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ABSTRACT

Surface texture influences wear and tribological properties
of manufactured parts, and it plays a critical role in end-user
products. Therefore, quantifying the order or structure of a man-
ufactured surface provides important information on the quality
and life expectancy of the product. Although texture can be in-
tentionally introduced to enhance aesthetics or to satisfy a de-
sign function, sometimes it is an inevitable byproduct of surface
treatment processes such as Piezo Vibration Striking Treatment
(PVST). Measures of order for surfaces have been characterized
using statistical, spectral, and geometric approaches. For nearly
hexagonal lattices, topological tools have also been used to mea-
sure the surface order. This paper explores utilizing tools from
Topological Data Analysis for measuring surface texture. We
compute measures of order based on optical digital microscope
images of surfaces treated using PVST. These measures are ap-
plied to the grid obtained from estimating the centers of tool im-
pacts, and they quantify the grid’s deviations from the nominal
one. Our results show that TDA provides a convenient frame-
work for characterization of pattern type that bypasses some lim-
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itations of existing tools such as difficult manual processing of
the data and the need for an expert user to analyze and interpret
the surface images.

Keywords: Piezo Vibration Striking, surface texture, topo-
logical data analysis

1 Introduction

One of the main objectives of the manufacturing enterprise
is to achieve products that satisfy a preset quality under the con-
straints of time, cost, and available machines [1]. A key quality
in manufacturing is the surface texture which is directly related
to surface roughness [2—4] and to the tactile feel of the resulting
products which is quantified by tactile roughness [5, 6]. Surface
texture can be either intentionally introduced to satisfy functional
or aesthetic surface properties, or it can be a byproduct of a spe-
cific manufacturing setting. However, the importance of surface
texture goes beyond merely the aesthetics since the resulting sur-
face properties have a strong influence on ease of assembly, wear,
lubrication, corrosion [7], and fatigue resistance [§—10].

An example of a process where surface texture is introduced
in order to both enhance the mechanical properties of the part and
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FIGURE 1: Schematics of PVST: (a) PVST; (b) Striking process in PVST; (¢) Overlap of indentations; (d) Grid geometry. PVST nominal
grid for (d1) x and y overlap dy = dy = 0, and d2) for x overlap d, > 0 and y overlap dy > 0. The striking tool diameter is D, and the
figure shows a scanning strategy where the x and y scanning speeds are set to obtain a certain overlap ratio. When the overlap in x and y

is the same, we write dy = d), = d.

as an inevitable byproduct is the Piezo Vibration Striking Treat-
ment (PVST) [11]. In PVST, a tool is used to impact the surface
and a scanning strategy is applied to treat the whole surface, see
Fig. 1. Depending on the impact depth and speeds set for the pro-
cess, various grid sizes and diameters can be obtained. By vary-
ing parameters such as the scanning speed and the overlap of the
impacts, a texture inevitably is left behind on the surface. While
this can be leveraged to both treat and texture the surface, the re-
sulting pattern can also provide invaluable information about the
success of the treatment such as quantifying missed or misplaced
impact events. Further, the texture can also be utilized to assess
the quality of the machined surface through comparing the result-
ing pattern with the nominal or desired pattern. Specifically, if
the resulting pattern is missing too many features (indentations),
this can be an indication of large deviation of material distribu-
tion on the surface. Detecting such events can signal the need for
further finishing, or for adjusting the manufacturing process to
enhance the resulting surfaces.

While there are several classical tools for quantifying sur-
face texture [12], one limitation of these methods is their strong
reliance on the user for tuning the needed parameters. For ex-
ample, a common pre-requisite for these tools is knowing the
relative pixel intensity in the image and which threshold size for
removing objects from the image will result in a successful tex-
ture segmentation. An emerging tool that has shown promise for
quantifying texture is from the field of Topological Data Anal-
ysis (TDA). More specifically, topological measures were used
to quantify order of nearly hexagonal lattices [13] which repre-
sent nanoscale pattern formation on a solid surface that can result
from broad ion beam erosion [14]. The input data in [13] was the
location of the nanodots on the surface, which is an input data
type often referred to as a point cloud. Topological measures
were shown to be more sensitive than traditional tools, and they
can provide insight into the generating manufacturing process by
examining the resulting surfaces.

This paper explores utilizing topological measures for quan-
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tifying the surface texture produced by PVST. Specifically, the
goal of this paper is to use topological methods to quantify lat-
tice types in a PVST image, which can provide insight into the
effectiveness of the PVST process. While we use measures in-
spired by those utilized on point clouds, i.e., point locations in
the plane, in [13], the data in our work are images of the re-
sulting surface obtained using KEYENCE Digital Microscope.
Therefore, in our setting we need to process the data to extract
the PVST indentation centers in order to quantify the resulting
pattern. Our exploratory results show possible advantages to our
approach including automation potential in contrast to standard
tools where intensive user-input is required.

The paper is organized as follows. Section 2 provides back-
ground for PVST. Section 3 explains the experimental setup and
how the experimental data is collected. Section 4 outlines the
processing performed on each image to obtain the point cloud
data. Section 5 discusses the TDA-based approach proposed in
this study. Section 6 compares the results of the analysis to a per-
fect square lattice. Section 7 includes the concluding remarks.

2 Piezo Vibration Striking Treatment

Mechanical surface treatment uses plastic deformation to
improve surface attributes of metal components, such as sur-
face finish, hardness, and residual stress, which is an effective
and economical way of enhancing the mechanical properties of
engineering components. Among various mechanical surface
treatment processes, i.e., Shot Peening [15], Surface Mechani-
cal Attrition Treatment [16], High-frequency Mechanical Impact
Treatment [17], and Ultrasonic Nanocrystal Surface Modifica-
tion [18], PVST is a novel mechanical surface treatment pro-
cess that is realized by a piezo stack actuated vibration device
integrated onto a computer numerical control (CNC) machine
to impose tool strikes on the surface. Different from those pro-
cesses, the non-resonant mode piezo vibration in PVST and the
integration with CNC machine enable PVST to control the pro-
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cess more conveniently and precisely as demonstrated in previ-
ous applications in modulation-assisted turning and drilling pro-
cesses [19,20]. The schematics of PVST are shown in Fig. 1.
The device is connected to the spindle of a CNC mill through a
tool holder. The spindle can only move along the Z direction to
control the distance between striking tool and workpiece surface.
The motion of the machine table along the X or Y directions de-
fines specific striking locations on the workpiece mounted on the
table. As shown in Fig. 1a, the piezo stack actuator is connected
with a spline shaft that is part of the ball spline bearing, both of
which are fixed in the device body. The actuator drives the shaft
to move along the Z direction, but no bending or rotation is al-
lowed. The striking tool is rigidly connected to the shaft through
a holder. The power generator and amplifier produce amplified
driving voltage to extend and contract the actuator and hence ac-
tuate the tool to oscillate along the axial direction. A capaci-
tance probe clamped onto the device body and a dynamometer
plate mounted on the machine table are used to measure the dis-
placement of the tool and the force during the treatment. Both
the force and displacement are recorded synchronously in a data
acquisition system. The lower bound and upper bound of the
driving voltage are set as zero and peak-to-peak amplitude V,,
of the voltage oscillation, which can control the frequency and
amplitude of the tool vibration to generate different surface tex-
tures. The initial position of the tool Z can be used to control the
distance between the tool and the workpiece surface and hence
change the striking depth to produce different surface textures as
well. As shown in Fig. 1b-d, the successive strikes controlled
by scan speed v, will be imposed on different locations of the
surface along the tool scan path. The offset distance d; between
two successive strikes and the diameter of the indentation can
be utilized to compute the overlap ratio. Different overlap ratios
can generate various surface textures, namely higher overlap ra-
tio leads to a denser distribution of the indentations. This paper
focuses on the low overlap ratio images produced using PVST
to detect the center points of the circles in the image and quan-
titatively determine the lattice type present in the texture with
minimal user input.

3 Experimental Procedure

A mild steel ASTM A572GR50 workpiece with a dimension
of 120 mm x 40 mm X 20 mm is used for surface texture data
collection under various PVST conditions (see Tab. 1).

The treated area for each condition is 5 mm x 5 mm. Only
a size of 2.5 mm x 2.5 mm is used for surface texture data col-
lection due to the duplicate characteristic of the surface texture
throughout the treated area and the computation efficiency for
data processing. The selected area is fixed at the upper left cor-
ner of the treated area for consistent data collection. The work-
piece is placed on a free-angle XYZ motorized observation sys-
tem (VHX-S650E), and 3D surface profiles are characterized us-

V002T05A061-3

FIGURE 2: Various surface textures under different PVST con-
ditions: (a) initial workpiece surface; (b) — (d) different Z values;
(e) — (h) different overlap ratios; (i) — (1) different driving volt-
ages.

TABLE 1: Various PVST conditions. The first column represents
the samples in Fig. 2.

No. | f(Hz) V,, (V) d(mm) Ty Z (um)
b-d 100 120 3 0.75 0,10,20
e-h 100 120 3 0,0.25, 0
0.5,0.75
i-1 100 60, 90, 3 0.75 0
120, 150

ing KEYENCE Digital Microscope (VHX6000), as shown in
Fig. 3a. A real zoom lens (KEYENCE VH-Z500R, RZ x500 -
x5000) and x1000 magnification are utilized to achieve sufficient
spatial resolution (0.21 pm). Since each capture under this mag-
nification can only cover a small area, the stitching technique (22
x 22 scans in horizontal and vertical directions) is employed to
achieve sufficient capture field. Fig. 3b shows one of the cap-
tured 3D profiles under two different types of illustrations (tex-
ture and surface height map). The scanned surface textures after
different PVST conditions are shown in Fig. 2. Note that for this
paper, images e, f, and g were the main focus because they allow
extracting the indentation centers. The centers in the remaining
images are not easily identifiable, and they require tools from
image analysis that are beyond the scope of this paper.

Copyright © 2022 by ASME

€20z 1snbny /| uo sasn Aysieniun ajels uebiyoly Aq Jpd-65998-220209SW-190BS0IZ00A |.89ZZ69/190VS0LZ00N/6 L 858/220203SIN/PA-sBulpeaooid/03SIN/BI0 awse uonos|j0dje}bipawse//:dpy woly papeojumoq



