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Abstract: To investigate the underlying mechanism of the effects of surface texturing on lubricated
sliding friction in the metal forming operation, an in-situ observation system using transparent silica
glass dies and a high speed recording camera was newly developed. To correlate the dimensional
parameters of micro-dimple textured structures and tribological properties in the metal forming
operation, the in-situ observation was performed during bending with the ironing process of the
stainless steel sheet with a thickness of 0.1 mm. The lubrication behavior were compared between
the different lubricant viscosities and the micro-dimple textures with different diameters of 10 µm,
50 µm, 100 µm fabricated by using femto-/pico-second laser processing. As a result, the textured
die with dimple diameters of 10 µm and 50 µm showed the lubricant flow transferred from one to
the other dimples owing to the lubricant reservoir effect, while that of 100 µm indicated the less
supply of the lubricant. However, the textured die with a dimple diameter of 10 µm demonstrated
higher ironing force than that of 50 µm, due to the severe adhesion of work materials inside the
dimple structures. Based on these experimental findings, the dimple size dependencies on lubricant
reservoirs effects and the generation of the hydrodynamic pressure were discussed by correlating
with the in-situ observation results, a fluid-flow analysis and a laminar two-phase flow analysis using
the finite element method.
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1. Introduction

Surface texturing has attracted a great attention as a geometrical modification approach to improve
tribological performances in the metal forming operation [1]. In particular, the development of laser
processing technology has expanded its possibility in applying micro-textured array patterns on
complex three-dimensional structures. Although the initial studies were mainly focused on the surface
texturing of random dimple patterns on work materials, e.g., by shot-blast texturing [2] or by electrical
discharge texturing [3], research activities are gradually shifting either for the application to metal
forming tools within a great advancement in efficiency and varieties of laser processing [4].

Geiger et al. applied the micro-texture surface by using an excimer laser radiation onto a TiN
coated cold forging tool surface. They have shown the significant improvement of tool life by applying
the surface texture [5]. Costa and Hutchings investigated the effect of surface texturing by strip drawing
tests under a lubricated sliding contact including plastic deformation of stainless steel work sheets.
The impact of groove orientation to the drawing direction was demonstrated indicating the significant
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decrease of the coefficient of friction when it oriented perpendicularly to the drawing direction [6].
Xu et al. applied the micro-channel patterns by using laser surface texturing, and demonstrated the
friction reduction during the single point incremental forming process [7].

General understanding for the functions of surface textures is the creation of the load carrying
capacity owing to the hydrodynamic lift effect [8]. In addition, it acts as a lubricant reservoir, which
enhances the lubricant entrainment and retention under boundary lubrication [9]. Moreover, it is also
known as the structure for the wear debris entrapment to minimize the effect on damaging to the
contact pair [10]. However, these effects are strongly dependent on the contact state and operating
conditions, so that the optimal geometrical parameters for the design of surface texturing patterns are
still under discussion.

In view of the design of surface texturing patterns, one of the most commonly used geometrical
patterns are circular dimple structures sized in the range from a few microns to hundreds of microns [11].
In particular, dimple diameters, texture densities, and the relative dimple depth are the important
design parameters for surface textures in contact. Most of the studies have been contributed to
find optimal values for those parameters to obtain the best tribological performance to achieve the
maximum load carrying capacity under hydrodynamic lubrication [12]. In comparison with the
conventional studies in the field of tribology for bearing [13] or automotive piston [14], characteristic
features of the contact state in metal forming is the contact pair loaded under plastic deformation. Thus,
the amount of strain induced in the work material will strongly affect the real area of contact and so
as the lubrication between tools and materials [15]. In such a contact state, it is well known that the
role of the plasto-hydrodynamic lubrication (PHL) becomes dominant under certain specific contact
conditions [16]. As the surface deformation proceeds under the mixed lubrication regime, the lubricant
trapped in the valley of the surface asperities act as a hydrostatic medium [17]. In particular, this increase
of the effect of PHL by the intentional formation of lubricant pockets in the work material or tool surface
is called the microplastohydrodynamic lubrication (MPHDL) [18]. Thus, the surface texturing patterns
for the metal forming die surface should be designed based on those specific contact states. However,
the basic mechanisms of the contribution of the surface texture and design guideline optimized for
metal forming operations are still under discussion, due to its difficulties in observing the lubricant
flow behavior between workpieces and tools.

Within these backgrounds, the present study aims to clarify the basic mechanism and relationship
between the geometrical parameters of dimple surface textures and lubrication properties during metal
forming operations. In sheet metal forming, for example, the surface is loaded under contact pressure
from few hundreds of MPa in the deep drawing process to more than 1 GPa such as for the ironing
process, with the ratio of surface enlargement less than 2% [19]. As a first approach to investigate
under these contact states, the in-situ observation system using transparent silica glass dies and a
high speed recording camera was developed to directly observe the dynamic variation of the contact
interface during ironing of the sheet material under the mixed lubrication regime. To correlate the
dimensional parameters of surface textures and tribological properties, micro-dimple array patterns
were fabricated on silica glass dies by using femto-/pico-second laser processing. By using this laser
surface textured silica glass die, the in-situ observation was performed during ironing of the stainless
steel sheet with a thickness of 0.1 mm. The difference in the lubricant flow behavior and its effect on
the tribological properties between the different dimple structures under the different contact state was
thoroughly investigated.

2. Experimental

2.1. Development of In-Situ Observation System

A new in-situ observation system was developed with a high-speed recording camera system,
VW-9000, equipped with a microscope lens VH-Z75 (Keyence Corp., Osaka, Japan) attached to a sheet
metal forming die assembly. A load cell and a high-precision stroke sensor were built into the sheet
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metal forming die assembly, which enables to determine the forming load and stroke by using a data
logger. The magnification of the lens can be adjusted from 75 to 750. The whole setup is installed on a
high-precision desktop-size servo screw press machine, type DT-J312, Micro Fabrication Laboratory
LLC. The in-situ observation system and its schematic illustration are shown in Figure 1. To observe
the contact interface between the textured die and work sheet materials, a transparent silica glass die
with an elastic modulus of 72 GPa was used for bending with the ironing process. An initial arithmetic
mean surface roughness (Sa) of the silica glass die was 0.3 µm. The in-situ observation was achieved by
observing from the back side of this silica glass die as shown in the figure. The area of the observation
was decided based on the contact state analysis using the finite element (FE) analysis described in
Section 3. Another bending die opposed to this silica glass die and a punch were made of tool steels
(JIS: SKD11).

Figure 1. Schematic illustrations of the in-situ observation system, (a) bending with ironing die
assembly, (b) appearance of the system and (c) dimensions of bending with ironing dies and punch.

2.2. Fabrication of Surface Texturing

Micro-dimple array patterns were fabricated on a silica glass die surface by using the
femto-/pico-second laser in view of the great advantage in its high accuracy and ability to process
the µm-scale dimple textures [20]. The geometrical parameters for the micro dimple textures are
summarized in Table 1. A texture density is defined as the ratio of the textured to the non-textured
area. The dimple aspect ratio is defined as the ratio of the dimple depth to its diameter [11]. The micro
dimple diameters were changed from 10 µm, 50 µm to 100 µm, keeping both density and aspect
ratio constant. Figure 2 shows surface profiles and cross sectional profiles of dimples with different
diameters fabricated by laser processing. The dimples with semi-ellipse shapes and smooth hole edges
were successfully manufactured.

Table 1. Geometrical parameters of micro dimple arrays.

Texture Density ρd Aspect Ratio λ Diameter d [mm] Depth hd [mm] Pitch b [mm]

0.1 0.1 0.1 0.01 0.18
0.1 0.1 0.05 0.005 0.09
0.1 0.1 0.01 0.001 0.02
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Figure 2. Confocal laser scanning microscope images of the laser textured dimple cell with a diameter
of (a) 10 µm, (b) 50 µm, (c) 100 µm and (d) its surface line profiles.

2.3. Experimental Conditions

Operation conditions of bending with the ironing process are summarized in Table 2. The material
used was the stainless steel JIS: SUS304-H with a thickness of 0.1 mm, a width of 15 mm and a length of
3 mm. The clearance between the punch and die was set to 0.09 mm, so that the ironing was achieved
for the sheet thickness of 0.1 mm. The punch velocity was 50 mm/s with a maximum stroke of 4 mm
without acceleration during the process. To investigate the effect of the lubricant viscosity on the flow
behavior on the textured surface, commercially available lubricants (G-6311, G-6030M, G-3116HS,
Nihon Kohsakuyu Co., Ltd., Tokyo, Japan) with three different viscosities of 1.27 mm/s2, 2.53 mm/s2

and 4.51 mm/s2 were used. The in-situ observation during bending with the ironing process was
carried out using silica glass dies with different dimple diameters as above. The non-textured silica
glass die was also used as a reference.

Table 2. Operation conditions of bending with the ironing process.

Work Material Stainless Steel (JIS:SUS304-H)

Sheet thickness t [mm] 0.1
Bending die radius rd [mm] 0.5

Punch corner radius rp [mm] 0.5
Clearance c [mm] 0.09

Maximum stroke hs [mm] 4
Punch Velocity vp [mm/s] 50

Lubricant viscosity η [mm2/s] 1.27, 2.53, 4.51

3. Finite Element (FE) Simulation of Contact State

To decide the in-situ observation area along the sliding surface, the apparent contact length and
contact pressure were estimated by using the FE-analysis. The analysis was done with an implicit
dynamic finite element model using ABAQUS 6.16. A 2D plane-strain model was used as schematically
shown in Figure 3. The mechanical properties of the work material and bending dies are summarized
in Table 3 [21,22]. The model of the work sheet material was meshed with linear quadrilateral 4-node
plane stress elements and was assumed as an isotropic elasto-plastic body. The material properties
were obtained by uniaxial tensile tests of SUS304-H with a thickness of 0.1 mm. A total number of
77,278 elements were meshed in the whole FE model. The silica glass die and tool steel die were
modeled as the elastic body and the punch was modelled as the rigid body. In the analysis, the contact
state was assumed using the penalty method with a friction coefficient µ of 0.1. The validation of the
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simulation was confirmed by the comparison with a load-stroke curve of the non-textured silica glass
die obtained by the experiment.

Figure 3. Schematic illustration of the finite element (FE) model for the contact state analysis of bending
with the ironing process.

Table 3. Analytical conditions of material models for the contact state analysis.

Material Stainless Steel Silica Glass Die Tool Steel Die (JIS:SUS304-H)

Material model Elasto-plastic body Elastic body Elastic body
Mass density ρ [g/cm3] 7.93 2.2 7.72

Elastic modulus E [GPa] 200 72 206
Yield stress σy [MPa] 1170 - -

Poisson’s ratio ν 0.3 0.17 0.3

4. FE Based Computational Fluid Dynamics (CFD) Analysis

To analyze the lubricant flow behavior for different dimple dimensions obtained by the in-situ
observation, two different CFD analyses were performed by using the COMSOL Multiphysics 5.2a.
One is a laminar two-phase (air and lubricant) analysis to simulate the flow-in behavior of the lubricant
to the inside of the dimple structures, and another is a fluid-flow analysis to simply simulate the steady
state flow behavior during the sliding surface. Figure 4 shows a schematic illustration of the numerical
model. A single unit cell of the texture patterns was chosen for the modelling domain. It consists of
the moving wall at the top surface as the sliding work sheet and the lubricant film filled in between the
textured tool and the work sheet. As geometrical parameters of the texture patterns, dimple diameter
d, pitch b, lubricant film thickness hl were defined. To reduce the calculation time, a 2D computational
domain with the textured die in cross-section was used. Details of each analysis are described in the
following sections.

Figure 4. Schematic illustration of the model of micro dimple cells for the CFD (computational fluid
dynamics) analysis.
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4.1. Laminar Two-Phase Flow Analysis

To analyze the inflow behavior of the lubricant to the inside of the dimple structure with different
dimensions, the laminar two-phase flow analysis at the fluid interface between the lubricant and air
was carried out. In this simulation, the phase field were time dependent since the position of the
interface was dependent of its history. Two-dimensional incompressible Navier-Stokes equations were
used. In addition, the Level Set method was used to describe the convection of the fluid interface.
The level set function φ was defined below;

φ = 0 (Gas phase)φ = 0.5 (Interface)φ = 1 (Liquid phase) (1)

In a transition layer of liquid close to the interface between liquid and gas, φ varied smoothly
from zero to one. Details for the level set function and modified Navier-Stokes equations are described
elsewhere [23,24]. The sliding velocity of vw was defined at the moving wall boundary conditions of
the top surface, while the bottom wall with the dimple structure are modelled as a stationary wetted
wall. In addition, the lubricant inflow from the inlet at a constant flow velocity of vf was modelled
and the outlet of the lubricant flow was defined as the zero gauge pressure. Table 4 summarizes the
analytical conditions for the laminar two-phase flow analysis.

Table 4. Analytical conditions for the laminar two-phase flow analysis.

Mass Density of Lubricant ρliquid [kg/m3] 899.8
Lubricant viscosity of ηlub [Pa·s] 0.04

Sliding speed vw [mm/s] 50
Flow velocity vf [mm/s] 50

Lubricant film thickness hl [µm] 2
Density of gas ρgas [kg/m3] 1.2
Viscosity of gas ηgas [Pa·s] 1.8 × 10−5

Atmosphere temperature T [K] 293.15
Contact angle θ [degrees] 20

4.2. Fluid-Flow Analysis

To roughly estimate the generation of the hydrodynamic pressure in the steady state lubricant
flow for each texture dimension during the sliding of the work sheet surface, the simple fluid flow
analysis was performed. Following two-dimensional incompressible Navier-Stokes equations were
used to simulate the steady state lubricant flow in between the work material and tool surface.

ρv · ∇v = −∇p + η∇2v (2)

∇ · v = 0 (3)

v is the velocity vector, p is the pressure, ρ is the mass density of the fluid and η is the viscosity of
the lubricant. As well as the above laminar two-phase flow analysis, the constant velocity of v was
defined as the moving wall boundary conditions of the top surface of lubricant films, while the bottom
wall with dimple structure are modelled as the stationary body. In addition, the pressure at the inlet
and outlet of the lubricant flow, where the end of the modelled domain of the lubricant is observed,
was defined as the zero gauge pressure. Analytical conditions are summarized in Table 5.

Table 5. Analytical conditions for the fluid-flow analysis.

Mass Density ρ [kg/m3] 899.8
Viscosity ηl [Pa·s] 0.04

Sliding speed vw [mm/s] 50
Lubricant film thickness hl [µm] 0.5, 1, 2
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5. Results

5.1. Contact State Analysis

Figure 5a shows a calculated result of the variation of the contact pressure and apparent contact
length during bending with the ironing process for the in-situ observation. Contour figures as shown
in Figure 5b show the distribution of the equivalent stress state at the corresponding punch strokes
denoted in Figure 5a. The contact pressure increases with the increasing punch stroke during bending
and it reaches the maximum of 1600 MPa at a stroke of 1.2 mm. Afterwards, it decreases until a stroke
of 2.5 mm and it becomes almost constant until the process is completed. On the other hand, the contact
length linearly increases from 0.1 mm at a stroke of 1.2 mm and it reaches the maximum contact length
of 2.8 mm at a stroke of 4.0 mm. To visualize the variation in the contact state and to observe the
lubricant flow of the contact interface during ironing processing, the area directly under the die radius
was chosen as the in-situ observation area, where the maximum contact pressure was observed.

Figure 5. Results of the contact state analysis. (a) Variations of the contact pressure and apparent contact
length during bending with the ironing process, (b) variation of the equivalent stress distribution at
each punch stroke denoted in (a).

5.2. In-Situ Observation of Lubricant Flow

Figure 6 shows captured images from the recorded in-situ observation movies during the ironing
process using a silica glass die with a dimple of 50 µm in the diameter at a stroke of (a) 1.25 mm,
(b) 1.5 mm, (c) 2.5 mm and (d) 3.5 mm. The sliding direction of the work sheet is indicated by an arrow
directed from top to bottom. The inset figure at each stroke shows magnified views of one dimple
cell. A line below the first row of the dimples in Figure 6a indicates the edge of the radius of the work
sheet bended by the punch corner radius, showing that it slides over the first row of the dimples.
The area around this edge shows a stronger light reflection from the surface of the work sheet and
it appears brighter. Considering from the results of the FE-analysis, the brightness of the captured
images indicates the high pressure contact leading to a thin lubricant film thickness. While, the small
air bubbles are generated inside the dimples directly after the radius edge of the work sheet slides
over the dimples. When it slides over the second dimple row, this brighter area shifts downwards as
shown in Figure 6b. The diameter of the air bubbles increases with increasing of the punch stroke.
Note that brightness at the area below the first row of the dimples in the sliding direction became
darker, indicating the lubricant transfer from the first to the second row. At a stroke of 2.5 mm as
shown in Figure 6c, the diameter of the air bubble inside the dimples further increases. When the air
bubble diameter reaches the diameter of the dimple, an area with the interference color is observed,



Metals 2019, 9, 917 8 of 17

moving from the first to the second row of the dimples along the sliding direction. Afterwards, the air
bubble diameter at the first row dimples decreases as shown in the inset figure of Figure 6d indicating
a refill of the lubricant inside the dimple.

Figure 6. Captured images from in-situ observations at various punch strokes of (a) hs:1.25 mm,
(b) hs:1.5 mm, (c) hs:2.5 mm and (d) hs:3.5 mm in bending with the ironing process using the surface
textured die with a dimple diameter of 50 µm.

A conceivable explanation for this generation of air bubbles is the air carried into the contact
interface or to the local cavitation, which is caused by rapid pressure drops [25]. However, considering
from the range of the relative sliding speed and the observation of the remaining air bubbles even
without the movement of the punch stroke, that the cavitation effect seems to be less effective [26].
Instead, the air bubbles seem to be a flow from the surface of work material or inside of the initial
lubricant. Therefore, the generation of the air bubbles and the variation of its diameter can be identified
as an indicator of the lubricant supply from the dimples during the ironing process.

5.3. Effect of Micro-Dimple Diameters

Averaged punch force–stroke curves for the non-textured die and the textured die with different
dimple diameters of 10 µm, 50 µm, 100 µm are plotted in Figure 7. The error bars in the figure show
the standard deviations for seven processes for each condition. In comparison with the non-textured
tool surface, lower punch forces were obtained for a 50 µm and 100 µm dimple diameter, while the die
with a dimple diameter of 10 µm shows higher force and it increases over seven processes.

Figure 8 shows the captured images from the in-situ observation movies during the ironing
process at a stroke of 1.5 mm with (a) the non-textured die and the dies with the dimple size of (b)
10 µm, (c) 50 µm and (d) 100 µm in diameter. In view of the brightness of the observation images,
which shows the less lubricant under higher brightness region, the non-textured silica glass die has the
brighter area at the latter half of the image, while the other textured die has the darker region below
the dimple arrays. In particular, the textured dies with a dimple size of 10 µm and 50 µm in diameter
show clear images of the sufficient supply of the lubricant below the dimple structure, where the lack
of the lubricant was observed for the non-textured die at the same stroke of 1.5 mm. As for the textured
die of 100 µm in diameter, however, the darker area between the dimples in the sliding direction do
not reach the second row of dimple arrays. Additionally, the generation of the air bubbles inside the
dimple structures is not clearly observed.
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Figure 7. Punch force–stroke curves of bending with the ironing process using the non-textured die
and surface textured die with different dimple diameters of 10 µm, 50 µm, and 100 µm.

Figure 8. Captured images from in-situ observations at a punch stroke of 1.5 mm in bending with the
ironing process using (a) the non-textured die and surface textured die with different dimple diameters
of (b) 10 µm, (c) 50 µm and (d) 100 µm.

5.4. Effect of Lubricant Viscosity

Figure 9 shows the punch force–stroke curves of bending with the ironing processes using a 50 µm
textured silica glass die with different lubricant viscosities of 1.27 mm/s2, 2.53 mm/s2 and 4.51 mm/s2.
As mentioned above, error bars in the figure show the standard deviations for seven processes for each
viscosity condition. The lubricant with the highest viscosity of 4.51 mm/s2 shows the lowest punch
force with less deviation, while the lubricant with an intermediate viscosity of 2.53 mm/s2 indicates the
slightly larger punch force. On the other hand, the lubricant with the lowest viscosity of 1.27 mm/s2

results in the highest punch force with a large deviation, which is caused by the significant increase
over the series of seven processes.
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Figure 9. Comparison of punch force–stroke curves between different lubricant viscosities in bending
with the ironing process using the surface textured die with dimple diameters of 50 µm.

Figure 10 shows the comparison of the captured images at a 1.5 mm punch stroke with the
viscosities of (a) 4.51 mm/s2, (b) 2.53 mm/s2, and (c) 1.27 mm2/s, using the silica glass die with dimple
diameters of 50 µm. Since the brightness between the first and second row of the dimples were dark
for the viscosity of 4.51 mm/s2 and 2.53 mm2/s, the lubricant seems to be well transferred between
the dimples. On the other hand, for the lowest viscosity of 1.27 mm/s2, the brightness at the area
between the first and the second row dimple arrays becomes slightly brighter, suggesting a less supply
of lubricant between the dimples.

Figure 10. Captured images from in-situ observations at a punch stroke of 1.5 mm in bending with
the ironing process with a 50 µm-dimple textured die using lubricants with different viscosities of
(a) 4.51 mm/s2, (b) 2.53 mm/s2, and (c) 1.27 mm2/s.

From the above observations, the sufficient lubricant supply and its transfer between the dimple
arrays appear to be dominant for the difference in punch forces, as described in Sections 5.3 and 5.4.
The cause of this difference in the punch force and related lubricant flow between the different dimple
dimensions are further discussed based on the results of the CFD analysis in the following sections.

6. Discussion

From the observation of the lubricant flow behavior shown in Figure 6a–d, dimple array patterns
seem to act as lubricant reservoirs transferring the lubricant at the interface, which leads to a fluid
film lubrication from boundary lubrication. To analyze the difference in the flow-in behavior between
different dimple sizes, as shown in Figure 8, the laminar two-phase flow analysis was performed.
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Figure 11 shows the lubricant inflow behavior at each time step of the calculations for different dimple
diameters of 10 µm, 50 µm and 100 µm. The colored side bar shows the level set value, which means
the transition degree of the two phases of the lubricant and air; one for the lubricant phase and zero
means the air phase. As can be seen from the transition at each time step, the time delay flowing into
the dimple structure is more significant for the larger dimple size. Although the smallest dimple with
10 µm was filled with the lubricant at a step time of 0.66, the one with 100 µm was not filled with the
lubricant even at a step time of 1.0. This is apparently due to the relative volume of the lubricant that
flowed into the dimple to the volume of dimple structure. When we assume that the same amount of
the lubricant will flow into the interface, the relative volume of the lubricant reserved into the dimple
cells and the original volume of the dimple structure with different diameters can be roughly estimated
by geometrical calculations.

Figure 11. Comparison of the variations of the flow-in behavior of the lubricant at different time steps
in the laminar two-phase flow analysis for different dimple diameters of 10 µm, 50 µm and 100 µm.

Figure 12 shows a schematic illustration of the calculation area of the lubricant volume.
The geometry of the dimple cell was defined as half of the ellipsoid, and expressed as the
following equation,

Vd =
1
6
πd2hd + d2hl (4)

Vl = dbhl (5)

where Vd denotes the volume at the area of dimples and Vl is the volume of the lubricant at the area
of the pitch between the dimples flowing into the dimples. According to a report of Azushima et al.,
the range of the thickness of lubricant films, hl, was assumed as 0.5 µm to 2.0 µm [27].

Figure 13 shows the variations of the relative volume, Vl/Vd, as a function of the lubricant film
thickness. Dotted lines in the figure are quadratic approximation lines for the calculated data plots
for each dimple diameter. Since the amount of lubricant flowing into the dimple structure decreases
with decreasing of the lubricant film thickness, Vl/Vd indicates the decreasing tendency. In particular,
the dimple size with a 100 µm in diameter shows the lowest Vl/Vd under all lubricant film thickness
conditions, due to its relative large volume of the dimple cell structure compared to the amount of
lubricant flow into the structure. Thus, the lubricant will not be sufficiently reserved during sliding
and it will be rather difficult to be supplied to the next row of dimple arrays along the sliding direction.
Those tendencies are well corresponding to the in-situ observation results, which showed the less
lubricant supply between the dimple array for the 100 µm dimple size as shown in Figure 8d. In view
of the inflow and retention behavior of the lubricant into the dimple structure, the relative volume
of the inflow lubricant to the dimple structure is of great importance to have a sufficient retention of
lubricant and its supply to the next row of the dimple arrays. Therefore, the volume of the dimple
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structure needs to be designed corresponding to the amount of lubricant transferred by the sliding
of work materials, which is related to the lubricant viscosity, contact pressure and sliding velocity at
the interface.

Figure 12. Schematic illustration for geometrical calculations of the relative volume of lubricant flow
into the dimple cell Vl and the volume of dimple cell structure Vd.

Figure 13. Variations of the relative volume Vl/Vd as a function of the lubricant film thickness hl for
different dimple diameters of 10 µm, 50 µm, and 100 µm. Dotted lines are quadratic approximated
lines for the data of each dimple diameter.

Another observation is the results of the dimple with a 10µm in diameter, which shows the
highest punch forces even under the sufficient supply of lubricant between the dimple arrays as seen
in Figure 8c. To further discuss the cause of this tendency, a steady state fluid flow analysis was carried
out focusing on the effect of the hydrodynamic pressure. Figure 14 shows the comparison of the
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hydrodynamic pressure distribution between different dimple dimensions under different lubricant
film thicknesses of (a) 0.5 µm, (b) 1.0 µm and (c) 2.0 µm. As a general tendency, the hydrodynamic
pressure significantly decreases at the inlet of the dimple structure, and it increases at the outlet for all
dimple diameters. It is well known that those significant decrease and increase of the hydrodynamic
pressure at the edge of the dimples contribute to the inlet suction effect to introduce the lubricant into
the dimple structure [28]. However, it can be seen that those tendencies of pressure drop and rise at the
dimple cell are relatively small for the dimple with 10 µm at a film thickness of 1 µm and 2 µm. This is
due to the relative small depth of the dimple cell structure compared to the lubricant film thickness.
Figure 15 shows the distribution of the flow velocity and its flow lines for each dimple size of 10 µm,
50 µm and 100 µm under a lubricant film thickness of 2 µm. As can be seen from the direction of the
flow lines, the vortex-like flow behavior was observed inside the dimple structure with 50 µm and
100 µm in diameter, while the coquette flow oriented to the sliding direction was obtained for that with
10 µm. The generation of the vortex flow inside the dimple might be attributed to this pressure drops,
and it can be also related to the generation of the air bubbles as seen in the in-situ observations [29].

Figure 14. Comparisons of the calculated hydrodynamic pressure distribution between different dimple
diameters of 10 µm, 50 µm and 100 µm under different lubricant film thicknesses hl of (a) 0.5 µm,
(b) 1.0 µm and (c) 2.0 µm.
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Figure 15. Comparison of the distribution of the lubricant flow velocity in the dimple cells with
different diameters of 10 µm, 50 µm, 100 µm under a lubricant film thickness of 2.0 µm.

Due to this lower hydrodynamic pressure for the dimple diameter of 10 µm, the sliding contact
pair can be directly contacted with each other. In fact, from the observation by using the optical
microscopy as shown in Figure 16, it was found that a metallic material was accumulated inside the
dimples, on which the work sheet edges slid over. This accumulation was found to wear the debris
from the work material, by detecting the iron (Fe) elements from the energy dispersive X-ray (EDX)
analysis as shown in Figure 16. This accumulation of wear debris may cause the instability and higher
load during the ironing process.

Figure 16. Surface images of silica glass die with textured dimple with 10 µm in diameter after bending
with ironing processes, (a) optical microscopic image, (b) EDX (energy dispersive X-ray) mapping of
Fe (Iron).

From the viewpoint of load carrying capacity of inside the dimples, the hydrodynamic pressure
drops at the inlet and rapid increase at the outlet should be taken into account, which strongly relates
to the relative depth of the dimple structure to the thickness of the lubricant. Even the texture has
the lubricant reservoir effect as seen in the dimple with a 10 µm in diameter, it may cause the direct
contact with work materials due to the less hydrodynamic pressure, and it promotes the wear debris
generation to worsen the friction properties. The similar tendency was also observed in comparison
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between the different viscosities of the lubricant as shown in Figure 10. The highest punch force with a
large deviation at low viscosity lubricant seems to be attributed to the less hydrodynamic pressure,
resulting in the flow out of the lubricant from the contact interface. Therefore, the lubricant transfer to
the next dimple array patterns became difficult, as leading the direct contact with the work materials.

7. Conclusions

In the present study, to investigate the underlying mechanism of the effect of surface texturing on
the lubricated sliding friction in the metal forming operation, an in-situ observation system which
enables to observe the contact interface between tools and work materials during the sheet metal
forming process was newly developed. The in-situ observation results under the different texture
dimensions and the different lubricant viscosities are compared with the load stroke measurements and
additional CFD analysis for the single cell of dimple texture. From these experimental and analytical
results, the following conclusions can be drawn;

A series of inflow, retaining and supply of the lubricant at the contact interface was successfully
observed during bending with the ironing process, by referring the brightness of the captured images
and the generation and growth of the air bubbles inside the dimple structure as an indicator.

In comparison between the laser textured dies with different dimple diameters, the lowest punch
force was obtained for the dimple diameter of 50 µm, which can be proper dimensions for the sliding
contact state with a maximum pressure of 1.6 GPa at a contact length of 0.1 mm.

Although the dimple with a diameter of 100 µm also indicated the lower punch force than the
non-textured die, less transfer of lubricant between dimple array patterns due to the large volume of
dimple structure resulted in the higher punch force than that with 50 µm.

While for the dimple with a diameter of 10 µm, less hydrodynamic pressure due to the relative
shallow depth of the structure caused the direct contact with work materials, and it resulted in the
highest punch force with larger deviations.

The tendency between the different lubricant viscosities also supported the above observation
that the lowest viscosity lubricant showed less lubricant transfer under low hydrodynamic pressure
than the other higher viscosity lubricants.

Consequently, to obtain the sufficient load carrying capacity of the lubricant during the metal
forming operation by applying the surface texturing, the contribution by the lubricant reservoir effect
will be a main dominant role. To have the sufficient lubricant supply, the surface texture should be
designed based on the relative volume of the dimple structure for the lubricant retention, thickness of
lubricant films and the amount of lubricant transferred by the work materials during the operation.
Further investigation is required to correlate those dimensional parameters of the surface texture
and pitch of patterning with the distribution of the contact pressure, thickness of the lubricant film,
and resulting friction properties during the forming operation.
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Nomenclature

List of symbols
b Pitch [mm]
c Clearance between punch and die [mm]
d Dimple diameter [mm]
dp Punch with [mm]
E Elastic modulus [GPa]
hd Dimple depth [mm]
hl Lubricant film thickness [µm]
hs Maximum stroke [mm]
lc Contact length [mm]
np Number of forming processes (dimensionless)
pc Contact pressure [MPa]
rd Bending die radius [mm]
rp Punch radius [mm]
t Work sheet thickness [mm]
T Temperature [◦C]
u Kinematic viscosity [mm2/s]
vp Punch velocity [mm/s]
vw Sliding wall velocity [mm/s]
vf Flow velocity [mm/s]
Vd Volume of dimple cell [mm3]
Vl Volume of lubricant at pitch area [mm3]
w Width of die gap [mm]
Greek letters
µ Friction coefficient (dimensionless)
η Kinematic viscosity of lubricant [mm2/s]
ηlub Lubricant viscosity [Pa·s]
ηgas Gas viscosity [Pa·s]
λ Dimple aspect ratio (dimensionless)
ρ Mass density of fluid [kg/m3]
ρgas Gas density [kg/m3]
ρliquid Liquid density [kg/m3]
ρd Texture density ratio (dimensionless)
σ Surface tension coefficient [mN/m]
σy Yield stress [MPa]
ν Poisson’s ratio (dimensionless)
θ Contact angle [degree]
ϕ Level set function (dimensionless)
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