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I. INTRODUCTION

THE use of vanadium in engineering steels can be
traced to the early 20th century, when its benefits for
automotive application were rapidly recognized.?) A
century later, vanadium microalloyed ferrite-pearlite
steels have become standard for a large variety of
high-performance forged components. In the case of
automotive crankshafts, for example, addition of 0.1 to
0.15pct V to a 38MnSi5 (0.38 pct C-1.5 pct Mn-0.6
pct Si wt pet) steel grade raises the yield strength by
over 100 MPa. This dramatic increase is due to the
interphase precipitation phenomenon, which naturall}/
occurs as ferrite forms from austenite upon cooling,!”
and through which a very fine dispersion of V(C,N) is
obtained without the need for any complex heat-treat-
ment. A detailed review of the relative stability of
carbides, nitrides, and carbonitrides formed with vana-
dium, together with relevant thermodynamic data, can
be found in Reference 1.
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It is thus possible to achieve yield strength (YS) and
ultimate tensile strength (UTS) of typically 620 and
900 MPa, respectively, in as-forged parts after natural
cooling. In the case of smaller components such as
connecting rods, higher percentages of vanadium (0.3 to
0.35 wt pct) have led to the development of one of the
highest performance forging steel grades (36MnV4,3),
with YS and UTS as high as 910 and 1180 MPa,
respectively, while retaining a fully ferrite-pearlite
microstructure. Nevertheless, mechanical properties
usually remain below or at 1000 MPa in most cases,
and the loss in ductility which comes with higher tensile
strength is not acceptable for all applications.

Quenching and tempering are often used to achieve
tensile strength of 1000 MPa and above. Nonetheless,
interest is growing both among steel-makers and end
users for so-called bainitic steel grades.* """ These are
designed to achieve a microstructure consisting mainly
of bainite, without the need for specific heat-treatment.
That is to say, the microstructure is obtained through
natural cooling either after hot forging or hot rolling.
These grades often exhibit mechanical properties on par
with or in excess of those offered by quenched and
tempered forging steels.

Because interphase precipitation does mnot occur
during formation of bainite, addition of vanadium to
bainitic special steels is not as commonly used as for
ferrite-pearlite microstructures. Yet, vanadium is of
interest for its influence on hardenability and on bainite
formation kinetics. Indeed, the influence of vanadium
on hardenability is relatively well established.!'*>"!

On the other hand, seemingly contradictory results
have been published, though these can be explained (or
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are almost to be expected), as the data obtained can
depend strongly on the choice of austenitizing temper-
ature.l'??! With few exceptions, however, these studies
have focused on overall measurements of hardenability
(Jominy end quench tests, critical diameter, etc.), with
relatively little attention paid to the specific action of
vanadium on ferrite-pearlite or bainite formation.
Moreover, as the effects have been largely investigated
after rapid cooling from austenitizing temperatures (as
in Reference 20 for example), the applicability to
conditions of continuous cooling has not clearly been
addressed.

The present study is concerned with quantifying the
influence of vanadium on both ferrite-pearlite and
bainite formations, under both conditions of continuous
cooling and isothermal transformation, in order to
establish a relationship between the two.

II. EXPERIMENTAL WORK AND
CALCULATIONS

To investigate the influence of vanadium in ‘bainitic’
steel grades, three 20 kg laboratory casts were manu-
factured using a vacuum induction melting furnace.
After solidification and cooling to room temperature,
the ingots were re-heated to approximately 1523 K
(1250 °C) and hot-forged to bars of 40 mm diameter.
After forging, the bars were re-heated to 1273 K
(1000 °C) for 45 minutes and air cooled. This heat-treat-
ment leads to a microstructure representative of forged
conditions both in terms of grain size and mechanical
properties.””*! An additional material was introduced to
investigate the influence of grain size on hardenability
(the reason for this choice will be made clearer in a later
section). This material was taken from industrially
produced bars of diameter 35 mm. All chemical com-
positions (Tables I, II) were determined using optical
emission spectrometry, except for carbon content which
was measured using combustion (LECO) analysis.

Specimens for dilatometry (3 mm in diameter and 10
mm in length) were manufactured from material taken
at mid-radius of the bars. Dilatometry was carried out
using a Baehr (now TA Instruments) 805. To build CCT
(continuous cooling transformation) and TTT (time
temperature transformation) diagrams for the different
materials investigated, specimens were heated to 1423 K
(1150 °C), maintained at this temperature for 3 minutes
and then cooled at different rates using nitrogen gas. As
this method employs a faster heating rate (3 K/s) and
shorter holding time than conventional furnace heating
of larger specimens, this treatment typically leads to

identical grain size as that observed on forged compo-
nents. Isothermal transformation kinetics were investi-
gated using similar austenitizing conditions, followed by
quenching at 20 K/s to the holding temperature; the
specimens were then maintained at this temperature
until the end of transformation or steady state.

Metallography was carried out using standard prepa-
ration methods, with 4 pct Nital as an etchant. Prior
austenite grain size (PAGS) was determined as per
ASTM EI112, using a hot picric acid aqueous solution
(Bechet-beaujard,”). In some cases, PAGS was also
determined using thermal etching.”® This method
involves heating a polished specimen in vacuum up to
the austenitizing temperature, then quenching it to room
temperature. This type of heat-treatments was also
carried out in a Bachr 805 dilatometer. Finally, PAGS
was also identified, in some cases, by reconstruction of
austenite domains from electron backscattered diffrac-
tion (EBSD) maps acquired on the quenched
specimens.

Scanning electron microscopy (SEM) observation was
carried out on a JEOL J8M-6500 field emission gun
SEM (SEM-FEG) operating at 7 kV. Before etching,
samples were polished using colloidal silica suspension.
For transmission electron microscopy (TEM), thin foils
were prepared using a twin jet electrolytic polishing
apparatus, in an electrolyte of 5 pct perchloric acid in
acetic acid. Samples were examined in a JEOL 2010F
microscope operating at 200 kV. TEM specimens were
observed in conventional transmission electron micro-
scopy mode (CTEM), and in high-angle annular dark
field mode (HAADF). The latter is better adapted to the
detection of small precipitates, as the contrast is then
proportional to Z* (where Z is the atomic mass), with
little crystallographic contrast. As a consequence, vana-
dium, but also titanium carbonitrides, appear darker
than the surrounding matrix and can be easily identified,
even for precipitates of size 10 to 30 nm (Figure 1).
Crystallographic contrast can be added to the HAADF
images by tilting the beam towards the detector, thus
helping to identify features on which precipitates were
observed (the imaging mode is then referred to as ADF).
Qualitative chemical analyses were performed on the

Table II. Chemical Composition of the Industrial Material
Investigated in the Present Study, in Weight Percent

Element C Si Mn Cr Mo \'%
35CrMnMoV5 037 040 1.23  0.73 0.12 0.11

As for Table I, the presence of N around 80 wt ppm is to be
expected.

Table I. Chemical Composition of the Three Laboratory Casts Investigated in the Present Study, in Weight Percent

Element C Si Mn Cr Mo \'% Others
0oV 0.24 0.70 1.53 0.78 0.08 0.01 Ti,B
200 V 0.24 0.70 1.58 0.79 0.08 0.21 Ti,B
400 V 0.25 0.69 1.55 0.82 0.08 0.42 Ti,B

Other elements were present as expected from the use of scrap and the steelmaking process, among which typically 80 wt ppm nitrogen, expected
to be entirely combined with Ti. Ti and B contents were 250 and 25 ppm, respectively.
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Fig. I—Comparison between (¢) CTEM and (b)) HAADF images of the same area of material 200 V (air-cooled bar, see text for details): precip-
itates are not or barely visible in conventional imaging but are easily identified in the second case.
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Fig. 2—Mass spectrum obtained on a 200 V sample prepared from a
40-mm air-cooled bar.

matrix and on precipitates using Energy Dispersive
Spectroscopy (EDS).

Quantitative estimation of the fraction of microalloy-
ing elements present as precipitates or in solution was
carried out using an electrolytic dissolution technique as
follows: a specimen of approximately 1 g was dissolved
electrolytically and precipitates were collected on a
200-nm polycarbonate membrane filter; the filter and its
content were then dissolved in a mixture of hydrochlo-
ric, nitric, perchloric, and hydrofluoric acids; the result-
ing solution was diluted and analyzed using inductively
coupled plasma optical emission spectrometry
(ICP-OES). With accurate weighing of the specimens
before and after dissolution, and with the known
chemical bulk composition, it was then possible to
estimate the fraction of the element to be analyzed that
was present in solid solution in the metal, and that
which was present as precipitates. The above technique
will be referred to hereafter as ED-ICP analysis (elec-
trolytic dissolution-inductive coupled plasma).”*”

Specimens for Atom Probe Tomography (APT) were
prepared as thin needles, with an apex radius of curvature
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of less than 100 nm. This was accomplished using a
standard electrochemical etching technique, with a mixture
of 2 pct perchloric acid in 98 pct 2-butoxyethanol, and a
voltage of 10 to 20 V. Analyses were conducted using a
wide angle energy compensated atom probe (ECOWA-
TAP) in voltage mode, under standard analytical condi-
tions (80 K (—193 °C), 19 pct pulse fraction, 30 kHz pulse
repetition rate, and 0.01 atom per pulse detection rate).
Several samples and thus several million atoms were
collected for each metallurgical condition tested, ensuring
that the collected data were reasonably representative, as
well as a precision in measured compositions better than
0.05 at. pct. An example standard mass spectrum is shown
in Figure 2, which illustrates the mass resolution obtained
with this instrument (quantified as m/Am = 1500 at 10 pct
of the maximum). A notable result of this analysis is that
vanadium (yellow) is clearly distinguishable from chro-
mium (green), even at composition levels of a few tenths of
atomic percent. In the example given, the measured V
contentis0.21 + 0.01 at. pct, in perfect agreement with the
bulk measured content (0.22 at. pct).

Finally, thermodynamic calculations were carried out
using the commercial software package Thermocalc
with the TCFE3 database.

III. QUANTIFYING THE VANADIUM FRACTION
IN SOLUTION AFTER AUSTENITIZING

Both CCT and TTT diagrams were determined using
austenitizing at 1423 K (1150 °C) for 3 minutes (heating
rate 3 K/s, see earlier for justification of temperature).
Equilibrium calculations suggest that of all three grades,
only the 400 V material was likely to exhibit a small
fraction of vanadium present as precipitates after
austenitizing at 1423 K (1150 °C). Indeed, as shown in
Figure 3, V is mostly in solution in this steel grade at
1423 K (1150 °C), which means that only a small
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amount of V has precipitated. Following the same logic,
both 200 V (and even more likely 0 V) were predicted to
have no significant quantity of vanadium precipitates
stable at this temperature.

To test these hypothesis, ED-ICP measurements were
carried out on heat-treated 40-mm diameter bars [1273
K (1000 °C)/45 minutes, air cooling, representative of
forged components]. From these measurements (of the
weight of vanadium present as precipitates), the weight
fraction of vanadium remaining in solid solution was
calculated. The results, shown in Figure 3, are in good
agreement with the calculated values, and confirm that
only the 400 V material contains a small fraction of
precipitated vanadium (<5 pct of the total vanadium
available). Additional ED-ICP measurements were car-
ried out on a dilatometry specimen of the 400 V material
heated at 1423 K (1150 °C) for 3 minutes, and quenched
at 50 K/s, which yielded similar results (Figure 3).

The possible presence of precipitates was further
investigated for both 0 and 400 V, treated in the same
condition (austenitizing 1423 K (1150 °C)/3 minutes,
quenching), using transmission electron microscopy (see
example for 400 V in Figure 4). For the 0 V material,
only MnS and oxides were identified. Identification of
MnS was confirmed using EDS measurements, although
typical size (about 1 um) and morphology made this
verification virtually superfluous. These inclusions were
present in all materials in quantities typical of the
manufacturing method, and will therefore not be further
mentioned. For the 400 V material, smaller precipitates
were identified and further examined (see Figure 4). For
such precipitates, an average diameter of 41 nm was
estimated over approximately 15 precipitates. EDS
measurement (4 nm probe) indicated a typical
steechiometry matching Tig V4. Precipitates were also
confirmed to be nitrogen-rich using electron energy loss
spectroscopy.
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Fig. 3—Weight percent of vanadium in solution in austenite as a
function of temperature for alloy 200 and 400 V, calculated with
Thermocalc and TCFE3 (continuous lines). Dots are for experimen-
tal values obtained either on air-cooled 40-mm bars (200 and 400 V,
austenitizing temperature 1273 K (1000 °C)) or dilatometry speci-
mens austenitized for 3 min at 1423 K (1150 °C) and quenched at 50
K/s. The slope change in calculated data is due to a shift from Ti-
rich precipitates with small amounts of vanadium at high tempera-
ture to vanadium-rich precipitates at lower temperatures.
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Results detailed earlier (calculation and ED-ICP)
however suggested that virtually all vanadium should be
in solid solution. To confirm whether the presence of
such precipitates was consistent with this expectation,
the expected average spacing between precipitates was
evaluated from the following parameters: average mea-
sured diameter (TEM), approximative volume fraction
based on a density for vanadium carbides of 4.4 kg/m?
and ED-ICP results for the mass fraction of vanadium
present as precipitates, and hypothesis of a homoge-
neous distribution of precipitates. This calculation
yielded an estimated average spacing of 375 nm, i.e., a
precipitate number density of 2 x 10" m~3. Micro-
graphs such as the one shown in Figure 4 correspond
to an average volume of 2.25 x 107" m?, so that
typically 4 to 5 precipitates are expected. This order of
magnitude is in good agreement with observation.
According to a similar calculation, approximately 30
precipitates would be expected in a micrograph such as
Figure 4 if 25 pct of the vanadium had precipitated.
Thus, the observation of a few precipitates in 400 V is
consistent with the ED-ICP estimation that most of the
vanadium is in solid solution.

To explore the question further, atom probe tomogra-
phy was carried out on three different specimens of 400 V
material heat-treated in a slightly different manner. The
specimens were austenitized in similar conditions [1423 K
(1150 °C), 3 minutes], then quenched to 723 K (450 °C),
and held at this temperature for 100 seconds before
further quenching to room temperature. Such heat-treat-
ments were designed to produce a small fraction of bainite
in a mostly martensitic matrix. In all three specimens, a
homogeneous distribution of vanadium was observed as
per Figure 5, with typical average content 0.41 to 0.43
at. pct, in very good agreement with the expected bulk
composition if the few precipitates identified earlier are
taken into account. It should also be noted that no
evidence of vanadium clustering was found using stan-
dard statistical tests.”®! While the specimens were not
examined after direct quenching to room temperature, it
is evident that the observations apply to this condition, as
introduction of the short isothermal holding could only
have favored further precipitation.

Specimens from 200 V taken from air-cooled bars were
also investigated using APT to establish whether slower
cooling could affect precipitation or clustering in austen-
ite. As per design of the steel grades being investigated, the
microstructure in this condition consisted of a mixture of
bainitic ferrite and retained austenite. Thus, for this
particular case, APT specimens were prepared using
focused ion beam extraction at an interface between
austenite and ferrite. As shown in Figure 6, the results
obtained through statistical analysis®®®! also support the
absence of precipitation or clustering.

Taken together, all of the obtained data sustain the
conclusion that none or very little of the vanadium is
precipitated at the end of austenitizing, whether the latter
is carried out at 1273 K or 1423 K (1000 °C or 1150 °C). In
the case of air-cooled bars, this result not only indicates
that vanadium was in solution after austenitizing, but also
that it did not precipitate during subsequent cooling [the
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STEM-(HA)ADF (a)

Fig. 4—V-rich precipitates as observed in 400 V after austenitizing at 1423 K (1150 °C) for 3 min and quenching. (¢) HAADF imaging, (b) con-

ventional bright field. The arrows point to the precipitates.

(b)

Fig. 5—(a) Carbon and () vanadium distributions in a specimen of 400 V (35 x 35 x 65 nm®): the material was held at 1423 K (1150 °C) for 3

min, then quenched to 723 K (450 °C) where it was held for 100 s.

cooling rate for the 40 mm bars was measured to be 1 K/s
between 1273 K and 873 K (1000 °C and 600 °C)]. The
absence of any small Ti-rich precipitate in the 0 V
material is worth mentioning. Indeed, all materials
contain similar amounts of Ti, though small Ti-rich
precipitates were only identified in the vanadium-bearing
materials. The origin of this difference is, however, out of
the scope of this investigation.

IV. INFLUENCE OF VANADIUM ON FERRITE
FORMATION

A. Continuous Cooling

The impact of vanadium content on ferrite formation
was evaluated using dilatometry. As detailed earlier,
specimens of the different materials were austenitized at
1423 K (1150 °C) for 3 minutes before cooling at a
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controlled rate (CCT diagrams), or quenching to a
defined isothermal transformation temperature (isother-
mal kinetics). An example of a CCT diagram is shown
for material 200 V in Figure 7. From such diagrams, the
critical cooling rate was determined, above which
ferrite-pearlite microstructures are no longer present;
this value is hereafter denoted CCR.

As shown in Table III, the critical cooling rate for
ferrite-pearlite formation varies significantly between
the different materials investigated. More surprisingly,
prior austenite grain size (PAGS) was found to increase
with increasing vanadium content, even for identical
austenitizing conditions. These changes in average grain
size were largely unexpected, as it is commonly accepted
that vanadium helps control austenitic grain size, at
least for defined compositions and temperature
ranges.”” For this reason, PAGS measurements were
carried out using not only conventional chemical
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Fig. 6—(a) Carbon and vanadium (shifted upward by 15 pct for clarity) composition profiles perpendicular to an austenite/bainitic ferrite inter-
face in 200 V (air-cooled bars), average over a circular surface as per (b). Carbon shows the expected redistribution between ferrite and austenite
(on the left), with noticeable enrichment in the austenite. On the contrary, there is no indication of significant local variations of vanadium con-

tent, in either phase or at the interface.
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Fig. 7—CCT diagram as determined for steel 200 V after austeniti-
zation at 1423 K (1150 °C)/3 min. Prior austenite grain size was
measured to 8 ASTM (20 to 25 um).

Table III. Prior Austenite Grain Size After Austenitizing at
1423 K (1150 °C) for 3 min, and Critical Cooling Rate for
Ferrite-Pearlite Formation During Subsequent Cooling

PAGS (ASTM/um) CCR (K/s)
ov 9.5/12 pum 1
200 V 8.0/22 um 0.5
400 V 7.0/31 um 0.3
35MnCrMoV5 9.0/14 um 1.5
35MnCrMoV5 5.0/56 um 0.75

As shown, an addition of 0.4 V wt pct leads to a decrease by a
factor of 3 of the critical cooling rate.

etching, but also thermal etching and EBSD reconstruc-
tion. All methods yielded identical results within 0.5
ASTM. An indirect influence on the formation of
titanium-based precipitates thus appears as a likely
cause for the observation of larger grains in higher V
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steels. However, as this issue falls outside of the scope of
the paper, it will not be further discussed.

Nevertheless, the increase in grain size is another
factor that may explain the decrease in critical cooling
rate. It is therefore not straightforward to estimate the
specific influence of vanadium. Attempts to alter the
grain size by high-temperature heat-treatment were
unsuccessful, not only for the 0 V material (due to
equipment limitations in terms of maximum tempera-
ture), but also for the 400 V, as reducing significantly
the austenitizing temperature would have caused a
significant fraction of the vanadium to no longer be in
solid solution.

Therefore, in order to estimate the contribution of
vanadium to the decrease in critical cooling rate, CCT
diagrams were also determined for the 35MnCrMoV5
steel grade (Table II), for two austenitizing conditions
leading to two different average grain sizes, while
ensuring that vanadium remained fully in solution in
both cases. As shown in Table III, a change in PAGS
from 9 to 5 ASTM in 35MnCrMoVS5 led to a signifi-
cantly less pronounced change in the critical cooling rate
than that observed for a lesser change in PAGS, in the
alloys with varying vanadium content. A crude estimate
is thus that the change in critical cooling rate between
the 0 and 400 V materials is 90 pct related to vanadium
content and 10 pct to a change in grain size, as
illustrated in Figure 8.

As discussed earlier, the influence of vanadium is
often investigated through hardness measurements (e.g.,
Jominy tests or similar hardness vs depth measure-
ments), and thus for its impact on hardenability. This
property has deliberately not been mentioned as it
initially refers to the capacity of a materials to harden
during cooling rather than to its propensity to form a
particular microstructure. In the present case, the
significant variation in critical cooling rate may have
strong technological implications for applications where
the objective is to achieve a homogeneous microstruc-
ture, as is the case for high-performance hot-forged
components (for example, automotive powertrain
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components). Indeed, the change in critical cooling rate
measured between the 0 and 400 V suggests the possi-
bility of avoiding ferrite formation on air-cooled forged
parts of 25 mm in the case of 0 V, and over 80 mm in the
case of 400 V.

B. Isothermal Transformation

Evidence for the influence of vanadium in solid
solution was also obtained through isothermal transfor-
mation kinetics. The addition of 0.2 pct vanadium was
observed to significantly delay the ferrite-pearlite reac-
tion at 873 K (600 °C) (Figure 9 left; Table IV), at 923 K
(650 °C, Table 1V), and at 973 K (700 °C, Figure 9
right). However, contrary to the observations reported
above for continuous cooling, the addition of 0.4 wt pct
vanadium, whilst retarding ferrite-pearlite formation

10
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Fig. 8—Ceritical cooling rates for ferrite formation as a function of
prior austenite grain size, and for varying vanadium contents. As
shown from the comparison with 35MnCrMoV5, grain size varia-
tions only account for a small fraction of the change in critical
cooling rate.
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when compared to the 0 V material, appears to be less
effective than the addition of 0.2 wt pct.

At 973 K (700 °C) (Figure 9 right), addition of
0.2 wt pct vanadium led to slower transformation
kinetics, but the result was less straightforward for the
400 V material. Indeed, the onset of transformation was
found to be delayed when compared to the 0 V steel,
though not as much as for 200 V (as for lower
transformation temperatures); after the onset phase
however, transformation in the 400 V eventually pro-
ceeded faster than in the 0 and 200 V.

V. INFLUENCE OF INCREASING VANADIUM
CONTENT ON BAINITE FORMATION KINETICS

Measurements of the bainite start (Bs) temperature
were carried out for a cooling rate of 2 K/s using data
obtained from the continuous cooling transformation
diagrams mentioned earlier. This was compared to the
estimated values as per the Steven-Haynes formula.l*”
As expected from the very similar compositions (except
for V), the calculated results are virtually identical, as
the Steven-Haynes formula does not account for the
influence of vanadium. Although there is a relatively
large uncertainty associated with such measurements

Table IV. Time (/s) to Reach 90 pct of Maximum Strain
During Isothermal Holding at the Indicated Temperatures, for
Specimens Austenitized at 1423 K (1150 °C)/3 min, Cooled at

20 K/s to the Isothermal Holding Temperature then Held

Until Completion of Transformation

Temperature/K (°C) ({AY% 200 V 400 V
873 K (600 °C) 811 3131 2383*
923 K (650 °C) 278 698 607

*Indicates estimated value as the full transformation was not
reached during the time set for the measurements.
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Fig. 9—Isothermal transformation kinetics to ferrite-pearlite in 0 and 400 V for transformations at (a) 873 (600 °C) and (b) 973 K (700 °C). Re-
sults for 923 K (650 °C) are not shown as they exhibited the same trend as for 873 K (summarized in Table IV). Austenitizing conditions were

the same as for CCT diagrams.
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(typically 10 K), the results clearly show a trend of
decreasing measured B, temperature with increased
vanadium content (Table V).

Bainite formation kinetics were investigated using
dilatometry, as detailed earlier. Measurements were
carried out for transformation temperatures of 648 K,
673 K, 698 K, 723 K, 748 K, and 773 K (375 °C, 400 °C,
425 °C, 450 °C, 475 °C, and 500 °C). To reduce the
uncertainty of measurement associated with the asymp-
totic nature of the bainite reaction steady state, mate-
rials were compared using the time required to reach
90 pct of the maximum strain.

As shown in Table VI (and illustrated as an example
in Figure 10 left), the effect of V additions on bainite
formation kinetics for temperatures from 648 K to 698
K (375 °C to 425 °C) is different from that observed for
the ferrite-pearlite transformation at higher tempera-
tures. Indeed, while ferrite-pearlite formation is signif-
icantly slower for vanadium-bearing alloys (Table 1V),
bainite formation is largely unaffected or even acceler-
ated at temperatures between 648 K and 723 K (375 °C
and 450 °C) (Table VI).

At 748 K (475 °C) (not shown) and 773 K (500 °C),
increasing the vanadium content resulted in a dramatic
reduction in the bainite formation kinetics (Figure 10,
right). Because a steady state was not reached after 2
hours of isothermal holding, it is difficult to conclude as
to a possible reduction of the maximum fraction of
bainite formed at these temperatures (which remains
limited to 10 to 20 pct). Furthermore, from these data, it
is not possible to define a reliable time to reach 90 pct
transformation.

Table V. Calculated and Measured Bs; Temperatures for the

VI. DISCUSSION

A. Influence of Vanadium on Ferrite-Pearlite Formation

As discussed earlier, the influence of vanadium on
hardenability is relatively well established.!!*!%17-19:21]
However, as pointed out by Woodhead,!'® contradic-
tory results may stem from insufficient accounting for
the effects of austenitizing temperature and grain size.

The present results confirm the significant influence of
the addition of vanadium on the kinetics of fer-
rite-pearlite formation, whether measured during con-
tinuous cooling or isothermal transformation. In this
context, vanadium has previously been compared to
niobium and found, for example, to retard to a lesser
degree®” the ferrite-pearlite formation during isother-
mal holding. However, isothermal investigations of
transformation kinetics are often carried out after rapid
cooling from the austenitizing temperature, as is the case
here (20 K/s) or in Enomoto’s work,”” in which salt
bath quenching was used. Thus, the thermal history is
not representative of that experienced during continuous
cooling.

Indeed, some of the present authors have investigated
the influence of 0.030 wt 3pct Nb in a
0.23C-1.25Mn-1.25Cr-0.1Mo  steel®"! and concluded
that, whilst Nb had indeed a strong retarding influence
on ferrite-pearlite formation kinetics during isothermal
holding (after rapid cooling from austenitizing), there
was no measureable difference between the CCT

Table VI. Time (/s) to Reach 90 pct of Maximum Strain
During Isothermal Holding at the Indicated Temperature, for
Specimens Austenitized at 1423 K (1150 °C)/3 min, Cooled at

20 K/s to the Isothermal Holding Temperature then Held

Until Steady State Was Reached

Three Materials Investigated, and for a Cooling Rate of 2 K/s Temperature/K (°C) ov 200 V 400 V
Material Measured B;/K (°C) Calculated B;/K (°C) 723 K (450 °C) 236 230 144
698 K (425 °C) 168 135 103
ov 806 K (533 °C) 836 K (563 °C) 673 K (400 °C) 118 99 94
200 V 788 K (515 °C) 830 K (557 °C) 648 K (375 °C) 79 89 88
400 V 748 K (475 °C) 827 K (554 °C)
7 1,5
e 200V
g ° 3 10 ov
Z 4| a00v =
c c
s 3 L s 200V
= s
®» , o 05
400V
1
0 0,0 =
0 100 200 300 0 500 1000 1500 2000
Time/s Time /s
(a) (b)

Fig. 10—Strain vs time during isothermal holding of 0, 200, and 400 V for transformations (a) at 673 K (400 °C) and (b) at 773 K (500 °C).

Austenitizing conditions are the same as for CCT diagrams.
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diagrams of the material with or without Nb. This was
shown to be caused by the precipitation of Nb between
the austenitizing temperature and the temperature at
which ferrite-pearlite formation initiated, when cooling
at the relatively slow cooling rate of approx. 0.8 K/s
between those temperatures. The effect of Nb precipi-
tation during cooling between austenitizing and the
temperature of transformation was also a notable result
of recent work by Jia and Militzer.*?

In the present study, vanadium was shown to influ-
ence transformation kinetics during both continuous
cooling (3) and isothermal transformation (4). This
presumably implies that, for cooling rates in the vicinity
of the critical cooling rate (0.5 to 1 K/s), there is no
significant precipitation of vanadium between the
austenitizing temperature and the temperature range in
which ferrite-pearlite formation may occur. This is
supported by ED-ICP measurements carried out on
40-mm air-cooled bars (Figure 3), which showed negli-
gible amounts of vanadium present as precipitates.

Thus, although it is less potent than niobium for the
retardation of ferrite-pearlite formation, vanadium is of
greater interest for increasing the hardenability of
special bar steels such as quenched and tempered steel
grades (AISI 4140, 4340, etc.) or forging steels. Indeed,
hardenability improvements through vanadium or nio-
bium additions will only be effective if these elements do
not precipitate between the austenitizing temperature
and the ferrite-pearlite transformation temperature
range, when cooling at a rate in the vicinity of the base
material critical cooling rate. As the materials men-
tioned earlier (AISI 4140, etc.) tend to have a critical
cooling rate for ferrite-pearlite formation in the range
0.1-5 K/s, and medium carbon content (0.2 to 0.4
wt pct), any niobium left in solution after austenitizing
is typically precipitated out when cooling at rates close
to the critical cooling rate, thus rendering Nb additions
ineffective.

This limitation is also known to exist for vanadium
through studies which have explored the influence of
nitrogen content or austenitizing conditions (e.g., Ref-
erence 19), although these variables are analyzed as to
their effect on the content of vanadium in solution at the
end of austenitizing. To our knowledge, there is no clear
report of a phenomenon similar to that reported earlier
for Nb where vanadium is concerned; in other words,
the sluggishness of vanadium precipitation in austenite
implies that in many cases, the amount of vanadium in
solution can be estimated at the end of austenitizing
without risk of it varying significantly during cooling
and before transformation. This is indeed the approach
used by Adrian.!"”!

The results obtained during isothermal transforma-
tion of the 400 V material may point to the limitations
of the above hypothesis. As mentioned earlier, all
isothermal ferrite-pearlite formation kinetics for the
400 V were found to be faster than those for 200 V
(Table IV), in spite of the larger prior austenite grain
size in the 400 V material (Table I11). Thus, contrary to
continuous cooling results (Table III), a vanadium
addition of 0.4 pct was found to be less effective than
that of 0.2 pct. During heat-treatments for isothermal
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transformations, specimens are rapidly quenched to the
transformation temperature, and transformation typi-
cally does not occur before approximately 100 seconds.
It is possible that the nucleation of vanadium carboni-
trides is considerably faster during this time than at the
higher temperatures experienced during continuous
cooling experiments, so that a stimulating influence!'*
is obtained instead of an inhibiting one. This can be
understood through consideration of two alternative
thermal paths to reach the same temperature of 923 K
(650 °C) after 100 seconds. The first would consist in
continuous cooling from the austenitizing temperature
at a constant rate, and the second would consist in
‘instantaneous’ cooling to 923 K (650 °C) followed by
isothermal holding for 100 seconds at this temperature.
The second path would clearly be more favorable to
nucleation if the maximum nucleation rate were in the
vicinity of 923 K, since all of the time is then spent at
this maximum nucleation rate rather than at higher
temperatures where nucleation may be more sluggish.

Thus, as for niobium, an optimum value of vanadium
addition is likely to exist for maximum enhancement of
hardenability. This would be defined as a value beyond
which it is not possible to maintain vanadium in full
solid solution for cooling rates at which the enhancing
influence is sought. In turn, this value should strongly
depend on nitrogen content, which is known to have a
large influence on the driving force for V(C,N) precip-
itation.l! Tt is clear that the materials presently inves-
tigated, in which solute nitrogen is rendered virtually
zero through addition of Ti, are optimized from this
point of view, since the driving force for V(C,N)
precipitation is considerably reduced in the absence
of N.

A consequence is that most empirical modeling
methods, which have so far consisted in modifying
multilinear estimations of the critical diameter or other
hardenability parameter, are unlikely to correctly
describe the influence of vanadium, even if, as in the
work of Adrian,!'” the vanadium content used as a
parameter is that in solution (at the end of austenitiz-
ing). Indeed, assuming all vanadium remains in solution
after austenitizing, a steel with a high driving force for
V(C,N) precipitation (high V content and/or high N
content) will probably only exhibit hardenability
enhancement from V if the base hardenability is low;
this, because the cooling rates at which the hardenability
improvements may be measured are sufficiently fast to
avoid V(C,N) precipitation during cooling. Conversely,
the lower the driving force for precipitation, the higher
the range of base hardenability over which vanadium
influence will be measurable.

B. Influence on Bainite Formation

In contrast with observations made for the formation
for ferrite-pearlite, the present results indicate that
vanadium has no retarding influence on the formation
of bainite at temperatures as high as approximately 723
K (450 °C), with even a small accelerating effect being
measured (Table VI).
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These observations need, however, to be corrected for
the prior austenite grain (PAG) size variations reported
earlier (Table III). Unlike for ferrite-pearlite formation,
there are conflicting data regarding the influence of prior
austenite grain size on bainite formation kinetics.*”
This lack of agreement has been rationalized by Mat-
suzaki and Bhadeshial®¥ as the consequence of trans-
formation  kinetics being either predominantly
controlled by growth rate or by nucleation rate. These
authors have proposed to describe the role of PAGS on
transformation kinetics using Eq. [1].

X(t) =1 —exp{—CR"{"}, [1]

where C, m, and n are constant; R is the mean grain
diameter; ¢ is the time, and X is the transformation
progress, that is, the fraction at a given time of the
maximum volume fraction of bainite that may form at
the transformation temperature.

0,20

Transformation progress

0,00 :
1 10 100 1000

Time /s

Fig. 11-—Comparison of calculated and measured transformation
kinetics. Square symbols are for data from Ref. [33], steel A with
PAGS 80 um (filled) and 280 um, and transforming at 723 K
(450 °C). Circles are for 0 V (filled; PAGS 12 um) and 400 V (hol-
low, PAGS 31 um), both transforming at 723 K (450 °C). Solid lines
are for the corresponding calculated kinetics.

To estimate whether changes in kinetics observed in
the present case could be attributed to grain size
variations, data from Matsuzaki and Bhadeshia, and
from the present work, were fitted to Eq. [1]. Values for
n=2.09 and m=1 were used throughout, as per
published values for the hypo-eutectoid steel A
(0.12C-2.03Si-2.96Mn) in Reference 33. The constant
C was considered to be material-dependent and thus
fitted to data published for steel A with a PAGS of 80
um and data for 0 V (PAGS 12 um). Transformation
kinetics were then calculated for steel A with a PAGS of
280 pum and for 400 V (PAGS 31 um) without modifi-
cations to the identified values of C.

As shown in Figure 11, there is an excellent agreement
between calculated and experimental values for steel A
when the PAGS is 280 um (the constant C having been
fitted on data for PAGS 80 um). This result support the
idea that Eq. [1] adequately captures the influence of
prior austenite grain size. In turn, the calculated kinetics
for 400 V at 723 K (450 °C), based on parameters fitted
on 0 V and accounting for changes in PAGS, are in
good agreement with experimental values. This obser-
vation therefore suggests that grain size changes alone
probably explain the slight acceleration measured for
increasing vanadium content, and that the vanadium
content has no direct influence.

Results discussed earlier have pointed to the absence
of either precipitation (TEM) or even clustering (APT)
of vanadium during cooling to transformation temper-
atures of 723 K (450 °C) or less, even when a short
isothermal holding was carried out. A clear conclusion is
therefore that, in the range of temperatures 648 K to 723
K (375 °C to 450 °C) approximately, vanadium in solid
solution has no measurable influence on bainite forma-
tion kinetics. This is consistent with accelerating effects
reported in the literature, which have all have been
attributed to the ?re-existence of precipitates®**! or
vanadium clusters,”® but never to vanadium in solid
solution.

For higher transformation temperatures [748 K, 773
K (475 °C, 500 °C)] however, the addition of vanadium
was found to have a dramatic impact on bainite kinetics,

Fig. 12—Optical micrographs (4 pct nital) of specimens of alloy (a) 0 V and (b) 400 V isothermally transformed at 773 K (500 °C) for 2 h. Note
that while the 400 V micrograph was selected for illustration, many observed fields did not exhibit any bainite. On the contrary, the micrograph

of 0 V is fully representative of the overall sample.
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virtually suppressing bainite formation in the higher
vanadium material (Figure 10). It is not clear whether
precipitation occurs at these temperatures, and thus may
impede growth. The absence of precipitates or clusters
noted in air-cooled microstructures suggests that pre-
cipitation is unlikely under these conditions. Further-
more, comparison of microstructures indicates that
nucleation rather than growth is limited. As shown in
Figure 12, bainite is found that has grown through prior
austenite grains in both 0 V (Figure 12 left) and 400 V
(Figure 12 left), though nucleation on grain boundaries
is significantly reduced in the 400 V specimen.

The influence of vanadium on ferrite-pearlite retar-
dation has been attributed to grain boundary segrega-
tion of this element, with confirmed enrichment factors
in the vicinity of 3 to 4.P% It is thus acting primarily
through a reduction of the nucleation rate on grain
boundaries. That vanadium does not impact bainite
formation in the lower temperature range which is
therefore not unexpected. Indeed, in this temperature
range, large driving forces for nucleation are to be
expected, and thus reduced influence of the changes in
surface energy imparted by grain boundary segregation
(in a manner analogous to the action of boron, for
example). This proposal is supported by the discussion
above, which has shown that bainite formation at those
temperatures had a PAGS dependency consistent with a
transformation principally controlled by growth. At
higher temperatures, where driving force for nucleation
is limited, the reduction of grain boundary energy would
have a greater influence, as observed through kinetics
measurements and metallography.

The overall impact of vanadium addition is thus
limited, as far as bainite formation is concerned, to
transformation products formed in the upper tempera-
ture range of the domain. Given that the fractions that
may form in this range remain limited (<10 pct) and
form over an extended duration, the influence on
transformation during continuous cooling is likely to
be limited. In fact, although this result falls outside the
scope of the present paper, tensile properties of all three
materials (0, 200, and 400 V) were found to be identical
for bars of diameter 40 mm austenitized at 1273 K
(1000 °C) and air cooled to room temperature.

VII. CONCLUSIONS

The influence of vanadium content on the fer-
rite-pearlite and bainite formation was investigated in
a medium carbon forging steel. It was shown that
austenitization at either 1273 K or 1423 K (1000 °C or
1150 °C) led to a very large majority of the vanadium
being in solid solution. This was also true after relatively
slow cooling (1 K/s). Using TEM, only a small fraction
of (Ti,V) carbonitrides could be identified in vana-
dium-bearing materials. No evidence was found for
vanadium clustering in any of the materials (APT).

The increase in vanadium content was correlated with
a significant reduction in the critical cooling rate for
ferrite-pearlite formation (from 1 to 0.3 K/s for a
vanadium increase from 0 to 0.40 wt pct). This result

METALLURGICAL AND MATERIALS TRANSACTIONS A

points to an advantage of vanadium for increasing
hardenability in heavy section products, because the
relatively sluggish precipitation of V(C,N) in austenite
means that this element remains in solid solution even
during relatively slow cooling. This is not the case for
Nb, which, although a potent retardant of fer-
rite-pearlite formation, precipitates more readily during
cooling.

Bainite formation was on the contrary shown not to
be affected in the temperature range 648 K to 723 K
(375 °C to 450 °C), with a slight acceleration explained
by the small differences in prior austenite grain size. For
bainite formation at higher temperatures 748 K to 773 K
(475 °C to 500 °C), vanadium appeared to significantly
impede the formation of bainite. This could possibly be
explained by vanadium segregation to grain boundaries
and the consequent reduction in nucleation rate when
the driving force for bainite nucleation is limited.
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