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The room temperature mechanical behavior of the fully bainitic steel grade
20CrMoVTiB410 was studied in the as-quenched and tempered conditions.
The hardenability response of the steel during heat treatment was assessed.
In the as-quenched condition itself, the steel exhibited a good combination of
strength, ductility and toughness. Tempering the quenched steel till to 550°C,
showed uniform mechanical properties. Tempering at 650°C showed sec-
ondary hardening behaviour, where the highest strength and least impact
toughness was observed. Tempering at 700°C showed a sharp decrease in
strength but with significant enhancement of toughness. The properties ob-
tained were correlated with the microstructure and phase analysis was
established using optical, scanning electron microscope, transmission electron

microscope and x-ray diffraction techniques.

INTRODUCTION

Bainitic steel grades based on Cr-Mo and Cr-Mo-V
are extensively used for high-temperature applica-
tions in the power plant sector.! The steel grade
20CrMoVTiB410 is a popularly used bainitic steel
for high-temperature bolting applications, due to its
technically superior stress relaxation behaviour.?™
The steel develops a completely bainitic structure
over a wide range of cooling rates. Our company
produces and supplies this steel grade for high-
temperature Dbolting applications wunder as-
quenched and tempered conditions at large tonnage
levels for power plant customers. The steel designed
for high-temperature applications has Cr, Mo and B
which ensures that bainitic nose is broadened in the
time-temperature-transformation diagram. The
steel also has low carbon content to ensure that
the bainite start temperature is high. The steel also
has a small addition of Ti which promotes fine
grains during melting and deformation by the
formation of fine Ti(C,N) precipitates. This also
fixes the nitrogen in the ferrite which improves the
steel toughness. The steel further contains a small
quantity of B which delays the proeutectoid ferrite
formation, which in turn enhances the steel hard-
enability. The steel has significant quantity of V
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(0.6-0.8%) which enables precipitation of alloy
carbides at high-temperature tempering or in ser-
vice conditions.®™®

There is an interest in the automotive industry,
where air-cooled bainitic steels are being developed
which have properties competing with those of
micro-alloyed steels. The steel in the as air-cooled
or as-quenched conditions shows an upper bainitic
microstructure and has a strength higher than that
of control-cooled microalloyed steels. The present
steel was found to display a wide range of cooling
rates in which bainite tends to form and it was felt
that the thermal power plant bolting steel can be
promoted for use as bainitic steels for room-temper-
ature applications. Instead of air cooling, the pre-
sent steel was examined in oil-quenched condition,
where an upper bainitic microstructure could be
obtained. In addition, the steel was tempered after
quenching at various tempering temperatures to
study the impact of microstructural changes and
their effects on mechanical properties.

EXPERIMENTAL PROCEDURE

The steel was melted as per composition in an
electric arc furnace followed by the ladle refining
and vacuum degassing route. Steel was cast in a
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4 metric ton ingot with the bottom pour uphill
casting technique. The steel chemistry was deter-
mined using an ARL 3460 spectrometer and the gas
content in the steel (O, N, H) was analysed using a
LECO gas analyser. The cast ingot was hot-stripped
and charged in the hot condition in a soaking pit at
1260°C and held for 6 h. The homogenised ingot
from the soaking pit was directly hot rolled to a final
product of a 150-mm-diameter cross-section bar
with a reduction ratio of about 25. The 150 mm
diameter bar was used for further laboratory scale
heat treatment processing.

A sample of the bar was cut and normalised at 990°C
and subjected to a Jominy end quench test as per
ASTM A255. Nine samples of 150 mm diameter and
150 mm length were heat treated in a laboratory scale
muffle furnace. Two samples were loaded each time
with spacers for uniform heating. Samples were
hardened by austenising at 990°C and soaking for
3 h followed by oil quenching. The as-quenched
hardness was evaluated in a 15 mm slice of a sample
from the hardened bar. The hardness was measured
at three different locations (centre, surface and mid-
radius. R/2) using a Brinell hardness machine at a
load of 3000 kgf with a 10 mm steel ball as per ASTM
E10. The hardened samples were tempered at varying
temperatures from 100 to 700°C soaking for 5 h at
each temperature. The room temperature mechanical
properties were evaluated at various tempering tem-
peratures. The samples were tested at the mid-radius
(R/2) location and the testing was carried out using a
Shimadzu tensile testing machine and the test sample
conformed to the ASTM ES8 round sample of gauge
diameter 12.5 mm and gauge length 50 mm. Impact
properties were evaluated at different tempering
temperatures using a standard FIE impact testing
machine. Samples for the impact test were prepared
as per ASTM E23. The microstructure was evaluated
at R/2 using an optical microscope and scanning
electron microscope (SEM) using an Oxford instru-
ment at various tempering temperatures. The etchant
used was 4% nital reagent. The prior austenite grain
size was determined by oxidising the grain boundaries
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by heating the samples in a furnace as per ASTM
E112. Transmission electron microscope (TEM) stud-
ies were carried out on the as-quenched and tempered
sample (700°C) using a JEOL 200 kV machine. An x-
ray diffraction (XRD) study was carried out on a Philip
Xpert machine with a Cu ko filter.

RESULTS AND DISCUSSION

This ingot of cast and hot-rolled steel with a 25:1
reduction ratio is usually heat-treated by austeni-
tising at 970-990°C followed by water quenching
and tempering between 680 and 720°C for power
plant applications. In the present study, a detailed
investigation has been carried out on the
heat-treatment response of a fully bainitic
20CrMoVTiB410 steel in the as-quenched and sub-
sequently tempered condition.

Effect of the Chemical Composition on Bainite
Formation

The composition of the steel studied is shown in
Table I. The presence of Ti in the steel ensures the
formation of fine cuboidal Ti(C,N) inclusion in the
molten steel, which enables a finer grain size during
solidification and hot deformation stages. The steel
has a low carbon content as well as elements that
promote the formation of bainite, such as Cr, Mo
and B. These elements also promote hardenability.
The residual impurity levels are low. The bainite
start temperature was estimated to be 563.4°C
using Eq. 1.5

Bs (°C) = 830—270C—90Mn—37Ni—70Cr—83Mo (1)

It can be seen that C, Cr and Mo significantly
decrease the bainite start temperature. In addition,
the low carbon in the steel promotes a lower carbide
fraction. Alloying with about 1% Mo shifts the
bainite nose, and alloying with ~0.002%B delays
the ferrite nucleation tendency by the boron moving
to the prior austenite grain boundaries.®

Table I. Chemical composition of the steel in wt.%

Elements C Mn Si Cr Mo Ti B A%
Major alloying elements

Min 0.17 0.35 - 0.90 0.90 0.07 0.001 0.6
Max 0.23 0.75 0.40 1.20 1.10 0.15 0.010 0.8
Actual 0.18 0.65 0.35 1.09 0.99 0.10 0.0026 0.68
Elements S P Al N (0] H
Residual and impurity elements

Min 0.015

Max 0.020 0.020 0.08 0.01 0.002 0.0002
Actual 0.003 0.014 0.03 0.0093 0.0012 0.00013
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Effect of Hardenability

The hardenability of the steel evaluated using the
Jominy end quench studies is shown in Fig. 1. The
steel exhibits excellent hardenability and the hard-
ness was consistently maintained over a thickness
of 100 mm Jominy distance without a fall in hard-
ness. This implies that the microstructure of the
steel is uniform throughout the 100 mm cross-
section. The high hardenability in the steel is due
to the presence of Cr, Mo, B and V in the steel.
Based on the Jominy end quench hardenability data
and for the oil-quenched condition (quench severity
of 0.35), the hardening depth profile (U-curve) was
evaluated as shown in Fig. 2.

The variation in hardness with the bar cross-
section in the as-quenched condition is shown in
Fig. 2. It can be seen that the highest hardness of 41
HRC is retained through thicknesses up to 75 mm
diameter. For bar diameters between 100 mm and
170 mm, the core hardness is 40 HRC while the
surface hardness is 41 HRC, which demonstrates
excellent hardenability.
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Fig. 1. Jominy end quench data showing hardness as a function of
Jominy distance.
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Fig. 2. Hardness penetration diagram hardenability U-curves for
20CrMoVTiB410 quenched in oil (quench severity = 0.35).
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Microstructure and Mechanical Properties in
the As-Quenched Condition

The 150 mm diameter bar steel was evaluated for
its performance in the heat treated condition which
involved austenitizing at 990°C followed by oil
quenching. In this condition, the carbides associated
with the alloying elements Cr, Mo and V are
completely dissolved in the austenitic matrix. The
ferrite stabilising elements like Cr, Mo and V shift
the AC; temperature (temperature above which
complete austenite forms) to a higher temperature
range and the eutectoid point shifts to lower carbon
levels.® The as-quenched microstructure shows a
fully bainitic microstructure with a complete
absence of a martensitic structure, as shown in
Fig. 3a—c. TEM studies of the as-quenched
microstructure showed a completely upper bainitic
microstructure without martensite even at the
surface zones. The as-quenched hardness obtained
in a 150 mm cross-section sample varies from 40
HRC to 42 HRC (centre: 40HRC, mid-radius: 41
HRC, surface 42 HRC) with a fully bainitic matrix.

The formation of the bainite on oil quenching may
be explained with the continuous cooling transfor-
mation (CCT) diagram of the steel® as shown in
Fig. 4. It can be seen that the alloying elements in
the steel have shifted the (ferrite + carbide) trans-
formation curve to the right and that there is a
widening of the bainitic nose. This has led to the
formation of the bainite phase over a wide range of
cooling rates. The critical cooling rates to produce a
martensitic structure is very high (100°C/s). It is
difficult to produce martensite in this steel even at
the most severe cooling rates.” Probably, thin
sections of the steel with water or brine quenching
may give martensite. Alloying elements Cr, Mo, Ti,
V and B are all bainite-promoting elements and
they have a tendency to retard nucleation and the
growth process of pearlite.

This is corroborated by the fact that the highest
hardness in the as-quenched condition showed 41
HRC. The steel was completely upper bainitic with
dispersion of carbides within the bainitic ferrite as
observed in optical, SEM and TEM micrographs in
Fig. 3a—c. Figure 3c shows bainitic laths in the
matrix along with interlath upper bainitic carbides.
Such bainitic carbide (FesC) formation in the as-
quenched condition is not observed in other alloy
steels subjected to martensitic transformation.

The mechanical properties of the steel in the as-
quenched condition with a bainitic microstructure,
as in Fig. 3a—c, showed an ultrahigh-strength range
with good ductility and impact toughness as shown
in Table II. The yield strength to the tensile
strength ratio in the as-quenched steel with bainitic
microstructure is 0.91, which is attributed to the
work hardening of the fine upper bainite structure.
The prior austenite grain size in the steel conforms
to ASTM grain size No. 9-9.5, as shown in Fig. 5a, b.
The fine grain size may be attributed to the grain
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Fig. 3. As-quenched bainitic ferrite microstructure in (a) optical microscopy at x 500, (b) SEM image, (c) TEM image showing upper bainite.
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Fig. 4. CCT diagram of 20CrMoVTiB410.5

refinement caused by the Ti(C,N) precipitate shown
in Fig. 5b. The Ti(C,N) precipitate forms in the
liquid state and refines the grain size during
solidification and hot working.® The fine austenite
grain size and the formation of fine bainite within
the finer austenite grains leads to ultrahigh-
strength levels with good ductility and impact
toughness in the steel. Thus, the steel has potential
applications even in the as-quenched condition due

to its bainitic microstructure and ultrahigh-
strength properties with reasonable impact tough-
ness, unlike other alloy steels with martensitic
transformation which need to be tempered. How-
ever, the cost associated with 1% Mo and 0.75% V in
the steel is a point of concern for people working on
air-cooled bainitic steel for automotive applications.
The next stage of the research should be focused on
the same steel with reduced Mo and V levels in
which it may be possible to still achieve an accept-
able range of mechanical properties.

Tempering of As-Quenched Bainitic Steel

In a manner similar to the tempering of the alloy
steel with martenstic transformation after quench-
ing, the present steel with a completely bainitic
microstructure in the as-quenched condition was
subject to tempering heat treatments from 100°C to
700°C. The mechanical properties evaluated after
tempering is shown in Fig. 6, from which it can be
seen that tempering the steel ranging from 100°C to
550°C does not show any variation in the mechanical
properties (yield strength, ultimate tensile strength,
ductility and toughness), unlike tempered alloy
steels. In alloy steels, where martenite forms on
quenching, tempering transforms the bct marteniste
to equilibrium bcc ferrite and carbide. The investi-
gated steel which showed a microstructure of upper
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Table II. Mechanical properties in as-quenched condition

Hardness YS (MPa)

41 HRC 980 1079

UTS (MPa)

% E % RA CVN J)
12.7 45.08 24

PR (A A DR ; s
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Elen! Atom %

CK 1099
NK 56.92
TiK 30.70
g VK 0.67
FeK 0.72

Fig. 5. (a) Extremely fine grain size ASTM No. > 9 measured as per ASTM E 112. (b) SEM image showing presence of cuboidal Ti(C,N) rich in

Ti and N.
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Fig. 6. Mechanical properties after hardening at 990°C/oil quench
followed by tempering between 100°C and 700°C.

bainite with carbide on quenching (Fig. 3a—c) has
equilibrium ferrite and carbide in it and does not
undergo phase transformation until 550°C, result-
ing in no change in the microstructure as shown in
Fig. 7a and b. Unlike martensitic alloy steels which
show tempered martensite embrittlement (~350°C)
or temper embrittlement (~550°C), the present steel
does not show such embrittlements.

Tempering in the range from 550°C to 650°C,
shows a secondary hardening phenomenon, as evi-
dent in Fig. 6. At this temperature, microstructural

changes take place even in steel with a bainitic
ferrite-carbide microstructure. Tempering above
550°C leads to diffusion of the residual carbon and
solutes in the ferrite to precipitate alloy carbides
that coarsen the existing bainitic carbides and create
ferrite free of solid solution.”® Above 600°C, diffu-
sion of carbon and alloying elements becomes possi-
ble and the thermodynamic driving force enables
precipitation of alloy carbides that lead to secondary
hardening in this steel similar to that of martenistic
alloy steels.

The secondary hardening peak for the present
steel occurs at about 650°C, at which the mechan-
ical properties showed an increase in yield strength
and ultimate tensile strength but with severe
deterioration of the impact toughness at the peak
hardening temperature. The tensile strength
improved by 100 MPa, while there was a decrease
in CVN impact toughness from 24 J to 9 J at the
peak hardened condition. The optical micrography
of the samples at the peak hardness at 650°C, given
in Fig. 7c, shows no significant change in optical
microstructure. The SEM micrographs were then
examined for the samples tempered at 500°C, 650°C
and 700°C. The structure at 500°C showed thicken-
ing of the carbides in the ferrite matrix (Fig. 8a),
while at 650°C peak hardened condition, the struc-
ture showed fine carbides in the ferrite matrix
(Fig. 8b). The loss in toughness in peak hardening is
observed in many steels and is attributed to the fine
carbides that have unfavourable orientation effects
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Fig. 8. SEM images of the tempered bainite matrix shows: (a) at 500°C, fine temper bainite microstructure; (b) at 650°C, fine ferritic laths and
secondary hardening; and (c) at 700°C, coarsening of ferrite.

with the precipitating phases and coherency significant improvement in impact toughness
strains, which decrease the impact toughness.’ (Fig. 6). The decrease in strength and the enhance-
When the present steel is tempered above 650°C, ment of toughness occurs between a very narrow

the strength starts to decrease, while there is a temperature range of 650°C-720°C. At 700°C
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Fig. 9. TEM images of tempered bainite matrix showing probable
V,4Cj3 carbides (black arrows) formed within the grain at the peak
hardening temperature of 650°C.

tempering, the steel shows significant improvement
in impact toughness to a value as high as 220 J at
the ultra high strength level (UTS = 938 MPa;
YS = 865 MPa) as shown in Fig. 6. Thus, the steel
responds to a narrow tempering temperature
regime, where technically superior toughness and
impact strength can be achieved. A precise control
of temperature is needed in this range where even a
5°C change can give a very large variation in the
impact toughness. The higher toughness and loss in
strength at a tempering temperature above 680°C
may be attributed to the coarsening of the alloy
carbides along with bainitic cementite and recrys-
tallization of ferrite grains. The tempering temper-
ature is high enough for enhanced mobility of the
elements, which form coarse carbides.

The ferrite which is free of alloying elements due
to carbide precipitation is soft and exhibits
improved toughness. The optical microstructures
of the steel tempered at 700°C, as in Fig. 7d, show
coarsening of the ferrite. The SEM micrographs
show coarse recrystallised ferrite as in Fig. 8c. An
effort was made to assess the carbides in TEM,
where disk-shaped carbides were found, as shown in
Fig. 9. Probably, these carbides are V,C3.'° A
meaningful EDAX pattern and SAD pattern could
not be obtained to directly decipher the disc-shaped
phase.

The present steel has 1% Cr, 1% Mo and 0.75% V
with 0.2% C content. Based on thermodynamic
tendencies, this steel is reported to precql)ltate
V,Cs as the secondary hardemng phase.’
700°C, the Fe3C phase in the microstructure is
replaced with the formation of more stable V4Cs.
According to Baker and Nutting,'® V,Cs-type car-
bide has secondary hardening behaviour and the
carbide occurs in plate morphology with a typical
aspect ratio of 5:6. It has also been reported that the
precipitate grows without a change in morphology
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with increasing tempering temperatures. Bhade-
shia et al.'* have investigated tempering of similar
steel, and they reported that the alloying elements
diffuse into cementite and ultimately precipitate
V,4Cs3 and Mo,C. In the initial stages, the coherency
between the precipitate and the ferrite lattice is
reported to have a 3% mismatch, and the replacement
of the bainitic carbide with its dissolution and
replacement with fine V,Cs is reported to enhance
the strength at the expense of impact toughness.'>'¢
Tempering at 700°C is reported to ensure the com-
plete precipitation of alloy carbides from the ferrite
and the coarsening of the precipitates by Ostwald
ripening, in addition to some recrystallization of
the ferrite grains which gives a softer ferrite and
enhanced toughness.

Phase Analysis by XRD

XRD analysis was carried out with two typical
samples in the as-quenched and 700°C tempered
condition. The as-quenched sample with the upper
bainitic microstructure shows broad ferrite peaks
and some minor cementite peaks (Fig. 10a). The
tempered steel shows sharp and distinct high-inten-
sity ferrite peaks (200)x and (211)x compared with
the as-quenched steel (Fig. 10b). In addition, the
tempered steel shows a high degree of noise com-
pared with the quenched steel, making indexing of
minor peaks difficult (Fig. 10b). The sharpness of the
ferrite peak may be attributed to the depletion of
carbon from the ferrite solid solution to form more
stable carbides such as V,Cs. The noise level is an
indication that there are microstructural changes
taking place. It is difficult to distinctly decipher the
presence of the hardening alloy carbides such as
V4C3due to the low volume percentage. However, the
location of the V,Cs and Fe3C was marked in the XRD
chart to match with minor peaks. The lattice param-
eter of the ferrite before and after tempering was
calculated and the change in the lattice volume was
estimated to be 1.5%, indicating the residual carbon
precipitating from the ferrite forming alloy carbides.

Effect of Carbide Fraction on Mechanical
Properties of Bainitic Steels

The volume percentages of the carbides (bainitic
and alloy carbides) observed in the SEM images
were quantified at various tempering temperatures
using Imaged software, as shown in Fig. 11a and b.
It was observed that the carbide percentages in the
as-quenched condition was highest at 24%. This was
attributed to the fact that the upper bainitic
microstructure has FesC-type plates between the
sheaves (Fig. 3c). The carbide content formed for
the steel at 0.2%C using the Lever rule, matches
with the value obtained in the as-quenched sample.
The carbide volume percentage was found to
decrease with tempering temperature. It was 9%
at 500°C tempering and 3.2% at the peak hardening
temperature of 650°C.
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tempering stage at 700°C. Some peaks of V,C3 along with Fe3C and ferrite phases.
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Fig. 11. (a) SEM micrograph of the as-quenched sample where carbide distribution could be quantified. (b) Carbide distribution in as-quenched

and tempered conditions of bainitic steel.

The change in carbide volume fractions is an
indication that the bainitic ferrite content was
increasingly being consumed by the secondary
hardening alloying element to form alloy carbides
(probably V,Cs3). At 650°C, the alloy carbides have
replaced the Fe3C which leads to increased harden-
ing, while the impact toughness observed was poor.
Increasing the tempering temperature to 700°C
showed a drastic lowering of strength and signifi-
cant improvement in toughness, similar to that
observed in alloy steels. At 700°C, the alloy carbide
volume increased to 5.5%, indicating coarsening of

the carbide by precipitation of the carbon from the
ferrite solid solution. This precipitation is the
reason for the ferrite peaks in XRD becoming
sharper after tempering (Fig. 10b). According to
Bhadesia,” the FesC dissolves up to the peak
hardening stage, where the precipitation of V,Cs
starts taking place. Thus, in a fully bainitic steel,
the initial Fe3C carbide in the upper bainitic
microstructure is replaced with alloy carbides at
high-temperature tempering beyond 550-700°C
similar to that observed in martensitic low alloy
steels.
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The overall carbide content of the as-quenched
steel as observed in SEM is shown in Fig. 11a. A
correlation between the carbide fraction in the steel
and the mechanical properties can be established by
studying Figs. 6 and 11b. It can be seen that in the
as-quenched condition where the bainitic carbide
FesC is 24%, the strength (UTS = 1079 MPa;
YS = 935 MPa) and impact toughness (CVN = 24 J)
are lower. As tempering increased to 500°C, the
carbide content is lowered (carbide fraction = 9%),
where there is an enhancement of strength due to
fine carbides with their enhanced strength in the
matrix (UTS = 1138 MPa; YS = 996 MPa) with the
same impact toughness (CVN = 24 J). At the peak
hardening tempering temperature of 650°C, the
carbide content is the lowest (carbide frac-
tion = 3.5%), which has led to further enhancement
of the strength (UTS = 1205 MPa; YS = 1140 MPa)
but with severe loss in impact toughness
(CVN =9 J). Tempering above the peak hardening
range at 700°C shows an increase in alloy carbide
content (carbide fraction = 5.5%), where there is a
drastic fall-off in strength (UTS = 938 MPa;
YS = 865 MPa) and very high impact toughness
(CVN = 230 J). In summary, the as-quenched fully
bainitic steel responds to tempering heat-treatment
beyond 550°C, similar to that of martensitic alloy
steel.

CONCLUSIONS

The steel 20CrMoVTiB410 shows a completely
upper bainitic structure in the as-quenched condi-
tion with good strength, ductility and impact tough-
ness. The presence of Ti in the steel shows a fine
grain size of ASTM No. 9-9.5. The hardenability of
the steel showed a through hardening capability,
which is favourable for the development of a
uniform bainitic microstructure with a large thick-
ness. Tempering the steel up to 550°C showed
stable strength, toughness and ductility levels. At
further increased tempering temperatures, there is
a secondary hardening effect observed in a bainitic
matrix, where the strength enhances with a dete-
rioration of toughness at the peak hardening
condition of 650°C. The secondary hardening
response of the steel is attributed to the formation
of fine carbides, observed in TEM, and which was
deduced to be V,Cs-type precipitation based on
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thermodynamic assessment. There is a significant
improvement in toughness with reasonable
strength, when the tempering of the steel is carried
out at 700°C. The microstructure and the carbide
distribution and content were quantified and corre-
lated to the mechanical properties with the SEM
microstructure. The formation of the ferrite and
carbides in the as-quenched condition was estab-
lished by the XRD investigation, and the changes in
peak intensity and minor peaks of alloy carbide
beyond peak hardening confirmed the response to
tempering treatment.
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