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The combined effects of cerium and boron additions on the room-temperature tensile
properties and high-temperature oxidation behaviour of NizAl alloys: alloy 1 doped with
cerium, alloy 2 doped with boron, and alloy 3 doped with both cerium and boron. The
strength, ductility and oxidation behaviour of the alloy are more effectively improved by
combined cerium and boron additions than by cerium or by boron addition alone. Of the
three alloys, alloy 3 exhibits comprehensively the best mechanical properties and oxidation
resistance. Alloy 2 presents the better mechanical properties than alloy 1; nevertheless,

alloy 1 has the better oxidation resistance than alloy 2.

1. Introduction

The intermetallic compound NizAl with an L1,-type
ordered crystal structure, as is well known, has
attractive mechanical properties and oxidation be-
haviour at high temperatures [1,2], and therefore
it is a potential candidate for high-temperature struc-
tural applications. However, this aluminide is brittle
in the polycrystalline form. The brittleness effec-
tively impedes its fabrication into useful structural
components.

Currently there exist two mechanisms to account
for the brittleness of polycrystalline Ni;Al alloy, one of
which is the intrinsic weakness of grain boundaries
[3—6] and the other is the moisture-induced hydrogen
embrittlement [ 7-9]. Segregation of moisture-induced
hydrogen atoms at the crack tip or near to the tip
decreases the bonding strength of grain boundaries,
leading to intergranular brittle fracture.

In order to improve the ductility of the aluminide,
a large amount of research has been done both experi-
mentally and theoretically. It has been demonstrated
[6, 10, 117] that minor additions of boron may enhance
room-temperature tensile ductility in Ni-rich NizAl
alloy considerably and promote transgranular dimple
fracture. Studies by Yuan et al. [12] have revealed that
the rare-earth element, cerium, may also increase the
ductility of polycrystalline NizAl alloy. Segregation of
the added species to grain boundaries plays a decisive
role in both cases.
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One of the key requirements of intermetallic com-
pounds being considered for high-temperature ap-
plications is resistance to environmental degradation.
Of the numerous modes of environmental degradation
such as oxidation, corrosion by aqueous media,
erosion, hydrogen embrittlement and hot corrosion,
oxidation is a primary degradation mode for most
intermetallic compounds that might be used for high-
temperature applications. One of the reasons that
Ni;Al is considered for high-temperature applications
is the formation of protective Al,O5 scale which has
the following features: (i) high thermodynamic stabil-
ity; (ii) slow growth rate (slow thickening rate); (iii)
good adherence to the intermetallic substrate; (iv) eas-
ily formed and re-formed (in case of mechanical dam-
age or oxide scale spallation).

A study on the effect of boron on oxidation behav-
iour of NizAl [13] indicates that the aluminide with
0.52-1.37 at % B exhibits the best high-temperature
oxidation resistance. Also, it has been confirmed [14]
that cerium can increase oxidation resistance of a
Ni—(20-25) wt % Cr high-temperature alloy. As a re-
sult, it is anticipated that combined cerium and boron
additions may be able to improve more effectively the
mechanical properties and oxidation behaviour of
NizAl alloy than cerium addition alone. In the present
work, the combined effects of these two elements on
the properties of NizAl alloy have been examined with
the aid of tensile tests, high-temperature oxidation
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tests, scanning electron microscopy (SEM) and trans-
mission electron microscopy (TEM).

2. Experimental procedure

The alloys used in this study were prepared by vac-
uum induction melting and precision casting from
high-purity nickel, aluminium and cerium metals as
well as a Ni-B master alloy. The size of the ingot was
6 mm x 30 mm x 120 mm. The compositions of the
alloys are listed in Table I. All the original ingots were
cut into ingots 3 mm x 30 mm x 120 mm in size. All
the ingots were homogenized for 3 h at 1150 °C under
an argon atmosphere and then fabricated into sheets
2 and 0.8 mm in thickness, respectively, by repeated
rolling at room temperature with intermediate anneals
at 1000 °C for 0.5 h. A reduction in thickness of 20%
was applied in the first rolling and subsequently 30%
after each intermediate anneal.

Sheet specimens with a gauge section of
30 mm x4.5mm x 0.8 mm were used for measure-
ments of tensile properties at room temperature. The
sheet specimens of the alloys were isothermally treated
at 550°C for 120 h, 750°C for 40 h, 1000 °C for 1 h,
and 1200 °C for 0.5 h in vacuum, respectively, followed
by air cooling to room temperature. Tensile tests were
carried out on an Autograph testing machine at a
strain rate of 2.8 x 10~*s~'. The load-time curves
were recorded on a strip chart, from which tensile data
were calculated. In tensile tests, four specimens were
used for each holding temperature and the arithmetic
mean of data points obtained was taken as the mea-
sured result. The fracture surfaces were examined with
an S-570 scanning electron microscope.

Samples 16 mm x 10 mm x 2 mm in size were mech-
anically polished, then cleaned in absolute alcohol and

TABLE I Chemical compositions of the alloys

Alloy Amount (wt %)

C S Al Ce B Ni
1 0.006 0.002 10.57 0.011 Balance
2 0.008 0.006 10.14 0.054 Balance
3 0.008 0.003 10.14 0.021 0.066 Balance

TABLE II Tensile properties of the alloys

finally dried for the use of oxidation tests. Oxidation
behaviour was examined by the following procedure.
The samples were held for 4, 8, 16, 32, 64 and 100 h at
1000 and 1100 °C, respectively, in air, in a crucible
which had been heat treated previously for some time
at 1200 °C to make its mass invariable. The increase in
mass of the sample after oxidation, averaged from
three data points obtained, was taken as a measure of
the degree of oxidation. In measuring, a balance with
an accuracy of 1075 g was employed and three sam-
ples for each condition.

3 mm dia. discs for TEM were cut from the samples
concerned. These discs were mechanically thinned to
approximately 0.1 mm thickness, followed by dual-jet
electropolishing to achieve foil regions which were
electron transparent. The electropolishing solution
used was a solution of 5% perchloric acid and 95%
methanol. Microstructural analysis was performed
using a JEM-2000F analytical electron microscope in
TEM mode.

Cross-sections of the oxidized samples were mech-
anically polished and etched in a solution consisting of
20 parts of H,O, 20 parts of HNO3, 10 parts of HF, 20
parts of H3POy, 10 parts of acetic acid and 10 parts of
HClI and then examined using optical microscopy. The
structure of the oxide scale was analysed using X-ray
diffraction technique.

3. Results

3.1. Tensile properties

Room-temperature tensile properties of the alloys
were determined by tensile tests of the sheet specimens
0.8 mm in thickness and shown in Table II. Table II
can be summarized as follows.

For alloy 1 containing cerium, the ductility of the
alloy is improved when the added quantity of cerium
is relatively small. For example, the tensile elongation
reaches 16%. Only for the specimens isothermally
treated at 550 °C for 120 h and at 1200 °C for 0.5 h do
their tensile elongation and ultimate tensile strength
reach 16% and about 900 MPa, respectively. How-
ever, they are only 3% and about 500 MPa, respec-
tively, for the specimens that were isothermally treated
at 750°C for 40 h and at 1000 °C for 1 h. The above
results demonstrate that the tensile properties of

Alloy Holding temperature Holding time Yield strength, o, Ultimate tensile Elongation
(°C) (h) (MPa) strength (MPa) (%)
1 550 120 374.4 925.5 16
2 347.4 1070.9 34
3 446.9 1041.7 22
1 750 40 — 559.2 3
2 280.6 1051.6 33
3 558.6 1180.6 29
1 1000 1 — 498.1 3
2 245.8 1066.5 30
3 530.8 1017.6 26
1 1200 0.5 304.4 888.9 16
2 276.8 1075.9 35
3 406.6 937.7 24
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alloy 1 strongly depends on the distribution of cerium
because the distributions of cerium atoms are different
at different heat treatment temperatures.

For alloy 2 containing boron and for alloy 3 con-
taining both cerium and boron, all the samples exhibit
higher yield and ultimate tensile strengths compared
with alloy 1. The yield strength of alloy 3, however, is
much higher than that of alloy 2. Also alloys 2 and 3
both exhibit much greater elongation than alloy 1 for
all the heat-treatment conditions; nevertheless the
elongation of alloy 2 is somewhat higher than that of
alloy 3.

3.2. Fracture behaviour
Fracture behaviour of tensile samples, broken by
tensile tests, was also studied by SEM. For alloy 1
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Figure 1 SEM fractographs of the alloy 1 samples isothermally
treated at (a) 550 °C and (b) 1200°C.

containing cerium, SEM fractographs of the samples
isothermally treated at 550 and 1200 °C are shown in
Fig. 1a and b which are fractographs of the specimen
treated at 550 °C, showing a large amount of ductile
fracture with a small amount of intergranular fracture,
and of the specimen treated at 1200°C, showing
a large amount of ductile fracture with a small amount
of quasi-cleavage fracture, respectively. SEM fracto-
graphs of the samples isothermally treated at 750 and
1000 °C are shown in Fig. 2, which indicates that both
specimens exhibit brittle intergranular fracture.

The fractography of boron-containing alloy 2 indi-
cates that the samples present transgranular ductile
fracture for all the heat-treatment conditions. For
alloy 3 containing both cerium and boron, the samples
isothermally treated at either 550 or 1200 °C exhibit
a great amount of ductile fracture with a small amount

loia

Figure 2 SEM fractographs of the alloy 1 samples isothermally
treated at (a) 750 °C and (b) 1000 °C.
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of quasi-cleavage fracture (Fig. 3a) while those isother-
mally treated at either 750 or 1000 °C present com-
plete ductile fracture (Fig. 3b). The above results on
fractography are in good agreement with those from
the tensile tests.

The following may be concluded from Figs 1-3 and
Table II: (i) for alloy 1 containing cerium, the grain-
boundary cohesion of the samples isothermally
treated at 550 or 1200°C is obviously enhanced,
whereas that of the samples isothermally treated at
750 or 1000°C is not; (ii) for alloy 2 containing
boron and alloy 3 containing both cerium and boron,
all the mechanical properties are comprehensively bet-
ter than those for alloy 1; (iii) the results of the fracto-
graphy are in agreement with those from the tensile
tests.

Figure 3 Typical SEM fractographs of the alloy 3 samples isother-
mally treated at (a) either 550 or 1200°C and (b) either 750 or
1000°C.
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3.3. Microstructure

TEM for all the samples demonstrated that there
was no apparent precipitation either along the grain
boundaries or within the grains. Fig. 4 shows trans-
mission electron micrographs of the samples from
alloy 3 isothermally treated at different temperatures.
Evidently there is no apparent precipitation at any
isothermal-treatment temperature.

3.4. Oxidation behaviour

The mass increase of the sample that was oxidized for
different times is illustrated in Figs 5 and 6 as a func-
tion of oxidation time. The thickness of oxidation
layer increases with increasing oxidation time or tem-
perature. For 1000 °C oxidation (see Fig. 5), the mass
increase of alloy 1 is slightly less than that of alloy 2;
nevertheless, it is much larger than that of alloy 3. For
1100 °C oxidation (see Fig. 6), the mass increase rises
obviously on going from alloy 3 to alloy 1 to alloy 2 at
the same oxidation time. In summary, alloy 3 contain-
ing both cerium and boron, of the three alloys con-
cerned, has the best isothermal oxidation resistance,
and alloy 1 containing cerium exhibits a better oxida-
tion resistance than alloy 2 containing boron.

4. Discussion

4.1. Tensile properties

It is well known that intergranular fracture of poly-
crystalline NizAl occurs easily because of poor grain-
boundary cohesion. The results presented in this work
indicate that minor additions of cerium to this alu-
minide, under some conditions, improve its ductility.
However, the improvement in ductility of Ce-doped
NizAl is strongly dependent on the total quantity of
cerium added and its distribution. If the cerium addi-
tion in NizAl is higher, a second phase containing
cerium may be able to precipitate along the grain
boundary so as to cause the ductility of the alloy to
deteriorate. It has been demonstrated [12] that the
appropriate amount of cerium addition in NizAl ap-
pears to be between 0.0083 and 0.044 wt %.

In addition, the present results also show that the
alloy doped with boron or with both cerium and
boron exhibits good mechanical properties compared
with that doped with cerium for all the heat-treatment
conditions adopted and that the mechanical proper-
ties for the alloy doped with both cerium and boron
are comprehensively better than those for the alloy
doped with boron. This suggests that the combined
effects of cerium and boron additions should be ap-
plicable to modifying a Ni3Al alloy.

The effects of cerium and boron on grain-boundary
cohesion in Ni3;Al may be explained by the following
electronic model [15, 16]. Both cerium and boron are
of lower electronegativity than the base metals (Ni, Fe,
etc.). These elements do not draw charge off the base
metal atoms and thus do not weaken the base
metal-base metal bonds. Moreover, cerium is a metal
element and its metallic nature is very strong. Thus,
cerium atoms and base metal atoms together form
metal-metal bonds and share electrons. Apart from



Figure 4 Transmission electron micrographs of the alloy 3 samples isothermally treated at (a) 550 °C, (b) 750 °C, (c) 1000 °C and (d) 1200 °C.

0.50
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05

0.00 1 | 1 | 1 | 1 | 1 | 1
0 20 40 60 80 100 120

Oxidation time (h)

Mass increase (mg cm-2)

Figure 5 Mass increases of the sample after they had been oxidized
for different times at 1000 °C. (-#-), alloy 1; (), alloy 2; (-A-),
alloy 3.

the above, a pair bonding theory [17] suggests that
the segregation of boron can result in an increase in
grain-boundary fracture energy. Therefore, cerium
and boron are beneficial elements for improvement in
the grain-boundary cohesion. In addition, cerium has
a strong affinity with sulfur and its effect may result
from the scavenging of sulfur from grain boundaries.

For the above reasons, cerium and boron, which
tend to segregate strongly at the grain boundary in
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Figure 6 Mass increases of the sample after they had been oxidized
for different times at 1100 °C. (-4-), alloy 1; (-l), alloy 2; (-A-),
alloy 3.

NizAl [6, 18, 19], may be able to enhance bonding
in the grain boundary, which results in an improve-
ment in grain-boundary cohesion and a reduction in
the trend to brittle intergranular fracture. Consider-
able grain-boundary segregation of boron without
boride precipitation in the 0.07 wt % B-doped Ni;Al
alloy samples isothermally treated at temperatures
similar to those used in this work and then water
quenched has been confirmed in [19]. However, if the
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segregation level of cerium at the grain boundary is
too high, the precipitation of a second phase contain-
ing cerium will be able to take place along the grain
boundary, resulting in intergranular fracture of the
alloy; if the segregation level is too low, the grain-
boundary cohesion will also not be improved. It has
been shown in this work that no apparent grain-
boundary precipitation emerges in any isothermally
treated sample. Therefore, it may be thought that the
cerium segregation level in the samples isothermally
treated at either 750 or 1000 °C is probably not high
enough to make the grain-boundary cohesion en-
hanced considerably; yet this may be remedied by
boron segregation [11, 19].

The experimental results cannot be explained
merely by an equilibrium segregation mechanism [20]
because equilibrium segregation is a thermodynamic
process and decreases with increasing annealing tem-
perature. However, they may be reasonably inter-
preted with the aid of a combined equilibrium and
non-equilibrium segregation mechanism [21]. Non-
equilibrium segregation is a kinetic process and in-
creases with increasing annealing temperature.

In order to use the combined equilibrium and non-
equilibrium segregation mechanism to explain the ex-
perimental results, it is necessary to describe succinctly
the non-equilibrium segregation mechanism. The
mechanism relies on the formation of sufficient quan-
tities of vacancy—solute complexes. Solute atoms, va-
cancies and their complexes are in equilibrium with
each other at a given temperature. When a material
which is properly held at an annealing temperature is
quickly cooled to a lower temperature, it will exhibit
a loss of vacancies along grain boundaries, i.e., at
vacancy sinks, whereby it achieves the equilibrium
vacancy concentration corresponding to the lower
temperature. The decrease in vacancy concentration
brings about the dissociation of the complexes into
vacancies and solute atoms. This in turn leads to
a decrease in complex concentration in the neighbour-
hood of grain boundaries. Meanwhile, in regions
remote from the grain boundary, where no other va-
cancy sinks are present, the vacancy concentration,
which is nearly equal to the equilibrium vacancy
concentration corresponding to the annealing temper-
ature, always remains. As a result, a complex concen-
tration gradient appears between the grain boundary
and the adjacent grains. The concentration gradient of
the complexes causes their migration, leading to an
excess solute concentration in the vicinity of grain
boundaries. It is obvious that, the larger the super-
saturation level of vacancies induced by the heat treat-
ment, the larger is the segregation level of solute atoms
resulting at the boundary.

In the light of the combined segregation mecha-
nism, the experimental results may be explained as
follows. For the samples treated at 750 and 1000 °C,
the segregation of cerium arises from combined equi-
librium and non-equilibrium segregation, but the seg-
regation level is not high enough to improve the
ductility of the alloy whereas it is for the samples
treated at 550 and 1200 °C. In the 550 °C-treated sample,
most of the segregation is caused by the equilibrium
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segregation mechanism, but in the 1200 °C-treated
sample it is caused mainly by the non-equilibrium
segregation mechanism.

4.2. Oxidation behaviour

The present oxidation examination demonstrates that
alloy 3 doped with both cerium and boron, of the
three alloys concerned, exhibits the best oxidation
resistance, and alloy 1 doped with cerium shows a
better oxidation resistance than alloy 2 doped with
boron does.

As stated in the introduction section, the oxidation
resistance of NizAl depends on the formation of dense
Al,O; film at its surface. Optical microscopy of the
cross-sections of the oxidized samples may be sum-
marized as follows. The outer layer consists of oxidation
scales, which have spalled off mostly during cooling.
At the same oxidation temperature, the scale that
spalled off during cooling decreases on going from
alloy 2 to alloy 1 to alloy 3. Between the outer layer
and the NizAl matrix is y-solid solution, which is
produced by diffusion of aluminium atoms to the
outer oxidation layer. In general, the extent of the
y-solid solution increases with increasing oxidation
temperature or time. X-ray diffraction analysis for
both the oxidation layer and the scale spalling off
during cooling may be summarized as follows. For
alloy 1 and alloy 2, the outer part of the oxidation
layer, after oxidation for 100 h, is NiO, and the inner
part Al,Oj3, and there appears to be no cerium oxide
or boron oxide. For alloy 3, however, the oxidation
layer at the same oxidation condition is mostly Al,O;
with a very small amount of Al;BOg4 and CeAlO5. The
scale spalling off during cooling is just NiAl,O,,
which is induced by a chemical reaction between NiO
and Al,Oj; at high temperatures.

Cerium and boron both are active with respect to
the surfaces and tend to segregate to them. Surface
segregation of cerium and boron may lead to a con-
siderable reduction in the surface diffusion coefficient
of nickel atoms [22]. The reduction in the nickel
diffusion coefficient is beneficial to restraining the
formation of NiO film that has a low capability of
protecting the surface from being oxidized further,
which in turn makes the chemical reaction between
NiO and Al,O; difficult and causes the highly protec-
tive Al,O3 to exist stably [23, 24].

Electron probe analysis for cerium-doped Fe—Cr—Al
alloys oxidized at a high temperature [24] demonstrates
that only Al and O instead of Fe and Cr exist in the
oxidation layer, which implies that cerium may pro-
mote the preferential oxidation of aluminium. Conse-
quently, alloy 1 doped with cerium exhibits a better
oxidation resistance than alloy 2 doped with boron.
However, reasons why alloy 3 doped with both cerium
and boron, of the three alloys concerned, presents the
best oxidation resistance require to be sought further.

5. Conclusions
1. The ductility of Ce-doped NizAl alloy strongly
depends on the cerium distribution. When 0.011 wt %



Ce-doped NizAl alloy is isothermally treated at 550 °C
for 120 h or at 1200 °C for 0.5 h, the tensile elongation
and ultimate strength at room temperature may reach
about 16% and about 900 MPa, respectively, and the
alloy exhibits almost completely transgranular frac-
ture. When the alloy is isothermally treated at 750 °C
for 40 h or at 1000 °C for 1 h, the tensile elongation
and ultimate tensile strength are only about 3% and
about 500 MPa, respectively, and the alloy exhibits
brittle intergranular fracture.

2. Both alloy 2 (containing boron) and alloy 3 (con-
taining both cerium and boron) exhibit good yield and
ultimate strengths compared with alloy 1 (containing
cerium). However, the yield strength of alloy 3 is much
higher than that of alloy 2; alloys 2 and 3 both present
much greater elongation than alloy 1; nevertheless, the
elongation of alloy 2 is somewhat higher than that of
alloy 3. Consequently alloy 3 has comprehensively
the best mechanical properties of the three alloys
concerned.

3. Alloy 3 exhibits, of the three alloys concerned,
the best oxidation resistance. Alloy 1 presents a better
oxidation resistance than alloy 2 does.
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