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Abstract X-ray diffraction (XRD) and differential scan-
ning calorimetry (DSC) were used to investigate the reor-
dering process of a partially disordered Ni;gAloy
(0.2 wt.%B) powder with annealing times and temperature.
The long-range order parameter varied linearly with tem-
perature and a significant ordered state was observed at
773 K. The DSC measurements showed one main exo-
thermal peak in the temperature range of 493-913 K. The
maximum rate of energy release occurred at 763 £ 2 K
with a total thermal effect of AH = 52 + 9 j/g. The DSC
peak showed a shoulder around its maximum temperature
of 763 + 2 K which was attributed to order stabilization.
The presence of boron in the alloy enhanced the transfor-
mation temperature by increasing the enthalpy of vacancies
migration without affecting the reaction enthalpy.

Introduction

Intermetallic phases (NizAl, NbsSn, NisFe...) are used for
high temperature applications. Their physical and
mechanical properties at elevated temperature are more
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interesting than of superalloys or ceramics. In fact, inter-
metallics show higher strength than superalloys because
atoms are strongly bonded and a lower brittleness than the
modern ceramics because of the metallic bonding. How-
ever, the major problem of intermetallic alloys is their
intergranular brittleness. The investigations of Aoki and
Izumi [1] have shown that the ductility of polycrystalline
Ni3Al could be enhanced by addition of small diameter
atoms like boron. Thus, further potential applications for
NizAl are developed such as heating elements, turbines,
valves, etc...

Boron is known to segregate to grain boundaries where
its concentration reaches 5at.%. For the off stoichiometric
alloys, this concentration decreases with the increase of
aluminium content. For example, the boron segregation is
reduced by 45% when aluminium concentration increases
from 24 to 25.2 at % [2]. On the other hand, boron occu-
pies on the interstitial site of the body-centered position of
the cubic structure of NizAl alloy, since the volume of this
site is large. Consequently, boron occupation induces fur-
ther ordering of the constituent atoms Ni and Al [3] and
probably changes the lattice parameter of NizAl. Lattice
parameter measurements have shown that boron is soluble
in stoichiometric NizAl alloy up to at least 1.12 at % and
produces a lattice strain (Aa/a 1/a) of 0.13 [4]. Moreover,
the lattice parameter depends on stoichiometry since its
evolution is more pronounced for stoichiometric boron
doped NizAl than for off-stoichiometric alloys [3]. In
addition, the lattice parameter depends on third addition
elements [5], rates of cooling [6, 7] and temperature of
annealing [8].

At low temperature, the structure of a crystal is perfectly
ordered. The rise of the temperature will gradually destroy
this order. Thus, it is necessary to measure a parameter of
order, which characterizes the state of the structure
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compared to the perfectly ordered state. In a long range or-
dered solid, formed of atoms A and B, one classify the
reticular sites in two families « and f§ corresponding to the
positions of atoms A and B in perfectly ordered stoechio-
metric alloy, respectively. For example, in a structure of the
type L1, (CusAu, NizAl...), the o sites are the corners of the
cube and the f3 sites are the centers of the faces. By admitting
that the probability of occupation of a site is independent of
the arrangement of the atoms on the other site and that there is
no correlation between the probability of occupation of two
close sites, Bragg-Williams [8] characterized the state of
order of a binary system A-B by the long range order
parameter (LRO), S, which is given by the expression [9]:

c:—C ct—c
S=—A__A_B" B (1)
1—Cy 1 —Cg

with (C,)* the fraction of the sites occupied by atoms A;
(CB)ﬁ the fraction of the sites occupied by atoms B; C, and
Cg are the atomic fractions of A and B in the alloy,
respectively with C5 + Cg = 1 for the completely ordered
state (S = 1) defined by the occupation of all the sites o by
atoms A and all the sites § by atoms B. The completely
disordered state (S = 0) depends on the structure of the
compound. For a compound ABj;, it corresponds to
(Ca)* = Ca = 0.25 i.e. 25% of the sites o remain occupied
by atoms A, whereas for a compound AB of B, structure
(CsCl type structure) it corresponds to (Cp)* = C, = 0.5.

When an ordered undoped or boron-containing NizAl
alloys are subjected to plastic strain, caused such by ball-
milling [10, 11], cold rolling [12], filling [13, 14] and
irradiation [15, 16], the order is partially or completely
destroyed. For example, Jang and Koch [10] have shown
that for an annealing at 800 °C, the long-range order
(LRO) parameter, S, of NizAl was 0.96. After ball-milling
for 5 h and more, the LRO was entirely destroyed (S = 0).
Ball et al. [17] have observed that the LRO parameter of
NiyeAlyy (0.24 at % boron) decreased continuously from 1
to 0.2 when the sample was cold-rolled to reductions of 10
and 95%, respectively.

In the present work, X-ray diffraction (XRD) analysis
and differential scanning calorimetry (DSC) were used to
investigate the evolution of the recovery process of
NizgAlyy + 0.2 wt.%B with annealing time and tempera-
ture up to 773 K in a step of 100 K. The effect of boron
addition on the reordering process of NizAl alloy was
studied.

Material and experimental procedures

The intermetallic alloy used in this work was a boron doped
NizAlyy (0.2 wt.%B) material. The chemical composition of
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the alloy is given in Table 1. Liu et al. [2] have shown that
the solubility of boron was greater than 0.2 wt.% in NizAl
with 24 at.% Al. Thus, the added boron should be in solid
solution. The alloy was prepared by melting together
weighed quantities of high purity Ni, Al and Ni-18 wt.%B
master alloy in an inductive plasma furnace. The Ni;gAlyy
(0.2 wt.%B) alloy was homogeneized by annealing for
40 h at 1323 K under a vacuum of 6 10~* Pa followed by
furnace cooling. Thereafter, the alloy was cold-rolled to a
reduction of 50% and powder from the alloy was obtained
by machining. Then, the powder was sealed in silica tube
and subjected to isothermal anneals of 5, 10, 20, and 40 h
at 489 K and to isochronal 5 h anneals at intervals of
100 K over the temperature range of 573-773 K. All
anneals were carried out under argon atmosphere. After
each anneal, the powder was furnace cooled.

Differential scanning calorimetry (DSC) measurements
were performed with a Perkin Elmer calorimeter. The
powder was heated in closed copper crucibles with a
heating rate of 40 K/min. Three heating runs were per-
formed under argon atmosphere on the same sample up to
1123 K. The two last runs were used to determine the
baseline.

X-ray diffraction (XRD) was carried out using a nickel-
filtered Cu-Ku radiation. The XRD patterns were recorded
at room temperature with a scan rate of 5 x 10~ deg/s in
the scanning range 20 = 30-80°.

The long range (LRO) parameter, S, was calculated
from the integrated intensity ratio I/l of the fundamental
to superlattice XRD peaks, according to the relationship
[9]:

2 — IS|Ff|2(LP)f(€72M)f(m)f
If|FS|2(LP)s(672M)s(m)S

(2)

where 1 is the measured integrated intensity, F is the
structural factor, Lp is the Lorentz polarisation factor
(1 + cos?(20)/sin*Ocos0), (exp(-2M)) is the temperature
factor and m is the multiplicity factor. The subscripts s and
f refer to superlattice and fundamental XRD peaks,
respectively. The area under each peak was measured three
times using ‘Winploter’ software and the average of these
measurements was taken as a measure of the integrated
intensity of the profile. The values of the structural factors
were calculated from the scattering factors of Ni and Al
with respect to the L1, structure of NizAl. These scattering

Table 1 Alloy composition

Alloy Ni (at.%) Al (at.%) Boron (wt.%)

*Referred to (Ni + Al)
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factors were obtained from the international table of crys-
tallography [18]. The value of the Debye-Waller factor, M,
was calculated from the amplitude of vibration {u) for the
NisAl structure according to the relationship M = B sin’6/
/2 where B = 87 (1/*)/3 = 0.00835 nm? [13]. In the pres-
ent work, the order parameter was estimated from the pairs
of XRD peaks (110) and (220). The error was lower than
5% of the S value.

Results and discussion

The XRD patterns of NijgAlyy (0.2 wt.%B) for selected
annealing times at 489 K and for 5 h anneal at 773 K are
presented in Fig. 1. For all annealing times at 489 K, only
the (110) superlattice XRD peak was observed with a very
low intensity compared to those of fundamental peaks
(Fig. 1a). This indicates a partially disordered state of the
NieAlyy (0.2 wt.%B) powder. This state was not affected
by the isothermal anneals carried out up to 40 h. After a
cold-rolling at a reduction of 50% and machining, the alloy
was partially disordered, so that the deformations were
lower than to reach a fully disordered structure. The dis-
order created at low deformations was probably partially
removed by annihilation of dislocations with the same
Burger vector. In addition, the powder exhibited relatively
broad diffraction lines due to enhanced lattice distortions
and/or grain refinement [19]. A slight shift towards lower
angles of the fundamental peaks (for example the (111)
peak) was observed at 489 K (figure 1b). This may be
related to relaxation processes of compressive stresses

caused by cold rolling and machining of the alloy to obtain
the powder. For anneals up to 673 K, no significant change
in the XRD patterns was observed. At 773 K, all the su-
perlattice peaks (110), (210) and (211) appeared with
appreciable intensities in the range scan of 30-80°
(Fig. 1c). This indicates a significant reordering of the al-
loy. The peak profiles became less broad than the deformed
alloy. This is due to the decrease of the lattice distortions
and to grain size increase [19]. Also, a peak shift to higher
angles was observed (Fig. 1d), which indicate a slight de-
crease of the lattice parameter with annealing temperature.
In fact, after deformation of the alloy, the lattice parameter,
calculated from a linear regression analysis using the Nil-
son—Reley function [20], was 3.5848 A and decreased to
3.5616 A after an anneal of 5 h at 773 K. The decrease of
the lattice parameter was probably due to the presence of
stacking faults in the alloy. In fact, after annealing, the
stacking faults were faulted loops with the emission of
vacancies as showed by Wagner and Helion [21]. These
vacancies diffuse through the lattice alloy producing a
decrease of the dislocation concentration. Consequently,
the crystalline alloy rearranged into more stable and
compact configuration, which leads to the decrease of the
lattice parameter. In this work, the vacancies concentration
was probably low since the alloy was not rapidly cooled, so
the decrease of the lattice parameter, a, was rather weak,
i.e. Aa/a = 0.0064.

The evolution of the LRO parameter, S, with tempera-
ture is given in Fig. 2. The S-values were calculated using
Eq. (2). Note that the S value of the as deformed alloy was
not reported in Fig. 2 because it was comparable to that at

Fig. 1 (a) XRD patterns and
(b) the (111) peak profile for 5001
different annealing times at
489 K, (¢) XRD pattern at
773 K and (d) the (111) peak
profile at 773 K compared to
that of the deformed alloy
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Fig. 2 Evolution of the long range order parameter, S, with
temperature

489 K. S increased linearly with the temperature from 0.27
at 489 K to 0.67 at 773 K. In the present work, the S value
did not reach the theoretical value (S = 1). Also, despite
the enhanced annealing temperature of 1173 K used in
reference [13], S (= 0.96) remained lower than 1. This is
due to the presence of faults and impurities in the sample.
Indeed, they prevent the achievement of the order recovery
process to reach the full ordered state.

The DSC measurements are shown in Fig. 3. Three
heating runs were performed: one run was conducted on
the sample up to 973 K. On repeating two successive
heating runs on the same sample, no transformation was
detected, indicating an irreversible transformation. The last
heating run was used to determine the base line. DSC
results show that the alloy exhibited one main exothermal
peak in the temperature range of 493-1013 K. The maxi-
mum rate of energy release occurred at 763 + 2 K with a
total thermal effect of AH = 52 + 9 j/g. This enthalpy va-
lue was obtained from the integrated peak area between the
baseline and the DSC curve of the tested sample. The DSC
curve shows a shoulder in the temperature range of 723—

LT XX ¥ : Basehﬂﬂ
' DSC sample curve

Exo

100 200 300 400 500 600 700 800
Termperature {* C)

Fig. 3 DSC curve of the Ni;gAlyy (0.2 wt.%B) deformed alloy
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823 K indicating probably an additional exothermal con-
tribution. Baro et al. [22] have observed a complex cal-
irometric signal for an intermetallic atomized powder of
Ni-23.3 at.%Al + 1000 ppm B. In their work, isothermal
anneals coupled with further continuous heating experi-
ments, which allowed the effect of the annealing to be
checked, were performed. Three stages were identified: the
first one at low temperature did not involve any change in
the LRO parameter. Harris et al. [23] have attributed this
stage to the reestablishment of short-range order. The
second stage observed in the range temperature of 500—
700 K was associated with the simultaneous evolution of
the ordered phase. This stage can be compared to the one
obtained in the present work. Finally, a third stage detected
at high temperature was attributed to the annealing out of
dislocations not mobile at temperature as low as those of
the first and second stages. In this study, the evolution of
the XRD patterns with temperature showed that all super-
lattice peaks appeared for annealing at 773 K. Thus, the
reestablishment of the LRO is significant at this tempera-
ture. Therefore, the additional contribution mentioned
above in the DSC measurement, is due to the order
recovery of the alloy. The heat flow in the DSC experiment
is related to the ordering reaction and the recovery or
recrystallization processes. However, it was shown that the
ordering energy was very low [14, 24] so the recovery or
recrystallization processes significantly contribute to the
heat flow recorded in DSC. This is confirmed by the
decrease of the peak profile broadening at 773 K in XRD
analysis.

Korznikov et al. [25] have investigated the thermal
evolution of high purity and boron doped submicrocrys-
talline NizAl produced by severe plastic deformation. Their
DSC measurements showed a main exothermal peak in
both materials, which was attributed to the release of stored
energy of cold work. Table 2 gives their DSC results
compared to those obtained in the present work. It is
noticeable, from this table, that the temperature of order
recovery of NisgAlyy (0.2 wt.%B) is greater than those of
the undoped and 0.1 wt.% boron dopped alloys, while the
enthalpy values are comparable. This is due to the highest
boron concentration in the alloy used in this work. Thus,

Table 2 DSC results of undoped and boron-doped NizAl alloys

Alloy Deformation T (K) AH (j/g) Reference
method
Ni-25A1 Torsion under 618 £2 48 +2 [25]
high pressure
Ni-23, 7Al Torsion under 717 2 46 +8 [25]
(0,1% pds B)  high pressure
Ni-23,97Al1 Cold-rolling 763 +2 —52 +9 Present

(0,2% pds B)  + machining work
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boron addition enhanced the transformation temperature by
increasing the enthalpy of vacancies migration without
affecting the reaction enthalpy. This result is comparable to
previous irradiation experiments, which showed that boron
slowed down the reordering processes by increasing the
migration enthalpy of vacancies due to boron addition [15].

Conclusion

Intermetallic materials are potential candidates for
enhanced temperature applications. Their high temperature
properties (i.e. high elastic moduli, high melting tempera-
ture and low atomic mobility) are of a large interest. X-ray
diffraction (XRD) analysis and differential scanning calo-
rimetry (DSC) were used to investigate the lattice param-
eter and the long-range order (LRO) evolutions of
NijeAlyy + 0.2 wt.%B with annealing time and tempera-
ture. The boron doped material was subjected to a sub-
sequent cold-rolling and machining in order to obtain
powders and hence to disorder the sample. For increasing
annealing time, the lattice parameter decreases for
annealing time above 10 h at 498 K. This is due to pres-
ence of stacking faults in the alloy. The LRO parameter,
obtained by comparison of integrated intensities of funda-
mental and superlattice XRD peaks, increases linearly with
temperature. The DSC results showed a large exothermal
peak. The corresponding enthalpy was equal to 52 + 9 j/g.
The DSC peak showed a shoulder around its maximum
temperature of 763 + 2 K. This peak was attributed to
order stabilization. The presence of boron in the alloy in-
creased the transformation temperature by increasing the
enthalpy vacancies migration without affecting the reaction
enthalpy.
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