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Abstract

700 MPa grade Ti and Nb-Ti microalloyed steels were developed to study the effect of Nb
on the microstructure and mechanical properties in truck beam steels. The microstructure in
Ti microalloyed steel mainly consisted of ferrite, bainite, and pearlite. In contrast, the mi-
crostructure of Nb-Ti microalloyed steel was characterized by bainite and low volume fraction
of ferrite. Moreover, there was a large volume fraction of nano precipitates and coarse TiN
inclusions in both the steels because of high Ti content. The TiN inclusion, together with
coarse-grained ferrite, is detrimental to the toughness of steels. This influence is weakened by
the addition of Nb because of the remarkable effect on grain refinement. The effective grain
size in Ti and Nb-Ti steels was 4.2 and 2.2 µm, respectively. As a consequence, although the
strength of the two steels was similar, the impact toughness of Nb-Ti steel was significantly
better than that of Ti steel. Additionally, the uniformity in tensile properties of Nb-Ti steel
was higher than that of Ti steel, which is beneficial for improving product pass rate and
processing.

K e y w o r d s: Nb, truck beam steel, microstructure, precipitation, mechanical properties

1. Introduction

High strength truck beam steel has received ex-
tensive attention due to the rapid development of the
heavy-duty truck industry [1]. Instead of heavy plates,
the use of high strength thin plates can reduce the
amount of steel used and improve transport efficiency
at the same time [2–4]. The truck beam steel is widely
used as a load-bearing plate. However, there are only
a few studies on the truck beam steels with high yield
strength [5, 6].
Truck beam steels are required to offer a remark-

able combination of high strength and toughness to
meet safety standards. Titanium can refine austenite
grain and improve the strength along with precipi-
tation strengthening. Besides, Ti-Fe is cheaper than
other alloying elements. Therefore, Ti microalloyed
high strength steels have been developed to lower
the cost [7–10]. The addition of Ti in steel can re-
sult in fine TiN and TiC precipitates, which can in-
hibit austenite grain growth at high temperature and
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increase strength, respectively. However, the coarse
TiN inclusions formed during solidification, together
with coarse-grained ferrite, may cause cleavage frac-
ture [11].
It is well known that grain refinement is a prac-

tical approach to improve strength and toughness si-
multaneously [12]. Thermo-mechanical controlled pro-
cess (TMCP) was usually used for grain refinement,
and niobium has an essential role during hot rolling.
Nb is one of the most effective microalloying ele-
ments that retards austenite recrystallization during
TMCP [13, 14]. The microstructure can be refined af-
ter phase transformation due to strain accumulation
during hot rolling caused by the retardation of recrys-
tallization [15]. Thus, we envisage that the toughness
of Ti microalloyed steel can be enhanced by the ad-
dition of Nb. To lower cost, high strength microal-
loyed steel with low carbon and niobium, high tita-
nium is designed, and other alloying elements are re-
duced. Therefore, our objective here is to elucidate the
effect of Nb on microstructure and mechanical prop-
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Ta b l e 1. Chemical composition of the material (wt.%)

Steels C Si Mn Nb Ti N P S

Nb-Ti 0.07 0.10 1.5 0.03 0.08 0.0034 0.012 0.002
Ti 0.08 0.10 1.6 – 0.11 0.0035 0.010 0.002

Fig. 1. Optical and SEM micrographs of experimental steels: (a), (c) Ti steel; (b), (d) Nb-Ti steel.

erties in 700MPa Ti microalloyed truck beam steel.

2. Experimental

The present work was carried out on 700MPa
Ti and Nb-Ti truck beam steels with a thickness of
10 mm. The steels were rolled via a series of passes
at 1050–960◦C and 890–850◦C, and the plates were
coiled at 600◦C. Table 1 shows the chemical compo-
sition of the experimental steels. Higher Ti content is
designed in Ti microalloyed steel without Nb to meet
the strength requirement by precipitation strengthen-
ing.
Tensile and Charpy V-notch (CVN) impact speci-

mens were cut from the as-rolled plates in the rolling
direction. Tensile tests were conducted at a constant

crosshead speed of 3 mm/min. Three tensile specimens
were tested for each steel. CVN specimens with di-
mensions of 55 mm × 10mm × 7.5 mm were tested at
–20◦C.
For optical microscopy (OM) and scanning electron

microscopy (SEM), the samples were etched with 4%
nital after mechanical polishing. Transmission electron
microscopy (TEM) foils were twin-jet electropolished
to perforation using a solution of 5 % perchloric acid
and 95% ethanol at –20◦C after mechanically thin-
ning to 50 µm. JEOL JEM-2100 TEM operated at
200 keV was used for examining the foils. Samples for
electron back-scattering diffraction (EBSD) were pre-
pared by electrolytic polishing using a solution con-
taining 10% perchloric acid, 5 % glycerol, and 85%
alcohol. EBSD data was obtained by orientation imag-
ing microscopy (OIM) under the following conditions:
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acceleration voltage, 20 kV; working distance, 15mm;
tilt angle, 70◦; step size, 0.05 µm. Channel 5 software
from Oxford-HKL was employed for post-processing
orientation data. The number and composition of in-
clusions in samples were quantitatively analyzed by
automatic inclusion analysis (EVO18-INCA steel).

3. Results and discussion

3.1. Microstructure

Optical and SEM micrographs of the experimen-
tal steels are shown in Fig. 1. It can be seen from
Figs. 1a,b that in both steels the microstructure
mainly consisted of ferrite and bainite. Also, degener-
ate pearlite was observed in Ti steel. The SEM micro-
graphs show that the microstructure of Ti steel con-
sisted of ferrite, a small amount of bainite, and degen-
erate pearlite (Fig. 1c). It has been reported that it
is detrimental to the toughness of steel when there is
more than a 5 % volume fraction of the brittle phase
in steel, such as cementite, pearlite, martensite, etc.
[16, 17]. Thus, the brittle degenerate pearlite in Ti
steel may have a negative effect on toughness. The mi-
crostructure of Nb-Ti steel is characterized by bainite
together with some fine martensite/austenite (M/A)
constituents (Fig. 1d) and a small amount of ferrite
(Fig. 1d). Although there is also degenerate pearlite
in Nb-Ti steel indicated by an arrow in Fig. 1d, it has
little effect on toughness due to its small volume frac-
tion and size. Moreover, it can be seen from Fig. 1c
that the microstructure in Ti steel is inhomogeneous,
and a few ferrite grains are even larger than 10µm.
However, it was reported that grain size heterogene-
ity had a negative effect on toughness [18]. In con-
trast, the microstructure of Nb-Ti steel is homoge-
neous and characterized by finer ferrite and more bai-
nite, attributing to the effect of Nb on delaying ferrite
transformation. The results show that the addition of
Nb in truck beam steel can decrease the volume frac-
tion of ferrite and pearlite and refine ferrite grain size
effectively.
Figure 2 illustrates boundary distribution and ef-

fective grain size distribution measured by EBSD for
experimental steels. Figures 2a,b show that the den-
sity of high angle boundaries (θ > 15◦) in Nb-Ti steel
is higher than in Ti steel. It was reported that high
angle grain boundaries could effectively impede crack
propagation, which is beneficial to improve the tough-
ness of steels [19, 20]. The effective grain size (enclosed
by boundaries with misorientation larger than 15◦)
was analyzed by EBSD, as shown in Fig. 2c. The re-
sults show that the frequency of grains with small size
in Nb-Ti steel is higher than in Ti steel. The aver-
age size of effective grains in Nb-Ti steel (2.2 µm) is
significantly smaller compared with Ti steel (4.2 µm),

Fig. 2. Boundary distribution and effective grain size dis-
tribution measured by EBSD in experimental steels: (a),
(b) boundary distribution in Ti steel and Nb-Ti steel, re-
spectively (white line: 5◦ < θ < 15◦, black line: 15◦ < θ
< 45◦, yellow line: θ > 45◦; θ – misorientation); (c) ef-
fective grain size (θ > 15◦) distribution in experimental

steels.

which can impede crack propagation more effectively
and improve toughness.
Figure 3 shows the TEM micrographs of the stud-

ied samples. Typical ferrite with a low density of dis-
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Fig. 3. TEM micrographs of experimental steels. (a), (b) microstructure of Ti steel and Nb-Ti steel, respectively; (c) TiC
precipitate indicated by a black arrow in Ti steel; (d) (Ti,Nb)C precipitate indicated by a black arrow in Nb-Ti steel; (e),

(f) corresponding EDS analysis of precipitates in Ti and Nb-Ti steels, respectively.

location can be observed in Ti steel (Fig. 3a), while
bainite lath was observed in Nb-Ti steel (Fig. 3b).
Some precipitates of size ∼ 50–200 nm were found in
Figs. 3c,d, and the corresponding Energy Dispersive
Spectrometer (EDS) analysis indicates that these pre-
cipitates are TiC (Fig. 3e) in Ti steel and (Ti,Nb)C
(Fig. 3f) in Nb-Ti steel.
A large amount of fine precipitates was obtained

in ferrite, as shown in Fig. 4. These precipitates were

considered to be TiC or (Ti,Nb)C due to their size, the
thermomechanical processing, and composition of the
experimental steels. It can be seen from Figs. 4a,b that
the amount of fine precipitates, especially interphase
precipitates in Ti steel, is more extensive than in Nb-
Ti steel. This is attributed to the higher Ti content
in Ti steel. The interphase precipitation occurs dur-
ing γ/α-phase transformation, and more ferrite grains
nucleated and grew during the coiling process in Ti
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Fig. 4. Fine precipitate morphology and diameter distribution of experimental steels. (a), (b) fine precipitates in Ti and
Nb-Ti steels, respectively; (c), (d) diameter distribution of fine precipitates in Ti and Nb-Ti steels, respectively.

steel also promoted the formation of interphase pre-
cipitates.
The diameter distribution of fine precipitates is

summarized in Figs. 4c,d. Although the size of precip-
itates ranged from 3 to 12 nm in diameter, the average
size of these fine precipitates in Nb-Ti steel (5.8 nm) is
slightly finer than in Ti steel (6.1 nm). Meanwhile, the
volume fractions of fine precipitates were measured,
and they were 0.0044 and 0.0021 in Ti and Nb-Ti
steels, respectively.

3.2. Inclusion analysis

Non-metallic inclusions can cause crack initiation
and propagation, which is detrimental to mechanical
properties [21]. It is important to analyze the inclu-
sions in steels; thus, the number and composition of
inclusions with the size larger than 1 µm have been
quantitatively analyzed by automatic inclusion analy-
sis (EVO18-INCA steel).
The primary inclusions in the experimental steels

are TiN, oxide, sulfide, or oxide-sulfide composite in-
clusions, and the frequency of these inclusions is pre-
sented in Fig. 5. The result shows that TiN accounted

Fig. 5. Frequency of different types of inclusions in exper-
imental steels.

for the most substantial proportion, and the frequency
of TiN inclusions in Ti steel is 69%, while the fre-
quency of TiN inclusions in Nb-Ti steel is 45%.
Figure 6 shows the element maps of typical TiN

inclusions in Ti steel. In Fig. 6a, there are no other el-
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Fig. 6. SEM element mappings of typical coarse TiN particles in Ti steel: (a) TiN particle without other inclusions inside,
(b) TiN particle nucleated on Al2O3 inclusion, and (c) TiN particle nucleated on MnS inclusion.
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Fig. 7. SEM element mappings of coarse TiN particles nucleated on Al-Ca-Mg complex inclusion in Nb-Ti steel.

Ta b l e 2. Number and density of inclusions in experimental steels

Steels Total number Scanned area (mm2) Density (mm−2)

Nb-Ti 1128 39.6 28.6
Ti 1364 39.6 34.4

Ta b l e 3. Mechanical properties of experimental steels

Steels ReL (MPa) Rm (MPa) A25 (%) Akv (–20◦C) (J)

Ti 722 783 21.6 11/21/43
Nb-Ti 705 780 24.8 117/88/89

ements inside the TiN inclusion with a square shape.
TiN inclusions often formed on oxide, sulfide inclu-
sions. The Al2O3-TiN complex inclusion is character-
ized by the coarse TiN inclusion formed on the Al2O3
inclusion, as shown in Fig. 6b. In Fig. 6c, the MnS-
TiN inclusion consists of MnS in the inner part and
TiN in the outer layer. TiN inclusions are also present
in Nb-Ti steel and TiN inclusion formed on irregular
Al-Ca-Mg complex inclusion, as shown in Fig. 7. It
can be seen from the element maps that the TiN in-
clusions often formed on other inclusions. The higher
Ti content in Ti steel can increase the amount of these
TiN complex inclusions; as a result, the frequency of
TiN inclusions in Ti steel is higher than in Nb-Ti
steel.
The total number and density of inclusions ob-

tained from the same selected area are illustrated in

Table 2, indicating that the density defined as the
number per unit area in Ti steel is higher than in
Nb-Ti steel. It means that more inclusions existed in
Ti steel, especially TiN inclusions. A large amount of
coarse TiN inclusions in experimental steels can re-
duce toughness and ductility.

3.3. Mechanical properties

Table 3 shows the mechanical properties of the
experimental steels. Compared with Nb-Ti steel, the
yield strength of Ti steel is slightly higher, while the
Charpy impact energy at –20◦C is lower. Although
there is more ferrite in Ti steel than in Nb-Ti steel,
the higher yield strength of Ti steel is because of sig-
nificant precipitation strengthening.
The contribution of precipitation hardening to
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Fig. 8. (a), (b) SEM micrographs of the fracture surface of Ti and Nb-Ti steels, respectively, ductile zones of dimples are
circled by white dashed lines; (c), (e) the magnified SEM micrographs of the selected areas marked by ‘c’, and ‘e’ in (a),
respectively; (d), (f) the magnified SEM micrographs of the selected areas marked by ‘d’, and ‘f’ in (b), respectively.

yield strength is calculated by Ashby–Orowan [22]:

σp =
5.9

√
f ln(X/0.00025)

X
, (1)

where f and X are the volume fraction and diame-
ter (µm) of the precipitates, respectively. According
to the volume fraction and size of precipitates, the

yield strength of Ti and Nb-Ti steels was calculated
to be 205 and 146MPa, respectively. The precipita-
tion strengthening in Ti steel is stronger than in Nb-Ti
steel because of higher Ti content in Ti steel.
The Charpy impact energy of Ti steel is much lower

than of Nb-Ti steel, which is related to the microstruc-
ture. The inhomogeneous ferrite grains and brittle de-
generate pearlite in Ti steel are detrimental to impact
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toughness. In contrast, Nb-Ti steel has a homogeneous
and finer ferrite, and the effective grain size is smaller
than in Ti steel.

3.4. Impact fracture morphology

Figure 8 shows the fracture surface of the experi-
mental steels. The Ti sample with Charpy impact en-
ergy of 43 J and Nb-Ti sample with Charpy impact en-
ergy of 89 J were selected to examine the morphology
of the fracture by SEM. It can be seen from Figs. 8a,b
that the ductile zone of dimples along the notch root
in Nb-Ti sample is much wider than in Ti sample.
The ductile zone is wider, the plastic deformation be-
fore cleavage crack initiation in the material is larger,
which is the main reason for better toughness in Nb-
Ti steel. It can be seen from Figs. 8c,d that there are
many small dimples in the ductile fracture zone of the
studied samples, and some of them contain fine par-
ticles indicated by white arrows, which means that
micro-voids can nucleate around particles.
Because of the high density of precipitates in stud-

ied samples, a large number of micro-voids nucleated
around the particles, which limited the growth of dim-
ples, thus the ductile zone consisted of many small
and shallow dimples, as shown in Figs. 8c,d. It can
be seen that both the samples exhibit quasi-cleavage
fracture and small dimples in shear ridges can be ob-
served, as shown in Figs. 8e,f. Moreover, the cleav-
age facet size of Nb-Ti sample is significantly smaller
than of Ti sample, which is related to the smaller ef-
fective grain size in Nb-Ti steel. Luo’s study indicated
that the local cleavage fracture stress increased with
decreasing cleavage facet size [23]. It is known that
cleavage fracture may occur when the stress at the
front of the crack tip exceeds the cleavage fracture
stress. Therefore, when the cleavage fracture stress is
high, the plastic deformation before cleavage crack ini-
tiation in a material is large due to the difficulty in the
initiation of cleavage fracture. According to the above
analysis, the Charpy impact energy of Nb-Ti steel is
higher than Ti steel due to its smaller effective grain
size.

3.5. Stability of mechanical properties

The use of steel plates with high strength is the
most important way of reducing weight and improving
the safety of the truck beam. However, the variation
in mechanical properties of high strength steel plates
causes changes in processing performance, and it is
difficulty of the fabrication of truck beam and control
accuracy.
Industrial production of 700MPa Ti and Nb-Ti mi-

croalloyed steel plates were completed, and 100 plates
of each steel were selected to study the mechanical
properties uniformity. Figure 9 shows the strength and

elongation distribution of Ti and Nb-Ti steels. It can
be seen from Fig. 9a that the yield strength of Ti
steel is 620–840MPa, its variation is ∼ 220MPa, and
the average yield strength is ∼ 720MPa. The yield
strength of Nb-Ti steel is 640–770MPa, and the aver-
age yield strength is ∼ 710MPa, as shown in Fig. 9b.
In contrast, the yield strength variation of Nb-Ti steel
is only ∼ 130MPa, which is about 60% the value of
Ti steel.
For Ti and Nb-Ti steels, both the tensile strength

and yield strength distribution show a similar ten-
dency. It can be seen from Fig. 9c that the ten-
sile strength of Ti steel is 680–920MPa, its varia-
tion is ∼ 240MPa, and the average tensile strength
is ∼ 780MPa. The tensile strength of Nb-Ti steel
is 710–830MPa, and the average tensile strength is
∼ 770MPa, as shown in Fig. 9d. The tensile strength
variation of Nb-Ti steel is only ∼ 120 MPa, which is
50 % the value of Ti steel.
Figures 9e,f show variation in elongation of Ti and

Nb-Ti steels. The elongation of Ti steel is 15–28%,
and the average elongation is ∼ 20.5%, while the elon-
gation of Nb-Ti steel is 16–30 % and the average elon-
gation is ∼ 21.9%. It is clear that the elongation of
Nb-Ti steel is higher than that of Ti steel. The elon-
gation of Nb-Ti steel is higher than that of Ti steel,
which is easy to form.
The uniformity of the tensile performance of Nb-Ti

steel is higher than that of Ti steel, which is benefi-
cial for improving the formability of steels. It is known
that the coiling temperature and cooling rate vary in
different coils or different positions of the same coil,
which will significantly affect the TiC precipitation be-
havior and, consequently, mechanical properties uni-
formity. According to the result of the calculation of
the precipitation strengthening, we know that the pre-
cipitation strengthening is stronger in Ti steel than in
Nb-Ti steel, which may result in a higher variation of
yield strength in Ti steel.

4. Conclusions

1. The microstructure of Ti microalloyed steel con-
sists of ferrite with inhomogeneous grain size, a small
amount of bainite and degenerate pearlite, together
with a high volume fraction of fine precipitates. In con-
trast, the microstructure of Nb-Ti microalloyed steel
is characterized by bainite and low volume fraction of
ferrite. The effective grain size is 4.2 µm in Ti steel
and 2.2 µm in Nb-Ti steel. The addition of Nb in Ti
steel can decrease the amount of ferrite and pearlite,
and refine effective grain size effectively. Additionally,
the number of coarse TiN inclusions in Ti steel is more
than in Nb-Ti steel.
2. The yield strength of Ti steel is similar to that of

Nb-Ti steel, while the Charpy impact energy of Nb-Ti
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Fig. 9. (a), (b) Yield strength distribution of Ti and Nb-Ti steels, respectively; (c), (d) tensile strength distribution of Ti
and Nb-Ti steels, respectively; (e), (f) elongation distribution of Ti and Nb-Ti steels, respectively.

steel is significantly higher. The number of fine pre-
cipitates, especially interphase precipitates in Ti steel,
are higher than in Nb-Ti steel, and the contribution of
precipitation strengthening to yield strength was esti-
mated to be 205MPa and 146MPa in Ti and Nb-Ti
steels, respectively. Besides, the Charpy impact energy
of Nb-Ti steel is higher than that of Ti steel because
of its smaller effective grain size.
3. The uniformity of mechanical properties and

elongation of Nb-Ti steel are higher than those of Ti

steel, which is beneficial for improving the formability
of steels.
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