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Abstract: ZrO, dispersion-strengthened Q345 steel with different ZrO, contents (0%, 0.5% and 1.2%, mass fraction) was fabricated
through combining middle frequency induction furnace melting and cored-wire injection technologies. The microstructure and
fracture surface morphology of ZrO, dispersion-strengthened Q345 steel in casting, normalizing and quenching states were observed
using optical microscopy, scanning electron microscopy and transmission electron microscopy. Also, strengthening and fracture
mechanisms of the alloys were analyzed. Results showed that the dispersed ZrO, particles added into Q345 matrix significantly
enhanced its strength, and the main strengthening mechanism was the formation of dislocation cells and pinning effect caused by the
addition of ZrO, particles. Apart from that, the hard martensite phase, grain refinement and high ZrO, particles content also played
important roles in strengthening effect. Furthermore, the nanoindentation was also performed to further reveal the strengthening
effect and mechanism of dispersed ZrO, particles in Q345 steel. Results showed that the hardness of ZrO, dispersion-strengthened

Q345 steel increased with the increase of ZrO, content.
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1 Introduction

Mechanical properties of steel always depend on the
microstructures of it [1,2]. So, the mechanical properties
of steel can be effectively improved by controlling the
as-cast microstructure during the production process.
Two methods are mainly used to control the as-cast
microstructure of steel. One is controlling process
parameters of melting and casting such as melt
purification, composition, melt temperature, and cooling
rate [3]. The other is heat treatment after casting [1,2].
The addition of fine oxide and sulfide particles, and
some elements, which will react with molten steel and
form finer particles, can promote the heterogeneous
nucleation and lead to the grain refinement of steel
during melting and casting. Spray—dispersion (SD)
method which sprays the fine oxide or carbide particles
into steel stream was firstly used to obtain the steel with
particle dispersion [4—6]. The addition of some elements

such as V, Ti and Nb can further reduce the size of
dispersed particles in steel. For example, the addition of
1.0% Nb (molar fraction) can decrease the size of CeO,
particles to as low as 68 nm in the CeO, contained steel.
In recent years, the effects of size, density and
distribution of dispersed particles and reaction process
on the heterogeneous nucleation of steel were
researched [7—10].

Dispersion strengthening is a common mechanism
in the ferrite steel. And the high-temperature creep
properties and radiation effects of the ferrite steel can
also be improved by the addition of fine particles
[11-13]. So, the dispersion-strengthened ferrite steel has
a strong application potential in nuclear industry [14—16].
Several methods are usually used to fabricate dispersion-
strengthened steel, such as powder metallurgy [17—-19],
mechanical alloying [20], chemical immersion method,
internal oxidation method, and aluminum thermal
synthesis method [21-24]. The powder metallurgy,
which produces dispersion-strengthened steel with
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excellent high-temperature strength and creep properties,
is one of the most widely used methods [25—-30].

In recent years, cored-wire injection technology is
usually used to fabricate alloys or composites due to its
simple process. However, there is a lack in study on the
fabrication of dispersion-strengthened steel using this
method.

The Q345 steel was wildly used in low-pressure
vessels, oil tanks, vehicles, cranes, mining machinery,
power plants, and bridges due to its excellent mechanical
and welding properties. In recent years, the oxide
particles, such as ZrO,, TiO,, Al,O;, CeO,, Y,05;, WO,
and ThO, are wusually used as the dispersion
strengthening phase in the Q345 steel. Among these
particles, the ZrO, particle exhibits some excellent
properties, such as high melting point of 2710 °C, low
free energy of —1042.15 kJ/mol, high stiffness coefficient
of 200 GPa, high hardness with Mohs rating of 6.5, high
density of 5.68 g/cm’, good thermal stability, high
density and low price. So, the ZrO, particle should be a
favorable dispersion strengthening phase for the Q345
steel. However, the result concerning the ZrO,
dispersion-strengthened Q345 steel is rare.

In this work, the ZrO, particle was selected as the
dispersion strengthening phase to fabricate ZrO,
dispersion-strengthened Q345 steel using cored-wire
injection technology. Microstructures and mechanical
properties of ZrO, dispersion-strengthened Q345 steel
after casting, normalizing and water quenching were
investigated. Furthermore, the strengthening mechanism
of these steels was also discussed.

2 Experimental

Q345 steel, ZrO, particles, and industrial pure iron
powders were used as raw materials. The sizes of ZrO,
particle and iron powder were about 45 pm, and Table 1
presents the chemical compositions of the raw materials.

500 g iron matrix powders containing 20% (mass
fraction) ZrO, particles were mixed using a QM—3SP04L
type planetary mill. The mass ratio of balls to powder
was fixed to 1:1. Milling was performed for 5 h in the
argon environment and the rotation rate was 400 r/min.
The mixed powders were put into an iron pipe with a
diameter of 6 mm and air-dried at 300 °C.

The ZrO, dispersion-strengthened Q345 steel
samples with 0%, 0.5% and 1.2% (mass fraction) ZrO,

were prepared by melting the Q345 ingot and mixed
powders in a middle-frequency induction furnace. The
melting and pouring temperatures were approximately
1600 °C. The normalizing process contained two-stage
heating and holding and then air cooling to room
temperature. The first stage was heating the samples
from room temperature to 850 °C with a rate of
20 °C/min, and holding for 10 min. The second stage
was heating the samples from 850 to 910 °C with a rate
of 10 °C/min, and holding for 30 min. The quenching
process contained also two-stage heating and holding and
then water quenching to room temperature. The first
stage was the same with the normalizing process. The
second stage was heating the samples from 850 to
925 °C with a rate of 10 °C/min, and holding for 30 min.

The microstructures of samples were examined by
optical microscopy (OM) and transmission electron
microscopy (TEM). TEM specimens were prepared by
mechanical grinding to a thickness of approximately
50 pum, followed by thinning using a twinjet electro-
polishing in a solution of 7% acetic acid and 93% glacial
acetic acid (volume fraction) at 18 °C, and the voltage
of 22 V. Tensile tests were performed using an Instron-
5982 machine at a tensile speed of 0.008 mm/s. Figure 1
shows the size of tensile specimens. The fracture surface
after tensile tests was observed by scanning electron
microscopy (SEM). In the nanoindentation test, the
Hysitron triboindenter (TI-900) was employed with
the load up to the maximum of 8 mN. The surface finish
of specimen was about 50 nm, and the data were
averaged.

3 Results and discussion

Figure 2 shows the OM images of as-cast ZrO,
particle dispersion-strengthened Q345 steel with
different ZrO, contents. The pearlite (black phase) and
coarse ferrite (white phase) were observed in the as-cast
Q345 steel without ZrO, (Fig. 2(a)). 0.5% ZrO, addition
changed the morphology of ferrite into irregular
multilateral and flake shapes, and refined the grain of
ferrite (Fig. 2(b)). Increasing the content of ZrO, to 1.2%,
the size of ferrite grains was further reduced, and the
content of pearlite was increased (Fig. 2(c)).

Figure 3 shows the OM images of as-normalized
ZrO, particle dispersion-strengthened Q345 steel with
different ZrO, contents. Compared with the as-cast Q345

Table 1 Chemical compositions of Q345 steel, pure iron powders and ZrO, particles (mass fraction, %)

Material C Si Mn Ni Cu P S Fe ZrO, Impurity
Q345 steel 0.19 0.27 0.56 0.21 Trace Trace Trace Trace Bal. -
Fe powder - - - - - - - 99.99 - Bal.
ZrO, particle - - - - - - - - 98.8 Bal.
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Fig. 1 Sizes of tensile specimens (unit: mm)
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steel, the as-normalized Q345 steel exhibited finer ferrite
(Fig. 3(a)). The size of ferrite and pearlite decreased with
increasing ZrO, content, as shown in Figs. 3(b) and (c).
Compared with the casting process, the normalizing
treatment has a higher cooling rate. And the high cooling
rate suppressed the precipitation of carbides along
austenite grain boundaries. So, ZrO, particle addition and

normalizing treatment could lead to the occurrence of
grain refinement and improvement of uniformity in the
Q345 steel.

Figure 4 shows the OM images of as-quenched
ZrO, particle dispersion-strengthened Q345 steel with
different ZrO, contents. The martensite with strip or
plate shapes was observed in all as-quenched samples.
The Q345 is a kind of low-carbon steel, and the
martensite always exhibited strip or plate shapes when
the carbon content in the austenite was less than 0.2%.
The size of martensite in as-quenched samples decreased
with increasing ZrO, content. The ZrO, particle could
inhibit the grain coarsening of austenite during solid-
solution treatment, thereby refining the grain of
martensite.

Figure 5 shows mechanical properties of as-cast
Q345 steel and ZrO, particle dispersion-strengthened

(c)

Fig. 2 OM micrographs of as-cast ZrO, particle dispersion-strengthened Q345 steel with various ZrO, contents: (a) 0%; (b) 0.5%;

(c) 1.2%

(2)

Fig. 3 OM micrographs of as-normalized ZrO, particle dispersion-strengthened Q345 steel with various ZrO, contents: (a) 0%;

(b) 0.5%; (c) 1.2%
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Fig. 4 OM micrographs of as-quenched ZrO, particle dispersion-strengthened Q345 steel with various ZrO, contents: (a) 0%;

(b) 0.5%; (c) 1.2%
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Fig. 5 Mechanical properties of as-cast ZrO, particle dispersion-strengthened Q345 steel with different ZrO, contents: (a) Yield

strength and ultimate tensile strength; (b) Elastic modulus and elongation

Q345 steel with different ZrO, contents. The elastic
modulus and strength of as-cast samples increased with
increasing ZrO, content. The elastic modulus, ultimate
strength (UTS) and 0.2% yield strength (YS) of 1.2%
Zr0, particle dispersion-strengthened Q345 steel reached
184 GPa, 441 MPa and 680 MPa, respectively.
Conversely, the ductility of as-cast samples decreased
with increasing ZrO, content. Encouragingly, the as-cast
1.2% ZrO, particle dispersion-strengthened Q345 steel
still had total elongation (EL) of approximately 12%.
Figure 6 shows mechanical properties of
as-normalized Q345 steel and ZrO, particle dispersion-
strengthened Q345 steel with different ZrO, contents.
The elastic modulus and strength of as-normalized
samples increased with increasing ZrO, content. The
elastic modulus, UTS and YS of 1.2% ZrO, particle
dispersion-strengthened Q345 steel reached 194 GPa,
538 MPa and 845 MPa, respectively. But, the ductility of

as-normalized samples decreased with increasing ZrO,
content. The EL of as-normalized 1.2% ZrO, particle
dispersion-strengthened Q345 steel reached 15.5%.

Compared with as-cast samples, as-normalized
samples with the same composition showed both high
strength and ductility. Thus, the normalizing treatment
could effectively improve mechanical properties of
as-cast ZrO, particle dispersion-strengthened Q345 steel.
The key reason was the refined grain sizes of ferrite and
pearlite after normalizing treatment (Fig. 3).

Figure 7 shows mechanical properties of
as-quenched Q345 steel and ZrO, particle dispersion-
strengthened Q345 steel with different ZrO, contents.
The elastic modulus and strength of as-quenched samples
increased with increasing ZrO, content. The elastic
modulus, UTS, and Y'S of 1.2% ZrO, particle dispersion-
strengthened Q345 steel reached 196 GPa, 955 MPa
and 1398 MPa, respectively. While the ductility of
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Fig. 6 Mechanical properties of as-normalized ZrO, particle dispersion-strengthened Q345 steel with different ZrO, contents:

(a) Yield strength and ultimate tensile strength; (b) Elastic modulus and elongation
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Fig. 7 Mechanical properties of as-quenched ZrO, particle dispersion-strengthened Q345 steel with different ZrO, contents:

(a) Yield strength and ultimate tensile strength; (b) Elastic modulus and elongation

as-quenched samples decreased with increasing ZrO,
content. The EL of as-quenched 1.2% ZrO, particle
dispersion-strengthened Q345 steel reached 10%.

It is well known that the lamellar-shape martensite
in high-carbon steels after quenching treatment is a kind
of hard brittle phase. Thus, high-temperature tempering
is usually employed after quenching treatment for
high-carbon steels to improve ductility at the expense of
strength. So, it is hard for high-carbon steels to have both
high strength and ductility. It was found that the
martensite with the strip and/or plate shapes could
exhibit both high strength and ductility without
tempering [31]. So, the as-quenched Q345 steel with
striped and plated martensite in this work showed
excellent strength and ductility.

Figure 8 shows the TEM micrographs of
as-normalized 1.2%  ZrO, particle dispersion-
strengthened Q345 steel and ZrO,-free Q345 steel after
tensile test. The tensile deformation led to the formation
of dislocation (Fig. 8(c)). However, the density of
dislocation in ZrO, particle dispersion-strengthened

Q345 steel (Figs. 8(a) and (c)) was higher than that of the
ZrO,-free Q345 steel. So, the addition of ZrO, particles
increased the density of dislocation in the Q345 steel.
The high density of dislocation was observed in the
matrix near the matrix—particle interface. In order to
ensure the comparability of dislocation density between
ZrO, strengthened and free Q345 steel, the diffraction
spots along the direction of g;,, were inserted into the
Figs. 8(a) and (c). For particle reinforced metal matrix
composites, the high dislocation density could be
obtained in the matrix after heat treatments owing to the
large difference in thermal expansion between the matrix
and reinforcing phase. The large difference in thermal
expansion between Fe and ZrO, particles results in the
generation of dislocations in the as-normalized samples
during cooling from 910 °C in air. Thus, the
as-normalized ZrO, particle dispersion-strengthened
Q345 steel exhibited higher dislocation strengthening
effect. Furthermore, the grain coarsening of Q345 steel
was inhibited by the addition of ZrO, particle (Figs. 2, 3
and 4). So, compared with Q345 steel, the ZrO, particle
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dispersion-strengthened Q345 steel exhibited
simultaneously higher boundary strengthening effect. In
addition, the second phase strengthening effect of ZrO,
particle dispersion-strengthened Q345 steel also
increased with increasing ZrO, content. Thus, the high
strength of as-normalized 1.2% ZrO, particle dispersion-
strengthened Q345 steel was attributed to the hard
martensite phase, grain refinement, high density of
dislocations and high dispersed ZrO, particle content.
Figure 9 shows the tensile fracture morphologies of
as-normalized ZrO, particle dispersion-strengthened
Q345 steel with different ZrO, contents. The deep
dimples in the Q345 steel clearly exhibited a typical
ductile fracture (Fig. 9(a)). With increasing ZrO, content,

more fine dimples were observed in as-normalized ZrO,
particle dispersion-strengthened Q345 samples. These
fine dimples were caused by the ZrO, addition induced
grain refinement. The 1.2% ZrO, particle dispersion-
strengthened Q345 steel also exhibited the ductile
fracture features of dimples and shear zones. The rupture
model consisted of a fracture that occurs through the
formation and coalescence of microvoids crossing the
entire sample. The fracture morphologies of ZrO,
particle  dispersion-strengthened Q345 steel also
indicated the strong bond between the matrix and ZrO,
particle even at high tensile stresses.

Figure 10 shows the load—displacement curves
of nanoindentation performed at a load of 8 mN in ZrO,

Fig. 8 TEM micrographs of as-normalized 1.2% ZrO, particle dispersion-strengthened Q345 steel in low (a) and high (b)

magnification, and Q345 steel (c) after tensile test

Fig. 9 Fracture morphologies of as-normalized ZrO, particle dispersion-strengthened Q345 steel with various ZrO, contents: (a) 0%;

(b) 0.5%; (c) 1.2%
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Fig. 10 Load—displacement curves of nanoindentation in ZrO, particle dispersion-strengthened Q345 steel in different states:

(a) As-cast; (b) As-normalized; (c) As-quenched
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particle dispersion-strengthened Q345 steel with
different ZrO, contents and states. For the samples in
each state, the indentation depth decreased with
increasing ZrO, content. To reveal the relationship
between nanoindentation hardness and indentation depth
in ZrO, particle dispersion-strengthened Q345 steel, all
load—displacement curves were transformed into
hardness—displacement curves. The Oliver—Pharr
method [32] and geometric parameters of Berkovick
were used to calculate the depth—dependent values of
nanoindentation hardness. The nanoindentation hardness
(H) of ZrO, particle dispersion-strengthened Q345 steel
can be expressed by

P
~ 24.56(h, +0.06R)

(M

where P is the load, 4, is the displacement, and R is the
radius of the tip (450 nm in this work).

The curves for the nanoindentation hardness versus
displacement of ZrO, particle dispersion-strengthened
Q345 steel are shown in Fig. 11. The relationship of the
parameters of nanoindentation and those of the tensile
test is

1/E=(1-V*/E)y+(1-v!/E)) (2)

where E, is the modulus of nanoindentation, E is the
elastic modulus of materials, E; is the elastic modulus of
squeeze head, v is the Poisson ratio of materials, and v; is
the Poisson ratio of squeeze head. The modulus of
nanoindentation,  nanoindentation  hardness  and
indentation depth of ZrO, particle dispersion-
strengthened Q345 steel are displayed in Table 2. The
nanoindentation hardness of ZrO, particle dispersion-
strengthened Q345 steel increased with ZrO, content.
For as-cast samples, the hardness reached the maximum
at the displacement of 215225 nm. The final hardness
of as-cast samples increased with increasing ZrO,
content, and the 1.2% ZrO, particle dispersion-
strengthened Q345 steel had a final hardness of
approximately 5.23 GPa. Whereas the final displacement
of the as-cast samples decreased with increasing ZrO,
content, and that of the 1.2% ZrO, particle dispersion-
strengthened Q345 steel decreased to 214.745 nm
(Fig. 11(a)). For as-normalized and as-quenched samples,
the trends of hardness varying with displacement are
similar to those of as-cast samples. The hardness of
as-normalized and as-quenched 1.2% ZrO, particle
dispersion-strengthened Q345 steel increased to 5.59 and
5.62 GPa, respectively. But the displacement of
as-normalized and as-quenched 1.2% ZrO, particle
dispersion-strengthened Q345 steel decreased to 206.506
and 202.797 nm, respectively.

For the ZrO, particle dispersion-strengthened
Q345 steel under the same heat treatment process, the
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Fig. 11 Hardness—displacement curves of nanoindentation in
ZrO, particle dispersion-strengthened Q345 steel in different
states: (a) As-cast; (b) As-normalized; (c) As-quenched

hardness increased but the final displacement decreased
with increasing ZrO, content. The addition of ZrO,
particle led to the higher density of dislocation in the
steel matrix (Fig. 8). So, the hardness and deformation
capacity of steel matrix respectively increased and
decreased with increasing ZrO, content.

For the ZrO, particle dispersion-strengthened Q345
steel with same ZrO, content, the hardness and final
displacement depended on the heat treatment. Compared
with the as-cast samples, the as-normalized samples
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Table 2 Nanoindentation modulus, hardness and indentation depth of ZrO, particle dispersion-strengthened Q345 steel with

different ZrO, contents and states

W(ZrO,)=0%

w(Zr0,)=0.5% w(ZrOy)=1.2%

State E/GPa H/GPa Depth/nm  E/GPa H/GPa Depthnm  E/GPa H/GPa  Depth/nm
As-cast 169 468 224703 179 487 220723 181 523 214974
As-normalized 170 482 221.646 1793 493 218621 1811 559  206.506
As-quenched 172 495 215444 1798 526 215519 1815 562 202797

showed higher hardness. Furthermore, the maximum
hardness values of the as-normalized samples located at
the displacement of 207—222 nm, shorter than that in the
as-cast samples. These phenomena can be attributed to
the occurrence of grain refinement and improvement of
uniformity in the samples after normalizing treatment
(Figs. 2 and 3). The hardnesses of as-quenched samples
were higher than those of as-cast and as-normalized
samples with the same ZrO, content, as shown in
Fig. 11(c). The martensite phase with higher hardness
was obtained in the ZrO, particle dispersion-
strengthened Q345 steel after quenching treatment
(Fig. 4). So, the as-quenched ZrO, particle dispersion-
strengthened Q345 steel exhibited the highest hardness,
and the strengthening mechanism of these samples
included martensite phase, boundary, dislocations, and
dispersed ZrO, particles strengthening.

It was found that, for the same sample, the modulus
tested by nanoindentation was lower than that tested by
tensile experiment. This phenomenon can be attributable
to the nonuniformity of mechanical properties in the
materials [33]. However, the modulus of both tensile test
and nanoindentation increased with increasing ZrO,
content.

4 Conclusions

1) The addition of ZrO, to the Q345 steel caused the
grain refinement of cast alloy. Furthermore, the sizes of
ferrite, pearlite, and martensite in normalized and/or
quenched Q345 were also refined by the ZrO, addition.

2) The high density of dislocations was observed
near particles—matrix interface in the ZrO, particle
dispersion-strengthened Q345 steel due to the large
difference in thermal expansion between Q345 matrix
and ZrO, reinforcing phase.

3) The mechanical properties of Q345 steel were
improved by quenching treatment and ZrO, addition. The
as-quenched 1.2% ZrO, particle dispersion-strengthened
Q345 steel showed balanced mechanical properties,
including high strength, high elastic modulus, high
micro-hardness and reasonable ductility.

4) The strengthening mechanism of as-quenched
ZrO, particle dispersion-strengthened Q345 steel
included integrated strengthening from hard martensite
phase, plenty of boundaries, high dislocations density

and dispersed ZrO, particles. And the fracture was still
ductile.
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