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ABSTRACT

In this study, the effect of vanadium microalloying in simplified ternary Fe—(0.074-0.244 wt%) C—(0.25-1.01 wt%)V and quater-
nary (+0.2 wt% Mo) alloys on transformation temperatures and hardness is presented. For this matter, dilatometric investigations

of the continuous cooling transformation behavior were performed and correlated with the obtained microstructure. It is shown

that Widmanstitten ferrite was formed at higher cooling rates, followed by an increase in the polygonal ferrite fraction with

decreasing cooling rates. Widmanstitten ferrite has been fully replaced by polygonal ferrite at faster cooling rates as C and

V contents increase. Mo addition retards the kinetics of austenite-to-ferrite transformation and leads to a reduced hardening

effect during continuous cooling. The more significant hardening at a ferrite finish temperature of 650°C with rising C and

V contents, combined with the nearly suppressive effect on pearlite formation and in-row precipitates observed in scanning

electron microscope, supports the presence of a large volume fraction of vanadium interphase precipitates.

1 | Introduction

Within several industrial applications, high-strength steels are
under constant investigation and development. The reduction
of environmental impact and energy consumption during appli-
cation is mainly achieved by the application of lightweight steel
designs to achieve the decarbonization trend requirements [1-4].
The strength of steel can be increased significantly to levels
exceeding that of advanced light alloys [5-11] by using different
alloying and processing concepts. Nevertheless, this leads to an
opposite effect, since the intensive extraction of alloying elements
and complex thermomechanical processes leads to an increase of
environmental impact [12]. Therefore, the focus of lightweight
design of steel components usually lies on downgauging,
improvement of strength, density, and/or elongation, leading
to weight reduction [13]. However, stiffness, as another impor-
tant design factor, is most often not considered [13]. This prop-
erty is expressed by Young’s modulus (E) and it is assumed as a

given intrinsic property that cannot be marginally modified
either by alloying additions or by mechanical or thermal process-
ing [8]. Steels with high strength can still lack sufficient formabil-
ity, i.e. stiffness against small deformation such as bending,
buckling, and deflection in thin-walled components [13-16].
Therefore, the realization of lean-alloyed steels with higher mod-
ulus and excellent strength and ductility indicators are of great
economic interest [13, 17, 18]. Therefore, nanoscaled interphase
precipitation (IP) has attracted great interest as a strengthening
mechanism to achieve the optimal combination of above-
mentioned mechanical properties through the strain fields
caused by coherent precipitates in a ferritic matrix [19-23].
The uniqueness of vanadium carbonitrides V(C, N) lies on its
atomic volume (misfit volumes) in ferritic bec crystals, giving
it a minimum misfit within ferrite. This lower misfit leads to
low coarsening susceptibility when compared to other inclusions
[24, 25]. This is fundamental, especially for high-temperature
application, since the elastic modulus decreases with increasing
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temperature [19, 25]. The addition of molybdenum has been
shown to reduce austenite-to-ferrite transformation kinetics,
the ferritic grain size, and the precipitate size in vanadium-
containing steels in isothermal holding conditions [26]. In order
to achieve steels with higher elastic modulus balanced with high
strength and ductility through coherent precipitates, an under-
standing of the phase transformation is needed by optimizing
the alloy design and process. In continuously cooled low-carbon
steels, the dominant decomposition product of austenite is ferrite
[27, 28]. Very different cooling rates can affect not only kinetics
but also the sequence of phase transformations [29]. The precip-
itation of vanadium carbide (VC) takes place either during the
austenite-to-ferrite phase transformation at the migrating austen-
ite/ferrite interface, forming IPs, or in the ferrite phase as random
precipitates. Vanadium (V) and carbon (C) solubility are high in
austenite but low in the ferrite phase, dropping during austenite-
to-ferrite transformation, giving rise to IP [30]. Those IP are
formed by repeated nucleation of particles in the austenite/ferrite
interface as the transformation front moves through austenite
[20] and their diameter is typically only a few nanometers
[31]. The number density of alloy carbides can be formed by add-
ing more carbide-forming elements [32, 33]. Therefore, VC can
be selectively precipitated by controlled heat treatment of a steel
alloyed with C and V [34]. Those coherent precipitates in a fer-
ritic matrix would fulfill the above-mentioned goals; however,
studies on the elastic modulus in combination with the above-
mentioned mechanical properties, especially in purely V- and
Mo-microalloyed steels, are rare [35]. Therefore, the present
study aims to investigate the effect of vanadium microalloying
on phase transformation behavior of simplified ternary and qua-
ternary alloying systems. This is the first step toward understand-
ing how to promote the best combination of higher strength,
ductility, and elastic modulus through IP in a ferritic matrix.
Particularly, the influence of vanadium and molybdenum on
transformation temperatures and macroscopic hardness were
evaluated, since the synergy of both microalloying elements in
continuously cooled steels was never studied before, especially
in purely V- and Mo-microalloyed alloys. This is the first step
of our work to achieve steels with higher strength and ductility
while also maintaining and even slightly enhancing the elastic
properties through IP in a ferritic matrix.

2 | Materials and Methods

To investigate the phase transformation behavior of vanadium-
alloyed steels, four high-purity laboratory melts were produced
using different compositions, which are shown in Table 1. The
chosen chemical composition had into account the stoichiometry
and molar fraction of V and C, so that the effect of C and V con-
tents could be analyzed in light of IP potential. The raw material

TABLE 1 | Chemical composition (wt pct) of the investigated steels.

C Mo Vv N, ppm
V25 0.074 — 0.25 <10
V50 0.130 — 0.49 <10
V50Mo 0.126 0.2 0.48 <10
V100 0.244 — 1.01 <10

was first melted in a vacuum induction furnace and then cast into
ingots of ~80 kg with dimensions of 140 x 140 X 1000 mm (H X
W x D). The blocks were then soaked at a furnace temperature of
1200°C for a period of 2 h, followed by forging to size 60 X 60 mm.

Continuous cooling transformation (CCT) diagrams of the four
sample compositions were experimentally determined by the fol-
lowing procedure. Samples were heat treated in a dilatometer,
then examined metallographically, and finally tested for hardness
(HV). Equilibrium temperatures (Al and A3) were additionally
determined using Thermo-Calc commercial software using the
database TCFE11. The dilatometer tests were carried out and eval-
uated in accordance with the guidelines of the steel-iron test sheet
(SEP) 1681 using a quenching dilatometer TA Instruments Dil-
805A/D. For the dilatometer tests, up to 15 rectangular samples
of each alloy composition were cut and then ground to size of
7.0 X 40 x 1.3mm (L x W x T). The first sample was used to
determine the Acl and Ac3 temperatures of the alloy composition.
For this purpose, the sample was heated to 1200°C in the dilatom-
eter during 30 min by applying near equilibrium heating rates
(0.05 Ks™), while the change in length was detected, followed
by a cooling at the same near equilibrium cooling rates
(0.05 Ks™1). The determined temperatures were then used as the
basis for determining the austenitization temperature above the
Ac3 temperature for the subsequent tests. The austenitization tem-
peratures used for V25, V50, V50Mo, and V100, selected according
to the measured Ac3, are, respectively, 1030°C, 1000°C, 1010°C,
and 990°C. For the determination of the CCT diagrams, different
cooling rates were applied as defined by the respective standard
DIN EN ISO 643, after heating at 3 Ks™" and holding for 10 min.
The three fastest cooling were achieved by applying varying gas
flow pressures of helium and argon, while the rest of the samples
were cooled with a specified g5 (cooling time in seconds to cool
from 800°C to 500°C, representing the interval for the most critical
microstructural changes). The detailed cooling rates and tg/5 are
shown in appendix Tables A1-A4. To assess microstructure, all
dilatometer samples were ground, polished, and etched (Nital).
Light microscopy examination was conducted with Leica
DM2500 M light microscope. Image analysis software Image]
was used to measure the exact surface area fraction of a phase
on the prepared sample surface. The dilatometer samples were
then tested for hardness using Vickers hardness test according to
DIN ENISO 6507 with a force of 98 N for all samples. Thermo-Calc
software was used to calculate the precipitation of second phases at
equilibrium conditions. Selected samples were examined in a Zeiss
Sigma field emission scanning electron microscope (SEM) using
the In-lens with acceleration voltages of 5-10 KV to reveal submi-
crometer-sized precipitates.

3 | Results
3.1 | Transformation Behavior

Table 2 lists the Ael and Ae3 temperatures obtained by Thermo-
Calc, as well as Acl and Ac3 temperatures obtained experimen-
tally for each composition. Ac temperatures are higher than the
correspondent Ae temperature due to nonequilibrium conditions
during heating.

Figure 1 shows the CCT diagrams of all four compositions with
the correspondent hardness values for each cooling rate [36]. In
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TABLE2 | Ael, Acl, Ae3, and Ac3 temperatures (°C) determined for
all compositions.

Ael Acl Ae3 Ac3
V25 762 800 895 950
V50 772 804 886 910
V50Mo 780 822 894 929
V100 785 823 885 913

V25, the main transformation microstructure at all cooling rates
was a mixture of Widmanstitten ferrite (WF) and bainite (B),
including the fastest cooling rate of 300 K/s. At a similar cooling
rate, V50, V50Mo, and V100 presented a microstructure com-
posed by martensite and WF/B. The microstructure entirely com-
posed of primary WF/B is starting to be transformed from the
third fastest cooling rate in V50Mo and V100. The CCT diagrams
share the evolution of the observed type of ferrite formation with
decreasing cooling rate, first WF and then PF is formed with
increasing proportion. In addition, a fully polygonal ferrite
(PF) microstructure is formed at a faster cooling rate with
increasing C and V contents. The general tendency for the fer-
rite-start and -finish temperatures increases with decreasing cool-
ing rate for all the compositions.

Figure 2 shows ferrite transformation interval (defined as the dif-
ference between ferritic start temperature and ferritic end tem-
perature) as a function of ferritic transformation start
temperature of all compositions. Up to a transformation start
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FIGURE 2 | Dependence of ferrite transformation start temperature
of each composition with ferrite transformation interval.

temperature of around 840°C, the ferrite transformation interval
stays at around 138 K regardless of C and V contents. At trans-
formation start temperatures higher than 840°C, the ferrite trans-
formation interval decreases at the same rate regardless of V and
C contents, reaching its minimum of 40 K for V25 and V100. In
V50Mo, there is a high ferrite transformation interval already at

1000(@) A,

900 4

800 4-3--\--

700 1

6001 traces
500
400

300

traces

1000 = ===

temperature [°C]

9004 = \

800 T\, CNK N\ A

7004\ LY \y d

A)
600 4 s
tiaces

500 - Lt

400 4

)

[} )
336 |267| (232| |216| |215][220] |277] [287| |206||175| {163 [122|\98||69

' )

342| |2 292| |3 32 22 3 36| 13

342 1289|292 (379 |321{|254| |221| |181] |163| |144||136| 135|109
T

300 T

10° 10 10% 10° 10

T LR | T T T T T TTT

10° 10 10? 10° 10*

continous cooling time [s]

FIGURE1l | CCT diagramsof V25 (a), V50 (b), V50Mo (c), and V100 (d). The areas with dominantly WF microstructure as well as PF are indicated, as
well as the final hardness in Vickers (cf. the rectangles at the end of each cooling rate); microstructures for the dashed cooling curves highlighted in red
(numbered I-XII) are shown in Figure (data from [36]). CCT = Continuous cooling transformation; WF = Widmanstitten ferrite; PF = polygonal ferrite.
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FIGURE 3 | Microstructure based on light optical microscopy of V25 at (a) 108 Ks™'; (b) 6 Ks™'; (c) 0.38 Ks™; V50 at (d) 112 Ks™%; (e) 8 Ks™%;
(f) 0.48 Ks™; V50Mo at (g) 110 Ks™%; (h) 6 Ks™%; (i) 0.41 Ks™%; V100 at (j) 152 Ks™%; (K) 5 Ks™%; (1) 0.33 Ks™.

high temperatures (880°C), staying constant for all lower
temperatures.

3.2 | Microstructure after Continuous Cooling
3.21 | Matrix Phase Constituents

Exemplary micrographs obtained from the samples after contin-
uous cooling are shown in Figure 3. For the highest cooling rates,
all compositions presented a mixture of martensite (o),
Widmanstitten ferrite (WF), and bainite (B), except V25, which
consists of a mixture of WF and B. For the intermediate cooling
rate (5-8 Ks™1), V25 comprises a mixture of WF and B as well as
pearlite (P), whereas V50 and V50Mo present a mixture of WF
and B and PF without visible appearance of pearlite. On the con-
trary, V100 presented mainly a PF microstructure with pearlite
colonies. At the slowest cooling rate all the compositions contain
a fully PF microstructure, in addition to some pearlite colonies
visible in V25, V50, and V50Mo (Figure 3).

3.2.2 | Precipitates

Figure 4 represents the variation of precipitates’ volume fraction
with temperature for all the composition, calculated using
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FIGURE 4 | Volume fractions of the precipitates calculated with
Thermo-Calc for all compositions.

Themo-Calc. First of all, as the C and V contents increase, the
precipitation content increases proportionally. Secondly, the
higher the C and V contents, the higher the dissolution
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FIGURES5 | SEM images of samples (a) V50 at 0.03 Ks™'; (b) V50Mo at 0.025 Ks™; (c) V100 at 0.04 Ks™" and depleted zones of precipitates in sample
(d) V50 at 0.03Ks™"; (e) V50Mo at 0.05Ks™". SEM = Scanning electron microscope.

temperature, reaching 869°C for V25, 947°C for V50, and 1073°C
for V100. The addition of Mo leads to a lower volume fraction
compared to V50 up to 700°C since Thermo-Calc accounts for
two types of carbides (represented as MCTEA and FCCA1_#2
in the software) [37].

Scanning electron microscopy was performed to detect the pres-
ence of submicrometer-sized precipitates. Exemplary micro-
graphs of steels V50, V50Mo, and V100 treated with the
slowest cooling rates are shown in Figure 5. Here, precipitates
appear with a bright contrast in a dark matrix due to their higher
mass contrast. The morphology of the precipitates revealed dif-
ferent shapes: oval to elongated precipitates; round inclusions
observed sporadically with sizes of about 2-3 pm and mainly nee-
dle-shaped precipitates were observed in the samples of all com-
positions, whose lengths range from about 200 to 900 nm. Most of
the needles are oriented parallel to each other, with some being
perpendicular to each other. Based on energy-dispersive X-ray
spectroscopy (EDX) measurement, these needle-shaped precipi-
tates are V-rich in V100 and V- and Mo-rich in V50Mo [36].
Additionally, some accumulation of bigger precipitates sur-
rounded by areas depleted of precipitates are present.

The increase in C or V content appears to lead to a higher density
of significantly finer precipitates, which is notable when compar-
ing V50 and V100. On the other hand, the addition of Mo seems
to result in fewer but larger precipitates in the microstructure.

3.3 | Cooling Rate Dependence of Vickers
Hardness

To reveal a first effect of the precipitates on the mechanical prop-
erties, the resulting hardness after continuous cooling can be
investigated. In Figure 6, the hardness of all four compositions
is plotted as a function of applied cooling rate. The general ten-
dency for hardness of all four compositions is to decrease with

the decrease of cooling rate, apart from a peak at medium cooling
rate. A particularly pronounced drop in hardness can be observed
in V50, V50Mo, and V100 at cooling rates < 300 Ks™'. The hard-
ness of V100 is comparable to those of V50 at the fastest cooling
rate, even though the first one has twice as much carbon as the
V50. Nevertheless, the hardness peak of V100 is significantly
higher in comparison to the other alloys. The opposite behavior
was observed in V25, where the hardness is lower overall than
that of the other alloys. The addition of molybdenum does not
appear to have a significant impact on hardness. However, the
peak of V50Mo is shifted to slower cooling rates in comparison
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FIGURE 6 | Vickers hardness as a function of applied cooling rate of
all compositions.
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FIGURE 7 | Vickers hardness as a function of ferrite finish temper-
atures of all compositions.

to the direct reference alloy V50. Additionally, the peak of V50 is
slightly higher than that of V50Mo.

Figure 7 shows the hardness of the investigated alloys plotted as a
function of ferrite finish temperature according to the CCT dia-
grams for each composition. It is evident that the hardness peak
occurs at the same temperature range around 650°C regardless of
carbon, vanadium, and molybdenum contents. However, the
maximum hardness is dependent on carbon and vanadium con-
centration reaching 160 HV for V25 and 380 HV for V100. No
difference was observed between the V50 and V50Mo alloys, indi-
cating that the presence of molybdenum is only affecting the pre-
cipitation kinetics of VC and does not contribute, in this case, to
precipitation strengthening itself.

4 | Discussion

4.1 | Matrix Phase Evolution during
Continuous Cooling

The phase transformation in the investigated alloys varies
strongly depending on cooling rate and on chemical composition.
Even with very fast cooling rates, differences between the mate-
rials can be observed. While V25 consists mostly of a mixture of
WF and B, all other alloys show a mixture of WF, B, and mar-
tensite ( Figure 3). Martensite is formed without diffusion by a
cooperative shear movement if the diffusion necessary for the
transformation into ferrite is hindered due to the very high cool-
ing rate [38]. Additionally, since carbon is an austenite stabilizer,
it facilitates the formation of nonequilibrium microstructures
such as bainite and martensite and delays ferrite nucleation
[39]. However, if the C content is lower, the driving force of
the austenite-ferrite transformation increases, promoting the
transformation to ferrite at faster cooling rates [38, 40, 41], which
explains the lack of martensite in V25. Decreasing the critical

cooling rate leads to a gradual transition from the microstructure
composed by a mixture of WF and B to PF. This is expected [42],
since high cooling rates result in higher undercooling of the aus-
tenite, lowering C diffusion, which in turn favors a massive phase
transformation that does not require C diffusion over large dis-
tances such as WF and B [43, 44]. This behavior inhibits the dif-
fusion-controlled phases like PF, which are formed when the
cooling rate is sufficiently low. It nucleates at the austenite grain
boundaries and grows toward its center by rejecting carbon into
the remaining austenite [39, 45]. For both phases, it is also clear
that the microstructure is refined with increasing cooling rate, as
already reported [46, 47]. For an equivalent cooling rate, there is
a visible refinement of the PF grain size as the C and V contents
increase. Additionally, the fully PF microstructure is starting to
form for V100 at faster cooling rates (22.00 Ks™*) than for the rest
of them, 1.63 Ks™" for V50Mo, 0.45 Ks™" for V50, and 0.37 Ks™"
for V25. This behavior is linked to the chosen austenitization
temperatures: 161°C, 53°C, and 67°C higher than the calculated
precipitates dissolution temperature by Thermo-Calc for V25,
V50, and V50Mo, respectively. On the other hand, for V100
the austenitization temperature is 83°C lower than the dissolu-
tion temperature. Since Thermo-Calc calculates the dissolution
of carbides at equilibrium conditions and the real experimental
heating rate is 3 Ks™, precipitates may still not fully dissolve,
because the system needs more time to reach the equilibrium
conditions. Therefore, the real dissolution temperature is higher
than the calculated one. This shows that from V25 to V100, there
is an increased proportion of undissolved carbides after continu-
ous cooling. These undissolved carbides could have reduced the
austenite grain size by developing a Zenner pinning effect, which
results in a higher number of nucleation sites for polygonal fer-
rite, leading to the analyzed accelerating effect of its transforma-
tion kinetics and its more refined grain size [48]. A general
tendency toward an increasing ferritic start and end tempera-
tures with decreasing cooling rate for all the compositions can
be also stated. This was expected due to the delay in the onset
of austenite—ferrite transformation caused by accelerated cooling
[49]. During austenite-to-ferrite transformation during cooling,
austenite is known to become more enriched with C. This carbon
diffusion governs the speed of the transformation. At higher fer-
ritic start temperature, corresponding to lower cooling rates, car-
bon diffusivity is high, promoting a higher diffusion rate of C.
This is efficient in the kinetics point of view to promote readily
interphase VC precipitates during the austenite-to-ferrite trans-
formation, leading to a faster transformation as shown in
Figure 2. Once the ferrite start temperature decreases, i.e. at
the corresponding higher cooling rates, the diffusivity is lower,
so is the diffusion rate of carbon. Therefore, more time is required
to complete the austenite-to-ferrite transformation and the coex-
isting IP. Molybdenum is shown to have a more pronounced
retardation of the ferritic transformation even at higher temper-
atures, where carbon diffusivity is high. This is due to the effect of
Mo on lowering the activity of carbon and applying a stronger
solute drag effect, also supported by other authors for vana-
dium-containing steels [26, 50]. Pearlite is formed for all compo-
sitions in applied cooling rates at about 12.00-0.75 Ks™* for V25,
4.00-0.12 Ks™* for V50, 1.63-0.10 Ks™" for V50Mo, and 10.00-
0.33Ks™* for V100, with an approximately constant fraction of
only 1 to 3% (based on optical evaluation of the metallographic
area fractions).
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4.2 | Precipitation of Secondary Phases

Most of the precipitates shown in Figure 5 are needle shaped and
aligned in parallel lines. This shape and morphology are typical of
IP. Usually, IP is reported to be nanometer sized [31], but some
studies [51-53] reported a coarsening during longer holding at
higher temperatures [54]. Additionally, it has been confirmed
by EDX analysis that some of those precipitates are V-rich for
100V and V- and Mo-rich in 50VMo [36]. Previous studies have
shown that IPs can form in vanadium-containing steels during
continuous cooling at cooling rate as low as 0.06 Ks™' [55].
Therefore, IP is plausible and they might have coarsened during
the slow cooling. Interestingly, some grains do not have any pre-
cipitates, while other areas are densely covered. This behavior
could be attributed to the different orientation relationship of dif-
ferent ferrite grains with respect to austenite [54]. It has been
shown that the promotion of interphase VC precipitate nucleation
occurs at non- KS a/y interface rather than in K-S interface [56].
On the other hand, it could be attributed due to a distribution of
very fine precipitates that are not possible to observe in SEM,
because those precipitates have maintained their coherency even
after slow cooling due to low misfit of VCs with ferrite [25]. In
addition, accumulations of precipitates surrounded by depleted
areas generally occur when the alloying elements are not homo-
geneously distributed at the time of precipitation, but clusters of
alloying elements are present. This could be an additional indica-
tion that the chemical composition was not sufficiently homoge-
nized during the austenitization of the dilatometer samples, being
more pronounced at V50 and V100, as discussed previously.

The hardness of the investigated alloys is a combined function of
the presence of hard phases, ferrite grain size, and microalloying
strengthening in ferrite [57]. There is an evident decrease of hard-
ness with decreasing of cooling rate for all analyzed compositions
according to Figure 6. This can be explained by a shift in matrix
microstructure from harder phases such as martensite and a mix-
ture of WF and B to PF, accompanied by a general increase of
grain size, as observed in LOM images and supported by other
authors [55]. In martensite, for example, the hardness is mostly
caused by the high dislocation density [58]. Similarly, WF and
B inherit high dislocation densities, resulting in higher hardness
than polygonal ferrite [59]. The hardness peak at medium cooling
rates could be attributed to the ferrite grain refinement, pearlite
formation, or VC precipitation. The obtained ferrite grain refine-
ment with increased V and C contents for the same cooling rate
can be explained by a more pronounced pinning effect by undis-
solved VC precipitates, as calculated previously by Thermo-Calc.
However, no effect of the grain size on the hardness was observed.
Therefore, the contribution of this effect could not totally be
responsible for such hardness values, as supported by other
authors [60]. The obtained amount of pearlite is around 1%-3%,
which also cannot solely explain this considerable hardness
increase. In fact, V having a higher affinity for C than Fe, promotes
more readily VC than Fe;C (cementite). Since there is a small frac-
tion of pearlite, this indicates that the majority of C was taken to
promote a vanadium IPs, during the austenite-to-ferrite transfor-
mation, rather than pearlite. This points out to a nearly suppres-
sive effect of V on pearlite formation, which could have a further
positive outcome in the resulting formability of the steel [52] and a
high volume fraction of finely distributed interphase VC precipi-
tates. Contrarily to random vanadium precipitates that show up
within already formed ferrite, i.e., at temperatures lower than

ferrite finish temperature, IPs occur during the transformation
from austenite to ferrite at the migrating phase boundary
[56, 61]. Therefore, the ferrite finish temperature corresponds to
the temperature at which the IP formation is over [16]. As shown
in Figure 7, the hardness peaks for all compositions are reached at
the same ferrite finish temperature, around 650°C regardless of C
and V contents. This evidence points to IP and its considerable
impact on hardness of the steels, as already reported by other
authors [62]. However, the HV peak is higher with increasing
C and V concentrations, reaching, according to linear regression
calculated by [63], 50, 590, and 850 MPa for V25, V50, and V100,
respectively. This fact could be explained by a higher supersatura-
tion with higher C and V contents, combined with an increased
carbon activity in ferrite due to increasing amounts of carbon,
leading to a higher driving force for precipitation [46]. Both effects
lead to more refined and densely distributed VC precipitates with
increase of both C and V, as supported by SEM and earlier work on
EDX investigations [36].

Additionally, the hardness peak of V100 at fourth fastest cooling
rate, composed by polygonal ferrite and pearlite, is higher than
the fully martensitic state, which can only be achieved by inten-
sive precipitation hardening. A particularly pronounced drop in
hardness can be observed in V50, V50Mo, and V100 at cooling
rates < 300 Ks ™, as the transition from purely martensitic micro-
structure to bainitic or ferritic microstructure takes place. The
hardness of V100 is comparable to that of V50 at the fastest cool-
ing rate. This is unexpected since higher C content of V100
should lead to a harder martensite due to a higher dislocation
density caused by higher carbon content [56]. This could happen
probably due to similar martensite fractions in alloys and due to a
higher resulting ferrite fraction of V100 on account of more
undissolved carbides after forging, as calculated by Thermo-
Calc, leading to similar hardness. The addition of molybdenum
leads to a shift of HV peak toward slower cooling rates, making it
also broader. The peak height of the composition with Mo results
in a reduction by ~15HV relative to the Mo-free alloy, probably
attributed to coarser and fewer precipitates present in SEM. This
effect can be explained by the retardation of carbide formation
caused by the presence of molybdenum, also reported in vana-
dium-containing steels [26, 58].

5 | Conclusions

The phase transformation behavior of high-purity V and V-Mo
steels was investigated as the first step to design thermal treat-
ments suitable for the formation of IPs of higher number density
and narrow size distribution in a ferritic matrix, with the aim of
producing high-performance microalloyed steels. The following
conclusions can be drawn.

1. At faster cooling rates, Widmanstitten ferrite is formed
dominantly, followed by an increase of the polygonal ferrite
fraction with a decrease of cooling rate, until it fully repla-
ces the Widmanstitten ferrite microstructure.

2. Increasing vanadium and carbon content promotes the for-
mation of a fully polygonal ferrite microstructure at faster
cooling rates and, for the same cooling rate, to a more
refined ferrite grain size, due to a rise in VC dissolution
temperature and the resulting stronger pinning effect of
austenite grain boundaries by undissolved VC particles.
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3. Molybdenum addition retards the kinetics of austenite-to-
ferrite transformation and leads to a reduced hardening
effect during continuous cooling, due to its solute drag
effect.

4. The more significant hardening effect at a ferrite finish tem-
perature of 650°C with rising carbon and vanadium con-
tents, the nearly suppressive effect on pearlite formation
and the in-row precipitates shown in SEM support the pres-
ence of a large volume fraction of vanadium IPs.
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Sample number g/st -time, s Cooling rate, K/s
8 152 1.97
9 304 0.99
10 608 0.49
11 1216 0.25
12 2432 0.12
13 4864 0.06
14 9728 0.03

TABLE A3 | Applied cooling rates and tg,5 for steel V50Mo.

Sample number g/st -time, s Cooling rate, K/s
63. E. Pavlina and C. Van Tyne, “Correlation of Yield Strength and Tensile
Strength with Hardness for Steels” Journal of Materials Engineering 1 0.97 309.28
and Performance 17 (2008): 888-893, https://doi.org/10.1007/s11665- 2 2.73 109.89
008-9225-5.
3 5.05 59.41
Appendix 4 11.24 26.69
5 23 13.04
TABLE A1l | Applied cooling rates and g5 for steel V25. 6 46 6.52
2 2
Sample number g/st -time, s Cooling rate, K/s 7 0 3.26
8 184 1.63
1 1 300.00
9 368 0.82
2 2.78 107.90
10 736 0.41
3 5.64 53.20
11 1472 0.20
4 12.38 24.20
12 2944 0.10
5 25 12.00
13 5888 0.05
6 50 6.00
14 11776 0.03
7 100 3.00
8 200 1.50
9 400 0.75
10 800 0.38 TABLE A4 | Applied cooling rates and fg,5 for steel V100.
1 1600 0.19 Sample number g/st -time, s Cooling rate, K/s
12 3200 0.09 1 0.99 303.03
13 6400 0.05 2 1.97 152.28
3 4.29 69.93
TABLE A2 | Applied cooling rates and fg,5 for steel V50. 4 13.16 22.80
Sample number /st -time, s Cooling rate, K/s 5 28 10.71
1 1.05 285.71 6 56 5.36
2 2.67 112.36 7 112 2.68
3 543 55.25 8 224 1.34
4 9.48 31.65 9 448 0.67
5 19 15.79 10 896 0.33
6 38 7.89 11 1792 0.17
7 76 3.95 12 3584 0.08
(Continues) 13 7168 0.04
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