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Abstract
With the development of the clean energy industry, higher requirements are put forward for the forming mode and service 
performance of bipolar plates, a key component of hydrogen fuel cells. The nickel-based alloy with corrosion and high-
temperature resistance, as the potential material for bipolar plate, has the problem of insufficient plasticity. This paper pro-
poses the superplastic forming method as a new attempt to prepare the Inconel 718 bipolar plate. The sheet with fine crystal 
structure exhibits excellent superplasticity at high temperatures and slow compression rate, thus forming bipolar plates with 
deep flow channels (~ 0.6 mm) and flat surfaces. The microscopic observation of the channel section shows that the straight 
channel at the edge is more filled due to the easier feeding of the material. Moreover, the corner channel exhibits more obvi-
ous local thinning and stress concentration than the straight channel, especially at the rounded corner of the inner turning. 
Increasing the billet thickness or adjusting the compression rate can improve the thickness distribution and filling effect for 
the product to a certain extent. Thicker sheets exhibit a lower proportion of high-stress regions during superplastic forming. 
Moreover, the moderate compression rate of 2 ×  10–3 mm  s−1 suppresses dislocation proliferation while avoiding grain growth 
in local areas, which improves the superplastic flow of the alloy and the quality of the final product.
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1 Introduction

Proton exchange membrane fuel cells (PEMFCs), with 
hydrogen and oxygen as fuel, are equivalent to a reverse 
device for electrolyzing water. Due to its advantages of high 
energy efficiency, low operating temperature, and environ-
mental friendliness, PEMFCs are widely applied in transpor-
tation and other fields [1, 2]. Bipolar plates (BPPs), which 
account for 60–80% of the total PEMFCs weight, play an 
important role in supporting, conducting heat and electric-
ity, and transporting gas [3, 4]. Recently, metal BPPs have 
received much attention because of their high electrical and 
thermal conductivity, as well as excellent machining perfor-
mance [5]. Moreover, since the flow field in the metal BPPs 
dominates the water management and reactant distribu-
tion of PEMFCs [6], it is crucial to find the proper forming 

methods to control the thickness distribution and geometric 
profile of flow channels.

Considering the accuracy, efficiency, and cost of the prod-
uct, pressure processing such as stamping is the first choice 
for metal BPP manufacturing [7]. Liu et al. [8]. developed a 
rubber pad-forming process to reduce die costs and increase 
efficiency. The flexible contact surface between the rigid die 
and the rubber improves the formability of the blank. Jin 
et al. [9]. applied dynamic square wave loads to reduce form-
ing defects in the stamping of stainless steel BPPs. Moham-
madtabar et al. [10] proposed a double-step hydroforming 
to expand the forming depth and the filling percentage. The 
sheets were preformed by the concave die and then placed 
on the punch to obtain the microchannel shape. Similarly, 
Xu et al. [11] developed a multistage stamping to prepare 
titanium BPPs microchannels, thereby improving the limit 
aspect ratio and reducing the contact resistance. Inevitably, 
different types of dies need to be manufactured to suit dif-
ferent stamping stages. Kargar-Pishbijari et al. [12] con-
ducted hot metal gas forming research on AA1070 alloy. 
With the increase in temperature, the formability of sheets 
in the microchannel mold increases, and the fracture at the 
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groove corner decreases. Moreover, Esmaeilpour et al. [13] 
proposed a variety of 3D yield functions to account for nor-
mal and shear stress components, and the user material sub-
routine was written to simulate the single-point incremental 
forming of aluminum alloy sheets. Esmaeilpour et al. [14] 
used a 3D representative volume element and a crystal plas-
ticity model to generate out-of-plane stresses for calibrating 
the Yld2004-18p yield function, enabling accurate simula-
tion of incremental sheet forming.

The forming method mentioned above is suitable for 
alloys with excellent plasticity, such as some aluminum 
alloys, titanium alloys, and stainless steel. However, for 
hard-to-deform metals, although progressive forming or 
heating is used to improve traditional stamping, the BBPs 
are still prone to defects such as rebound, cracking, and 
folding due to the poor plasticity of the raw material [15] 
With the advantages of low stress, easy forming, no rebound 
and no necking, superplastic forming (SPF) is an effective 
method to enhance the formability of alloys [16]. SPF has 
been widely used in the automobile and aerospace fields. For 
instance, Tang et al. [17]. modified hot bending assisted gas 
forming to manufacture aero-industrial strakelet. Yi et al. 
[18]. developed the reverse direction two-stage SPF process 
to prepare the AA5083 alloy door frame. Therefore, SPF has 
the potential to manufacture complex thin-walled parts such 
as BBPs in a single process [19]. At present, only Choirotin 
et al. [20] have conducted preliminary studies in this field: 
AA5052 alloy BPPs were formed at a low pressure of 1 MPa 
by gas blowing. However, the relevant processes were intro-
duced in this study without discussing the effect of specific 
parameters on the product geometry.

Recently, Zhong et al. [21]. pointed out that commer-
cial nickel-based superalloys are candidate materials for the 
preparation of non-coated BBPs due to their better corrosion 
resistance. However, common superalloys such as Inconel 
718 have serious strain hardening tendency and difficulty 
in forming at room temperature [22, 23]. Therefore, it is a 
feasible attempt to fabricate BBPs by using the superplastic-
ity of fine-grained superalloys at high temperatures. In this 
paper, the SPF of Inconel 718 BBPs was achieved by the 
combination of induction heating and mechanical compres-
sion. The effects of initial sheet thickness and compression 

rate on the geometrical size and microstructure of the flow 
channel were investigated in detail. Moreover, the existing 
research about BPPs forming mainly focuses on the straight 
channel (SC) but neglects the manufacturing quality of the 
corner channel (CC) and the structure difference at different 
positions. This paper discussed the dimensional variation 
of channels from the edge to the center of the BPPs. The 
microstructure and profile of CCs were also analyzed with 
emphasis.

2  Experimental Procedures

2.1  Experimental Materials

The fine and uniform grain structure is the prerequisite for 
the materials to obtain superplasticity. The initial sheets with 
thicknesses of 0.08, 0.14, and 0.19 mm were prepared by 
cold rolling and two-stage annealing [24]. The average grain 
size and δ phase content of the sheet are 1.63 μm (without 
counting the twin boundary) and 7.12%, respectively, as 
shown in Fig. 1a and b.

2.2  Superplastic forming experiment

The BBPs with a single serpentine channel were prepared 
by superplastic compression. Figure 2a shows the schematic 
diagram of thermoforming equipment. The specific steps 
include: (1) The sheet and die were placed inside the com-
pressor after assembly; (2) The high-frequency current was 
passed through external fixed coils to achieve the induction 
heating of the dies and alloy sheets (precise temperature con-
trol via infrared) [25]; (3) The punch was slowly compressed 
with the drop rate set by the computer until the specified 
force was reached; (4) The BBPs were taken out for water 
cooling and slight pickling after compression stopped. Fig-
ure 2b and b1 display the appearance photos of the dies and 
the geometry of the channel section, respectively. The geo-
metrical dimensions of the micro-channel include external 
fillet radius (R), internal fillet radius (r), draft angle (α), flow 
channel depth (h), flow channel width (w), and rib width (s). 
According to previous studies [26, 27], the alloy exhibits 

Fig. 1  a Matrix structure and 
b δ phase distribution of the 
initial sheets
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the highest superplastic elongation at approximately 950 °C. 
Therefore, the sheets with different thicknesses (ie., 0.08, 
0.14, and 0.19 mm) were compressed at 950 °C with punch 
drop rates (V) of 5 ×  10–4, 2 ×  10–3 and 1 ×  10–2 mm  s−1. The 
high temperature and slow descent rate ensured that the 
alloy remained in the superplastic state during deformation. 
Moreover, the threshold stress was set to a lower value of 20 
kN, and the forming process ended when the compressive 
stress reached this value.

2.3  Analysis of Geometric Size and Microstructure

Optical microscopy (OM, BX53M), hardness tester (HV, 
FM-700E), and electron backscatter diffraction (EBSD, 
ZEISS ULTRA PLUS) were used to analyze the micro-
structure characteristics and mechanical behavior at different 
locations of BBPs. Two types of sections were selected for 
observation: CC (i.e., A1) and SC (i.e., B1–B5), as shown 
in Fig. 2c. The OM samples were cut with an electric spark 
cutter, then ground on sandpaper and mechanically polished 
with water. Subsequently, the microhardness test was per-
formed with a load of 200 kgf  mm−2 and a holding time 
of 10 s. The samples for EBSD were electropolished in a 
solution of 90%  CH3CH2OH + 10%  HClO4 at 30 V for 15 s. 
Detailed test locations for EBSD and microhardness are 
described in the results.

3  Results and Discussion

3.1  Macroscopic Morphology of Bipolar Plate

Figure 3 shows the morphology of the products after SPF 
and conventional stamping at specific conditions, respec-
tively. The results show that the products prepared by 

SPF have a smooth surface and clear profile. In addition, 
the thinner thickness causes slight warping at the edges 
(Fig. 3a). However, the stamping at room temperature 
requires a greater forming pressure of 75 kN and leads to 
serious cracking of the BPPs (Fig. 3f). The apparent fold-
ing and warping at the edges also interfere the practical 
performance of the product. Therefore, compared with 
traditional stamping, SPF through slow-rate compression 
and induction heating is a feasible way to produce super-
alloy BPPs. In the following, the effect of thickness on 
forming is studied through detailed microscopic analy-
sis for products (a), (b), and (c). Moreover, the role of 

Fig. 2  a Schematic diagram 
of experimental equipment. b 
Macroscopic picture of the dies 
used for thermal compression. 
b1 Key geometric parameters 
of the longitudinal section of 
the dies. c Section position for 
microscopic inspection

Fig. 3  a–e The morphology of BPPs prepared at 950 °C with differ-
ent initial sheet thickness (TH) and compression rate. f The morphol-
ogy of the BPP after stamping at 75kN at room temperature
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compression rates is described in Sect. 3.3 by comparing 
samples (b), (d), and (e).

3.2  Effect of Initial Thickness on Superplastic 
Forming

3.2.1  Straight Channel Section

Figure 4 shows the thickness distribution at the SC section 
of BPPs prepared by sheets with different thicknesses. There 
are obvious differences in thickness fluctuation at channels 
B1 and B5, which are reflected in the number of thinning 
zones. The asymmetric thickness distribution at channel B1 
shows the slight thinning region I at the right fillet (Fig. 4a 
and a1). However, channel B5 has obvious symmetric thin-
ning regions II and III on both sides (Fig. 4b and b1). The 
results suggest uneven deformation for the BBPs in each 
flow channel during SPF. The bottom fillets are subjected to 
direct pressure from the punch. Moreover, due to the fric-
tion between the billet and the die, it is difficult for the bot-
tom material to feed into the wall on both sides. However, 
compared to channel B5, the left side of channel B1 is a free 
boundary rather than a deformation region. The flow and 
filling of materials in the superplastic state inhibits the thin-
ning of this region. Moreover, the more severe thinning of 
the B5 channel indicates that the feed and flow of materials 
are difficult in areas closer to the center of the BBP.

To illustrate the change in sheet thickness after the SPF 
process, the thinning percentage Pth and average thickness 
error eth at different channels are shown in Fig. 4c and d, 
respectively. The thinning percentage is calculated as fol-
lows [12].

where TH is the initial sheet thickness and thmin is the mini-
mum thickness of a channel. The average thickness error 
reflects the thickness fluctuations at different locations for a 
channel, and its specific expression is

where SD and th are the standard deviations and average 
value of the thickness data at a channel, respectively. Com-
pared with channel B1, channel B5 shows more obvious 
thinning and thickness error (Fig. 4c and d), which is caused 
by poor material fluidity in the central region. In addition, 
the thickness fluctuation and thinning percentage for prod-
ucts at different SC sections decrease with the increase of the 
initial sheet thickness. Especially when the billet thickness 
increases from 0.08 to 0.14 mm, the uniformity of channel 
thickness is dramatically reduced. The results show that it is 

(1-1)P
th
=

TH − thmin

TH
× 100%

(1-2)e
th
=

SD

th
× 100%

difficult for thin billets to adapt to local severe deformation 
because of the lack of material in the thickness direction.

Figure 5 shows the geometry and microhardness informa-
tion at SC sections for the BPPs with different thicknesses. 
The forming depth at channel B1 reaches the setting value 
of the die (i.e., 0.6 mm), higher than at channels B2–B5, as 
displayed in Fig. 5a. Moreover, channel B1 exhibits a better 
aspect ratio and fill percentage than other channels (Fig. 5b 
and c). The aspect ratio is defined as the ratio of the depth 
de to the length of the median line w1, as shown in Fig. 5b1. 
The increase in aspect ratio is conducive to uniform heat 
and mass transfer for BBPs, which further improves the effi-
ciency and performance of PEMFC [11]. With the red dotted 
line as the common boundary, the filling percentage refers 
to the ratio of the area enclosed by the external outline of 
sheets Aa to the total area of concave die At (Fig. 5c1). Con-
sistent with the previous analysis, the B1 channel appears 
good formability because the free boundary reduces the ten-
sion stress concentration at the bottom fillet.

As displayed in Fig. 5d, the microhardness (i.e., the 
average microhardness of the points marked in Fig. 5d1) 
increases as the channel location moves closer to the center 
of the BPP, indicating significant work hardening in the 
central region. During superplastic compression, the cen-
tral region is in a higher tensile stress state than the sheet 
edge, especially in the area of local thinning such as the 
wall and lower fillet. (Fig. 4b and b1) [28]. In these high-
stress regions, the superplastic deformation mechanism of 
the alloy changes from grain boundary slip (GBS) to intra-
granular dislocation creep, causing an increase in dislocation 
density [29]. Since material strength is generally propor-
tional to microhardness [30], it can be inferred that channels 
B3 and B5 have higher strength than channel B1. Moreover, 
the increase in the initial thickness has little effect on the 
channel depth (Fig. 4a). Therefore, SPF can enable billets 
with different thicknesses to reach the desired shape even at 
a lower pressure (20 kN). The aspect ratio and filling per-
centage of each channel increase slightly with the increase 
of the initial thickness (Fig. 4b and c). This is because, in 
the case of similar depths, these two indicators are mainly 
related to the thickness of the channel wall, with thicker 
walls leading to a larger outer profile and a smaller width at 
half depth (ie., w1).

3.2.2  Corner Channel Section

Figure 6 shows the geometric characterization at CC sec-
tions for the BBPs prepared from sheets with different thick-
nesses. There are two asymmetrical thinning regions at the 
CC section: the severe thinning region at the upper left fillet 
(zone I) and the slight thinning region at the lower right fillet 
(zone II, which is similar to Fig. 4a and b). This experimental 
result can be explained by the simulation analysis of Wang 
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et al. [28]. The materials at the turning interact with each 
other because of the strain continuity. At the outer turning 
(point N, Fig. 6a1), the radius of the circular arc decreases 
with the decrease of the height, and there is mutual extrusion 
between the materials, leading a certain compressive stress. 
However, the increasing arc radius with decreasing height at 

the M point of the inner turning (Fig. 6a1) can cause a large 
tensile stress between the materials and lead to severe local 
deformation. Therefore, the equivalent strain at point M is 
greater than at point N, which is consistent with our previ-
ous simulation results [31]. Moreover, as the billet thickness 
increases from 0.08 to 0.14 mm, the thickness uniformity 

Fig. 4  Thickness distribution at channels B1 and B5 for the BBPs 
with different initial thicknesses: the changes of thickness with loca-
tion at channels a B1 and b B5; a1, b1 the corresponding profile pho-

tos; c thinning percentage and d average thickness error at different 
channels, respectively
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and filling effect for the CC are significantly improved. Still, 
the change of these indicators is not obvious when the initial 
thickness is further increased to 0.19 mm (Fig. 6c, d, and e).

The experimental results in Figs. 4, 5 and 6 show that the 
SPF-prepared BPPs have more serious thickness thinning and 
size fluctuation at the CCs. Increasing the billet thickness has a 
certain effect on enhancing the thickness uniformity and filling 
capacity of the final product. The severe thinning zones during 
the SPF process are in a relatively high-stress state. According 
to the analysis by Zhang et al. [17], with the increase of the 
initial thickness, the relative proportion of the high-stress zone 
decreases and the low-stress zone expands at the side wall, 
resulting in the uniform distribution of the overall stress. For 
BPPs with an initial thickness of 0.08 mm, most of the walls 
on both channel sides are in a high-stress state, especially in 
the inner wall of channel A1 (Fig. 6a1). In this high-stress 
region, the superplastic deformation mechanism changes from 
GBS to dislocation creep independent of grain size, which 
reduces the local material fluidity [16]. Insufficient material 
feed and high deformation resistance lead to incomplete fill-
ing at this location, as shown by the orange arrow (Fig. 6a1). 

Although a moderate increase in thickness improves the form-
ing quality of BPPs, it is necessary to consider the functional 
characteristics, material cost, and product weight to obtain the 
optimal solution.

As reported by Aue-U-Lan et al. [32], the ultimate thinning 
percentage Pmax (i.e., the material is in a critical failure state) 
is expressed as follows.

where ɛt represents thickness strain and it is calculated by 
Eqs. (4) and (5).

where er and ɛr are the engineering major strain and main 
true strain at plane-strain condition, respectively; TH and 
m denote the initial thickness of the sheet and strain rate 
sensitivity index (ie., the inverse of the stress index n), 

(3)Pmax = 1 − exp(�
t
)

(4)�
t
= −�

r
= − ln(1 + e

r
∕100)

(5)e
r
=

23.3 + 360TH∕25.4

0.21m

Fig. 5  The changes in a channel depth, b aspect ratio, c filling percentage, and d microhardness at the SC section for BPPs with different initial 
thicknesses. The embedded (a1)–(a4) illustrate the calculation method for each data type
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respectively. According to our previous studies [23], the m 
value of superplastic Inconel 718 alloy at 950 °C is approxi-
mately 0.383. For sheets with different initial thicknesses, 
the calculated failure thinning rate is in the range of 75.23% 
to 76.37%, which is higher than the most severe thinning at 
the CC Sect. (62.05%, Fig. 6c). Therefore, the high critical 
thinning for the superplastic material can avoid fracture due 
to severe local deformation.

3.3  Effect of Compression Rate on Superplastic 
Forming

3.3.1  Geometric Dimension Analysis

Figure 7a and a1 illustrates the thickness distribution at the 
SC section for the BPPs under different punch drop rates. 
For all products, the thickness of channel B5 changes from 
the center to the two sides in a V-shape. The most severe 
thinning is located at the lower fillet as indicated by the 
dotted green line, which is consistent with the analysis 
in Fig. 4a. BBPs prepared by different processes appear 

similar thickness distribution at channel B5, indicating that 
the compression rate has little effect on improving the local 
thickness at SCs. Figure 7b–e shows the channel size and 
microhardness at the SC section for the BPPs compressed 
at different rates. At higher or lower compression rates, the 
channel depth, aspect ratio, and filling percentage decrease 
as the channel is closer to the center of the sheet (Fig. 7b, c, 
and d). By contrast, the BBPs prepared with a punch drop 
rate of 2 ×  10–3 mm  s−1 exhibit better dimensional stability 
at channels B2-B5. The high strain rate causes the prolifera-
tion and entanglement of dislocations in the alloy, which 
further promotes work hardening and local necking [33]. 
Moreover, the obvious grain growth at low strain rates is also 
detrimental to the GBS behavior due to the decrease in grain 
boundary density [34]. Therefore, a moderate rate maintains 
the stable superplastic flow of the alloy, which promotes 
the mutual feeding of channels located in the central region 
(i.e., B2–B5). Figure 7d shows that the microhardness for 
each channel decreases with the decrease in compression 
rate. The lower strain rate reduces the amount of plastic 
deformation per unit time. Therefore, sufficient time allows 

Fig. 6  The geometric characterization at the CC section for the BBPs 
with different initial thicknesses: a thickness changes with location 
and (a1) corresponding profile photos; b thinning percentage and 

average thickness error; the changes in (c) channel depth and d filling 
percentage with the initial sheet thickness
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for dynamic recovery of the material to reduce dislocation 
density and work hardening [35].

Figure 8 shows the geometric characterization at CC 
sections for the BBPs prepared under different punch drop 
rates. Similar to the results in Fig. 6, all channel walls are 
narrowed at positions I and II (Fig. 8a and a1). At a higher 

compression rate of 1 ×  10–2 mm  s−1, the BBPs exhibit dras-
tic thinning and jagged damage at position I, as shown by 
the orange arrow in Fig. 8a1. Therefore, this forming condi-
tion results in relatively poor thickness uniformity at CCs 
(Fig. 8c). The higher strain rate causes more severe stress 
concentration and microcrack initiation in the position I (and 

Fig. 7  The geometric characteristics and microhardness at the SC 
section for the BPPs compressed at different rates: a thickness change 
with location and a1 the corresponding profile photos for channel B5; 

the changes in b channel depth, c aspect ratio, d filling percentage 
and e microhardness at different channels. The calculation method for 
each data type is the same as in Fig. 5
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the surrounding channel wall) [36]. Moreover, large-scale 
dislocation proliferation in these regions increases forming 
resistance, thereby reducing the channel depth and filling 
percentage (Fig. 8d and e). Similar SPF results are obtained 
for channel A1 under medium and low compression rates 
(Fig. 8c and d). Because of higher stress levels at CCs com-
pared to SCs, sufficient time is required for dynamic recov-
ery to relieve severe work hardening at the CC section [37]. 
Therefore, the optimal compression rate for channel A1 may 
be lower on the whole than for channels B1–B5.

3.3.2  Analysis of Microstructure Evolution

The work hardening of materials is generally estimated by 
the geometric necessity dislocation (GND) density associ-
ated with non-uniform plastic deformation [38]. Figure 9 
shows the SEM and GND maps of channel A1 under differ-
ent compression rates. The upper surface of the P1 zone is 
squeezed due to contact with the dies, thus forming a fine 
and elongated grain structure (Fig. 9a and a1). There is a 
gradient change in grain size from the edge to the center, as 

shown by the black arrow. Therefore, the slight reduction 
in thickness here (Fig. 8a1) is due to the pressure and fric-
tion of the die, which is consistent with the above analysis. 
Table 1 shows the average GND values and average grain 
sizes for different regions. Compared with region P1, there 
is more obvious dislocation accumulation and grain coars-
ening at P2 (Fig. 9a2). This proves that higher tensile stress 
is concentrated at the rounded corner near the inside wall, 
causing severe thinning in this area (Fig. 8a1). Moreover, 
deformation-induced grain growth leads to an increase in 
grain size in the region P2 [39]. By comparing regions P2 
and P3 (both at the fillet on the top left), it can be found that 
the compression rate of 1 ×  10–2 mm  s−1 further promotes 
work hardening at this location (Fig. 8a2 and b1, Table 1). 
Under this condition, the SPF of the alloy is dominated 
by intragranular deformation associated with dislocation 
motion. The short duration of deformation makes the dis-
location difficult to remove by dynamic recovery or climb-
ing, which explains the cracking seen in Fig. 8a1. Because 
reducing the strain rate inhibits dislocation proliferation but 
also causes grain growth (Table 1), it is necessary to select 

Fig. 8  The geometric characterization at CC sections for the BBPs 
compressed at different rates: a thickness changes with location and 
(a1) corresponding profile photos; b thinning percentage and average 

thickness error; the changes in c channel depth and d filling percent-
age with the compression rate
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a suitable compression rate to control the external geometry 
and internal microstructure.

The results show that the higher compression rate (ie., 
1 ×  10–2 mm  s−1) not only reduces the uniformity of thickness 
and depth but also causes large residual stress in local loca-
tions, which affects the performance and service life of the 
product [9]. A slower compression rate (ie., 5 ×  10–4 mm  s−1) 
hardly improves the uniformity of the channel structure, but 
significantly reduces production efficiency. Therefore, con-
sidering the microstructure and geometry of the product, it 
is more appropriate to set the compression rate at approxi-
mately 2 ×  10–3 mm  s−1. In this study, increasing the initial 
thickness or adjusting the compression rate can somewhat 
improve the local thinning at the fillets. Moreover, the BBPs 
prepared by SPF can be further optimized by changing the 

structure of dies such as the radius of the inner and outer 
fillets. This part of the research needs to be further in-depth.

4  Conclusion

This paper presents a superplastic compression method for 
preparing Inconel 718 alloy BPPs. The effects of sheet thick-
ness and compression rate on the geometrical size and local 
microstructure of the final product are studied in detail. The 
relevant important viewpoints are summarized as follows.

1. The SPF by slow compression and induction heating is 
an effective way to produce superalloy BPPs with deep 
channels and flat surfaces. At lower forming pressures, 
the SPF process can achieve a maximum thinning rate of 
62.05% and a filling percentage of more than 78%. The 
flow channels in the central area of BPPs exhibit poor 
thickness homogeneity and filling capacity due to less 
material supply and obvious work hardening.

2. The CC exhibits more obvious local deformation and 
stress concentration than the SC, especially at the 
rounded corner of the inner turning. The lower billet 
thickness of 0.08 mm increases the high-stress area and 

Fig. 9  The microstructure 
picture at CC sections for the 
BBPs compressed at different 
rates: SEM images of chan-
nel A1 under compression 
rates of (a) 2 ×  10–3 and (b) 
1 ×  10–2 mm  s−1; (a1), (a2), 
and (b1) are GND micrographs 
at the corresponding marks in 
Fig. 9a and b, respectively

Table 1  Statistics of average GND density and average grain size at 
different locations

Location P1 P2 P3

Average GND den-
sity (×  1014  m−2)

1.25 ± 0.8 2.64 ± 1.33 3.65 ± 1.78

Average grain size 
(μm)

1.68 ± 0.52 1.96 ± 0.62 1.64 ± 0.55
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inhibits the GBS process during SPF. Proper increase of 
billet thickness can optimize thickness distribution and 
channel structure for products.

3. The moderate compression rate of 2 ×  10–3 mm  s−1 can 
improve the forming uniformity for different SCs and the 
severe deformation at the CCs. The higher compression 
rate increases the stress concentration and dislocation 
accumulation at the channel wall and the fillet, resulting 
in local damage at CCs. The lower strain rate promotes 
obvious grain growth and reduces production efficiency.
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