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Order-Induced Strengthening in Ni;Mo
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Polycrystalline samples of Ni,Mo have been examined at various stages of isothermal
ageing at 700° C. The mechanical properties were measured on initially disordered samples
at various stages of the ordering process. These properties were correlated with micro-
structural ohservations such as domain size, degree of order and fracture characteristics.
The correlations are rationalised in terms of a model for the ordering process and its

effect on dislocation motion,

1. Introduction

It is well known that the deformation behaviour
of crystals is highly structure-sensitive, being
influenced by a variety of defects which may be
present before, or formed during, the deforma-
tion process. If a crystal contains more than one
atomic species, a further influence on the
mechanical behaviour is exhibited by local
atomic arrangements. Four general types of
arrangement are possible on a particular lattice
in a solid solution: (a) random, in which there
is no preference by an atom for a type of neigh-
bour or particular lattice site [1, 2], (b) short-
range order, in which a given atomic species
exhibits a statistical preference for unlike neigh-
bours but not for a particular lattice site [1, 3],
(c) clustering, in which a given atomic species
exhibits a statistical preference for like neigh-
bours but not for a particular lattice site [4], and
(d) long-range order, in which the different
atomic species occupies preferred sites on the
crystal lattice [5, 6]. The references cited for
each arrangement refer to reviews of theories on
strengthening mechanisms attributed to these
various arrangements.

The present paper is concerned with order-
strengthening induced when a previously dis-
ordered alloy undergoes a transition to long-
range order. The transition from random or
short-range order to long-range order usually
occurs at some critical temperature during cool-
ing. The completeness of the transition or the
degree of long-range order may be varied by
certain thermal and/or mechanical treatments
and is usually described by the LR O parameter
S. Warren [7] has defined this parameter as
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S =(ra — Xa)/Ys = (rB — Xp)/Ya,

where ra and rgp are respectively the fraction of
A-sites and of B-sites occupied by the correct
atoms, X4 and X are the atomic fractions of A
and B atoms, and Y4 and Yy are the fractions
of A and B lattice sites. For a stoichiometric
alloy S is, therefore, zero when the alloy is
perfectly random, and one when perfectly
ordered.

Depending on the particular alloy system, the
disorder-to-order transformation may occur
either homogeneously or heterogeneously [81. In
addition, the crystal system may or may not be
altered. CuyAu, for example, has a cubic struc-
ture both in the ordered and disordered states.
In contrast, Ni,Mo changes from cubic in the
disordered condition (x-phase) to tetragonal in
the ordered state (8-phase), having a contraction
of 0.5% in a, and 1.0% in ¢, of the cubic
lattice [9].

Alloys which undergo a distortion or crystal
structure change during the transition offer the
greatest potential in order-strengthening; how-
ever, there have been only a few studies on alloys
of this type, mainly on CuAu [10-12]. Ni-Mo
alloys have been found to respond readily to age-
hardening treatments in the J-region after
quenching from above the transformation tem-
perature [13-15]. Although the agreement of the
data is not particularly good, the investigators
all agree that large hardness increases can be
produced within a few tenths of an hour by
annealing in the temperature range of 600 to
800° C. The time-temperature transformation
curve for the ordering process of Ni,Mo has a
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“C” shape with the nose of the curve around 710
to 775° C [16, 17]. The kinetics and morphology
of the ordering process in this alloy has recently
received attention [16-23].

The present study was undertaken in an effort
to understand order-hardening in alloys which
undergo a crystal structure change during
ordering. Ni;Mo was chosen for the study since
previous experience showed this alloy to be con-
ducive to microscopic studies by X-ray diffrac-
tion, eclectron and field ion microscopy tech-
niques. We felt that structural modifications
which accompany the disorder-order transitions
and which could be correlated with mechanical
property measurements would help elucidate
order-strengthening in Ni,Mo alloys.

2. Experimental

Alloys were prepared by arc-melting in an argon
atmosphere from high purity nickel and molyb-
denum to form NizMo. Each sample was melted
six times to ensure adequate mixing of the nickel
and molybdenum. The as-cast ingots were cold-
rolled to a 509 reduction in thickness to break
up the cast structure, homogenised in vacoum at
1000° C for one week and quenched in iced
brine. They were then rolled to a thickness of
0.38 cm and machined to a thickness of 0.32 cm.

The compositions of the samples were deter-
mined from lattice parameter measurements
made on stress-relieved — 325 mesh filings using
high purity aluminium as an internal standard.
The data of Guthrie and Stansbury [13] were
used for calculating the composition from the
lattice parameter measurements. The molyb-
denum contents of the samples used in this study
are given in table 1.

Tensile samples were machined according to
ASTM E8-66 for sub-size specimens. The
stresses induced by the machining operation were
removed during a final disordering heat-treat-
ment of 5 h at 1000° C followed by iced brine
quenching.

The ordering temperature and times to be used
for extensive study were determined by pre-
liminary investigations using hardness measure-

ments. Samples 1 cm square were ordered in
vacuum for various times at 700, 750, 800 and
850° C. The hardness was measured using a
Tukon Tester and a 500 g load. The critical
ordering temperature, 7¢, has been given as
868° C [13]. The results of these measurements
are given in fig. 1. There was no response to the
850° C heat-treatment after 4 h, so treatments at
this temperature were discontinued. The harden-
ing rate at both 750 and 800° C were adequate;
however, the ordering process induced cracks in
the samples. The times and the temperatures at
which cracking was observed are denoted by
asterisks in fig. 1. No cracking was ever observed
on samples treated at 700° C although a marked
increase in hardness was observed after short
times at this temperature. Consequently, 700° C
was chosen for the ordering treatments for
structural/mechanical property correlations.
The degree of order after various heat-treat-
ments was determined by X-ray techniques using
monochromated CuK« radiation and a modified
GE XRD-6 diffractometer described elsewhere
[24]. The preferred orientation of the samples
combined with the superposition of fundamental
and superlattice reflections of polycrystaliine
Ni,Mo necessitated the usage of the technique
devised by LeFevre and Starke [25] for order
parameter determination. The order parameter
was measured on each tensile sample prior to
testing. The average domain size was also deter-
mined by X-ray diffraction using Scherrer’s
equation. The (110)p* superlattice peak was
used for these calculations and was corrected for
strain and instrumental broadening by compari-
son with the nearby (21 1) fundamental peak.
The tensile tests were conducted on an Instron
testing machine using a one-inch extensometer
and a strain rate of 0.05 per minute. Three
samples (A0, C100, E15H) were pulled to frac-
ture and two others to about 59 plastic strain.
The fracture surfaces were examined by scanning
electron microscopy using a Cambridge Stereo-
scan Mark II. Slices were spark-cut from each
of the tensile samples, ground to 0.025 cm and
small discs punched out for observation in the

TABLE |

Alloy no. Weight % Atomic % Alloy no. Weight % Atomic %
AO 27.30 18.69 D180 27.80 19.07

B40 27.85 19.10 EI5H 27.40 18.76
C100 27.55 18.88

* Subscript T refers to the tetragonal indices and subscript C refers to the cubic.
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Figure T Microhardness of Ni,Mo at 25° C measured as a function of ageing time at various temperatures after quench-
ing from 1000° C. O—O 850° C; il —M 800° C; A—A 750° C; 9—@ 700° C.

electron microscope. The discs were jet-polished
at 0° C using a solution of two parts sulphuric
acid and one part water. Electron microscopic
observations were made in transmission in both
a Siemens 1A and a JEM 7A microscope at
100 kV. Samples for field-ion studies were cut
from simifar slices used for electron microscopy.

The field-ion samples were electropolished in the
sulphuric acid solution to fine wire form and
imaged in helium at liquid hydrogen tempera-
ture.

3. Experimental Results
The ordering sequence of Ni,Mo has been

@
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Figure 2 Scanning electron micrographs of the fracture surfaces of Ni,Mo in (a) the disordered condition and (b) after

ageing for 15 h at 700° C with S = 1.
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TABLE I

Alloy Ageing “Degree of  Domain size Yield stress %, % Work hardening

no. time order, .S A (kg cm™2)  elongation reduction  coefficient X 102
in area

A0 quenched 0.0 — 3500 60.0 43.0 33.7

B40 40 min 0.64 46 6200 — — —

C100 100 min 0.76 54 6720 26.0 22.4 36.8

D180 180 min 0.81 74 7340 — — —

EI5H 15h 1.00 106 7635 3.2 3.15 52

followed at 700° C by structural and mechanical
studies. Tensile tests provided strength and frac-
ture data of the alloy at various stages of the
ageing process. X-ray diffraction techniques were
employed along with electron and field-ion
microscopy to obtain detailed information on the
nature of the structure responsible for the
mechanical properties, and to elucidate the
ordering mechanism.

Table II gives the results of the tensile tests
after various ageing times along with the corre-
sponding degree of order and antiphase domain
size as determined from X-ray measurements,
The yield stress rises sharply initially but levels
off after an ageing treatment of 100 min. The
total increases in strength of 4100 kg cm—2 and
work-hardening coefficient of 18.3 x 102 after
15 h ageing were accompanied by a change in
the LR O parameter from zero to one, and an
increase in the antiphase domain size to 106 A.
In addition, the elongation decreased from 609
in the disordered sample to 3.29 in the fully
ordered sample and was accompanied by a
change in fracture mode from transgranular,
fig. 2a, to intergranular, fig. 2b.

The electron microscopy studies showed that
the disordered alloy exhibited large equiaxed
grains, ~ 40 um, and numerous annealing twins,
indicating a completely recrystallised structure.
Considerable short-range order was present, as
evidenced by the appearance of diffuse spots in
the electron diffraction pattern [18, 19, 23], and
numerous paired dislocations [26-30] in the
micrographs. A very fine “mottle” contrast was
visible in the vicinity of the bend extinction con-
tours similar to that observed by Ruedl ef al [19]
and Snyder and Brooks [23]. Dark field images
obtained by placing the objective aperture over a
diffuse spot failed to show any distinct micro-
domains in the short-range-ordered structure.

The ordering transformation of Ni;Mo at
700° C was revealed, by the electron microscopy
studies, to occur by two distinct mechanisms.

The early stage was characterised by the develop-
ment of a fine cross-textured contrast appearing
uniformly within the grains. A representation of
this stage, which will be referred to as the homo-
geneous component, is presented in fig. 3a which
characterises a sample aged for 40 min at 700° C.
The contrast was produced by an operating
fundamental reflection and the striations were
shown by standard trace analysis methods to be
approximately parallel to {l112}¢ plane traces.
Selected area diffraction patterns showed the
presence of superlattice spots from all of the six
possible domain orientations. However, the
usual antiphase boundary contrast present in
ordered alloys [31] was never observed even
with extensive tilting of the specimen. This was
assumed to be due to the fineness of the structure
which was verified by field-ion microscopy
studies to be discussed later. No distinct relrods
were observed in the diffraction patterns as one
might expect from small particle or strain effects
(fig. 3b). Further annealing at 700° C for a total
time of 100 min produced no significant changes
in either the micrographs or the electron diffrac-
tion patterns except for a slight coarsening of the
cross-textured contrast.

After 180 min a second ordering mechanism
was initiated, as shown by the presence of a
heterogeneous component which appeared at the
a-grain boundaries (fig. 4). Such contrast effects
have been observed in Ni,Mo after ageing at
775° C [23] as well as in other ordering systems
involving a cubic to tetragonal transition [10, 23,
32]. The contrast within the heterogeneous
region is very similar to the appearance of the
columnar grain structure in a metal casting with
the long dimension perpendicular to the grain-
boundary. Close inspection, fig. 4b, shows that
along one edge it appears to be continuous with
the homogeneous component of one grain while
along the opposite edge it is separated from the
continuous component of the adjacent grain by
a sharp and apparently incoherent interface.
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(a)

(b)

Figure 3 (a) Transmission electron micrograph of Ni,Mo after 40 min at 700° C showing fine cross-textured contrast
within the grains. (b) A diffraction pattern from the cross-textured region showing superlattice spots from differently

oriented domains.

Tanner [33] has described a similar reaction pro-
duct in Ni,V as a coherent allotriomorph which
forms coherently with one grain and grows into
the adjacent grain by migration of the incoherent
grain-boundary. A similar effect in CuAu has
been described by Arunachalam and Cahn [10]
as recrystallisation by stress-induced boundary
migration.

The heterogeneous component grew con-
tinuously with further ageing and after 15 h at
700° C it comprised approximately one-third of

@
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the total volume of the structure. Contrast
effects from the various types of interfaces (anti-
parallel twin boundaries, perpendicular twin
boundaries and antiphase boundaries) previously
discussed by Ruedl, et al [19] were clearly dis-
tinguishable in this region (fig. 5a and b). The
“perpendicular twins”* indicated by the 6-
fringes of fig. 5a were found to be very thin
platelets lying parallel to {110}¢ planes. By
careful tilting of the foil it was determined that
in most cases what appeared to be the boundary

a O-5um

()

Figure 4 (a) The heterogeneous component appearing in the a-grain boundaries after 180 min at 700° C. (b) Enlarged
view of the heterogeneous component. It is continuous with the homogeneous component along a-a’ but discon-
tinuous along b-b".
* {e. twins in which the orientations of the tetragonal axes were approximately mutually perpendicular.
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(a)
Figure 5 Contrast features within the heterogeneous region after 15 h at 700° C: (a) d-fringe contrast from perpendicular
twins. (b) Dark field image with a superlattice reflection showing antiphase boundaries.

between adjacent twin related domains was, in
fact, an entire twinned region, so thin its
boundaries completely overlapped. This was
further supported by field-ion microscopy studies.

The field-ion studies were undertaken to
elucidate more precisely the nature of the micro-
structure of the alloy in the partially ordered
state. From the available X-ray and electron
microscopy data one cannot accurately deter-
mine the domain size and shape nor how the
degree or order varies locally within a micro-
structure such as that exhibited in fig. 3a. For
the purpose of this study it was important to
know whether the fine cross-textured contrast
was indicative of a structure which was truly
homogeneous or heterogeneous, i.e. a two-phase
mixture of ordered and disordered regions. The
difficulty of differentiating contrast effects due to
phase boundaries from those due to coherency
strains in electron micrographs of a fine structure
such as this has been stressed by Tanner [32, 34].
On the other hand it has been shown that field-
ion images can be used to determine the domain
structure and obtain a qualitative measure of the
order parameter on an atomic scale [21, 22,
35-40].

Field-ion micrographs depicting the micro-
structure of the homogeneous component are

(b)

presented in fig. 6. The treatment of the sample
represented by fig. 6d was not a direct part of the
present study and serves only as an aid in inter-
pretation. The degree of order is represented in
the micrographs by the local regularity of the
image and the domain boundaries by discon-
tinuities in the image symmetry [21]. It can be
seen that the 40 min anneal produced a micro-
structure of uniformly ordered material consist-
ing of many contiguous domains in which the
order is less than perfect. No evidence was ever
seen in such images of the co-existence of ordered
and disordered regions* as one would expect in
a classic nucleation and growth process. Hence
this structure has the appearance one would ex-
pect from a homogeneous ordering process. The
fact that the image is somewhat less regular than
that of the fully ordered structure of fig. 6¢ is in
qualitative agreement with the LR O parameter
of 0.6 determined by X-ray measurements, This
was further reflected by the lack of complete
stability of the specimen during the imaging pro-
cess. It is characteristic of this material that dis-
ordered specimens are in a dynamic state of
irregular field evaporation during imaging where-
as the completely ordered specimens are quite
stable.

The average domain size of the 40 min anneal

* The r_egional_dagkness seen in these micrographs is not to be confused with heterogeneity in the structure. This
occurs in the vicinity of low index poles of the cubic lattice and results from the effect of crystallographic anisotropy

on the basic imaging process.
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appears to be in the range of 20 to 50 A* which
is also in rough agreement with the domain size
determined from the X-ray measurements. It is
clear from this evidence why individual domains
were not resolved in the electron microscope.
The domain boundary network can be made to
show more prominently by photographing the

(b)

(d)
Figure 6 Field-ion micrographs of Ni,Mo in various conditions: (a) disordered; (b) annealed 40 min at 700° C; (c) an-
nealed 15 h at 700° C; (d) annealed 300 h at 750° C to produce fully-ordered large domains for comparison.

specimen during field evaporation, as shown in
fig. 7. Tt can be seen that the domains show a
tendency to be elongated in a direction indicated
by the arrows. Within the accuracy of the analysis
this direction was found to be parallel to a
{112}¢ plane trace, in agreement with the
orientation of the striations in the electron

* Field-ion micrographs approximate pseudo-sterographic projections. Since the linear magnification varies from
centre to edge, micron markers would not be meaningful; however, a rough measure of the magnification can be
obtained from the fact that the linear distance across the imaged region of each of the micrographs is approximately

1500 to 2000 A.
400
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micrographs. This observation is significant
because there appears to be some question as to
whether similar striae in other systems represent
the true domain shape or simply the direction of
attendant coherency strains. It would appear that
in Ni;Mo one is seeing the true domain shape
in the fine striae of the electron micrographs. The
changes in the structure of the homogeneous
component with increasing ageing times can be
seen by comparmg ﬁg 6b with fig. 6¢c. The
domains increase in size from the 20 to 50 A,

present after 40 min, to the 100 to 200 A after
15 h, and the degree of order within the domains
also increases. The results are in agreement with
the electron microscopy and X-ray results.

Figure 7 Field-ion micrograph of Ni,Mo annealed for
40 min at 700° C and taken during field evaporation. The
domains show a tendency to be elongated in a direction
parallel to the arrows

Fig. 8 shows a specimen with an extremely
high density of the thin plate-like perpendicular
twins photographed during field evaporation to
enhance the appearance of the boundaries. The
anneal given (750° C for 20 h) was again not a
direct part of the present study; however, it was
known from prior experience that such a condi-
tion produces a high density of the twins so that
the maximum probability of encountering them
in the field-ion specimen would exist. It can be
seen here that many of the twins are only a few
atomic diameters thick, as had been concluded
in the electron microscopy results discussed
earlier.

Figure 8 Field-ion micrograph of Ni,Mo showing high
density of perpendicular twins. Annealed at 750° C for
20 h.

4. Discussion

4.1. Ordering of Ni,Mo

In the present paper the usual controversy which
surrounds most discussions on order-disorder
reactions, i.e. whether or not they should be con-
sidered as first or second order transformations,
will not be discussed. Tt should not be necessary
to prove that in a system such as Ni,Mo, in
which the ordered and disordered states differ in
crystal structure, the ordering reaction could be
anything but a classical phase change, i.e. a first
order transformation [41]. Instead, the present
discussion will concentrate on the mechanism by
which the Ni,Mo alloy proceeds from the dis-
ordered to the ordered state. Transformations
cannot be classified as to first or second order on
the basis of kinetic considerations since these can
be greatly varied by seemingly insignificant
changes in heat-treatment procedure.

The ordering of Ni,Mo below the critical
temperature ¢, has been considered to proceed
by nucleation and growth of microdomains
which exist above T¢. This concept was first pre-
sented by Spruiell [18] who suggested a model
for short-range order above T similar to long-
range ordered Ni,Mo. Experimental support for
this model has been presented by Rued! ez af
[19]. In addition, Snyder and Brooks [23] have
used this concept in discussing isothermal
ordering of Ni,Mo at 775° C. On the other
hand, theoretical considerations of interaction
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energies have led Clapp and Moss [42] to suggest
that the microdomain theory might not be
particularly useful in this system and that the
short-range order could best be explained by the
statistical theory.

There have been many discussions on other
systems, which undergo a crystal structure
change during ordering, as to whether the re-
action occurs homogeneously or by nucleation
and growth [43-48]. The presence of micro-
domains above T has implied to some workers
[49] a nucleation and growth concept below T,
whereas the statistical SR O model might imply
homogeneous ordering below this temperature.
The concept of microdomains above the critical
temperature has actually been very hazily de-
fined. These domains are normally considered to
be of small'size and vary in degree of order. As
the size of the domains decreases the statistical
model for short-range order is approached and
the ‘domains lose their individual identity [50].
Likewise the distinction between homogeneous
ordering and a nucleation and growth process in
Ni,Mo during isothermal annealing below T,
becomes almost irrelevant and simply a matter
of semantics as the annealing temperature is
reduced. The volume free energy of ordering
normally increases with decreasing temperature
and for NigMo the interface coherency strain
energy also decreases with decreasing tempera-
ture. The latter result may be inferred from
dilatometry measurements of Stansbury [51].
The variation of these parameters with tempera-
ture indicates that as the ordering temperature
is lowered, small nuclei become more stable and
the frequency of nucleation is increased [48].
Consequently, at a “low ordering temperature”
the frequency of nucleation is so high and the
nuclei so small that the material is homo-
geneous; i.e. impingement between the domains
is instantaneous and there is essentially no “two-
phase” region between an ordered nucleus or
microdomain and a disordered matrix. After
impingement the mobility of the boundaries is
reduced since there is no change in composition
or structure across the interface. Ordering then
proceeds by atomic rearrangement within the
domains of the stoichiometric alloy.

This model is supported by the field-ion
microscopy of the present study. No domains of
ordered structure were observed in the dis-
ordered matrix of samples quenched from above
the critical temperature. In addition, no “two-
phase” structure was observed at any stages of
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partial order at 700° C. Instead, the ordered
regions always impinged, and appeared homo-
geneous. The order within the domains after
short ageing times was imperfect and corre-
sponded closely with that measured by X-ray
diffraction techniques. It is interesting to note
that the size of the domains in the early stage of
ordering, i.e. ~ 40 A, closely approximates the
size of the microdomains calculated by Spruiell
[18] for short-range order above T..

In the late stages of homogeneous ordering a
heterogeneous reaction was initiated at the prior
a-grain boundaries. This structure, which ap-
peared to be coherent with one grain and in-
coherent with the adjacent one (fig. 4), consumed
the small domains by the motion of the inco-
herent interface. The driving force for this pro-
cess was most likely the decrease in energy of the
system obtained by eliminating the antiphase
boundaries between the small domains. This
heterogeneous component has previously [10,
23] been attributed to a spontaneous recrystal-
lisation process which eliminates the ordering
stresses. While this is certainly possible it is felt
that the present explanation is more feasible for
NiMo for the following reasons: (a) The process
does not occur to any extent at high tempera-
tures [23]; (b) ordering in Ni,Mo at low tem-
peratures should produce less concentrated
stresses than high-temperature ordering since the
domains are smaller, and the lattice parameters
of the ordered and disordered phases differ to a
lesser degree [51]. The low occurrence of the
heterogeneous reaction at 775° C can then be
attributed to the formation of large nuclei and a
low nucleation frequency resulting in a large
domain size.

Although the present study did not include
“high-temperature” investigations, the ideas
presented above on ordering in Ni;Mo are not
inconsistent with the results of other workers at
higher temperatures [23].

4.2, Mechanical Be‘haviour

The remarkable mechanical property changes
which accompany ordering reactions have been
attributed to a variety of mechanisms [3, 5, 6].
Since many of these mechanisms can operate
simultaneously in an alloy, it is very difficult to
present a quantitative discussion of their effects.
Therefore, only a qualitative correlation between
the structure and the mechanical behaviour of
Ni,Mo will be attempted.

Any discussion of the mechanical properties
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of ordered alloys must be made in terms of dis-
location motion. It has been shown [5, 6] that
one significant factor is whether slip dislocations
move singularly or in pairs as superdislocations.
In view of the small domain structure observed
at all stages of ageing in the present study, this
factor will be considered first. The diameter of
these domains was less than the calculated value
of the spacing between paired dislocations of
most ordering systems [5]. Similar calculations
were made for Ni,Mo by assuming the glide
plane to be the {111}¢ and the superdislocation
to be composed of pairs of unit dislocations of
the type 1/2 «<<110>¢. The antiphase domain
boundary energy for these calculations was
determined using a modification of Flinn’s [52]
method (see appendix). The separation was deter-
mined for various degrees of order for the most
favourable condition for splitting, i.e. for a pure
edge total dislocation. In all cases, except for
S < 0.2, the separation was less than the corre-
sponding domain size, indicating a high probabi-
lity for the presence of superdislocations in this
system.

The improvement in strength of Ni,Mo during
ordering at 700° C can be attributed to both the
domain size and the degree of order. Cottrell
[53] has suggested a strengthening mechanism
which depends on the creation of a new domain
boundary as slip dislocations intersect old
boundaries. This mechanism should contribute
significantly in the present case since the domains
are relatively small. However, since their size is
approximately constant after 40 min of ageing
this mechanism does not account for the con-
tinuous rise in strength. This rise must be ex-
plained in terms of the development of the
ordered structure within the domains. It cannot,
however, be attributed to the destruction of
order by dislocation motion since the motion of
superdislocations does not destroy order across
the glide plane. However, the ordering process
in NigMo produces a tetragonal distortion which
should resist dislocation motion. Since the dis-
tortion increases as the degree of order increases,
this effect qualitatively explains the continuous
strength increase during ageing.

The decrease in ductility with ordering at
700° C can be attributed to a number of factors.
One factor is a lowering of the probability of
dynamic recovery by cross-slip. Another factor
is the increased tendency for the formation of
co-planar dislocation arrays. This can result
from the confinement of dislocations to their slip

planes in ordered alloys and the reduction of
possible slip systems [54]. Once the co-planar
arrays are formed, pile-ups occur at interfaces,
such as grain-boundaries, and result in large
local stresses across the boundaries. When these
stresses are sufficient, intergranular fracture
occurs. Another mechanism resulting in brittle
intergranular fracture may involve the hetero-
geneous reaction which occurs along the grain-
boundaries. The antiphase domains in these
regions are large compared to the fine domain
structure of the homogeneous component. These
regions should be softer owing to the presence of
fewer domain boundaries and the higher prob-
ability of superdislocation motion. Slip concen-
trated in these areas could result in failure along
the grain-boundaries where they are formed.

Failure along grain-boundaries during order-
ing, as was observed in the present study at 750
and 800° C, has been observed in another system
[10], and attributed to the ordering stresses. At
750 and 800° C the distortions due to the
difference in volume of the ordered and dis-
ordered phases in NiyMo, can cause large
internal stresses. The resultant direction and
magnitude of these stresses is dependent on the
frequency of nucleation and the critical nuclei
size.

5. Summary

The structural modifications which accompany
ordering of NiyMo during isothermal ageing at
700° C have been correlated with the mechanical
behaviour of this material. The ordering reaction
was found to proceed homogeneously until late
in the process when a heterogencous reaction
was initiated along the grain-boundaries. The
increase in strength was attributed to the domain
size and the stresses induced due to the tetra-
gonality of the ordered phase. The decrease in
ductility was attributed to either the develop-
ment of dislocations in co-planar arrays or
concentrated slip in the heterogeneous com-
ponent.
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Appendix

Calculation of Antiphase Boundary Energy
The antiphase boundary energy was calculated
using the procedure outlined by Flinn [52] with
certain modifications to account for the structure
of NiyMo. The basic equation is:

energy atoms %
area |\ area
energy

wrong bonds i
( atom ) % (wrong bond) M

In order to simplify the calculation, the
following assumptions were made: (a) Only
nearest neighbour interactions are significant.
(b) The tetragonal contractions accompanying
ordering can be neglected. (¢) Since Ni-Ni
nearest neighbours are present in the ordered
structure and Mo-Mo nearest neighbours are
absent, the only wrong bonds that need be con-
sidered are Mo-Mo nearest neighbours.

The energy per wrong bond according to the
Bragg-Willlams approximation [55] for an AB
alloy is given by

kT,
N A @

where T is the critical ordering temperature, Fa
and Fp are the atomic fractions of the com-
ponents and Z is the co-ordination number. The
parameter v is defined by the relation:

V = VAB — (VAA + VBB)/2 (3)

and is based on the fact that for an AB alloy the
interchange of an A and B pair results in the
conversion of a certain number of correct A-B
bonds in equal numbers of wrong A-A and B-B
bonds. The co-ordination number enters the
equation by considering the fact that each a-site
is surrounded by Z S-sites. In the present case
the situation is somewhat different sinceeach Mo-
atom is surrounded by twelve Ni-sites and each
Ni-site is surrounded on the average by three
Mo- and nine Ni-sites. When this factor is con-
sidered along with the fact that the composition
is 1/5 Mo and 4/5 Ni we obtain a weighted
average value for v according to the equation:

- kT,
v=153 <2<4/5) ars) 12) +
kTe 4)
443 (2(4/5) 6, 3) '
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Using a value of 1141° X for T¢ we obtain

j = T8y L = 14 X 107 ergs.

wrong bon
The number of wrong bonds per atom is
determined from the expression

E—t; ﬁ))L 22 (S)

where T denotes a wrong bond vector and Ris
the reciprocal lattice vector of the hk/ plane on
which the antlphase boundary lies, i.e. IRmzl
== 1/d; ;. The sum is evaluated thh the restric-
tion that only positive integral values are con-
sidered since this is the necessary condition for
the bond to cross the plane. In order to deter-
mine the possible wrong bond vectors t we must
first consider the number of unique antiphase
translation vectors. Ruedl et al [56] have shown
that for N14Mo there are only two: P1 = a,'/5
[218] and P2 = g,'/5 [130] both expressed in
tetragonal indices. Because of the symmetry of
the crystal structure of Ni,Mo it is sufficient to
calculate the antiphase boundary energy for only
one of these vectors, say Pl, and it is convenient
to express it in cubic indices;i.e. T’: =q,/2 [110].

A translation of this type generates three
Mo-Mo wrong bonds per Mo- -atom described
by the vectors t1 = q,/2 [110] g = 00/2 [011],
f; = ay/2 [011], again expressed in cublc
indices.

The number of atoms per unit area in an fcc
lattice 1s given by:

dyi/vol. primitive cell = 4/q2+/h% + k? + [* .
(©)
Since in the present case wrong bonds originate
only on Mo-atoms, the atomic packing and the
stacking sequence of the various 4k/ planes must
be considered. Two types of planes are en-
countered in this structure [21, 57]. There are
mixed species planes containing both Mo- and
Ni-atoms which give rise only to fundamental
reflections and there are single species or layered
planes (one layer in five being a Mo- layer) which
give rise to superlattice as well as fundamental
reflections. For the mixed planes a factor of 1/5
must be included in the atoms per area expres-
sion given by equat1on 6 and for the layered
planes the value of T Rhu must be replaced by
unity for values less than five, since for this case
there cannot be more than one wrong bond per
atom.
Following the procedure outlined above the
antiphase boundary energy was determined for
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various Akl planes assuming perfect order. The
plane of least energy was found to be (011)¢ and
that of maximum energy to be (310)¢. These
values, along with that of the (111)¢ are:
Epy = 0289/a; Egyq = 1.27V/ag?; Eiyy =
0.37v/a,?.

Superlattice Dislocation Separation

Ruedl er a/ [56] have shown that a possible
superdislocation arrangement in Ni,Mo consists
of a pair- of 1/2 <110>¢ unit dislocations
moving on a {111}¢ glide plane. If the separa-
tion of the unit dislocations into partials is
neglected the equilibrium spacing between them
is determined by a balance between their
mutually repulsive force and the attractive force
arising from the antiphase boundary energy.
This balance leads to the expression [58]:

G cos (8 + =/3) cos @ n
T 2mE,,S?

d 1 —v

sin (8 + 7/3) sin 0] @

where r is the separation distance and 6 and
8 + =/3 represent the angles subtended between
the Burgers vector and the dislocation line. The
term S? must be introduced to account for the
fact that the antiphase boundary energy is
decreased by this factor when S << 1 [59]. The
maximum separation occurs when the total
Burgers vector of the superdislocation is in an
edge orientation, i.e. § = 150°. Using relation 7
along with a value of G = 0.75 x 10-5 dyne/A
and v = 1/3 leads to the results below:

TABLE Al

Long-range order parameter, .S Separation in A

1.0 5
0.8 8
0.6 14
0.4 31
0.2 125
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