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Creep deformation of V;Si single crystals
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From the experiments during steady state creep of V;Si single crystals at 7 = 1280 to
1400° Cand o = 1 to 7 x 107 Pa, activation volumes, 10 to 70 b3, and activation
enthalpies, 2 to 11eV, have been derived. With deviation from stoichiometric com-
position a hardening effect has been experimentally established. It is suggested that the
rate controlling process was due to dislocation glide and dynamic recovery by dis-

location climb.

1. Introduction

The intermetallic compound V3Si (A-15 or Cr;Si
type structure) is of primary interest from the
viewpoint of superconductivity. Levinstein ez al.
[1] succeeded in demonstrating the ductility of a
thick wafer of V;3Si single crystal at 1520° C by
an indentation technique. Recently, Mahajan ez al
[2] reported the dynamic deformation of V,Si at
temperatures between 1200 and 1800°C. A
systematic investigation of macroscopic defor-
mation in V3Si has been carried out since 1975
under dynamic [3, 4] and static [5—8] conditions
at temperatures of 1040 to 1700° C. As a part of
these studies, the main results of secondary creep
deformation associated with TEM observations in
V38Si single crystals will be presented in the present

paper.

2. Experimental procedure

The creep deformation was realized in an improved
compression apparatus in a vacuum of 130 x 1073
Pa described elsewhere [6, 8, 9). Temperatures
(T) and applied stresses (o) varied between 1280
and 1400° C and 1 x 107 and 7 x 107 Pa, respect-
ively. The specimen was situated between two
compression pieces of a tungsten alloy. The
specimen heating was performed in a tantalum
resistance furnace. The absolute error of tem-
perature measurement amounted to max * 8K

The accuracy of stress determination was better
than 10 %.

The V;Si single crystals used were grown by a
zone melt technique with electron beam heating
(cf. [10]). The real structure of grown crystals was
reported by Paufler ef al. [11]. The samples were
spark machined from cylindrical rods and the
processing was carried out using machine grinding,
machine polishing and/or electropolishing. The
second phase was identified by means of metallo-
graphic analysis [3, 12} (see Table I). The samples
were middle oriented and suitable for compression.

The influence of plastic deformation upon
superconducting properties was reported by
Quyen et al. [13]. The average composition of
each sample was determined by a combined
measurement of resistance ratio r and lattice
parameter, as described elsewhere [10, 11]. To
reveal the real structure, the specimens were
prepared for etch pitting and TEM study before
and after deformation. To determine the acti-
vation parameters, either load change (LC) or
temperature change (TC) tests were performed.
The experimental parameters are given in Table 1.

3. Results and discussion
3.1. General information
Deformation proceeded inhomogeneously. This
agrees with the results obtained by surface marking
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Figure 1 The influence of temperature (T) on the steady
state creep rate (&) in V, Si.Specimen 135 Z2/1.3.6.

[6], asterism analysis and TEM observations [14].
The inhomogeneity of deformation may be due
to inhomogeneous temperature distribution, fric-
tion [15], fluctuation of chemical composition
and fluctuation of the grown-in dislocation density.
Slip lines could not be resolved since a surface
layer had formed during high temperature
deformation.

Registered creep curves showed two distinct
creep stages. The transition creep is alternated
gradually by steady state creep with increasing
temperature. At temperatures =>1350°C and
stresses 0> 2 to 3 x 107 Pa, the secondary creep
stage starts immediately after loading.

3.2. Temperature

Steady state creep rate (€) has been found to
depend strongly on temperature. The results are
shown in Fig. 1 at different applied stresses for a
single-phase crystal. The data were obtained by
load change experiments. The temperature depen-
dence of & can be described by an exponential
function exp (— AHey,[kT), where AH,,, is an
apparent activation enthalpy. This behaviour
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Figure 2 Stress dependence of steady creep rate (&) of
V, Si.Load change experiment.Specimen 85 Z2/L5.2.

agrees with that of the Laves phase MgZn,
[16—19].

3.3. Stress
The effect of siress on creep rate may be seen
in Fig. 1. If 1n € is plotted against o, a linearity
is observed for specimens on the vanadium-rich
side (Fig. 2).

3.4. Activation parameters

Activation parameters were obtained by means
of activation analysis [20, 21]. The apparent
activation volumes (Vp) are (10 to 70)b* (b is
Burgers vector), i.e. lie between the results for
bece and hcp metals [22]. Activation volumes
increase with increasing temperature and decreasing
stress (for excess Si). On the silicon-rich side,
Vexp is larger than on the other side (Fig. 4). The
Vexp (and AHc.,) variation with stress may be
due to a change in the rate controlling process.
The effect of composition can be related to dif-
ferent types of point defects existing on both
sides of stoichiometry [11, 13] and their inter-
action with dislocations.
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Figure 3 Activation enthalpy (AHgp) as a function of
the normal stress (o) for V, Si.

Apparent activation enthalpies were found to
be relatively large (2 to 11eV) (cf. [23]) and
dependent on applied stress and composition
(Fig. 3 and 4). The figures of AH ., compare with
those for poly-phase structures (e.g. 8.24 and
9.54¢eV for TD—Niand Fe—Mo—Mo,C, respectively
[21]) and would be expected for a compound
like V,3Si with a high melting point Ty, (1935° C)
[24]. Direct observation of dislocations after
deformation by TEM showed regular networks
of small-angle boundaries (cf. Section 3.6). The
activation enthalpy found in V,Si single crystals
should be attributed to glide and climb processes

of dislocations during dynamic recovery. As
mentioned above, the activation enthalpy increases
in a steplike manner with applied stress. The
AH,, curve consists of one or two plateau
regions with a change occurring over a small
stress range (Fig. 3). The anomalous stress
dependence can be caused by the stress effect
on the arrangement of alternative obstacles
[20].

3.5. Composition

In Fig. 4, steady state creep rate and activation
parameters are plotted versus resistance ratios
(rox =R k/Ra3kx) used as a measure for
the chemical compositions of V;Si. For non-
stoichiometric crystals, a hardening effect was
found, i.e. the steady state creep rate decreases
towards both sides of stoichiometric composition.
A similar effect was observed with hardness [3, 9]
and flow stress [4], in accordance with the obser-
vation of creep rate. Many elements and solid
solutions [25, 31] have been found to behave in
this way. On the other hand, a solid solution
softening has been observed in solid solutions,
ionic crystals [21, 25] and intermetallic com-
pounds [26—29]. Following Westbrook [30],
these behaviours are interpreted in terms of the
misordering inevitably introduced by point defects
with deviation from stoichiometry. The increase
in AH,, towards the vanadium and silicon sides
(Fig. 4) means that thermally activated motion of
dislocations becomes more difficult for off-
stoichiometric compositions. The results of
density [11], resistance and superconducting
parameters [13] suggest a dominating role of
point defects during deformation.
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Figure 5 Subgrain boundaries in a creep deformed V, Si single crystal (e = 32%, T = 1450° C, 0 = 4.2 X 107Pa). TEM

foil normal ~ [1 1 0}, acceleration voltage 200 kV.

3.6. TEM observations

All the samples investigated by TEM were deformed
several times by TC and/or LC tests. In the follow-
ing figures, € is the total strain reached after the
tests, T is the temperature and ¢ the stress at the
last test.

The transparent regions always show many
subgrain boundaries. Their density is significantly
increased in comparison with that of undeformed
crystals [11]. In some TEM specimens, very
regularly formed subgrain boundaries with grains
nearly free of dislocations have been observed
(Fig. 5). Obviously the recovery is very advanced.
The glide dislocations have arranged themselves
by climb processes in an energetically favourable
manner. The so-formed subgrains are inclined

one with another by some minutes of arc. Using
the invisibility criterion (g+® =0) the Burgers
vectors were determined. According to this, the
subgrain boundaries are formed by two sets of
dislocations with Burgers vectors of the type
b=(100). This type was always found with
glide dislocations [32—34]. From the arrange-
ment of dislocations it may be concluded that the
tilt axes of the subgrains are of the type (100)
[35]. This result was confirmed by X-ray Laue
diagrams.

In Fig. 5 the boundary A is a tilt boundary on
the plane (0 10). Parallel edge dislocations along
the [100] direction are observed with a Burgers
vector [010] and a tilt axis [100]. Tilt
boundaries of this kind are the most frequent type

Figure 6 Subgrain boundaries and glide dislocations in a creep deformed V, Si single crystal (e = 16%, T = 1280° C,
o = 3.8 X 107Pa). TEM foil normal [1 1 0}, acceleration voltage 200 kV.
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Figure 7 Distribution of dislocations after creep deform-
ation of V,Si as revealed by etching on a (1 1 0) plane
(for details of the etching procedure see [36]).

of subgrain boundaries. On the other planes, dis-
locations with b = [0 0 1] take part, for instance
on the plane (1 10) in the region B, screw dis-
locations with this Burgers vector are seen. In
another TEM specimen, with the same orientation,
grains with the tilt axis [0 0 1] were found. There
were almost only tilt boundaries. The distance
between them was some microns, and the dimen-
sion in the [0 0 1] direction some tens of microns.
The subgrains end in twist boundaries on the plane
{00 1), built up by two orthogonal sets of screw
dislocations, or on planes with higher indexes.

In other specimens we found less recovered
regions (Fig. 6). The subgrains contain glide dis-
locations. Their curvature may be due to blocking
by Cottrell clouds*. Many of these glide dislocations
end in subgrain boundaries, which obviously
are sources or sinks for dislocations. In all cases
dislocations with different Burgers vectors were
found, thus multiple slip must have been taken
place.

According to the investigation of other crystals,
the degree of recovery does not depend on T or
0. On the other hand, etch pits on a large surface
show regions with a very distinct degree of recovery
in the same sample (Fig. 7).

4. Conclusions
The intermetallic compound V;Si may be plastically
deformed at constant load at temperatures above
~ 1280° C. Compressional creep rates of the order
of ~ 107 sec™! are obtained at normal stresses of
~ 10 MPa.
A strengthening effect has been found with
deviation from the stoichiometric composition.
On a microscopic scale, the plastic deformation

under the conditions investigated is governed by
dislocation glide and recovery processes.
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