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Abstract: The thermodynamic precipitation behavior of
the second-phase particles in Nb-containing high tita-
nium microalloyed steel has been studied by calculation
in this article. It is revealed that FCC_A1#2 is isomorphic
with FCC_A1#3 and the contents of Ti and Nb elements
are much higher than that of FCC_A1#3. The influence of
different quenching temperatures on microstructure and
mechanical properties of steel was also studied. The
results indicate that the quenching temperature should
be controlled below 1,100°C and the soaking time should
not exceed 60 min to avoid abnormal grain growth. The
thermodynamic calculation and experimental results have
certain theoretical guiding significance for the practical
industrial application of high titanium-niobium steel.

Keywords: precipitation behavior, microalloyed steels,
impact toughness

1 Introduction

High strength steels are used in many fields, especially in
automobiles. In recent years, the microalloyed steels, in
which microalloy elements of niobium (Nb), vanadium (V),
titanium (Ti), molybdenum (Mo), and so on are added in,
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have been extensively studied for its excellent mechanical
properties and the reduction in weight [1-3]. The addi-
tion of alloying elements to steel can precipitate fine
carbonitride, resulting in precipitation strengthening
[4]. On the other hand, these precipitates can be nailed
at grain boundaries to refine grains, thus improving the
strength. It is generally thought that Nb is the most
effective microalloy element which retards the recrystal-
lization process of steel. It is reported that mechanism of
reducing the grain size by Nb is mainly attributed to two
factors [5,6]. The first is that the fine niobium carbide
(NbC) precipitates can pin the interface of grain growth
after recrystallization [7]. The second is that the Nb
atoms dissolved in the steel have a drag effect on grain
boundary migration. The Nb-Ti microalloyed steel is a
common microalloyed steel which generally adopts the
combination of high Ti and low Nb due to the economy
of Ti resources. The size and quantity of the precipitates
in the steel and the microstructure after rolling can be
controlled by thermo mechanical control process (TMCP)
in the industrial production of Nb-Ti steel, which can
improve the strength of the steel [8,9].

Many researchers elucidated the Nb—Ti microalloyed
steel from different aspects, such as the influence of dif-
ferent contents of Nb and Ti, the species of precipitates,
and the change in heat treatment on the properties
and microstructure of the steel. Zhou and Priestner [10]
investigated the evolution of precipitates in Nb—Ti micro-
alloyed steel during solidification and cooling process and
found that precipitation of carbonitrides was strongly
associated with the precipitation of manganese sulfide
(MnS). Ma et al. [11] found that the precipitates formed a
chain-like distribution along the austenite gain boundary
at low cooling rate and few microalloying elements pre-
cipitate at high cooling rates. Grajcar [12] analyzed the
precipitation process in Nb-Ti microalloyed Si—Al TRIP
steel by thermodynamic calculation and found that silicon
play a decisive role in reducing the solubility of MX-type
phases in austenite of the steel, while Mn increases the
solubility of micro additions and metalloids.
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It is well recognized that the composition, cooling
rate, heat treatment, and deformation of the microalloyed
steel affect the size, type, and distribution of second-
phase particles and then change the microstructure and
mechanical properties [13-16]. The grains that are in the
metastable state will grow up and coarsen under the
action of high temperature. However, the large grain
size has a serious deterioration effect on the strength,
toughness, fatigue strength, and other properties of steel
[17-20]. The austenitizing temperature and soaking time,
as the most critical parameters in the heat treatment pro-
cess, seriously affect the size and distribution of austenite
grains and the degree of solid solution of microalloying
elements [21-25]. Therefore, it is important to investigate
the growth process of austenite grain, which is helpful for
enterprises to develop a reasonable casting billet heating
process, subsequent heat treatment process, and obtain
good performance of products. In the current work, the
precipitation behavior of different phases in the hot-
rolled Nb-Ti steel in balanced cooling process conditions
is calculated by using Thermo-Calc software. The auste-
nite grains and the microstructure of the steel treated
by different heat treatment process were observed by
optical microscopy (OM) and scanning electron micro-
scopy (SEM). In addition, the low temperature impact
toughness and Vickers hardness were detected under dif-
ferent quenching and tempering processes, which are
associated with the microstructure.

2 Experiment

2.1 Materials and process

Table 1 shows the composition of the steel in which the
Ti content is 0.10%, while the Nb content is relatively
low at 0.025%. The steel was produced by converter
smelting followed by the ladle furnace refining, vacuum
refining, and continuous casting. Then, the billets were
heated and held in a furnace that had been heated up to
1,250 + 20°C for a certain period of time before being
rolled to produce steel plates.
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A number of samples with the dimensions of
13mm x 13mm x 65mm and 10 mm x 10 mm X 5mm were
machined by electro-spark wire-electrode cutting
from the steel plates. The samples with the size of
10mm x 10 mm x 5mm were quenched at a series of
temperatures of austenitization. As shown in Figure 1(a),
the quenching temperatures were 900, 1,000, 1,100, 1,150,
1,200, and 1,250°C, respectively, and the holding time was
different from 20 min to 80 min for the research of the effect
of heat treatment process on austenite grain size. Subse-
quently, in order to study the effects of different quenching
temperatures on impact properties and microstructure,
samples with the dimensions of 13 mm x 13 mm x 65 mm
were quenched at different temperatures (860, 900, 940,
980 and 1,020°C) and tempered at 550°C for 60 min. The
heat treatment schematic is shown in Figure 1(b). Then,
the samples treated with various heat treatments were
processed into 10 mm x 10 mm x 55 mm V-notch standard
samples for their low temperature impact properties test.

2.2 Mechanical property

Charpy V-notch impact test at —20°C were conducted
assisted by liquid N cooling on a metal pendulum impact
tester to evaluate the mechanical properties of the sam-
ples after heat treatment. Three samples were tested for
each heat treatment process to ensure the reliability of
the data. Meanwhile, Vickers hardness tests were per-
formed at eight different locations on each sample and
took the average as final results of micro hardness.

2.3 Microstructure characterization

The samples for observing austenite grains were cut
along the middle parts that have undergone heat treatment
under different conditions. Then, the observed surface of
the samples was ground by sandpaper and polished to a
mirror by diamond spray. The samples were placed in a
mixture of saturated picric acid aqueous solution, a small
amount of corrosion inhibitor and a small amount of
hydrochloric acid, and the water bath hot etching was

Table 1: Chemical composition of Nb—Ti composite microalloyed steels (wt%)

Elements C Si Mn P S

Nb Ti Als Ca N

Content 0.075 <0.10 <1.25 <0.012

<0.002

0.025 0.10 0.025 0.003 <0.005




DE GRUYTER
(2)
. 900, 1000, 1100
U : ) ’ )
g Quenching: 501500, 1250°C
5
g
8 Tempering: 230°C
5
£

Time/min

Precipitation behavior of second phase in high Ti microalloyed steels

— 113

(b)

860, 900, 940,

Quenching: ¢, 1020°C

Tempering: 550°C

Temperature/°C

Soaking:
40min

Time/min

Figure 1: Different heat treatment regimes in the experiment: (a) schematic diagram of austenite grains sample treatment process and

(b) different quenching processes for the impact tests.

carried out to show the grain boundaries of the austenite
grains of the samples under different processes in a cer-
tain temperature range (60—80°C). At the same time, the
original austenite grain morphology of the corroded
samples was observed by using an inverted microscope
(Zesiss Axio Vert. Al), and ten metallographic photos
with different magnifications were collected. The trans-
versal method was used to analyze the austenite grains
of samples under different heat treatment processes, and
the average grain size was calculated. The statistical
number of grains of a single sample was no less than 300.

The samples that have undergone different quenching
processes for the impact test were grounded by sand-
papers and polished by diamond polishing spray. The
4vol% nital was used to etch the surface of the polished
samples in order to reveal the evolution of the microstructure.
The microstructure was characterized by OM and SEM.

3 Results and discussion

3.1 Thermodynamics analysis of the second-
phase particles

The equilibrium phase diagram of the experimental steel
within the temperature range of 200-1,600°C was calcu-
lated by Thermo-Calc software. The relationship between
the second-phase precipitation content and temperature
is shown in Figure 2. The temperature was between
200-1,600°C, mainly because the smelting temperature
of steel is generally 1,600°C, and the possible particles in
the steel have been precipitated when it is cooled to

200°C. In order to more directly reflect the specific pre-
cipitation amount of the second phase, the logarithmic
ordinate was adopted. It can be seen from Figure 2 that
the second phase precipitated in the equilibrium cooling
process of the experimental steel in the order of precipi-
tation temperature mainly includes Ti,C,S,, FCC_A1#3,
FCC_A1#2, MNS, Cementite, M,P_C,,, MsC,, M»3Cg, and
M;Cs;, among which Ti,C,S,, Cementite, MsC,, and M;Cs
are transition precipitates and exist only in a certain tem-
perature range. FCC_A1#2, FCC_A1#3, and MnS precipi-
tate stably in a wide temperature range.

In order to clarify the elements and contents of each
phase, the variation in the content of each element in
each phase with the precipitation temperature was calcu-
lated, as shown in Figure 3. The statistical analysis was
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Figure 2: Relationship between the precipitation of the second
phase and temperature.
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Figure 3: The relation between the composition ratio of each precipitated phase and temperature in experimental steel: (a) Ti;C5,S,, (b) MnS,
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carried out on all kinds of second-phase precipitation by
Thermo-Calc, as shown in Table 2, which mainly includes
the maximum precipitation mass fraction, initial formation
temperature, complete decomposition temperature, etc.

Based on the comprehensive analysis of the data in
Figures 2 and 3 and Table 2, it can be known that the
liquidus temperature of the experimental steel is 1,522°C.
Ti,C,S, phase began to precipitate at about 1,503°C in the
solid-liquid two-phase zone, and the precipitate amount
rose sharply to a certain extent after the temperature was
lowered by about 50°C, and the precipitate rate became
slow. At about 1,266°C, the maximum precipitate amount
was about 8.68 x 107>, When the temperature dropped to
about 1,049°C, almost all of the Ti,C,S, precipitate dis-
appeared. It can be seen that the contents of constituent
elements Ti, C, and S in the phase are basically not
affected by temperature. Ti,C,S, phase is a transition
phase, and its precipitation at high temperature can
play the role of pinning austenite grain boundary and
combining S element in the steel matrix, reducing the
precipitation amount of MnS at high temperature, so as
to weaken the adverse effect of MnS precipitates on the
rolling process.

FCC_A1#3 begins to precipitate at about 1,498°C, that
is, in the solidification stage of molten steel. The precipi-
tate amount of FCC_A1#3 first increases rapidly, then
decreases in a small range around 1,450°C, and then con-
tinues to rise and reaches a small peak at about 1,266°C.
At this time, FCC_A1#2 begins to precipitate. The content
of Ti,C,S, and FCC_A1#3 phase began to decrease, but
the decrease in Ti,C,S, phase is not obvious. When the
temperature drops to about 1,049°C, that is, the decom-
position temperature of Ti,C,S, phase, the content of
FCC_A1#3 phase suddenly decreases, and then increases
slowly. The reasons for the change in FCC_A1#3 phase
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content during this period of temperature are investi-
gated in detail. The first decrease may be due to the rapid
transformation of high-temperature ferrite to austenite.
The solubility product of the constituent elements of
FCC_A1#3 phase in the matrix phase became larger,
leading to its diffusion into the matrix and the decrease
in phase content. The second decrease may be due to the
fact that FCC_A1#3 phase is mainly used as nucleation
particle after phase FCC_A1#2 begins to precipitate, and
the structure of FCC_A1#2 phase is the same as that of
FCC_A1#3 phase, leading to the transfer of some elements
to the new phase FCC_A1#2. According to Figure 3(d)
and Table 2, the main elements in the FCC_A1#3 phase
include Ti, C, N, Nb, a small quantity of Fe and Mn, etc.
The maximum content of Nb element in the FCC_A1#3 is
also two orders of magnitude lower than that of Ti, so it
can be considered that the FCC_A1#3 phase is mainly
composed of Ti(C, N). In the precipitation process of
FCC_A1#3, Ti elements account for about 80% . In the
early stage, the account of N elements is larger than
that of C elements, which illustrated that main precipita-
tion form is TiN in the high temperature. Ti(C, N) becomes
the main precipitation and contains a trace amount of Nb
element with the decrease in temperature and the con-
sumption of N element and the increase in C activity in
steel. This is because Ti(C, N) particles which serve as
nucleation in the steel matrix promotes the precipitation
of Nb(C, N).

FCC_A1#2 phase rapidly precipitates from about 1,266°C
and reaches a maximum precipitate amount of 1.31 x 107>
at 956°C. Then, its amount decreases slowly, but the overall
change is not significant. According to Figure 3(c), it can
be seen that N element only partially precipitates at the
beginning, and then the proportion of N element in
FCC_A1#2 phase becomes lower and lower, while the

Table 2: The results of equilibrium precipitation of the second-phase particles in experimental steel

Phase of Maximum precipitation

Maximum precipitation

The temperature of The temperature of complete

precipitation mass fraction temperature/°C starting to precipitate/°C  decomposition/°C
Ti4C,S, 8.68 x 107 1266.90 1503.28 1049.25

FCC_A1#3 3.69 x 107%4 - 1498.06 —

FCC_A1#2 1.31x 107 956.00 1266.90 -

MnS 5.43 x 107%° - 1050.80 -

Cementite 7.05 x 1073 430.00 689.82 294.15

M,P_C», 5.11x 107% - 333.72 —

MsC, 5.93 x 107 294.15 295.06 232.14

M,3Ce 8.84 x 107 230.57 273.11 -

M,C5 144 x 107%4 232.14 232.14 230.57

Note: The temperature range calculated for the second-phase precipitation is 200-1,600°C. “—” means that the precipitated phase has no

decomposition behavior within the calculated temperature range or precipitates to 200°C.
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proportion of Nb element increases rapidly after the
initial precipitation, and gradually stabilizes with the
decrease in the temperature. It can be seen that the con-
tent of C is much larger than that of N, so it is believed
that FCC_A1#2 is mainly composed of (Ti, Nb)C. Since
the FCC_A1#3 and FCC_A1#2 are isomorphic, part of
N elements may be replaced by C elements in the pre-
cipitation process.

After the complete decomposition of Ti,C,S,, S ele-
ment is liberated, and a large number of MnS are preci-
pitated in a very small temperature range, as shown in
Figure 3. As the temperature decreased, MnS is continu-
ously precipitated, with a precipitation amount of about
5.43 x 107, and the proportion of elements in the phase
almost remained unchanged.

Cementite is mainly composed of C, Fe, and Mn ele-
ments. The Cementite begins to precipitate at about
689°C and then completely decomposes at about 294°C.
M,P_C,, phase consists of P, Fe, and Mn elements, which
is a kind of phosphide. It is a low-temperature precipi-
tated phase, which begins to precipitate in ferrite at about
333°C. It can be ignored due to the extremely low P con-
tent in steel and the large difference between the preci-
pitation temperature of M,P_C, phase and the actual
production temperature of steel.

The precipitates of MsC,, M,3C¢, and M,C; are all car-
bides, which can be expressed as (Fe, Mn)C, and the
precipitation temperatures of the three phases are quite
close, which are 295, 273, and 232°C, respectively. The
M;C, and M;C; only precipitate and dissolve at a small
temperature range. The M,3C¢ has a positive effect on
steel strengthening that precipitates in chain shape at
grain boundary [26,27].

3.2 Effect of second-phase particles on
austenite grains

The average austenite grain size of the experimental steel
under different quenching temperatures and soaking times,
obtained by using the transversal line method, are
shown in Table 3 and Figure 4. It can be seen that the
average austenite grain size of experimental steels with
different holding time almost increases exponentially with
the increase in the quenching temperature. Figure 5 shows
the austenite grain morphology obtained after holding
uniformly for 40 min at different quenching temperatures.
It is clear that the austenite grain size gradually increases
with the increase in quenching temperature. When the
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Table 3: Average grain size of austenite under different process
conditions

Temperature/°C Holding time/min

20 40 60 80

Average grain size/ym 900 2,92 3.41 4.16 4.73
1,000 7.20 8.69 10.79 12.19
1,100 13.69 16.98 19.15 22.34
1,150 21.88 26.21 31.45 37.46
1,200 30.32 40.43 47.52 51.77
1,250 44.53 51.27 64.32 74.22

quenching temperature is between 900-1,000°C, the size
of austenite grains is more small, whose size distribution is
uniform. However, the grain growth trend is not obvious
with the temperature, and it is difficult to judge the degree
of its growth only by preliminary observation. It can be
seen from Table 3 that the average austenite grain sizes at
900 and 1,000°C are about 3.4 and 8.7 pm, respectively. It
is obviously observed from Figure 5(c) and (d) that the
number of austenite grains decreases significantly and
the average grain size increases to a considerable extent.
In addition, the microstructure of mixed grain (mixed
grain refers to the large difference in austenite grain
size) has a serious impact on steel strength and toughness.
However, it can be observed from Figure 5(e) and (f) that
abnormally coarse austenite grains are equiaxed, and
their average size is as large as about 70 pm, when the
quenching temperature reaches 1,200-1,250°C.

80

70 -

60 -

50 -

40|

20 -

Average Grain size (um)

1000 1050 1100 1150 1200 1250 1300
Tempreture (°C)

900 950

Figure 4: The relationship between average austenite grain size and
temperature of experimental steels.



DE GRUYTER

4 900°C/40min

Precipitation behavior of second phase in high Ti microalloyed steels

— 117

1000°C/40min

1150°C/40min

1250°C/40min

Figure 5: The austenite grain morphology after holding for 40 min at different quenching temperatures: (a) 900°C, (b) 1,000°C, (c) 1,100°C,

(d) 1,150°C, (e) 1,200°C, and (f) 1,250°C.

The austenite grain growth process is actually the
coupling effect of element diffusion, thermal activation,
and interface migration. The austenitic grain boundary
realizes migration with the driving force of the interface
energy. The effect of quenching temperature on the grain
growth is mainly reflected in the diffusion rate of atoms at
the grain boundary. The variation in austenite grain
growth rate under the same soaking time is generally
calculated by equation (1).

p = kalexp(-Q/RT)] 1)
d

where k is a constant, a represents grain boundary

interface energy (J-mol™), Q represents the activation

energy (J-mol™), R represents gas equilibrium constant

of 8.314 J-(mol x K), T represents absolute temperature (K),

and d represents average austenite grain size (um). It can
be seen from equation (1) that when the soaking time is
consistent, the grain growth rate increases with increase in
the temperature. The migration rate of grain boundary
would be reduced by fine second-phase particles including
FCC_A1#3, FCC_A1#2, and MnS, which are dispersed in the
steel at the quenching temperature of 900-1,000°C. The
second-phase particles that originally existed at grain
boundary and played a role in pinning the grains are in
metastable state and some of them begin to dissolve or
coarsen with the increase in the quenching temperature,
which finally lead to the weakening of the pinning force.
Moreover, the increase in the temperature also increases
the diffusion rate of atoms at grain boundary, which
resulted in the rapid growth of austenite grains. The
average grain size of austenite increases sharply at the



118 — Xiaopei Guo et al.

quenching temperature up to 1,250°C, which is due to
a large number of decompositions of FCC_A1#2 phase
that occupies the largest mass fraction of the second-
phase particles in the steel, resulting in the severely weak-
ened nailing effect. The reduction in total area of grain
boundary decreases the interface energy, which makes
the internal system more stable. That is the internal reason
for the reduction in the number of austenite grain. There-
fore, the actual quenching temperature should be con-
trolled within 1,100°C in the heat treatment process of
the experimental steel.

As shown in Table 3 and Figure 4, the number of small
austenite grains decreases gradually and the average grain
size increases at a slow rate with the increase in soaking
time. When the soaking time increased from 20 min to
80 min, the average grain size increased only by 9pm
from about 13 um. It can be seen that the soaking time
has much less effect on the austenite grains than the
quenching temperature. This is because most of the
second-phase particles still exist at grain boundaries
at this temperature, and the austenite grains can only
keep the system stable by reducing the higher grain
boundary energy caused by the grains inhomogeneity.
The decrease in grain boundary energy leads to the out-
ward migration of grain boundaries. Thus, the soaking
time in the heat treatment process should not be too long.

3.3 The influence of quenching temperature
on microstructure evolution

In the above discussion, it is known that the quenching
temperature should be below 1,100°C. In order to ensure
the proper grain size and solid solubility of microalloying
elements in austenite, the quenching process route, as
shown in Figure 1(b), was developed to explore the influ-
ence of quenching temperature on microstructure and
properties. Three identical experimental steel samples
were made in each process to ensure the accuracy of sub-
sequent low-temperature impact toughness test results.
The samples were tempered at 550°C to reduce the
quenching stress for improving the comprehensive mech-
anical properties, which aim to fully precipitate the micro-
alloying element carbides and reinforce steel matrix.
Figure 6 shows the SEM image of microstructure of
the experimental steel treated by quenching at different
temperatures for 40 min and tempering at 550°C for
60 min. It can be seen that the microstructure of the
experimental steel changed significantly with the increase
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in quenching temperature. The microstructure is mainly
granular bainite (GB) when the quenching temperature
is 860°C, as shown in Figure 6(a). In addition, different
sizes and morphology of carbides which are shown as the
bright white point in the SEM exist in the GB matrix and
grain boundary, which are sphere and short rod shaped.
The offwhite lumps shown in the red circle are typical
martensite/austenite (M/A) islands, whose morphology is
not the same due to the differences in the decomposition
rate and degree. The internal structure of M/A may be a
mixture of two or more phases, such as martensite, ferrite,
RA, bainite, etc. The main microstructure is still GB at the
quenching temperature of 900°C, as shown in Figure 6(b).
However, the length of massive block bainitic ferrite in
GB decreased, and the GB is more uniform. In addition,
few lath bainitic ferrites are observed in Figure 6(b). As
the quenching temperature increases to 940°C, it can be
seen from Figure 6(c) that the number and volume of
bainite ferrite significantly decreases, and many slender
lath bainite ferrite appears, with granular precipitates
distributed between the lath. At the quenching tempera-
ture of 980°C, the width of lath bainite ferrite increases
and the outline becomes clearer. Moreover, the number
of fine white pointlike precipitates increases sharply
and is generally distributed at the boundary of grains.
When the quenching temperature is further increased to
1,020°C, the original austenite grain boundary can be
clearly identified, as shown in Figure 6(e). The number
of lath bainite ferrite increases and grows parallel to the
grain boundary. The main reason for the evolution of
the microstructure in the experimental steel is that the
second-phase particles in the hot rolled steel dissolve
with the increase in the quenching temperature, and the
austenite whose grain size gradually increases becomes
more stable. In the subsequent tempering process, the
elements of the microalloyed steel are redistributed and
combined, and a large number of nanometer carbides
are precipitated in the steel.

3.4 The influence of quenching temperature
on mechanical properties

The experimental steel samples treated with different quen-
ching processes were cut into standard Charpy impact test
specimens. Some of the impact test samples were made
for metallographic specimen after grinding and pol-
ishing which were used to measure Vickers hardness
by the HV-5 Vickers hardness instrument. Each sample
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Figure 6: The SEM morphology of experimental steel at different quenching temperatures: (a) 860°C; (b) 900°C; (c) 940°C; (d) 980°C; and

(e) 1,020°C.

was tested at 8 points with a holding of 10s. The test
results are shown in Table 4 and Figure 7.

It can be seen from Figure 7 that the impact tough-
ness of the experimental steel fluctuates greatly with the
quenching temperature which is much larger than the
control standard of 48] for the steel. The impact work

value of the sample after 900°C quenching is as high as
300]. The cause for the impact energy change in the
experimental steel can be explained by its microstructure
evolution. The granular bainite is the main microstruc-
ture after 860°C quenching and 550°C tempering. The
block bainite ferrite which is the main matrix of the GB
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Table 4: Low temperature impact energy and microhardness of
experimental steels at different quenching temperatures

Quenching temperature/°C Hardness, HV Impact energy/)

860 189 264
900 191 299
940 212 297
980 224 243
1,020 244 280

has a higher dislocation density than the lath bainite
ferrite. The distribution of spherical second phase and
M/A structure in the matrix can effectively prevent the
further propagation of the crack and reduce the stress
concentration. The impact energy is significantly increased
with the increase in the quenching temperature to 900°C
for the higher overall homogeneity of the GB structure.
The microstructure is still GB at the quenching tempera-
ture of 940°C, while many slender lath bainite and a lot
of carbides between the lath appear which easily makes
the lath ferrite become a crack propagation path and may
produce brittle fracture. The original austenite grain coars-
ens with the further increase in the temperature. The
account of GB structure decreases, while the lamellar
bainite ferrite gradually increases with the rising of
quenching temperature. The width of the lath increases
and the austenite grain boundary gradually becomes
clear when improving the quenching. When the tem-
perature reached 980°C, the number of lamellar bainite
increases, and the GB structure further decreases. These
cancel out the precipitation strengthening of the second-
phase particles and the impact property is significantly
reduced. The impact energy improves somewhat at the
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Figure 7: Relationship between mechanical properties of experi-
mental steels and quenching temperature.
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quenching temperature of 1,020°C, although the GB struc-
ture is missed and all the bainite is lath. That may be due
to the increase in the solid solubility of microalloying ele-
ments in the steel at this temperature, where more second-
phase particles are precipitated out during the tempering
process leading to that the precipitation strengthening
effect is greater than the toughness loss caused by grain
coarsening. In Figure 7, the overall microstructure hard-
ness of the experimental steel is in an upward trend with
the increase in the quenching temperature, which is
mainly related to “dispersion hardening” in the tem-
pering process. The increase in quenching temperature
leads to an increase in the solid solution content of Ti
and Nb in the experimental steel. During tempering, a
large amount of hard carbides that increase the micro
hardness of the steel is generated in the steel matrix (as
shown in Figure 6). As for the temperature between 860
and 900°C, the micro hardness changes only slightly,
possibly because only a small amount of carbide disso-
lution occurs during quenching and holding.

4 Conclusion

The thermodynamic precipitation behavior of second-phase
particles in Nb-containing high titanium microalloyed
steels and its effect on microstructure and properties
were systematically investigated. The effects of quenching
temperatures on the microstructure and mechanical prop-
erties of the experimental steel were studied as well.

(1) In the process of equilibrium cooling the precipita-
tion of the experimental steel, the precipitation order
of second phase is Ti,C,S, — FCC_A1#3 — FCC_A1#2
— MnS — Cementite — M,P_Cy» — M;C; —» MyCe —
M,Cs. Ti,C,S, precipitates in the solid-liquid region
leading to the inhibition of precipitation of MnS.
Thus, MnS precipitates in large quantities in a very small
temperature range after decomposition of Ti,C,S,.
FCC_A1#3 phase is mainly composed of Ti, Nb, C,
and N elements, and mainly start to precipitates in
the form of Ti(C, N) at the end of solidification (about
1,498°C). FCC_A1#2 is isomorphic with FCC_A1#3
which precipitates mainly in the form of (Ti, Nb)C
around 1,266°C, and the content of Ti and Nb ele-
ments is much higher than that of FCC_A1#3.

(2) The average austenite grain size of the experimental
steel increases exponentially with the increase in the
quenching temperature, and the growth rate gradu-
ally slows down with the increase in the soaking time.
The effect of quenching temperature on grain size is
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much greater than that of soaking time. The grain
grows up rapidly at the temperature higher than
1,100°C. The average size of austenitic grain is larger
than ferrite at the temperature of 1,000°C and soaking
time of more than 60 min. Thus, in the actual heat
treatment process, the quenching temperature should
be controlled below 1,100°C and the soaking time should
not exceed 60 min to avoid abnormal grain growth.
The micro hardness of the test steels is significantly
increased by the effect of “dispersion hardening”,
while the impact energy at low temperature fluctu-
ated up and down under the combined action of the
precipitation strengthening of the second-phase parti-
cles and the loss of strength and toughness due to the
change in microstructure, which is still far beyond the
control standard.
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