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Abstract: The primary purpose of this paper is to study the size effect of surface roughness and
realize the quantitative description of the surface roughness in micro-forming process. This work
is a continuation of the previous work by the authors. The effects of the initial surface roughness
of the specimen, the grain size, and grain orientations on the surface roughness of micro-upsetting
products were investigated. The ratio of the number of grains of the surface layer to the total number
of grains was adopted to characterize the size effect. The variation of the size effect on the contact
normal pressure during the compression process was also analyzed. And the quantitative description
of the evolution law of surface roughness for micro-formed parts was realized. The corresponding
micro compression experiment was done in order to testify the prediction model.

Keywords: surface roughness; size effect; grain size; 3D voronoi; micro-forming

1. Introduction

Due to the rapid development of micro-system technology (MST) and micro-electro-
mechanical systems (MEMS), the forming and manufacturing technology of micro-parts is
highly regarded. In contrast with the products from a traditional plastic forming process,
the products from a micro-forming process have small sizes, high dimensional accuracy,
and surface quality requirements due to their high-end applications [1–3]. Due to their
miniaturized sizes, size effect is crucial in micro-forming processes [4–6]. During the micro-
plastic forming process, the surface roughness does not decrease with the reduction in the
geometric size of the product. Meanwhile, mechanical machining is challenging to improve
the surface quality due to the difficulty in clamping and operation. Therefore, the surface
roughness control for micro-formed products has become one of the critical challenges in
micro-forming.

For the macro-formed products, the roughness is affected by various factors such as
the initial specimen roughness, the sliding distance between the contact surface and die,
the contact normal pressure on the surface, and the properties of the material, etc. [7–9].
Among these factors, the influence of the normal pressure, the initial surface roughness, the
sliding distance, and the contact surface area on the surface roughness have been studied
in our previous work [10]. However, in the micro-plastic forming process, the material
properties change significantly with miniaturization due to the tiny size. One such property
is the grain size, and the other is the specimen size. Both of these factors lead to a change in
the ratio of thickness to the grain sizes of the specimen [11]. When the size of the workpiece
is gradually reduced close to the grain size, the grain number in the workpiece is less, and
a “size effect” occurs. The change in grain size and the incongruity of grain orientation
become increasingly apparent, resulting in the change in material mechanical properties,
impacting the roughness of the workpiece after deformation [12].
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Many studies have reported that under uniaxial tensile deformation, the uneven
plastic deformation between grain boundaries leads to surface roughness evolution [13,14].
Kubo et al. [14] reported the difference in the crystal orientations because of the stress state
on the surface roughness of a low-carbon steel sheet. It is therefore suggested that surface
quality after press forming may be further improved by reducing the number of grains with
crystal orientation of ND(001) in interstitial-free (IF) steel sheets. The surface quality after
press forming could also be improved by reducing the difference in deformation resistances
among the grains. The effect of crystal orientations on the inner surface roughness of micro
metal tubes in hollow sinking was investigated by Kishimoto et al. [15]. They suggested
that the roughness of inner surface can be suppressed by decreasing the wall thickness.
One of the crystal orientations was determined to inhibit the increase in internal surface
roughness during the hollow sinking. Yoshida [16] found that the surface roughness mainly
depends on the grain size of the workpiece through the plane strain tensile simulation
process, whereas the ratio of the workpiece thickness to the grain size has little influence on
the roughness. Wang et al. [17] found that the grain size and texture composition impact the
surface roughness through the bending deformation of copper tubes. At a particular scale,
the surface roughness increases with grain sizes. In the biaxial tensile deformation study,
Anand et al. [11] suggested that the ratio of sheet thickness to grain size (t/d) significantly
affects surface roughness due to the size effect. For thin brass sheets, the ratio of thickness
to grain size has a significant role in increasing the roughness during biaxial tension. With
the increase in t/d, the surface roughness decreases. Moreover, when t/d ≥ 12, the surface
roughness basically remains unchanged.

To sum up, compared with the macro-formed parts, the roughness control for micro-
formed parts is more complicated. The effects of grain size and grain orientation on the
roughness should also be considered. However, the roughness prediction for micro formed
parts based on the 3D Voronoi model has not yet been reported in the literature. In this
work, the effects of specimen initial surface roughness, grain size, and grain orientation on
the surface roughness of products after micro-upsetting were investigated. The cause of
size effect on surface roughness was also analyzed. Based on our previous work, a surface
roughness prediction model taking into account of size effect was established and testified
through the corresponding micro-compression experiments.

2. Materials and Methods
2.1. Development of Polycrystalline Finite Element Model with 3D Surface Roughness

Developing a polycrystalline geometric model is the foundation for investigating
polycrystalline materials’ plastic deformation. The 3D grain cluster generated in this work
was based on the Voronoi diagram method [18,19] and the ABAQUS/python script.

In order to describe the information on surface topography more comprehensively by
the 3D parameter characterization method, the surface root mean square deviation (Sq) in
ISO 25178-2 was used to evaluate the surface roughness [20]. The Sq represents the degree
of deviation of the roughness morphology from the reference plane, and its mathematical
expression is given in Equation (1) below.

Sq =

√
1

lxly

∫ lx

0

∫ ly

0
Z2(x, y)dxdy =

√
1

mn ∑m
i=1 ∑n

j=1
[
Zij
(

xi, yj
)
− Z0

]2. (1)

where Z (x, y) is the height of the contour for each point, and lx and ly are the measured
lengths in X and Y directions, respectively. m and n are the numbers of measurement
points in X and Y directions, Zij is the height for the measuring point, and Z0 is the
centerline height.

According to the self-programmed W–M function [21], the modeling of 3D rough
surfaces with different fractal dimensions and scale coefficients was performed by MATLAB
R2018a. The corresponding fractal dimension and scale coefficient were determined based
on the measured rough surface profile. Figure 1a shows a randomly roughness profile with
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a surface roughness of 1.6 µm within 0.1 mm × 0.1 mm generated by MATLAB R2018a.
Combining the roughness topography with the 3D Voronoi model, a 3D polycrystalline
finite element model with initial roughness can be obtained in the finite element software
ABAQUS, as shown in Figure 1b.
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Figure 1. (a) The randomly generated roughness profile with a surface roughness of 1.6 µm; and
(b) The 3D polycrystalline finite element model with initial roughness within 0.1 mm × 0.1 mm ×
0.1 mm.

2.2. Development of 3D Polycrystalline Regionalized Constitutive Model at Micro-Scale

Based on the analysis of the microstructure of annealed pure copper, three different
grain orientations are existed in the deformation direction: <411>, <100>, and <111> [22].
Table 1 shows the volume fractions and orientation factors for three different grain orienta-
tions of pure copper.

Table 1. Volume fractions and orientation factors for three different grain orientations.

Type <411> Type <100> Type <111>

Volume fraction (λ) 0.06 0.22 0.72
orientation factor (M) 2.64 2.45 3.67

For polycrystalline materials, the flow stress is a weighted component of the flow
stress of individual grains, given in Equation (2) below.

σ = Minτi + MinK′d
−1
2 =

n

∑
i=1

λi Mi

(
τi + K′d

−1
2

)
. (2)

where λi is the volume fraction of the i-th grain, Mi is the orientation factor of the i-th grain,
τi is the frictional shear stress that restricts the dislocation sliding along the slip plane,
K′d−1/2 is the resistance shear stress due to dislocation stacking near the grain boundary,
d is the grain size of the material, and n is the number of grains. Through the micro-
compression experiment of pure copper, the flow stress–strain curves of the specimens
with different grain sizes were obtained [18]. Equation (3) shows the representations of
K′(ε) and τi(ε). {

K′(ε) = 2.688ε0.29

τi(ε) = 100.1ε0.38 . (3)

Moreover, Msurf = 2.0 for the surface layer grains [23]. The material constitutive relationship
at any grain size can be determined by ignoring the rotation of grains and substituting the
values of M <411>, M <100>, M <111>, and Msurf in Equation (2).
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2.3. Polycrystalline Pure Copper Finite Element Simulation of the Upsetting Process

The micro-upsetting processes of pure copper with a 3D rough surface were simulated
and analyzed to investigate the effect of grain size and grain orientations on the specimen
surface roughness. In the simulation process, the diameter and the height of the specimen
were set to 0.5 mm 1.5 mm, respectively. The grain sizes of the specimens were set to 30 µm,
50 µm, 80 µm, and 120 µm. One-eighth of the specimens were used for simulation, and the
numbers of grains in the specimens were 681, 147, 36, and 11. As shown in Table 1, volume
fractions for different grain orientations were set as 0.06, 0.22, and 0.72 for <411>, <100>,
and <111> orientations, respectively. Four 3D surfaces with different initial roughness
values were set in the simulation. The values of the roughness for the four 3D surfaces
were 0 µm corresponding to an ideal plane surface, 0.7917 µm, 1.6131 µm, and 3.1152 µm.
Three different 3D rough surface contours at the same surface roughness were randomly
generated to decrease the experimental error. Figure 2 shows the assignment results with a
random grain orientation of the model.
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Figure 2. Assignment results for random orientations assignment results of the finite element models
with different grain sizes (a) d = 30 µm; (b) d = 50 µm; (c) d = 80 µm; and (d) d = 120 µm.

Considering the variation of material properties at the microscale, 10 random grain
orientations were generated to investigate the effect of grain orientations on specimen
roughness. Figure 3 depicts different grain orientations with the grain size of 50 µm.

The material constitutive model developed in Section 2.2 was adopted during the
simulation of the micro-upsetting process. Moreover, the friction model used in this work is
the Coulomb friction model based on the Wanheim/Bay friction model transformation [24].
The friction coefficient is a function related to the normal pressure of the contact surface.
According to the symmetry condition, the left and lower ends of the specimen were set
as the left–right and the upper–lower symmetric boundary condition, respectively. The
upper die displacement was set downward along the Z direction with a 20% deformation.
After the deformation, the coordinates of the specimen surface contours were extracted
by postprocessing. According to Equation (1), the variation of the surface morphology
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roughness after deformation was calculated. The contact area of the specimen surface was
divided by mesh refinement. Figure 4 exhibits the developed simulation model and its
mesh generation.

Coatings 2022, 12, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 3. Three different grain orientations with the grain size of 50 μm. 

The material constitutive model developed in Section 2.2 was adopted during the 

simulation of the micro-upsetting process. Moreover, the friction model used in this work 

is the Coulomb friction model based on the Wanheim/Bay friction model transformation 

[24]. The friction coefficient is a function related to the normal pressure of the contact sur-

face. According to the symmetry condition, the left and lower ends of the specimen were 

set as the left–right and the upper–lower symmetric boundary condition, respectively. The 

upper die displacement was set downward along the Z direction with a 20% deformation. 

After the deformation, the coordinates of the specimen surface contours were extracted 

by postprocessing. According to Equation (1), the variation of the surface morphology 

roughness after deformation was calculated. The contact area of the specimen surface was 

divided by mesh refinement. Figure 4 exhibits the developed simulation model and its 

mesh generation. 

 
Figure 4. The 3D polycrystal model and its mesh generation. 

3. Results and Discussions 

3.1. Numerical Analysis Results 

Based on the simulation results of the micro-upsetting deformation process, the ef-

fects of initial surface roughness, grain sizes, and grain orientations on the evolution of 

the surface roughness of specimens were analyzed in this work. 

  

Figure 3. Three different grain orientations with the grain size of 50 µm.

Coatings 2022, 12, x FOR PEER REVIEW 5 of 19 
 

 

 
Figure 3. Three different grain orientations with the grain size of 50 μm. 

The material constitutive model developed in Section 2.2 was adopted during the 

simulation of the micro-upsetting process. Moreover, the friction model used in this work 

is the Coulomb friction model based on the Wanheim/Bay friction model transformation 

[24]. The friction coefficient is a function related to the normal pressure of the contact sur-

face. According to the symmetry condition, the left and lower ends of the specimen were 

set as the left–right and the upper–lower symmetric boundary condition, respectively. The 

upper die displacement was set downward along the Z direction with a 20% deformation. 

After the deformation, the coordinates of the specimen surface contours were extracted 

by postprocessing. According to Equation (1), the variation of the surface morphology 

roughness after deformation was calculated. The contact area of the specimen surface was 

divided by mesh refinement. Figure 4 exhibits the developed simulation model and its 

mesh generation. 

 
Figure 4. The 3D polycrystal model and its mesh generation. 

3. Results and Discussions 

3.1. Numerical Analysis Results 

Based on the simulation results of the micro-upsetting deformation process, the ef-

fects of initial surface roughness, grain sizes, and grain orientations on the evolution of 

the surface roughness of specimens were analyzed in this work. 

  

Figure 4. The 3D polycrystal model and its mesh generation.

3. Results and Discussions
3.1. Numerical Analysis Results

Based on the simulation results of the micro-upsetting deformation process, the effects
of initial surface roughness, grain sizes, and grain orientations on the evolution of the
surface roughness of specimens were analyzed in this work.

3.1.1. Effect of Initial Surface Roughness of Specimen on the Evolution of Contact
Surface Roughness

According to the research of Wanheim and Bay [25], when the surface roughness
of the mold is fixed, the shear film strength coefficient mc is mainly determined by the
specimen initial roughness. Based on the previous research work of the authors [10,24],
the relationship between the friction coefficient and the contact normal pressure under
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different initial surface roughness is determined. When the reduction in the upsetting is
20%, the equivalent stress and strain distribution of the specimens under different initial
surface roughness are shown in Figure 5a,b, respectively. It depicts that the distribution
of stress and strain increases with the initial surface roughness. During the deformation
process, the actual contact area of the specimen surface with a high degree of initial surface
roughness is smaller, resulting in the larger stress and strain of the micro-asperities on
the contact surface under the same deformation. The larger the stress and strain of the
micro-asperities on the contact surface, the more prone it is to plastic deformation.
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distribution under different values of initial surface roughness.

The surface morphologies of deformed specimens under various initial roughness
are shown in Figure 6a–d. Section “A” of Figure 6 shows the initial surface morphology,
and section “B” reveals the final surface morphology with an upsetting reduction of 20%.
When the material undergoes plastic deformation, a single micro asperity can only bear
contact pressure proportional to the material’s yield stress. The increasing number of micro-
asperities that enter the contact state and undergo plastic deformations make the surface
flatter. In addition, it was also found that surface roughness is an inevitable phenomenon
in the deformation process. Even if the initial surface roughness of the specimen and the
die is zero, a specific roughness value will still appear after deformation. This is a result of
the orientation difference between adjacent grains leading to the local strain concentration
on the specimen surface during the deformation process.

By calculating the coordinates of the surface nodes in the Z-axis direction, the variation
of the specimen surface roughness under a different initial roughness was obtained, as
described in Figure 7. When upsetting reduction gradually increases from 0% to 20%, that
is, the deformation strain ε varied from 0 to 0.2, the surface roughness of the specimen
with initial values of 0.7917 µm, 1.6131 µm, and 3.1152 µm gradually decreases to 0.2332
µm, 0.6733 µm, and 1.4709 µm. The roughness change is 0.5585 µm, 0.9398 µm, and 1.6443
µm. It means that with the increase in deformation, if the initial surface roughness of
the specimen is high, the variation of the surface roughness after deformation will also
be high. From the microscopic view, the actual contact area of the rough surface with
fractal characteristics is much smaller than the nominal contact area, leading to a high
value of actual contact pressure on the micro-asperities in real contact. With more plastic
deformation to the micro-asperities, the workpiece has considerable change in its surface
roughness.
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Figure 6. The surface morphology under different initial roughness after micro compression process
(a) Sqin = 0 µm; (b) Sqin = 0.7917 µm; (c) Sqin = 1.6131 µm; and (d) Sqin = 3.1152 µm.
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3.1.2. Effect of Grain Size on the Evolution of Contact Surface Roughness

Figure 8 exhibits the equivalent stress of deformed specimens for different grain sizes.
It shows that with the increase in grain sizes, the flow stress of the material decreases
gradually. The coarse grains increase the proportion of the surface layer grains gradually.
The constraint of surface grain is smaller than that of internal grain. At the same time, the
larger grain sizes weaken the deformation coordination between grains. The specimen
deformation is significantly affected by the properties of single grain. Hence, with the
coarse grain sizes, the specimen surface roughness become more irregularity after the micro
compression process.

Coatings 2022, 12, x FOR PEER REVIEW 9 of 19 
 

 

 
Figure 8. The equivalent stress of the deformed specimen for different grain sizes (a) d = 30 μm; (b) 

d = 50 μm; (c) d = 80 μm; and (d) d = 120 μm. 

The contact surface morphologies of the deformed specimens with different grain 

sizes were obtained by extracting the node coordinates of the surface profile in the Z-axis 

direction. Let us take one of the three random morphologies as an example. Figure 9a–d 

show the surface morphologies for different grain sizes when the reduction amount is 

20%. As the grain size increases, the flattening effect of surface asperities weakened, lead-

ing to the rougher surface of the specimen. The surface roughness for different grain sizes 

was calculated according to Equation (1). The surface roughness of the specimens changed 

from 1.6131 μm to 0.5327 μm, 0.6733 μm, 0.7512 μm, and 0.8720 μm corresponding to the 

grain sizes of 30 μm, 50 μm, 80 μm, and 120 μm, respectively, as depicted in Figure 10. 

Hence, with the increase in grain sizes, the specimen roughness increases gradually. In 

the deformation process, the grain sizes significantly impact the strain distribution in the 

material. Under the same deformation conditions, as the grain becomes smaller and 

smaller, the strain near the grain boundary becomes closer to the inside grain. Compared 

with the coarse grain, the deformation with fine grain becomes more uniform, and the 

corresponding surface roughness after deformation is lower. 

Figure 8. The equivalent stress of the deformed specimen for different grain sizes (a) d = 30 µm;
(b) d = 50 µm; (c) d = 80 µm; and (d) d = 120 µm.

The contact surface morphologies of the deformed specimens with different grain
sizes were obtained by extracting the node coordinates of the surface profile in the Z-axis
direction. Let us take one of the three random morphologies as an example. Figure 9a–d
show the surface morphologies for different grain sizes when the reduction amount is 20%.
As the grain size increases, the flattening effect of surface asperities weakened, leading to
the rougher surface of the specimen. The surface roughness for different grain sizes was
calculated according to Equation (1). The surface roughness of the specimens changed
from 1.6131 µm to 0.5327 µm, 0.6733 µm, 0.7512 µm, and 0.8720 µm corresponding to the
grain sizes of 30 µm, 50 µm, 80 µm, and 120 µm, respectively, as depicted in Figure 10.
Hence, with the increase in grain sizes, the specimen roughness increases gradually. In
the deformation process, the grain sizes significantly impact the strain distribution in
the material. Under the same deformation conditions, as the grain becomes smaller and
smaller, the strain near the grain boundary becomes closer to the inside grain. Compared
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with the coarse grain, the deformation with fine grain becomes more uniform, and the
corresponding surface roughness after deformation is lower.
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3.1.3. Effect of Grain Orientation on the Evolution of Contact Surface Roughness

Based on the change in material properties at the micro-scale, the 3D Voronoi method
was used to develop the finite element models. Ten random grain orientations were
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generated under the same grain size. The micro-upsetting simulation processes investigated
the effect of grain orientations on the specimen roughness. Figure 11 shows the surface
morphology of three specimens with different grain orientations (represented by #1, #2, and
#3) corresponding to the grain sizes of 50 µm and 120 µm, respectively. The increasing grain
sizes resulting in the increase in the uneven degree of stress on the surface micro-asperities.
Accordingly, the degree of variation of surface roughness also increases.
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d = 120 µm, #3.

In this paper, Gaussian distribution was used to characterize the effect of grain orien-
tation on surface roughness [26]. Its expression is given below.

F
(
Sq
)
=

1√
2πβ

exp

(
−
(
Sq − γ

)2

2β2

)
. (4)

where Sq is the value of the roughness, β is the roughness standard deviation of the normal
distribution, and γ is the roughness expected value of the normal distribution. With



Coatings 2022, 12, 1659 11 of 18

the grain sizes of 50 µm and 120 µm, the probability distributions of specimen surface
roughness with random grain orientations are shown in Figure 12a,b. When the average
grain size is 50 µm, the average value of surface roughness for different grain orientations
is 0.6764 µm. The standard deviation is 0.0166, and the surface roughness distribution is
relatively concentrated. Moreover, when the grain size is 120 µm, the average roughness
under various grain orientations becomes 0.8602 µm. The standard deviation is 0.1145,
and the roughness distribution is relatively discrete. In the micro-forming process, the
increase in grain size reduces the number of grains in the surface layer, and the influence of
single grain orientation on the deformation process increases. In addition, the coordination
between the surface layer grains become worse, which also increases the deformation
inhomogeneity. Finally, the difference in heights of the surface profiles and the variation
range of surface roughness increases. In short, the effect of grain orientations on the
surface roughness of the deformed specimens gradually increases with the increase in the
grain size.

Coatings 2022, 12, x FOR PEER REVIEW 12 of 19 
 

 

size is 50 μm, the average value of surface roughness for different grain orientations is 

0.6764 μm. The standard deviation is 0.0166, and the surface roughness distribution is 

relatively concentrated. Moreover, when the grain size is 120 μm, the average roughness 

under various grain orientations becomes 0.8602 μm. The standard deviation is 0.1145, 

and the roughness distribution is relatively discrete. In the micro-forming process, the 

increase in grain size reduces the number of grains in the surface layer, and the influence 

of single grain orientation on the deformation process increases. In addition, the coordi-

nation between the surface layer grains become worse, which also increases the defor-

mation inhomogeneity. Finally, the difference in heights of the surface profiles and the 

variation range of surface roughness increases. In short, the effect of grain orientations on 

the surface roughness of the deformed specimens gradually increases with the increase in 

the grain size. 

 
Figure 12. Probability density function of roughness with random grain orientations. (a) d = 50 μm; 

and (b) d = 120 μm. 

3.2. Quantitative Description of Surface Roughness Variation Caused by Size Effect 

According to our previous research on the influencing factors of surface roughness 

in forming bulk metal [10], the normal pressure on the contact surface directly affects the 

surface roughness of the resulting deformed product. The discussion in Section 2.2 shows 

Figure 12. Probability density function of roughness with random grain orientations. (a) d = 50 µm;
and (b) d = 120 µm.



Coatings 2022, 12, 1659 12 of 18

3.2. Quantitative Description of Surface Roughness Variation Caused by Size Effect

According to our previous research on the influencing factors of surface roughness
in forming bulk metal [10], the normal pressure on the contact surface directly affects the
surface roughness of the resulting deformed product. The discussion in Section 2.2 shows
that the increase in grain size in the micro-upsetting process leads to the reduction in the
overall flow stress of the material, thus reducing the normal pressure on the contact surface.
Therefore, on the basis of the previously developed roughness prediction model for bulk
metal forming, in this paper, we investigate the influence of size effect on the contact normal
pressure between the specimen and the die by introducing the scale parameters. Then,
the quantitative description of the influence of size effect on the surface roughness change
was observed.

3.2.1. Influence of Size Effect on Normal Pressure of Contact Surface

The proportion of the surface layer grains numbers to the total grain numbers was
introduced to study the influence of size effect on the normal pressure. The relative
mathematical is as follows.

δ = 1− (D− 2d)2

D2 . (5)

where D and d are the specimen size and average grain size, respectively, as shown in
Figure 13. The range of scale parameter is 0 < δ < 1. For micro-formed parts, when the
grain size gradually approaches the specimen size (D > 2d), the scale parameter gradually
approaches 1.
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Figure 13. Schematic diagram of specimen diameter and grain size.

Table 2 shows the grain sizes and the corresponding scale parameters for the fixed
geometric sizes in simulation process. The model of the materials and the boundary
conditions in the simulations were consistent with those in Section 2.2. The deformation
reduction for different scale parameters was set as 20%. The average normal pressure of
the specimen after deformation was calculated by the simulation results of three random
grain orientations for each size parameter. As depicted in Figure 14, a decreasing trend of
the average normal pressure exhibits with the increased scale parameters. When the scale
parameter δ is below 0.1, the normal pressure has a minor change with the scale parameters.
For δ greater than 0.1, the continuous decrease in the flow stress causes the normal pressure
on the contact surface to decrease rapidly. As δ larger than 0.8, the variation of the normal
pressure with the changing of scale parameters becomes slow. In the plastic deformation
process, the increase in contact normal pressure of the specimen leads to a decrease in
surface roughness. The size effect of the surface roughness during the micro-compression is
mainly determined by the size effect of the normal pressure. For 0.1 < δ < 0.8, the specimen
roughness increases with the increase in the scale parameters, and there is an apparent size
effect. For the δ < 0.1 or δ > 0.8, the size effect of surface roughness becomes insignificant.
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Table 2. Grain sizes and the scale parameters in the micro compression simulation process.

Grain size
d/µm 30 50 80 100 120 150 180

Scale
parameter δ

0.23 0.36 0.54 0.64 0.73 0.84 0.92Coatings 2022, 12, x FOR PEER REVIEW 14 of 19 
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3.2.2. Development of Roughness Prediction Model in Micro-Forming Based on 3D
Voronoi Model

A nonlinear fitting was performed to quantify the influence of size effect on surface
roughness according to Figure 14. The relationship between the contact normal pressure
and the scale parameter was obtained using Equation (6).

Pmic = 0.496Pmac +
0.154Pmac

0.304 + δ1.81 . (6)

pmic is the average normal pressure for micro forming with the consideration of size
effect, and pmac is the normal pressure for macro forming regardless of size effect. Based on
our previous work in the literature [10], a roughness prediction model for micro-formed
parts is developed and represented by the equations below.{

Sq = Sqin − 0.0013PmicSqin − 0.158
1+101.12−0.0093Pmic

(
1− 0.0089L/Pmic

)
− 0.213ϕ0.611

Pmic = 0.496Pmac +
0.154Pmac

0.304+δ1.81

(7)

Sq represents the surface roughness of the deformed specimen. L is the sliding distance
between the workpiece and the die. ϕ is the growth rate of the contact surface area. The
previous report has detailed all the above parameters [10].

Above all, for the micro-formed parts, the surface roughness of the workpiece is mainly
affected by multiple factors. The increase in normal pressure, the relative sliding distance,
and surface area growth rate on the contact surface positively improve the workpiece’s
surface roughness. However, with the increase in grain size, the contact surface’s normal
pressure decreases gradually, which is detrimental to improve surface quality of micro-
formed parts.
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3.2.3. Verification of Roughness Prediction Model for Micro-Forming

The micro-compression experiments of pure copper for different grain sizes were
carried out to testify the established roughness prediction model d. The cylindrical spec-
imens of pure copper with a diameter of 1.5 mm and a height to diameter ratio of 1.5:1
was selected. The NBD-T1500 vacuum tube furnace was used to conduct two annealing
heat treatment processes at 700 ◦C and 900 ◦C for one hour under the protection of argon
gas. The average grain sizes of the specimens were measured to be 65 µm and 119 µm,
as shown in Figure 15. The upper and lower end surfaces of the heat-treated specimens
were polished to the same roughness after ultrasonic decontamination. The roughness
at various positions on the specimens’ surface was measured using the VEECO NT9300
optical contour instrument. Figure 16a–d show the surface roughness profiles in different
regions. The average roughness Sqin of the pre-treated cylindrical specimen was measured
to be 1.57 µm.
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d = 65 µm, and (b) 900 ◦C, d = 119 µm.

Figure 16. Surface roughness of pretreated cylindrical specimen with (a) roughness measurement
positions as (b) Sqin = 1.58 µm, (c) Sqin = 1.56 µm, and (d) Sqin = 1.57 µm.

In the micro-upsetting experiment, to reduce the effect of the die surface roughness
on the surface quality of the deformed specimen, a set of gaskets with the roughness of
0.2 µm were adopted. Their surface roughness is much lower than the specimen surface
roughness. The specimen was placed between two gaskets, and the CMT5105 electronic
universal testing machine was used for the upsetting experiment at room temperature
under dry friction conditions. Figure 17a,b show the experimental setup and the surface of
the upper and lower gaskets used in the experiment, respectively. The deformation was set
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at 20%, and the low constant strain rate was set at 0.0003/s. Each group of parameters was
repeated three times to reduce the experimental error. And four different locations were
measured on each group of specimen surface. The surface roughness measurement area
and its size diagram are presented in Figure 18.
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Figure 18. Surface roughness measurement area and its dimensions.

Figure 19a,b present the surface roughness topography of the specimens and their
measurement areas after deformation for different grain sizes with a deformation of 20%.
The measurement results denoted that the specimen roughness is 0.90 µm with grain sizes
of 65 µm, and 1.03 µm with grain sizes of 119 µm. The specimen roughness with larger
grain sizes is becoming rougher after deformation under the same deformation conditions.
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Figure 19. (a) Specimens after deformation with different grain sizes; the surface topography of
corresponding regions with different grain sizes: (b) d = 65 µm, Sq = 0.90 µm; and (c) d = 119 µm,
Sq = 1.03 µm.

Through the simulation of micro-upsetting process under the same conditions as the
experiment, the contact normal pressures were extracted, and the average normal pressure
pmic under different grain sizes was calculated. By measuring the surface diameter of the
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specimen after deformation, the relative sliding distance L and the surface area growth rate
ϕ between the specimen and the die can also be obtained. Combined with Equation (7), the
roughness prediction results, the simulation results of the 3D Voronoi model, as well as
the experimental results, are given in Figure 20. Because the 3D Voronoi model adopted in
the simulation process cannot fully reflect the specimen grain orientations, the prediction
results of surface roughness models for two different grain sizes have certain deviations
from the experimental values, with deviations of 1.46% and 2.78%, which are within the
acceptable error range. Considering the size effect, the established surface roughness
prediction model can better predict the surface roughness of formed parts in micro-forming.
Meanwhile, the research results in this paper also show that the grain size increase adversely
impacts the surface roughness of the micro-formed parts. Consequently, to improve the
surface roughness of the micro-formed parts, the grain refinement treatment should be
conducted to avoid the increase in the surface roughness due to the large grain size of
the bulk.

Figure 20. Comparison between model prediction, simulation, and experimental results for different
grain sizes.

4. Conclusions

In this paper, in order to realize the quantitative description of surface roughness
changes during the deformation process of micro-formed parts, the effects of initial surface
roughness, average grain sizes, and grain orientations on the surface roughness of the
specimen were analyzed. The influence of the size effect on the specimen surface roughness
was quantified and a roughness prediction model with multi-factors for micro-formed
parts was developed. The main conclusions of this paper are given below.

(1) The finite element model of polycrystalline pure copper with a 3D rough surface was
developed. The simulation results show that the variation in the specimen roughness
increases when the increase in initial specimen roughness. Moreover, the increase in
grain size leads to the gradual increase in the specimen roughness after deformation.
At the same time, the effect of grain orientations on surface roughness enhances with
coarse grains.

(2) The scale parameter was adopted to characterize the influence of size effect on the
contact normal pressure and the surface roughness. As the scale parameter increases,
the average contact normal pressure decreases gradually. For the scale parameter 0.1
< δ < 0.8, the surface roughness increases with the increase in scale parameter, which
shows an apparent size effect.

(3) A roughness prediction model for micro-formed parts was developed. By comparing
with the surface roughness measurement results of micro-upsetting specimens with
different grain sizes, the rationality and applicability of the established prediction
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model were verified. The established model can be used to predict and control the
surface roughness of micro-formed parts, especially for the parts affected by size effect
during deformation process.
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