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Abstract: Hydrogen fuel cells have been used worldwide due to their high energy density and zero
emissions. The metallic bipolar plate is the crucial component and has a significant effect on a cell’s
efficiency. However, the springback behavior of the metallic bipolar plate will greatly influence its
forming accuracy in the micro-scale sheet metal forming process. Therefore, accurate calculation of
the springback angle of the micro-scale metallic bipolar plate is urgent but difficult given the state of
existing elastoplastic theory. In this paper, a constitutive model that simultaneously considers grain
size effect and strain gradient is proposed to analyze micro-scale bending behavior and calculate
springback angles. The specialized micro-scale four-point bending tool was designed to better
calculate the springback angle and simplify the calculation step. A pure micro-bending experiment
on a 316LN stainless steel sheet with a thickness of 0.1 mm was conducted to verify the constitutive
model’s accuracy.

Keywords: micro-bending; size effect; springback; strain gradient; constitutive model

1. Introduction

Hydrogen fuel cells have drawn considerable attentions due to their high power
density, high efficiency and zero emissions [1,2]. The metallic bipolar plate is the crucial
component of the hydrogen fuel cell and has a significant effect on a cell’s efficiency. The
fabrication method of the bipolar plate includes chemical corrosion [3], hydroforming
and mechanical bonding [4], soft film forming [5,6] and so on. The thickness of the micro-
channel in the metallic plate, which belongs to the micro-forming field, is smaller than 1 mm.
The micro-forming refers to the forming process of the part with at least two dimensions
in the sub-millimeter range [7]. Currently, silica-based and non-silica-based micro-nano-
machining methods are widely used in micro-scale part forming [8,9]. Springback behavior
can greatly influence the dimensional accuracy of the deformed part in the micro-scale
sheet metal forming process [10,11]. Thus, it is worth seeking to understand springback
behavior in metallic micro-scale forming in order to enhance forming accuracy and reduce
the number of parts wasted due to springback.

In the micro-scale sheet metal forming process, the main factors affecting springback
behavior include the grain size effect [8,12] and the strain gradient [13]. Size effect influences
the deformation behavior significantly in the micro-scale forming process [14,15], which
is mainly divided into two kinds: ‘the smaller the weaker’ [16] and ‘the smaller the
stronger’ [17]. Diehl et al. [18] conducted bending tests using Cu58 sheets with thicknesses
ranging from 25 to 500 µm and proved that the ratio of grain size to sheet thickness exerts
an influence on the springback angle. Li et al. [19] also found that the springback angle of

Materials 2022, 15, 6373. https://doi.org/10.3390/ma15186373 https://www.mdpi.com/journal/materials

https://doi.org/10.3390/ma15186373
https://doi.org/10.3390/ma15186373
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-1010-5573
https://doi.org/10.3390/ma15186373
https://www.mdpi.com/journal/materials
https://www.mdpi.com/article/10.3390/ma15186373?type=check_update&version=1


Materials 2022, 15, 6373 2 of 16

pure aluminum will increase as metal sheet thickness decreases during the micro-bending
test and proposed an analytical model considering the size effect to calculate the springback
angle. Gau et al. [20] conducted a three-point bending experiment which indicated that the
springback angle can be expressed as a function of the ratio of grain size to sheet thickness
when the thickness is less than 350 µm. Xu et al. [11] analyzed the result of the V-bending
experiment and indicated that springback behavior is affected by geometry and grain
size, and proposed a finite element model based on the surface layer model to analyze the
springback angle and describe the size effect of springback behavior.

The dislocation slip theory is the basic theory for the metal plastic forming process
and the dislocations are mainly divided into two kinds: statistically stored dislocations
(SSDs) and geometrically necessary dislocations (GNDs) [21]. SSDs play the leading roles in
uniform deformation [22], while GNDs play the leading roles in non-uniform deformation,
where a strain gradient exists [23]. A strain gradient exists in the micro-bending process
due to the leading role of GNDs. Diehl et al. [18] mentioned the contribution of strain
gradients and size effects in metal sheet micro-forming processes where sheet thicknesses
are small. Li et al. [22] proposed a model considering both plastic strain and plastic
strain gradients to predict springback angle, indicating the influence of the strain gradient
hardening effect. To better explain the relationship between size effect and strain gradient,
Wang et al. [24] proposed a constitutive model considering both size effects and strain
gradients to investigate the interactions between them.

However, it is difficult to calculate the springback angle of a metallic sheet in the
micro-bending process based on the analytical model due to the limitations of forming
tooling. For example, the bending area is hard to confirm for U-bending tooling [25] and the
bending moment is variable for three-point bending tooling [26]. To solve these problems,
Deng et al. [27] designed a four-point bending tooling to obtain the pure bending moment
with a fixed value, which is beneficial for precisely calculating the springback angle.

Based on the research mentioned above, springback behavior is affected by the size
effect and the strain gradient simultaneously, but their relationship and their influence on
springback angle have not been fully understood. To better understand the mechanism of
springback behavior, a constitutive model considering both size effect and strain gradient
is proposed in this paper. This model is used to explain size effects based on a surface
layer model with a high order of strain. To enhance the model’s accuracy and simplify the
calculation procedure, a specialized micro-scale four-point bending tooling was designed.
The proposed model which simultaneously considers size effect and strain gradient is
experimentally validated.

2. Micro-Scale Four-Point Bending Experiment
2.1. Material Preparation

Stainless steel is the main material used to make metallic bipolar plates due to its good
corrosion resistance and formability. In this study, 316LN stainless steel with a Young’s mod-
ulus of E = 50–60 GPa, a Poisson’s ratio of ν = 0.29 and a density of ρ = 7.98 × 103 kg/m3

was selected to assess size effect and strain gradient size. Three annealing treatments were
carried out to eliminate the effect of rolling texture and obtain different grain sizes. To
explore the influence of grain size on mechanical behavior in the micro-bending process, the
specimen thickness was fixed as 0.1 mm. The heat-treatment conditions and obtained grain
sizes are presented in Table 1. The samples were corroded with aqua regia (volume fraction
ratio = HCl (37%):HNO3 (68%) = 3:1) for 50 s to obtain the microstructure micrographs
shown in Figure 1. The specimens after annealing treatment were isotropic. The plane we
used for recording was perpendicular to the thickness direction. The micrographs were
observed using a metallurgical microscope (HYZX-2000, Laizhou, China).
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Table 1. Heat-treatment parameters and the corresponding grain sizes.

Annealing Conditions 900 ◦C, 0.25 h 950 ◦C, 0.5 h 1000 ◦C, 1 h

Grain size average (µm) 18.18 29.59 40.51
Grain size deviation (µm) 4.54 8.86 17.33

Grain size/sheet thickness (d/t) 0.18 0.30 0.41
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Figure 1. Microstructures of the 316LN stainless steel annealed at (a) 900 ◦C, (b) 950 ◦C and
(c) 1000 ◦C.

2.2. Tensile Tests

To determine the mechanical properties of the stainless steel, uniaxial tensile tests
were conducted in the MTS testing machine. The specimens with different grain sizes
were tested three times to ensure testing accuracy. The figure of the tensile specimen was
designed in accordance with the ASTM-E8 standard to eliminate stress concentration and
is shown in Figure 2. The crosshead velocity was set as 0.033 mm/s, and the strain rate was
set as 4.125 × 10−3 s−1.
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Figure 2. Tensile test specimens: (a) designed specimen; (b) machined specimen.

The true stress–strain curves for the tensile specimens are presented in Figure 3. In
this research, the springback behavior analysis did not need to consider the damage stage
where the strain was bigger than 0.3. It can be seen from Figure 3 that the flow stress
decreased with the increase in grain size at the same strain and strain rate. The flow stress
of the materials with different grain sizes varied significantly. The stress–strain curves had
good repeatability and consistency for the three different sheet metal samples.
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2.3. Micro-Scale Four-Point Bending Experiments

The calculation of the springback angle of a metal sheet is difficult because the bending
moment in the bending area is variable [24]. The principle and force analyses of the three-
and four-point bending experiments are shown in Figure 4a,b, respectively. To simplify
the calculation step and investigate the springback behavior, the specialized tooling for the
four-point bending test was designed to conduct the pure bending deformation experiment
shown in Figure 5. The punch and die were designed with the shapes of long cylinders
which could freely rotate to reduce friction. To reduce the influence of friction, lubricating
oil was applied at the interface. In order to increase the tooling’s flexibility, two movable
frames controlled by pinions and racks were applied to the tooling, whose mobile precision
could reach 0.1 mm. The specific sizes of the tooling parts are shown in Table 2. The
specimens were 70 mm in length and 25 mm in width.
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shear force diagram. (d) Four-point bending shear force diagram. (e) Three-point bending moment
diagram. (f) Four-point bending moment diagram.
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Table 2. The size of the tooling.

Bar Radius Pressing Speed Upper Bar
Span (g)

Lower Bar
Span (r) Pressing Distance

1.25 mm 5 mm/min 15 mm 40 mm 15 mm

The experimental results for the springback angles of the specimens are shown in
Table 3. They reveal that the average springback angle decreases with increments in grain
size. That is, the ratio of surface grain size to sheet thickness will increase with the increase
in grain size when the thickness is fixed, making it easier to deform plastically for the metal
sheet material [28], which corresponds to the “the smaller the stronger” effect.

Table 3. The springback angles of the specimens.

Grain Size (µm) No.1 (◦) No.2 (◦) No.3 (◦) Average Angle (◦)

18 46 44 46 45.3
30 38 33 40 37.0
41 32 33 36 33.7
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3. A Combined Constitutive Model

From the flow stress–strain curve, the deformation process can be divided into two
stages: the elastic deformation stage and the plastic deformation stage [29]. In the elastic
deformation stage, Hooke’s law was applied. In the plastic deformation stage, the pro-
posed constitutive model was used to explain the phenomenon. The relation is shown in
Equation (1).

σ(ε) =

{
Eε 0 ≤ ε ≤ ε0

σ0 + σsize + σgradient ε ≥ ε0
(1)

3.1. A Combined Constitutive Model

The basic theory of the surface layer model divides a sheet into two parts: a surface
part and an inner part, both of which are shown in Figure 6. As the two parts play different
roles in the sheet, the flow stress of the sheet can also be explained in two parts. The surface
part’s grains will undergo less constraint, which may cause easy sliding and rotation. On
the contrary, the inner part’s grains will experience more constraint where sliding and
rotation are limited. The sheet’s flow stress can be expressed using Equation (2), giving the
relationship between the inner and surface grains.{

σ = ησs + (1− η)σi
η = Ns

N
(2)
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overall scale [30].

In Equation (2), Ns and N refer to the numbers of surface grains and total grains,
respectively; σs, σi and σ refer to the flow stresses of the surface part, the inner part and the
whole, respectively; η represents the number ratio of surface grains to total grains. When η
increases to 1, the specimen can be regarded as a single crystal, and the surface grain exerts
a great influence on the deformation process.

The proposed hybrid constitutive model [30] considers the size effect on the basis of
surface layer model to describe the relationship between flow stress and strain. The surface
grain and inner grain are considered as the single crystal and the polycrystal, respectively,
to better describe the property. The stress of surface strain and inner strain can be deduced
from the crystal plasticity theory [31] and the Hall–Petch equation [32], which are shown in
Equations (3) and (4).

σs(ε) = mτ0(ε) (3)
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σi(ε) = M
(

τ0(ε) + k(ε)d−
1
2

)
(4)

where the factor d represents the grain size; the parameters m and M represent the orienta-
tion factors for a single crystal and a polycrystal, respectively; τ0(ε) represents the critical
resolved shear stress of a single crystal; and k(ε) represents the local stress needed for
general yield associated with the transmission of slip across polycrystal grain boundaries.

According to crystal plasticity theory, using lattice friction stress τ0(ε) and dislocation-
introduced hardening to represent shear stress τR(ε), Equation (5) can be obtained:

τR(ε) = τ0(ε) + αGb
√

ρT = τ0(ε) + αGb
√

ρS + ρG (5)

where α is the empirical constant ranging from 0.1 to 0.5 and b is the Burgers vector magni-
tude, which in the case of FCC crystal is 2.608× 10−10 m [33]; G is the shear modulus; and
the parameters ρT , ρS, ρG represent the total dislocation density, SSD and GND, respectively.
The latter two are the monotonic functions of strain described in Equations (6) and (7).

ρS(ε) =
CSε

bLS (6)

ρG(ε) =
CGε

bd
(7)

In Equations (6) and (7), CS and CG are the material constants and LS is the slip
length [33]. Thus, the total dislocation density can be represented by Equation (8):

ρT = ρS + ρG =
CSε

bLS +
CGε

bd
(8)

The SSD exerts more influence towards classic plasticity, which is at the macro-scale;
however, when the scale is reduced to the micro-scale, the GND may have a dominant
effect on the deformation behavior and perhaps the SSD’s effect can be ignored, as in a
situation described by the following expression: ρS(ε) = 0. Based on Swift’s hardening
model, τ(ε) = k(ε)n, the constitutive model of the deformation behavior at the macro-scale
can be described using Equation (9):

σi = M
(
τ0(ε) + αGb

√
ρT
)
= M

(
τ0(ε) + αGb

√
CGε
bd

)
= Mk(ε)n + MαGb

√
CGε
bd

(9)

To obtain the constitutive model at the micro-scale, Equations (2) and (9) can be
combined to obtain Equation (10):

σ(ε) = ηmk1(ε)
n1 + (1− η)

(
Mk2(ε)

n2 + MαGb

√
CGε

bd

)
(10)

In Equation (10), the model can represent the polycrystal model in the case of η = 0,
and when η = 1, the model represents the single crystal model as well.

It can be seen from Figure 7 that d represents the diameter of the grain, using t and w
to represent the plate’s thickness and width, respectively. It is apparent that the width is
much bigger than the thickness and grain size; thus, Equation (10) can be used to simplify
the parameter η, as expressed in Equation (11):

η =
NS
N

=
2(wd/2)d2

wt/d2 =
d
t

(11)
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Figure 7. The surface layer model of the sheet samples at the micro-scale [24].

The curve can be used to fit the parameters k1, k2, n1, n2. The results are CG = 0.18,
α = 0.34 [34], and m and M [35,36] are set as 2 and 3.06, respectively.

The calculation results and the true stress–strain curve obtained from the experiments
can be seen in Figure 3. The solid line represents the fitted result and the marker line
represents the experimental result, showing that the fitted curve is in good agreement with
the experimental results.

3.2. Constitutive Model Considering Strain Gradient

At the micro-scale, the plastic strain gradient hardening exerts a greater influence on
deformation than at the macro-scale. To better describe this fact, putting the strain gradient
into the constitutive model yields Equation (12):

σ(ε) = ηmk1(ε)
n1 + (1− η)

(
Mk2(ε)

n2 + MαGb

√
CGε

bd

)
+ k3l|∇ε| (12)

where |∇ε| is the plastic strain gradient’s contribution to flow stress, l represents the
intrinsic length and k3 = k1 = k2.

The gradient (along the thickness direction) of the plastic strain along the longitudinal
direction of the sheet is shown in Equation (13):

∇ε =
[(Ri + t)dθ − Rndθ]− (Ridθ − Rndθ)

tRndθ
=

1
Rn

= c (13)

In Equation (13), parameter c denotes the neutral layer’s curvature; Ri and Rn are the
inner side of the metal sheet’s radius and the radius of the neutral layer, respectively; and θ
is the bending area’s angle after bending.

Different materials have different intrinsic lengths, especially when there are differ-
ences in hardness. In addition, the same material can have different intrinsic lengths when
micro-structures are different. For instance, the intrinsic lengths of the single-crystal copper
alloy and the polycrystal copper alloy are different [22].

Based on the relationship of intrinsic length, the material properties insisted on by
Xue et al. [37] and Swift’s hardening model, the material intrinsic length can be calculated
using Equation (14):

l = 18α2
(

G
σS0

)2
b (14)

3.3. The Calculation of Strain, Strain Gradient, Stress and Bending Moment
3.3.1. The Calculation of Strain and Strain Gradient

The geometrical model of micro-bending deformation is shown in Figure 8.
→
e 1,
→
e 2,
→
e 3

are the unit vectors along the length, thickness and width directions, respectively. As
shown in Figure 4d,f, the bending area undergoes a uniform bending moment and zero
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shear force, indicating that only normal stress exists along the length direction in the cross
section. Therefore, the displacement field is supposed to be as expressed in Equation (15):

µ1 = ce1e2, µ2 = 0, µ3 = 0 (15)
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The strain tensor can be expressed using Equation (16):

[
εij
]
=

ce2 0 0
0 0 0
0 0 0

 (16)

For the deformation behavior seen in a uniaxial test, the strain is shown in Equation (17):

ε1 = ce2 (17)

The gradient of strain is represented by Equations (18) and (19):

∇ε =
[
0 1 0

]
(18)

|∇ε| = c (19)

Putting Equations (17) and (19) into Equation (12), the constitutive relationship of the
analytical model can be expressed using Equation (20):

σ(ε) = ηmk1(ce2)
n1 + (1− η)

[
Mk2(ce2)

n2 + MαGb

√
CG
bd
√

ce2

]
+ k3lc (20)

3.3.2. The Calculation of Stress

In the pure bending district, deformation behavior can be considered in the uniaxial
tensile test; thus, the normal stress only exists in the length direction. Therefore, the stress
is as shown in Equation (21):

σ2 = 0, σ3 = 0 (21)

Thus, the effective stress is shown in Equation (22):

σ =

√
3
2

σ′ijσ
′
ij = σ1 (22)
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During micro-bending deformation, the metal sheet can deform elastically and plasti-
cally, and in the district where it deforms elastically, the stress is shown in Equation (23):

σ = Eε 0 ≤ ε ≤ ε0 (23)

where εE is the elastic strain limit.
To obtain the plastic deformation district’s constitutive equation by substituting

Equation (22) into Equation (20), the formula can be expressed as Equation (24):

σ1 = ηmk1(ce2 − ε0)
n1

+(1− η)

[
Mk2(ce2 − ε0)

n2 + MαGb
√

CG
bd
√

ce2 − ε0

]
+ k3lc

(24)

In total, the constitutive model can be derived as Equation (25):

σ(ε) =


Eε σ0 + ηmk1(ε− ε0)

n1 0 ≤ ε ≤ ε0

+(1− η)

(
Mk2(ε− ε0)

n2 + MαGb
√

CG(ε−ε0)
bd

)
+ k3l|∇ε| ε ≥ ε0

(25)

3.3.3. The Calculation of Bending Moment

To calculate the bending moment, use Equation (26).

M =
∫ t

0
σ1e2w · de2 (26)

For the stress in the elastic district as in Figure 9, based on Equations (23) and (26), the
elastic bending moment can be expressed using Equation (27):

ME =
∫ emax

−emax
σ1e2w · de2 =

2wE
3

c(emax)
3 (27)
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For the stress in the elastic district as in Figure 9, based on Equations (24) and (26), the
plastic bending moment can be expressed as Equation (28):

MP = 2
∫ t/2

emax
σ1e2w · de2

= 2w
∫ t/2

emax

{
σ0 + ηmk1(ce2 − cemax)

n1 + (1− η)
[
Mk2(ce2 − cemax)

n2

+MαGb
√

CG
bd
√

ce2 − cemax

]
+ k3lc

}
e2 · de2

= 2w



σ0
2

[( t
2
)2 − emax

2
]
+ ηmk1(c)n1

[
( t

2−emax)
n1+2

n1+2 + emax
( t

2−emax)
n1+1

n1+1

]
+(1− η)Mk2(c)n2

[
( t

2−emax)
n2+2

n2+2 + emax
( t

2−emax)
n2+1

n2+1

]
+(1− η)MαGb

√
CG
bd
√

c 2
5

[
( t

2−emax)
5
2

2.5 + emax
( t

2−emax)
3
2

1.5

]
+ k3lc

2

[( t
2
)2 − emax

2
]



(28)

For the pure bending district, the plastic bending moment can be written as Equation (29):

= 2w



σ0
2

[( t
2
)2
]
+ ηmk1(c)n1

[
( t

2−emax)
n1+2−(−emax)

n1+2

n1+2 + emax
( t

2−emax)
n1+1−(−emax)

n1+1

n1+1

]
+(1− η)Mk2(c)n2

[
( t

2−emax)
n2+2−(−emax)

n2+2

n2+2 + emax
( t

2−emax)
n2+1−(−emax)

n2+1

n2+1

]
+(1− η)MαGb

√
CG
bd
√

c 2
5

[
( t

2−emax)
5
2−(−emax)

5
2

2.5 + emax
( t

2−emax)
3
2−(−emax)

3
2

1.5

]
+ k3lc

2

[( t
2
)2
]


(29)

3.3.4. The Calculation of Springback Angle

The bending angle during the micro-bending process is mainly the result of two
factors: the elastic bending moment and the plastic bending moment, both of which are as
shown in Figure 10. After the springback process, the angle caused by the elastic bending
moment (ME) disappears, while the angle induced by the plastic bending moment (MP)
continues to exist. Therefore, by calculating the angle

(
θMP

)
caused by MP, the springback

angle (θS) can be calculated indirectly.
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After calculating the stress and strain conditions of the micro-bending test, the stress
condition of the metal sheet is as described in Equation (28); thus, Equation (28) can be
used to calculate the bending moment.

To calculate the springback angle by calculating the angle after springback caused
by the plastic bending moment, first, one needs to obtain the infinite small part’s plastic
bending angle using Equation (30):

dθMP =
MP
IE
· ds (30)

where MP represents the segment bending moment in the sheet section, I = wt3/12 is the
second moment of the area and ds is the segment length, which is illustrated in Figure 10.
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Therefore, the total angle caused by the plastic bending moment of the pure bending
area can be calculated using Equation (31):

θMP =
∫ b

a

MP
IE
· ds =

MP
IE

(
_
S ab

)
(31)

After bending,
_
S ab and θTotal , caused by the elastic bending moment and the plastic

bending moment together, can be calculated. The springback angle can be obtained with
Equations (32) and (33):

_
S ab = 2R · sin β (32)

θS = θtotal − θMP (33)

4. Results and Discussion
4.1. Prediction of the Springback Angle

The proposed analytical calculation model can be used to obtain the springback angle.
The effects of both grain size and strain gradient on springback angle have been considered
and investigated. In addition, there are also many other factors that can influence the
springback angle, including the Young’s modulus (E), the sheet thickness (t), the tooling
upper bar span (g), the tooling lower bar span (r) and the elastic bending moment (ME).
In Figure 1a,b, the adopted annealing temperatures are 900 ◦C and 950 ◦C, respectively,
which do not reach the recrystallization temperature. Therefore, there are few twins in the
specimen and the twin effect on the springback angle can be ignored in this research. After
conducting the micro-bending tests, the experimental springback angles of the specimens
with different grain sizes were compared with the calculation results obtained from the
analytical model, which are depicted in Figure 11.
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According to Figure 11, it is obvious that the springback angle calculated by the
analytical model shows a great similarity with the experimental result. This means that the
proposed constitutive model is effective and that it does describe the size effect and the
strain gradient accurately. Furthermore, during the plastic deformation, the dislocation is
the main reason the surface grain cannot store and pass the dislocation. The surface grain
suffers less constraint, thus making it easier to deform the surface area. In conclusion, when
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the bending angle and the sheet thickness are the same, the θ caused by plastic deformation
will increase and the springback angle will decrease with increasing grain size.

4.2. Factors Contributing to Springback

The results of the proposed constitutive model, which considers size effect and strain
gradient simultaneously, showed great similarity to the experimental data. Therefore,
by using the analytical model, the size effect and the strain gradient can be calculated
separately, which makes it easy to compare them and investigate their interaction. The
contributions of each factor to springback angle are illustrated in Figure 12. It can be seen
easily that the size effect makes a greater contribution (more than 7%) than the θMP (total
angle caused by the plastic bending moment). After the calculations, the strain gradient’s
contribution was found to be less than 1% because the 316LN stainless steel mainly suffered
elastic deformation rather than plastic deformation during the micro-bending process. Thus,
the strain gradient’s contribution was insignificant because the plastic deformation region
was small. The size effect’s contribution to the overall springback angle was significant
for most cases, in contrast to that of the strain gradient; thus, the size effect exerts a
dominant influence on the springback angle, such that the strain gradient’s contribution
can be ignored.
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In addition, the contribution of the size effect to the springback will increase with
increasing grain size, as shown in Figure 12. It can be seen that the elastic stress’s con-
tribution will decrease while the size effect’s contribution will increase as the grain size
increases. The θMP caused by the size effect will increase as well. To further investigate the
relationship between θMP and size effect, the relationship between size-effect-caused angle
and grain size is shown in Figure 13. Referring to the black line in Figure 13, if the size
effect’s contribution to the plastic bending moment angle stays the same when the grain size
equals 18 µm, this indicates that the size effect can be ignored; the red line represents the
experimental result that the size effect’s contribution increases with increasing grain size.
The difference between these two lines means that the size effect does change with changes
in grain size, proving the size effect’s contribution increases as the grain size increases.
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5. Conclusions

The springback behavior of a metal sheet in the micro-bending process is the result
of two main factors, both of which exert influences on the plastic deformation angle and
thus influence the springback angle. To further investigate the relationship between these
two factors, a uniaxial tensile test was conducted first to obtain stress–strain relationship
information. Then, a four-point bending experiment was conducted using a specially
designed model with a sheet thickness of 0.1 mm to simplify the calculation process. After
that, the proposed model was used, which considers both size effect and strain gradient to
predict the springback angle of the micro-bending test. The conclusions drawn from the
research are as follows:

1. The springback angle of the micro-bending test shows a ‘the smaller, the stronger’
effect, and the springback angle results calculated using the proposed mixed model
which considers size effect and strain gradient showed good agreement with the
micro-bending experiment data.

2. The specially designed four-point bending tooling which allowed the obtainment of a
pure bending moment in the bending region made the calculation process easier and
ensured that the results were accurate.

3. The strain gradient’s effect can be ignored during the micro-bending test that was
performed in this study, for the elastic stage of 316LN stainless steel is too obvious,
which makes the plastic region small and the strain gradient’s contribution useless,
from which it can be inferred that the strain gradient contributes less to materials with
obvious elastic stages.

4. Quantitative expressions of the factors in the mixed model can be obtained and
compared. The geometrical size effect shows a dominant effect compared to the
strain gradient, and its contribution to plastic bending angle increases with increasing
grain size.
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