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Abstract: Hot compression tests were performed with strain rates (0.01–10 s−1) and temperatures
(850–1150 ◦C). The power law relationship between the critical stress and critical strain and Zener–
Hollomon parameters was determined by θ-σ curves. Microstructure was investigated by elec-
tron backscattered diffraction. The results showed that the flow behavior and microstructure of
35CrMo steel was affected by ultrasonic-assisted casting. The activation energy of non-ultrasonic and
ultrasonic-assisted 35CrMo steel were 410± 9.9 and 386± 9.4 kJ/mol, respectively, and the activation
energy of ultrasonic-assisted specimens was reduced by 6%. In addition, the ultrasonic-assisted
treatment refines the grains to some extent and makes the softening process of ultrasonic-assisted
samples progress faster, which promoted the development of dynamic recrystallization and the pro-
duction of Σ3 boundaries. The discontinuous dynamic recrystallization was the main DRX nucleation
mechanism of the 35CrMo steel.

Keywords: ultrasonic waves; 35CrMo steel; deformation mechanism; activation energy; work hard-
ening; dynamic recrystallization

1. Introduction

35CrMo alloy steel is extensively used in the manufacture of important structural
components, such as main bearing rotating shafts, vehicle and engine transmission parts
and heavy load transmission shafts that work in load environments, because of the excellent
impact toughness, high static strength, good hardenability and high fatigue limit [1–4].
However, many casting defects such as blowholes, inclusions, composition segregation and
coarse grains often occur in the process of non-ultrasonic casting, which seriously affect the
subsequent forging and properties. In recent years, ultrasonic waves had been widely used
in the field of casting because of their cavitation and acoustic flow effect, which refined
the solidified structure and avoided pores and inclusions [5–7]. Shi et al. [8,9] showed
that the introduction of ultrasonic wave in the casting process of 35CrMo steel makes the
microstructure change from coarse dendrites to fine dendrites or equi-axed grains and more
pronounced grain refinement observed with increasing ultrasonic power. Liu et al. [10]
introduced ultrasonic waves into the casting process of AZ91 magnesium alloy and found
that fine and uniform non-dendritic structure was obtained under the action of ultrasonic
cavitation and flow, and the material exhibited strong yield strength. Shi et al. [11] re-
vealed that the uniform and fine with weakened texture and well-distributed precipitates
microstructure obtained by introducing an ultrasonic energy field into the two-roll cast-
ing process of 8011 aluminum alloy effectively improves the tensile and yield strength.
Kotadiaet al. [12] found that the effective grain refinement and the dendrite transition to
equi-axed grains of hypoeutectic Al-Si alloy under the ultrasonic radiation, which was
attributed to the enhanced nucleation under ultrasound, causes eutectic splitting to occur
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under strong fluid flow caused by cavitation. Zhao et al. [13] found that ultrasonic-assisted
casting can refine the grains and α-Mg phase of twin-roll casting magnesium alloy and
promote the grains to change from dendrite to spherical, improving the tensile strength
and elongation. Han et al. [14] investigated the effect of high-intensity ultrasound on
the microstructure of Al-Ti-B master alloy in the fabrication and remelting process and
found that cavitation and flow field effect of ultrasonic improved the morphology of TiAl3
phase and grain refinement, which improved the properties of Al-Ti-B master alloy. The
above research showed that the ultrasonic-assisted casting can obtain the fine and uniform
solidification microstructure, but the research on the hot deformation and its microstructure
is still very little.

Studies showed that the initial microstructure has an important effect on dynamic
recrystallization (DRX) behavior during hot deformation, while DRX, dynamic recovery
(DRV), grain boundary sliding and grain rotation were related to deformation mechanism
and microstructure evolution [15]. The effect of chemical composition of alloys, hot defor-
mation parameters [16–18] and initial grain size [19–22] on the hot deformation behavior
and DRX of alloys was reported in recent years. Chen et al. [23] found that the initial
grain size had a significant influence on DRX behavior of 3003 aluminum alloy, the critical
recrystallization strain decreased with decreased grain size, which was more conducive
to the initiation of DRX and promoted the thermoplastic deformation. Wahabi et al. [24]
studied the effect of initial grain size on DRX of high purity austenite stainless steels, and
larger initial grain sizes promoted a delay in the DDRX onset. Yang et al. [25] investigated
the hot deformation and microstructure change of AZ31 magnesium alloy with initial grain
sizes of 22 and 90 µm, respectively, during hot compression and found that the initial grain
size had obvious influence on the flow curve and grain refinement kinetics. The above
studies discussed the effects of initial microstructure on hot deformation and DRX with
different processes. However, the influences of microstructures introduced after ultrasonic-
assisted casting on high temperature deformation behavior of alloy steels, especially the
work hardening properties and microstructure evolution, have not been reported.

The present study focuses the investigation of the hot flow behavior and microstruc-
ture evolution of 35CrMo ingot after ultrasonic-assisted casting. The microstructure of
35CrMo steel after ultrasonic-assisted casting was studied by optical microscope (OM)
and scanning electron microscope (SEM). The critical parameters of DRX depended on the
work hardening curve, and the correlation between the critical stress (σc), critical strain
(εc) and Zener–Hollomon (Z) parameter was established. In addition, EBSD was used to
analyze the evolution of deformed microstructure, the characteristics of grain boundary
and misorientation angle and the characterization of DRX in detail.

2. Experimental Materials and Methods

The raw materials of 35CrMo steel were heated in resistance furnace (CH Hua, Chang-
sha, China) until melting, gas and slag removal, and kept at 1560 ◦C for 300 s. Casting was
carried out in two ways, A and B. Test A was conducted without ultrasonic-assisted casting.
The molten steel was poured directly into the sand mold, the covering agent was added to
the molten steel surface after casting and the ingot was cooled in air in the mold. Test B
was carried out with ultrasonic-assisted casting. The molten steel was cast into the sand
mold, and the ultrasonic wave was introduced from the top of the melt after adding the
covering agent for 12 min (the frequency of ultrasonic wave was 20 kHz, the output power
was 800 W). Finally, the ingot was cooled in air in the mold. Figure 1a shows a schematic
diagram of ultrasonic-assisted casting. Ultimately, two cylindrical 35CrMo alloy ingots
with 440 mm diameter and 880 mm height were obtained, with the chemical compositions
given in Table 1.
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Figure 1. Detailed experimental process of tests: (a) ultrasonic casting of 35CrMo steel, (b) sampling
diagram and (c) hot compression test.

Table 1. Composition of GB 35CrMo steel (wt %).

Chemical Composition C Si Mn Mo S P Cr Fe

Measured 0.34 0.21 0.56 0.19 0.005 0.019 0.95 Bal

The microstructure specimens of the ingot were circular pieces 15 mm thick, cut from
the 100 mm at the top of the ingot (Figure 1b). The macro–microstructure specimens
were mechanically corroded in a solution of HNO3. Then, the microstructure samples
(20 mm× 20 mm) were taken at the edge and 0.5 radius (R) of the ingot (Figure 1b), respec-
tively, and the compressed specimens (Φ 10 mm × 15 mm) were obtained at 0.5 R. For OM
and SEM observations, the specimens were etched with a C2H5OH solution of 4% HNO3.

Hot compression tests were carried out on a Gleeble-3810 (San Francisco, America) at
the deformation temperatures of 850, 950, 1050 and 1150 ◦C and strain rates of 0.01, 0.1, 1,
10 s−1, and the relative reduction was 50%. The specimens were shallowly grooved at both
ends, and a solid lubricant of graphite was added to reduce the friction generated during
compression. All specimens were heated at 10 ◦C/s and held for 5 min before loading
and promptly water-quenched after compression (Figure 1c). The hot deformed specimens
were sliced along the compression axis along the middle plane and the microstructure of
samples was revealed by EBSD. All the samples were mechanically polished and then ion
etched by ion etch instrument (Leica RES101, Oberkochen, Germany). The EBSD scans
with a step size of 1 µm and a scan area of 450 µm × 450 µm were performed on an Oxford
Instruments MAIA3 model EBSD system operated at 30 kV. The scan data were exported
to Channnel5 software for post-processing analysis.

3. Results and Discussions
3.1. Macrostructure and Microstructure Cast by Ultrasonic Assisting

The microstructure of the ingot is displayed in Figure 2. Figure 2a,a′ reveals that the
grain size distribution of the specimens without ultrasonic-assisted casting was coarse, and
the obvious columnar grains that develop perpendicular to the center of the ingot shape can
be seen. In addition, some thick columnar and equi-axed grains were found in the central
region of the ingot, owing to the dendritic branches of columnar grains being broken and
drifting to the center to become the nucleus of the remaining metal liquid, which formed
coarse equi-axed grains at the center.

However, Figure 2b shows that the grains at the edge of the ultrasonic-assisted casting
ingot were equi-axed grains (Figure 2b′), and the coexistence of equi-axed grains and
dendrite cell boundaries were observed in the 0.5 R region (Figure 3b). Besides, small equi-
axed grains were found in the central region, which indicates that introducing ultrasonic
waves can effectively improve the grain uniformity of 35CrMo steel ingot. This was
attributed to the stronger shock wave that came into being when the cavitation bubble
generated by the high-power ultrasonic cavitation process ruptures, and the crystal embryo
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reaching the critical dimension is broken by the wave into a plurality of smaller crystal
embryos [7]. Therefore, under the effect of ultrasonic cavitation, the fine and uniform
solidified structure was finally obtained when the super cooling degree increased, the
number of embryos increased and the size of embryos decreased.

Figure 2. Macro- and microstructure of the ingot: (a,a′) without ultrasonic; (b,b′) with ultrasonic.

Figure 3. The SEM and OM images of 35CrMo steel ingot at 1/2R in Figure 1: (a,c) without ultrasonic,
(b,d) with ultrasonic.
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The microstructure of Figure 3 was taken from the 0.5 R region of the circular ingot in
Figure 2a,b. From Figure 3a, an obvious phenomenon of precipitation phase enrichment of
non-ultrasonic specimens was observed, and a bar-like grain boundary appears, while the
precipitation phase distribution of that ultrasonic-assisted specimen is uniform (Figure 3b).
In addition, Figure 3c,d shows that the casting microstructure was mainly composed of
pearlite and ferrite. Furthermore, the grain size was measured and counted several times
by the artificial intercept method in OM; the average size of the grains obtained by the
non-ultrasonic casting was about 157 ± 1.9 µm, while the ultrasonic-assisted specimens
were about 102 ± 1.3 µm, which was about 34.9% lower than the non-ultrasonic assisted.
It indicates that introducing ultrasonic waves can refine grains and promote the uniform
distribution of precipitated phase of the 35CrMo steel ingot.

3.2. Hot Deformation Behavior and Deformation Mechanism
3.2.1. The Stress–Strain Behavior

The true stress–true strain curve of 35CrMo steel cast by non-ultrasonic assisting and
ultrasonic assisting under different deformation conditions is shown in Figure 4. At the
same deformation condition, the flow stress of the two specimens increased with increased
strain, and the strongest flow softening behavior occurred at 850 ◦C and decreased with
increasing deformation temperature. The obvious steady state rheological characteristics
were observed in all flow curves when the strain exceeded a certain value. The flow
curve is characterized by three stages of work hardening (WH), flow softening (DRV and
DRX) and steady state equilibrium [26,27]. In the initial stage of deformation, the flow
stress rapidly increased to the critical value, and the number of dislocations increases and
accumulates continuously, leading to WH [28,29]. In the softening stage, DRX starts after
the deformation cumulative dislocation density outstrips the εc, and the nucleation and
growth of the new DRX grains lead to dislocation annihilation and decrease the flow stress.
The competition between WH and dynamic softening mechanisms results in the evolution
of microstructure during hot deformation [30–32]. In addition, the heat-softening effect
made by DRX and DRV in the softening stage is ultimately stronger than the effect of
WH [33]. Finally, the dynamic equilibrium is attained between WH and dynamic softening,
and the flow stress reaches steady state [34].

Figure 4. True stress–strain curves of 35CrMo ingots at strain rate of 0.01 s−1 and different cast
conditions: (a) without ultrasonic, (b) with ultrasonic.

The true stress of the non-ultrasonic-assisted samples was slightly higher than the
ultrasonic assisted under the same hot deformation condition as was shown in Figure 4. The
reason is that ultrasonic assisted can reduce the grain size of the cast structure, which makes
DRX and DRV more likely to occur under high temperature deformation, and the materials
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with finer grains were softer and easier to be formed. Meanwhile, the flow behavior was
obviously affected by the deformation temperature at the constant strain rates. The flow
stress decreased with increasing deformation temperature, as was shown in Figure 4. When
the deformed temperature rises from 850 to 1050 ◦C, the true stress difference between
ultrasonic assisted and non-ultrasonic in the steady state was larger, which was up to
60 MPa. When the deformed temperature was increased from 1050 to 1150 ◦C, the true
stress difference in the steady state was gradually reduced to about 10 MPa. The reason
is that the hot activation of the material was enhanced with the increased deformation
temperature, and the average kinetic energy and diffusion rate of metal atoms increased.
Furthermore, the nucleation and growth of the DRX grains consume a large number
of dislocations [35], resulting in the enhancement of softening [36], and the true stress
decreased with increased deformation temperature.

3.2.2. Deformation Activation Energy

The analysis of the data with different processing conditions shows the following
relationship between the flow stress, strain rate and deformation temperature of the
alloy [28,37,38].

.
ε = A1σN exp

(
− Q

RT

)
ασ < 0.8 (1)

.
ε = A2 exp(βσ) exp

(
− Q

RT

)
ασ > 1.2 (2)

.
ε = A[sinh(ασ)]n exp

(
− Q

RT

)
For all σ (3)

where
.
ε is strain rate; σ is flow stress; A1, A2, A, N, n and α are material constants;

R is a molar gas constant (R = 8.314 J/(mol·K)); T is the deformation temperature; Q
is the deformation activation energy, which is a vital parameter of the material with
hot deformation. According to Equations (1) and (2), the ln

.
ε − σ and ln

.
ε− lnσ graphs

were drawn according to the experimental data (Figure 4) of thermal deformation and
the values of N and β were obtained by linear fitting. Then, α = β/N. The α values of
non-ultrasonic casting and ultrasonic-assisted casting 35CrMo steel are α1 = 0.0071 and
α2 = 0.0072, respectively.

When the strain rate is constant, it is assumed that the deformation activation energy
(Q) remains constant over a small temperature range, and it can be calculated according to
Equation (4) as follows [38]:

Q = R
∂ln

.
ε

∂ ln[ln sinh(ασ)]

∣∣∣∣
T

∂ ln sinh(ασ)

∂ ln(1/T)

∣∣∣∣ .
ε

(4)

Therefore, in line with the relationship between ln
.
ε− ln[sin h(ασ)] and ln[sinh(ασ)]−

1/T (Figure 5), the activation energy of non-ultrasonic and ultrasonic-assisted 35CrMo
steel was obtained by Equation (4), Q1 = 410 ± 9.9 and Q2 = 386 ± 9.4 kJ/mol. The results
show that ultrasonic-assisted casting can reduce the activation energy ratio of hot working
deformation of ingot, reduce WH and promote deformation. This is because the initial
grain size of ultrasonic samples is small and grain boundaries were formed more, and the
grain boundaries sliding and migration were active at high temperature deformation.

3.2.3. Work Hardening Characteristics

When the strain rates and deformation temperatures are constant, the rate of change
of stress and strain is called the work hardening rate (θ = −∂σ/∂ε), which can be used
to identify the WH behavior [33,39]. In addition, the εc and σc are important parameters
for characterizing the DRX initiation and evolution process, which can be determined
according to the shape of the WH curve [30]. On the basis of considering irreversible
thermodynamics, some scholars consider that the turning point of the θ-σ curves means
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the occurrence of DRV and DRX, and the inflection point is σc [40,41]. Figure 6 shows the
θ-σ curves with the inflection points corresponding to the minimum point in the curve
of Figure 7. Combined with the analysis of Figures 6 and 7, both the WH curves show a
consistent trend independently of the non-ultrasonic or ultrasonic-assisted casting. The WH
rates with real stress in two figures were reduced due to the emergence of DRV and DRX at
a strain rate of 0.01 s−1. However, the θ of the ultrasonic-assisted specimens at the inflection
point was smaller than the non-ultrasonic specimens at the same processing conditions,
which is consistent with the trend of the flow curve. In addition, σc was strongly sensitive
to deformation temperature, and the σc decreased with increased deformation temperature
at a strain rate of 0.01 s−1 for both the non-ultrasonic specimens and the ultrasonic-assisted
specimens. The reason is that the diffusion kinetics were enhanced at a higher deformation
temperature, and the hindrance of dislocation motion and grains slip was reduced [37],
making DRX more likely to occur.

Figure 5. Relationship between peak stress and strain rate of 35CrMo steel during high temperature
plastic deformation: (a,b) without ultrasonic, (c,d) with ultrasonic.

Studies have shown that the θ-σ plot exhibits either two [42] or three stages [29]. The
behavior of 35CrMo steel in the present study exhibits three stages. The value of θ rapidly
dropped in the initial stage until a significant inflection point (σc) occurred as shown by
the WH curves of ultrasonic-assisted cast samples deformed at 850 ◦C with a strain rate
of 0.01 s−1, which is an obvious manifestation of the progress of DRX. The increasing
and accumulation of the dislocation density during further straining resulted in dynamic
enhancement of the substructure which reduced the WH rate. Finally, the θ value is zero
when it reaches the peak stress (σp). Then, the flow stress goes into steady state stress
with the strain increasing (Figure 4), which indicates a dynamic balance between the work
hardening and dynamic softening mechanisms [30].
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Figure 6. Relationship between θ and σ of 35CrMo steel under 0.01 s−1: (a) without ultrasonic, (b)
with ultrasonic.

Figure 7. Relationship between −∂σ/∂ε and σ of 35CrMo steel at 0.01 s−1 with different deformation
temperatures: (a) without ultrasonic, (b) with ultrasonic.

The Zener–Hollomon (Z) parameter, which the physical meaning is the temperature
compensation factor of 35CrMo steel, is obtained from Section 3.2 (Z1 is for non-ultrasonic
casting and Z2 is for ultrasonic casting):

Z1 =
.
ε

(
410× 103

RT

)
(5)

Z2 =
.
ε

(
386× 103

RT

)
(6)

The influence of deformation temperature T and deformation rate
.
ε on the εc of

alloy recrystallization was analyzed by introducing Z parameters. According to the
flow stress curve obtained εc, the lnεc − lnZ plot was plotted (Figure 8), and the fol-
lowing relationships were obtained (εc1 represents non-ultrasonic casting, εc2 represents
ultrasonic-assisted casting):

ln εc1 = 0.33 ln Z1 − 3.32 (7)

ln εc2 = 0.33 ln Z2 − 3.29 (8)
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Figure 8. Relationship between lnεc and lnZ parameter.

Therefore, the critical conditions for DRX of 35CrMo steel in non-ultrasonic casting
and ultrasonic-assisted casting were:

ε ≥ εc1 = 3.61× 10−2 ln Z1
0.33 (9)

ε ≥ εc2 = 3.72× 10−2 ln Z2
0.33 (10)

According to the above analysis, the εc of DRX produced by non-ultrasonic casting
of 35CrMo steel was more sensitive to the process parameters than the ultrasonic-assisted
casting. In addition, the εc of DRX of non-ultrasonic specimens was slightly larger than the
ultrasonic-assisted casting, which was due to the fine and uniform microstructure of the
ultrasonic-assisted casting samples. In addition, the critical recrystallizing strain required
was small so that DRX could be sufficiently carried out to promote the thermoplastic defor-
mation of the 35CrMo steel. Simultaneously, the εc decreased with increasing deformation
temperature and increased with increasing strain rates. This was attributed to the increase
in hot oscillation and the diffusion rate of atoms in the alloy with increasing deformation
temperature, which promoted the cross-slip and climbing of dislocations, and the more
likely DRX occurs, reducing the critical strain of DRX. In addition, the slip and climbing
process of dislocations became shorter with increasing strain rate, increasing the number of
nucleation and grain growth rate of DRX, which makes the DRX softening obstructed and
the critical strain variables for balance of DRX softening and strain hardening increased.

3.3. Hot Deformation Microstructure
3.3.1. Microstructure Evolution

Figure 9 shows the inverse pole figure (IPF) diagram of the non-ultrasonic casting and
ultrasonic-assisted casting specimens deformed at 950 and 1050 ◦C with a strain rate of
0.1 s−1. The specimens experienced different degrees of DRX in all deformation conditions
studied. Tt was difficult to distinguish between the deformed and DRX grains at a strain
rate of 0.1 s−1. Whether non-ultrasonic or ultrasonic-assisted specimens, the growth of edge
grains was observed. The coarsening degree of grain increased gradually with increasing
deformation temperature at the same strain rates, and the deformed grains were elongated.
This was due to the increase in diffusion kinetics at high temperature, which made the
dislocation movement more intense, and the grain boundary mobility increased, which
was beneficial to DRX, so that the small grains were continuously grown over by larger
grains to promote grain growth [38,43]. Furthermore, the necklace structure was observed
at Figure 9 and suggests that the DRX was incomplete. In addition, at the same deformation
conditions, the grains obtained by ultrasonic-assisted samples were smaller.
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Figure 9. IPF maps of samples deformed at 0.1 s−1 at different deformation temperatures of
(a) without ultrasonic 950 ◦C, (b) without ultrasonic 1050 ◦C, (c) with ultrasonic 950 ◦C, (d) with
ultrasonic 1050 ◦C.

DDRX with significant nucleation and growth stages is most commonly found in
middle and low stacking fault energy materials (SFE) [44]. The main characteristic of DDRX
during hot deformation is that the DRX grains are distributed on the grain boundaries of
the original coarse grains in the form of a necklace type structure [45–47]. However, the
serrated grain boundaries, usually with a high local misorientation or strain gradient, are
the initial manifestation of DDRX and the potential nucleation center of DRX [48], which
can be formed by the grain boundaries bulging as a potential location for subsequent
nucleation [43]. In general, grain boundaries bulging is related to strain-induced grain
boundaries migration, and the bulging grain boundaries will become the DRX nucleation
site [49]. The initiation of DRX is, firstly, the appearance of serrated grain boundaries and
then the grain boundaries migrate and transform into convex grain boundaries during the
strain induction process [50] and become the core of DRX initiation. Figure 9 shows the
different stages of DRX. The serrated grain boundaries are at location 1 of Figure 9a,c, the
form of nuclei around the grain boundaries and serrated grain boundaries is observed at
positions 2 and 3 and the grown DRX grains are shown at position 4 with the nucleation
and growth of DRX. The DRX grains form on the original grain boundaries in a necklace
type structure as shown in location 5.

Figure 10 and Table 2 show the misorientation distribution at different deformation
temperatures at a strain rate of 0.1 s−1. Some studies suggested that the DRX process
can be understood as establishing a dynamic balance from low angle grain boundaries
(LAGBs, 2 ≤ θ ≤ 10◦) to high angle grain boundaries (HAGBs, θ > 15◦), the strain energy
storage produced during hot deformation prompts the growth and migration of HAGBs,
which promotes dislocation motion, and LAGBs are continuously consumed with the
dislocation annihilation [51,52]. From Figure 10a,c, the fraction of LAGBs was high at
950 ◦C for both the non-ultrasonic or ultrasonic samples at the same processing condition,
and the values are 60.4 and 57.8%, respectively. Furthermore, most of the LAGBs occur
near the mother grain boundaries and the twin boundary (Figure 9a,c), which is attributed
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to the formation of dislocation proliferation and dislocation boundary [43]. Meanwhile,
the fraction of LAGBs gradually decreased with increased temperature while HAGBs
increased gradually, and the average misorientation angle (θ) increased with increased
temperature owing to the sufficient energy and time at high deformed temperature for the
LAGBs to disappear or merge into HAGBs [53–55]. It indicates that the LAGBs transition
to HAGBs and the dynamics of DRX is enhanced with increasing deformation temperature.
In addition, it is well known that an increase in the fraction of misorientation 10◦–15◦

medium angle grain boundaries (MAGBs) means the occurrence of continuous dynamic
crystallization (CDRX) [43]. As shown in Figure 10 and Table 2, MAGBs had no significant
change with increased deformation temperature for both non-ultrasonic or ultrasonic-
assisted samples, and the distribution of the misorientation difference exhibits bimodal
characteristics. The results show that LAGBs gradually change to HAGBs grain boundary
in a discontinuity way, indicating that the main DRX mechanism was DDRX [56]. The θ
value of ultrasound-assisted specimens is significantly larger than the non-ultrasonic ones
when the deformation temperature is raised from 950 to 1050 ◦C, indicating that the smaller
grain microstructure (Figure 3) of the ultrasonic-assisted samples is more conducive to
the conversion of LAGBs to HAGBs, forming more nucleation sites, which makes it more
prone to DRX and refined the microstructure [24].

Figure 10. Distribution of grain boundary misorientation angles: (a) without ultrasonic 950 ◦C,
0.1 s−1; (b) without ultrasonic 1050 ◦C, 0.1 s−1; (c) with ultrasonic 950 ◦C, 0.1 s−1; (d) with ultrasonic
1050 ◦C, 0.1 s−1.
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Table 2. Statistics of grain boundary misorientation angles.

Case
without Ultrasonic with Ultrasonic

950 ◦C, 0.1 s−1 1050 ◦C, 0.1 s−1 950 ◦C, 0.1 s−1 1050 ◦C, 0.1 s−1

θ 20.83◦ 23.3◦ 21.5◦ 35.0◦

2 ≤ θ ≤ 10◦ 0.604 0.586 0.578 0.529
10◦–15◦ 0.039 0.026 0.04 0.05

>15◦ 0.357 0.387 0.380 0.421

3.3.2. Coincidence Site Lattice Characteristics

A coincidence site lattice (CSL) grain boundary is a kind of high-angle boundary with
special axial direction and directional misalignment angles, where the microstructure of
the material is obviously affected [57–59]. The detailed information on the different CSL
boundary fractions of non-ultrasonic and ultrasonic-assisted specimens deformed at 950
and 1050 ◦C with strain rates of 0.1 s−1 are displayed in Figure 11. The main CSL boundary
types after hot deformation of non-ultrasonic and ultrasonic samples were Σ3, Σ11, Σ25b,
Σ33c, Σ41c, and the fraction of Σ3 boundaries is the largest, obviously, which is associated
with the volume fraction trend of HAGBs and DRX. This may be attributed to a grain
growth in the DRX process or grain boundary migration that promotes the interaction
between the original Σ3 interface, resulting in a new Σ3 interface [51]. In addition, the
existence of new nuclei in the DRX process also promotes the formation of Σ3 boundary,
and the newer DRX boundary is produced, the more Σ3 boundary there is [59]. On the
other hand, the Σ3 boundary fraction of the non-ultrasonic samples increased, and the
fractions of Σ11, Σ25b, Σ33c, Σ41c remained basically at the same level, while the fractions
of ultrasonic specimens Σ3, Σ25b, Σ33c, Σ41c all showed an evident increasing trend can be
observed for deformed from 950 to 1050 ◦C and a strain rate of 0.1 s−1, indicating that the
grain boundaries migration and DRX ability of ultrasonic specimens are strong at higher
deformation temperature, which coincides with Figure 9. This is owing to the smaller initial
grain sizes of the ultrasonic specimens lead to more nucleation sites and the softening
process progresses faster, which is beneficial to the nucleation and growth of DRX [23,24],
resulting in promoting the production of more ΣCSL boundaries.

Figure 11. Cont.
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Figure 11. CSL boundary distribution at a strain rate of 0.1 s−1 and different deformation tempera-
tures of 950, 1050 ◦C: (a,a′,b,b′) without ultrasonic and (c,c’,d,d’) with ultrasonic.

3.3.3. Characterization of Dynamic Recrystallization

The IPF diagrams of non-ultrasonic and ultrasonic specimens at different deformation
temperatures of 0.1 s−1 strain rate are given in Figure 12. The deformed, DRX and sub-
grains are denoted by red, blue and yellow colors, respectively. The fraction of the deformed
grains, sub-grains and DRX grains in Figure 12 was counted by Channnel5 as shown in
Figure 13. Combined with the analysis of Figures 12 and 13, the DRX was enhanced with
increased deformation temperatures, and the DRX grains and sub-grains gradually increase
whether without or with ultrasonic-assisted samples. This indicates that DDRX promotes
the transformation from deformed grains into DRX grains, increasing the proportion of
HAGBs at the expense of LAGBs (Figure 10). Meanwhile, the lower portion of the DRX
grains (deformed at 1050 ◦C) indicates that heat and strain energy were insufficient to
promote DRX (Figure 10a,c). In addition, comparing Figure 12a,c and Figure 12b,d, the
DRX grains of the ultrasonic samples were increased and finer grains were observed
compared with the non-ultrasonic ones, indicating that the DRX of ultrasonic-assisted
casting specimens is stronger. These was due to the ultrasonic-assisted specimens with finer
initial microstructure and more grain boundaries before deformation, which is beneficial to
provide more nucleation sites. Therefore, the DRX rate of ultrasonic samples is faster than
the non-ultrasonic, and a large number of nuclei in the fine-grained ultrasonic samples
result in a finer and uniform microstructure.
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Figure 12. Color IPF maps illustrating the DRX grains (in blue), deformed grains (in red) and sub-
grains (in yellow) at a strain rate of 0.1s−1 with (a) without ultrasonic 950 ◦C, (b) without ultrasonic
1050 ◦C, (c) with ultrasonic 950 ◦C, (d) with ultrasonic 1050 ◦C.

Figure 13. Evolution of deformed grains, sub-grains and DRX grains at a strain rate of 0.1 s−1 and
different deformation temperatures.

The DRX fraction of non-ultrasonic and ultrasonic specimens at different temperatures
at a strain rate of 0.1 s−1 is shown in Figure 14. The DRX fractions of without and with
ultrasonic samples deformed at 950 ◦C are 4.4 and 5.8%, respectively, indicating the DRX
was lower and coincided with the deformation microstructure in Figure 12, which is



Materials 2022, 15, 146 15 of 18

attributed to the shorter deformation time at lower temperatures. After deformation at
1050 ◦C, the DRX volume fraction of without and with ultrasonic samples increased, up
to 6.7 and 7.8%, respectively, indicating that the volume fraction of DRX increased with
increasing temperature, which is consistent with the influence of temperature on the flow
curve. This was due to the higher heat energy and the larger local storage energy obtained
at high temperature, which is beneficial to the migration of grain boundaries and dislocation
movement, improves the mobility of grain boundaries and makes it easier for DRX [60,61].
On the other hand, the increase in the proportion of typical CSL interface (especially Σ3)
plays a certain role in promoting the obvious expansion of DRX degree with the increase
in deformation temperatures with a strain rate of 0.1 s−1, and the enhanced DRX ability
was consistent with the evolution of the low CSL interface. Furthermore, the DRX volume
fraction of the non-ultrasonic specimens was smaller than the ultrasonic specimens both
deformed at 950 and 1050 ◦C, which corresponded with the deformation structure observed
in Figures 10 and 12.

Figure 14. The evolution of DRX volume fraction at a strain rate of 0.1 s−1 and different deformation
temperatures.

4. Conclusions

The hot deformation behavior and microstructure evolution of the ultrasonic-assisted
35CrMo steel were investigated. The results show that the ultrasonic-assisted casting
treatment can effectively control the morphology and size of as-cast grains to a certain
extent and help to develop DRX during the subsequent forge. The important conclusions
are summarized as follows:

(1) The acoustic streaming and cavitation effects of ultrasonic waves affected the cast
solidification microstructure. After ultrasonic-assisted casting, the microstructure changed
from columnar grains to equi-axed grains, the distribution of the precipitate was uniform
and the grains were refined to a certain extent.

(2) At the same deformation conditions, the initial grain size of ultrasonic-assisted
samples was smaller, and the softening process was faster. Besides, the activation energy of
non-ultrasonic and ultrasonic-assisted 35CrMo steel was 410 ± 9.9 and 386 ± 9.4 kJ/mol,
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respectively, and the power law functions between critical parameters (σc and εc) and
Zener–Hollomon parameters were established.

(3) The dynamic recrystallization behavior was influenced by ultrasonic-assisted
casting. At the same deformation conditions, the HAGBs, CSL boundary and dynamic
recrystallization volume fraction of the ultrasonic-assisted samples were larger, which
indicated that the DRX of ultrasonic-assisted samples is stronger. Besides, discontinu-
ous DRX characterized by necklace structure is the main recrystallization mechanism of
35CrMo steel.
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