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Effect of warm working on the precipitation
of vanadium carbide in a medium carbon

austenitic steel

S.JJHARRIS, N. R. NAG"*

Department of Metallurgy and Materials Science, University of Nottingham, UK

Electrical resistance measurements and electron microscope observations have been used
to interpret the ageing characteristics of a 0.4% carbon—24% manganese—0.7% vanadium
steel in the temperature range 550 to 700° C. It has been shown that vanadium carbides
form in a diffusion controlled process, activation energy 295 kJ mol™, producing preci-
pitate densities in the matrix of ~ 101 em™. The kinetics suggest that nucleation de-
pends on the existence of critical sized substitutional solute atom-vacancy clusters and
that once the incubation period has elapsed the nucleation rate falls rapidly and beyond
0.1 fraction transformed further reaction takes place by growth only. Increasing amounts
of deformation at the ageing temperature reduces the incubation period and total reac-
tion time, progressively. The relevance of these results to help explain the ausforming

behaviour of low alloy steel is stressed.

1. Introduction

The effect of “warm” deformation on the proper-
ties of low alloy steels has been demonstrated
many times in the so-called “ausforming” process.
Many workers [1—4] have put forward ideas to
explain the increase in strength (without the re-
sultant loss in ductility) resulting in these steels
after the sequence: austenitize (> 850°C)—warm
work (50 to 70% RA in temperature range 525 to
625°C)—cool to form a martensitic structure—
temper in range 150 to 650°C. Such theories in-
clude reduction in austenitic grain size and, there-
fore, martensite plate size, alteration of martensitic
sub-structure, and precipitation hardening effects.
In low alloy steels, i.e. those containing less than
6% total alloying content (chromium, nickel,
manganese, etc.) it has proved difficult to study
the processes which take place during the warm
working of “metastable” austenite, since examina-
tion has to take place at the working temperature.
Cooling down to room temperature allows the
martensitic reaction to take place, which intro-
duces significant changes in microstructures that

mask any evidence of precipitation or substructure
produced during working.

. The present study attempts to examine the
morphology and kinetics of carbide precipitation
in a medium carbon steel with a single carbon
forming element present i.e. 0.7% vanadium. Such
a composition relates to a low alloy steel that has
been shown [2, 3] to be responsive to ausforming.
However, to make such a study possible a rela-
tively large amount of manganese (25%) has been
added to stabilize the austenite down to room
temperature and thus prevent a martensitic reac-
tion. Since mechanical working is an integral
part of the ausforming process the effect of de-
formation on the kinetics of carbide precipitation
is considered to be relevant.

2. Experimental

The steel was induction-vacuum melted and

supplied in the form of 16 mm diameter rod or

9.5 mm thick 50 mm wide plate. Chemical analysis

of the material examined is shown in Table I
Kinetics have been determined using a measure-
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TABLE I Chemical analysis of steel

Element wt % Element wt %
C 0.40 P 0.003
Si 0.04 Mo 0.01
Mn 24.60 \" 0.68
S 0.014

ment of the change of electrical resistance during
isothermal ageing in the temperature range 550 to
700° C. Details of the technique used for resistance
measurement have been described elsewhere [5].
Prior to ageing the steels were solution treated
at 1200°C in vacuo and then quenched in 10%
brine solution. R, the resistance of a sample after
an interval of time ¢ at the ageing temperature,
and Ry the resistance at zero time, were measured,
allowing the change of resistance

AR _ Rt_RO

Roy \ Ro
to be plotted as a percentage against log £. For
the series of samples subjected to plastic deforma-
tion prior to ageing a dead weight load was applied
with the aid of a modified creep machine. The
amount of deformation was measured as the
percentage elongation of the sample.

Electron microscopy has been carried out on
separate samples; these were obtained from 0.25
mm thick strip (20 mm x 10 mm in size) that had
been heat-treated in evacuated silica capsules.
Initially, the 0.25mm strip thickness had been
obtained by alternate cold rolling and annealing
of the supplied 9.5mm thick plate material. A
solution treatment temperature of 1200°C for 1h
was used. Specimens were either directly aged in

a salt bath or quenched in a 10% brine solution
at room temperature by breaking the capsule,

followed by re-encapsulation under vacuum in
a silica tube and reheating to age at higher tem-
peratures. Thin foils were prepared from the
heat-treated samples by electropolishing first in
a 95:5 acetic—perchloric acid mixture using a
flat stainless steel cathode at a voltage of 39V
and a temperature of ~25°C. Final polishing
was then carried out in an electrolyte containing
3% solution of perchloric acid in methanol at a
temperature below 70° C. Manganese base austeni-
tic steels are susceptible to rapid corrosion and
oxidation and for this reason foils were examined
in the microscope immediately after preparation.

3. Experimental results

3.1. Electrical resistance changes

The resistance values measured during ageing in
the temperature range 550 to 700° C were normal-
ized and are plotted in Fig. 1. All curves showed
an initial time (incubation period) for which there
was no detectable change of resistance, this being
followed by a gradual decrease of resistance with
time at a very slow rate. This incubation period
increased with decreasing ageing temperature.
Complete curves have been obtained at tempera-
tures 675 and 700°C; the curve at 700°C tailed
off after 300h whereas this stage has been reached
at 675°Cin 1300h.

The effect of deformation introduced into
samples prior to ageing at 675°C on the normal-
ized resistance—time curve is shown in Fig. 2. Two
deformation levels, 5 and 10%, were employed.
The incubation period, the total resistance drop
and the time for the reaction to reach completion
decreased with increasing deformation. The
imposition of 10% deformation reduces the
incubation period from 7h (straight ageing) to
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Figure 1 Normalized ageing curves obtained from electrical resistance measurements on brine-quenched samples of the

Mn-V-C steel.
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Figure 2 The effect of prior mechanical deformation on the ageing characteristics of the Mn~V—C steel at 675° C.

0.7h and the reaction completion time from
1300 to 300h. Assuming that the total resistance
drop represented the total fraction of solute pre-
cipitated, the straight ageing curves and deformed
and aged curves at 675°C were analysed in terms
of the Johnson—Mehl equation:

y = 1—exp(—kt)" (1)

where y is the fraction precipitated in time ¢; &,
the rate constant and n, a constant which can be

used to interpret the reaction kinetics. Figs. 3 and
4 show plots of log log (1/1 —y) versus log ¢
derived from the straight aged and deformed and
aged curves respectively. Values of n which were
measured from the slopes of straight lines of Fig. 3
and 4 are shown in Table II. A change in slope
was noted at each ageing temperature (except
550°C) in the neighbourhood of 0.1 fraction
transformed. An activation energy of 295 kI mol™
(70.5kcal) was determined from an Arrhenius
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Figure 3 Use of the Johnson—Mehl equation to analyse the ageing curves shown in Fig. 1.
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Figure 4 Johnson—Mehl analysis of deformed and aged curves (675° C) shown in Fig. 2.
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TABLE II Values of Johnson—Mehl time exponent, n

Temperature % Time exponent, 1
Q .
CO deformation b <01 v >0.1
550 0 1.3 1.3
600 0 1.8 1.1
650 0 1.9 1.1
675 0 1.8 1.1
5 1.8 0.9

10 2.1 0.8

700 0 2.2 1.3

type plot for the precipitation process during
straight ageing and this value was found to be
constant at all stages of precipitation.

3.2. Electron microscopy

3.2.1. As-quenched condition

The as-quenched structure (see Fig. 5) shows
little evidence of undissolved particles, thus in-

Figure 5 Transmission electron micrograph of Mn—V-C
steel after solution treatment (1200° C) and brine-quench-
ing. X 16 500.

dicating that the majority of the vanadium carbide
had gone into solution during treatment at
1200°C. Some of the quenched-in dislocations
were in the form of stacking fault nodes, indica-
ting that the material had a low stacking fault
energy.

3.2.2. Ageing at 650° C

Fig. 6 shows the microstructural changes which
took place during ageing at 650°C for various
times. After 10h ageing there was basically no
change in the dislocation structure from that
of as-quenched structures. A high density of

what was interpreted as precipitates appeared in
samples aged for 40h (see Fig. 6a); at this stage
(y =0.04) only strain contrast effects could be
detected. However, taking the length of lines of
no contrast as an approximate indication of the
diameter of the particle, the maximum size of the
particle was ~50A. If it is assumed that the
thickness of the foil is ~1500A the density of
precipitates was estimated at 10'> cm™. Diffrac-
tion patterns at this stage showed only matrix
spots.

The number of particles which could be detected
from their strain contrast after 80h of ageing
(» =0.12) was estimated to be ~10cm™
(Fig. 6b). Diffraction patterns (see Fig. 6¢) at this
stage showed the presence of precipitate spots.
The “d” spaéings of the precipitate spots were
measured and the precipitates were identified as
vanadium carbide.

Structure after 360h (v = 0.6) ageing at 650°C
is shown in Fig. 6e. Most of the particles had
grown to a larger size (~400A) but some of the
particles still showed strain contrast. The density
of the particles at this stage could not be cal-
culated due to image overlap.

3.2.3. Ageing at 700° C

Ageing at 700°C of brine quenched specimens
for 35h (y = 0.45) gave a combination of matrix
and stacking fault precipitates. The matrix particle
sizes were ~ 500 A in diameter. No strain contrast
was detected and a number of particles had a
tendency to form on undissociated dislocation
lines. Density of the particles was about 10°
cm™ (see Fig. 7).

3.2.4. Direct ageing

Direct ageing (i.e. quenching from solution treat-
ment temperature to the ageing temperature)
was carried out on a series of samples at 725,
700 and 680°C. No matrix precipitates were
observed after ageing at 725 and 700°C; pre-
cipitation had taken place on grain boundaries
and dislocations. Direct ageing at 680°C for 70h
showed matrix as well as stacking fault precipita-
tion (see Fig. 8a). So in the present alloy it appears
that a critical temperature for matrix precipitation
lies between 680 and 700°C. In order to examine
directly the effect of quenching to room tempera-
ture prior to ageing on the density of matrix
precipitation, another specimen was quenched in
10% brine from the solution treatment tempera-
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Figure 6 Electron micrographs of the Mn—V—C steel after
ageing solution treated and brine-quenched samples for
various periods at 650%C; (a) 40h, X 72000, (b) 80h,
X 72000, (c) selected-area diffraction pattern of the
area shown in ‘(b), foil orientation {100} (d) diffraction
pattern of (c), (e) 360 h, X 50 000. Key for (d): o, Matrix
spot: (b); e, precipitate spot (V,C;); X, double diffraction
spot.

ture and aged at 680°C for 70h. The result is
shown in Fig. 8b. Matrix precipitates were ob-
served at a higher density than those observed in
Fig. 8a and no evidence of stacking fault formation
was obtained. The density of the matrix pre-
cipitates in the brine quenched and aged specimen
was twice the level of that measured on the
directly aged one, see Table III.

3.2.5, Step ageing
Since the water-quenched-and-aged specimens, but
not the directly aged specimens, showed matrix
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Figure ‘ 7 'Br'ir'xe-quenched from: the solution treatment
temperature and aged at 700° C for 35 h; showing matrix
and stacking fault precipitation. X 45000:

precipitates after ageing at 700° C, it was believed
that matrix precipitates would also form at and
above 700°C provided particles nucleated at lower
temperatures had grown to- a size such that the
critical size required for nucleation at 700°C
had been attained. To test this suggestion step
ageing was carried out by directly ageing to
550°C for 5 and 40h and then up-ageing at
700°C for 70h. The results are shown in Fig. 9.
Holding at 500°C for 40h gave a larger density of
precipitates than holding at the same temperature

TABLEIII Density of matrix precipitates (detected from
strain contrast) after various quenching and ageing pro-
cedures

Ageing condition Density cm™

Water quenched and aged

650° C for 40h 1.1 x 10'*
650° C for 80h 6.4 X 105
680° C for 72h 3.2 X 10
700° C for 40h 2.1 X 10%°
Directly aged

680° C for 70h 1.1 x 103
550° C (5 h) secondary aged

at 700° C (70 h) 2.5 X 10%
550° C (40 h) secondary aged

at 700° C (70 h) 3.1 X 10*

for Sh before the treatment at 700° C, see Table
111

3.2.6. Examination of deformed and aged
samples

Such samples had to be prepared from bulk speci-
mens; hence, it was necessary to mechanically
polish prior to the final electropolishing treat-
ment. As a result of the mechanical preparation
stage large twins were formed throughout the
matrix; these structural features made the inter-
pretation of precipitation evidence difficult.

4. Discussion

These experiments show that a high density of
vanadium carbide precipitates form in this medium
carbon steel in the temperature range 550 to
700°C. At the lower end of this range, i.e. where

Figure 8 Mn—V—C steel aged at 680°C for 70h after (a) direct ageing from solution-treatment temperature — matrix
and stacking fault precipitation present, (b) sclution-treatment and brine-quenching — showing matrix precipitation

only; X 45 000.
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Figure 9 Samples that have been directly quenci.~d from the solution-treatment temperature to $50° C and held for (a)
5h and (b) 40 h and then subjected to a secondary ageing treatment at 700° C. X 27 000.

the ausforming process takes place, a long in-
cubation period for the precipitate reaction of
~30h exists. Such a long “period” would suggest
that the reaction is of little consequence to an
understanding of the thermo-mechanical treatment
However, the observation that plastic deformation
appreciably reduces the incubation time restores
the possibility of direct involvement. Before
examining this possibility further it is necessary
to examine the precipitate reaction results in
more detail.

The observation of matrix and stacking fault
precipitation has been made by earlier workers
[6—-8] on chromium—nickel austenite steels
with strong carbide forming elements, vanadium,
tantalum, etc, present. The steel examined in
the present work possessed a much lower carbide
forming element to carbon ratio than had pre-
viously been studied. Thus it can be seen that
precipitate densities of ~10' cm™ can be ob-
tained in steels with V:C ratios only one third
of that worked on hitherto [9].

4.1. Nucleation of matrix precipitates

Electrical resistance measurements have shown
that during isothermal ageing of solution-treated
and water-quenched material an incubation period
exists, i.e. 7h at 675°C, 19h at 650°C, and 57h
at 550°C. The first clear evidence of precipitation
at 650°C as witnessed by electron microscopy,
was after ageing the sample for 40h. Prior to this
stage there was some evidence of an extremely
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fine structure in the matrix whilst the incidence
of vacancy loops was minimal. This evidence
gives support to a nucleation mechanism that
begins with the prior formation of solute-vacancy
clusters and not one involving collapsed vacancy
loops. It may be that vacancies retained by fast
quenching rates from the solution treatment
temperature associate with the relatively large
vanadium atoms. The resultant “‘solute-vacancy
pairs” could be sufficiently mobile to slowly
form clusters on a local basis. Further indirect
evidence of this behaviour comes from two sources
In the first place a step ageing experiment which
showed that quenching from solution treatment
temperature down to 550°C holding for 5 and
40h increases the precipitate density when aged
at 700°C. Both the holding times at 550°C
were within the incubation period given by the
electrical resistance—time plots. Mechanical be-
haviour [11] of this steel at 550°C is the second
indication. Serrated stress—strain curves result at
appropriate strain-rates in situations where pre-
cipitation is not evident.

It would seem that solute depletion in the
accepted sense does not occur during the observed
“incubation period”, but the growth of clusters
into stable nuclei takes place by local migration
of vanadium-vacancy groupings. As to whether
carbon atoms play any role in this mechanism is
difficult to forecast. However, a significant local
vacancy concentration may be required before
effective stable carbides are formed. The strain



lobes accompanying the carbides at early stages
of growth indicate that large transformation
strains are associated with their formation and add
support to this mechanism.

4.2. Growth of matrix precipitates

A continuous decrease in electrical resistance takes
place at each of the ageing temperatures once
the incubation time has passed. Electron micro-
scopy work showed that the number of precipitates
increased from 10 to 10 cm™ as length of the
ageing period at 650°C changed from 40 to
80h, i.e. from 0.04 to 0.12 fraction transformed.
These observations tend to imply that nucleation
is continuing simultaneously with growth. Analysis
of electrical resistance—time plots using the
Johnson—-Mehl equation shows that the time
exponent n= 1.8 for y <0.1. Such values have
been interpreted [10] as resulting from a de-
creasing nucleation rate accompanied by diffu-
sional growth. At y > 0.1 the n value changes to
1.1 for the remainder of the reaction implying
zero nucleation rate and transformation pro-
ceeding simply by growth. These observations
differ from those of Silcock [9] who measured
n values using a dilatometer technique for higher
vanadium--carbon ratio steels; Silcock obtained
n values greater than 2 thus indicating continuing
nucleation throughout the reaction. Hence, the
electron microscope evidence in this and previously
published work [9] can be explained if it is
assumed that a size distribution of “clusters”
is produced during the incubation period and this
persists during the initial nucleation and growth
processes.

The step ageing experiments from 550 to 700°C
performed in the present investigation help con-
firm-the above reasoning. This would suggest that
there is smooth growth process from clusters
through stable nuclei to precipitates observed with
strain contrast, providing a certain critical ageing
temperature has not been exceeded. Above this
critical temperature the clusters will have to
reach a stable size before further growth occurs,
i.e. the length of pretreatment at 550°C (limited
by the incubation period) effectively controls
the number of stable nuclei at 700°C.

4.3. Stacking fault precipitation

In the brine quenched samples stacking fault
precipitation was observed when aged above 700°C,
along with those in the matrix, whereas in directly

aged specimens stacking fault precipitation was
formed over a wide temperature range. In the
directly aged samples the number of vacancy-
solute atom clusters of a size that allowed them to
stabilize and become effective matrix precipitate
nuclei may be less. This can mean that a sufficient
concentration of solute (vanadium) atoms were
not associated with critical sized clusters and
hence, they could participate in stacking fault
formation. Previous work [S5] has shown that
stacking fault formation was dependent on super-
saturation of solute atoms as well as dislocation
density and concentration of vacancies. In the
case of the water-quenched and aged samples the
incidence of critical sized clusters again may
become smaller as the ageing temperature is
raised, thus providing the opportunity for the
nucleation of precipitates on dislocations. Once
fault growth has begun then the production of
vacancies by climb of the Frank partials helps
accommodate carbide precipitates at least while
they are in the nucleation and early growth stages.

Johnson—Mehl analysis of the electrical resist-
ance data obtained on the brine-quenched and
aged material indicates that the exponent n
increases from 1.8 to 2.2 fory < 0.1 as the ageing
temperature increases to 700° C. The higher values
could possibly take some account of stacking fault
precipitation, which previous kinetic work [5]
on niobium-low carbon steels has shown to occur
with n > 2.5, i.e. high values are associated with
an increasing nucleation rate particularly at early
stages of fault formation. Obviously such values
have not been recognized in the current case
because of the low “n” values of the matrix pre-
cipitate process which is taking place at the
same time.

From the evidence accumulated here there
appears to be direct competition between stacking
fault and matrix precipitation. Matrix precipita-
tion is favoured by low ageing temperatures, inter-
mediate holding at lower temperatures, i.e. below
650°C. Obviously solute concentration is an
important consideration, at higher concentrations
of carbide forming solute greater incidence of
stacking fault precipitation may be in evidence
at lower temperatures, particularly in austenites
of low stacking fault energy. From earlier work
it is evident that long incubation periods are
necessary for nucleation of stacking fault pre-
cipitates. Hence, at the end of the incubation
period at a particular ageing temperature the
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stable cluster growth has reduced the available
solute concentration below the critical level re-
quired for fault nucleation then the latter type
of precipitation does not take place. Once fault
precipitation has begun and sufficient solute
concentration is still available then precipitation
may advance more swiftly by this mechanism.
Also the generation of vacancies by the climb of
Frank partials considerably reduces the strain
fields around carbide precipitates.

4.4. Effect of deformation

Electron microscope work has not been carried
out on deformed and aged samples due to diffi-
culties in preparing foils; thus detailed investiga-
tions on the morphology of precipitates could not
be made. Nevertheless, the electrical resistance—
time data obtained on such_samples did provide
some useful information. It is clear that increasing
amounts of deformation significantly decreases
the incubation period for precipitation, e.g. 7 to
0.7h at 675°C with 10% deformation as well as
accelerating the overall reaction. Further, the
total -resistance drop at reaction completion
decreased with increasing deformation.

The imposition of deformation may influence
the Kkinetics by introducing dislocations which
interact with vacancy-solute clusters. Support for
this comes from some mechanical tensile tests
(reported elsewhere [11]) that have been carried
out on these alloys in the appropriate temperature
range providing clear evidence of serrated stress—
strain curves which may be interpreted as resulting
from dislocation-cluster interaction. Hence, effect-
ive cluster growth may actually take place during
deformation, i.e. dislocations moving along collect-
ing such entities until they become locked. Thus
early formation of stable nuclei could take place
on dislocations reducing the observed incubation
period. The Johnson—Mehl “n” values indicate
the same trends as for the straight aged data,
i.e. decreasing nucleating rate up to y <0.1
followed by diffusional growth of a static dis-
tribution of precipitates.

The total drop of electrical resistance on ageing
will depend on the number of clusters and solute
atoms available in the matrix for precipitate
growth. In the deformed and aged case a sig-
nificatn number of clusters were already segregated
on dislocations and as such may be regarded as
being removed from solution, thus leaving a
“reduced matrix solute content”. It may also be
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relevant to add that as a result of dislocation-
cluster interaction any strain fields associated with
such species may be reduced in intensity, thus
permitting further growth.

4.5. Ausforming response

It is clear that deformation does alter carbide pre-
cipitation kinetics. However, it is not necessarily
the presence of precipitates at sizes which can
be resolved by an electron microscope, i.e. >40A
which are relevant to the ausforming process as
suggested by Thomas et al. [3]. The most import-
ant interaction is likely to be that between solute-
vacancy clusters and dislocations. In these circum-
stances dislocation locking and multiplication
may be the controlling factors. Thus matrices
that are capable of being deformed to produce
large- densities of well distributed dislocations may
be the most responsive to ausforming.

5. Conclusions

(1) The precipitation of vanadium carbides in
the matrix is diffusion controlled and the process
has an activation energy of 295kJmol™, which
is close to values associated with diffusion solute
atoms like vanadium in iron.

(2) Electrical resistance measurements and elec-
tron microscope observations on brine quenched
specimens show that matrix precipitation occurs in
this low vanadium-medium carbon steel in the
temperature range 550 to 700° C, with precipitate
densities close to 10 ¢m™3

(3) Long incubation periods prior to effective
precipitate growth occurred at all temperatures,
e.g. 19h at 650°C. Analysis -of the reaction curves
suggested that the nucleation rate decreases after
the incubation period to effectively zero at 0.1
fraction transformed.

(4) Direct ageing experiments, i.e. solution
treatment direct to ageing without intermediate
cool to room temperature showed that matrix
precipitation under such conditions did not occur
above 700°C. Carbide precipitation on stacking
faults and undissociated dislocations occurred
instead.

(5) Higher densities of matrix precipitates were
observed in:samples that had :been :step quenched
to an intermediate temperature, e.g. 550°C, prior
to a final ageing treatment at 700°C (i.e. in com-
parison to directly aged samples at 700°C).

(6) Prior deformation at the ageing temperature
speeds up the whole reaction, e.g. 10% deforma-



tion decreases the incubation period by an order
of magnitude.

(7) It is maintained that stable nuclei of pre-
cipitates are produced by the migration and
growth of solute atom-vacancy clusters.

(8) The imposition of heavy deformation on
“metastable” austenites in low alloy steels may
cause dislocation-cluster interaction which may
help produce high densities of dislocations evenly
spread throughout the matrix. Such a mechanism
could provide a major strengthening contribution
to a steel which is said to possess a strong response
to ausforming.
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