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Deformation of single crystals of the

L2, ordered Ag,MgZn
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Suita, Osaka 565, Japan

The orientation and temperature dependence of slip geometry and yield stress in single
crystals of the L2, ordered Ag,MgZn has been studied in compression in the temperature
range 290 to 580 K. The slip direction in Ag,MgZn is exclusively (11 1) in this tempera-
ture range, but the slip plane varies with crystal orientations; slip occurs on (2 1 1) for
orientations near the [0 1 1]—[T 1 1] boundary, while for the other orientations in the
[001]—[011]—[T 1 1] unit triangle it occurs on the (T 0 1). The critical resolved shear
stress (CRSS) for slip on both the (T0O1) [111] and {21 1) [11 1] systems increases
abnormally with increasing temperature and reaches a maximum peak at about 0.92 of
the critical temperature T, for the L2,-type order. The peak temperature and the shape
of the CRSS versus temperature curve are independent not only of crystal orientation but
also of the operative slip system. It is suggested that the strength anomaly in Ag,MgZn be
interpreted in terms of the mechanism based on the transition from unit dislocations to

superdislocations.

1. Introduction
The anomalous peak in flow stress occurring in
ordered alloys at some intermediate temperature
has been the subject of many investigations [1—3].
However, most of the investigations of this anom-
alous flow stress behaviour have been carried out
on ordered alloys with the L.1,-type superlattices
and comparatively little has been done on ordered
alloys having bcc-based superlattices such as B2,
DO, and L2;. Of the alloys exhibiting these
ordered lattices, only 8 brass (B2) [4—10], FeCo
(B2) [11-13] and FezAl (DOj) [14, 15] have
been studied with respect to this anomalous flow
stress behaviour. To make meaningful comparisons
and then obtain a general understanding concerning
the flow stress anomaly in ordered alloys with bee-
based superlattices, a reasonable number of these
alloys should be studied with respect to this
anomaly.

To our knowledge, no such investigations have
been done on L2, ordered alloys. It was, therefore,

decided to examine the mechanical properties of the
L2, ordered Ag,MgZn in some detail, Ag,MgZn
was chosen because it has the relatively low critical
temperature of T, = 523K for the L2,-type order
[16] and its single crystals can be prepared easily
the Bridgman method.

In this paper, experimental results are reported
on the temperature and orientation dependence of
slip geometry and yield stress in Ag,MgZn single
crystals in the range 290 to S80 K.

2. Experimental procedure

The alloys were prepared by melting together
accurately weighed amounts of high purity silver
(99.99%), zinc (99.999%) and magnesium (99.9%)
to give the Ag,MgZn composition. The components
were first cut into small pieces, thoroughly mixed,
mounted on a graphite crucible and then melted
together under an argon atmosphere in a sealed
silica tube, The crystals were grown from the
alloys by the Bridgman method and homogenized
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at 870K for 48 h. Orientated specimens of approxi-

mately 3 mm x 3 mm cross section and 7 mm length-

were cut from the homogenized crystals by spark
machining and subsequently chemically polished
in a solution of CrO;z (50g), HCl(5cm?®) and
water (500 cm®) to remove the surface damage.
The specimens were annealed at 870K for 2.5h
and then slowly cooled at 8. 3Kh™ to room
temperature. All the specimens were repolished
prior to testing.

Compression tests were conducted on an
Instron type machine at a nominal strain rate of
24 x10™*sec™! in the temperature range 290 to
580K. Specimens were deformed to about 1%
compression strain and slip traces were examined
with an optical microscope using Nomarski inter-
ference contrast. Operative slip systems were
determined by the two-surface trace analysis
method. The term “top face™ used in this paper
means the surface that is approximately normal to
the surface containing the primary Burgers vector
and compression axis. The stress axis is referred to
the standard [001]—[01 1]—[T 1 1] unit triangle.

Specimens for X-ray diffraction analysis were
filed and annealed in a similar way to that used for
compression specimens.

3. Experimental results

3.1. X-ray diffraction analysis

Crystal structure of the annealed sample was
examined by the X-ray diffractometer, at room
temperature, with CuKo radiation. The alloy was
found to be in an ordered state, with a structure
of the L2,-type. The lattice parameter was 6.464 A
in a L2,-type unit cell, which is about the same as
that reported for stoichiometric Ag,MgZn [16].

3.2. Observed slip systems

Optical microscopy of slip traces on crystals with
various orientations revealed that the slip direction
in the Ag,MgZn was exclusively {11 1), but the
slip plane varied with the orientation of crystal,
similar to the behaviour in single crystals of bee
metals and alloys, see the review by Christian [17].
Fig. 1a, for example, shows the slip plane variation
with orientation at 470K, where observed slip
planes for various orientations (Fig. 1b) are plotted
in the form of conventional ¢—yx relation for bec
metals. x is the angle between the maximum
resolved shear stress plane in the [11 1] zone and
(1T01), and ¢ is the angle between the observed
slip plane and (T01). It is seen from the figure
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Figure 1 The observed slip plane variation with crystal
orientation: (a) ¢ — x curve; (b) orientations of crystals.

that for orientations near the [011]-[T11]
boundary slip occurs on (211), while for the
other orientations it takes place on (101). The
broken line boundary in the unit triangle will be
discussed later. The y—x relationship for this
compound in the temperature range 290 to 500 K
was almost the same as that shown in Fig. 1b.
Above 500 K, however, slip traces became increas-
ingly wavy, so that it was not always possible to
determine slip planes clearly.

Slip lines corresponding to slip on the (101)
and (21 1) planes are shown in Figs.2a to d, which
were observed on the top faces of crystals deformed
at 290 and 480K. Slip lines for the (211) slip
are generally finer and more homogeneous than
those for the (101) slip, and as the deformation
temperature is decreased, this difference in slip
line character becomes more apparent. It was also
interesting that even when the orientation of
crystal was such that the primary slip occured on
the (211) plane, continued straining of the
crystal produced additional very coarse slip bands
corresponding to slip on the (101) plane. Fig. 3
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Figure 2 Slip lines on the top face of crystals deformed at 290 and 480K: (a) (101) slip at 290K; (b) (1 01) slip at

480K; () (2 11) slip at 290K; (@) (2 1 1) slip at 480K.

shows such coarse slip bands observed on the top
face of a crystal with x =27° and deformed at
393K. The occurrence of such an additional
coarse slip on (101) was, however, limited to the
temperature range below about 500 K.,

Figure 3 Coarse slip bands on the top face of a crystal
with x = 27° deformed at 393 K.
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3.3. Temperature dependence of
yield stress

The critical resolved shear stress (CRSS) for slip
on the 211)[111] and (TO1)[111] systems
calculated using the 0.2% offset yield stress is
plotted in Figs.4a and b against temperature in
the range 290 to 580K. Although slip planes are
not very clear above 500K, CRSS for each of the
two slip systems in this temperature range have
been calculated assuming that the slip plane above
500K is the same as that below 500 K. Even so, it
is clearly seen from the figures that an anomalous
peak occurs in this material. The CRSS for slip on
both systems begins to increase gradually at 350K
and reaches a maximum peak around 480 K which
is about 0.927T,, and then decreases rapidly with
increasing temperature. It should be noted that not
only the peak temperature but also the shape of
the CRSS versus temperature curve are practically
the same for slip on both systems, aithough the
CRSS for slip on the (2 1 1) plane is between 2 and
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F_igure 4 The temperature dependence of critical resolved shear stress in Ag,MgZn single crystals; {a) CRSS for the
(211) [111] slip; (b) CRSS for the (101) [111] slip (solid line) and the (211) [111] slip (broken line) for
comparison.
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10% higher than that for the (1 01) slip. As seen in
Fig. 4a, the CRSS for the (2 1 1) plane was obtained
for four different orientations. Although some
scatter in the results is evident, the CRSS seems
to be independent of orientation. Such a marked
CRSS law violation as that observed in some L1,
alloys [18-22] and 8 brass [8] is not seen in the
case of Ag,MgZn.

The regions of orientations where the two
observed slip systems should be operative at
470K were calculated using the values of the
CRSS for the two slip systems shown in the figure,
The calculated boundary is shown by the broken
line in Fig. 1b. The observed slip systems are
found to be in agreement with the calculations.

4. Discussion
4.1. Configuration of superdislocations
and operative slip systems
It has been generally known that the operative
slip planes and the nature of slip surfaces in
ordered alloys with bcc-based superlattices are
sensitive to the separation of superpartial dis-
locations, In L2; ordered alloys with {11 1) slip
vector, superdislocations are usually composed of
four superpartials with Burgers vectors ao/2¢{111)
referred to the disordered bece unit cell [23]. They
are separated by two types of antiphase boundaries,
that {s, APBI having APB energy v, and APBII
having the energy vy, as shown in Fig. 5. The
equilibrium separations  and r; can be estimated
using the following equations [23, 24]
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Figure 5 Superlattice dislocation in an L2, superlattice
[23].
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where G is the shear modulus, b =g,/2{111) is
the Burgers vector of each superpartial, v is
Poisson’s ratio and @ is the angle between the
Burgers vector and the dislocation line direction.
APBII involves a net change of only second nearest
neighbour bonds and therefore for the case of
stoichiometric A,BC composition +y;; for any
plane {7 ki} can be simply given by the following
well known equation [23, 25]

W htk+]

BN , N =Rm+E+1% @)

1 =

where W= Wgpp+ Wgc—2Wge is one of the
second nearest neighbour ordering energies and
Wgg, Woe and Wy are the second nearest neigh-
bour interaction energies for B—B, C—C and B—C
atom pairs. W has been known to be related to T,

oy [26] W = kT, . ®)

Thus, vyy, for example, for {110} and {112} can
easily be calculated to be 32.7 and 37.8 mIm™2,
respectively.

On the other hand, APBI involves a complicated
change in both first and second nearest neighbour
bonds and therefore y; cannot be written in a
simple form such as Equation 4. Then, in order to
see how the separations » and r; vary with vy,
those at room temperature were calculated for
various values of ;. Fig. 6 shows the results for
superdislocations of pure screw and pure edge
lying on {110} and {1 12}. The shear modulus of
Ag,MgZn was estimated by linear interpolation
using the shear moduli of AgZn [27] quenched
from the B-phase (B2-type) region and AgMg [28].
v was assumed to be 0.3.

According to the known phase-diagram for
AgMg—-AgZn quasibinary system [16], Ag,MgZn

‘possesses B2-type ordered structure at temperatures

above T, and remains ordered in this type up to
the melting point. This suggests that this material
has considerably large ordering energies associated
with first nearest neighbour bonds. Therefore, vy is
also quite likely to be large and it would not be
unrealistic at all to assume that y; = yq1. In fact, in
Fe3Si(DO3) [29] and Cu,MnAl(L2,) [30], v;
has been known to be much higher than ;. Thus,
at room temperature, the separations r and r; of
superpartials lying on {1 10} are thought to be
roughly in the range 95 to 1305 and 5 to 35b for
screw orientation, and 135 to 180b and 5 to 45b
for edge orientation. The separations for {112}
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Figure 6 The variation of the separationsr, r, and r, in Fig. § with the energy of APBI, v1. The separations are given in

the unit of & which is the Burgers vector of each superpartial
cell.

are about 10% smaller than those for {110}
When the separation 7 is as large as that, the alloy
is expected to deform by planar movement of
superdislocations confined to the lowest APB
energy plane. In the case of FeCo possessing a
B2-type structure where superdislocations are
composed of two ap/2(11 1) superpartials, each
superpartial has been thought not to be able to
move independently until the separation exceeds
about 4006 [11]. Therefore, it is quite reason-
able for slip in Ag,MgZn single crystals to occur
on {110} where the APB energies are generally
lowest, for most orientations and over a wide
range of temperatures. For orientations near the
[011]-[T11] boundary, slip was found to occur
on {112} where the APB energies are generally
higher but the reason for this is not clear at
present.

dislocation, ¢,/2¢1 1 1) referred to the disordered becc unit

4.2, Anomalous strengthening behaviour
The ordered alloys with bcece-based superlattices,
B brass [4—-10], FeCo [11—13] and Fe;Al {14
15] have been known to show the anomaly of an
increasing yield strength with increasing tempera-
ture. In the present investigation, the anomaly has
been found to occur also in Ag,MgZn, In view of
the temperature of the peak in yield strength,
Ag,MgZn is quite similar to FeCo and Fe3;Al but
different from @ brass; the strength peaks in FeCo,
Fe;Al and Ag,MgZn occur just below T, the
critical temperature for ordering of the corre-
sponding ordered structure, while in 8 brass the
peak temperature depends on crystal orientation
and is in the range 0.58 to 0.69 7, [8].

The anomalous strengthening in FeCo and
Fe;Al has been interpreted in terms of the
mechanism based on the transition from unit
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dislocations to superdislocations [11]. According
to the mechanism, the anomalous strength peak
occurs at a temperature just below 7, where a
large proportion of dislocations begin to move as
superdislocations. It is also important that no
strong orientation dependence is expected to
be observed in the behaviour of the anomalous
strengthening due to this mechanism, This is in
good agreement with the present observation that
the peak temperature and shape of the CRSS versus
temperature curve are practically independent not
only of crystal orientation but also of the operative
slip system. Therefore, the strength anomaly in
Ag,MgZn is likely to be explained by a similar
mechanism to that proposed for FeCo and Fe3Al.

5. Conclusions

(2) Slip in single crystals of the L.2;-type ordered
Ag,MgZn occurs on the (211) for orientations
only near the [011]—[T11] boundary, while it
occurs on the (101) for the other orientations in
the [001]-[011]—[T11] unit triangle. The
{110} slip is likely to be explained by planar
movement of superdislocations confined to the
lowest APB energy.

(b) CRSS for both the (Z11)[111] and
(101) [11 1] slip systems gradually increases with
increasing temperature and reaches a maximum
peak at around 480K which is just below Tg.
The anomalous strengthening is suggested to
be interpreted in terms of the mechanism based
on the the transition from unit dislocations to
superdislocations.
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