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Precipitation of vanadium carbide in an
Ni-38 at.% Fe 3 at.%#V-2.4 at.% C alloy
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An electron microscopy investigation of the precipitation of vanadium carbide in a
nickel-iron base alloy is reported. Three types of precipitate occur, matrix-dot, stacking
fault and secondary precipitate depending upon ageing time and temperature. The
morphology identity, and orientation relationships of the secondary precipitate have been
determined. The features of matrix-dot precipitate free and enhanced zones have been
studied, and a mechanism is proposed {o explain the latter.

1. Introduction

The precipitation of fine coherent (MC)
transition metal carbide particles has been
frequently used as a method of strengthening
stainless steels and cobalt alloys. Precipitation
has been observed on stacking faults and unit
dislocations together with homogeneously dis-
tributed matrix-dot precipitation depending on
the ageing temperature and time [1, 2]. For the
case of matrix-dot precipitation it has been
shown that both precipitate-free zones (pfz) [1]
and precipitate enhanced zones (pez) {2] may
form near grain boundaries. However, in all
previous studies interpretation of these features
was complicated by the precipitation of
chromium-rich M,,C, carbides at grain boun-
daries, which superimposed an additional com-
position gradient in this region. This factor was
not present in the work described here.

2. Experimental

Stock material, prepared by vacuum-arc melting
high purity materials, was solution treated
in vacuo at 1340°C for 24 h, and then extruded
and rolled at 1000°C to 12 mm square section
bar. The surface decarburized layer was removed
by mechanical grinding, and chemical analysis
indicated a final composition of 56.4 at. % Ni,
38.2 at. % Fe, 3.04 at. %} V, and 2.40 at. &% C.
Slices 0.25 mm in thickness were cut transversely
from the bar and sealed in silica capsules under
high purity argon. All material was solution

1590

treated for two hours at 1340 4 5°C, unless
otherwise stated, and rapidly quenched by
breaking the capsule under water. Specimens
were subsequently pre-aged or aged under argon
at temperatures in the range 450 to 950°C for
times up to 500 h then water quenched. Thin
foils prepared by electropolishing [3] were
examined by transmission electron microscopy
using either a Phillips EM 300 at 100 kV or a
JEM 200A at 200 kV.

3. Results and discussion

Except where specified, the precipitate identified
by selected-area diffraction was always the
fundamental form of vanadium carbide with the
sodium chloride unit cell and lattice parameter
0.415 nm.

Grain-boundary precipitate was always ob-
served at all stages of ageing. Within the grains
the most common precipitate was matrix-dot of
the type previously reported in austenite [2, 4, 5]
nickel [6] cobalt {7] and nickel-iron base alloys
[8]. This precipitate formed homogeneously on
ageing between 600 and 925°C with particle
edge lengths in the range 3 to 20 nm depending
upon time and temperature [9]. At the same time
stacking fault precipitation of the form described
previously by several workers [2, 10] also
occurred on ageing in the temperature range 600
to 800°C. For this precipitate there was an
incubation time ranging from > 2 h at 600°C
to < 30 min at 800° C. Both precipitates exhibited
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grain boundary pfz: for matrix-dot the half-
width was ~ 0.2 pm increasing to 0.8 pm with
increased ageing temperature, while that for
the stacking fault precipitate was constant at
~ 1 um. Similar pfz have been reported for both
types of precipitate in austenite by Froes ef al.

(1]

3.1. Enhanced matrix-dot precipitation

If the material is pre-aged at 450 to 500°C and
aged at 600° C after quenching from ~ 1250°C, a
narrow pfz (halfwidth 0.04 to 0.08 pm) forms,
see Fig. 1a, surrounded by an enhanced zone of

(b)

Figure 1 (a) A bright-field electron micrograph showing a
narrow precipitate free zone at a grain boundary after
ageing for 10 min at 800°C; (b) a precipitate dark-field
image of the same area showing enhanced precipitation of
matrix-dot vanadium carbide near the precipitate free
zone.

matrix-dot precipitation. The same effect is
produced by quenching from 1340°C and ageing
between 800 and 925°C. Such pez have been
reported for austenitic stainless steels by Silcock
and Denham [2]. Dark-field micrographs using
vanadium carbide reflections showed that the
precipitates in the enhanced zone are of a
similar size to those within the grain, but have a
higher density, see Fig. 1b. A similar phenom-
enon occurs for vanadium carbide [2] and
M,4Cg precipitation in austenite [11].

Vacancies are known to be important in the
nucleation of matrix-dot MC carbides [1] and
the formation of pez has been explained pre-
viously [2] in terms of grain boundaries acting
as vacancy sources during ageing. However, if
this were to occur relief of strain around
particles close to the boundary would be
expected. None was observed from measurement
of strain field images [12, 13] of matrix-dot
particles in agreement with the work of Froes
and Warrington on TaC in austenite [14].

We wish to propose an alternative mechanism
involving the vacancy-induced solute segregation
process first described by Aust ef al. {15] and
recently observed by Bercovici et al. [16]. The
grain boundary acts as a vacancy sink during the
quench, producing a vacancy concentration
gradient in its vicinity (Fig. 2). If there is a high
binding energy between vacancies and solute, as
suggested by Silcock and Denham [2], the
generation of this vacancy profile will entail a
flux of vacancy/solute complexes towards the
boundary [17]. During this process collisions
may occur, which may release vacancies to the
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Figure 2 The vacancy (solid lines) and solute (dashed
line) profiles adjacent to a grain boundary immediately
after quenching.
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boundary, leaving behind a less mobile cluster.
Subsequent encounters with other solute/vacancy
pairs can lead to growth of the clusters and
formation of precipitate in the pez.

The above model is consistent with the present
observations. After low temperature solution
treatment a pre-age has been found necessary for
the formation of pez, as only under these
conditions is a sufficient solute supersaturation
available for the formation of large numbers of
solute/vacancy pairs and complexes. The critical
nucleus size will also be smaller at lower ageing
temperatures, However, in specimens quenched
from 1340°C a higher solute supersaturation exists
and the formation of pez occurs at higher ageing
temperatures (2 800°C). Here the diffusion
rate of clusters towards the boundary will be
higher leading to a greater flux of solute and a
higher probability of nucleation in this region
before general bulk matrix-dot precipitation
removes the solute and vacancy supersaturations.
There will be a narrow pfz because of the
presence of a solute depleted zone caused by
grain-boundary precipitation. Observations of
similar enhanced zones of NbC precipitates in
austenite, which is neutron irradiated during
ageing [18], may also be readily explained on the
basis of solute/vacancy pair migration towards
grain boundaries. ,

The operation of the grain boundary as a sink
for vacancies during the quench also explains the
occurrence of relatively wide pfz on ageing above
600°C, using the approaches outlined by other
workers for aluminium alloys [19-21]. Thus
during, and for a short time after the quench, a
vacancy profile will be established adjacent to
grain boundaries which act as vacancy sinks. The
slope of this profile will be dependent on both
homogenizing temperature and quenching speed
(solid lines in Fig. 2). Superimposed on this will
be a narrower solute concentration profile due to
segregation to the grain boundary during the
quench (dashed line in Fig. 2). On ageing at
600°C and above, nucleation can occur near the
boundary until the point at which the vacancy
concentration falls below that necessary to
enable precipitation Cy(crit), ie. a vacancy
depleted zone forms. Thus the wide pfz is
essentially vacancy depleted while the narrow
one is solute depleted. This explanation presumes
that the temperature at which homogeneous
nucleation can occur without excess vacancies is
~ 500 to 550°C.
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3.2. Secondary precipitation

A further type of precipitate (see Fig. 3a) with a
maximum density ~ 7 x 10 cm=3, was
observed in the temperature range 600 to 925°C
after long ageing times (e.g. > 12 h at 700°C).
Simultaneously extra spots, which cannot be
accounted for by the cube/cube orientation
relationship of the matrix-dot precipitate, [9]
appeared in electron diffraction patterns. Trace
analysis of precipitate dark-field micrographs
showed that most of the precipitates were large
plates ~ 30 nm in diameter and lying on {111}
habit planes with sides parallel to <{112)
directions, but a small fraction lay on {100}
planes. During continued ageing these pre-
cipitates coarsened rapidly from ~ 30 to ~ 200
nm in diameter after 500 h at 700°C (Fig. 3b). In
contrast the diameter of the matrix-dot particles
only increased from 8 to 15 nm during this
ageing treatment. On ageing, the density of
dislocations in the matrix increases rapidly,
probably as a result of prismatic punching from
the growing particles. The form of these plates is
similar to “‘the isolated site stacking fault
precipitates” reported by Silcock [22], who
suggested that these are nucleated at dislocations
punched from the growing matrix-dot. However,
in the present case there is no evidence for either
this process or nucleation on matrix-dot particles.

Selected-area diffraction patterns taken from
large individual plates ~ 100 nm in diameter
showed two equally-spaced superlattice reflec-
tions between the transmitted beam and the
{220} fundamental reflections, identical to those
reported for ordered V,C, [23]. Precipitate
dark-field micrographs taken using the super-
lattice reflections showed the fine domain struc-
ture of the precipitates (Fig. 3c¢). Thus it is
concluded that this secondary type of precipita-
tion is V4C;, and the lattice parameter measured
from electron diffraction patterns is 0.415 nm
compared with the matrix 0.352 am.

The orientation relationships between the
vanadium carbide plates and the matrix have
been determined using selected-area diffraction
from individual or small numbers of precipitates,
and are close to those shown below.

(a) (1 1 l)matrix //;(1 Iz)VsCs s
and [220%mateix // [TT1]vecs (3.4%)
[224]matrix // [220]\7606 (2.4 %)
[022)matrix // [311]vees (0.7 %)
(b) (1 OO)ma,trix /’/(1 1 I)V(;Cs
VsCs (16 o)

and [002]matrix // [02
42 Vg Cs (35 %)

2]
[020]matrix // [422]
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where for convenience the V¢C; phase is indexed
in terms of the fundamental sodium chloride
vanadium carbide lattice. The percentages in
brackets indicate the misfit in the directions
shown.

Compared with the matrix-dot precipitate,
which has cube/cube orientation relationship
(misfit ~ 15%) the V¢C; has much lower misfit
in the habit plane. The late occurrence of the
V¢C; in the ageing sequence may thus be
intepreted in terms of difficulty in nucleation
compared with the matrix dot form.

4. Conclusions

Ageing of this alloy in the temperature range
600 to 925°C produces grain-boundary precipi-
tate, together with matrix-dot and sometimes
stacking-faumlt precipitate, depending upon time

Figure 3 Secondary vanadium carbide precipitation (a) in
the early stages of growth and (b) after considerable
coarsening. The ordered domains (c) of the V,C; structure
are revealed in a precipitate dark-field image formed with
a superlattice reflection.

and temperature. At long ageing times, second-
ary precipitation of V,C; plates occurs.

Both matrix-dot precipitate free and enhanced
zones are formed, depending upon ageing con-
ditions. The latter is explained in terms of
vacancy induced segregation of solute towards
grain boundaries.
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