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Mechanical properties of Ni,(Si, Ti)
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The mechanical properties of the L1,-type Ni;(Si, Ti) polycrystals, which were alloyed with
1-2 at% of various transition metals and also doped with boron, were investigated over a wide
range of temperatures. The addition of Hf enhanced the levels of yield stress whereas the
addition of Cr, Mn and Fe reduced the levels of the yield stress over a wide range of
temperatures. Niy(Si, Ti) alloyed with Cr, Mn and Fe showed a shallow minimum in the yield
stress—temperature curves. This result was correlated with the modification of the micro-cross-
slip process by the additives. At low temperatures, the addition of Hf and Nb slightly reduced
the elongation, while the addition of Cr, Mn and Fe improved elongation. This elongation
behaviour was interpreted as the alloying effect on the intergranular cohesive strength of L1,
ordered alloys. At high temperatures, the elongation of Ni;(Si, Ti) alloyed with Hf showed a
particularly high value. This elongation behaviour is discussed based on the alloying effect on
the competition between dynamic recrystallization and cavitation at grain boundaries. The
fracture surfaces exhibited a variety of fracture patterns, depending on temperature and the
alloy, and were primarily well correlated with the elongation behaviour. The ductilities of most
of the alloys at high temperatures were reduced by the tests in air.

1. Introduction

Ni;(Si, Ti) alloys with L1, structure have unique
strength and ductility properties. As shown in Fig. 1, it
was reported that Nis(Si, Ti) alloys exhibited an in-
crease in flow strength with increasing temperature
and also displayed high ductility over a wide range of
test temperatures [ 1, 2]. In particular, its strength level
was extremely high compared to other L1, ordered
alloys which are being developed as advanced mater-
ials. Ni,(Si, Ti) alloys were also shown to have an
excellent corrosion resistance in H,SO, and oxidation
resistance in air, at ambient and elevated temper-
atures, respectively [3]. Thus, these alloys are con-
sidered to be candidate alloy systems which could be
used as high-temperature structural materials or
chemical parts.

To try to improve the mechanical property of the
Ni;(Si, Ti) alloys, a small amount of interstitial atoms
or small diameter atoms was added [1,2,4]. The
addition of B [1, 2] and C [4] improved the ductility,
while the addition of the Be [4] moderately enhanced
the strength. An improvement in the mechanical prop-
erties of Ni;(Si, T1) alloys may also be achieved by the
technique of macro-alloying. In this work, the mech-
anical properties of Ni,(Si, Ti) polycrystals alloyed
with various transition metals are reported. The
strength, elongation and fracture behaviour of these
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quarternary Ni;(Si, Ti) alloys were investigated by
tensile tests over a wide range of testing temperatures.
Emphasis is placed on clarifying the alloying effect, the
grain size effect, the temperature dependence and the
test environmental effect. The micro-mechanisms as-
sociated with the phenomena observed in this work
are not dealt with in this paper

2. Experimental procedure

The base composition of the Ni,(Si, T1) alloys used in
this work was 79.5 at % Ni, 11 at % Siand 9.5 at % Ti
and located in a single-phase region of the L1, struc-
ture [5]. This composition was identical to that of
unalloyed Ni,(Si, Ti), the mechanical properties of
which were previously reported [2, 6]. Table I shows
the additives selected in this work. The alloying beha-
viour (whether the additives substitute for Ni, Si or
both) and their solubility limits in Ni,Si alloy have
been summarized from the ternary phase diagram [7].
Based on these results, 1 at % Hf, Nb, Cr and Mn, and
2 at % Fe were added to substitute for the constituent
element, Ti.

The starting materials were 999 wt% Ni,
99.999 wt % Si, 99.8 wt % Ti, 95 wt % Hf (the remain-
ing element was mostly Zr), 99.5 wt % Nb, 99.99 wt %
Cr, 99.9 wt % Mn and 99.9 wt % Fe. All of the alloy
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Figure 1 Variations of the yield stresses for some L1, ordered alloys
and conventional alloys with temperature.

systems selected in this work were doped with about
0.004 wt % B, using the master alloy of Ni-10 wt % B.
The B-doping was conducted to enhance the ductility
of these alloys and also to suppress the environmental
embrittlement associated with H, at ambient temper-
atures [2, 4, 6]. The alloy buttons were prepared by
nonconsumable arc melting in an argon atmosphere.
The nominal and analysed chemical compositions of
the alloys used in this work are shown in Table II; an
agreement between two values was fairly good for
each element.

The alloy buttons in the form of the square rod
(approximately 15 mm x 15 mm x 80 mm) were homo-
genized at 1323 K for 1 day in vacuum. These buttons
were then worked to plates of about 1 mm thickness
by repeated rolling (at 573 K in air)/annealing (at
1273 K in vacuum). The annealing for recrystalliz-
ation was mostly done at 1273 K for 5h in vacuum.
To observe the grain size effect on the mechanical
property of the Ni;(Si, Ti) alloyed with Nb, annealing
was also performed at 1173 K for 5 h in vacuum.

Metallographic examination and X-ray diffraction
(XRD) measurements were performed to characterize
the microstructures of these alloys, using their plate
specimens which were electrolytically polished in a
solution of 20% H,SO, and 80% CH,OH. Higher
index lines of (2 2 0) were used to determine the lattice
parameter of the L1, phase.

The tensile specimens with dimensions of approx-
imately 1.2 mm x 2.2 mm x 14 mm gauge length were
prepared by a precision wheel cutter and an electro-
erosion machine. The faces of the specimens were
abraded on SiC paper. The tensile tests were carried
out using an Instron testing machine at a nominal
strain rate of 1.2 x 1073 s~ 1. The testing temperatures

TABLE I Microstructures of the Ni;(Si, Ti) alloyed with various additives

Additive Amount Structure Lattice Grain size
(at %) parameter (um)
OM? XMDP (nm)
Hf(IVa) 1 L1, + X°¢ L, +X 0.3552 17
Nb (Va) 1 L1, L1, 0.3553 45(16)
Cr(VIa) 1 L1, L1, 0.3550 26
Mn (VIIa) 2 L1, L1, 0.3548 32
Fe(VIII) 1 L1, +X L1, 0.3548 23
2Observation by optical microscopy.
> Measurement by X-ray diffractometry.
°The second phase.
TABLE II Chemical composition of Ni,(Si, Ti) alloys used in this work
Alloy Nominal (analysed) composition
Ni Si Ti Additives Boron
(at %) (at %) (at %) (at %) (wt %)
Ni(Si, Ti, Hf) 79.5(-) 11(10.35) 8.5(8.58) 1(0.92) 0.004(0.0033)
Ni,(Si, Ti, Nb) 79.5(-) 11(10.39) 8.5(8.61) 1(0.99) 0.004(0.0036)
Ni,(Si, Ti, Cr) 79.5(-) 11(10.61) 8.5(8.52) 1(1.04) 0.004(0.0032)
Ni,(Si, Ti, Mn) 79.5(-) 11(10.48) 7.5(7.56) 2(1.92) 0.004(0.0030)
Ni;(Si, Ti, Fe) 79.5(-) 11(10.56) 8.5(8.62) 1(0.79) 0.004(0.0029)
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Figure 2 Optical microstructures of various Ni,(Si, Ti, X) alloys
(X = the additives) observed in this work. (a) 1 Hf, (b) 1 Nb, (c) 1Cr,
(d) 2Mn, {e) 1 Fe.

were from 77-1073 K. The tests at 77 K were per-
formed with an apparatus suspended in a Dewar
vessel filled with liquid nitrogen. The tensile tests at
room temperature and at elevated temperatures were
conducted in a vacuum (better than 1.3 x 1073 Pa). To
observe the environmental effect, the tensile tests at
room temperature and at 673 K were also performed
in air. After tensile testing, the fracture surfaces of the
specimens were examined by scanning electron micro-
scopy (SEM).

3. Results
3.1. Microstructures
Fig. 2 shows the optical microstructures of various
Ni, (Si, Ti, X) alloys (where X represents the additives)
observed in this work. These photographs clearly
show that Ni;(Si, Ti) alloyed with Nb, Cr and Mn
consisted of a single phase with L1, structure while
Ni,(Si, Ti) alloyed with Hf and Fe contained second-
phase particles. The former alloys showed larger grain
sizes than the latter alloys (the grain sizes measured by
the simple intercept method are shown in Table I).
This difference reveals that grain growth during an-
nealing in the latter alloys was retarded by the second-
phase particles.

In the XRD measurements, peaks from the second-
phase particles were detected in Ni,(Si, Ti) alloyed
with Hf, corresponding to the results from optical

microscopy. However, these were not detected in
Ni,(Si, Ti) alloyed with Fe, and is thus inconsistent
with results of optical microscopy. The lattice para-
meters of the L1, phase in various Ni;(Si, Ti, X) alloys
are shown in Table I and are almost identical to the
unalloyed Ni;(Si, Ti), i.e. 0.35505 nm [5], revealing
that the additives selected in this work were small or
beyond the solubility limits, and therefore had no
effect on the lattice parameters.

3.2. Tensile properties

Tensile properties of Niy(Si, Ti, X) alloys observed in
this work are described in two different groups be-
cause the additives of Hf (IVa) and Nb(Va) produced
somewhat different results from those of Cr(VIa),
Mn(VIIa) and Fe(VIII).
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3.2.1. Tensile properties of Ni;(Si, Ti) alloyed
with Hf and Nb

The variation in yield stress (defined as an offset stress
of 0.2% plastic strain) with temperature for each alloy
is shown in Fig. 3, together with that for the unalloyed
Ni;(Si, Ti) which has similar grain size and was tested
under similar experimental conditions [2]. The yield
stress—temperature curves are similar; the yield stress
began to increase from 77 K with increasing temper-
ature, reached a maximum and then decreased rapidly
with further increasing temperature.

The yield stress of the Ni,(Si, Ti) alloy was en-
hanced by the addition of Hf at almost all test temper-
atures. However, it cannot be concluded whether the
solution hardening by solute atoms, Hf or the pre-
cipitation hardening by the second phase particles is
dominantly responsible for the enhanced strength. On
the other hand, the yield stress of Ni;(Si, Ti) alloys was
not actually affected by the addition of Nb but was
slightly reduced particularly at temperatures above
room temperature. Here, it must be remembered that
the grain size of this alloy was larger than those of the
other alloys as shown in Table I. To explain this result,
the grain size effect on the mechanical properties of
this alloy will be observed in a later section.

Fig. 4 illustrates the variations of eclongation
(Fig. 4a) and ultimate tensile stress (UTS) (Fig. 4b)
with temperature for each alloy. These data were
taken from the tensile tests under vacuum. The two
Ni,(Si, Ti) alloyed with Hf and Nb basically showed
similar curves to that of the unalloyed Ni,(Si, Ti).
However, the elongation of two quarternary alloys
showed higher values at 77 K, lower values at medium
temperatures (between 300 and 673 K), and higher
values at high temperatures (above 873 K) than the
unalloyed Ni;(Si, Ti). Here, an interesting result is
that the elongation values of Ni,(Si, Ti) alloyed with
Hf were much higher at high temperatures than the
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Figure 3 Variations of the 0.2% yield stress of Ni;(Si, T1, Hf) and
Ni;(Si, Ti, Nb) alloys with temperature, tested in (O, 0J) vacuum
and (@, W) air. The data for unalloyed Niy(Si, Ti) are included for
comparison. )
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Figure 4 Variations of (a) elongation and (b) ultimate tensile stress
(UTS) of Nis(Si, Ti, Hf) and Nis(Si, Ti, Nb) alloys with temp-
erature. These data were taken from the tests in vacuum. The data
for unalloyed Ni;(Si, Ti) are included for comparison.

other two alloys and also tended to increase at the
highest temperature tested (1073 K). The UTS of
Ni;(Si, Ti) alloyed with Hf was higher at high temper-
atures than for the other two alloys.

Figs 5, 6a and b show the grain size effect on the
yield stress, the elongation and UTS of Ni,(Si, Ti)
alloyed with Nb, respectively. The data (in Fig. 3)
taken from the specimens with a grain size of 45 pm
were compared with data taken from the specimens
with a grain size of 16 um. These figures clearly show
that the specimens with smaller grain size enhanced all
values of yield stress, elongation and UTS over a wide
range of test temperatures and also showed larger
values than that of the unalloyed Ni;(Si, Ti).

Figs 7 and 8 show the variations of the fracto-
graphic patterns observed in Ni;(Si, Ti) alloyed with
Hf and Nb with temperature, respectively. For both
alloys, the transgranular fractures with dimple-like
patterns was dominant at temperatures up to 673 K,
and the intergranular fracture patterns became
more dominant at temperatures above 873 K. For
Ni; (Si, Ti) alloyed with Nb, the intergranular fracture
mode was more significant at high temperatures than
in Ni;(Si, Ti) alloyed with Hf. A comparison of the
fractography at 1073 K between two alloys at high
magnification is represented in Fig. 9. The fracture
pattern of either alloy apparently consisted of grain-
boundary facets. However, the fracture patterns of
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Figure 5 Variations of yield stress of Ni,(Si, Ti, Nb) alloys with
temperature, showing the effect of the grain size. These data were
taken from the tests in vacuwm.
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Figure 6 Variations of (a) elongation and (b) ultimate tensile stress
(UTS) of Ni,(Si, Ti, Nb) alloys with temperature, showing the grain
size effect. These data were taken from the tests in vacuum. The data
for unalloyed Ni;(Si, Ti) are included for comparison.

Ni; (Si, Ti) alloyed with Hf showed more ductile frac-
ture patterns, i.e. a number of dynamically recrystal-
lized grains on these facets. This result suggests that
the higher elongation value obtained at the highest
temperature (1073 K) in Ni,(Si, Ti) alloyed with Hf

Figure 7 Variation of the fracture patterns of Niy(Si, Ti, Hf) alloys
with temperature. The tests were performed in vacuum. (a) 300 K,
(b) 473 K, (c) 673 K, (d) 873 K, (e) 1073 K.

Figure 8 Variation of fracture patterns of Ni;(Si, Ti, Nb) alloys with
temperature. The tests except 77 K were performed in vacuum.
(2) 77K, (b) 300K, (c) 473 K, (d) 673 K, (¢) 873 K, (f) 1073 K.

(see Fig. 4) may be attributed to dynamic recrystalliz-
ation.

Thus, the fracture surfaces of the tensile specimens
exhibited a variety of fracture patterns, depending on
the temperature and the alloy. However, the fracture
patterns were primarily correlated with the elonga-
tion. In the specimens showing higher elongation
values, transgranular fracture patterns were dominant.
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Figure 9 Fracture patterns taken at high magnification of
(a) Ni5(Si, Ti, Hf) and (b) Ni;(Si, Ti, Nb) alloys tensile-tested at
1073 K, in vacuum.

3.2.2. Tensile properties of Ni;(Si, Ti) alloyed
with Cr, Mn and Fe

The variation of yield stress with temperature for each
alloy is shown in Fig. 10. The yield stress—temperature
curves in this group were similar but differed from
those of unalloyed Ni;(Si, Tij [2] and also from those
of alloys in the former group; the yield stresses dis-
played a shallow minimum around room temperature,
and increased from this temperature with decreasing
temperature. This variation of yield stress with tem-
perature has been observed for Co;Ti alloys [8] and
Pt;Al alloys [9].

The yield stresses of the Ni,(Si, Ti, X) alloys in this
group were slightly enhanced at 77 K but reduced at
high temperatures by the addition of X.

Fig. 11 illustrates the variations of elongation
(Fig. 11a) and UTS (Fig. 11b} with temperature for
each alloy. These data were again taken from the
tensile tests in vacuum. These alloys basically dis-
played similar curves of clongation versus temper-
ature to that of the unalloyed Ni;(Si, Ti). However, it
is noted that the elongation of the alloys in this group
showed higher values at almost all test temperatures.
In particular, this improvement was remarkable at
77 K and at high temperatures, above 773 K. Small
peaks appeared around -at 773 K. However, these
alloys did not show the increase in elongation at
sufficiently high temperature (1073 K), in contrast to
Ni;(Si, Ti) alloyed with Hf. On the other hand, the
UTS of Ni,(Si, Ti) alloyed with these additives were
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Figure 10 Variations of yield stress of Ni,(Si, Ti, X) (X = Cr,
Mn and Fe) alloys with temperature, tested in (O, [J, <) vacuum
and (@, ) air. The data for unalloyed Ni;(Si, Ti) are included for
comparison.
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Figure 11 Variations of (a) elongation and (b) ultimate tensile stress
(UTS) of Ni,(Si, Ti, X) (X = Cr, Mn and Fe) alloys with temper-
ature. These data were taken from tests in vacuum. The data for
unalloyed Ni;(Si, Ti) are included for comparison.

higher at 77 K than in the unalloyed Ni;(Si, Ti) and
then were almost identical to the unalloyed Ni;(Si, Ti)
at remaining temperatures.

As a representative of the alloys in this group,
Fig. 12 shows the variation of fractographic patterns



Figure 12 Variation of the fracture patterns of Ni,(Si, Ti, Cr) alloys
with temperature. The tests except 77 K were performed in vacuum.
(a) 77K, (b) 300K, (c) 473 K, (d) 673 K, (e) 873 K, (f) 1073 K.

for Ni;(Si, Ti, Cr) alloys with temperature. The trans-
granular fractures with dimple-like patterns were pre-
dominant at low temperatures, while the intergranular
fracture patterns became more dominant at high tem-
peratures. The fractographs at 1073 K in this alloy
and also the remaining two alloys showed relatively
smooth grain-boundary facets, suggesting little occur-
rence of the dynamic recrystallization. Thus, the frac-
tographs observed in these Ni;(Si, Ti, X) alloys correl-
ate well with the elongation behaviour in terms of
temperature and alloying element.

3.2.3. Environmental effect on the mechanical
property

The previous observation indicated that Niy(Si, Ti)
alloys and B-doped Ni,(Si, Ti) alloys were very sensi-
tive to hydrogen embrittlement operating at ambient
temperatures and to oxygen embrittlement operating
at elevated temperatures, respectively [6]. Therefore,
tensile tests in air were also performed in this work.
Room temperature and 673 K were selected as test
temperatures at which to investigate this effect.

The yield stresses taken from the tests in air are
plotted in Figs 3, 5 and 10 for each alloy and are
shown to be basically identical to those obtained in
vacuum, not only at room temperature but also at
673 K. Thus, it is evident that the yield stress in all the
alloy systems observed in this work was little affected
by the environmental medium.

Fig. 13 summarizes the environmental effect on the
elongations at room temperature (Fig. 13a) and at
673 K (Fig. 13b). The environmental effect at room
temperature for the Ni, (Si, Ti, X) alloys was similar to
unalloyed Niy(Si, Ti) containing 50 p.p.m. B [6]; no
losses of elongation in air were observed for these
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Figure 13 Environmental effect on elongation of Ni,(Si, Ti, X)
alloys at (a) room temperature and (b) 673 K.

alloys. This implies that small amounts of B
(40-50 p.p.m.) contained in these alloys suppressed
the action of H, penetrating from the air as the B atom
in the unalloyed Ni,(Si, Ti) did [6]. The present ex-
periment also indicates that no substitutional additive
atoms affected this phenomenon, ie. they did not
induce hydrogen embrittlement.

On the other hand, an environmental effect at
673 K for N;(Si, Ti, X) alloys was clearly recognized,
as observed in unalloyed Ni;(Si, Ti) containing the
50 p.p.m. B [6]. This implies that small amounts of B
(40-50 p.p.m.) contained in these alloys introduced the
action of oxygen penetration from air, as did the
boron atom in unalloyed Ni;(Si, Ti) [6]. Thus, no
additives suppressed the oxygen-related environ-
mental embrittlement in Ni;(Si, Ti) alloys containing
B. Rather, it is seen in Fig. 13b that the additives of Fe
and Mn greatly accelerated oxygen embrittlement of
Ni; (Si, Ti) alloys.

4. Discussion

It has been proposed that the yield stress—temperature
curve in the L1, ordered alloys should be regarded as
the sum of three temperature-dependent terms and the
yield stress, 6, can be expressed as

Oy = Oun + 6Dy + oDy, (1)
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The stress component of the first term in this equation
has an ordinary negative temperature dependence of
stress, arising from shear modulus change with tem-
perature and correlated with the solid solution hard-
ening by the additives. The second and third terms
correspond to the (anomalous) “negative” temper-
ature and “positive” temperature dependence of the
stress which were dominantly operative at low and
high temperatures, respectively.

The effect of the additives on the yield stress of
Ni;(Si, Ti) alloys could be discussed based on these
terms. The result showed that the addition of Hf
enhanced the yield stress, particularly at low temper-
atures, whereas the addition of Nb, Cr, Mn or Fe
slightly enhanced the yield stress at 77 K. This
strengthening behaviour is related to the o,, term
associated with the solution hardening. If we assume
that this strengthening is primarily due to the size
difference between the constituent atom, Ti (or Si) and
the additive, X, a larger strengthening can be expected
on the addition of Hf, whereas this can be moderate
for additions of Nb, Cr, Mn and Fe. A large misfit of
atomic diameter exists between Ti (+ = 0.147 nm) (or
Si, (r =0.117nm)) and Hf (r = 0.160 nm). On the
other hand, the misfits of atomic diameter between Ti
(or Si) and Nb (r = 0.143 nm), (Ti (or Si) and Cr
(r = 0.125 nm), Ti (or Si) and Mn (r = 0.150 nm), and
Ti (or Si) and Fe (r = 0.124 nm)) are not so large.
However, the elastic interaction term must be included
in the more quantitative evaluation of this.

The large reduction in yield stress of Niy(Si, Ti)
alloyed with Cr, Mn and Fe at temperatures above
room temperature could be attributed to the modifica-
tion of o(Il), on the alloying; Mishima et al. [10]
predicted, based on the phase stability concept, that:
when atoms located near Ni (i.e. group VIII elements)
in the periodic table substitute for X atoms in NiyX
alloy (where X is a b-subelement), the micro-cross-slip
of a superdislocation on {111} to {001} is suppressed
by these additives through the modification of the core
structure of the superdislocation, resulting in a de-
crease of flow strength in this temperature regime. On
the other hand, the occurrence of a negative temper-
ature dependence of yield stress of Ni,(Si, Ti) alloyed
with these elements at temperatures below room tem-
perature could also be associated with the modifica-
tion of the core structure of the superdislocation.
However, more quantitative evaluation of these is, at
present, impossible because the data points are scarce
in this temperature regime.

For the alloying effect on elongation at ambient
temperatures, where the ductility is assumed to be
controlled directly by the grain-boundary cohesive
strength, the addition of Hf and Nb reduced the
ductility whereas the addition of Cr, Mn and Fe
enhanced the ductility. It appears that the results
obtained are consistent with the model proposed pre-
viously [11, 12]; the L1, ordered alloy, consisting of
two transition metal elements with a similar electro-
chemical nature, is expected to have a homogeneous
electronic distribution at the grain boundary, resulting
in a higher grain-boundary cohesion and lowering the
propensity for grain-boundary fracture.This led to the
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prediction that partial replacement of Si with Ti in the
Ni3Si alloy reduced the difference in the electro-
chemical bonding nature, resulting in an improvement
in elongation [1,2]. Furthermore, this prediction
indicates that a partial replacement of Ti with
T’( = electronically more similar element to Ni than
Ti) further improves the elongation. Thus, the addi-
tion of Cr(VIa), Mn(VIla) and Fe(VIII), the electronic
natures of which are closer to Ni(VIII) element, im-
proved the ductility of the Ni,(Si, Ti) alloys.

For the alloying effect on the elongation at high
temperatures, all additives selected in this work more
or less improved the ductility of the Ni;(Si, Ti) alloys.
In this temperature regime, the elongation is assumed
to be influenced by the competition between two
counter processes of the grain-boundary cavitation
and grain-boundary migration. The latter process is
associated with dynamic recrystallization. Either pro-
cess is controlled by the diffusion. Probably, most of
the additives selected in this work enhanced the diffu-
sion and thereby promoted grain-boundary migra-
tion. Here, it must be pointed out that the addition of
Hf clearly showed evidence of dynamic recrystalliz-
ation and then produced a high elongation value at
high temperatures. In this case, it is very likely that
second-phase particles played an important role
through offering easier nucleation sites for dynamic
recrystallization. However, Ni;(Si, Ti) alloyed with Fe
contained second-phase particles but did not show the
propensity for dynamic recrystallization, and there-
fore did not display a high elongation value. This
implies that the size, density, morphology and coher-
ency with the matrix of the second-phase particles
must be taken into consideration for the nucleation
sites of recrystallization. More detailed observation is
thus required for an interpretation for high-temper-
ature ductility.

Concerning environmental embrittlement, no sub-
stitutional element showed a beneficial effect by which
the hydrogen-related embrittlement operative at low
temperatures and the oxygen-related embrittlement
operative at high temperatures, are suppressed. How-
ever, further studies on this subject are required using
Ni;(Si, Ti) alloyed with the remaining transition ele-
ments and b-subgroup elements, before any conclu-
sion can be drawn.

5. Conclusions

The mechanical properties of the L1,-type Ni;(Si, Ti)
polycrystals, which were alloyed with 1-2 at % trans-
ition metals (Hf, Nb, Cr, Mn and Fe) and also doped
with about 40 p.p.m. B, were investigated at temper-
atures from 77-1073 K. The following results were
obtained.

1. The Ni,(Si, Ti) alloyed with Nb, Cr and Mn
consisted of a single phase, while that alloyed with Hf
and Fe contained second-phase particles.

2. The addition of Hf enhanced the levels of the
yield stress over a wide range of temperatures whereas
the additions of Cr, Mn and Fe reduced the levels
of the yield strength at high temperatures. Also,
Ni,(Si, Ti) with Cr, Mn and Fe created a shallow



minimum in the yield stress-temperature curves. The
strength behaviour at low temperatures was inter-
preted in terms of the solid solution hardening, while
the strength behaviour at high temperatures was dis-
cussed as the modification of the micro-cross-slip
process of the superdislocation by the alloying.

3. The addition of Hf and Nb slightly reduced the
elongation at low temperatures but improved it at
high temperatures, whereas the addition of Cr, Mn
and Fe improved the elongation over all the test
temperatures. The elongation behaviour observed at
ambient temperature was interpreted by the alloying
effect on the intergranular cohesive strength of L1,
ordered alloys. The elongation behaviour at high
temperatures was discussed based on the effect of
alloying on the competition between the dynamic
recrystallization and cavitation at grain boundaries.

4. The fracture surfaces exhibited a variety of frac-
ture patterns, depending on temperature and the alloy,
and were primarily correlated with the elongation
itself. As the elongation value increased, the fracture
pattern changed from intergranular to transgranular.
The ductilities of most of the alloys at high temper-
atures were reduced by the tests in air.
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