matrix by etching in the magnetic field up
to 21 T is shown in Figure 10. As can be
anticipated from the value of T¢ in the
unstrained state prior to the application
of an external tensile stress, the sample
with the bronze/Nb ratio 3/1 showed H,
which is higher by several tesla than that
of the sample with the ratio 15/1. With the
removal of the bronze matrix the values of
Hey and I¢ increased sharply for both sam-
ples, and the value of Hg; for the sale with
the ratio of 15/1 approximately equalled
that of the sample with the ratio 3/1.
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Figure 9. Relationship Between
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Figure 10. Magnetic Field Charac-
teristic of Critical Current
Before and After Removal of
Bronze Matrix in NbySn Wires With
Bronze/Nb Volume Ratios of 3/1
and 15/1

The superconducting characteristic of NbySn wires with different bronze/Nb
ratios was investigated by applying an external tensile stress or by removing
the bronze matrix, and it was made clear that the size of the volume ratio of
the bronze matrix sharply influences the superconducting characteristic of the

Nb;Sn wires.
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3.2 Characteristic Evaluation Tests Under Repeated Stress

The electromagnets of a Tokamak type fusion reactor which is the most advanced
at the present time consist of a toroidal magnet for keeping the plasma in
doughnut shape and a poloidal magnet for heating and stabilizing the plasma.

The toroidal magnet is operated by a direct current. Since the diameter of the
coil is large, reaching 8~12 m, and the maximum magnetic flux density is also
high, about 12 T,it is necessary to have a structure that can withstand a huge
electromagnetic force. On the other hand, the poloidal magnet has a smaller
magnetic flux density than that of the toroidal magnet, but it is a large
pulse magnet for which is required a fast magnetic fluk change of about

10 T/sec; thus a coil structure which can withstand mechanical fatigue of
about 100,000 repetitions of strain is required. Accordingly, in order to use
a superconducting wire material as the wire material for a fusion reactor
magnet, it is necessary to investigate the change in the superconducting
characteristic of the wires not only for a static load ‘but also - for a
repetitious load. :

As a device for evaluation tests of the wires for a repeated load, we
developed a compact, handy device based on experience in developing the test
method for characteristics evaluation for the conventional application of a
static load. Although the conventional device uses the system of applying a
load to a testpiece by means of a lever, this device has a load frame
assembled on a cryostat, an actuator, and applies a repeated load by means of
an electrohydraulic servo mechanism. In addition, workability is also improved
such as facilitating the bringing in and out of a sample holder from the
cryostat by making the load frame turnable. The measuring method was to
examine the change of I; by applying a magnetic field of 6~5.5 T by a split
magnet perpendicularly to a sample held in vertical direction in liquid helium
at 4.2 K, while applying a repeated load via draw bar of the sample holder by
means of an electrohydraulic fatigue test machine. The length of the sample is
about 17 cm, and the portions of 40 mm from its respective ends are soldered
to the respective copper blocks to form chucks for the sample. With these
chucks of solder, no slip of the chucking parts up to a load of 30 kg-weight
for a sample 0.6 mm in diameter was seen. One of the copper blocks was fixed
to the bottom part of the sample holder and the other was linked to the draw
bar. These copper blocks also served as current terminals. A voltage lead wire
was soldered to the sample with an interval of 20 mm, and I; was defined as the
current value where a voltage of 1 uV per centimeter is generated. The strain
was determined by measuring the displacement of the draw bar with a differen-
tial transformer attached to the fatigue testing machine, and was calibrated
by a strain gauge stuck on the tape-shaped sample. The evaluation test for
characteristics under the repeated load was done by applying a 1oad of
sinusoidal waveform, of displacement controlled and zero stress— —tensile stress
mode, at a repetition rate of 0.5 or 10 Hz, and after a repetition of a
predetermined number of times, the change in Ig was measured under the state
of application of the load. The fracture of wires ruptured by the repetitlous
application of the load was observed by a scanning electron mlcroscope to
examine the connection between the fine structure and the superconductlng
characteristic. In this research, an evaluation test was carried out for three
kinds of wire materials, namely, NtTi and Ti-doped NbySn obtained by the bronze
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method as the representative wires of the alloy system and the compound system
superconducting materials, respectively, and V,(Hf,Zr) which is especially
promising as the wire material for a fusion reactor.

() (b)

nt

. s R I S

Figure 11 shows the dependence on ELo 4N o [T A= W% "0 0% =0.44%

the static and repeated strains on 3Zos o 3% 4 Aloué I!L ]
. . . Q3 € ¢=0. —=1.176=0,

I of the NbTi wire. First, when a = lis 81 0.76%

X . . . o L ae=0.72%-1.1%=0.98% ||
static tensile stress is applied, e [ E Fracture
Ic starts to decrease along with 5o 4L b —ae=0.88% -2.4% = 1.5% ——
the load, and it decreased uniform- T 06| MF N-46.57.T+ Wire .4
ly with the increase of the stress. = B et , Ju & 033"""(!";10‘)"

- - . z -
With a strain of 3 percent, I was & ot ] ¢ t—L |

duced to about 70 percent of the =2 ° : : ’ P oo
re p . Stress (¥) Repetition times

value for the unstrained state. The
value of I; was reversible within
the measured range of strain of 3
percent, without showing permanent
deterioration. Next, the evaluation
of the characteristic under the existence of a repetitious load was carried
out as follows. First, a strain of 0.7 percent is loaded to a separate
testpiece of the same NbTi wire. The relationship between the strain and I; in
this case corresponds to the point "a" in Figure 1l(a). When the load is
removed, the wire showed a plastic strain of 0.26 percent. Next, a repeated
strain between stresses of 0.26 percent (corresponds to no load) and 0.7
percent was applied 10° times. The application of the repeated strain was given
at a repetition rate of 0.5 Hz up to 1000 times, and at a rate of 10 Hz beyond
1000° times. The measurement of I; was taken by examining the change from the
value of I; when a strain of 0.7 percent is applied, measured periodically by
interrupting the load test of the repeated strain. The result of applying a
larger strain in such a test is shown in Figure 11(b). As shown in the figure,
none of the strain levels was caused by a degradation of I; due to the repeated
strain observed. A sample for the repeated strain between 0.26 percent and 0.7
percent was ruptured by fatigue after 9 x 10* times, and a sample for the
repeated strain between 0.34 percent and 1.1 percent was ruptured after 3 x 10*
times.
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As to the compound system superconducting material, from the research on
evaluation under a conventional static strain, it was found that the I.-static
strain characteristic can be divided into two concerning the strain range.
When the load strain is small, I; shows a behavior which is reversible with
respect to the strain (range of reversible strain), and the value of I; is
determined mainly by the strain dependence of Hg; of the superconducting wire
material. When the load strain exceeds a certain value, I; starts to
permanently deteriorate (irreversible strain range). This is caused by fine
cracks generated in the superconducting compound layer because of the
mechanical brittleness of compound materials. Figures 12 and 13 show the test
results for I; for NbySn and V,(Hf,Zr) wires under static or repetitious
stress. Both NbySm and V,(Hf,Zr) wires showed similar behavior in the
reversible and irreversible strain ranges. In the reversible strain range
determined by the evaluation test of characteristics under a static strain, no
deterioration of Iz due to the repeated load was observed. In the irreversible
strain range, I deteriorated initially with the increase in the number of
repetitions However, the progress of this deterioration accounted for by the
first 10~100 repetitions, and beyond that the value of I; settled at a constant
value.

From' the above measurements, it was found that the loading of a repeated
stress does not seriously affect the characteristics of the superconducting
wires except for the problem of deterioration of stabilized copper. In
particular, it became clear that even in the compound system wire materials
that are susceptible to mechanical damage such as cracks, the repeated stress
will not give rise to a large deterioration of the characteristics provided
that its magnitude is limited within the range of reversible strain.

4, Characteristic Evaluation Tests in Varying Magnetic Fields

If there is no variation in the magnetic field, a superconductor has zero
electric resistance below Hg; so that there is no energy loss, but if there is
a change as in a pulse magnetic field, there is an energy loss due to the
following:

(1) Hysteresis of motion of the magnetic flux line within the core of
the superconducting part of the wire.

(2) In a superthin multiconductor wire, separation between the
conductors is small so that coupling of currents is generated, and a
current flows 1in the mnormally conducting portions between the
conductors.

(3) An eddy current is generated in stabilized copper in the periphery
of a superconducting conductor.

When the rate of change of a magnetic field is large, these losses become
significant which in turn generates a large quantity of liquid helium and
destabilizes a superconducting magnet. In the poloidal magnet of the Tokamak
type fusion reactor the variation with or the rate of variation of the
magnetic field is large. How to suppress the loss to a low level is a problem
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to be solved. In this research we tried to establish a basic technology for
measuring the energy loss under varying magnetic fields, for various
superconducting wires for a fusion reactor.

4.1 Trial Manufacture of Pulse Loss Measuring Apparatus
‘ .. Field
Figure 14 shows the circuitry of a Ligid coil
helium \

trial manufactured pulse load measuring .
apparatus. The external magnetic field
to be applied to a measurement sample
is generated by partially adapting the
existing instantaneous high magnetic
field generator, and discharging the
energy stored in its capacitor bank to

=7 R . ~Cryostat
the field coil (copper wound solenoid samle Picees o, i
type and liquid nitrogen immersed). it wire  coil Pickup coil ®
is characteristic that the magnetic Figure 14. Circuit Digram for Measur—
field in which a sample is set has a ing Pulse Loss
large value of 45 mm, and a strong mag-—
netic field up to 11 T can be applied
to the sample instantaneously. The magnetic field is applied approximately
sinusoidally, and becomes a single pulse with a width of one-half period. The
sample is made into spiral form and is placed at the central part of the
magnet. The pulse loss is determined by integrating the voltage generated by
the pickup coils placed on the outside and the inside of the sample, and by
computing its product with the waveform of the magnetic field. The successive
recording of the data and data processing are carried out digitally by
computer. It should be mentioned that this apparatus was designed to allow
experiments concerning slow change of magnetic field by combining with the
existing superconducting magnet, for the purpose of separation and extraction
of the component due to hysteresis in the pulse loss.
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4.2 Magnetization of Superthin Multiconductor NbzAl Wire

The compound Nbj;Al has a critical magnetic field higher than 40 T that is
superior to NbzSn and an excellent stress characteristic, and shows great
promise as a suitable superconducting material for a nuclear fusion reactor.
The technology for making practical wires includes the powder metallurgical
method of packing the mixed powder of Nb and Al and processing it, the jelly
roll method in which foils of Nb and Al are stacked alternately and the lami-
nate is processed by rolling it like a jelly roll, etc. However, sufficient
superconducting characteristics cannot be obtained and there are problems
regarding stability and mechanical properties. In our laboratory we recently
succeeded in the trial manufacture of a superconducting wire which has a Jg
that exceeds 10°A/cm? at 10 T by cold processing a large number of bundles of
composites of Nb tube and Al alloy bar. This wire is made of an extremely thin
NbjAl core of about 0.1 pm, and it is expected to have extremely small ac loss
due to magnetic hysteresis. We eva