JOURNAL OF MATERIALS SCIENCE36(2001) 643—-651

The effect of Nb addition on microstructure
and mechanical properties of Ni3(Si,Ti) alloy
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The alloying behavior, the microstructure and the high-temperature tensile properties of
the Nb-added Ni3(Si,Ti) alloys were investigated. The solubility limit of Nb element in the
L1, Ni3(Si,Ti) phase at 1273 K was shown to be approximately 2.7 at%, and
thermodynamically discussed. The second-phases (dispersions) formed beyond the
solubility limits were identified as D0,-type NisNb and Ni{»Si,TiNb, compounds, and
contained some lattice defects with incoherency with the L1, Ni3(Si,Ti) matrix. The
Nb-containing second-phase dispersions in the L1, Ni3(Si, Ti) phase matrix resulted in
strengthening over a wide range of temperature, and also an improvement of the
high-temperature tensile elongation. © 2001 Kluwer Academic Publishers

1. Introduction tron microscopy and tensile testing. Nb was added to
Ni3Si has been considered to be a candidate as a highhe Ni(Si, Ti) alloy up to concentrations exceeding the
temperature structural material and especially chemisolubility limit in the L1, Ni3(Si,Ti) phase. It is shown
cal parts because p8i displays an increasing strength that the N(Si, Ti) alloy, with a duplex microstructure
with increasing temperature and also shows excellentonsisting of the L1 phase and Nb-containing second-
oxidation and corrosion resistance over a wide rangg@hase dispersions, has excellent mechanical properties
of temperature. Ti has a relatively large solubility limit over a wide range of temperature.
(~11 at%) in the L% Ni3Si phase [1]. Ti additions
to the NiSi resulted in a number of useful mechani-
cal properties: an increased strength as a result of it3. Experimental procedure
solid solution hardening, and also a high tensile ductil-Quaternary element Nb was added to,d¥5i11Tigs
ity over a wide range of temperatures by reducing thgdenoted by at%) alloy composition such that the Nb
propensity to intergranular fracture [2]. Also, Ti addi- element substitutes for Ti sites, keeping the concentra-
tion enhanced the peak temperature in the strength véion of the other constituents Ni and Si constant. There-
temperature curve through modifying the specific disfore, quaternary alloys with a nominal composition of
location structure [3, 4]. Nizg5Si11Tigs_xNby were prepared in this study, start-
To improve further the mechanical and related prop-ing from raw materials of 99.9 wt%Ni, 99.999 wt%Si,
erties of the Ni(Si, Ti) alloy, alloying methods have 99.9 wt%Ti and 99.5 wt%Nb. Alloy ingots with di-
been carried out. For examples, doping with interstitialsnensions 5& 30 x 15 mn? were prepared by non-
such as boron, carbon and beryllium has been shown ttonsumable arc melting in argon gas on copper hearth.
improve the ambient tensile ductility via reducing the The alloy ingots were homogenized at 1323 K for 1 day
propensity to the intergranular fracture [5—7]. Also, it in vacuum, and then cutinto several plates. These plates
has been reported that addition of some substitutionakere repeatedly rolled at 573 K in air and annealed in
(transition) metals to the N(Si, Ti) alloy improved the vacuum at 1273 K. Final thickness of the rolled plates
mechanical properties (e.g. increased strength over was approximately 1 mm.
wide range of temperature) mostly within their maxi- Metallographic, chemical and structural observa-
mum solubility limits [8]. Among the transition met- tions of the Nb-added N{Si, Ti) alloys were carried out
als, Nb has been reported to have a secondly largest study the recrystallized microstructures by optical
solubility limit in the L1, NigSi phase [9]. In the microscopy (OM), x-ray diffraction (XRD), scanning
present study, the alloying behavior, the microstruc-electron microscopy (SEM) attached with wave-length
ture and the high-temperature tensile properties of theispersive spectroscopy (WDS) and transmission elec-
Nb-added Ni(Si, Ti) alloys were investigated by optical tron microscopy (TEM). X-ray diffraction profiles were
microscopy, x-ray diffraction, scanning microscopy at-obtained using CK,, radiation. The WDS data for alloy
tached with electron probe analysis, transmission elecsompositions of the Limatrix and the second-phases
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(dispersions) were collected from more than five areas T £ T T T T
and then averaged. Crystal structures of the secondz
phase dispersions were determined on the basis of th 2
x-ray diffraction and the WDS analysis in SEM obser-
vation. Thin foil specimens for TEM observation were
prepared by electropolising in a solution of 10%80,

and 90% CHOH at 273 K. TEM observation was made
using a JEOL electron microscope operating at 200 kV.

V.
Tensile specimens with a gauge dimension ok14 ', ', J J\ '..

2 x 1 mn? were prepared by electrodischarge machin-
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lized microstructures. The tensile tests were conductec Y ¥ Ni(SIT) (L1, phase
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perature and 1073 K, using an Instron-type testing ma-& S

chine at a nominal strain rate of2lx 10~° sX. The
faces of the tensile specimens were abraded with a suf3
ficiently fine SiC paper before the tensile test. FractureZ
surfaces of the deformed specimens were examined b'a
scanning electron microscopy (SEM). £
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3. Results H l "
3.1. Alloying behavior and microstructure =
SEM microstructure of the Nb-addedd{i, Ti) alloys

with concentrations less than 2 at%Nb showed ap L1 BifieEetonangla|a)

single phase, while those with concentrations more thapiy e » x.ray diffraction profiles of (a) the 2 at% Nb and (b) the 4 at%

3 at%Nb showed duplex microstructures consisting ofb-added Ni(Si, Ti) alloys. Note that theoretical diffraction peaks from
L1, phase and second-phase dispersions, as shown tire DQ—type NigNb structure are included into the x-ray profile of the
Fig. 1. Consequently, the solubility limit of the Nb ele- 4 at% Nb-added N(Si,Ti) alloy.

ment in the L% Niz(Si, Ti) matrix at 1273 K was postu-

lated to lie between 2 at% and 3 at% Nb. The 2 at%Nb-

added Ni(Si,Ti) alloy exhibits equiaxed grains with a  Fig. 2 shows x-ray diffraction profiles of the 2 at% Nb
grain size of about 2am, accompanied with a number and 4 at% Nb-added R{iSi,Ti) alloys. Corresponding

of annealing twins. This microstructure is very similar to the SEM microstructures, all the diffraction peaks
to that of the unalloyed (i.e. ternary) )8i, Ti), thathas  were determined as the g $tructure for the 2 at%Nb-
repeatedly been reported in previous studies [1, 2, 5—7hpdded Ni(Si, Ti) alloy. On the other hand, additional
On the other hand, the 4 at% Nb-added(Si,Ti) diffraction peaks from the second-phase dispersions
alloy exhibits two types of second-phase dispersionsvere observed for the 4 at%Nb-added;(Si, Ti) al-
within the L1, Ni3(Si, Ti) matrix; one is relatively large loy. Some of those diffraction peaks were identified as
rounded second-phase dispersions with a volume frad20,—type NgNb structure, conference with the WDS
tion of about 23%, while another is irregularly shapedanalysis. Here, the experimental diffraction angles from
second-phase dispersions with a volume fraction of lesthe DQ—type NgNb structure were slightly deviated
than 5%. Their sizes were widely distributed. However,from their theoretical diffraction angles. This difference

it was found that the second-phase dispersions primarmay be due to the presence of the other constituents Si
ily did not affect grain morphology but slightly reduced and Ti that are moderately soluble in the;Nb phase

the grain size of the Liphase matrix. and consequently changed the lattice parameter, as will

Figure 1 SEM microstructures of (a) the 2 at% Nb and (b) the 4 at% Nb-addg®NTi) alloys.
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Figure 3 TEM microstructure of the 2 at% Nb-added:k8i,Ti) alloy.

be mentioned later. Remaining diffraction peaks werebe ~2.7 at%. On the other hand, the PO pe NigNb
identified as neither Listructure nor D@-type NgNb  second-phase dispersion consisted of an alloy with a
structure, and therefore defined as Y-phase. Howevecomposition of 69.3 at% Ni, 7.7 at% Si, 2.8 at% Ti and
the crystal structure of the Y-phase was not determine@0.1 at% Nb while the Y-phase dispersion consisted of
because of an insufficient number of the diffractionan alloy with a composition of 58.8 at% Ni, 22.0 at% Si,
peaks. A separated study is undertaken to determing.0 at% Tiand 12.2 at% Nb. Therefore, the Y-phase can
the crystal structure of the Y-phase. be described as NiSisTiNb,. The both types of dis-
Figs 3 and 4 show the TEM (or SEM) microstructurespersed second-phases contain Ni and Nb as the major
of the 2 at% Nb and the 4 at% Nb-addeds;(§i,Ti)  constituents.
alloys observed at high magnification, respectively.
The 2 at%Nb-added WSi,Ti) alloy showed equiaxed
grains composed of large-angle boundaries and twif3.2. High-temperature tensile properties
boundaries. Also, extra spots in SADP showed arfig. 6 plots the yield stress (defined at 0.2% offset
indication of the ordered structure. On other handstrain) of the Nb-added N(Si,Ti) alloys as a func-
the 4 at%Nb-added WSi, Ti) alloy showed rounded tion of test temperature. Here, the data for the unal-
second-phase dispersions (Fig. 4a) and irregularlyoyed Nis(Si, Ti) (which was fabricated in a similar way
shaped second-phase dispersions (Fig. 4b) within this the present alloys and tested under similar exper-
L1, grains. Characteristic images were observed withinmental conditions) are from previous work [5]. The
the DQ—type NgNb second-phase dispersions. Planayield stress increased from room temperature with in-
defect-like images (Fig. 5a) and dislocation-like imagescreasing temperature, reached a maximum and then de-
(Fig. 5b) were occasionally observed within the secondereased rapidly with further increase in temperature.
phase dispersions. At the moment, whether such latticEhe peak temperatures of the yield stress occurred at
defects were introduced during solidification or during873 K and 673 K for the 2 at%Nb and the 4 at%Nb-
solid-state processing (i.e. rolling and subsequent aradded Ni(Si, Ti) alloys, respectively.
nealing) is notevident. Detailed TEM observationisun- Theyield stress was enhanced by the Nb addition par-
dertaken into an extending study and will be publishedicularly at low temperatures. The yield stress increases
in a separate literature. Interface structure between thia the 2 at%Nb-added MiSi, Ti) alloy can be attributed
L1, Ni3(Si, Ti) matrix and the D@type NiNb second-  to the solid solution strengthening in thedNi3(Si, Ti)
phase dispersion was also observed by TEM as showmatrix. On the other hand, that in the 4 at%Nb-
in Fig. 5b. There were not any specific orientation re-added Ni(Si,Ti) alloy can be attributed to the second-
lationships and interface structures between the twphase dispersion strengthening (plus the solid solution
structures. Thus, interface was primarily incoherent andgtrengthening in the L:Ni3(Si, Ti) matrix). The posi-
did not show any habit planes. tive temperature dependence of the yield stress appears
Alloy compositions of the constituent phases for theto decrease in the two Nb-addeds(8i, Ti) alloys.
4 at%Nb-added N(Si,Ti) alloy was determined by Fig. 7 plots the tensile elongation of the Nb-added
SEM-WDS. The L% Ni3(Si, Ti) phase matrix consisted Niz(Si,Ti) alloys as a function of test temperature. It
of an alloy with a composition of 79.1 at% Ni, 12.3 at% has been reported in the previous work that the ten-
Si, 5.9 at% Ti and 2.7 at% Nb. The solubility limit of sile elongation of the unalloyed NBi,Ti) rapidly de-
the Nb in the N§(Si,Ti) at 1273 K is determined to creased from room temperature and becomes zero at
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Figure 4 (a) TEM and (b) SEM microstructures of the 4 at% Nb-addeg($liTi) alloy. The DQ—-type NgNb dispersion and the Y-phase dispersion
defined as NibSis TiNb, are shown in (a) and (b), respectively.

temperatures above 673 K [5]. By the 2 at%Nb addi-perature. It has been reported in the previous work that
tion, the tensile elongation of the §5i,Ti) alloy was the UTS of the unalloyed N{Si,Ti) decreased rapidly
significantly improved over a wide range of temper-above room temperature and became zero at temper-
ature although the room temperature tensile elongaatures above 673 K [5]. These UTS results appear to
tion was slightly reduced. The tensile elongation of thebe correlated well with the tensile elongation results.
2 at%Nb-added N(Si,Ti) alloy showed the values be- The two Nb-added N{Si,Ti) alloy displayed consis-
yond 20% up to 673 K, began to decrease above 673 kently higher UTS values than the unalloyed (S, Ti)
and eventually was zero at temperatures above 973 Kaver a wide range of temperature. In the high temper-
Striking result was observed for the 4 at%Nb-addedature region £673 K), the 4 at%Nb-added NiSi, Ti)
Ni3(Si,Ti) alloy with second-phase (i.e. hard) disper-alloy displayed higher UTS than the 2 at%Nb-added
sions. The tensile elongation of the 4 at%Nb-addedNi3(Si,Ti).
Ni3(Si,Ti) alloy showed lower values at low temper-
atures (i.e. room temperature and 473 K) than that of
the unalloyed Nj(Si,Ti). However, the tensile elonga- 3.3. Fractography
tion at high temperatures (i.e=473 K) was signifi- Figs 9 and 10 show the effect of testtemperature on frac-
cantly improved. In addition, the tensile elongation atture surface for the 2 at%Nb and the 4 at%Nb-added
the highest temperature-(073 K) tended to increase Ni3(Si,Ti) alloys, respectively. For the 2 at%Nb-added
from the elongation minimum appearing at an interme-Ni3(Si, Ti) alloy, transgranular fracture with dimple pat-
diate temperature. terns dominated at room temperature, with a small por-
Fig. 8 plots the ultimate tensile stress (UTS) of thetion of intergranular fracture (Fig. 9a). At 673 K, trans-
Nb-added Ni(Si, Ti) alloys as a function of test tem- granular fracture pattern dominated in almost all areas
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Figure 5 (a) and (b): TEM images of the @8type NgNb second-phase dispersions in the 4 at% Nb-addeg(BNTi) alloy.
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Figure 6 Yield stress of the Nb-added #5i,Ti) alloys as a function of Temperature (K)

test temperature. Testing was carried out in vacuum at a strain rate of

1.2 x 103 s71. Note that the data of the unalloyedsk&i, Ti) at high Figure 7 Tensile elongation of the Nb-added{&i,Ti) alloys as a func-
temperatures are not obtained because the fracture occurred at stretgsn of test temperature. Testing was carried out in vacuum at a strain
levels below their macroscopic yielding. rate of 12 x 103 s L,
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Figure 8 Ultimate tensile stress of the Nb-added; (i, Ti) alloys as a

as shown in Fig. 9c. This variation of fracture mode
with test temperature correlates well with the variations
of the tensile elongation and UTS with temperature
(Figs 7 and 8), that is, the more transgranular fracture
mode the higher was the tensile elongation and UTS.
For the 4 at%Nb-added {iSi,Ti) alloy, the fracture
patterns appear to be more temperature independent
(Fig. 10). For all temperatures, transgranular fracture
patterns with second-phase dispersions were observed
in a mixture with a small portion of intergranular frac-
ture patterns.

The increase in the tensile elongation of the 4 at%Nb-
added Ni(Si,Ti) alloy observed at the highest temper-
ature (i.e. 1073 K) may be attributed to dynamic re-
crystallization taking place preferentially around the
second-phase dispersions or prior grain boundaries.

function of test temperature. Testing was carried out in vacuum atastrailEig- 11 shows fracture pattern taken at a high magniﬁ'

rate of 12 x 103 s1,

cation in the 4 at%Nb-added NB5i, Ti) alloy deformed
at 1073 K. It is apparent that a number of small recrys-
tallized new grains are observed on fracture pattern.

(Fig. 9b). Corresponding to this result, largest tensileAlso, a cross-sectional view in a region close to the
elongation and UTS values were observed. At temfracture surface indicates that a number of new grains
peratures above 673 K, intergranular fracture patternwere recrystallized at the second-phase dispersions or
became more dominant with increasing temperaturethe prior grain boundaries.

¢ '. /;
2

Figure 9 Variation with test temperature of fractographic patterns observed for the 2 at%Nb-add8dTiialloy. The tests were done at (a) room

temperature, (b) 673 K and (c) 973 K.
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Figure 10 Variation with test temperature of fractographic patterns observed for the 4 at%Nb-ad¢@8dTialloy. The tests were done at (a) room

temperature, (b) 673 K, (c) 873 K and (d) 1073 K.

smaller than that of Ti element(L1 at%) [1]. How-
ever, this value is larger than those of most transition
metals (e.g. V, Cr, Mn, Fe, Zr and Hf) [9]. To ratio-
nalize the solubility limits of quaternary elememtsn

L1, NisA(A=AlSi,Ga,Ge), Ochiagt al. [10] found a
successful correlation between two parameters, i.e., the
difference in the heats of compound formation between
NizAand Ni X, and the changing rate of lattice param-
eter on alloying of N§A. To apply this to the present
result, two hypotheses are required. The first hypothesis
is that the quaternary element Nb should substitute for
the A atom sites (i.e. the (Si,Ti) sites in this case). The
second hypothesis is that the quaternary element Nb
should furthermore be assumed not to interact with Ti.
Experimental and theoretical observation has reported
that Nb substitutes for the Si sites in thgBialloy with

a low solubility [9, 10]. Therefore, the two hypotheses
can be satisfied for the Nb addition to thes(8i,Ti)

Figure 11 Fracture pattern taken at a high magnification for the alloy.

4 at%Nb-added N(Si,Ti) alloy tested at 1073 K. Dynamically recrys-
tallized grains are denoted with ‘arrow’ marks.

4. Discussion
4.1. Phase relation and microstructure
The solubility limit of Nb element+{2.7 at%) in the

Fig. 12 represents a plot of the difference in the heats
of compound formation between48i and NgX vs the
atomic size difference between Si and quaternary ele-
ment X. In this analysis, the changing rates of lattice
parameter on alloying of N&i were replaced by the
atomic size differences between Si and quaternary ele-

L1, Ni3(Si,Ti) phase at 1273 K was determined to bement X because no data are available for the changing
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formation of NI Siand Ni X (eV) tems were obtained from the literatures [1, 10, 13], [10, 14] and [15],
respectively.

Figure 12 Atomic size misfit parameter between Si and quaternary
elementX in Ni3Sivsthe difference in the heats of compound between
NisSi and NX. process are not clear, the fNib-based second-phase
is assumed to be formed during solidification, i.e.
rates of lattice parameter on alloying of3Si. Also,  from liquid. Therefore, it appears that thesNb-based
the heats of compound formation of48i and NgX  second-phase did not show any habit plane and coher-
were estimated using Miedema'’s formula [11]. Here, itent interface with the LANi3(Si, Ti) matrix. Contrary
is implicitly supposed that the maximum solubility is to this result, finely distributed NNb-based second
expected for the quaternary element X for which datgphase dispersions was recently obtained by solid-state
points lie near the origin. Actually, the data points for precipitation [16].
Al, Ga and Ge that form continuous . Folid solu-
tions [10] fall near the origin. The data point for Nb is
closer tothe origin than the data points for Zr and Hfthat4.2. Mechanical behavior
showed small solid solubility in the B(Si,Ti) [9,12], The positive temperature dependence of the yield stress
and lie near the data points for Tithat showed large solidnore or less decreased for the two Nb-added$l|Ti)
solubility in the Ni(Si,Ti) [1]. Therefore, itis qualita- alloys, regardless of presence of the second-phase dis-
tively concluded that the relatively large solubility limit persions. It was shown that Ti in the £ NizSi matrix
of the Nb element in the N{Si,Ti) alloy is attributedto  enhances a micro-cross slip of dislocation [17] resulting
(1) the relatively small difference in the heats of com-in the strength anomaly [2, 3, 4]. Replacement of Ti by
pound formation between pii and NgNb and (2) the  Nb, both of which are dissolved in the 28i matrix as
relatively small atomic size difference between Si andsolute, may decelerate the micro-cross slip and instead
Nb elements. enhances an athermal strength (i.e. solid solution hard-
Based on the metallograhic observation and thesning). The latter strength term does not contribute to
SEM-WDS analysis, a phase relation in the Ni-Si-Ti- the strength anomaly. Also, a part of this result may be
Nb alloy system at 1273 K is qualitatively drawn in the attributed to the presence of thesNb-based second-
form of a pseudoternary BBi-NizTi-NisNb phase dia- phase (dispersion).
gram (Fig. 13). Here, currently available data for three As expected, the 4 at%Nb-addeg(8i, Ti) alloy was
edge lines, i.e. Ni-Si-Ti [1, 10, 13], Ni-Si-Nb [10, 14] effectively strengthened by the Nb-containing second-
and Ni-Ti-Nb [15] alloy systems are insufficient to phase dispersions at low temperatures. However, their
complete this phase diagram. When NiXo(=Si,Ti  morphology and size appear to be not always favorable
and Nb) ratio is thus kept identical (i.e. 3:1), threefor enhancing the flow stress. More attempts are needed
intermetallic compounds, i5i, Ni3Ti and NigNb are  to improve further the flow strength at low tempera-
formed, and consequently a single phase region, a twdures. As mentioned already, it was observed that the
phase region and a three-phase region are drawn ddlb-containing second-phase can be precipitated from
pending on the prepared alloy compositions. Ternanthe super-saturated kNi3(Si,Ti) matrix, and thereby
intermetallic compounds may be formed. Actually, thefinely distributed Nb-containing second-phase disper-
Y-phase (defined as NiSi; TiNb, thatis not able toplot  sions were obtained [16]. Consequently, it is expected
on this pseudo-ternary BBi-NisTi-NizNb phase dia- that more improved mechanical properties would be
gram) was observed in this study. More studies are nembtained for the Nb-added §5i, Ti) alloy with duplex
essary to completely construct the Ni-Si-Ti-Nb isother-microstructure consisting of Llphase and finely pre-
mal phase diagram. cipitated Nb-containing second-phase dispersions.
The NiNb-based second-phase dispersion showed The Nb-containing second-phases (dispersions)
relatively large rounded shape with incoherent inter-were shown to reduce the ductility (or UTS) at low
face with the L% Ni3(Si,Ti) matrix. Although the de- temperatures. It is likely that the second-phase dis-
tailed phase diagram and the associated solidificatiopersions act as a stress enhancer, initiating premature
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fracture by facilitating transgranular cracking. There-Ni3(Si,Ti) alloys were investigated by optical mi-
fore, finely distributed second-phase dispersions wittcroscopy, scanning electron microscopy plus a wave-
coherency with the N{(Si, Ti) matrix may again be re- length dispersive spectroscopy, transmission electron
quired to improve low temperature ductility as well as microscopy and tensile testing. The following results
low temperature UTS. were obtained.

At high temperatures, the Nb-containing second- ;) "o o e fimit of the Nb element in the b1

phase dispersions were shown to improve the tensile,. ™ .. , 0
elongation as well as UTS. In this temperature regimeﬁ'3(s"T') phase at'1273 K was approximately 2.7 at%,
and thermodynamically discussed.

the ductility is assumed to be influenced by competition 2. Twotypes ofthe second-phases (dispersions) were
between the two processes of grain boundary cavitation, ™ yp P P

. : A observed beyond the solubility limit. One was identi-
(or separation) and grain boundary migration [8]. Theﬁed as the DQtype NisNb intermetallic compound,

latter process is associated with dynamic recrystalliza; nd contained lattice defect structures with incoherenc
tion [8]. Here, it appears that the second-phase particle\%ith the L1, Nis(Si, Ti) matrix. The other was defined y
play an important role in the high temperature fracture 21 3\h :

s the Nj_zSI4TINb2.

process. As observed by SEM fractography (Fig. 11)a X - i . . .

and metallographic observation, dynamically recrys-th:'LthiN(gi(ﬁ; tﬂglsnegn?;t(;&ngesplntaf;ir?ZI?s;SIgwlsnjn

tallized small grains were observed for the 4 at%Nb- oL 1) p gther
ing over a wide range of temperature, and also an im-

added Ni(Si, Ti) alloy deformed at high temperature. It
is suggested that the second-phase dispersions providB
easier nucleation sites to new grains and facilitated the
growth of the new grains during high temperature defor-
mation. New grains are considered to reduce the stre
concentration at or near grain boundaries (or second- "
phase dispersions) and so enhance the ductility. In factp.
the unalloyed Nj(Si, Ti) did not show any propensity
for dynamic recrystallization, and consequently did not 3-
display high elongation (and UTS) values at high tem-
perature [4]. Again, it is expected that the size, mor- g
phology and coherency of the second-phase dispersion
with the matrix would be important factors in affecting 6.
the dynamic recrystallization process and the resultant
high temperature ductility. ;
Thus, the yield stress as well as UTS of the 4Nb- ¢
added Ni(Si,Ti) alloy were significantly enhanced over
a wide range of temperature, and in addition the ten-
sile elongation of this alloy showed consistently high
values without showing a ductility minimum at an in-
termediate temperature. Also, a recent study by theg,
present author indicated that the Nb-addeg(8i,Ti)

was not susceptible to environmental embrittlement at
all [9, 18], from which most unalloyed M(Si, Ti) has
so far been suffering [2, 4]. It has been reported that theg

in air [9, 18].

18.

5. Conclusions

. T. TAKASUGI and S.

10. S. OCHIAI,

Eovement of the high-temperature tensile elongation.
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