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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]:

� p =
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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