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Abstract: To obtain excellent mechanical properties from large cross-sections of plastic mould steel
(SDP1), we conducted multi-directional forging (MDF) to control the microstructure of ingots. To
investigate the microstructural evolution of SDP1 steel during MDF, we performed hot forging at
1150 °C using a THP01-500A hydraulic press. The dimensions of the specimens were 38 mm x
80 mm. The microstructure of the specimens after forging was observed under a metallographic
microscope. Furthermore, the results of the finite element method (FEM) simulations were employed
to improve the quality of the forgings. The predicted results agreed well with the experimental ones,
indicating that FEM is effective for analysing microstructural evolution during MDF. Thus, MDF for
large cross-sections of SDP1 steel (1000 mm x 2200 mm) was simulated. The results showed that
the average grain size of SDP1 steel at the core of an ingot after MDF ranged from 40.6 to 43.3 pum.
Although this was slightly higher than the grain size of the sample after traditional upsetting and
stretching forging (TUSF) (35.7-46.0 um), the microstructure of the SDP1 steel sample after MDF was
more uniform than that after TUSF. Compared with TUSE, MDF not only refines the grain size but
also improves the microstructure uniformity of the sample.

Keywords: multi-directional forging; large cross-section plastic mould steel; microstructure evolution;
FEM simulation

1. Introduction

During the fabrication of large plastic mould steel blooms, the low impact toughness
of the product is a major quality issue. Through microstructural analysis, this phenomenon
is attributed to the coarse grain and nonuniform grain size [1-3]. As the most impor-
tant manufacturing process for plastic mould steel, microstructural control in free forging
processes determines product quality. Discontinuous dynamic recrystallisation (DRX),
which occurs during hot deformation processes, is an important microstructural evolution
behaviour. Recently, severe plastic deformation (SPD) methods have been widely studied
owing to their ability to provide fairly good grain refinement in metallic alloys [4]. These
techniques improve mechanical fatigue, corrosion, wear and creep properties of various
alloys [5,6]. Several SPD methods, such as accumulative roll bounding, equal-channel angu-
lar pressing, friction stir processing and constrained groove pressing and multi-directional
forging (MDF) [7-17], have found industrial applications. MDF has various advantages,
such as repeatability, cost effectiveness, simplicity and the possibility of fabricating large
parts [18-21].

MDF is a strong plastic deformation process improved by hammer forging compared
with traditional unidirectional forming processes [22-25]. During MDF, the ingot is continu-
ously elongated or compressed along the x-, y- and z-axes with changing loading direction,
which has a great influence on the flow stress behaviour and the microstructure [26-28].
Although MDF of a large number of ferrous and nonferrous alloys have already been
studied, there are few investigations on plastic mould steel available in the literature. For
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example, Moghanaki et al. [24] studied the effect of solution treatment on the mechanical
properties of Al-Cu-Mg alloy during multi-directional forging. The hardness of solution
treated samples after MDF was strongly increased from 84 to 163 HV, which is attributed to
both dynamic formation of Guinier-Preston-Bagaryatsky(GPB) zones/Cu-Mg co-clusters
and dislocation storage. Nakao et al. [27], based on experiments on microstructure and
mechanical properties, proved that the MDF can improve the level of grain refinement of
stainless steel. In the process of MDEF, the grain fragmentation degree increased due to
the coordination of mechanical twins and martensitic transformation. With the increase
in strain, the tensile strength significantly improved. Soleymani et al. [29] conducted
multi-directional forging experiments on low-carbon steel modules and found that the
grain refinement mechanism was static recrystallisation when the forging temperature was
500 °C. The new grains nucleated within the deformed grains, grew and consumed the
deformed tissues until the material was completely recrystallised.

MDF has been studied and verified by many scholars, but in the manufacturing
process of plastic mould steel, MDF technology has not been studied and applied. In
this paper, both MDF and the traditional upsetting and stretching forging (TUSF) were
carried out on the forging of large cross-sections of plastic mould steel. Based on the
numerical simulation of the forging processes, the strain state and the evolutionary law
of the microstructure during MDF and TUSF were investigated and discussed to provide
effective guidance for the production of forgings.

2. Materials and Methods
2.1. Material

The material used in this study was as-forged micro-alloyed plastic mould steel
(SDP1®), and its normal chemical composition is listed in Table 1. The steel sheet was
manufactured by air and spray cooling after forging, and its thickness was 700 mm. The
microstructure was observed and captured using an optical microscope (OM, Nikon, LV
150, Tokyo, Japan) and a field-emission scanning electron microscope (Carl Zeiss SUPRA
40, Oberkochen, Germany). For OM observation, the samples were mechanically ground
using sandpaper, polished, and etched in a 4% nital solution.

Table 1. Normal chemical composition of SDP1 plastic mould steel (wt.%).

Element C Cr Mn Mo Si N Nb S P Fe
Wt.% 0.30 1.40 2.00 0.30 0.20 0.008 0.035 <0.003 <0.015 Bal

2.2. MDF Procedure

Cylindrical samples (38 mm in diameter and 80 mm in length) were prepared by
wire-electrode cutting, followed by homogenisation at 1150 °C for 2 h. MDF was performed
to refine the grains of the SDP1 steel, and it was performed based on three-step forging
(Figure 1a) using a THP01-500A hydraulic press(Tianduan, Tianjin, China). MDF was
performed at an initial forging temperature of 1150 °C and a speed of 5 mm-s~! with a
controllable deformation speed. During the process, the reduction was controlled at 50%.
The ingots were reheated to 1150 °C for 0.5 h between every pass. In Figure 1a, P1 is located
in the centre of the upper surface of the cylinder, P2 in the centre of the cylinder body, and
P3 in the middle of the cylinder side surface. The samples were repeatedly deformed up
to three passes by changing the loading direction in each pass by 90°. Prior to the second
forging step, the pancake produced in the first step was rotated by 90° around the x-axis to
press the y-plane of the ingot. The third forging process step was similar to the second step.
Thus, the z-, y- and x-planes of the sample were compressed, in turn, to obtain fine grains.
After the MDF process, to prevent the forged samples from cracking due to the rapid
cooling, the ingots were precooled until the temperature of the centre surface was below
850 °C, after which they were quenched in water. Samples 1-3 (Figure 1b) corresponded
to the first, second and third steps of the forged ingots. To investigate the microstructure
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of the MDF samples at different regions, three positions on the samples were selected for
microstructural observation (Figure 1a). The samples were cut from the middle section of
the forged billets. The middle area was representative of the entire sample and convenient
for comparison. Austenite grain boundaries were shown by the oxidation method. The
average grain size of the samples under different hot deformation positions was calculated
based on the volume average of the grain using the three-circle truncated-point method.
Several metallographic photographs were recorded at each sampling point to create grain
size data statistics, and Image-pro Plus (version 6.0, Media Cybernetics, Rockville, MD,
USA) was used to revise the data to obtain accurate and reliable average grain-size data.

P2
F- JP3
L e
2nd step 3rd step .\'}.J- Sample 1 Sampl.e 2 Sample

Figure 1. MDF experiment: (a) sequence of MDF steps; (b) state of SDP1 steel after MDE.

3. Experimental Results and Analysis

Figure 2 shows the grain size and morphology of the ingot before forging. The
microstructure revealed fairly equiaxed grain morphology delineated with definite grain
boundaries. The microstructure was characterised dominantly by coarse grains; the average
grain size of the ingots was 120 um, indicating coarse grains before the forging process. The
ingots were collected from the hydraulic press after plastic deformation, but no crack was
observed at the surface of the billets, suggesting that the alloy exhibited good workability
at 1150 °C.

Figure 2. (a) initial grain size and (b) morphology of the SDP1 steel.

Figure 3 shows deformation microstructures of the samples after MDF, and Figure 4
shows the grain size distribution statistics of the SDP1 steel samples after MDF. The
black area in the metallographic photographs shows an unpolished oxide layer, which
does not affect the evaluation of the grain size. The grain size varied significantly with
location during the MDF process (Figure 4a). Many deformed fine grains were observed
in Sample 1, indicating recrystallisation during the MDF process. After the first step in
the MDF process, many coarse grains were observed at point P1, and it was difficult to
obtain more grain refinement. However, the grain size of points P2 and P3 decreased
sharply. The average grain sizes of points P1, P2 and P3 of Sample 1 decreased from
120 to 119.0, 28.2 and 29.7 um, respectively. The MDF first step slightly affected the
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average grain size of point P1, and more grain refinement could only be achieved by
increasing the number of MDF passes. After the second step in MDF, the size distribution of
point P1 showed significant refinement, and the distribution was dominated by 30-40 um
grains (approximately 42.86%); in addition, grains in the range of <10 um and >40 um
constituted approximately 5.71% and 22.86%, respectively. After the third MDF step, the
size distribution of point P1 was dominated by 20-40 um grains (approximately 70.73%),
and grains > 40 pm constituted only 2.44%.

Figure 3. Microstructures of point P2 in (a) Sample 1; (b) Sample 2; (c) Sample 3.
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Figure 4. Grain size distribution and statistics of (a) Sample 1; (b) Sample 2; (c) Sample 3 at different
tracking points.

All MDF steps resulted in remarkable grain refinement. With an increase in the MDF
passes, the number fraction of the fine recrystallised grains increased (Figure 4b), and the
recrystallisation grains became much finer than those obtained after one MDF pass. The
grain size distribution of point P2 (Figure 4b) showed a broad distribution between 20 and
30 um, and the average grain size was 26.5 pm. The number fraction of fine grains at point
P2 increased compared with that of Sample 1. With a further increase in MDF passes, the
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number fraction of fine recrystallised grains further increased (Figure 4c). A uniform fine
grain structure evolved in Sample 3. The deformation microstructure was almost composed
of mainly equiaxed fine grains considered to be recrystallisation grains. Homogeneous
microstructures with average grain sizes of 28.7, 25.0 and 22.9 ym were obtained at points
P1, P2 and P3, respectively. Few grains larger than 40 um were obtained only at P1. The
corresponding grain size distribution was characterised by a relative peak against the grain
sizes ranging from 20 to 30 um. The number fractions of the grains ranging from 20 to
30 pum in Sample 3 processed at points P1, P2 and P3 were 46.34%, 57.14% and 44.23%,
respectively. The results show that MDF improved grain refinement. In addition to local
coarse grains, the grains of the ingot were fine and uniform.

4. Numerical Procedure
4.1. Microstructural Evolution Model

Recrystallisation is a process by which deformed grains are replaced by new sets
of grains that nucleate and grow until the original grains have been entirely consumed.
Recrystallisation is important in developing microstructures in deformation-processed
metals. Recrystallisation may occur during or after deformation; the former is termed
dynamic, and the latter is termed static. The microstructure evolution model of SDP1
steel used in this simulation was derived from our previous calculations (Table 2) [30].
Combining the recrystallisation kinetic model and FE simulation of SDP1 steel, including
the DRYX, static recrystallisation (SRX) and meta recrystallisation (MRX), the effects of MDF
and TUSF on the microstructural evolution of the ingots were investigated.

Table 2. Microstructural evolution model of SDP1 steel.

Quantity Equation
Zener-Holloman parameter Z = 1.06 x 10'2[sinh(0.009407p)]>>°
DRX grain size evolution Dprx = 21400.5 [é exp ( 25;;,;5> —026
DRX rate e05 = 0.0059:8%% exp(—%%ﬁ7
. 022
Peak strain ep = 0.0011|zexp (25;?%25 >]
. 2
DRX fract — —&c
raction X=1-exp —0.693(855585)
Time for 50% SRX tos = 4.5 x 10-8¢—1:27;7025 exp ( 151231 >
SRX volume fraction Xerx = 1 — exp| —0.693 ( ti > 1.1}
0.5
Time for 50% MRX tys = 1.22 x 106z > exp<121§6T°5)
MRX volume fraction Xntrx = 1 — exp| —0.693 ( tL >0.6
0.5
i 8.18 _ 48.18 54 —800866
Grain growth 818 = 318 +6.03 x 10 teXp<T)

op—peak stress, MPa; e—strain; é—strain rate; ¢, and ¢p s—critical strain rate and the DRX rate; R—gas constant,
8.314 ] mol ! K~ !; T—deformation temperature, K; t—time, s; dp—initial grain size, um.

4.2. FEM Model

A comparative experiment was conducted to verify the accuracy of the recrystallisation
model. To compare with the hot compression test, a cylindrical ingot ($38 mm x 80 mm)
was used for MDF. The speed of the press was approximately 5 mm s~!. During MDF, the
height of the ingot after each pass was reduced to 40, 27 and 35 mm along the z, y and x
central axes of the ingot, respectively.

As shown in Figure 5, a hexahedron element was used to discrete the ingot during
FEM simulations. The suitable mesh ensured simulation precision and saved computing
resources. The as-homogenised SDP1 steel had an average grain size of 120 pm. Based on
the experimental data, the average initial grain size of the ingot was set to 120 pm, and
other simulation parameters were also consistent with the experimental values. Combining
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the recrystallisation kinetic model and the FEM of SDP1 steel, the effects of MDF on the
microstructural evolution in forgings were simulated.

| 80mm

O38mm

Figure 5. Three-dimensional finite element (FE) model of the specimen.

Microstructural evolution is not a major concern in the FE simulation of hot forging;
thus, hot forging numerical theory only considers the coupling effect of the temperature
and stress/strain fields. The coupling effect between the temperature and stress/strain evo-
lution is described as follows. On the one hand, the plastic-deformation work accumulated
in forging is converted into an internal heat source at a certain proportion. On the other
hand, because of the existence of a temperature gradient, the expansion is different. Finally,
a thermal strain is induced.

The instantaneous temperature field of the forging blank in a forging process can be
expressed by the Fourier heat-transfer equation in a rectangular coordinate system.

9
X

oT 0 . 0T d 0T ~0Qy  dT
(/\&)"'W(Awﬂ‘ﬁ(/\ﬁ)ﬂLw =peor ¢y
where X, Y and Z are the three directions of the rectangular coordinate system; p, cand A are
the density, specific heat capacity, and thermal conductivity of the materials, respectively;
and Q; and t are the internal heat source and time, respectively. The change rate of the heat
source can be expressed as follows:

20,
2 =g=kq

Tt € @)

Sl

where kg is the conversion ratio of the heat-to-plastic deformation work; ¢ is the effec-
tive stress;  is the effective strain rate. This equation realizes unilateral coupling of the
stress/strain field to the temperature field.

Initial and boundary conditions must be determined to solve the transient-heat-
conduction problem. The initial temperature of the forging blank was uniform and not less
than 1150 °C. It can be expressed as:

T(X,Y,Z)|i—0 = To(X, Y, Z) ®)

The boundary condition of the forging blank can be divided into two categories
depending on whether the forging blank is in contact with the die. The boundary condition
of a free surface that is not in contact with the model is expressed as follows:

qf = Hf(Tf — TE)(S S Sf) 4)

where S is the module surface; Sf is a free surface; g¢ and T are the heat flow and tem-
perature of the free surface, respectively; Tg is the environment temperature; Hf is the
total heat-transfer coefficient including convection and radiation heat transfer. Thus, the
boundary condition of the free surface belongs to the second boundary condition.
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For the surface in contact with the die, the heat-transfer mechanism was very complex,
which can be roughly divided into the following two heat-transfer mechanisms. On the
one hand, heat conduction was achieved through the contact points between the blank
and anvil and solid interstitials (oxide skin, etc.). In addition, the friction heat generation
between the die and forging blank should be considered. Thus, the boundary condition of
the contact surface can be written as:

gc = He(T. — Ty) + qu(S € Sc) (5)

where Sc represents the contact surface; 4. and g,, are the total and friction heat flows of
the contact surface, respectively; H. denotes the total heat-transfer coefficient of the contact
surface; T. and T4 are the temperatures of the contact and die surfaces, respectively.

The stress/strain field of hot forging satisfies the assumption and basic equation of a
rigid-plastic material. In addition, we need to specify the coupling effect of the temperature
field on the stress/strain field.

Ael = ay(AT) (6)

where 7 and AT are the thermal strain and temperature increments, respectively; a; is the
thermal expansion coefficient of the forging blank.

The forging blank is cylindrical with dimensions of $1000 mm x 2200 mm (Figure 6).
Because the forging blank is formed in different directions, instead of simplifying the model
using a symmetrical relationship, we used the entire model. The geometry of the forging
blank was meshed using a hexahedral element, and more than 10,000 hexahedral elements
were obtained. To simulate the heat transfer between the forging blank and the mould,
meshing the forging blank is insufficient; thus, a discrete mould geometry was employed.

(a) Multi-directional forging (MDF)
LI

2200

700

X
3rd step Upsetting — L2 T %
=) S
§ / v\ Unit: mm
7

(b) Traditional upsetting and stretching forging (TUSF)

2200
2100

b —

Upsetting T T Drawing Upsetting ZL S S T

Figure 6. Schematic of (a) MDF and (b) traditional upsetting and stretching forging (TUSF) processes.

Furthermore, TUSF was conducted to compare with MDF. In these two forging pro-
cesses, the first step was to upset the z-direction. Thus, the forging blank height could
be forged from 2200 to 950 mm. In the second TUSF step, the blank was forged in the
y-direction using a small smith anvil, and the height was reversed to 2200 mm. In the draw-
ing process, the feed and reduction rates were maintained at 50% and 25%, respectively.
In the second and third MDF steps, the blank was forged to 700 and 900 mm in the y- and
x-direction, respectively, by successively using a large Smith anvil. A TUSF pass consisted
of upsetting and elongation in the z- and y-directions, respectively, whereas one MDF pass
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involved upsetting in the z-direction and compression in the y- and x-directions. Finally,
the MDF and TUSF samples were upset to a height of 900 mm. Thus, TUSF and MDF differ
in terms of the steps after z-direction upset. Upset in the z-direction has attracted attention
because it is the first step and results in maximum deformation.

For both TUSF and MDEF, a compressive speed of 10 mm/s was adopted. The friction
and heat transfer coefficients of the anvil and blank were 0.3 and 11, respectively. The
initial temperature of the forging blank was 1150 °C, and the temperature of the anvil
and the ambient temperature were 150 °C and 20 °C, respectively. Before each step, the
temperature of the blank was reset to 1150 °C. Based on the austenite grain size in the
high-temperature homogenisation state, the average initial grain size of the ingot was set
to 200 um. Combining these two forging procedures and the FE model of hot forging, we
simulated two-pass TUSF and MDF to analyse the distribution of temperature, effective
stress and effective strain in the forging blank.

5. Results and Discussion

When the sample was compressed with a flat anvil, the metal flew around as the height
decreased because of the friction between the specimen and the anvils, making it difficult
for the metal to deform near the contact surface. Thus, the compressed specimen formed a
drum shape, resulting in different grain sizes at different positions on the specimen. During
the first MDF step (i.e., upsetting), the deformed specimen is divided into three regions
(Figure 7). Region I is located near the interface between the specimen and the anvils, which
is greatly affected by friction, reducing plastic deformation [25]. Region Il is far from the
end surface and is subject to less friction. It is in the most favourable deformation area at
an angle of 45° to the vertical force and prone to plastic deformation. Region III is a small
deformation zone, which is close to the surface of the specimen and around region I, and
the extent of deformation is between that in regions I and II.

Figure 7. Schematic of difficult (I), large (II) and small (IIT) deformation areas of the specimen
after upsetting.

5.1. Comparative Analysis of Experimental and Simulation Results

Figure 8 shows the experimental and simulated specimens after MDE. The arrows in
Figure 8a—c indicate the flow state of the material during plastic deformation. Comparing
the two sets of data, we find that FEM could well predict the shape and size of deformation
forgings, which can guide the forging process. Figure 9 shows the average grain size
distribution of the specimen after different forging steps. The samples show regular shapes
after different forging steps, and a drum shape was formed on the side of each sample,
which was similar to the shape of the ingot used in the experiment. Figure 9a shows the
grain size distribution after the first step of MDE. Compared with Figure 4, the average
grain size near the interface was quite large. The grain size near the centre of the interface
(i.e., point P1) was the largest (119 um), which is consistent with the initial grain size
without refinement. The core of Sample 1 had the smallest grain size of 24.2 um. The
grain size of point P3 was close to but not as uniform as that of point P2. After MDF,
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the grain of Sample 3 was tiny and distributed uniformly. For some areas with uneven
grain distribution, secondary forging or other heat-treatment processes can be carried out.
The simulation results were in good agreement with the experimental results. The FEM
simulation results showed that the evolutionary law of the average grain size can well
reflect the microstructural evolution of recrystallisation. Meanwhile, FEM is an effective
method for analysing the thermal compression process, and the obtained recrystallisation
model of SDP1 is reliable and effective.

(c)

Exp | Pre
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‘“\*\\ \

Sample 1 Sample 2 Sample 3
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110 ] T
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Figure 8. Experimental and simulated specimen sizes after MDF. (a) sample 1, (b) sample 2, (c) sam-
ple 3, (d) three-dimensional comparison.

(a) Sample 1 (b) Sample 2 (c) Sample 3
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Figure 9. Average grain size of (a) Sample 1; (b) Sample 2; (c) Sample 3 at different tracking points
obtained from FEM results.
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5.2. Microstructural Evolution during the First MDF Step

Figure 10 shows the effective strain and stress contour plots of the deformed specimen
after MDF at 1150 °C. The results show an inhomogeneous distribution of effective strain
in the samples during MDEF. The nonuniform strain distribution after upsetting agreed
with the characteristics of the three deformation zones in the specimen. The accumulated
strain in region I was higher than that in the other two regions. During upsetting, the strain
distribution was extremely uneven, and the strain value decreased gradually from the
centre along the radius to the side surface. In region I, where the specimen was in contact
with the anvils, due to the friction resistance and heat transfer, the deformation was very
small, because the magnitude of friction varied inversely with the distance, and region I
was a cone. The outer drum part of region III was a free surface, which was less affected by
friction resistance and depended on the expansion of region I; thus, longitudinal bulging
was observed. With the same reduction, the deformation decreased from the centre to the
end face. The maximum effective strain inside the sample reached 1.78, and the minimum
effective strain was 0.03 after upsetting.

(a)

Figure 10. (a) Effective stress and (b) strain distributions of specimens after upsetting.

Grain refinement due to the fact of recrystallisation during the forging process deter-
mines the final grain size of an alloy. As shown in Figure 11a, the uneven distribution of
deformation resulted in a difference in grain size in different regions. The as-homogenised
coarse grain structure underwent significant grain refinement during the upsetting process.
The recrystallisation volume fraction of region I was small because of the small strain, and
there was no recrystallisation at the centre of the region. The grain size of the region was
the same as the initial grain size, and recrystallisation occurred only in some regions. Due
to the severe deformation in region II, there was adequate recrystallisation in the region,
the grain size was uniform, and the centre of the region was completely recrystallised. The
grain size of region III was not uniform, unlike in regions I and II. Compared with other
regions, region Il showed the largest deformation and the most sufficient recrystallisation.
Compared to the edge region, the accumulated strain at the centre was larger, and recrys-
tallisation occurred at the initial stage of the MDF process, providing more potential sites
for recrystallisation nuclei. A higher accumulated strain indicates higher stored energy
and an increased driving force for recrystallisation [31]. Consequently, a finer and more
homogeneous grain structure was formed at the centre region after upsetting. In addition,
due to the heat transfer between the specimen and the dies and that between the specimen
and the environment, the final temperature around the specimen was much lower than
that of the specimen core after upsetting. Consequently, finer and more homogeneous
grain with an average grain size range of 45.7-49.9 um developed at the centre region
after upsetting.

Recrystallisation is a process that can induce stress relaxation to varying extents in
a deformed metal by releasing the stored energy arising from the deformation process
when heat-treated at an appropriate temperature [32]. Recrystallisation is important in mi-
crostructural development in deformation-processed metals [33]. During upset simulation,
three types of recrystallisation behaviour, including DRX, SRX and MRX, may occur within
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the sample. DRX occurs during high-temperature deformation, and it aids grain refinement
and homogenisation. Figure 11b shows that the DRX volume fraction in region II was
sufficient for grain refinement. The DRX fraction at the core of the sample reached 100%,
and the grains were uniformly distributed. The microstructure agreed with the stress—strain
field. SRX occurs in high-temperature multi-pass deformation gaps of materials. MRX
differs from SRX. It occurs with DRX at the core and continues to grow within the gap
time. As shown in Figure 11c,d, neither SRX nor MRX occurred during upsetting. This was
because upsetting was a one-off finish, and there was no time for deformation gaps. Thus,
it cannot provide sufficient conditions for SRX or MRX [34—40].
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Figure 11. (a) Average grain size; (b) dynamic recrystallisation (DRX); (c) meta-recrystallisation
(MRX); (b,d) static recrystallisation (SRX) fractions in the specimen after upsetting.

To further investigate the grain evolution, different points on the specimen were
observed as shown in Figure 12a. With an increase in reduction during the MDF process,
both the effective strain at the centre (P2) and side (point P3) regions increased, and the
difference in the accumulated strain between the centre and side regions increased, but
there was a little change in the effective strain at P1. After upsetting, the effective strain at
points P1, P2 and P3 were approximately 0.03, 1.24 and 0.72, respectively. The average grain
sizes at points P2 and P3 decreased as the reduction exceeded a certain value (Figure 12c).
Point P2 recrystallised in 17 s, which was earlier than that at P3 (18 s), and the rate of grain
refinement at P2 was greater than that at P3. Compared with P3, P2 showed a better grain
refinement effect, and the final average grain size was obtained first. In contrast, P1 was
restricted by friction resistance, the strain was always lower than the critical strain, and no
recrystallisation occurred. The final average grain size at P1, P2 and P3 was 200, 45.4 and
45.6 pm, respectively. The DRX volume fractions at P2 and P3 (Figure 12d) increased when
the reduction exceeded a certain value, which is consistent with Figure 12b,c. At 17 s, that
is, when the strain reached 0.15, the recrystallisation fraction at P2 increased first. Complete
recrystallisation occurred at P2 and P3 after upsetting, but no DRX occurred at P1, which is
in a difficult deformation zone. The final DRX fractions at P1, P2 and P3 were 0%, 100%
and 100%, respectively.
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Figure 12. (a) Different tracking points; (b) effective strain; (c) average grain size; (d) DRX frac-
tion curves.

5.3. Comparison of Microstructural Evolution between MDF and TUSF

Drawing is a forging process in which the cross-sectional area of a blank is reduced, and
the length is increased by deformation. According to the strain during each compression
deformation, drawing increases the length through continuous accumulation of axial strain.
The end surface of the specimen was in contact with an anvil; thus, it was affected by
friction resistance, resulting in limited deformation and smaller strain at the region. On the
other hand, friction resistance decreased towards the specimen centre, resulting in more
deformation at the centre (Figure 13). Herein, the maximum and minimum strains after
MDF were 3.86 and 0.6, respectively. Compared with MDF, the feeding amount of each
drawing step was small in TUSF, and it was necessary to rotate the specimen to achieve
deformation. Therefore, the TUSF process was more complex and inefficient. After TUSE,
the maximum and minimum strains were 3.43 and 0.32, respectively.

The average grain size varied from 40.6 to 43.3 um at the centre of the specimen after
MDF (Figure 14a) and from 35.7 to 46.0 pm after TUSF (Figure 14b). The average grain
size of the specimen core after TUSF was slightly smaller, but the range was higher than
that of the sample after MDF. The DRX of MDF was more adequate, and the grain at the
centre was more uniform; meanwhile, the surface of the sample was neater after MDF than
after TUSE. The minimum and maximum grain sizes were 1 and 60 pm, respectively after
MDF. However, the surface of the sample after TUSF was not smooth. The minimum and
maximum grain sizes were 12 and 132 pum, respectively. The large span of the grain size
and incomplete recrystallisation in the local region after upsetting and drawing affected
the comprehensive performance of forging and, subsequent, processing. The SRX and
MRX volume fractions of the MDF ingot were much lower than those of traditional forging,
because MDF is a continuous compression deformation process. The ingot showed DRX
during deformation, and the DRX fraction in most regions of the ingot reached 100%. In
contrast, the conditions were provided for SRX and MRX during the TUSF process. In
general, grain refinement was mainly achieved by DRX; grain refinement and dynamic
softening caused by the SRX and MRX were relatively low.
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Figure 13. Effective stress and strain distributions of specimens after (a) MDF and (b) TUSE.
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Figure 14. Schematic diagram of the microstructural distribution and recrystallisation behaviour
after (a) MDF and (b) TUSFE.

Second upsetting deformation was carried out after a complete MDF and TUSF to
compare and analyse the effects of MDF and TUSF on subsequent deformation of ingots.
Due to the influence of friction resistance on the end surface of the specimen, the nonuni-
form deformation of the specimen showed a drum shape. The distribution of effective
stress and strain was consistent with the characteristics of the three deformation regions
in the upsetting process (Figure 15). As shown in Figure 16, with an increase in reduction,
strain at the three points increased gradually and reached a maximum. The initial effective
strains at P1, P2 and P3 in the MDF sample were 0.86, 3.89 and 1.88, respectively, and
the final strains were 1.15, 5.02 and 2.10, respectively. The initial values at P1, P2 and P3
in the TUSF sample were 0.91, 2.07, 1.18, and the final strain values were 1.07, 3.18 and
1.63, respectively.
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Figure 15. Effective stress and strain distributions in (a) MDF and (b) TUSF specimens.
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Figure 16. Time-dependent effective strain curves for (b) MDF and (c) TUSF specimens at (a) different
tracking points.

The average grain size ranged from 40.2 to 41.8 um in the core of the MDF specimen
and from 38.7 to 42.2 um in that of the TUSF specimen. Their average values were similar.
The grain size in the core of the TUSF specimen was slightly smaller, but the range was
slightly higher. Analysing and comparing Figure 17a,b, we can find that DRX in the
MDF sample was more sufficient. The recrystallisation volume fraction in the core of the
MDF specimen reached 100%, and the grain size was more uniform than that of the TUSF
specimen. The minimum and maximum grain sizes of the entire sample were 12 and
52 um, respectively. However, the surface of the TUSF specimen was not smooth, and the
minimum and maximum grain sizes were 13 and 63 pm, respectively. The grain size of a
traditional forging specimen was large, the grain of the sample centre was not uniform and
there were mixed crystals, which can affect the overall performance of forged samples and
subsequent processing.
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Figure 17. Microstructural distribution contours for the (a) MDF and (b) TUSF specimens.

The initial grain sizes at P1, P2 and P3 in the MDF specimen were 39, 40 and 17 pm,
and the final grain sizes were 36, 40 and 14 pum, respectively (Figure 18). The grain size
at P2 was almost unchanged, and that at P1 and P3 decreased significantly, possibly
because the deformation on the side surface was relatively large, and the grains on the
surface were easily broken. However, the temperature of the core remained at the initial
temperature of 1150 °C, the grain plasticity was good, and the grains would not fracture
during plastic deformation. On the other hand, the initial grain sizes at P1, P2 and P3
on the TUSF specimen were 46, 39 and 41 pm, and the final grain sizes were 42, 39 and
24 um, respectively. After further treatment, the grain structure at P2 remained unchanged,
and the average grain size was 39 pm. There are more variations in the average grain size
and DRX volume fraction in the TUSF specimen (Figure 18b), attributed to the uneven
distribution of grain size and DRX during drawing.
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Figure 18. Time-dependent average grain size and DRX fraction curves for (a) MDF and (b) TUSF

specimens at different tracking points.

6. Conclusions

@

@)

®)

4)

The grain size distribution in the MDF specimen was inhomogeneous. During the
first step of MDF, the microstructure undergoes significant grain refinement, but
an inhomogeneous grain structure was obtained due to the inhomogeneous strain
distribution at the centre and edge regions. Finer grains developed at the centre region
during forging. Based on experimental results, the microstructural evolutionary model
used in this study is reliable;

The forged ingot had an inhomogeneous grain distribution, and the average grain
size at the core of the SDP1 steel sample after MDF was approximately 40.6-43.3 pm.
Although this was slightly greater than the post-TUSF grain size (35.7—46.0 um), the
microstructure of the SDP1 steel sample after MDF was more uniform than that
after TUSF;

After MDF, the grains at the core of the sample were completely recrystallised (a re-
crystallisation volume fraction of 100%). In contrast, after TUSF, the grains at the
centre of the sample were completely recrystallised, resulting in a nonuniform grain
structure. Insufficient recrystallisation can result in mixed crystals;

The average grain size of the SDP1 steel sample after MDF was 11.0-60.0 pm, which
was smaller than that of the post-TUSF sample (12.0-132.0 um). In addition, the
surface of the sample after TUSF was not smooth, which can affect the overall perfor-
mance of the sample and subsequent processing.
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