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ABSTRACT

The functional performance and service life of engineering components strongly depend on
the surface attributes, including surface finish, residual stress, and mechanical strength. Modifying
surface attributes by mechanical surface treatment is an effective and economical way of improving
the overall performance of engineering components and products. In this study, a novel mechanical
surface treatment process, piezo vibration striking treatment (PVST), is proposed and realized by
a piezo stack vibration device integrated into a CNC machine. Unlike existing mechanical surface
treatments, PVST employs non-resonant mode tool vibration to strike the work surface, leading to
better control of the induced surface plastic deformation and hence more efficient surface modifica-
tion. First, the striking force, tool vibration displacement, and resulting surface deformation were
investigated using four designed experiments, i.e., tool-surface approaching, single-spot striking,
one-dimensional (1D) scan striking, and 2D scan striking experiments. The results demonstrate
the feasibility and excellent controllability of PVST in terms of force and displacement correla-
tion and surface deformation monitoring. Then, intrinsic surface roughness and texture produced
by PVST were investigated by conducting PVST on mild steel and pure copper with an initially
smooth surface (Ra ~ 0.32 um). The dependency of the intrinsic roughness/texture on the process
parameters was established. Finally, surface roughness/texture improvement by PVST on electron
beam melted Ti6Al4V was investigated. It was found that the combined compression and sliding
deformation under the negative engagement distance between the striking tool and work surface is
most effective in reducing surface roughness (from 48.6 um to 3.7 um) and transforming surface
texture from a scattered pattern to a uniform pattern. This study shows the promising potential of

PVST in the post-processing of additively manufactured metal parts.
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CHAPTER 1

INTRODUCTION

Because friction, wear, corrosion, and fatigue usually occur or initiate on the surface, the
functional performance and service life of metallic engineering components are very much depen-
dent on their surface attributes, such as surface roughness, hardness, microstructure, and residual
stresses [1]. Modifying these surface attributes is an effective and economical way of improving
the overall performance of engineering components and products. Typically, surface treatment is
applied at the end of the manufacturing process to remove defects or improve the components’
mechanical properties, such as smoothing after machining or heat treatment after additive man-
ufacturing. There are various surface treatments corresponding to the different manufacturing

processes. Therefore, selection of surface treatment highly depends on the manufacturing process.

1.1 Classification of metal surface treatment

Common metal surface treatments can be generally divided into four categories. The first
category of surface treatment is the material removal process, i.e., milling, drilling, and turning in
machining. Machining is typically used as a pre-processing to machine the raw material to a size
very close to the target geometry [2]. It can produce parts with tight tolerances and fine details from
an extensive range of metals. However, the parts often come off milling and turning machines with
visible tool marks. They need to be further smoothed or polished to improve their surface quality
and visual appearance by reducing their surface roughness [3]. The process can also introduce
tensile residual stress that decreases the fatigue life.

The second category of surface treatment is adding a protective layer to the surface of the
workpiece to enhance its surface attributes by chemical, physical, or electrochemical methods. The
typical processes in this category include electrophoresis deposition [4], electroplating [5], powder
coating [6], anodizing [7], and physical vapor deposition [8], etc. The protective layers in these
processes can enhance wear or corrosion resistance, impact resistance, and hardness of the parts’
surface [6]. The coating can also add color and different high-gloss matte to increase the product’s

aesthetic appearance with good dimensional control, which are broadly applied in daily furniture,



automobiles, and pipeline transportation industries. Nevertheless, these methods have limitations.
Anodizing is only compatible with non-ferrous metals or their alloys. Powder coating is not easily
applied to internal surfaces and is unsuitable for small components. Electroplating has a high risk
of environmental pollution due to chemical solutions.

Abrasive treatment is another surface treatment that depends on the repeat interaction between
the workpiece’s surface and some flexible tools or abrasive medium to remove those rough surface
features, including abrasive machining [9], polishing [10], electropolishing[11], grinding [12], and
superfinishing [13]. Electrolytic polishing has the advantages of good gloss quality, high efficiency,
low cost, increased corrosion resistance of the workpiece surface, and is suitable for all stainless-
steel materials. Superfinishing, such as shape adaptive grinding, continuously processed polishing,
elastic emission machining, and magnetic-field assisted finishing, can finish surfaces to a nano-
scale level and accommodate surface finishing of 3D freeform surfaces [14], enabling the parts to
be applied in the manufacture of precision instruments. Nonetheless, many influencing parameters
in electropolishing make it challenging to find the correct parameters. Additional attention to safe
operation is needed when using the complex composition of the electrolyte. The superfinishing
methods require the initial surface finish of the workpiece to be at a specific level (slight surface
roughness). Otherwise, the treatment cannot be successfully implemented. Also, it takes a long
processing time to reach the nano-level precision and does not improve mechanical properties
except the surface finish.

Lastly, another common method to modify surface attributes is by surface plastic deformation
imposed by striking the surface with hard tool indenters. This has long been utilized in surface
mechanical treatments which are usually applied at the end of the manufacturing process to reduce
the unfavorable effects, such as stress concentration after welding, pores defect and rough surfaces
after casting in turbo blast, engine block and cylinder head production [15], and scaling effect after
steel products manufacturing (i.e., strips, plates, sheets, wires). The surface treatments can be
leveraged to resist fatigue fracture, abrasive wear, fretting fatigue, and stress corrosion [16].

Although the first three surface treatment methods mentioned above have advantages, disad-



vantages, and applications, they cannot improve the workpiece surface roughness and material
properties simultaneously compared with the fourth plastic deformation treatment method. In ad-
dition, the second category requires relatively complex process equipment and procedures, such as
various electrochemical solutions and equipment, which have certain limitations. Therefore, this
dissertation mainly focuses on surface treatment methods through plastic deformation and explores

their potential to improve workpiece properties.

1.2 Striking-based surface treatment in conventional manufacturing

In conventional manufacturing, the most notable example of striking-based surface treatments
is shot peening (SP) [17, 18, 19, 20, 21, 22, 23, 24]. In SP, a myriad of small hard balls made of
steel or ceramic are impacted onto the surface by compressed air, resulting in randomly distributed
strikes on the targeted surface. The process generates compressive residual stresses on the surface,
thereby improving the fatigue strength of critical components and the overall fatigue life of a
structure [25, 26].

Surface mechanical attrition treatment (SMAT) is another striking-based surface modification
process [27]. In SMAT, hard steel balls (used as tool indenters) and the workpiece are all confined
to a vibrating chamber. The workpiece is fixed within the chamber while the steel balls are free to
bounce between the workpiece surface and the chamber walls, leading to repeated strikes on the
workpiece surface. This process induces severe plastic deformation, transforming the surfaces into
a nanocrystalline microstructure [28, 29, 30, 31, 32, 33, 34].

Alternatively, surface striking can also be realized while controlling the striking location by
a single vibrating tool indenter(s) driven by either a pneumatic or ultrasonic actuator. This is
demonstrated by high frequency mechanical impact (HFMI) treatment, mainly utilized to treat
weld joints [35]. The HFMI equipment is usually a hand-held impact device connecting to an
external power source. This enables the treatment to be carried out manually for weldments of
large sizes or complex geometries. The impact device is usually directed to strike the weld toe
to modify its geometry, induce compressive residual stress, and close subsurface micro-cracks,

significantly enhancing the fatigue strength of the weld joints [36, 37, 38, 39, 40, 41, 42].



While treating the weld joints manually with hand-held equipment is possible, manual opera-
tion generally is not ideal for treating component surfaces. Machine hammer peening (MHP) treat-
ment [43, 44] and ultrasonic nanocrystal surface modification (UNSM) treatment [45, 46,47, 48, 49]
are examples of such devices integrated into a computer numerical control (CNC) machine or robotic
arm. MHP has been shown to effectively reduce surface roughness and increase surface hardness
for machined molds and dies [50, 51]. As indicated by its name, UNSM employs ultrasonic tool
vibration, which enables generating nanocrystalline surfaces and improving tribological and fatigue
properties [45, 52].

1.3 Striking-based surface treatment in additive manufacturing

In metal additive manufacturing (AM), metallic parts are produced layer-by-layer using either
local melting/solidification or sintering of materials, as opposed to traditional subtractive manu-
facturing. The increasing adaptation of AM components offers a novel extended design freedom
for innovative engineering components and applications, especially in the biomedical, aircraft, and
aerospace industries. AM can produce parts of intricate and complex geometries directly from 3D
CAD models and offer a short lead time as a novel manufacturing technique.

The wide application of AM metal parts, however, is limited by the well-known disadvantages
related to the poor mechanical integrity which emanates from the part surface, such as poor surface
finish, undesirable residual stress, and volumetric defects that are intrinsic to the underlying process
(lack of fusion, unmelted particles, gas porosities, micro-cracks, etc.) [53]. These defects can
deteriorate the mechanical properties of AM parts, especially reducing fatigue performance. One
common way of addressing these issues is to remove the bad surface layer by machining. However,
this will require the AM parts to be built larger than their original design to accommodate the extra
material to be removed subsequently by machining. This results in not only longer build time but
also a waste of materials in the AM process. Moreover, the issue of residual stresses and subsurface
pores cannot be entirely addressed by machining. In contrast, the mechanical surface treatment
uses plastic deformation rather than material removal to improve surface finish, so the part does not

need to be built oversized. This could lead to cost savings in both build time and materials. More



importantly, the mechanical surface treatment will be more effective in generating compressive
surface residual stresses, strengthening the surface by strain hardening, and possibly closing and
healing the pores beneath the surface, all of which will significantly benefit the mechanical integrity
together with better surface finish and improved fatigue life of AM parts.

In recent years, various mechanical surface treatments, including striking-free and striking-
based methods, have been applied to AM metal parts. Striking-free surface treatments are dependent
on sliding friction and compression between the tool and workpiece and apply severe plastic
deformation on the treated surface, such as burnishing [54, 55, 56], where a half-spherical indenter
applies compression on a rotating workpiece and deep rolling [57] in which the deep rolling
pressure is applied to rolling balls that follow a milling-like kinematic process (the tool rotates and
the machining is performed by a linear movement along the machining axis). Sumair Sunny et
al. [58] utilized a hybrid AM process that combines laser-based powder bed fusion and interlayer
burnishing to investigate the effects of microstructure and inherent (imposed) stress on the residual
stress. The resulting microstructure has an anisotropic distribution of residual stress along the

treated surface, as shown in Fig. 1.1.
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Figure 1.1 Anisotropic residual stress distribution: (a) the rolling direction (X), and (b) the axial
direction (Y), along the surface of the subset [58].

In contrast, the influence of the inherent stress on the residual stress is less significant than the
microstructure. Daniel Meyer et al. [59] reported that deep rolling can also be integrated into the

build process of Selective Laser Melting (SLM). The interlayer interaction between deep rolling and



layer deposition provides the potential to generate material-internal reinforced domains. In contrast
to striking-free surface treatment, striking-based surface treatments rely on continuous dynamic
impact from the tool or the shots to deform the surface material and improve the surface quality,
such as SP, SMAT, HFMI, and UNSM mentioned above. Researchers utilized SP to post-process
17-4 stainless steel components fabricated by direct metal laser sintering [60], and AISi10Mg [61]
and Ti6Al4V [62] parts manufactured by SLM. The results revealed that SP induces more favorable
roughness, compressive yield strength, and fatigue resistance. SMAT was performed on 316L
stainless steel parts made by laser powder bed fusion [63] and Ti6Al4V ELI medical components
produced by SLLM [64] to introduce a nanostructured layer and improve fatigue performance. As
reported in [65], hand-held HFMI was applied with directed energy deposition (DED) to enhance
the fatigue life of in-situ processing Inconel 718. The results demonstrated that the hybrid AM
process can produce metallic parts with refined microstructure and favorable compressive residual
stress. Zhang et al. [66] and Kim et al. [67] employed UNSM to process Ti64 and AISI 316L parts
by DED. It was found that UNSM resulted in a better surface finish, lower subsurface porosity, and

a high magnitude of compressive residual stress, enhancing fatigue properties.

1.4 Drawbacks of current striking-based surface treatments

It is seen that the applications of current striking-based surface treatments show great potential
in both conventional subtractive manufacturing and novel additive manufacturing. However, their
intrinsic characteristics might limit a broader range of applications.

In SP and SMAT, the surface is struck by numerous free indenters whose kinematics are not
directly controlled. The striking location, striking angle, and striking force associated with each
indenter are random variables to a large extent. Therefore, the accumulated effect from these strikes
is stochastic, making it difficult to control the treatment quantitatively. Since the exact locations of
these random strikes cannot be strictly controlled, these processes suffer from poor reliability.

In addition, from the process control point of view, the main advantage of MHP and UNSM is
that the scanning path of the vibrating tool over the surface can be precisely controlled by the CNC

machine, which implies that the strikes on the surface can be much better controlled compared



to SP, SMAT, and HFMI. While a CNC machine enables more precise positioning of the strikes,
the control of each strike still depends on the striking device. In MHP, the striking device can be
pneumatically or ultrasonically driven [36, 44, 68]. The indenter held in the front of the device is
usually not rigidly connected to the actuator. When the actuator repeatedly impacts the indenter,
the relative motion between the indenter and actuator cannot be strictly controlled. Therefore, the
impact on the surface may be only energy controlled, similar to SP but cannot be delivered in
consistent intensity [41].

In UNSM, the motion of the indenter is entirely driven by the rigidly connected ultrasonic
actuator, leading to more uniform strikes on the surface [45]. However, ultrasonic vibration de-
pends on the resonance of the vibrating structure, and thus its frequency and amplitude cannot
be controlled [69]. Technically, the vibration displacement and the striking force are difficult to
measure in the ultrasonic frequency regime. This makes it difficult to monitor or control surface de-
formation imposed by each individual strike, and the overall surface deformation resulting from the
treatment cannot be quantitatively controlled. Note that imposing controllable surface deformation

is a critical step toward understanding and controlling the modified surface attributes [70].

1.5 Research objective

The applications of current striking-based surface treatments in conventional and emerging
additive manufacturing industries have great potential for using these techniques in a variety of
products. However, randomness, high variability, and irregularity in current striking-based surface
treatments make it difficult to precisely and quantitatively control the surface deformation of the
treated components. This probably degrades the enhancement effect of surface quality and fatigue
performance of the AM parts when these treatments are utilized as post-processing after additive
manufacturing.

Unlike SP, SMAT, HFMI, and UNSM, piezo vibration striking treatment (PVST) is a novel
striking-based mechanical surface treatment process realized by a piezo stack actuated vibration
device integrated onto a CNC machine to exert tool strikes on the surface. Compared with

ultrasonic vibration, the non-resonant mode piezo vibration is more convenient for controlling



the process, as demonstrated in previous applications in modulation-assisted turning and drilling
processes [71, 72, 73]. The non-resonant piezo vibration often has a lower vibration frequency but
can achieve a higher vibration amplitude (up to 200 um stroke piezo stack is commercially available).
The frequency and amplitude can be independently controlled with the piezo stack actuation.
Monitoring the displacement and striking force within each vibration cycle is also possible. The
integration with CNC machines allows the PVST to precisely control the strike locations and
scan paths, which can automate the treatment process and enhance operation efficiency. These
characteristics make PVST more suitable for imposing controlled strikes and deformation on the
surface.

This has motivated the present study. In this dissertation, an experimental setup for carrying
out piezo vibration striking treatment was developed using a piezo stack actuated vibration device
and a CNC milling center. The striking force, tool displacement, and surface topography were
experimentally investigated by applying PVST on the surfaces with different initial states of different
materials.

The objective of this research is to induce strikes with consistent intensity in each cycle of tool
vibration, precisely control the striking intensity and striking location in the process, and identify
the relationships between force and surface deformation for better monitoring surface deformation
in real time based on force signals through PVST, all of which have not been realized in current
striking-based surface treatments discussed above. Based on these results, promising opportunities

for realizing more advanced control of surface striking treatment are envisaged.

1.6 Dissertation structure

This complete dissertation is organized as follows.

Chapter 2 surveys the current striking-based surface treatments and their applications in con-
ventional and additive manufacturing fields and compares their advantages and disadvantages.

Chapter 3 proposes piezo vibration striking treatment for addressing the issues associated with
current striking-based surface treatments. The design details and functional components of the

device assembly are included. Experimental conditions, calibration of the PVST device assembly,



and measurement methods are also involved.

Chapter 4 introduces the characterization of piezo vibration striking treatment using mild
steel and OFHC copper samples. Striking force, vibration displacement, indentation size, surface
deformation, and sliding force during the PVST process are explored in tool-surface approach-
ing, single-spot vibration striking, and 1D scan vibration striking experiments, as well as their
correlations.

Chapter 5 illustrates the application of the PVST on the mild steel and OFHC copper work-
pieces with an initially smooth surface to perform the tool scan in two directions. The resultant
surface texture and roughness parameters are investigated under various PVST experimental set-
tings involving changing overlap ratio, scan speed, driving voltage, tool diameter, and workpiece
material. The results and correlations achieved in this chapter can provide a reference and basis for
comparing the results obtained on the initially rough surface in Chapter 6.

Chapter 6 aims to investigate how to efficiently utilize PVST to improve the rough surface
finish of AM metal parts (Ti-6Al-4V). The main goal is to reduce the Sa value to around 1 pym
level using PVST, which can be effectively finished with further post-processing. The effects of the
critical process parameters are explored to achieve this goal efficiently.

Finally, Chapter 7 provides conclusions of the proposed research and recommendations for

future study.



CHAPTER 2

BACKGROUND
Several striking-based surface mechanical treatment techniques have been developed in the past
few decades based on various product requirements. This chapter mainly describes the application
of these striking-based surface mechanical treatment methods and compares their advantages and

disadvantages.

2.1 Shot peening

The most notable example of striking-based surface treatment is conventional shot peening [19,
20, 21]. SP is a well-established mechanical surface treatment mainly aiming to improve metallic
components’ fatigue life. In this process, hard spherical shots, typically made of steel or ceramic,
are accelerated using pressurized airflow and directed at the target surface at high velocities. This
mechanism results in randomly distributed strikes covering the surface area to be treated, hence
inducing work hardening and residual stress redistribution on the targeted surface. Because of
the continuous striking effect, the outer layers of the component experience an in-plane stretching
plastic deformation while the elastic sub-surface tries to recover and maintain its original shape. This
interaction generates compressive residual stress on the surface. The induced favorable compressive
residual stresses in the surface enhance the treated components’ hardness, yield stress, and high
cycle fatigue performance. Thanks to this benefit, SP has been widely used in many manufacturing
sectors, such as aerospace [22, 23, 24], automobile [74], ship manufacturing industries [75, 76],
and critical engineering component manufacturing (gears and shafts).

Nevertheless, the SP process needs to be carefully controlled since it may lead to over-peening
induced by high-velocity impacts, significant impact energy, and excessive exposure durations. The
free shots introduce a lot of randomness and uncertainty, making it challenging to realize precise
control in the SP process. The characteristic of single-directional (usually 90°) impacts with a
narrow velocity distribution (as shown in Fig. 2.1) in the SP process is closely related to these
drawbacks [77]. If the process is not well controlled, these drawbacks will induce harmful surface

defects, i.e., overlaps, scales, non-uniform striking depth, and non-uniform material behavior
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throughout the surface [30].
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Figure 2.1 Schematic diagram of shot peening [78].

2.2 Surface mechanical attrition treatment

SMAT (including ultrasonic shot peening) is another surface modification process first proposed
by K. Lu et al. in 2004 [27], involving surface striking with many steel balls as the tool indenters.
Unlike SP, the loose steel balls and the fixed workpiece are all contained inside a closed chamber
which is actuated to vibrate at high frequencies. The chamber vibration provides the kinematic
energy for the steel balls to bounce between the workpiece surface and chamber walls, resulting in the
repeated strikes on the workpiece surface. SMAT is mainly designed to induce large plastic strains
on the workpiece surfaces, to generate nanostructured surfaces which possess superior strength
and wear resistance [27, 77], or to process the novel gradient nano-grained materials which exhibit
great potential in overcoming the strength-ductility tradeoff in conventional metals [31, 79, 80].
Compared to SP, SMAT induces a better surface quality resulting from more efficient shots and
multi-directional low-speed impacts with a more extensive velocity distribution (as shown in
Fig. 2.2).

Thomas Rousseau et al. [32] showed better control in SMAT over SP by investigating the
effect of the number of shots used on the treated surface. The results showed that the number of

shots strongly affected the number of impacts, impact depth distribution, and compressive residual
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Figure 2.2 Schematic of surface mechanical attrition treatment [27]: (a) shots and sample confined
in a close chamber actuated at high-frequency; (b) interaction between shots and sample.

stress distribution. S. Manchoul et al. [81] developed two 3D multi-impact models to simulate
SP and SMAT processes and compare the effect of different treatments on the high-cycle fatigue
strength of peened targets. The results indicated that both treatments exhibit great potential to
enhance the high-cycle fatigue strength, but the fatigue performance improvement is more evident
in SMAT. In the results reported by [27, 30, 33, 34], SMAT generated a deeper treated surface area
of compressive residual stress and lower surface roughness than SP. Spherical balls with smooth
surfaces are necessary for obtaining a nanostructured surface layer in SMAT compared to the balls
with rough surfaces in SP since the rough surfaces might wear and damage the nanostructured
surface layer during the treatment.

Despite better surface roughness achieved in SMAT compared to SP, the rough surface gen-
erated by the repeated impacts of the shots still exists and is a potential drawback in SMAT [82].
Experimental results suggested that the surface morphology of the treated components can be
affected by processing time and shot diameter in SMAT. If they are not well controlled (i.e., over-
peening, very high velocities), they likely degrade the beneficial effects of a nanocrystalline surface
microstructure and induce stress concentration at specific points. This negative effect will facilitate
crack initiation under fatigue conditions [83, 84, 85]. Accordingly, the surface morphology of the

treated components should be predicted and controlled, and some optimization precautions must
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be performed to avoid unfavorable cases in SMAT [86]. Nevertheless, the intrinsic characteristic

(randomness and uncertainty) of free indenters still needs to be eliminated during the process.

2.3 High frequency mechanical impact

In both SP and SMAT, the surface is struck by many free indenters where the kinematics of each
indenter is not directly controlled. The striking location and orientation and the striking energy
associated with each indenter are random variables to some extent. Therefore, the outcomes of
these processes are stochastic. The proper evaluation of the outcomes should involve statistical
methods.

In contrast to employing many free indenters, surface striking can also be realized by a single
vibration tool that is directly driven by an ultrasonic or pneumatic actuator [87, 88], as shown in
Fig. 2.3. This can be demonstrated by the post-welding treatment process commonly referred to as
high-frequency mechanical impact [38]. This technique was first proposed by Northern Scientific
and Technological Foundation in Severodvinsk, Russia, in association with Paton Welding Institute
in Kyiv, Ukraine [38]. The International Institute of Welding has adopted HFMI as a generic name
in which various technologies are typically associated with specific equipment manufacturers and
service providers [42]. For all the HFMI techniques, the working principle is identical: cylindrical
indenters are accelerated against a component or structure with high frequency (> 90 Hz). The
cylindrical indenters are usually made of high-strength steel, customized by the manufacturers
with different diameters (typically 2 — 8 mm), tip geometries, or indenter configurations (single or
multiple).

HFMI techniques can be roughly classified as ultrasonic-based and pneumatic-based treatments,
according to the summary by Yildirim [38]. Ultrasonic-based devices are named Ultrasonic Impact
Treatment (UIT), Ultrasonic Peening (UP), Ultrasonic Peening Treatment (UPT), and Ultrasonic
Needle Peening (UNP) and pneumatic-based devices are named High-frequency Impact Mechanical
Treatment (HiFIT) and Pneumatic Impact Treatment (PIT). Among these devices, the frequencies
are around 80 — 120 Hz for pneumatic-based devices and 20 — 30 kHz for ultrasonic-based devices

with transducers at 200 — 300 Hz [90]. In HFMI, the vibrating indenter is mainly used to strike the
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Figure 2.3 HFMI devices and application [87, 88, 89]: (a) ultrasonic device; (b) pneumatic device;
(c) - (d) applications of hand-held HFMI in post-welding.

weld toe (i.e., the junction of the weld face and base material) to plastically deform it to a smoother
profile which forms a groove after treatment, as shown in Fig. 2.3c and 2.3d. The treatment will
significantly reduce the stress concentration and prevent crack initiation at the weld toe [38, 87, 88].
HFMI equipment is often hand-held and portable [39, 40, 87], so the treatment can be carried out
manually for weldments of large sizes or complex geometries. Therefore, the treatment is quite
effective in improving the fatigue life of welded joints [35, 87, 88, 91, 92]. Furthermore, researchers
have related the groove depth or width to the fatigue life of the treatment components, which can
be used as indicators for quality control in HFMI. Gary Marquis et al. [93] provided a guideline in
the welding industry for qualitative and quantitative quality control in HFMI. Visual inspection can
be regarded as qualitative control to evaluate the quality of the groove, where the grooves must be
smooth, shiny, and continuous with no breaks. For quantitative control, the groove width and depth
can be measured and used to evaluate the quality of the treatment. Rana Tehrani Yekta et al. [94]
investigated the fatigue tests of welding steel components subjected to UIT at various levels (proper
treatment, under-treatment, and over-treatment). The results indicated that the fatigue performance
of the specimens was related to local residual stresses and the groove depth. Yanyan Feng et al. [95]
studied the influence of surface topography and needle size on the surface quality after UPT. It was

revealed that the dimension of the surface topography and the size of the peening needle played
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significant roles in forming the fold defects. The groove depth determined the dimension of fold
defects in which the formation and dimension greatly influenced the surface quality and fatigue life
of samples. The larger the depth, the longer the fold defects, and the deeper the fold defects layer.
The potential of HFMI has been recognized in the welding industry, but its hand-held feature
limits a broader range of applications. The hand-held equipment in HFMI is unsuitable for the
general treatment of component surfaces. The manual operation is time-consuming, resulting in
high variability in the treatment results. Also, the intensive impacts from the vibrational devices
will generate high amounts of noise and vibrations, which are transmitted to the operators’ hands,
making it challenging for them to apply a constant and correct angle or direction on the components
for a particular time. The high amounts of noise is possible to damage the auditory system of
the operators. These drawbacks weaken the repeatability and consistency of the process. If the
striking tools are directed excessively at one specific location, the resulting plastic deformation
of the metal can result in a crack-like feature. More importantly, dynamic energy generated by
ultrasonic vibration is so powerful that the mechanical vibration transmitted to the impact pin is
irregular and unstable. These characteristics probably roughen the surface and lead to the non-
uniform distribution of compressive residual stress, which violates the goal of HFMI to generate

smoother weld toe profiles and better fatigue performance.

2.4 Ultrasonic nanocrystal surface modification

The striking process can be implemented on a CNC machine to enable general surface treatment
by a single vibrating tool and overcome the disadvantage of hand-held mode. The advantages of
such a configuration are apparent. It not only eliminates the randomness and handling of loose shots
or indenters but also dramatically enhances the controllability and repeatability of the treatment
process. The indenter’s striking locations and tool path can be defined a priori and then precisely
controlled by the CNC machine. This controllability makes it possible to achieve both uniform and
locally tailored/varied treatments on the workpiece surface and with a greatly enhanced process
repeatability. This configuration has been used in UNSM, which employs an ultrasonic vibrating

tool integrated into a CNC platform to treat the workpiece surface, as illustrated in Fig. 2.4.
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Figure 2.4 Schematic and devices of ultrasonic nanocrystal surface modification [47, 49, 96, 97].
Upper: vibration tool integrated into CNC machine; lower: mechanism of UNSM.

A. Amanov et al. [52] employed UNSM to make micro-dimples and explored their effect on
the tribological characteristics of the treated workpieces. The results suggested that the friction
coeflicient of the UNSM-treated surface was reduced by about 25% compared to the ground surface
and the wear volume loss decreased by 60%, which was a significant improvement in the tribological
properties of mating surfaces. Chi Ma et al. [96] reported that the surface finish of 3D-printed
AlSi10Mg alloy aluminum components decreased from 18 ym to 3.5 ym after UNSM treatment.
Chang Ye et al. [98] studied the effects of UNSM on residual stress, microstructure changes,
and mechanical performances of 304 steel. UNSM led to surface nanocrystallization and a high
magnitude of compressive residual stress, strength, and ductility. In the work of Micheal Kattoura
et al. [99], UNSM was used to improve the fatigue life of ATI 718 Plus. The nano-sized crystallites
and high dislocation density in near-surface regions after USNM treatment improved the surface
hardness, endurance limit, and crack propagation rates. Min-seob Kim et al. [100] investigated
the variations in the metallurgical and mechanical performances of Directed Energy Deposition

M4 components as treated by UNSM. The M4 austenite was transformed into martensite after the
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UNSM treatment. The grain size, wear rate, and surface roughness decreased by 25.8%, 85.7%,
and 88.3%, respectively.

While UNSM [52, 96, 98, 99, 100] generates nanostructured surfaces and improves the tribo-
logical and fatigue properties for a broad range of materials, the control of the treatment results,
however, remains still empirical. The benefits of combining a single vibration tool with CNC
motion control capability have yet to be realized. This is mainly because using ultrasonic vibration
creates difficulties in controlling each strike during the treatment process. Firstly, ultrasonic vibra-
tion depends on the resonances of the vibrating mechanical structure; therefore, its frequency and
amplitude cannot be conveniently varied and controlled. Secondly, the interaction of the ultrasonic
vibrating tool with the workpiece surface is dynamically complicated. It has been shown that the
strikes or impacts on the workpiece surface imposed by an ultrasonic vibrating tool are of varying
magnitude, leading to primarily larger and secondary smaller impacts [41, 101, 102, 103]. The
primary impacts occur at a much lower frequency f (e.g., 100 — 3000 Hz) than the vibrating tool
ultrasonic frequency f, (see Table 2.1), which results in various vibration amplitudes (A). Fig. 2.5a
and 2.5b show the force distribution in HFMI. As shown in Fig. 2.5a, a primary impact followed
by several irregular secondary impacts can be observed during the treatment process. Although
the forces are significantly smoothed by filtering, irregular and unstable characteristics still exist.
Fig. 2.5b also shows the comparison of force under different striking conditions, both of which con-
sist of the primary strikes and secondary strikes. In Fig. 2.5¢c, the nonuniform force distribution in
UIP is similar to those in Fig. 2.5a and 2.5b. As shown in Fig. 2.5d, the author theoretically divided
the impact cycle into a period of several primary impacts (due to ultrasonic vibration) followed
by a period of several secondary impacts to simplify the analysis. Thirdly, the tool displacement
and striking force measurements in ultrasonic frequency regimes are technically very complicated.
Without information on these process variables, monitoring and controlling surface deformation
imposed by each strike is impossible. Thus the overall surface deformation due to the accumulation

of all strikes cannot be controlled quantitatively.
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Table 2.1 Experimental results from the references.

Refs. [95] [98] [90] [104] [105] [106] [107] [108] [109] [110]

fu.(&Hz) 20 20 27 21 18.7 17 27 21.7 20 20
fHz) 100 — 100 3000 3000 100 200 3000 — —
A(um) 16 10 30 20 22 25 — 20 30 24

(b) Foehrenbach (typical impact period) m——Simunek (Manual)

Force [N]

Time [s]

Excitation signal (transducer) (d) A

Oscillogram of impacts

7 0.000 s kpts |

; T f ;\‘ M\ j \f{\ M
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J
t (time)
Tiw=fin L=t

»>

Contact sensorsignal (sample)

Figure 2.5 Striking force distribution: (a) Nonuniform filter striking force in HFMI; (b) Comparison
of force distribution with primary impacts and secondary impacts in HFMI; (c) Force signals in
UIP; (d) Theoretical definition of primary impacts and secondary impacts [41, 101, 102, 103].

2.5 Conclusions

According to the discussion above, the current striking-based surface treatments have advantages
and disadvantages in different application scenarios. To better compare the characteristics of these
four methods, they are briefly summarized based on the application scenario, device configuration,
advantages, and disadvantages in Table 2.2.

In summary, the current issues that need to be solved urgently are the randomness and un-
certainty caused by free shots in either open or closed treatment environment in SP and SMAT,
the high variability caused by hand-held mode in HFMI, and the difficulty in measuring force

and displacement and controlling in vibration frequency and amplitude caused by using ultrasonic
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Table 2.2 Summary of striking-based surface treatments.

SP SMAT
Application o Gears or shafts manufacturing e Nanograined materials
Configuration e Pressurized air flow ¢ High frequency vibration
¢ Closed chamber
Advantage o High speed shots e Recovered shots
e Improve fatigue life e Efficient shots
o Refine microstructure e Multiple shot direction
e Large speed range
e Refine microstructure
e Improve fatigue life
Disadvantage e Random indenters e Random indenters
HFMI UNSM
Application e Post-welding treatment e Nanostructured surfaces generation
o Stress concentration reduction
Configuration e High frequency vibration e Ultrasonic vibration
o Ultrasonic or pneumatic actuator e CNC platform
e Hand-held mode e Cylindrical shots
o Cylindrical shots
e Improve fatigue life e Enhance controllability and repeatability
o Refine microstructure ¢ Improve fatigue life
e Portable ¢ Refine microstructure
e Controllable indenter o Static load control
o User-friendly e CNC platform integration
o Lightweight
Disadvantage e Time consuming e Empirical process control

o High variability

vibration in UNSM. Also, these striking-based surface treatments currently focus more on improv-
ing mechanical properties, but less on the ability to improve surface finish. Therefore, how to
effectively improve surface roughness has not been well-addressed. It is more attractive if both
surface roughness and mechanical properties can be improved in the same process. The impor-
tance of controlling surface finish is to control the surface deformation during treatment. However,
improving control of deformation in either hand-held or free shots is difficult to be implemented
for automation, all of which require changing the process or setup and cannot be controlled in a
single machine. Because of these two factors, surface treatment cannot be applied very efficiently.

In order to address these issues, a novel mechanical surface treatment, piezo vibration striking

treatment (PVST), is proposed in our research. In PVST, a single striking indenter with replaceable

19



tool tips is used to overcome the randomness and uncertainty caused by free shots. PVST device is
integrated into a CNC machine, which allows better motion control of striking locations to reduce
the high variability caused by hand-held mode. Instead of using ultrasonic vibration, non-resonant
vibration through piezo stack actuation is utilized to independently control consistent striking
intensity in each strike cycle so as to overcome the difficulty in controlling frequency and amplitude
in ultrasonic vibration mechanisms. Finally, force and vibrational displacement monitoring in each

strike cycle in real-time enables a better measurement of them during the process.
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CHAPTER 3

PIEZO VIBRATION STRIKING TREATMENT AND EXPERIMENTS
This chapter introduces the design and mechanism of piezo vibration striking treatment and the
experiments conducted in this dissertation. Calibration of the PVST device assembly and results

of measurement methods are also described.

3.1 Design of piezo vibration striking treatment device

Figure 3.1 shows the components of the PVST device. A standard tool holder (CAT 40) is
selected to enable PVST to work on different kinds of CNC milling machines. A device body is
designed to connect the tool holder and the piezo holder, which is a hollow cylinder of variable
diameter. The diameter of the outer cylinder geometry is based on the inner diameter of the tool
holder so that the device body can be inserted into the tool holder completely and fixed by the bolts
of the tool holder. An area on the surface of the small-diameter cylinder is machined to be flat to
provide space for the tool holder to fix the device body. A through channel on the small-diameter
cylinder’s side surface and the large-diameter cylinder’s top surface is machined to allow the piezo
wire to pass through the device body in case the wire is compressed by the inner surface of the tool
holder. A piezo holder is designed based on the geometry of the piezo to connect the piezo, device
body, and sensor holder rigidly.

An NB ball spline connects the piezo and the striking tool using a customized spline shaft.
The NB ball spline is a linear motion mechanism utilizing the rotational motion of ball elements
that can sustain loads and, at the same time, can transfer torque. The NB ball spline consists of
a spline shaft with raceway grooves and a spline nut. The spline nut consists of an outer cylinder
(main body), retainer, side rings, and ball elements designed and manufactured to achieve a reliably
smooth motion. Due to the effective contact angle between the raceway grooves and the balls, the
NB ball spline can transfer large torque. By adjusting preload, it is possible to give a higher rigidity
and a higher positioning accuracy. A similar through channel is machined on the side surface of
the spline holder to provide space for the displacement sensor. A sensor holder clamps the sensor

tightly and fixes it on the spline holder. Due to the capacitance mechanism of the displacement
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sensor, a sensor plate is necessary to assist the displacement measuring. By adjusting the sensor
holder, the proper gap between the sensor and the plate can be achieved to realize displacement
measurement in a detectable range. The striking tool consists of two components: the striking tool
holder and the striking tool indenter. The holder and the indenter are press fit, and one of the ends
of the holder is connected to the sensor plate rigidly. As shown in Fig. 3.1b, three tool indenters are
used, sphere, tapered, and tapered SR, respectively. The sphere and tapered SR type have spherical
ends with different diameters, while the tapered type has a flat surface at the end of the tool tip.
The detailed geometrical parameters of the three tool indenters can be seen in Table 3.1. Note that
only the sphere and tapered SR type are used in this dissertation, and the tapered type will be used

in future work.

(b)

Sphere SR
Striking tool holder material:
Stainless steel
L d
| Striking tool indenter material:
& M2 Tool Steel 3
= Tapered "~  RL d,
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& » Erme <
e IISplle ~ Tool Indenter L d
Piezo Holder 6
Tapered SR & gL
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~ Holder | >
|_Indenter Holder L SR . d,

Figure 3.1 PVST: (a) components of PVST device; (b) types and geometry of striking tool tips.

Table 3.1 Geometrical Parameters of striking tool indenters.

Type L (mm) d(mm) RL (mm) SR (mm) d;(mm)
Sphere 10 2 - 1 -
Sphere 10 3 - 1.5 -
Sphere 10 4 - 2 -
Tapered 10 3 3.5 - 1.12
Tapered 10 4 3.8 - 1.96
Tapered 10 5 3.8 - 2.96
Tapered SR 10 3 4.2 0.5 -
Tapered SR 10 4 4.7 1 -
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3.2 Mechanism of piezo vibration striking treatment

Figure 3.2 shows the experimental setup of PVST. The assembled PVST device (Fig. 3.2b) is
mounted onto the spindle of a CNC vertical milling machine (HAAS Mini Mill 2, as shown in
Fig. 3.3) through the standard CAT 40 tool holder. The spindle rotation function in the machine
is locked to provide only the vertical motion of the striking device along the Z axis, which can
control the striking distance between the striking tool and the workpiece surface. The workpiece is

mounted on the machine table, which provides the horizontal motion of the workpiece in both the

( C) CNCI
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Figure 3.2 The PVST hardware (a, b) and a schematic illustration (c) of the experimental PVST
setup.

The PVST device is activated using non-resonant mode piezo stack actuation. The piezo stack
actuation is not dependent on the resonance of the whole system, i.e., in UNSM, as is actuated by
the amplified voltage from amplifier and generator. Fig. 3.2c shows the schematic of the striking
device assembly. Inside the device body, a piezo stack actuator is assembled with a spline shaft
along the axial direction. The piezo stack is pre-compressed within the piezo stack housing. The
ball spline is mounted on the spline shaft and fixed with the device body, which allows the linear

motion of the shaft in the axial direction while restricting the bending and rotation of the shaft.
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The striking tool holder with the striking tool indenter (press-fit into the tool holder), which is in
the form of a small cylinder with a hemispherical end, is rigidly connected to the end of the shaft
(via threaded holes in the shaft and tool holder). The indenter vibration is actuated by the extension
and contraction of the piezo stack. The driving voltage generated from a waveform generator and
a power amplifier (Fig. 3.3) controls the behavior of the piezo stack. The vibrational displacement
of the indenter tool is measured using a capacitance displacement probe (Capacitec HPC-40) to
monitor the striking process. As shown in Fig. 3.2b and Fig. 3.2c, the probe is clamped on the
device body and facing the flat surface of the sensor plate. The displacement is measured based
on the change in the gap between the probe and the flat surface. The striking force is measured
using a dynamometer plate (Kistler 5167A) mounted on the CNC machine table. The measured
displacement and force signals are recorded synchronously using a data acquisition system (NI
USB 6361 + LabView). The sampling rate for both signals is 4000 per second, which is at least 40
times higher than the tool vibration frequencies used in the study; therefore, the displacement and

force signals during each vibration or striking cycle can be sufficiently captured.

3.3 Workpieces

PVST experiments in this dissertation are conducted on the workpieces made of ASTM
A572GR50 mild structural steel with a dimension of 120 mm x 40 mm x 20 mm, selective
electron beam melted Ti-6Al-4V with a build dimension of 100 mm x 50 mm x 10 mm, and OFHC
copper is 110 mm x 25 mm x 25 mm. 3D surface topography and roughness parameters (Ra,
Rz, and Sa) of the treated areas are measured using KEYENCE Digital Microscope (VHX-6000).
The steel and copper workpiece surfaces are prepared by grinding and machining to have an initial
roughness Sa = 0.32 um and Sa = 1.1 um, respectively. Note that the creation of the initially
smooth surface is for better characterizing the geometry of the deformed surface resulting from the

striking. The workpieces are shown in Fig. 3.4.

3.4 Calibration of piezo vibration striking treatment device assembly
The frequency and amplitude of tool vibration are controlled by varying the frequency and

amplitude of the sinusoidal driving voltage. The lower bound of the driving voltage is always set
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Figure 3.4 Workpieces used in the PVST experiments: (a) additive manufactured Ti-6Al-4V; (b)
ASTM A572GR50 mild structural steel; (¢) OFHC copper.
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at zero, and thus the upper bound of the driving voltage is equal to the peak-to-peak amplitude
(Vpp) of the voltage oscillation. The maximum driving voltage allowed for the piezo stack is 150
V. The nominal stroke of the piezo stack is 100 um. Fig. 3.5 shows the calibrated tool vibration of
the device assembly without any load at the driving voltage frequency (f) of 10 and 100 Hz and
the driving voltage amplitude (V) of 60, 90, 120, and 150 V. Fig. 3.5a shows that the vibration
displacement of the tool (u) closely follows the sinusoidal driving voltage (V). The tool vibration
frequency is the same as the driving voltage frequency. The tool vibration amplitude without
striking (u?7 p) 1s proportional to the driving voltage amplitude (V) and is not significantly affected
by the vibration frequency (Fig. 3.5b). The maximum vibration amplitude achieved at V),, = 150
V is about 90 um, which is 10% lower than the nominal stroke (100 um). The calibration results
indicate that the frequency and amplitude of tool vibration can be conveniently and independently
controlled. Note that the driving voltage conditions calibrated here are used to conduct the vibration

striking experiments in this dissertation.
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Figure 3.5 The sinusoidal driving voltage input (a) and the corresponding tool vibration displace-
ment (b) at no striking condition for different voltage amplitudes at the same frequency (100 Hz).
(c) The correlation of tool vibration amplitude with driving voltage amplitude.

Static contact tests under different loading conditions (steel workpiece, indenter diameter d =
3 mm, static loading force F; = 100 — 700 N) were performed to determine the axial stiffness of
the PVST setup. The PVST setup is mounted on the CNC milling machine while the piezo stack
is not actuated. The indenter is brought into contact with the workpiece at the feed rate of 1 um/s.

When the force reaches the setting value, the movement of the indenter is stopped, and the force
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and displacement data are recorded.
When the piezo stack is not actuated (V,, = 0, f = 0), static loading force F; applied on the

surface of the workpiece will cause a negative displacement u;. u; can be related to Fy as
Fy = —kgug (3.1)

where k; is the axial stiffness of the device, which can be determined by the static loading experi-
ments discussed above. The forces are positively and linearly related to the induced displacements,
and k; equals to 11.688 N/mm.

When the piezo stack is actuated, the motion equation for the oscillating mass is given by

mii;p + bu;p + k,u;p +F. =0 (3.2)

where m is the oscillating mass of the striking components; u;,, is the amplitude reduction, which
is the difference between initial amplitude ug » and actual amplitude u,, achieved in the single-spot
vibration striking experiment conditions; F; is the force range, indicating the difference between
maximum and minimum striking force; mii),, and bui},, are the inertial force and damping force,
respectively.

For the vibration at the current frequency with small mass and low friction, the inertial and
damping terms in Eq. 3.2 can be ignored compared to the striking force. According to the
measurements, the oscillating mass of the system was 75 g. For current vibration conditions, the

inertial force (=272 f2u ppm) was estimated to a maximum of 1.4 N. Then, Eq. 3.2 becomes

F, = k), (3.3)

Therefore, F, can be derived from the measurement of u; » if k, is known. k, can be determined
from the correlation between F, and u;, p s which equals to 11.688 N/mm.

There is a certain constraint that defines the scope of the operation of the piezo stack vibration
treatment. The controlled vibration should be in the non-resonant regime, which typically requires
the frequency to be set below one-half of the resonant frequency of the system (piezo stack resonant
frequency is 15 kHz). This gives
1 |k

<_
47 N'm

(3.4)
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Eq. 3.4 must be satisfied to ensure the proper function of the process. It serves as an important
criterion in the design of the process. Substituting the values of k and m into Eq. 3.4, and the
limiting frequency f of the device (1850 Hz) is achieved. The key specifications of the setup is
shown in Table. 3.2.

Table 3.2 Key specifications of the PVST setup.

Specification Value
Maximum drive voltage V,, 150V
Maximum amplitude u,, 90 um
Piezo-stack resonant frequency 15 kHz
Oscillating mass m 75 ¢

System stiffness k 11.688 N/mm
System resonant frequency 1850 Hz

3.5 Experiments in piezo vibration striking treatment

Figure 3.6 gives an overview of the four basic experiments conducted in this dissertation. The
first experiment (Fig. 3.6a) investigates the tool-surface approaching process in which the vibrating
tool is fed vertically toward the workpiece surface. The second experiment (Fig. 3.6b) investigates
the single-spot striking process in which the vibrating tool repeatedly strikes the exact location
on the workpiece surface from a fixed tool vertical position. The third experiment (Fig. 3.6¢c)
investigates the 1D scan vibration striking process in which the vibrating tool strikes the workpiece
surface while continuously moving along a linear path (Note that this dissertation refers to the
horizontal tool feed motion as the tool scan motion). The fourth experiment (Fig. 3.6d) investigates
the 2D scan vibration striking process by extending the 1D scan vibration striking to treat a 2D
surface area using the vibrating tool with parallel scan path lines. In this configuration, the tool’s
vibration and the workpiece’s two horizontal motions (along the X and Y directions) are active.

These experiments are designed to better understand the relationships among tool displacement,
striking force, and surface deformation in piezo vibration striking treatment. The interval d,
between adjacent scan paths is set as 2 mm in 1D scan vibration striking to eliminate the effect
of adjacent paths on each other. The scan speed v, in 1D scan vibration striking is approximately

determined by the diameter of the indentation in single-spot vibration striking. The overlap ratio
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r, of the successive indentations is proposed to represent the effect of scan speed on the surface

texture. The overlap ratio is defined as

D —d;

D (3.5)

To =

where D is the diameter of the permanent indentation resulting from a single-spot vibration striking

and d; is the central distance between two successive indentations (see Fig. 3.7).

(a)

VA
Workpiece X/T_.Y Workpiece
(c) (d)
AL
v, Y/
Workpiece Workpiece

Figure 3.6 Schematic illustrations of the experiments conducted in the study: (a) tool-surface
approaching; (b) single-spot striking; (c) 1D scan vibration striking; (d) 2D scan vibration striking.

Figure 3.7 Schematic of two successive indentations under different overlap ratios.
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Various experimental conditions, including static loading, free contact vibration, tool-surface
approaching, single-spot vibration striking, 1D scan vibration striking, and 2D scan vibration
striking, are shown in Table 3.3 - Table 3.7.

Table 3.3 Experimental conditions of static loading, free contact vibration, tool-surface approach-
ing, and single-spot vibration striking.

Experiment type Material Fy (N) Vpp (V) f (Hz) d(mm)

Static loading Steel 100, 200, 300, 400, 0 0 3
500, 600, 700

Free contact vibration Steel 0 60, 90, 120, 150 10, 100 3

Tool-surface approaching Steel 0 60, 90, 120, 150 10, 100 3

Single-spot vibration striking  Steel, Copper 0 60, 90, 120, 150 10,100 2,3,4

Table 3.4 1D scan vibration striking experiments using steel and copper samples.

Material Vip (V) d (mm) o
Copper, Steel 60, 90, 120, 150 2,3,4 0,0.25,0.5,0.75

Table 3.5 2D scan vibration striking experiments using steel and copper samples.

Material Vip (V) d (mm) o Vs (mm/min)
Copper, Steel 120 2,3,4 0,0.25,0.5,0.75 -
Copper, Steel 60, 90, 120, 150 2, 3,4 0.75 -
Steel 150 05,1,2 - 500, 1000, 2000, 3000

Table 3.6 2D scan vibration striking experiments using titanium alloy in single pass.

d (mm) f (Hz) Vop (V) Z (um) vy (mm/min)
3 100 150 -150 1000, 2000, 3000
3 100, 150, 200 150 -150 3000
2 100 60, 90, 120, 150 -150 1000
05,1,2,3 100 150 -150 1000
3 0 0 0, -50, -150, -200, -250 1000
3 100 150 10, 0, -50, -150, -200 1000
2 100 150 -170, -180, -190, -200 1000
1 100 150 -100, -120, -140, -150, -160, 1000
-170, -180, -190, -200
0.5 100 150 -10, -30, -50, -70, -90, -110, 1000

-110, -130, -140, -150, -160,
-170, -180, -190, -200
0.5 100 60, 90, 120 -200 1000

30



Table 3.7 2D scan vibration striking experiments using titanium alloy in multiple passes.

d (mm) f (Hz) Vop (V) F, (N) v (mm/min) Scan strategy Pass
0.5 100 60, 90, 120, 150 100 1000 Parallel 2nd
0.5 100 150 200 1000 Parallel, Interweaving  2nd
0.5 100 60 400 1000 Parallel, Interweaving 2nd

2 100 60 400, 600 1000 Parallel, Interweaving 2nd
3 100 60 400, 600 1000 Interweaving 2nd
4 100 60 600, 800 1000 Interweaving 2nd
0.5 100 60 600, 800, 1000 1000 Interweaving 2nd
0.5 100 60 1000 1000 Parallel 2nd
0.5 100 60 1000 1000 Parallel, Interweaving  3rd

3.6 Experimental results measurement

The workpiece after PVST experiments is placed on a free-angle XYZ motorized observation
system (VHX-S650E), and a KEYENCE Digital Microscope (VHX-6000) is used to characterize
the 3D surface profile of the indentations, as shown in Fig. 3.8. An objective zoom lens (KEYENCE
VH-Z500R, RZ x500 - x5000) and x1000 & x2000 magnifications are utilized to achieve sufficient
spatial resolution (0.2 um & 0.1 um). Since each capture at high magnification conditions can only
cover a small area, the stitching technique (22 x 22 scans in horizontal and vertical directions) is
employed to achieve a sufficient capture field. Fig. 3.8b shows the cross-section profile measurement
of the indentation in the single-spot vibration striking experiment. The indentation depth 4 is the
distance from the bottom indentation surface to the reference undeformed surface of the workpiece.
The indentation diameter D is the length between two transition points from the deformed surface

to the reference undeformed surface.

Width D (reference)

Reference height
(untreated surface)

Figure 3.8 Results measurement: (a) Digit Microscope KEYENCE VHX-6000; (b) Cross-section
profile measurement of the indentation in single-spot vibration striking experiment.
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Figure 3.9 shows the cross-section profiles measurement of the indentation in 1D scan vibration
striking experiment along the scan direction and the transverse direction. In 1D scan striking
vibration experiments, there are two methods to measure the width of the indentations. One
measures the distance between two ridges, while the other measures the distance between two
transition points based on the reference surface, as shown in Fig. 3.10. In this dissertation, the

former method is used.
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Figure 3.9 Cross-section profile measurement of the indentation in 1D scan vibration striking. Left:
measurement in the transverse direction; Right: measurement in the scan direction.

In addition, to evaluate the roughness Ra of the treated path in 1D scan vibration striking, the
cross-section profile along the scan direction is used to compute Ra using the arithmetic mean
deviation of the contour which is the arithmetic mean of the absolute value of the distance from the

average line to the profile. The formula is

1

L
Ra = Z‘/o |y|dx (3.6)

where L is the length of the estimated profile, and y is the value of the distance from the average
reference line to the profile at each position along L, as shown in Fig. 3.11a.

Reference : Width D (ridges) i N )
(untreated surface) :: »  Transition point

|
_/J\ Width D (reference)

Transition point Depth h

Figure 3.10 Schematic of cross-sectional profile along the transverse direction in 1D scan vibration
striking.
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The maximum height of the contour is the distance between the maximum peak height and
the maximum valley depth, which is the average line in each sample length. Another roughness
parameter Rz is the average of the maximum peak-to-valley heights in the evaluation length, which
can be expressed as

Rz=Rp+Rv (3.7)

where Rp and Rv are the maximum peak height and the minimum valley height along the estimated

length respectively, as shown in Fig. 3.11b.
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Figure 3.11 Schematics of roughness parameter measurement: (a) Ra measurement; (b) Rz mea-
surement [111].

Figure 3.12 presents the surface texture and height contour map after the 2D area scan vibration
striking experiment. In samples with the initially smooth surface, x2000 magnification is used
because of the low surface roughness after PVST, and high magnification is necessary to capture
all the surface features. The measured area with a size of 2.5 mm x 2.5 mm is used for surface
texture data collection instead of the treated area with a size of 5 mm x 5 mm due to the same
characteristic of the surface texture throughout the treated area and the computation efficiency for
data processing. While in the results of samples with the initially rough surface, x1000 is sufficient

to capture all the roughness features. The entire treated area is utilized for surface texture data
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collection as well.

The surface height data in KEYENCE is exported and processed by MATLAB to calculate the
surface roughness Sa of the treated area. Similar to the computation of Ra, Sa is calculated using
the arithmetic mean deviation of the surface profile, which is the arithmetic mean of the absolute

value of the distance from the average plane to the surface profile. Sa can be computed using

A
Sa = l// |Z (x,y)|dxdy, (3.8)
A JJo

where A represents the estimated area, and Z(x, y) is the value of the distance from the average
reference plane to the surface profile at the position of (x, y).

Since the measuring table in the KEYENCE observation system is not perfectly flat, the
collected data present a slight angle from the reference plane. A 2D fitting plane is created using
the collected data to be the reference plane to address this issue. The projection of the surface
profiles to this plane will be equivalent to |Z(x, y)| in Eq. 3.8. Moreover, in the results of 2D area
scan vibration striking experiments, the 1D roughness parameters Ra and Rz along the scan and
transverse directions are also considered. Twenty cross-section profiles are selected along the scan
or transverse directions. Each profile is used to compute Ra and Rz, and the average values and

standard deviations of Ra and Rz are calculated statistically.
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Figure 3.12 Example of surface texture and height contour map in 2D area scan vibration striking.
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3.7

Conclusions

This chapter describes the components of PVST and how the PVST works in various experi-

ments. This chapter can be concluded as follows:

1)

2)

3)

4)

The calibrated results of PVST, including vibration frequency, vibration amplitude, and
driving voltage, indicate that the frequency and amplitude of tool vibration (driving voltage)
can be conveniently and independently controlled. The linear relationship between vibration
amplitude and driving voltage showcases the capability of PVST to provide a consistent
strike intensity during the process and avoid the non-uniform impact as obtained in the
current striking-based methods.

The static contact force can be derived from the measurement of amplitude reduction if the
axial stiffness of the PVST device assembly is known.

Four basic PVST experiments and related experimental settings are introduced, involving tool-
surface approaching, single-spot vibration striking, 1D scan vibration striking, and 2D scan
vibration striking to study striking force, vibration displacement, and surface deformation in
the PVST process.

Different measurement devices and standards are utilized to characterize the surface profiles

after PVST.
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CHAPTER 4

CHARACTERIZATION OF PIEZO VIBRATION STRIKING TREATMENT

This chapter introduces the characterization of piezo vibration striking treatment using mild
steel and OFHC copper samples. Striking force, vibration displacement, indentation size, surface
deformation, and sliding force during the PVST process are explored in tool-surface approach-
ing, single-spot vibration striking, and 1D scan vibration striking experiments, as well as their
correlations.
4.1 Tool-surface approaching

In the tool-surface approaching experiment (see Fig. 4.1), the tool’s initial vertical position (Z)
is set to 120 um, i.e., Z = 120 um with the reference from the workpiece surface. The tool’s

vibration is turned on and the tool is fed onto the surface at a speed of 1 pum/s.

- W=W=0

[f L

Workpiece X~

Figure 4.1 Schematic of tool-surface approaching experiment.

Figure 4.2 shows the measured striking force (F;) and tool vibration displacement () plotted
against the tool position (Z) as the vibrating tool is fed towards the workpiece at f = 100 Hz and
Vyp = 60, 90, 120, 150 V. Note u refers to the displacement of the vibrating tool while Z refers
to the tool position during the feed motion. As illustrated in Fig 4.2a, in regime A of the tool
position (from Z = 120 yum to Z = 105 um), the tool has no contact with the workpiece surface
and correspondingly, there is no load on the vibrating tool. The vibration of the tool has a constant
and calibrated amplitude. Entering regime B (from Z = 105 um to Z = -55 um), the vibrating

tool begins to engage and disengage with the workpiece in each vibration cycle during the repeated
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strikes on the surface. The peak force of each successive strike increases steadily (orange) because
the indentation depth reached by each successive strike increases and strain hardening caused by
plastic deformation as the tool position Z decreases. At the same time, the vibration displacement
of the tool decreases with Z (blue) due to the elastic compression of the vibration device by the
striking force. The higher the striking force, the lower the displacement. Therefore, the maximum
displacement of the tool in each successive vibration cycle (or striking cycle) decreases steadily
with the tool position Z. However, the minimum displacement of the tool remains unchanged
when the tool disengages, and hence no force to compress the piezo stack. Entering regime C
(Z < -50 pm), the vibrating tool continuously engages with the workpiece during its vibration.
As a result, the force in each vibration cycle increases steadily with the decrease of tool position
Z. Correspondingly, the vibration displacement of the tool also decreases with the tool position
Z. In addition, regime A’s duration increases as the driving voltage decreases due to a smaller
driving voltage leading to a smaller vibration amplitude. Hence, it takes longer for the striking tool
to contact the workpiece surface. Also, it takes a shorter time to enter Regime C and reach the
balanced period of elastic recovery and striking deformation.

As noted already, the maximum vibration displacement (u,,,,) during the striking process
depends on the striking force. Fig. 4.3a and Fig. 4.3b show the relationship between the reduction

in maximum vibration displacement (Au,qx = 12, .

— Umayx) and the peak force of the strike (F;qx)

at f = 100 and 10 Hz, respectively. The relationship is based on the force and displacement data

0

corresponding to the tool position range 0 < Z < u,,,,

in the approaching experiment. Note that
in this Z range, the reduction in maximum vibration displacement is the same as the reduction in

vibration amplitude (Au,, = u?

p = upp). The relationship between Fq, and Auyygy (Or Aup)) is

linear, which gives a stiffness value of 11.4 N/um at f = 100 Hz (Fig. 4.3a) and 11.1 N/um at
f =10 Hz (Fig. 4.3b). The axial stiffness of the vibration device assembly is nearly identical at
11.7 N/um (Fig. 4.3c), confirmed by the static compression tests on the device (with no vibration).
Therefore, the reduction in vibration displacement is due to the elastic compression of the device

assembly under the striking force, which means the reduction in vibration displacement can be

37



(a) 1200, (b) 1200
__ 900} __ 900}
< 600} ENeoo-
“ 300} “ 300}
0 0
120, 120, 120
90} _ 90¢
€ 60} E 60t
2 30 = 30|
> ol S ol
-30 -30 *
-120
(c) 1200 . . , (d) 1200 . . .
I I I | I |
900 } ! ! ' 900 } ! ' '
= | I C = | | |
£ 600 | | | < 600} | I c .
w H B w 1 1
300} ! 4 300 , B ‘
A | A | |
0 0 i 1 1 1
40 -80 - 120 80 40 O -40 -80 -120
120 120 80I 40 0 | 40 |80 120 120 . | |
. 90t A | | _. 90} : : :
E eof 8 g0 A | g | |
= 30} L C ! = 30} i C
> 35 |
o | | or | |
_30 1 L " 1 1 _30 N P " 1

120 80 40 0 -40 -80 -120 120 80 40 O -40 -80 -120
Z (pm) Z (pm)

Figure 4.2 The measured striking force (top) and tool vibration displacement (bottom) plotted
against the tool vertical position Z in the tool-surface approaching experiment. f = 100 Hz: (a)
Vpp =150 V; (b) V), =120 V; (¢) V,,, =90 V; (d) V), =60 V.

calculated from the force signal given the stiffness of the vibration device.

4.2 Single-spot vibration striking

The single-spot vibration striking experiment (see Fig. 4.4) was conducted on a single surface
spot with a fixed tool position Z = 0. With the initial tool position Z set to zero, the vibration was
turned on for 3 seconds to induce repeated strikes on the same surface spot. It is expected that the
plastic deformation was imposed only within the first few strikes. After reaching a steady state, the

repeated strikes only involve elastic deformation of the deformed surface.

4.2.1 Single-spot vibration striking using mild steel workpieces
The single-spot vibration striking experiments are first performed using steel workpieces under

different vibration frequencies and driving voltage conditions. The deformation behavior described
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Figure 4.3 The relation between the striking peak force and the reduction in maximum tool vibration

displacement at (a) f = 100 Hz and (b) f = 10 Hz. (c) The force and displacement relation in a
static compression test (no vibration).
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Workpiece X~

Figure 4.4 Schematic of single-spot vibration striking experiment.
above is confirmed by Fig. 4.5, which shows the measured force and vibration displacement during
the repeated strikes at the vibration condition f =10Hzand V), =60 V,90V, 120 V, 150 V. Observe
that both the force and displacement signals reach steady-state oscillations nearly right after the
start of the tool vibration. The peak forces (F},,,) and the maximum vibration displacement (i)

then remain constant except that F,,,, and u,,,, are different for different V,, (see Table 4.1).

Table 4.1 Maximum striking force and displacement at f = 10 Hz.

Material f (Hz) V,, Fuax (N)  tpax (um)

Steel 10 60 163.5 22.4
Steel 10 90 256.5 37.3
Steel 10 120 359.8 49.2
Steel 10 150 4415 60.7

To better understand the behavior of the striking tool during PVST, a single vibration cycle
is selected (illustrated in Fig. 4.6). The two instants corresponding to the tool engaging and
disengaging with the surface can be identified on the force and displacement profiles (i.e., #; and
13). A striking cycle can be divided into four stages. From ¢ to #1, the tool moves from its minimum
displacement position toward the surface without contact, so the force is zero. From #; to f,, the
tool is indenting into the surface, rapidly increasing the force. From #; to #3, the tool moves away
from its maximum displacement position while remaining in contact with the surface due to the
elastic recovery. Concurrently, the force decreases rapidly towards zero. From #3 to ¢4, the tool has
completely separated from the surface and continues moving away, and force is zero. When the

tool reaches its minimum displacement position, it completes the current striking cycle, and a new
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Figure 4.5 Upper left: tool vibration displacement; Bottom left: striking force. Right: variations
of force and displacement within 4 vibration cycles at f = 10 Hz: (a) V,,, = 150 V; (b) V,, = 120

V; (¢) Vpp =90 V; (d) V), =60 V.
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cycle begins.

Vop =150V, f = 10 Hz
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Figure 4.6 History of force and displacement in one cycle: f =10 Hz, V), =150 V.

Similar experiments at f = 100 Hz were conducted to see how the striking force and vibra-
tion displacement behave in high-frequency conditions. Fig. 4.7 shows the measured force and
displacement at four conditions: f = 100 Hz, V), = 60, 90, 120, and 150V. The uniform and
stable sinusoidal distributions of striking force and vibration displacement are still observed in each
striking cycle for different driving voltages. Both the force and displacement oscillations are in
a steady state, nearly right after the start of the tool vibration. The values for Fj,,, and u,,, can
be seen in Table 4.2. The force and displacement profiles are consistently repeated within each
vibration cycle. The force plateau still exists when the tool is not in contact with the workpiece,
but it shows less stability than it does in low-frequency conditions. The force and the displacement
are slightly out-of-phase as well. In addition, the positive minimum displacement is observed,
caused by the mechanical movement lag of the piezo stack, and the minimum displacement is more
significant than that in low-frequency conditions.

As mentioned earlier, in single-spot vibration striking, plastic deformation occurs in the first
few strike cycles and the remaining repeated strikes on the surface only cause elastic deformation.

Therefore, the deformation process can be divided into elastic-plastic deformation period and
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Figure 4.7 Upper left: tool vibration displacement; Bottom left: striking force. Right: variations
of force and displacement signals within 4 vibration cycles at f = 100 Hz: (a) V,,, =150 V; (b) V,,,,
=120V; (¢) V,,p, =90 V; (d) V,,, =60 V.
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Table 4.2 Maximum striking force and displacement at f = 100 Hz.

Material f (Hz) V,, Fuax (N)  tpax (um)

Steel 100 60 224.5 21.2
Steel 100 90 3234 33.4
Steel 100 120 4125 46.5
Steel 100 150  549.3 55.3

purely elastic deformation period. Fig. 4.8 summarizes the measured F,,,, in the purely elastic
deformation period, u,,,, and the depth (/) and diameter (D) of a permanent indentation in single-
spot vibration striking at various vibration conditions (V,,, = 60, 90, 120, 150 V, f =10, 100 Hz, d
=2 mm) using steel samples. At higher frequency conditions, the striking tool needs to overcome
the increased inertial force to accelerate the workpiece material when it strikes the surface. Higher
frequency leads to higher acceleration during each strike and hence higher striking force. This
increased striking force in elastic-plastic deformation period results in more plastic deformation
(larger h and D shown in Fig. 4.8c and Fig. 4.8d) and more strain hardening of the material, thereby
higher yield strength of the treated spot.

In the purely elastic deformation period, the striking force in each strike cycle is larger at higher
frequency conditions due to the increased yield strength generated in elastic-plastic deformation
period, as shown in Fig. 4.8a. In contrast, higher f results in lower u,,,, for a given V,,. As
discussed in Fig. 4.3, vibration amplitude reduction due to the device elastic compression increases
as striking force increases. Therefore, higher F,,, caused by higher f increases the amplitude
reduction which makes the striking tool extend less and hence smaller u,,,,. Also, the decreased
Unae can in turn reduce the contact area between the tool and the surface, hence deformation
resistance and striking force. Based on the current observation, the increased yield strength caused
by strain hardening in elastic-plastic deformation period dominates the final striking force over the
effect of decreasing deformation resistance caused by smaller u,,,,. Therefore, the striking force
is higher at higher frequency conditions in Fig. 4.8. Note that the comparison of Fj,,, is at the
steady state striking stage where the plastic deformation has already been completed, and only

elastic deformation is taking place (purely elastic deformation period). As a result, the observed
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difference in F,,,, in Fig. 4.8a for different f is not attributed to the strain rate effect that occurs
only during plastic deformation. Also, observe that Fj,4x, Upax, i, and D increase with V,,, since

higher V),, means higher vibration amplitude.
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Figure 4.8 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
steel samples at V), = 60, 90, 120, 150 V, f =10, 100 Hz, d = 2 mm.

In addition, the tool diameter is increased to 3 mm and 4 mm to explore the effect of tool
geometry on surface deformation. The single-spot vibration striking experiments at the same
driving voltage and vibration frequency conditions are conducted using the two striking tools with
larger diameters. The corresponding results of F,,x, Umax, h, D are summarized in Fig. 4.9 and
Fig. 4.10. Similar to the results at d = 2 mm, Fj,,;x, Uax, b, and D increase with more significant
driving voltage at d = 3 mm and d = 4 mm. Also, higher frequency has a more evident effect on
these results.

Fnax, Umax, h, and D with a given V,, = 150 V at d = 2, 3, 4 mm are selected to compare the
effect of tool geometry of these variables more efficiently, as demonstrated in Fig. 4.11. Observe

that when d increases from 2 mm to 4 mm, the maximum striking force F;,, becomes larger. The
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Figure 4.9 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
steel samples at V,,, = 60, 90, 120, 150 V, f =10, 100 Hz, d = 3 mm.
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Figure 4.10 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
steel samples at V,,, = 60, 90, 120, 150V, f =10, 100 Hz, d = 4 mm.

46



o Vyp =150V

B/ = 10Hz B/ = 10Hz

500 | [/ = 100Hz &0 I/ = 100Hz

b]
600 ol

40

(N)
u__ {(um)

20

1 2 3 4 5
d(mm) d (mm)
60 (© 800 td)
B = 10H: =f=10Hz
50 =100H f=100Hz
[ ] 2 500
40 —
= =
3 30 3 400
= Q
< 20
200
10
0

1 2 3 4 5 1 2 3 4 5
d (mm) d (mm)

Figure 4.11 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
steel samples at V,,, =150V, f =10, 100 Hz, d = 2, 3, 4 mm.

increase is expected since a larger toot diameter will increase the contact area between the striking
tool and the workpiece during each strike, leading to higher deformation resistance and hence
more significant striking force. Accordingly, lower u,,,, is also achieved because the increasing
deformation resistance causes a larger amplitude reduction of the striking tool. This reduction makes
the striking tool unable to reach a position as deep as it does at minor tool diameter condition,
which results in a smaller permanent depth of the indentation (Fig. 4.11c). The permanent width of
the indentation becomes larger due to the larger contact area between the tool and the workpiece.
Generally, the permanent depth of the indentation is negatively correlated with the tool diameter,
while the diameter of the indentation is proportional to the tool diameter. To reach a similar
permanent depth of the indentation in minor tool diameter conditions, a more significant driving
voltage or a preload with negative Z is necessary. As mentioned earlier, higher F,,,, results in
more plastic deformation, and hence larger 2 and D. It does not conflict with the current results
of smaller 4 and larger D at larger tool diameter conditions since the reduced plastic deformation

along the depth direction is supplemented by the increased plastic deformation along the width
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direction.
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Figure 4.12 Optical photos of the permanent indentations in single-spot vibration striking at various
vibration conditions (f = 10, 100 Hz, V,,, = 60, 90, 120, 150 V, d = 3 mm) using steel samples.

Figure 4.12 shows the resulting permanent indentations on the surface at the vibration conditions
of f =10, 100 Hz, V,, = 60, 90, 120, 150 V, d = 3 mm using steel samples. It is observed that the
diameter of the indentation is positively correlated with the driving voltage and vibration frequency.

Figure 4.13 shows the cross-sectional profiles of the permanent indentations grouped at f =
10 and 100 Hz with different driving voltages and tool diameters, respectively. The depth (#) and
diameter (D) of the indentation increase with V),,. For a given V),,, higher f results in higher h
and D, which is consistent with the results in Fig. 4.8c - 4.10c and Fig. 4.8d - 4.10d. Both of the
above trends work for different tool diameters. As noted earlier, a higher f results in a lower 1,4
(Fig. 4.8b - Fig. 4.10b). Since the tool position is at Z = 0, u,,, equals the maximum indentation
depth reached by the strike, representing the total plastic and elastic deformation. In contrast, A
represents only the plastic deformation.

Figure 4.14 shows how Fj,,, is related to & and D, respectively. It is found that the size of
the permanent indentation generated on the surface is linearly dependent on the peak force of the
strike. It indicates that the force signal can be used to monitor the plastic deformation imposed by
each strike.

4.2.2 Single-spot vibration striking using OFHC copper workpieces

To study the deformation behavior of different materials after PVST, PVST experiments at
identical experimental conditions used in steel samples were carried out using OFHC copper
samples. The results of Fy,4x, Umax, h, and D at d =2, 3, 4 mm are shown in Fig. 4.15, Fig. 4.16,

and Fig. 4.17, respectively. Similar to the deformation behavior of applying PVST onto steel
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Figure 4.13 Cross-section profiles of permanent indentations at different vibration conditions using
steel samples at V),, = 60, 90, 120, 150 V. (a) - (¢): d =2 -4 mmand f =10 Hz; (d) - (f): d =2 -
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Figure 4.14 The correlation of striking peak force with the depth (upper row) and diameter (bottom
row) of the permanent indentation in single-spot vibration striking at d = 2 — 4 mm using steel
samples. (a) — (c): depth - force; (e) — (f): diameter - force.
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samples, the experimental results show that the four variables (F},,4x, Umax, h, D) also increase with
the increase of driving voltage. Higher vibration frequency results in greater striking force and
lower vibration displacement. The maximum striking force is about 550 N in the steel samples,

while it is only about 330N in the copper samples due to lower strength.
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Figure 4.15 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
copper samples at V,,, = 60, 90, 120, 150 V, f =10, 100 Hz, d = 2 mm.

Fnax, Umax, h, and D with a given V,, = 150 V at d = 2, 3, 4 mm are selected to compare the
effect of tool geometry of these variables more efficiently, as demonstrated in Fig. 4.18. Observe
that F,,, in Fig. 4.18a strictly increases and u,,,, in Fig. 4.18b strictly decreases as d increases,
which is consistent with the results in the steel samples. However, the & in Fig. 4.18c does not
reduce strictly with the increment of the tool diameter. Likewise, D does not increase strictly as
the tool diameter increases. The values of 4 and D in d = 3 mm are outliers, which is inconsistent
with the results in the steel samples. These outliers may be correlated with the initial surface state
of the workpieces and the setting of the initial Z value. In the steel samples, the surface was ground

before the PVST experiments, so it had a very low initial surface roughness. While for the copper
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Figure 4.16 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
copper samples at V,,,, = 60, 90, 120, 150 V, f =10, 100 Hz, d = 3 mm.

samples, the surface was machined without grinding before the PVST experiments. The relatively
rough surface in the copper samples might cause the Z difference when setting the Z value, which
can apply a preload on the surface if it is not consistent at different surface locations due to the
roughness. The preload will increase the striking depth and plastic deformation, leading to a larger
depth and width. In this case, the striking force at d = 3 mm could be more significant than that at
d =2 mm, and the indentation’s corresponding permanent depth is also more prominent, as well as
the width.

Furthermore, when comparing the elastic recovery (= u,,, - k) of the indentation at identical
experimental conditions but using different materials, it is found that the elastic recovery in the
copper samples (Fig. 4.15 - Fig. 4.17) is more significant than that in the steel samples (Fig. 4.8
- Fig. 4.10). It is expected since steel has a higher Young’s modulus than copper, which is more
capable of resisting elastic deformation.

Figure 4.19 shows the resulting permanent indentations on the surface at the vibration conditions
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Figure 4.17 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using

copper samples at V,,, = 60, 90, 120, 150 V, f =10, 100 Hz, d = 4 mm.
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Figure 4.18 Summary of (a) striking peaking force, (b) maximum tool vibration displacement, (c)
the depth, and (d) the diameter of a permanent indentation in single-spot vibration striking using
copper samples at V,,, =150V, f =10, 100 Hz, d = 2, 3, 4 mm.
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of f =10, 100 Hz, V,, = 60, 90, 120, 150 V, d = 3 mm using copper samples. It is observed
that the diameter of the indentation is positively correlated with the driving voltage and vibration
frequency.

Figure 4.20 shows the cross-sectional profiles of the permanent indentations using copper
samples at the same vibration conditions in Fig. 4.13. The increasing trend of 4 and D with V),
still can be observed clearly. Higher frequency also leads to larger 7 and D. The relationships of
the depth and width with the tool diameter are consistent with the results in Fig. 4.15 - Fig. 4.17,
where the depth and width at d = 3 mm are more significant than that in d = 2 mm. Also, it is
observed that the permanent indentation at the condition of f = 10 Hz, V), =60 V, d = 4 mm is

very shallow, which only creates a depth of 2.1 yum.

60V o0V 120V 150V

Figure 4.19 Optical photos of the permanent indentations created in single-spot vibration striking
at various vibration conditions (f = 10, 100 Hz, V,,, = 60, 90, 120, 150 V, d = 4 mm) using copper
samples.

Figure 4.21 shows how F,,,, is related with 4 and D, respectively. It is found that the size of the
permanent indentation generated on the surface is linearly dependent on the peak force of the strike.

It indicates that the linear force relationship with indentation size holds for different materials in

PVST.

4.3 One-dimensional (1D) scan vibration striking

Scan speed v and path interval d,, (similar to indentation offset distance d) are crucial factors
for better quality control in striking-based surface treatment. It is challenging to precisely control
hand-held devices due to the high variability of human operations. Typically, v is an average
speed instead of a constant speed during the striking process in those treatments, and d, can
only be determined empirically. For CNC-assisted devices, these two factors can be precisely

controlled to generate different combinations of the parameters, i.e., d, = 30 um and v = 1000
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Figure 4.20 Cross-section profiles of permanent indentations at different vibration conditions using
copper samples. (a) —(¢): d =2—-4 mmand f = 10 Hz; (d) — (f): d =2 -4 mm and f = 100 Hz.
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Figure 4.21 The correlation of striking peak force with the depth (upper row) and diameter (bottom
row) of the permanent indentation in single-spot vibration striking using copper samples at d = 2

—4 mm. (a) — (c): depth - force; (e) — (f): diameter - force.
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mm/min [47, 99], d;, = 10 um or 70 um and v, = 2000 mm/min [48, 110, 112], d,, = 10 um and v,
= 3000 mm/min [98]. However, these references provided no guidelines for the proper scan speed
selection and path interval selection. Specifically, the effect of scan speed on surface properties is
not entirely understood and quantified, as two different conclusions exist about how the scan speed
affects surface finish [49, 104, 113]. In the study by Farrah et al. [49], they utilized finite element
simulation under UNSM to study the effect of vy (2400 mm/min and 1200 mm/min) on surface
roughness. They concluded that the surface roughness decreases with decreasing vy. Bohdan N.
Mordyuk et al. [104] explored the effect of scan speed on the surface roughness under UIP and the
thickness of the nanocrystalline surface layer. The results suggested that higher vy would diminish
the surface roughness and the thickness of the nanocrystalline surface layer. The results of the effect
of scan speed on the surface roughness in [49, 104] are consistent. Recent research carried out
by J. Schubnell et al. [113] proposed that the term “coverage” represents the overlap degree of the
successive indentations, which is closely related to vy in HFMI and studied the effect of the coverage
on the surface roughness. The results revealed that the surface roughness does not decrease with
increasing coverage. These inconsistent results indicate that the investigation of the effect of scan
speed on the surface finish appears particularly necessary. Therefore, in the one-dimensional (1D)
scan vibration striking experiment, the effect of different scan speeds, which correspond to different
overlap ratios (as defined in Fig. 3.7) on the surface properties, are explored.

In this experiment (Fig. 4.22), the tool vibration is turned on after the tool position in Z is set to
zero (Z = 0). The workpiece is moved horizontally along the X-axis at a controlled speed (vy). It
leads to the vibrating tool scanning the surface while imposing successive strikes along a straight
tool path. The offset distance (d;) between two successive strikes is dependent on the vibration

frequency (f) and the scan speed (vy) as

d =2 (4.1)
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Workpiece X

Figure 4.22 Schematic of 1D scan vibration striking.

4.3.1 1D scan vibration striking using mild steel workpieces

Figure 4.23 shows the surface grooves created with the vibration conditions of f = 100 Hz,
V,p =150V, and d = 3 mm at four scan speeds v, = 3300, 2475, 1650, 825 mm/min using steel
workpieces. These scan speeds are selected to achieve the striking overlap ratios of 0, 0.25, 0.5, and
0.75, respectively. The overlap ratio (r,) is defined in Eq. 3.5. According to Eq. 4.1 and Eq. 3.5, a
lower v leads to a smaller d; and thus a higher r,. Fig. 4.23b and Fig. 4.23c show that the 1D scan
vibration striking results in a uniform indentation pattern along the tool path at each scan speed.
The higher the overlap ratio, the smoother the surface in the groove.

Figures. 4.24a — 4.24c¢ show the longitudinal section profiles of the surface grooves created in
1D scan vibration striking at various striking overlap ratio conditions using steel samples (f = 100
Hz, V,, =150 V,d =2 -4 mm, r, = 0, 0.25, 0.5, 0.75). The indentation spacing d,; measured
from these profiles for r, = 0, 0.25, 0.5, and 0.75 is shown in Table. 4.3. The measured d; values
agree with the calculated d; values using Eq. 4.1. It indicates that the vibration striking with tool
scan motion can be accurately controlled. Furthermore, the measured peak-to-valley height (Rz)
and line roughness (Ra) ( Table. 4.4) computed using the longitudinal section profiles decrease
with increasing r,, showing that higher r, leads to a smoother surface in the groove. Fig. 4.24d
— Fig. 4.24f show the transverse section profiles of these grooves (perpendicular to the tool scan
direction) taken at the center of each indentation, corresponding to the maximum depth location
in the groove. As observed, the transverse section profile is not much affected by r,. The profile

appears nearly the same for different r,. The groove depth (%) measured from the undeformed
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Figure 4.23 (a) Definition of striking overlap ratio; (b) optical photo and (c) measured topography
of the surface grooves created in 1D scan vibration striking using steel samples: f =100 Hz, V,,
=150V,d =3 mm, r, =0,0.25, 0.5, 0.75.

surface is about 30 um, 24 ym, and 11 ym at d = 2 - 4 mm, respectively. The groove width (W)

measured using the distance between the two ridges is about 550 um, 645 yum, and 705 um at d =

2 - 4 mm, respectively. The two ridges are formed by displacing material within the groove. The

ridge size increases slightly with r, as more material tends to be displaced, creating a smoother

surface in the groove. Note that the left ridges at d = 3 mm are slightly higher than the opposite

ridges for all overlap ratio cases, which is likely caused by the imperfect mounting of the workpiece

in the experiment that results in slight tilting of the initial surface.

Table 4.3 Indentation spacing at different overlap ratios and tool diameters using steel samples.

d =2 mm d =3 mm d =4 mm
o Cal. d; (um) Mea. dg; (um) Cal. dg (um) Mea. dg (um) Cal. dg (um) Mea. dg (um)
0 510 530 + 16 550 516 + 8 735 726 £ 3
0.25 382.5 396 + 13 412.5 392 + 12 551.3 534 + 17
05 255 266 + 9 275 269 + 13 367.5 261 + 8
0.75 127.5 128 £ 3 137.5 131 £ 8 183.8 183 +2

Figures 4.25 - 4.27 show the measured forces corresponding to these grooves. There are two
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Figure 4.24 (a) — (c) Longitudinal and (d) — (f) transverse section profiles of surface grooves in 1D
scan vibration striking using steel samples: f = 100Hz, V,, =150V, d =2 -4 mm, r, = 0, 0.25,
0.5,0.75.
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Table 4.4 Measured Rz and Ra at different overlap ratios and tool diameters using steel samples.

d =2 mm d =3 mm d =4 mm
ro  Ra(um) Rz (um) Ra(um) Rz (um) Ra(um) Rz (um)
0 7.1 26.7 3.9 17.0 2.6 10.6
0.25 4.5 17.3 2.6 10.5 1.3 5.7
0.5 2.3 8.8 1.5 7.6 0.7 1.5
0.75 1.2 4.1 0.6 1.6 0.3 1.1

force components during 1D scan vibration striking: the striking force (F;) in the Z direction and
the sliding force (Fy) in the X direction. Both forces are highly repetitive in the successive striking
cycles, which indicates that the process is relatively stable. The primary force is the striking force
which is not significantly affected by r,. The secondary force is the sliding force which is much
smaller than the striking force. The sliding force is generated due to the horizontal scan motion of
the tool. Unlike the striking force, which has a symmetrical profile and is nearly independent of r,,,
the sliding force decreases with increasing r,, and the force profile becomes more asymmetrical
as r,, increases. The asymmetrical profile indicates that the sliding force increases even when the
tool pulls from the surface after reaching the maximum vibration displacement. This asymmetry
is likely caused by the generation of pile-up material in front of the tool due to sliding. The sliding
force depends on the effective engagement depth between the tool and the workpiece surface during
sliding. Besides the tool vibration displacement, the effective engagement depth is also affected by
the pile-up of material in front of the tool. While the tool is retracting from its maximum vibration
displacement, which tends to reduce the effective engagement depth, the continuous sliding action
keeps generating pile-up material in front of the tool, increasing the effective engagement depth. As
aresult, the occurrence of the maximum engagement depth (corresponding to the sliding force peak)
lags the maximum vibration displacement (corresponding to the striking force peak), resulting in
the asymmetrical profiles of the sliding force.

Besides varying r,, the 1D scan vibration striking experiment has also been conducted while
varying V,,, and d. Fig. 4.28 summarizes all cases’ measured groove depth () and width (W). It
shows that the groove depth and width primarily depends on V), (i.e., vibration amplitude) and less

on r,. The groove depth decreases with a larger tool diameter, especially a significant reduction in
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Figure 4.25 The history of sliding force and striking force in four cycles using steel samples at d =
2mm, f =100 Hz, V,, = 150 V: (a) - (d) for r, = 0, 0.25, 0.5, 0.75.
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Figure 4.26 The history of sliding force and striking force in four cycles using steel samples at d =
3mm, f =100Hz, V,, =150 V: (a) - (d) for r, = 0, 0.25, 0.5, 0.75.
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Figure 4.27 The history of sliding force and striking force in four cycles using steel samples at d =
4 mm, f =100 Hz, V,, =150 V: (a) - (d) for r, = 0, 0.25, 0.5, 0.75.

steel samples at d =4 mm. The groove width increases as the tool diameter increases, likely caused
by a larger contact area between the tool and the workpieces.

Moreover, it is found again that the depth and width of the groove are linearly dependent on
the striking peak force (Fig. 4.29) despite the difference in the slope from the single-spot vibration
striking experiment (Fig. 4.14). Therefore, the force signal can also monitor the indentation

deformation resulting from each individual strike with tool scan motion for a given set of machine

parameters.

4.3.2 1D scan vibration striking using OFHC copper workpieces

Figure 4.30 shows the surface grooves created under the vibration conditions of f = 100 Hz,
Vyp = 150V, and d = 2 mm at four overlap ratios (r, = 0, 0.25, 0.5, 0.75) using OFHC copper
workpieces. Fig. 4.30b and Fig. 4.30c show that the 1D scan vibration striking results in a uniform
indentation pattern along the tool path at each overlap ratio. The higher the overlap ratio, the
smoother the surface in the groove. The uniform distributions of the successive indentations are
very close to the distributions in the steel samples (see Fig. 4.23), which showcases the ability of

PVST to precisely control the striking effect on the samples with initially smooth surfaces despite
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resulting from 1D scan vibration striking at various V), and r,: f =100 Hz, d =2 - 4 mm.
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Figure 4.29 The correlation of the striking peak force with (a) — (c) the depth and (d) — (f) width
of the surface groove in 1D scan vibration striking experiment at different driving voltages using
steel samples: d =2 — 4 mm.
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different materials used. It is also observed that the depth of the grooves is more prominent in the
copper samples than in the steel samples, which causes a higher height value of the grooves’ ridges

displaced by the striking tool’s sliding effect.
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Figure 4.30 (a) Definition of striking overlap ratio; (b) optical photo and (c) measured topography
of the surface grooves created in 1D scan vibration striking at various striking overlap ratios using
copper samples: f =100Hz,V,, =150V, d =2 mm, r, =0, 0.25, 0.5, 0.75.

Figures 4.31a — 4.31c show the longitudinal section profiles of the surface grooves created in
1D scan vibration striking at various overlap ratio conditions using copper samples (f = 100 Hz,
Vop =150V, d =2 -4 mm, r, =0, 0.25, 0.5, 0.75). The indentation spacing d; measured from
these profiles for different overlap ratios are shown in Table 4.5. The measured d; values agree with
the calculated d; values using Eq. 4.1, which are consistent with the results of the steel samples.
The measured values of Rz and Ra illustrated in Table 4.6 for the longitudinal section profiles
reduce with the increment of r,, sharing the same variation trend as in the steel samples. Fig. 4.31d
— Fig. 4.31f show the groove’s transverse section profiles taken at the center of each indentation
which corresponds to the maximum depth location in the groove. Consistent with the results of the

steel samples, the transverse section profile is not much affected by r,. The profile appears nearly
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the same for different r, at d = 2 mm. Observe that there is a slight difference in the profiles at d =
3 mm for different overlap ratios and a relatively large profile at d =4 mm and r, = 0. It could be
caused by the relatively rough surface of the copper samples compared to the steel samples with a
smoother initial surface state. The groove depth (/) measured from the undeformed surface is about
28 um, 24 yum, 21 um at d = 2 - 4 mm, respectively. The groove width measured by the distance
between the two ridges is about 605 um, 670 um, and 803 ym at d = 2 - 4 mm, respectively. Note
that the left ridges at d = 3 mm and the right ridges at d = 2 mm are slightly higher than the opposite
ridges for all overlap ratio cases, which the imperfect mounting of the workpiece might cause in
the experiment that results in slight tilting of the initial surface.

Table 4.5 Indentation spacing at different overlap ratios and tool diameters using copper samples.

d =2 mm d =3 mm d =4 mm
o Cal. d; (um) Mea. d; (um) Cal. dg (um) Mea. dg (um) Cal. dg (um) Mea. dg (um)
0 540 537+9 710 716 £ 16 740 745 £ 3
0.25 405 407 = 10 532.5 521+ 14 555 565 =11
05 270 270 =7 355 362 +2 370 376 + 6
0.75 135 135+4 177.5 185+2 185 187 + 1

Table 4.6 Measured Rz and Ra at different overlap ratios and tool diameters using copper samples.

d=2mm d =3 mm d =4 mm
ro  Ra(um) Rz (um) Ra(um) Rz (um) Ra(um) Rz (um)
0 6.9 25.7 6.1 22.8 3.6 14.1
0.25 4.7 16.7 3.5 14.2 2.0 6.8
0.5 2.3 9.2 1.5 7.3 0.7 2.8
0.75 0.8 3.5 0.7 1.3 0.4 1.1

Figures 4.32 - 4.34 show the measured forces corresponding to these grooves. The striking
force (F) and the sliding force (F,) are highly repetitive in successive striking cycles. Consistent
with the results in the steel samples, the striking force is not significantly affected by r,, and the
sliding force is much smaller than the striking force. Due to the low strength in the copper samples,
the striking force is smaller than that in the steel samples, but the sliding force in the two samples
is similar. Based on the hardness results in Fig.5.21, the overlap ratio does not significantly affect
the hardness, which means that the sliding forces are equivalent for different ratios. It is possible

that the striking effect dominates the plastic deformation of the treated surface over the sliding
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Figure 4.31 (a) — (c¢) Longitudinal and (d) — (f) transverse section profiles of surface grooves in 1D
scan vibration striking using copper samples: f =100Hz,V,, =150V,d =2—-4mm,r, =0, 0.25,

0.5, 0.75.
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effect. The symmetrical profile of the striking force and asymmetrical profile of the sliding force
are still observed in the current results. Also, the sliding force reduces as the overlap ratio increases,

indicating that the pile-up material and engagement effect during the PVST process is common for

different materials, hence creating the asymmetrical profile of the sliding force.
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Figure 4.32 The history of sliding force and striking force in four cycles using copper samples at d
=2 mm, f =100 Hz, V,, = 150 V: (a) - (d) for r, = 0, 0.25, 0.5, 0.75.
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Figure 4.33 The history of sliding force and striking force in four cycles using copper samples at d
=3 mm, f =100 Hz, V,, = 150 V: (a) - (d) for r, = 0, 0.25, 0.5, 0.75.
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Figure 4.34 The history of sliding force and striking force in four cycles using copper at d = 4 mm,
f=100Hz, V), =150 V: (a) — (d) for r, = 0, 0.25, 0.5, 0.75.

In addition, the 1D scan vibration striking experiment has also been conducted at different
driving voltage and tool diameter conditions. Fig. 4.35 summarizes all cases’ measured groove
depth and width. Similar to the results of the steel samples, 4 and W are mainly correlated with V,,,
and less with r,. Consistent with the results of the steel samples, the groove depth decreases with a
larger tool diameter in the results of the copper sample, except for a minor driving voltage condition
of V,,, =60V, at which the groove depth is not influenced by the tool diameter greatly. Likewise, the
groove width increases as the tool diameter increases, except for a minor driving voltage condition
of V,, = 60V, at which the groove width is not significantly influenced by the tool diameter. It
might be caused by the small vibration amplitude at a lower driving voltage condition and the
extensive elastic recovery in the copper samples. The small vibration amplitude will not cause a
large total deformation and there will be only a small part of permanent plastic deformation left
after the elastic recovery of material. As demonstrated in Fig. 4.36, the linear relationship of the
depth and width with the striking peak force is still achieved in the copper samples. In light of the
linear relationships in Fig. 4.29 and Fig. 4.36, it reveals that the force signal can be used to monitor

the indentation deformation under the current setting for these two materials, which is promising
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for feedback control to achieve the target surface deformation more precisely.

4.4 Discussion

The striking force and tool vibration displacement in PVST can be directly measured in real
time. It is a significant advantage over the ultrasonic vibration surface treatment, for it offers an
opportunity for real-time monitoring and control of the treatment process. Two kinds of linear
force relationships found in PVST are beneficial in this regard. The first linear relationship is
between the striking force and the reduction in tool vibration amplitude shown in Fig. 4.3. The
amplitude reduction is due to the elastic deformation of the device assembly under the striking
force. This linear relationship reflects the stiffness of the device assembly and is independent of
workpiece material and striking tip geometry. It can be used to calculate the vibration amplitude

during striking from the force signal:

Fmax
K

0 ) — Attpp =mV,, — (4.2)

Upp = U
where m is the proportionality between the unloaded vibration amplitude and the input driving
voltage; K is the proportionality between the striking peak force and the reduction in vibration
amplitude, which is equivalent to the stiffness of the device assembly. Both m and K are the
characteristics of the piezo vibration device and can be obtained by device calibration as shown in
Fig. 3.5 and Fig. 4.3. Since V), is a directly controlled input parameter and F),,, can be obtained
from the measured force signal, it is then possible, based on Eq. 4.2, to monitor the vibration
amplitude in PVST without directly measuring the vibration displacement but instead using the
measured force signal. This will simplify the instrumentation for process monitoring.

The second linear force relationship is found between the striking force and the resulting
indentation size (Fig. 4.14, Fig. 4.21, Fig. 4.29, and Fig. 4.36). These relationships should depend
on the workpiece material and the striking tool tip geometry since both affect the plastic deformation
induced on the surface. For the workpiece material (mild steel and OFHC copper) and striking
tool (d = 2, 3, 4 mm) used in this dissertation, the force—indentation size relationship can be
well approximated as linear. Theoretically, this relationship is nonlinear for a spherical-shaped

indenter [114]. However, the indentation depth range of PVST is usually small (e.g., ~47 um in
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Figure 4.35 Comparisons of (a) — (c) the depth and (d) — (c) width of copper sample surface grooves
resulting from 1D scan vibration striking at various V,,, and r,: f =100 Hz, d =2 - 4 mm.

72



d
500 (a) 500 (d)
® 60V m 90V * 120V ¢ 150V ® 60V m 90V *+ 120V ¢ 150V
400 400+
Z 300} Z 300} (
3 o
w5 200t L E 200t
100 + y =10.46x +45.33 100 + y =0.62x - 44.873
R*=0.988 R*=0.96
0 - 0 ' : : :
0 5 10 15 20 25 30 100 300 500 700 900
h (pm) W (um)
(b) (e)
500 500,
® 60V m 90V x 120V ¢ 150V ® 60V m 90V x 120V ¢ 150V
400 } 400
(4
Z 300f Z 300}
x x
£ £ 200
w 200+ w L
100 - y =12.891x + 48.22 100 y =0.59x - 34.41
R*=0.984 R*=0.99
0 — 0 : : : :
0 5 10 15 20 25 30 100 300 500 700 900
h (um) W (um)
C f
500 (c) 500 (f)
® 60V m 90V x 120V .4 150V ® 60V m 90V x 120V ¢ 150¥
400+ 400
Z 300} Z 300}
x x
£ € 200 ut
L E 200} " _
1001 y = 18.276x + 40.89 1001 ") y =0.53x - 38.65
R%*=0.992 R*=0.91
0 -— 0 : : : :
0 5 10 15 20 25 30 100 300 500 700 900
h (um) W (pm)

Figure 4.36 The correlation of the striking peak force with (a) — (c) the depth and (d) — (f) width of
the surface groove in 1D scan vibration striking experiment using copper samples: d =2 —4 mm.
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Fig. 4.14 and Fig. 4.21) compared to the striking tool tip diameter (2, 3, 4 mm). It is this small
indentation depth range that enables a good approximation of the linear relationship between the
striking force and indentation size. The quality of this linear approximation can be considered to
depend on the ratio of the indentation depth range to the diameter of the striking tool tip (h/d).
The smaller this ratio, the better quality has the linear approximation. It can be expected that the
linear force relationship is better approximated for a harder material than a softer material because
h becomes smaller for the harder material and better for a larger striking tool tip than a small tool
tip. This is the second linear relationship related to Fmax-h/d instead of the first linear relationship
related to the elastic compression of PVST device. In practice, the h/d ratio may still be minimal
despite the changes in workpiece material or tool tip size, so the linear force—indentation size
relationship may be broadly acceptable in PVST. The linear equation describing the relationship,
however, will change with the workpiece material and the striking tool diameter. For a given
combination of workpiece material and tool diameter, the linear force—indentation size relationship
should be fixed, based on which the indentation size or plastic deformation level induced by each
individual strike can be monitored using the measured force signal.

The two linear force relationships provide a basis for realizing real-time monitoring and force-
based feedback control of PVST, which can significantly enhance treatment efficiency and capa-
bility. The force sensor eventually needs to be integrated into the vibration device for practical
implementation. This type of integration has been demonstrated as feasible for implementing a
modulation-assisted drilling process [71, 72]. In the above results, PVST is only performed on
a flat workpiece surface. The force-based feedback control capability will be beneficial for per-
forming the treatment on a freeform surface. In this case, the tool vertical position and vibration
amplitude can be controlled in real time based on the striking force signal to accommodate surface
height change during the tool scan. This capability will significantly enhance the automation and

efficiency of the treatment process.
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4.5

Conclusions

Tool-surface approaching, single-spot vibration striking, and 1D scan vibration striking experi-

ments were carried out under various experimental settings, including varying vibration frequency,

driving voltage, tool diameter, overlap ratio, and workpiece material. The force and displace-

ment signals, involving striking force, sliding force, and vibration displacement and amplitude, are

summarized to investigate the effect of process parameters on the PVST process. The size and

surface texture or cross-sectional profiles of permanent indentations in single-spot vibration strik-

ing conditions or grooves in 1D scan vibration striking conditions are extracted to characterize the

deformation behavior of different materials in the PVST process. The correlations between these

factors and process parameters are explored to provide a reference for future study and practical

application. Specific findings from this chapter are:

1y

2)

3)

4)

Elastic compression of the PVST device assembly under striking force causes a reduction in
vibration displacement in tool-surface approaching experiments. The relationship between
displacement reduction and striking force is linear, equivalent to the axial stiffness of the
PVST device. It indicates that displacement reduction can be calculated from the force signal
given the stiffness of the PVST device.

Both the force and displacement signals reach the steady-state oscillations nearly right after the
start of the tool vibration in single-spot vibration striking. The peak force and the maximum
vibration displacement remain constant, except that they differ for different driving voltages.
Maximum striking force is positively correlated with vibration frequency while maximum
vibration displacement is negatively related to vibration frequency, which is caused by the
increased inertial force and acceleration, and more plastic deformation and strain harden-
ing of the material (higher yield strength) at higher frequency conditions. Striking force,
displacement, and indentation diameter also increase with increasing driving voltage due to
higher vibration amplitude and increasing tool diameter due to larger contact area.

In 1D scan vibration striking experiments, the measured indentation space agrees with

the calculated value, indicating that vibration striking with tool scan motion can be accu-
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5)

6)

rately controlled. Roughness parameters decrease with increasing overlap ratio, leading to a
smoother surface. The groove depth is inversely proportional to the tool diameter, while the
groove width is proportional to the tool diameter. Also, they primarily depend on driving
voltage and less on overlap ratio. The transverse section profile of the groove is not much
affected by the overlap ratio.

The force components in 1D scan vibration striking consist of striking force and sliding
force. The overlap ratio does not significantly affect the symmetrical striking force, while
the asymmetrical sliding force decreases with an increasing ratio. The asymmetry is likely
caused by the generation of pile-up material in front of the tool due to sliding. The striking
force is larger in steel samples because of higher yield strength. In contrast, the sliding
forces are similar in copper and steel samples since the striking effect dominates the plastic
deformation of the treated surface over the sliding effect.

Groove/indentation size is linearly dependent on the striking peak force both in single-spot
vibration striking and 1D scan vibration striking, indicating that the force signal can monitor
surface deformation resulting from each individual strike with tool scan motion. These linear
relationships hold for OFHC copper and mild steel samples with initially smooth surfaces,
showcasing the ability of PVST to precisely control the striking effect on the workpieces

despite the differences in strength of the two materials used.
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CHAPTER 5

PIEZO VIBRATION STRIKING TREATMENT ON MACHINED SURFACE
In this chapter, the PVST is applied on the mild steel and OFHC copper workpieces with an
initially smooth surface to perform the tool scan in two directions. The resultant surface texture
and roughness parameters were investigated under various PVST experimental settings involving
changing overlap ratio, scan speed, driving voltage, tool diameter, and workpiece material. The
results and correlations achieved in this chapter can provide a reference and basis for comparing

the results obtained on the initially rough surface.

5.1 Two-dimensional (2D) scan vibration striking

2D scan vibration striking can be regarded as an extension of 1D scan vibration striking where
a5 mm x 5 mm area of the workpiece surface is treated by the vibrating tool following parallel
line scan paths in X and Y directions. In the 2D scan vibration striking experiment, the striking
tool is first brought to a position where Z equals zero, and then the vibration is turned on. The
workpiece mounted on the working table moves along the X-axis at a preset scan speed. After the
workpiece movement reaches the setting value (5 mm length) in the X direction, the workpiece
moves along the Y-axis for a path interval d;,. Then a new line scan path starts but in the opposite
X direction. For all cases, the spacing (d,,) between the path lines is set to be the same as the offset
distance (d;) between two successive striking locations along the scan path (see Fig. 5.1). It results
in approximately the same striking overlap ratio r, in both the scan and the transverse directions
with respect to the scan path lines.

The effects of various experimental parameters on the topography of the treated surface are
investigated using different materials. Two different initial surface states are used, including initially
smooth surface (steel and copper samples) and initially rough surface (additively manufactured
titanium alloy samples, see Chapter 6), to explore the application of PVST on these surface states

and materials.
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Figure 5.1 Schematic of 2D scan vibration striking experiment.

5.2 Application of PVST on the initially smooth surface

Figure 5.2 shows an overview of surface textures generated at different driving voltage and over-
lap ratio conditions using steel and copper samples, measured using KEYENCE at the magnification
of x20. Each small square (the treated area) is measured using KEYENCE at the magnification of
x1000. However, the high spatial resolution (0.2 um) under high magnification generates enormous
amounts of data points when measuring an area of 5 mm x Smm (about 700 million data points).
Because of the highly repetitive nature of the processed area, the upper left corner of the original
measurement with an area of 1.4 mm x 1.4mm was selected to compute the surface roughness Sa

to improve the measurement efficiency to save computation cost.

Figure 5.2 Overview of surface textures generated in 2D scan vibration striking experiments using
steel and copper samples.
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5.3 2D scan vibration striking using mild steel workpieces

Figure. 5.3 shows the surface topography obtained under different V,,,, and r, conditions at d =
2 mm and f = 100 Hz. The upper row is for different r, (0, 0.25, 0.5, and 0.75) with a fixed V),
(120 V), while the lower row is for different V),, (60, 90, 120, and 150 V) with a fixed r, (0.75).
For each condition, the generated surface texture is uniform throughout the treated area, which
reflects the uniform spacing and intensity of the strikes during the treatment. The r, significantly
affects the generated surface texture. With the small r, (Fig. 5.3a and Fig. 5.3b), the surfaces have
a dimple texture reflecting each surface indentation. It shows that the material is displaced to form
circular ridges (red areas in the height contour maps). However, more material is displaced to the
two lateral sides compared to the front and back sides with respect to the tool scan path. As r,
increases, the dimple size decreases. When r,, increases to 0.75, the individual dimple is no longer
visible (Fig. 5.3d). When the surfaces generated at r, = 0.75 are examined at a higher resolution
(Fig. 5.3e - Fig. 5.3h), line ridges parallel to the tool scan path can be observed on the surfaces at
higher V,,,. These line ridges are formed mainly by the lateral displacement of the material from
inside the tool paths. The height of these line ridges decreases with decreasing V,,,. Atr, =0.75
and V,, = 60 V (Fig. 5.3e), the line ridges are no longer visible. The surface texture appears to
have no significant difference along the scan and transverse directions, leading to a more smoother
texture.

Figure 5.4 summarizes these quantified surface roughness parameters (Sa, Ra, and Rz) which
are defined in Chapter 3 where describes how to compute Sa, Ra, and Rz. The 1D roughness
parameters Ra and Rz are measured along both the scan and the transverse directions. It shows
that all roughness parameters decrease with the increase in r,, and decrease in V),,. The Ra values
are close in the transverse and scan directions for all r,, and Sa is very close to Ra (Fig. 5.4a and
Fig. 5.4b). Rz is higher in the transverse direction than the scan direction because it will go across
all the high ridges along the transverse direction when calculating Rz. Instead, computing Rz along
the scan direction will go across several tool paths where the surface heights are smaller, generating

a smaller Rz in the scan direction. For r, = 0.75, the roughness difference in the two directions is
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Figure 5.3 Surface topography resulting from 2D scan vibration striking at different r, and V,,
using steel samples: f =100 Hz, d = 2 mm. Measured area is 1.4 x 1.4 mm.

slight, and the difference is further reduced with decreasing V),, (Fig. 5.4c and Fig. 5.4d). These
changes are consistent with the transition of surface texture from the dimple type to the line ridges
and eventually to the smoother type.

Figure 5.5 shows the surface topography obtained under different V), and r, conditions at d =
3 mm. The upper row is for different r,, (0, 0.25, 0.5, and 0.75) with a fixed V,,, (120 V), while the
lower row is for different V,,, (60, 90, 120, and 150 V) with a fixed r,, (0.75). The uniform surface
texture throughout the treated area is still observed for each condition. The dimple texture occurs at
ro =0,0.25, 0.5 (Fig. 5.5a - Fig. 5.5¢), and the size of dimples increases thanks to the use of larger
tool diameter, compared to the dimples in Fig. 5.3a - Fig. 5.3c. The ridges at r, = 0.25 and r, =
0.5 become higher, indicating more material is displaced to the two lateral sides. As r, increases,
the dimple size decreases. When r,, is increased to 0.75, the individual dimple is no longer visible
(Fig. 5.5d). Fig. 5.5e - Fig. 5.5h demonstrate the surfaces generated at r, = 0.75 under different
Vyp. Line ridges parallel to the tool scan path can be observed on the surfaces at higher V,,, (90 V
- 150 V). These line ridges are more apparent than those at d = 2 mm in Fig. 5.3e - Fig. 5.5h. The
height of these line ridges is positively dependent on V,,. Atr, =0.75and V,, = 60 V (Fig. 5.5¢),

the line ridges are no longer visible. A smoother texture is achieved instead, and no significant
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Figure 5.4 Variations of roughness parameters with r, and V,, for surfaces shown in Fig. 5.3.

difference in surface texture is observed along the scan and transverse directions.

Figure 5.6 summarizes the quantified roughness parameters (Sa, Ra, and Rz) for these surfaces
in Fig. 5.5. All roughness parameters decrease with the increase in r, and decrease in V,,,. For r,
< 0.5, Ra and Rz are significantly higher in the transverse direction than the scan direction, and Sa
is very close to the Ra in the scan direction (Fig. 5.6a and Fig. 5.6b). For r, = 0.75, the roughness
difference in the two directions is significantly reduced, and the difference is further reduced with
decreasing V,,, (Fig. 5.6c and Fig. 5.6d). These changes are consistent with the transition of surface
texture from the dimple type to the line ridges and eventually to the smoother type.

Figure 5.7 shows the surface topography obtained under different V), and r, conditions at d =
4 mm. The upper row is for different r, (0, 0.25, 0.5, and 0.75) at V,,, = 120 V, while the lower
row is for different V), (60, 90, 120, and 150 V) at r, = 0.75. The surface texture still presents a
uniform distribution of the indentations for each condition. Different from the cases at d = 2 mm
in Fig. 5.3 and the cases at d = 3 mm in Fig. 5.5, the dimple texture only occurs at r, = 0 (Fig. 5.7a)

and r, = 0.25 (Fig. 5.7b). The dimple size increases with increasing tool diameter compared to
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Figure 5.5 Surface topography resulting from 2D scan vibration striking using steel samples at
different r, and V,,,,: f = 100 Hz, d = 3 mm. Measured area is 1.4 x 1.4 mm.
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Figure 5.6 Variations of roughness parameters with r, and V,, for surfaces shown in Fig. 5.5.
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the dimples in Fig. 5.3 and Fig. 5.7. The ridges significantly reduce for all the conditions. The
maximum value of the ridges is only 8 um while the value is 25 ym at d =2 mm and d = 3 mm. It
is caused by the reduced vibration amplitude when using a more prominent tool diameter, leading
to less material displaced to the two lateral sides. As r, increases, the dimple size decreases. The
individual dimple is barely seen when r, increases to 0.5 (Fig. 5.7¢ ) or 0.75 (Fig. 5.7d). When
the surfaces generated at r, = 0.75 are examined at a higher resolution (Fig. 5.7e - Fig. 5.7h), line
ridges parallel to the tool scan path can be observed on the surfaces at higher V,,, (120 V - 150 V).
The line ridges at V,,, = 90 V are less pronounced than those in Fig. 5.3f and Fig. 5.5f. The surface
texture at this condition is closer to the smoother texture except for some shallow line ridges. The
height of these line ridges is positively correlated with V,,. The maximum value of the ridges
decreases to 3.5 um (6 yum at d =2 mm and d = 3 mm). Atr, =0.75 and V,,, = 60 V (Fig. 5.7¢),

the line ridges are no longer visible, and the smoother texture is achieved.
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Figure 5.7 Surface topography resulting from 2D scan vibration striking using steel samples at
different r, and V,,,,: f = 100 Hz, d = 4 mm. Measured area is 1.4 x 1.4 mm.

Figure 5.8 summarizes the quantified roughness parameters (Sa, Ra, and Rz) for the surfaces
in Fig. 5.7. The roughness parameters are negatively correlated with r, and positively dependent

on V,,. In comparison to the Ra and Sa at d =2 mm and d = 3 mm, the Ra and Sa at d =4 mm
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reduces greatly, and the maximum Sa is only 1.1 um. The Sa is further reduced with decreasing

V,p (Fig. 5.8c and Fig. 5.8d).
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Figure 5.8 Variations of roughness parameters with r, and V,,, for surfaces shown in Fig. 5.7.

Note that the roughness of the treated surfaces is higher than the ground surface’s initial
roughness. The smoothly ground surface is used to minimize the influence of initial surface
roughness and texture such that the generated surface roughness and texture can be easily related
to the processing parameters of the vibration striking treatment. Furthermore, these measured
roughness parameters represent the achievable surface roughness using the corresponding treatment
parameters. Among all the surfaces shown in Fig. 5.7e, the smoothest surface is obtained with V,,,
=60V and r, =0.75 at Sa = 0.36 um, which is only slightly higher than the initial Sa value of 0.32
pm for the ground surface. As shown by the surface texture enclosed by the red square in Fig. 5.9,
the effect of PVST at this condition on the surface is much more moderate than the other conditions,
and it only generates a shallow square mark on the treated surface. It can bring the striking and
sliding effect to improve the surface finish but not create deep indentation marks shown in the two

left squares.
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Figure 5.9 Surface texture of steel samples under the condition of V),, = 60, 90, 120 V, d = 4 mm,
and r, = 0.75.

5.4 2D scan vibration striking using OFHC copper workpieces

To investigate the effect of PVST on different materials, the same experimental settings of 2D
scan vibration striking experiments are carried out on the OFHC copper samples with an initially
machined surface. Fig. 5.10 demonstrates the surface topography achieved under different V),,, and
r, conditions at d = 2 mm using copper samples. The upper row includes the surface textures
atr, =0, 0.25, 0.5, and 0.75 with a fixed V,, (120 V), while the lower row includes the surface
textures at V,, = 60, 90, 120, and 150 V with a fixed r,, (0.75). Consistent with the surface texture
in the steel samples, the current surface texture is also uniform throughout the treated area for each
condition, and the texture transition from the dimple texture to the line texture. The dimple size
negatively correlates with r,, and the individual dimple disappears at r, = 0.75 (Fig. 5.10d). Due
to the more considerable plastic deformation generated in the copper samples, the height of the
ridges is much higher than that in the steel samples. The maximum height of the ridges reaches
about 60 um in Fig. 5.10a. In Fig. 5.10e - Fig. 5.10h, the line ridges parallel to the tool scan path
exist for each driving voltage condition. Unlike the steel samples’ results, the smoother texture is
not observed at V,,, = 60 V and r, = 0.75, where the line ridges dominate the surface texture. It
can be explained by the fact that the more considerable plastic deformation in the copper samples
leads to a more significant permanent depth of each indentation or groove and hence causes more
material to be displaced to the lateral sides to form the higher line ridges.

Figure 5.11 summarizes the quantified roughness parameters (Sa, Ra, and Rz) for the surfaces
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Figure 5.10 Surface topography resulting from 2D scan vibration striking at different r, and V,,
using copper samples: f =100 Hz, d = 2 mm. Measured area is 1.4 x 1.4 mm.

in Fig. 5.10. All roughness parameters decrease with the increase in r, and decrease in V),,. For all
ro, the Ra values are close in both the transverse and the scan directions, and Sa is very close to Ra
(Fig. 5.11a and Fig. 5.11b). The Ra and Sa are much higher than the steel samples since the more
significant depth of the successive indentations or grooves is generated in the treated area. The
maximum value is about 12.5 um. The Rz values are much higher than the steel samples as well.
The Rz in the transverse direction is more significant than the scan direction because it needs to
go across all the high ridges along the transverse direction when calculating Rz. For r, = 0.75, the
roughness difference in the two directions gradually declines, and the difference is further reduced
with decreasing V),, (Fig. 5.11c and Fig. 5.11d).

Figure. 5.12 illustrates the surface topography achieved under different V),, and r, conditions
at d = 3 mm using copper samples. The upper row includes the surface textures atr, =0, 0.25, 0.5,
and 0.75 and V,,, = 120 V, while the lower row includes the surface textures at V,, = 60, 90, 120,
and 150 V and r, = 0.75. The height of the ridges significantly reduces compared to the height at d
=2 mm in Fig. 5.10 but is equivalent to that at d =2 mm in Fig. 5.3. The overall distribution of the
surface texture is similar to the previous results, and the smoother texture is observed again at V),

=60 and r, =0.75 in Fig. 5.12e. Since the vibration amplitude reduction results from using a larger
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Figure 5.11 Variations of roughness parameters with r, and V,, for surfaces shown in Fig. 5.10.
tool diameter, the less plastic deformation makes the sliding effect less evident than d = 2 mm in
Fig. 5.10. Hence less material is displaced to the lateral sizes to achieve the smoother texture.

Consistent with the surface texture in Fig. 5.12, the roughness parameters in Fig. 5.13 highly
decrease compared to the results in Fig. 5.11. Despite the significant difference between the
maximum values of Sa and Ra in the two conditions (Fig. 5.11a and Fig. 5.13a), the difference
between the minimum values of Sa and Ra is relatively small, which are 0.73 ym (Fig. 5.11¢) and
0.48 um (Fig. 5.13c), respectively. Again, all roughness parameters decrease with the increase in
r, and decrease in V).

Figure. 5.14 shows the surface topography achieved under different V),,, and r, conditions at d
=4 mm using copper samples. The ridges’ height in this condition is much smaller than d = 2 mm
and d = 3 mm, which is similar to the variation in the steel samples. The surface texture transits
from dimple texture to line ridge texture, hence smoother texture with increasing overlap ratio and
decreasing driving voltage.

The roughness parameters in Fig. 5.15 are expected to reduce significantly compared to the two
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Figure 5.12 Surface topography resulting from 2D scan vibration striking at different r, and V,, ,:
f =100 Hz, d = 3 mm. Measured area is 1.4 x 1.4 mm.
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Figure 5.14 Surface topography resulting from 2D scan vibration striking at different r, and V,,,:
f =100 Hz, d = 4 mm. Measured area is 1.4 x 1.4 mm.

previous conditions. The maximum Ra and Sa is only 1.69 ym in Fig. 5.15, and the minimum

value is about 0.2 um, which is a significant reduction of the surface roughness.

5.5 Further exploration on scan speed and tool diameter

According to the results of the steel and copper samples above, the overlap ratio highly af-
fects the surface texture (from dimple texture to line ridge texture and smoother texture) and
surface roughness (negative correlation), as shown in Fig. 5.3 - Fig. 5.14. The overlap ratio is a
straightforward experimental variable because it directly represents the degree of overlap between
two successive indentations, which can reflect the distribution density of the indentations on the
treated path or surface. However, it is not easy to accurately calculate the overlap ratio. Although
the diameter of the indentation obtained in the single-spot vibration striking experiment can be
approximated as D for computing the overlap ratio in Eq. 3.5, the actual W obtained in 1D/2D
vibration striking experiments is different from the D due to the additional sliding component.
It indicates that the calculated overlap ratio is an approximated value and will fluctuate within a
specific range. From the practical application perspective, different single-spot vibration striking

experiments must be carried out for each new tool or material to determine the diameter of the
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Figure 5.15 Variations of roughness parameters with r, and V), for surfaces shown in Fig. 5.14.
indentation for each new condition so that the overlap ratio can be approximately computed. It is
inefficient and time-consuming. Based on the results in Fig. 5.4a, Fig. 5.6a, and Fig. 5.8a, etc., the
relationships between the surface roughness and the overlap ratio have been achieved. This general
variation trend is helpful when selecting a proper overlap ratio to improve surface roughness, but
it is optional to determine an exact overlap ratio in these scenarios. Instead, using scan speed that
can be easily controlled in a CNC machine is a more convenient and efficient way to control the
overlap density of the indentations directly. A specific range of scan speed must be used in the first
few experimental trials to demonstrate the general distribution of the surface texture. Depending
on the specific requirement of the workpieces and scenarios, the overlap density of the indentations
can be determined by adjusting the scan speed.

To verify this method, four scan speeds (500, 1000, 2000, 3000 mm/min) are selected at d =
0.5, 1, 2 mm instead of using a particular value of the overlap ratio. Fig. 5.16 shows the texture of

the surfaces generated at the conditions of f = 100 Hz, V,,, = 150 V, v = 500, 1000, 2000, 3000
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mm/min, and d = 0.5, 1, 2 mm. The difference in the surface texture can be easily observed when
the speed variation is considerable (i.e., 1000 mm/min). The scan speed can clearly distinguish
the distribution density of the successive indentations despite the unknown overlap ratio for each
treated area. Through these few simple 2D vibration striking experiments, the speed range for a
specific overlap density of the surface texture can already be found. At the same time, the tool
geometry can help control and generate different surface textures. These results prove that it is
feasible to generate the surface texture more conveniently and efficiently by controlling the scan

speed.

1000 mm/min 500 mm/min

2000 mm/min 1000 mm/min 500 mm/min

“d=2mm

3000 mm/min 2000 mm/min 1000 mm/min. -~ 500 mm/min

Figure 5.16 Surface textures under different scan speeds at d = 0.5, 1, 2 mm, f =100 Hz, and V),
=150 V using steel samples.

Figure. 5.17 shows the surface topography obtained under different v and d conditions at f

=100 Hz and V,,, = 150 V from Fig. 5.16. Fig. 5.17a - Fig. 5.17d is for different v, (500, 1000,
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2000 and 3000 mm/min) with a fixed d (0.5 mm), Fig. 5.17e - Fig. 5.17h for different v; at d = 1

mm, and Fig. 5.17i - Fig. 5.171 for different vy at d = 2 mm, respectively. Similar to the previous

results of the steel samples, the generated surface texture is uniform throughout the treated area

for each condition. Different scan speeds distinguish the surface texture. With large v, (Fig. 5.17a

- 5.17b, Fig. 5.17e - 5.17f, Fig. 5.17j - 5.171), the surfaces have a dimple texture that reflects each

surface indentation. The height of the ridges increases with decreasing d. When v, decreases to

1000 mm/min, the surface texture transitions from dimple texture to line texture where line ridges

parallel to the tool scan path can be observed (Fig. 5.17c, Fig. 5.17g, Fig. 5.17k). At vy = 500

mm/min, the line ridges are no longer visible. The surface texture appears to have no significant

difference along the scan and transverse directions, leading to a more smoother texture (Fig. 5.17d,

Fig. 5.17h, Fig. 5.171).
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Figure 5.17 Surface topography resulting from 2D scan vibration striking at different v, using steel
samples: d =0.5,1,2mm, V,, =150V, f = 100 Hz. Measured area is 1.4 x 1.4 mm.
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Figure 5.18 summarizes the quantified roughness parameters (Sa, Ra, and Rz) for these surfaces
in Fig. 5.17. All roughness parameters are positively related to vy. For all vy, the Ra values are
close in both the transverse direction and the scan direction, and Sa is very close to Ra. Rz is
higher in the transverse direction than in the scan direction. For large v (2000, 3000 mm/min),
the roughness parameters increase with decreasing tool diameter. While for small v (500, 1000
mm/min), the Ra and Sa are very close for different tool diameters. It is consistent with the
surface texture shown in Fig. 5.17, where the line ridge and smoother texture are achieved in these
conditions.

In the above results, the Sa is inversely proportional to the overlap ratio and proportional to
driving voltage and scan speed. Also, the softer the material, the larger the Sa is. Different
combinations of these parameters are essential for precise control of surface roughness. The
relationships between them and surface roughness can provide some reference for the practical
application of PVST. Besides these parameters, another critical parameter is the tool diameter.
Although different tool diameters have been used in the above results to generate different surface
textures, they are not quantitatively compared at different vibration conditions. As mentioned
earlier, the tool diameter affects the final indentation size and surface texture by changing the
contact area between the striking tool and the workpiece. Therefore, it is worth studying its effect
on Sa quantitatively. In the following results, the effects of the tool diameter on Sa under different
Yo, Vpp, Vs, and materials are quantitatively analyzed.

Figure. 5.19 shows the relationships between the tool diameter and the surface roughness under
different r, (0, 0.25, 0.5, 0.75), V,,, (60, 90, 120, 150V) using steel and copper samples. Observe
that Sa decreases with increasing d for each condition. For the conditions of V),, = 60 V or r, =
0.75, the difference of Sa as d increases is slight. It is suitable for a smooth surface since it does
not introduce too much roughness. However, it may not be proper for those initially rough surfaces
because more deformation is necessary to remove the rough features. Likewise, Fig. 5.20 displays
the similar variation trend of Sa - d, where the effect of tool diameter on the surface roughness is

much more apparent in significant scan speed conditions (v, = 2000, 3000 mm/min).
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Figure 5.19 The relationships between tool diameter and surface roughness under different r, and
V), conditions using steel and copper samples.
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Figure 5.20 The relationships between tool diameter and surface roughness under different v
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5.6 Hardness testing after PVST

The effects of various process parameters, such as overlap ratio, driving voltage, tool diameter,
and scan speed, on surface roughness have been investigated above. As claimed before, the
deformation-based surface treatments also improve the mechanical properties of the components.
In order to verify the positive effect of PVST under different process parameters on mechanical
properties, hardness tests were carried out on the previously treated surfaces under the conditions of
f=100Hz, V,, =60, 90, 120, 150 V, r, = 0, 0.25, 0.5, 0.75, d = 2, 3, 4 mm, for ground mild steel
and machined pure copper (OFHC 101, as received) samples. Brinell hardness test (1/16” ball,
100KG) was first used. Given that the hardened layer is thin after PVST, a large ball would probably
cause a lot of deformation beneath the hardened surface, and the surface would not appear to be
that much harder. However, it is worth doing this to illustrate the effect of the depth of hardness.
Five points were selected on each treated surface and the average value was calculated to represent
the hardness of the treated area. In addition, to obtain a much smaller depth of assessment, a set of
microhardness measurements were conducted in Micro-Vickers hardness tests (loading: 0.2 kgF or
1.96 N; dwelling time: 15 s), which is probably more meaningful for the evaluation of PVST on the
treated surfaces. Similarly, five test points were selected on each treated surface, and the average
value was obtained to represent the hardness of the surface after the treatment.

Figure 5.21 shows the results of Brinell hardness tests performed under the conditions of f =
100 Hz, V,,, = 60, 90, 120, 150 V, r, = 0, 0.25, 0.5, 0.75, and d = 2, 3, 4 mm for mild steel and pure
copper samples. Compared with the initial hardness of the samples, the hardness results in the mild
steel and pure copper samples show that PVST can improve the hardness of the treated surface.
The hardness increases with decreasing tool diameter and increasing driving voltage. As discussed
earlier, a larger driving voltage can generate a larger vibration amplitude, thereby applying more
plastic deformation on the surface to produce a thicker hardened layer. While a striking tool with a
smaller diameter results in larger indentation depth, leading to a larger ratio of h/d. The larger h/d
ratio can produce more plastic strain [114] and hence higher hardness. In addition, the overlap ratio

does not significantly affect the hardness which fluctuates within a certain range of values, such as
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Figure 5.21 Brinell hardness of treated surfaces under various PVST conditions: f =100 Hz, V,,
= 60, 90, 120, 150 V, r, = 0, 0.25, 0.5, 0.75, and d = 2, 3, 4 mm for mild steel and pure copper
samples.

46 HB, 44 HB, 42 HB at d = 2, 3, 4 mm for copper samples and 95 HB, 93 HB, 92.5 HB at d = 2,
3, 4 mm for steel samples. It is expected since the overlap ratio only changes the overlap density of
the successive indentations. It does not affect the vibration amplitude in the Z direction and hence
the striking depth. Also, as shown in Fig. 4.25 - 4.27 and Fig. 4.32 - 4.34, the striking force is
equivalent in different overlap ratio conditions while the sliding force decreases with increasing
overlap ratio. However, the sliding force is much smaller than the striking force, meaning that the
striking force dominates the plastic deformation during the PVST process and the difference of the
sliding force causes the fluctuation of the hardness under different overlap ratio conditions.
Observe that when the voltage is relatively small (V,, = 60 V), the hardness is slightly higher
than the original hardness since the applied plastic deformation is small and the strain hardening
layer is thin. From all cases, it can be obtained that the maximum Brinell hardness in pure copper

samples is 48.5 HB, and the improvement ratio is 24.2% compared to the original 39.1 HB. While
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the maximum hardness in mild steel is 95.1 HB, and the improvement ratio is 3.6% compared to

the original 91.5 HB.
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Figure 5.22 Micro-Vickers hardness of treated surfaces under various PVST conditions: f = 100
Hz,V,, =60, 90, 120, 150 V, r, = 0, 0.25, 0.5, 0.75, d = 2, 3, 4 mm, for mild steel and pure copper
samples.

Figure 5.22 illustrates the hardness measurement performed in Micro-Vickers tests. The results
show that the Micro-Vickers hardness also exhibits the same variation trends with overlap ratio,
driving voltage, and tool diameter. Different from Brinell hardness, the hardness variation in
Micro-Vickers is much larger for different PVST conditions, such as the hardness at d = 2, 3, 4 mm.
From all cases, the maximum Micro-Vickers hardness in the copper samples is 140.4 HB and the
improvement ratio is 27.3% compared to the original 110.3 HB, which is close to the improvement
ratio in Brinell hardness. While the maximum Micro-Vickers hardness in the steel samples is 265.2
HB, and the improvement ratio is 14.8% compared to the original 230.9 HB, which is much higher
than 3.6% in Brinell hardness. Due to the thin strain-hardened layer, the results of Micro-Vickers

hardness are more reasonable to reflect the effect of PVST on surface strengthening than Brinell
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hardness.

As mentioned earlier, scan speed is more convenient and efficient in determining the overlap
density than overlap ratio. Therefore, it is also worth investigating its effect on hardness. Fig. 5.23
shows the hardness measurement under different scan speeds (f = 100 Hz, V,,, = 150 V, d = 0.5,
1, 2 mm, vy = 500, 1000, 2000, 3000 mm/min for mild steel samples only). The resulting Brinell
hardness and Micro-Vickers hardness show similar trends in different overlap ratio conditions as
in Fig. 5.21 and 5.22, which is expected since the effect of scan speed on surface deformation
is equivalent to that of the overlap ratio. It can be seen that in the case of V,, = 150 V, the
maximum Brinell hardness of steel is 99.5 HB, which is 8.4% higher than the original hardness.
While maximum Micro-Vickers hardness is 285.9 HV, and the improvement ratio is 23.8%. The
higher improvement ratios in Brinell hardness and Micro-Vickers hardness are attributed to using

a smaller tool diameter (d = 0.5 mm).

(a) 104 | - #-- Initial surface (b) 320 - o - Initial surface
- -o Zzimm -e - d=2mm
— [(EeEd=1mm = — -e-d=1 =
< o B i | Steel, V,, = 150V ‘ = 300_“: d:Orgrr:m ‘ Steel, V, = 150V
L 100} : z s
D R Sy -
2 ogl ¢ Bz 2 280| %} “---3
< [ R o c W (e % ________ 3
B o] e---FEIIII3 .- ) =
© 4 c 260} m---4 ... % ffffffff =
T T
= o4 o
g QL 240%
5 2 ecee ey - £ $---F--omo- &-moomee (]
90 - : - 220 : : -
0 1000 2000 3000 0 1000 2000 3000
v, (mm/min) v, (mm/min)

Figure 5.23 Brinell hardness and micro-Vickers hardness using steel samples.

5.7 Discussion

The 2D vibration striking experiment on the initially smooth surface has shown that surface
finish can be improved by increasing r, or decreasing V,,,,. The trade-offs in different combinations
of r, and V), which can achieve the same level of surface finish, are worth further discussion.
In general, the same level of surface finish may be achieved by the combination of higher r, and
higher V),,, or the combination of lower r, and lower V,,,. Higher r, can be achieved by reducing

the tool scan speed, which increases the treatment time. It can also be achieved by increasing tool
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vibration frequency and power consumption for piezo stack actuation. Higher V,, leads to higher
plastic strain and a thicker deformed layer due to higher vibration amplitude.

In contrast, the combination of lower r, and lower V), results in faster treatment and less
vibration power consumption. However, the induced plastic strain and strained layer thickness are
minor. Based on these trade-offs, the higher r, — higher V,,, setting is more suitable for surface
microstructure refinement purposes, while the lower r, — lower V,, setting is more suitable for

surface residual stress modification purpose.

5.8 Conclusions

In this chapter, 2D scan vibration striking experiments under different PVST conditions were
conducted on mild steel and OFHC copper workpieces with initially smooth surfaces. Various
process parameters involving driving voltage, overlap ratio, scan speed, and tool diameter are
leveraged to explore their effects on the surface deformation of the treated areas. Corresponding
surface textures and roughness parameters (Ra, Rz, Sa) are summarized. The major conclusions
in this chapter follow:

1) Surface texture for each 2D vibration striking experiment is uniform throughout the treated
area, reflecting the uniform spacing and intensity of the strikes during the treatment. Overlap
ratio significantly affects the surface texture, distinguishing the texture into dimple type, line
ridge type, and smoother type as the ratio increases.

2) Indentation size is negatively related to overlap ratio and positively correlated with tool
diameter. The line ridges significantly reduce for all the conditions at the large tool diameter
condition, caused by more amplitude reduction and less displaced material to the lateral
sides. The ridge height decreases with decreasing driving voltage and increasing material
strength.

3) All roughness parameters are proportional to driving voltage and scan speed, and inversely
proportional to the overlap ratio and tool diameter, consistent with the transition of surface

texture from the dimple type to the line ridges type and eventually to the smoother type. The
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4)

5)

6)

measured roughness parameters can represent the achievable surface roughness using the
corresponding treatment parameters based on the initially smoothly ground surface.

Scan speed is a more efficient and convenient way to control the distribution density of
indentation overlap than overlap ratio.

The higher ratio—voltage setting is more suitable for surface microstructure refinement pur-
poses to induce considerable plastic strain and strained layer thickness, while the lower
ratio—voltage setting is more suitable for surface residual stress modification purposes.

The results of Brinell hardness and Micro-Vickers hardness illustrate the ability of PVST in
improving the surface hardness after treatment. The hardness improvement is proportional
to driving voltage and inversely proportional to tool diameter. The overlap ratio does not

significantly affect the hardness after treatment.
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CHAPTER 6

PIEZO VIBRATION STRIKING TREATMENT ON ADDITIVELY MANUFACTURED
SURFACE

This chapter investigates how to efficiently utilize PVST to improve the surface finish of AM
metal parts (Ti-6Al-4V). The surface roughness of AM part is dependent on surface orientation,
build layer thickness, powder size, etc. The roughness measurement Sa value is typically in the
range of tens of microns. Our goal is to reduce the Sa value down to around 1 um level using
PVST, which can be effectively finished with further post-processing, i.e., Magnetic-field Assisted
Finishing [14]. To achieve this goal efficiently, the effects of the critical process parameters

(Table 6.1) on the plastic deformation of the rough surface layer will be investigated.

Table 6.1 Critical process parameters for PVST process.

Tool geometry control Vibration control Motion and position control
Frequency f Engagement distance Z
Size (diameter d) Amplitude u,, (through V,,,) Scan speed v
Preload F),

Figure 6.1 compares the roughness layer of the initial workpiece surface with the roughness
layers of the treated surfaces after PVST. The surface roughness Sa of the initial surface on which
the rough features are scattered throughout the area is 48.6 um (Fig. 6.1a). The surface roughness
of the treated surface is reduced after PVST, as shown in Fig. 6.1b (Sa = 30.3 um) and Fig. 6.1c (Sa
= 9.5 um). The roughness layer in Fig. 6.1b consists of scattered dark and bright areas. The bright
areas represent the impacted areas that interact with the striking tool, while the dark areas are the
unaffected areas that cannot be approached by the tool. In Fig. 6.1c, the roughness layer is covered
by bright uniform areas with only a few dark hills or valleys. Also, the surface height contour maps
show smoother characteristics in Fig. 6.1b and Fig. 6.1c than Fig. 6.1a. This dissertation mainly
distinguishes the rough surface after PVST into scattered and uniform patterns. The scattered
pattern represents the roughness layer consisting of the scattered dark and bright areas and the
uniform pattern represents the roughness layer covered by uniform bright areas.

As mentioned in Eq. 3.5 and Eq. 4.1, the overlap ratio r, is inversely proportional to scan
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Figure 6.1 Surface textures and height contour maps: (a) initial surface pattern; (b) scattered
pattern; (c) uniform pattern.

speed v and proportional to vibration frequency f, indicating that lower scan speed and higher
vibration frequency can result in denser distribution of the successive indentations with the same
treated size. This denser distribution benefits the surface finish for the copper and steel samples
with the initially smooth surface. A combination of high vibration frequency and low scan speed
would be a great choice to perform PVST under the ideal circumstance. Nevertheless, lower scan
speed requires longer processing time and higher vibration frequency requires a more powerful
actuation source, which may be time-consuming and costly. Also, the surface deformation on a
rough surface may differ from that on a smooth surface, indicating that the above rules might not
work in a new scenario. Therefore, how to select and balance these factors is of great significance
in implementing a more economical and efficient PVST.
6.1 Effect of vibration frequency on surface deformation

To investigate the effect of the vibration frequency on surface deformation, various experiments
are performed by varying f from 100 Hz to 200 Hz under v, = 3000 mm/min, d = 3 mm, and V),
= 150 V. Considering the rough and nonuniform characteristics of the initial surface, a negative

engagement distance (Z = -150 um) is selected to guarantee sufficient engagement between the
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striking tool and the workpiece. The following section will discuss more details about the effect of
engagement distance on surface deformation.
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0.0
200.0
160.0
120.0
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Figure 6.2 Surface textures and height contour maps after PVST under different vibration frequency
conditions at d = 3 mm, V,,, = 150 V, v, = 3000 mm/min, Z = -150 um: (a) f = 100 Hz; (b) f =
150 Hz; (¢) f =200 Hz.

The left column in Fig. 6.2 illustrates the surface textures after PVST under different vibration
frequency conditions. Observe that all the surface textures present a scattered pattern, and the
distributions of bright and dark areas are reasonably similar for all the conditions. However, the
height contour maps in the right column clearly show different surface deformation results. When
f increases from 100 Hz to 200 Hz, the red areas on the uppermost layer of the treated surface
increase, which means that the height difference between the flattened top layer and the bottom
unaffected layer increases. The smaller vibration amplitude of the striking tool in higher frequency
conditions results in the increasing height difference and more rough unapproached features. These
results are consistent with the results obtained from the copper (Fig. 4.15 - Fig. 4.17) and steel
(Fig. 4.8 - Fig. 4.10) samples with the initially smooth surface in Chapter 4 where higher f results
in higher F,,,, but lower u,,, for a given V,,,. Higher frequency leads to higher acceleration during

each strike and hence more vibration displacement reduction due to the vibration device’s elastic

104



compression.
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Figure 6.3 The history of vibration displacement during PVST on a treated area of 5 mm x 5mm at
different vibration frequencies in Fig. 6.2.

Figure 6.3 shows the time-varying distribution of the vibration displacement during the PVST
process on a 5 mm x 5 mm area under different frequency conditions in Fig. 6.2. The upper
outline of each subfigure represents the farthest position the striking tool can reach at a specific
spot of the treated area during the approaching process. The lower outline represents the position
where the striking tool returns to the oscillating center (this new position is the starting position
for the next striking cycle). Due to the rough features on the original surface, the upper and lower
profiles fluctuate differently. A more extensive upper profile means the striking tool extends longer

and can approach deeper areas. A smaller lower profile means the striking tool is compressed
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more when returning to the oscillating center, indicating that the new spot for the next strike
has higher roughness than the previous one. By comparing the difference (vibration amplitude)
between the upper and lower outlines at three different vibration frequency conditions, it is found
that the amplitude decreases with a more significant frequency, which is consistent with the above

description that the higher the frequency, the higher the amplitude reduction.
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Figure 6.4 Enlarged periods of vibration displacement during PVST on a treated area of 5 mm x
Smm at different vibration frequencies in Fig. 6.3.

Fig. 6.4 shows the enlarged view circled by the red rectangle in Fig. 6.3 to observe the displace-
ment distribution during the striking process. As seen from the figure, there are many successive

fluctuating sinusoidal cycles. Each sinusoidal cycle represents a striking cycle. The upper outline
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described above is formed by the highest points of these sinusoidal cycles and, the lower outline by
the lowest points of the cycles.

Fig. 6.5 summarizes the roughness parameters under different vibration frequency conditions to
quantify the effect of the vibration frequency on the surface roughness. Sa agrees well with Ra in the
scan and transverse directions, increasing as the vibration frequency increases. Rz in the transverse
direction decreases slightly at f = 200 Hz, which can be attributed to the uneven and nonuniform
surface rough features. The variation trends of the roughness parameters are consistent with the
above surface textures under the scattered pattern. At the same time, they differ from our previous
results on the thinner titanium alloy plates [115]. In the previous work, the roughness parameters
were not affected too much by the vibration frequency despite the denser overlap distribution of
the indentations formed at a high frequency condition. Since all of the treated surfaces after PVST
at different frequency conditions present a uniform pattern and the Sa values of these surfaces are
about 8 ym which is much smaller than the current Sa values (~ 30 um), meaning they are much
smoother than the current surface. Likely, the surface height difference between the flattened top
layers and the bottom rough layers would lie at a similar level (these slightly smoother surfaces
are still considered rough surfaces when compared to the smooth surfaces in those copper and
samples with Sa = 0.32 um). Therefore, the denser overlap distribution of the indentations does

not positively affect the final surface roughness, leading to these small changes in the Sa values.
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Figure 6.5 Roughness parameters (Sa, Ra, Rz) under different vibration frequency conditions at d
=3mm, V,, =150V, v, = 3000 mm/min, and Z = -150 um.

In the current scenarios, when a much rougher surface is treated using PVST, a more considerable

107



height difference of the nonuniform rough features can be formed due to amplitude reduction,
especially in the scattered pattern in which more rough features are unaffected. The positive effect
brought by the denser overlap of the indentations is not pronounced in a relatively rough surface,
not to mention in a much rougher surface. In addition, the calculation of the Sa value is based
on the arithmetic mean deviation formula. The surface height difference significantly impacts
the calculated results, which may dominate more on the Sa value compared to the distribution
density of the indentations. Consequently, a higher frequency is not necessary since it has a higher
requirement for the activation device and higher surface finish, based on the previous and current
results. Using f = 100 Hz in the current study should be sufficient to apply the PVST on rough

surfaces.

6.2 Effect of scan speed on surface deformation

Another factor closely related to the overlap of the indentations is the scan speed of the striking
tool in PVST. To investigate the effect of scan speed on surface deformation, various experiments
are conducted by varying vy (vy = 1000 - 3000 mm/min) under the condition of f = 100 Hz, d =
3mm, V,, =150V, and Z = -150 ym. As shown by the surface textures in the left column of
Fig. 6.6, all the surface textures present a scattered pattern. The bottom unaffected areas and the
top flattened areas can be observed. The bright areas increase when the scan speed decreases from
3000 mm/min to 1000 mm/min, indicating that the striking tool approaches more rough features.

Regarding the height contour maps in the right column, the connected treated areas at the top
row (vy = 1000 mm/min) seem more uniform and significant than the other two rows. There are
much more blue unaffected areas at the condition of vy = 3000 mm/min compared to that at v
= 1000 mm/min. It is consistent with the results in the initially smooth surface conditions where
lower scan speed can generate a denser overlap distribution of the indentations (see Fig. 5.17).
Also, the height difference between the top treated surface and the bottom rough surface is at a
similar level based on the height distribution of the contour maps.

Figure 6.7 summarizes the roughness parameters under different scan speeds. Sa agrees well

with Ra in the scan and transverse directions, and increases as the scan speed decreases. Rz
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Figure 6.6 Surface textures and height maps after PVST under different scan speeds at d = 3 mm,
Vyp =150V, f =100 Hz, and Z = -150 ym: (a) vy = 1000 mm/min; (b) v, = 2000 mm/min; (¢) v,
= 3000 mm/min.

decreases when v increases from 2000 mm/min to 3000 mm/min, which the nonuniform rough
features may cause. The results of Sa and Ra are consistent with the above surface textures under
the scattered pattern. They have the same trend as the results of the experiments using the steel
samples with the initially smooth surface in Fig. 5.18 (larger scan speed, smaller surface finish,
and vice versa). Similar to the results at different frequency conditions, the current results differ
from our previous results on the titanium alloy plates [115], in which the scan speed does not
significantly influence the roughness parameters. This inconsistency can be explained by the slight
scan speed variation in the previous work, i.e., vy = 450 mm/min, 600 mm/min, and 750 mm/min.
Since the uniform pattern was achieved under vy = 750 mm/min, a lower scan speed will not further
affect the surface roughness positively, although it can generate a slightly denser distribution of
the indentations. Therefore, similar roughness parameters were obtained at different scan speeds.
While in current scan speed conditions, the speed variation is 1000 mm/min and large enough to
produce completely distinct surface textures at the same level of surface heights, as demonstrated

in the smooth surface results in Fig. 5.17 and Fig. 5.18. Since the height differences are equivalent

109



to current scan speed conditions, the denser overlap distribution of the indentations caused by a

lower scan speed will dominate the surface finish improvement.
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Figure 6.7 Roughness parameters (Sa, Ra, Rz) under different scan speeds at d =3 mm, V),, = 150
V, f =100 Hz, and Z = -150 um.

In addition, in light of the previous results, it took 45 s, 26 s, and 17 s at vy = 450, 600, and
750 mm/min to process a targeted area of 5 mm x 5 mm in PVST, respectively. In contrast, it takes
9.9 s, 3.3s, and 1.9 s under the current scan speed conditions to process the areas of the same size.
Despite the significantly reduced processing time under the conditions of vy = 2000 mm/min and
vy = 3000 mm/min, it is not recommended to use the scan speed at this level since it is too fast to
generate a dense overlap of the indentations and a better surface finish. Also, the previous work
indicates that the scan speed does not highly influence the surface roughness in the range of 450 ~
750 mm/min due to the slight speed variation. Therefore, selecting a scan speed from 750 mm/min
to 1000 mm/min would be a more reasonable option. The scan speed is fixed in the following

experiments at 1000 mm/min.

6.3 Effect of driving voltage on surface deformation

The amplitude of the driving voltage V),,, controls the vibration amplitude of the striking tool.
Higher driving voltage can generate higher dynamic energy and hence higher vibration amplitude.
Thus, the tool can be extended more to strike a deeper position of the roughness layer, enhancing
the flattening-sliding effect to improve the surface finish.

Figure 6.8 compares the surface textures and height contour maps achieved under different

driving voltage conditions (V,, =60 - 150V, f =100 Hz, d = 2 mm, v; = 1000 mm/min, Z = -150
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Figure 6.8 Surface textures and height contour maps after PVST under different driving voltages at
d =2 mm, vy = 1000 mm/min, f = 100 Hz, and Z = -150 um: (a) V,, =60 V; (b) V,,, =90 V; (¢)
Vyp =120V; (d) V,,, =150 V.

um). More scattered bright areas are observed in the left column of Fig. 6.8 as V), increases from
60 V to 150 V. The surface texture transforms from a scattered pattern to a uniform pattern when
V,p reaches 150 V. This transformation is consistent with the previous results on the titanium alloy
plates [115], where the scattered pattern occurs when V), < 100 V. Itis also observed that the surface
texture at V,,, = 120 V is in the transition state between the scatter pattern and the uniform pattern
because many continuous block areas can be seen in the treated area despite some unapproached
dark areas. When the driving voltage increases to 150 V, the continuous block areas almost cover

the whole treated area, and the dark areas reduce to some path-like features or areas (more reduction
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of dark areas requires other proper parameters for further surface finish improvement). Since a
more significant driving voltage generates a more extensive vibration amplitude, the surface height
difference in the right column of Fig. 6.8 becomes smaller as V), increases from 60 V to 150 V,

which is caused by the more substantial striking effect.
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Figure 6.9 Roughness parameters (Sa, Ra, Rz) under different driving voltages at d = 2 mm, v =
1000 mm/min, f = 100 Hz, and Z = -150 pum.

Figure 6.9 summarizes the roughness parameters under different driving voltages. The Sa
values agree well with the Ra values in the scan and transverse directions. All the parameters
are negatively and linearly correlated with the driving voltage. These results are consistent with
the demonstrated surface textures in Fig. 6.8, where higher driving voltages produce more bright
areas and smoother surface features. They are also consistent with the previous results in [115] and
inconsistent with those in the copper and steel specimens with the initially smooth surface. The
inconsistency is mainly due to the initial surface state of the workpieces. In the smooth surface
experiments, PVST is applied onto the smooth surface and brings the rough features to the smooth
surface. It adds extra roughness to an otherwise smooth surface; hence the higher the driving
voltage, the rougher the surface. Nonetheless, in the previous results of titanium alloy plates, PVST
is applied onto the relatively rough surfaces (previous Sap = 28.6 um Vs. current Sag = 48.6
pm) to eliminate the rough features. In this case, increasing the driving voltage and introducing
a more considerable striking depth benefit the surface finish. The variation trend works for rough
surfaces in two different scenarios. Therefore, a more significant driving voltage is recommended

to eliminate the rough features. In the following experiments, the driving voltage is fixed at V), =
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150 V, except for the conditions in multiple pass scenarios.

6.4 Effect of tool diameter on surface deformation

Striking tool diameter (d) influences the surface deformation by changing the contact area
between the striking tool and the workpiece in PVST. The schematic in Fig. 6.10 illustrates the
interactions between the striking tool and the workpiece in a single strike at different tool diameter
scenarios. As demonstrated in Fig. 6.10a, when the striking tool with a large diameter is used, the
tool has to contact more rough features during the striking process than that with a small diameter,
resulting in more significant deformation resistance and hence amplitude reduction of the tool when
other experimental parameters keep constant. Thus, the tool will not approach those rough features
below the contact features. Instead, using the striking tool with a small diameter can improve
the issue, as shown in Fig. 6.10b and Fig. 6.10c. In these scenarios, the tool has fewer contact
areas with rough features in each striking cycle due to the reduced diameter. It enables the tool to
extend more to strike on the lower rough features thanks to the decreasing deformation resistance.
Specifically, in Fig. 6.10c, the tool with a small diameter is more likely to approach those rough
features surrounded by other higher rough features by going through the gap between them and

striking the lower rough features.

(a) v (b) ()

3 s

Workpiece Workpiece Workpiece

Figure 6.10 Schematic of PVST on rough surface using different tool diameters: (a) large tool
diameter scenario; (b) small tool diameter scenario; (c) small tool diameter scenario when pene-
trating the gap between higher rough features.

Figure 6.11 demonstrates the surface textures and height contour maps after PVST under
different tool diameters (f = 100 Hz, v, = 1000 mm/min, V,, =150V, d = 0.5, 1,2, 3 mm, Z =

-150 pum). The uniform pattern occurs only at d = 0.5 mm, while the scattered pattern occurs at
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Figure 6.11 Surface textures and height contour maps after PVST under different tool diameters at
Vyp =150V, vy = 1000 mm/min, f = 100 Hz, and Z = -150 um: (a) d = 3 mm; (b) d =2 mm; (c)
d =1 mm; (d) d =0.5 mm.

d =1, 2,3 mm, especially at d = 3 mm, where the dark areas increase significantly. The height
contour maps in the right column also show a similar distribution. As seen in the figure, the surface
height becomes smaller with the decrease in the tool diameter. A large uniform area with the same
level of surface height can be observed at d = 0.5 mm, which indicates the uniformity and flatness
of the treated area. Those navy-blue areas that represent the untreated areas are barely seen in this
condition, while they are easy to be found at d = 2 mm d = 3 mm. The increasing uniformity
of the treated surface with a smaller tool diameter is consistent with the previous results [115],
but they behave differently. In the previous work, only d = 2, 3, 4 mm are used, and the uniform
pattern occurs at d = 2 mm and d = 3 mm while the scattered pattern occurs at d = 4 mm. The

uniform pattern can be achieved at d = 2 mm and d = 3 mm because the workpieces used have
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a less rough surface finish that does not need a very deep striking depth compared to the current
scenarios. Thus, a tool diameter of 2 or 3 mm is sufficient to smooth the rough surface. While in
the current scenarios, the high surface roughness necessitates a smaller tool diameter to strike the
rough surface more deeply, and d = 0.5 mm is a better option (Changing engagement distance can
also be another option, which will be discussed later).

In addition, all the roughness parameters in Fig. 6.12 are in good agreement with the surface
textures shown in Fig. 6.11. There is a significant surface finish improvement from d = 3 mm to d
=0.5 mm (ASa = 15.3 um), but only a slight improvement is obtained from d =2 mmto d = 1 mm.
A slight improvement can be observed in the Rz values from d = 3 mm to d = 1 mm, while the
value reduces from 146.3 ym to 49.6 um when d reaches 0.5 mm, which showcases the tremendous
flattening effect brought by using a small tool diameter. Similar to the behavior under different
driving voltage conditions, the correlation between the surface roughness and the tool diameter on
the initially rough surface is opposite to that on the initially smooth surface. As discussed above,
a smaller tool diameter introduces deeper striking depth for the initially smooth surface, leading to

large surface roughness (see Fig. 5.19 and Fig. 5.20).
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Figure 6.12 Roughness parameters (Sa, Ra, Rz) under different tool diameters at V,,, = 150 V, v,
= 1000 mm/min, f = 100 Hz, and Z = -150 um.

As seen from the results in the workpieces with an initially smooth surface and the workpieces
with an initially rough surface, the reasonable selection of the tool diameter is heavily dependent
on the initial surface state. If the workpiece surface is relatively smooth, a large tool diameter

would be a good choice since a small tool diameter can overtreat the surface and worsen the surface
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quality. If the workpiece surface is rough, then a small tool diameter would be a better selection to
get sufficient striking depth to achieve a uniform surface. Alternatively, a combination of a large
tool diameter and large engagement distance may be a feasible option, as is the combination of a
small tool diameter and a small engagement distance for the smooth surface scenarios. Therefore,
it is necessary to explore the effect of engagement distance on surface roughness to understand how

to realize the alternatives.

6.5 Effect of engagement distance on surface deformation

In PVST, the nominal stroke of the piezo stack actuator is 100 pm under the maximum driving
voltage (V,, = 150 V). During the striking process, the vibration amplitude reduces because of the
elastic compression of the device assembly under the striking force. To accommodate the vibration
range and amplitude reduction and achieve a better surface finish, the engagement distance (Z)
between the striking tool and the workpiece surface should be appropriately selected.

Figure 6.13 illustrates the possible interactions between the vibration tool and the rough surface
layer in the PVST of AM part. The reference for Z is defined as the highest feature of the surface
layer. In Fig. 6.13a, the tool and the surface have a positive engagement distance (Z > 0), i.e., the tool
is above the surface at its minimum vibration displacement. In this case, the vibration amplitude
needs to be larger than the engagement distance (u,, > Z) to induce the strikes on the surface layer.
The effective vibration amplitude is actually u,, - Z, indicating that the vibration amplitude u ), is
not fully utilized. Each tool vibration leads to one strike on the roughness features. The induced
deformation is more of a compression type, which would flatten the hills of the roughness features.
The valleys of roughness features beyond the tool’s reach will likely be unaffected. For the rougher
surface with a high peak-to-valley roughness value (Rz), a larger vibration amplitude is needed for
the tool to reach the bottom of the roughness layer. Since the measured average Rz throughout the
targeted area of the workpiece is about 250 um (> nominal stroke of the actuator), the striking tool
cannot reach the bottom of the roughness layer in the current positive Z setting or even Z is set as
0. Therefore, the compression and flattening effect on the roughness features cannot be thoroughly

realized at Z > 0.
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In Figs. 6.13b - 6.13d, the tool and the workpiece surface have a negative engagement distance
(Z < 0), i.e., the tool penetrates the roughness layer even at its minimum vibration displacement
position. The tool always engages with the rough surface during its full vibration amplitude range.
The required vibration amplitude to reach the bottom of the roughness layer is significantly reduced.
In this case, besides compression-type deformation (Fig. 6.13b), the tool will also induce sliding-
type deformation (Fig. 6.13c) due to the tool’s horizontal scan at a negative engagement distance.
The sliding-type deformation is likely more effective in displacing the material from the hills to the
valleys for the highly rough surface (Fig. 6.13d).

Figure 6.13e illustrates the cross-section profiles of the workpiece before (lower surface) and
after (upper surface) PVST measured using KEYENCE. Observe that the rough hills are flattened
by the tool, and no voids or cracks exist on the flattened area compared to the initially rough
surface profiles, showcasing the enhanced effect of flattening-sliding deformation on the roughness
layer. Some micro-cracks and voids on the bottom of the roughness layer are still observed due
to the limited striking depth, which could be eliminated with a smaller Z or larger u,,. Also, the
defects, such as shear lap, should be avoided during the PVST process. Otherwise, these defects

will degrade the surface quality.
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Figure 6.13 (a) — (d) The schematic illustration of tool engaging process; (e) The cross-section of
the treated workpiece after PVST.

In order to explore how engagement distance works in the above three different scenarios,

different treatment conditions under PVST or pure sliding without vibration are utilized. Two
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special conditions are first considered, which are Z > 0 (Z =10 um) and Z < 0 (Z = -Rz = -250
um). -Rz is chosen as the limit of negative engagement distance because the striking tool should
theoretically reach the lowest position of the upper roughness layer when Z = -Rz. Nevertheless,
there exists elastic compression of the PVST device assembly during the approaching process of
the striking tool toward the workpiece surface. The actual engagement distance is smaller than the
distance that the spindle of the CNC mill moves. To simplify the process, this elastic compression
is ignored when exploring the effect of engagement distance on surface deformation.

The experimental data indicated that the workpiece preload was about 750 N as Z reached -250
pm. This preload is much higher than that in the previous experiment [115], where the preload is
only 200 ~ 300 N when Z reaches -Rz. The difference is mainly caused by the relatively small Rz
(= 140 pm) in the previous work, so the engagement distance at Z = -Rz can be used in the previous
PVST experiment. However, it is not safe to use the current engagement distance at Z = -Rz in the
PVST experiments since the high preload combined with the high driving voltage conditions (i.e.,
Vy,p = 150 V) may cause the maximum striking force to exceed the maximum force range (3500 N)
of the piezo stack and damage it. Therefore, to reduce the risk of damaging the piezo stack, only
pure sliding without vibration was performed at this engagement distance. As for Z = 10 um, the
positive engagement distance indicates that the striking tool is not engaged with the workpiece at
the minimum vibration displacement position. It is meaningless to perform pure sliding under this
setting (due to the non-uniformity of the rough surface, pure sliding may still remove some rough
features, but this is not the main focus of this research), so only PVST experiment is conducted at
Z =10 um.

Figure 6.14 illustrates the surface textures and height contour maps at Z = 10 yum and Z = -250
p#m under the condition of f =100 Hz, vy = 1000 mm/min, V,,, = 150 V, and d = 3 mm. Compared
to the initially rough surface in Fig. 6.1, only a slight improvement of the surface roughness can
be observed in Fig. 6.14a, where Sa reduces from 48.6 um to 42.7 um. It is seen that some of
the top rough features have been flattened after PVST, and the bright areas (red areas in the height

contour map) are scattered over the whole treated area. There still exists a lot of rough unaffected
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features in the targeted area. The results are consistent with the above analysis in the scenario of
positive engagement distance. Since a positive engagement distance is used, it does not fully use
the vibration amplitude and the sliding effect of the engagement, which is not beneficial to achieve a
uniform surface pattern. As shown in Fig. 6.14b, the surface roughness after pure sliding is highly
improved, and the Sa reduces by 34.5% (ASa = 16.8 um). Several big chunks of bright areas
or red areas are observed as well. Although the results present a scattered pattern, the uniform
and flattened chunks showcase the positive effect of the large negative engagement distance on

eliminating the rough features.
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Figure 6.14 Surface textures and height contour maps after PVST or pure sliding under special
engagement distance conditions at vy = 1000 mm/min and d = 3 mm: (a) Z = 10 um, f = 100 Hz,
Vyp =150 V; (b) Z =-250 um, f =0Hz, V,, =0 V.

As mentioned earlier, for a uniform or low roughness surface, the striking tool should be able
to theoretically approach the lowest valley of the roughness layer at Z = -Rz even in a pure sliding
setting. However, this might not be the case for a nonuniform surface. Due to the uneven roughness,
the height may differ at distinct locations throughout the layer. In this case, the average Rz could
not perfectly reflect the distance between the highest hill and the lowest valley throughout the
roughness layer. As a result, the combined effect of the workpiece surface nonuniformity and the

device elastic compression makes it difficult for the striking tool to reach the lowest valley in a
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pure sliding setting with a significant negative engagement distance. While it is still possible to use
a more considerable negative engagement distance in pure sliding to reach the bottom roughness
layer, that is not the main focus of the application of PVST.

According to the results of the above two conditions in Fig. 6.14, neither a positive engagement
distance nor an overlarge negative engagement distance is suitable for applying PVST to obtain
smoother surfaces. Therefore, the Z value in the following experiments is selected from -200 ym to
0. PVST and pure sliding are performed under the same engagement distance condition to compare

and study how the striking effect in PVST affects surface roughness.

PVST Pure Sliding
(a) Z=-200pum, Sa =19.9 um (e) Z=-200pum, Sa =43.5um
. 250.0
;"} 200.0
- i 150.0
NSV L 100.0
) - 50.0
0.0
(b) Z=-150 um, Sa =24.9 um (f) Z=-150 um, Sa =45.3 um

_’Wﬁ;“?.{r:
e » " v
e N ey

e : >
£S5

(c) Z=-50pum, Sa=29.6 um (g) Z=-50um, Sa=47.2 um

250.0
200.0
150.0
100.0
50.0
0.0

250.0
T 200.0
o - | {1500
oL 100.0
50.0
0.0

(d) Z=0pm,Sa=41.4pum (h) Z=0pm, Sa=49.2 um
250.0
200.0
1500 ©
100.0 100.0
50.0 50.0
0.0 s 0.0

250.0
200.0
150.0

Figure 6.15 Surface textures and height contour maps after PVST or pure sliding under different
engagement distances at f =0, 100 Hz, V,,, =0, 150 V, v; = 1000 mm/min, and d = 3 mm: (a) &
(e) Z =-200 um; (b) & (f) Z =-150 um; (c) & (g) Z =-50 um; (d) & (h) Z =0 ym.

Figure 6.15 demonstrates the surface textures and height contour maps under the condition
of f =0 and V,, = 0 for pure sliding or f = 100 Hz and V,, = 150 V for PVST at v; = 1000

mm/min, d =3 mm, and Z =0, -50, -150, -200 um. The left and right two columns are the results
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after PVST and pure sliding at different Z values, respectively. Both results show that the bright
areas increase as the engagement distance increases (larger |Z|), indicating that more rough features
are flattened. The surface textures present a scattered pattern at the current experimental setting
despite a significant engagement distance used. The PVST results show that when Z = -200 ym,
the surface pattern is very close to the uniform pattern because of the large, flattened areas with
continuous chunks generated. Nevertheless, the amplitude reduction caused by a striking tool with
a large diameter and the original surface roughness make it challenging to achieve a sufficiently
deep striking depth to realize the uniform pattern, even with a considerable engagement distance.
While more red areas in the height contour map at Z = 0 um (Fig. 6.15d) are generated than that at
Z =-10 um (Fig. 6.15a), the surface is still rough, and Sa is 41.4 um (ASa% = 14.8%). The value
is much lower than that achieved at Z = -200 ym (Sa = 19.9 ym and ASa% = 59%). As seen from
the results after pure sliding, all the surface textures are very close to the original rough surface
(the largest Sa at Z = -200 pum is 43.5 um and ASa% is only 10.5%). The results reveal that pure
sliding is inefficient in improving the surface finish of a rough surface, even if a large engagement
distance is used. Once the vibration is introduced, a noticeable improvement can be seen.

As mentioned above, the nominal stroke at V,,, = 150 V is only 100 um. The actual vibration
amplitude must be less than 100 ym due to amplitude reduction. Consider the case at Z = 0
um after PVST (Fig. 6.15d) and the case at Z = -200 um after pure sliding (Fig. 15e). The
engagement distance difference between the two cases is 200 ym, which is much larger than the
vibration amplitude of the striking tool. However, this large engagement distance difference does not
significantly improve the surface finish in pure sliding. Therefore, a combination of a considerable
engagement distance and the compression-sliding type of deformation in PVST is necessary for a
significant surface finish improvement.

Figure 6.16 summarizes these quantified roughness parameters (Sa, Ra, and Rz). The roughness
parameters are consistent with the corresponding surface textures, which decrease as Z decreases.
The results achieved in pure sliding are significantly larger than those achieved in PVST. Observe

that the Ra and Sa values for each condition in pure sliding (solid lines in Fig. 6.16a) fluctuate
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around the original Sa values except for Z = -Rz = -250 um. Note that for pure sliding at Z = 0
um, the effect of improving the surface finish is not apparent, and Rz after treatment is 238 um
which is very close to the original Rz value (250 um). While for the results after PVST at Z = 0 um
and Z = 10 ym, Rz is reduced to about 180 ym. Overall, PVST has a good amount of roughness

improvement when using negative engagement distance compared to pure sliding.
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Figure 6.16 Roughness parameters (Sa, Ra, Rz) after PVST or pure sliding at f =0, 100 Hz, V,,
=0, 150V, v; = 1000 mm/min, d = 3 mm, and Z = 0, -50, -150, -200 um.

Based on the above results, obtaining a uniform surface texture pattern is difficult if the engage-
ment distance is too small. Alternatively, it can lead to overlarge striking force and damage the
piezo stack if the engagement distance is too large. Thus, these two factors limit the adoption of
the engagement distance. If a further roughness improvement is desired to get a uniform surface
texture, reducing the tool diameter to increase the striking depth is an alternative. The experiments
under d = 0.5, 1, 2 mm, and different engagement distances were performed to get the optimal
combination of the tool diameter and the engagement distance.

Figure 6.17 shows an overview of the surface textures after PVST or pure sliding under different
tool diameters and engagement distances at vy = 1000 mm/min. All the small square areas enclosed
by a red rectangle are treated at the same tool diameter condition. Only the ordered square
areas are considered to explore the effect of the engagement distance on surface deformation.
The experimental parameters and surface roughness of each treated ordered area can be found in

Table.6.2.

As shown in Fig. 6.17, none of the conditions can obtain a uniform pattern at d = 3 mm.
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Figure 6.17 Overview of surface textures after PVST or pure sliding under different tool diameters
and engagement distances. (see Table 6.2 for details)
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Table 6.2 Experimental parameters and surface roughness (Sa) of the treated ordered areas.

No. d(mm) Z (um) fMHz) V,, (V) Sa(um)

1 3 -150 100 150 249
2 3 -150 0 0 45.3
3 3 -250 0 0 31.8
4 3 -200 100 150 19.9
5 3 -200 0 0 43.5
6 3 -50 100 150 29.6
7 3 -50 0 0 47.2
8 3 0 100 150 41.4
9 3 0 0 0 49.2
10 3 10 100 150 42.7
11 2 -170 100 150 18.7
12 2 -180 100 150 16.8
13 2 -190 100 150 13.1
14 2 -200 100 150 13

15 0.5 -190 100 150 53

16 0.5 -170 100 150 6.5

17 0.5 -160 100 150 7.3

18 0.5 -140 100 150 11.3
19 0.5 -130 100 150 12.6
20 0.5 -50 100 150 22

21 0.5 -30 100 150 36.6
22 1 -100 100 150 29.1
23 1 -140 100 150 17.8
24 1 -180 100 150 13.1
25 1 -200 100 150 11.5
26 1 -170 100 150 14.3
27 1 -160 100 150 14.8
28 1 -120 100 150 25.9
29 1 -150 100 150 15.8
30 1 -190 100 150 12.4
31 0.5 -150 100 150 94
32 0. -200 100 150 5.8
33 0.5 -180 100 150 7.6
34 0.5 -110 100 150 15.1
35 0.5 -70 100 150 18.7
36 0.5 -90 100 150 15.8
37 0.5 -10 100 150 44.9

124



Although No. 14 at d = 2 mm and No. 24, No. 25, and No. 30 at d = 1 mm are much more
uniform than all the conditions at d = 3 mm, many dark areas still exist. The expected uniform
pattern is not achieved yet. However, when the tool diameter is reduced to 0.5 mm, the uniform
pattern is achieved at several conditions, i.e., No. 15 — 17 and No. 32. Compared with a scattered
pattern or the transition state of a uniform pattern, these squares with the newly achieved uniform
pattern are very shiny. The indentation marks and scan paths similar to those at the initially smooth
surface conditions are also observed, especially in No. 32. These results show that reducing the
tool diameter at a certain engagement distance significantly facilitates getting the uniform pattern.

The PVST experiments under the conditions of Z = -130 yum ~ -200 ym, d = 0.5 mm, f =
100 Hz, v = 1000 mm/min, and V,,, = 150 V, were performed to explore the critical engagement
distance to achieve the uniform pattern at d = 0.5 mm. The corresponding surface textures and

height contour maps are shown in Fig. 6.18.
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Figure 6.18 Surface textures and height maps after PVST under different engagement distances at
d =0.5 mm, f =100 Hz, vy = 1000 mm/min, and V},, = 150 V.
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It is observed that the surface textures are very close to the uniform pattern at Z = -130 ym
(Fig. 6.18a) and Z = -140 um (Fig. 6.18b), but there are still many big, flattened chunks divided by
those path-like dark features or areas. In the height contour maps of these two conditions, the red
chunks are easily observed to see how those unaffected features separate them. Although the dark
areas still distribute on the surface, the surface quality is much better than in other tool diameter
conditions. Sa reduces to 12.6 um (ASa% = 74.1%) at Z =-130 um and 11.3 um (ASa% = 76.1%)
Z =-140 pm, respectively. From Z =-150 ym to Z = -200 um, it starts to enter a uniform pattern
range, indicating that Z = -150 um can be considered the critical engagement distance to get a
uniform surface texture pattern. No big continuous bright chunks are observed. Instead, the surface
features present a uniform surface height distribution. Most of the rough red features disappear in
the height contour maps, and the height maps show a uniform color indicating the surface’s flatness
and uniformity. The dark features reduce gradually as the engagement distance increases, and the
bright areas dominate the surface when Z reaches -200 ym.

Even though in the condition of Z = -200 um, some dark features or defects can still be observed.
It is challenging to eliminate these rough features, not only because of the rough characteristics
of the surface itself but also the induced defects by the PVST process. Consider an extreme case.
Even if the PVST can eliminate all the original rough features, it might still introduce the striking
indentation to increase the roughness, such as the results obtained in the initially smooth surface
conditions. This roughness is the intrinsic roughness created by the PVST process itself. However,
compared to the original surface roughness Sa = 48.6 um, the surface finish has been significantly
improved by PVST, and the optimal improvement ratio can reach 89.1%.

Figure 6.19 summarizes the roughness parameters under the conditions of f = 100 Hz, v, =
1000 mm/min, and V),, = 150 V at different tool diameters and engagement distances. In general,
the roughness parameters become smaller with the increase of the engagement distance, which is
consistent with the surface textures above. The Ra and Sa at d = 1, 2, 3 mm cannot be decreased
below 10 um even if Z is reduced to -200 um. However, the Ra and Sa values are below 10 ym

when d = 0.5 mm at a relatively lower Z value (-150 um). In addition, there are some outliers
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Figure 6.19 Roughness parameters (Sa, Ra, Rz) after PVST under different engagement distances
and tool diameters at f = 100 Hz, vy = 1000 mm/min, and V),, = 150 V: (a) d = 0.5 mm; (b) d = 1
mm; (¢) d =2 mm; (d) d =3 mm.
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of the roughness parameters at d = 0.5 mm despite the general increasing trend. These outliers
deserve attention since they reflect the nonuniformity of the rough surface. For the AM parts with
high roughness, it is difficult to maintain a constant vibration amplitude during the treatment, so
the selection of the Z value should be able to tackle the varied vibration amplitude and get a smooth
surface. The above results show that it is a good practice to use -Rz as the starting Z value to
determine the engagement distance between the striking tool and the workpiece surface. If the
preload at Z = -Rz is high, then a reduced Z should be considered to prevent the pizeo stack from
damage.

Nevertheless, only considering the Z value is not sufficient to guarantee an efficient and safe
PVST process. Including the preload applied on the spot when setting the engagement distance can
avoid inducing overlarge striking force to damage the actuation devices. The above engagement
distance variation trend can only be a general guide for selecting an engagement distance. In
some cases, it may be possible to use a smaller Z than -Rz to realize the flattening-sliding effect
more thoroughly since Rz is a one-dimensional approximation of the peak-to-valley roughness
throughout the target area and might not perfectly represent those surfaces with high roughness

features.

6.6 Relationship between striking force and surface roughness

The above results show that striking force is closely related to surface roughness. A more
significant striking force means more striking depth for samples with rough surfaces, which can
remove more rough features and reduce surface roughness. Fig. 6.20 shows the historical distribu-
tion of the striking force throughout the PVST process based on the condition of f =100 Hz, V,,
=150V, Z = -150 um, d = 2 mm, and vy = 1000 mm/min. The uneven distribution of the entire
striking force history shows the nonuniform and rough characteristics of the treated surface. As
seen from the enlarged view, the maximum force in each strike cycle represents the striking force
that the striking tool strikes the farthest position it can reach, and it also represents the roughness
at this position. The rougher the spot, the greater the striking force. The position at F; = 0 in each

cycle indicates the disengagement between the tool and the workpiece. At the moment, the tool is

128



returning to the oscillating center after one strike. Since the rough features have been removed or

flattened during the strike, there is no contact at the moment, and the force is zero.
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Figure 6.20 Striking force history throughout the PVST process at f = 100 Hz, V,,, =150 V, Z =
-150 pm, and vy = 1000 mm/min, d = 2 mm. Upper: entire striking force history; Lower: part of
striking force history.

As discussed in the results achieved from the samples with the initially smooth surface, the
force—indentation size relationship can be well approximated as being linear (see Fig. 4.14, Fig. 4.21,
Fig. 4.29, and Fig. 4.36). Theoretically, this relationship is nonlinear for a spherical-shaped
indenter [114]. However, the indentation depth range of PVST on the smooth surface is usually
minimal compared to the striking tool tip diameter, which enables a good approximation of the
linear relationship between the striking force and indentation size. Moreover, the ratio of the
indentation depth range to the diameter of the striking tool tip (4/d) is a good indicator to consider
the quality of the linear approximation, which is negatively correlated to the quality of the linear
relationship. Since the ratio is influenced by the workpiece material and tool geometry, these
linear relationships might not hold on rough surfaces. In PVST experiments on samples with a
rough surface, it is difficult to quantify the width and depth of each strike. A more straightforward

performance of the results brought by these strikes is the surface roughness of the treated area.
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Because the surface roughness after PVST is essentially determined by the width and depth of
each indentation, the relationship between force and surface roughness should be equivalent to the
relationship between force and indentation size.

In order to study the relationship between force and surface roughness, all the above experimental
conditions are summarized. The maximum force obtained by each condition during PVST is
extracted and denoted by F"“*. This maximum force is significant because it can be used to
determine whether the striking force exceeds the maximum force range of the piezo stack. During
the entire PVST process, as long as the maximum force of one strike exceeds the maximum force
range of the piezo stack, the piezo stack will be damaged, no matter how small the other forces
are. In addition, the maximum force at each strike cycle during the PVST process is extracted
since it characterizes the roughness of the treated location. Then the statistical analysis of the
maximum force of all cycles is performed to obtain the corresponding average value and standard
deviation. Each condition corresponds to a final surface roughness value Sa, as shown in Fig. 6.21.
As mentioned above, the ratio h/d is a vital indicator to characterize the quality of the linear
relationship, so the relationships between force and surface roughness in Fig. 6.21 are classified
based on the tool diameter to represent distinct 4/d scenarios despite the unknown 4. Based on the
results in samples with the initially smooth/rough surface, a high 4 is expected when d decreases;
hence, a larger ratio h/d is achieved.

Similar to the linear relationships obtained in the initially smooth surface conditions, it is
found that the surface roughness is linearly dependent on the striking force at large tool diameter
conditions (d = 2, 3 mm). However, the relationships between the striking force and surface
roughness become nonlinear at small diameter conditions (d = 0.5, 1 mm). It has been revealed
in Fig. 5.19 that the striking depth increases as the tool diameter decreases and hence the surface
roughness decreases. The nonlinear relationships are expected because of larger 4 and smaller d
at the small tool diameter scenarios, thereby a larger h/d ratio is achieved. In addition, the use of

negative engagement distance also increases the £ values.
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Figure 6.21 The relationships between maximum and average striking forces and surface roughness:
(a)d =3mm; (b)d =2mm; (¢c) d =1 mm; (d) d = 0.5 mm.

6.7 Effect of multiple passes on surface deformation

The above experiments under single pass show that scan speed, vibration frequency, and tool
diameter are proportional to the surface roughness, while driving voltage and engagement distance
or preload are inversely proportional to the surface roughness. The comprehensive manifestation
of these parameters is to obtain a large striking force and a denser distribution of successive
indentations in the PVST process, thereby obtaining a slight surface roughness. Theoretically, the
greater the striking force, the better the surface roughness. However, this puts a higher requirement
on the actuation device for a more extensive maximum force range. The higher striking force can
increase the risk of damage to the device, which limits the application of the single pass to achieve
a target surface quality.

Even if the striking force is sufficient to generate a nearly desirable surface quality, the intrinsic
roughness created by PVST may, in turn, degrade the surface improvement. Balancing these issues
is essential in getting a final desirable surface quality. A feasible method is to use multiple passes

in PVST. The initial passes in the multiple passes process can reduce the original surface roughness
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to a specific level. The subsequent passes will further process the surface to reach the target surface
roughness. In this regard, the striking force applied at each pass can be reduced, and the surface
finish improvement can be accumulated through multiple-pass treatment. This method can not only
avoid applying a considerable striking force during each strike but also reduces the dependence on
the actuation equipment’s ability. Also, it allows readjusting the experimental settings to improve
the surface quality based on the intrinsic roughness generated by PVST (if it exists), providing
more feasibility and flexibility. The design of these PVST passes will be based on considering two
possible treatment phases.

Phase I (compression-sliding). Starting at a high roughness, the PVST pass will induce more
compression-sliding type deformation (large engagement distance or preload, large u,, or V,,). It
will likely densify the roughness layer more effectively by displacing the material from the hills to
the valleys in the roughness layer. In this phase, the sliding effect may lead to the layer containing
many surface folds (self-contacts of the original roughness surface) or pores in the layer. The mixed
compression and sliding type deformation can generate an adequately combined compressive and
shear stress state, leading to cold welding of the internal interfaces of these surface folds or pores. It
is ideal for implementing this phase in a single pass. However, it is limited by the actuation device,
as discussed earlier, because of the large striking force under the condition of large engagement
distance and large driving voltage. An alternative is to divide this phase into two stages. Stage
I mainly focuses on removing most rough features and reducing the high roughness to moderate
roughness. Large driving voltage and medium engagement distance are utilized to avoid generating
an overlarge striking force and achieve sufficient striking depth. Because positive engagement
distance or relatively small negative engagement distance (small |Z]) do not significantly improve
surface quality (see Fig. 6.14, Fig. 6.15, and Fig. 6.18). Stage II is to further process the treated
area from Stage I to reach a state where PVST has created intrinsic roughness. The sliding-type
deformation will dominate this stage, implying a large preload will be employed. The reason for
using the preload instead of the engagement distance to present the engagement state in this stage

is because the straining hardening effect caused in Stage I makes the engagement distance in Stage
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II much smaller than that in Stage I to reach an equivalent preload level. It is difficult to quantify
and compare the engagement distance to determine the engagement state in two different stages.
Thus, preload is more straightforward than the engagement distance in this stage. A small/medium
driving voltage should be used to avoid overlarge striking force. Under the combined effect of large
preload and small/medium driving voltage, more unaffected rough features from Stage I will be
approached, and a more uniform surface can be achieved in this stage. It is a trade-off problem
for getting what kind of surface texture pattern is in the first stage and what level of sliding-type
deformation is in the second stage. Suppose the scattered pattern is formed in the first stage. In
that case, a more significant preload is necessary for the second stage to eliminate more rough
features, which likely causes the deflection of the striking tool during the process. Conversely, if
the uniform pattern is created in the first stage, a smaller preload should be sufficient in the second
stage. However, a more significant striking force is necessary for the first stage, which can increase
the risk of damage to the piezo stack. Balancing this problem depends on the target surface quality
of the sample.

Phase II (smoothing). After the first phase, the surface roughness should be reduced sig-
nificantly from the initial high value but still higher than the desired value. The PVST pass in
this phase will concentrate on reducing the roughness to the final desired level (~ 1 um). The
consideration here is the intrinsic roughness and surface texture generated by the PVST pass (see
Fig. 5.3 - Fig. 5.15 for examples). The intrinsic roughness created by the applied PVST pass needs
to be smaller than the roughness of the surface to be treated. Only in this way can the roughness
be further reduced after each pass of PVST. As the roughness becomes smaller, it is more suitable
to induce compression-type deformation (Z > 0) to smooth the surface. Compared to sliding type
deformation, the compression type deformation will create lower intrinsic roughness due to less
material pileup at the two sides of the scan path. It has been demonstrated in Fig. 5.3 - Fig. 5.15 by
increasing r, and decreasing u,, (V,,), the intrinsic roughness due to PVST that induces primarily
compression-type deformation can be reduced to below 1 um level.

To maximize the effectiveness of roughness reduction on each pass, the characteristics of the
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intrinsic texture created by PVST should be considered. The created texture is mainly dependent
on the tool scan path. For example, the parallel line scan path will displace the material mainly to
the two sides of the scan line, forming line ridges between the scan lines (see Fig. 5.3 - Fig. 5.15).
Fig. 6.22 shows two possible strategies for smoothing these line ridges more effectively on the
surface. One strategy is to rotate the scan line direction by 90° from pass to pass (Fig. 6.22a). It
will ensure that the scan lines in the current pass cross the line ridges formed in the previous pass.
Another strategy is to keep the scan lines in the same direction but shift them laterally by half line
spacing (d,/2) from pass to pass (Fig. 6.22b). It will ensure that the scan lines in the current pass
align with the line ridges formed in the previous pass. In this dissertation, the two strategies are

represented as the interweaving scan strategy and parallel scan strategy, respectively.
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Figure 6.22 Two possible scan path designs: (a) interweaving scan; (b) parallel scan. Red dashed
line is the scan path in previous pass. Solid blue line is the scan path in current pass.

The surface roughness of the areas to be treated varies at different locations of the workpiece
surface due to the initial high roughness. Experimental results may be inconsistent if the PVST
experiments are conducted at different spots with large starting roughness differences. Correspond-
ing to Stage I in Phase I, the first pass covering an area of 21 mm x 21 mm is performed to ensure
the treated surface for subsequent passes is flat and has statistically uniform roughness across the
surface area. The preprocessing at three different levels for the first stage of Phase I is performed to
get the treated areas with different starting roughness values. The three conditions are defined as f
=100 Hz, V,,, =150 V, v; = 1000 mm/min, Z = -110, -150, -190 um (corresponding to preload F),

=200, 300, 400 N), and d = 0.5 mm. The measurement of the surface roughness for the big square
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is divided into nine separate sub-square areas with a size of 5 mm x 5 mm, as shown in Fig. 6.23
at the condition of Z = -110 um. These nine sub-square areas’ average Sa value will be used as
the starting roughness representing this big square. The measurements of Sa for each sub-square
area can be found in Table 3. The results show that the Sa values in the same preprocessed area are
similar, and the surface has statistically uniform roughness across the surface area. The average Sa

values for the three big squares are 15.6 £ 1.0 ym, 10.5 £ 1.0 gm, and 8.1 + 0.8 um, respectively.

Figure 6.23 Surface texture after preprocessing with a size of 21 mm x 21 mm at Z = -110 ym, F),
=200 N, f =100 Hz, V,, =150 V, v; = 1000 mm/min, and d = 0.5 mm.

Table 6.3 Surface roughness after first pass treatment at different PVST levels.

AreaNo. Saj (um) Sap (um) Saz (um)

1 15.1 10.4 7.8
2 17.7 11.5 8.2
3 16.7 10.4 8.1
4 14.7 8.8 8.0
5 15.6 11.2 8.8
6 14.8 11.4 9.3
7 14.5 9.0 8.4
8 16 11.0 7.3
9 15.4 10.9 6.5
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6.7.1 Effect of driving voltage on surface deformation in multiple passes

The surface treatment of the above three big squares adopts the vibration strategy mentioned
in Stage I of Phase I where a large driving voltage and engagement distance are leveraged. The
obtained Sa values are highly reduced compared to the original Sa (=48.6 um), and the optimization
ratio can reach 67.9%, 78.4%, and 83.3%, which verifies the correctness of the strategy in Stage
I of Phase I. To validate the strategy proposed in Stage II of Phase I in which a combination of
small/medium driving voltage and large preload is utilized, the experiments under different driving
voltage conditions are performed (f = 100 Hz, v; = 1000 mm/min, F), = 100N, d = 0.5 mm, V,,,
= 60 - 150 V). Note that Z = -30 um corresponding to F}, = 100 N is much smaller than that in
the first stage due to the strain hardening effect. A small preload used here is to avoid overlarge
striking force occurring at large driving voltage conditions. A parallel scan strategy is also used,

but no strict distance offset is considered.

V,, =150V, Sa =14.1 um V,, =120V, 5a = 14 pm V,p =90V, Sa =12.9 pm V,,=60V,Sa=12.9 um

Figure 6.24 Surface textures in Phase I of multiple passes. Upper: Stage I; Lower: Stage Il at f =
100 Hz, vy = 1000 mm/min, F, = 100 N, d = 0.5 mm, and V},, = 60 - 150 V.

The results in Fig. 6.24 show that in the second stage of Phase I, a large V), , has less improvement
on the surface roughness than a small V),,, does. Using V},, = 60 V can be a more economical and

efficient consideration. Also, the improvement on the surface roughness is not significant for all
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the driving voltage conditions, although they do reduce the Sa values sightly. It might be caused

by the insufficient preload used for the current conditions.

6.7.2 Effect of scan strategy on surface deformation in multiple passes

Before exploring the effect of preload on surface deformation, the effect of scan strategy
on surface deformation is investigated. As mentioned earlier, Phase II mainly concentrates on
smoothing the surface to reach the final surface finish level. Interweaving scan and parallel scan
strategies can be used to further improve the surface roughness in this phase. Although the intrinsic
roughness produced in the first stage of Phase I is likely to be less pronounced than that produced
in the second stage, it is still worth exploring the impact of the two strategies in this phase. Since
the ridges generated in the first stage are not prominent, the striking positions in the second stage
are slightly offset when the parallel scan strategy is used. However, the offset is not strictly defined
as the distance of d,/2. Six different conditions at f = 100 Hz and v = 1000 mm/min represent

various scenarios using the two strategies. The experimental parameters are shown in Table 6.4.

Table 6.4 Experimental parameters for two scan strategies.

No. F,(N) d(mm) V,, (V) Strategy

1 200 0.5 150 Parallel
2 200 0.5 150 Interweaving
3 400 0.5 60 Parallel
4 400 0.5 60 Interweaving
5 400 2 60 Parallel
6 400 2 60 Interweaving

Figure 6.25 illustrates the surface textures and height contour maps from the experiments
in Table 6.4. It is seen that the Sa values reduce for the three conditions after employing the
interweaving scan strategy. The ridges (yellow features in height contour maps) are easier to be
observed in the parallel scan conditions, especially in Fig. 6.25a. While in Fig. 6.25d, the path
history is less apparent, and the rough features are randomly distributed on the surface. In Fig. 6.25¢
and Fig. 6.25f, the new path histories are generated in the vertical directions, but the ridges are not as
pronounced as seen in the parallel scan strategy conditions. Based on the results, the interweaving

scan strategy is more beneficial to smooth the high rough features generated in Stage I of Phase I
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under relatively high preload conditions than the parallel scan strategy. Because in the parallel scan
strategy, it is more likely that the current scan path overlaps with the previous scan path from Stage
I, especially at the conditions without using a strict distance offset. In this case, it is possible to
displace more material to the ridges and degrade the improvement effect on the surface roughness.

Parallel Scan Interweaving Scan

(@) d=0.5mm,F;=200N, Sa=14.3 um (d) d=0.5mm,F,=200N,Sa=12.7 um

b _ A 40.0

- 160.0
A . o 1200 4
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(b) d=0.5mm,F,=400N, Sa=8.1um (e) d=0.5mm,F,=400N, Sa=6.7 pm

200.0
160.0
120.0
80.0
40.0
0.0

200.0
160.0
120.0
80.0
40.0
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Figure 6.25 Surface textures and height maps using different scan strategies in Table 6.4. (a) — (c):
parallel scan strategy; (d) — (f): interweaving scan strategy.

6.7.3 Effect of preload on surface deformation in multiple passes

As mentioned above, combining a small driving voltage and a large preload improves the surface
finish in Stage II of Phase I. To investigate how preload affects the surface roughness in this stage,
the PVST experiments are conducted under the condition of f = 100 Hz, vy = 1000 mm/min, d =
0.5mm, V,, =60V, F, =100, 400, 600 800, 1000 N, utilizing the interweaving scan strategy.

As demonstrated in Fig. 6.26a — Fig. 6.26e, the surface finish is vastly improved as the preload
increases from 100 N to 1000 N. The smoothness and uniformity of the treated surface are observed
in Fig. 6.26¢c — Fig. 6.26e, where the surface textures present a uniform pattern with pronounced
indentation marks and the scan path history. The dark unaffected areas are barely seen in these
treated surfaces, which showcases the significant positive effect of the large preload on the surface

roughness in Stage II of Phase 1. The surface texture in Fig. 6.26c — Fig. 6.26e is very similar to
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that generated in the initially smooth surface conditions, which is covered by the intrinsic rough
features created by PVST. Surprisingly, ASa% in Fig. 6.26e is as high as 92.4%.

(a) d=0.5mm,F,=100N,Sa=12.9 um (e) d=0.5mm,F,=1000N, Sa=3.7 um

(b) d=0.5mm,F =400N, Sa=6.4um (f) d=4mm,F,=600N,Sa=8.4um

() d=0.5mm,F,=600N,Sa=4.2um (8) d=4mm,F,=800N,Sa=5.8um

(d) d=0.5mm, F,=800N, Sa=3.9um (h) d=4mm,F, =1000N, Sa=4.7 um

Figure 6.26 Second interweaving scan surface textures and height contour maps using different
preloads at f = 100 Hz, vy = 1000 mm/min, V,,, =60 V, F}, = 100, 400, 600 800, 1000 N. (a) — (e)
d =0.5 mm; (f) — (h) d =4 mm.

The results show that a large preload in PVST significantly improves the surface roughness at
the small tool diameter conditions. However, it requires higher stiffness of the striking tool for
higher preload conditions. Otherwise, it can cause deflection of the striking tool if the preload is
too large. Increasing the tool diameter can increase the stiffness of the striking tool, but it also
reduces the vibration amplitude for a given driving voltage, which requires a larger preload to
compensate for the amplitude reduction. Theoretically, these two combinations (moderate preload
+ small tool diameter or large preload + large tool diameter) should achieve equivalent surface
roughness improvement, given that they can create a similar striking depth to strike and smooth the
surface at a specific setting.

The PVST experiments are conducted under f = 100 Hz, v, = 1000 mm/min, d =4 mm, V),, =
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60 V, F), = 600, 800, 1000 N to validate the statement. Due to the use of large tool diameter, small
preloads, i.e., F}, = 100 N and F, = 400 N, are skipped, for they might not significantly improve
surface roughness in this setting. Fig. 6.26f — Fig. 6.26h show the surface textures and height
contour maps at F}, = 600 N, 800 N, and 1000 N, respectively. It is proved that using a large tool
diameter combined with a large preload can achieve an equivalent surface roughness generated in
a small tool diameter with moderate preload conditions. The uniformity of the treated surface and
the Sa value in Fig. 6.26b (d = 0.5 mm, F), = 400 N) are equivalent to that in Fig. 6.26g (d = 4 mm,
F, =800 N), as well as the results in Fig. 6.26¢ (d = 0.5 mm, F,, = 600 N) and Fig. 6.26h (d = 4
mm, F}, = 1000 N).

In addition, the roughness parameters in Fig. 6.27 present a decreasing relationship between the
preload and the surface roughness. Consistent with surface texture, all the roughness parameters
(Ra, Sa, Rz) at the condition of d = 0.5 mm and F), = 400 N are equivalent to the parameters at the
condition of d =4 mm and F, = 800 N, as well as the roughness parameters at d = 0.5 mm and F),

= 600 N to those at d =4 mm and F}, = 1000 N.
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Figure 6.27 Roughness parameters (Sa, Ra, Rz) after PVST under different preloads at d = 0.5 mm
and d = 4 mm in Fig. 6.26.

Although the equivalent surface roughness can be achieved through different combinations of
the tool diameter and the preload, the surface textures are distinct for small and large tool diameter
scenarios. In Fig. 6.26¢ (d = 0.5 mm, F), = 600 N), the intrinsic rough features created by PVST
are observed, and few dark regions are seen. While in Fig. 6.26h (d = 4 mm, F,, = 1000 N), the

intrinsic rough features are barely seen, and there are still several dark areas on the surface. For

140



large tool diameter conditions, a large preload (1000 N) is supposed to enable the tool to strike
deeper positions and greatly remove the dark areas despite the amplitude reduction. Therefore,
these dark areas may be caused by the newly generated defects by PVST or skipped by the striking

tool due to the small overlap related to the scan speed instead of the reduced striking depth.

Scan path
history

Scan path history.

10

Figure 6.28 Surface texture after PVST at d = 0.5 mm and F), = 600 N in Fig. 6.26: (a) top view;
(b) magnified top view; (c) left side view in a 3D perspective (first scan parameters: d = 0.5 mm,
F,=400N,V,, =150 V).

To verify the cause of the dark areas in this stage, the surface textures in Fig. 6.26¢ and Fig. 6.26h
are magnified to see the distribution of the features on the treated surface. Fig. 6.28 shows the
surface texture from Fig. 6.26c at d = 0.5 mm and F), = 600 N in three different perspectives.
Fig. 6.28a illustrates the top view of the treated surface and part of which is magnified in Fig. 6.28b.
Fig. 6.28c shows the side view of Fig. 6.28b in a 3D perspective to present height variation across the
magnified field. The successive indentation marks are observed across the scan paths. The spacing

between the marks is closely related to the scan speed. The uniform and white/bright regions
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indicate that the rough features have been flattened, and the gaps between the rough features are
also closed. Most of the remaining dark areas or crack-like features are distributed around or on
the ridges that are not approached by the striking tool. The width of the ridges is very close to that
of the scan path, which means that the current scan speed is not sufficient to offer a properly dense
overlap of the indentations. A lower scan speed would be better for further improving the surface

roughness.

Scan path
history

Figure 6.29 Surface texture after PVST at d = 4 mm and F), = 1000 N in Fig. 6.26: (a) top view;
(b) magnified top view; (c) left side view in a 3D perspective (first scan parameters: d = 0.5 mm,
F,=200N,V,, =150V,

Likewise, the surface texture from Fig. 6.26h at d = 4 mm and F), = 1000 N is magnified and
shown in Fig. 6.29. Although a larger preload is used, the surface texture in Fig. 6.29 differs from
that in Fig. 6.28. The successive indentation marks are observed along the scan path. Many crack-

like features are distributed across the surface. The scan path history can still be seen in Fig. 6.29b

142



and Fig. 6.29c¢, but it is not as apparent as in Fig. 6.28b and Fig. 6.28c. Also, rough features exist
on the scan path, which differs from the case in Fig. 6.28 that the rough features are removed along
the scan direction. In Fig. 6.29c, the height of the ridges seems to be close to the height of the
white areas, indicating a decreasing effect of the compression-sliding type deformation and less
material displaced to the lateral sides. Most of the rough features are located at the ridges, which
are those crack-like features seen from the top view in Fig. 6.29a. In light of the surface textures
in Fig. 6.28 and Fig. 6.29, it can be known that the ridges mainly cause the surface roughness in
Fig. 6.28 since the ridges are much higher than the flattened surface on the scan path. In contrast,
the surface roughness in Fig. 6.29 can be mainly attributed to the remaining/unaffected features
left from the first stage located at the ridges. Due to the decreasing compression-sliding type
deformation, the effect of the ridges on the surface roughness in Fig. 6.29 is not as significant as
in Fig. 6.28. Therefore, the mechanisms affecting the surface roughness under these combinations

are distinct despite the fact that they can generate the equivalent level of surface roughness.

6.7.4 Effect of tool diameter on surface deformation in multiple passes

In the previous section, the effects of tool diameter at d = 0.5 mm and d = 4 mm on surface
deformation in multiple passes have been compared. In this section, the effect of tool diameter
on surface deformation is further studied. The bar chart in Fig. 6.30 shows the surface roughness
results at different preloads and tool diameters. Consistent with the above results, Sa increases
with tool diameter for a given preload and decreases with the increase of preload and for a given
tool diameter.

Figure 6.31 shows the surface textures under the condition of f = 100 Hz, v, = 1000 mm/min,
Vyp =60V, F,=600N, and d =0.5, 2, 3, 4 mm. The upper row is the surface results processed in
Stage I of Phase I, and the lower row is the results achieved in Stage II of Phase I. The two stages’
scan directions are different, so the second stage adopts the interweaving scan strategy. It can be
seen that the direction of the upper scan paths is displayed as vertical, and the direction of the lower
scan paths is displayed as horizontal. Consistent with the results of Sa in Fig. 6.30, the surface

texture becomes more uniform as the tool diameter decreases. The intrinsic rough features become
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Figure 6.30 The relationship of surface roughness with tool diameter and preload in Stage II of
Phase I.

more pronounced with decreasing tool diameter as well.

d=0.5mm, Sa=3.9 um d=2mm,Sa=6.9um d=4mm,Sa=8.4um

Figure 6.31 Surface textures under different tool diameters. Upper: surface texture from Stage I;
Lower: surface texture from Stage II at f = 100 Hz, vy = 1000 mm/min, V,,, = 60V, F}, = 600 N,
and d =0.5, 2, 3, 4 mm (first scan parameters: d = 0.5 mm, F}, = 200,400 N, V,,, =150 V)

In the above results, in addition to the reasonable relationships between Sa and F),, d, an
abnormal phenomenon is found in Fig. 6.31 in the case of d = 0.5 mm where the treated area is a
rectangular shape instead of a preset square shape (5 mm x 5 mm). Furthermore, the shortening

direction corresponds to the scan direction. It is the first case since all PVST conditions have been
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performed so far (whether on a smooth surface or other cases on a rough surface). It is speculated
that this phenomenon may be caused by the deflection of the striking tool when using a small tool
diameter with a large preload. When the CNC spindle reaches the target position, the striking tool
is unable to follow its motion due to a large sliding resistance; thereby the tool is bent or deflected.
To verify this speculation, all the experiments in Stage II of Phase I are put together in Fig. 6.32
for a better comparison. The detailed experimental parameters and results corresponding to each
treated area at f = 100 Hz and vy = 1000 mm/min in Fig. 6.32 can be found in Table 6.5.

Based on Table 6.5, the deflection occurs in the conditions of No. 19 — No. 26, all of which
are the treated areas in Square-3 in Fig. 6.32. By comparing the final size of the treated areas, it
is found that when the striking tool with a small diameter (0.5 mm) is used, the deflection occurs
when F, > 600 N. For PVST with a moderate (d = 2 mm) or large diameter (d = 3, 4 mm), the
deflection does not occur in all the conditions, i.e., for F), = 600 N at d = 2, 3, 4 mm, and even for
F, =800, 1000 N at d =4 mm. These results demonstrate that the increased stiffness of the striking
tool with a larger diameter keeps the tool from deflection at large preload conditions. When the
tool diameter is reduced to a certain extent, however, the decreasing stiffness of the striking tool

makes the PVST process more prone to deflect the striking tool at large preload scenarios.

Figure 6.32 Overview of surface textures after Stage II of Phase I at different preprocessed squares
from Stage I of Phase I. (a) Square-1: Sa; = 15.6 + 1.0 um ;(2) Square-2: Sa, = 10.5 £ 1.0 um;
(3) Square-3: Saz =8.1 £ 0.8 um.

It is observed that the deflection mainly occurs in the scan direction, which should be closely
related to the sliding force during the PVST process. To further explore the relationship between the

deflection and the sliding force, the sliding forces obtained during the PVST process are selected
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Table 6.5 Experimental parameters and results corresponding to each treated area in Fig. 6.32.

No. d(mm) F,(N) V,,(V) Sa(um) Size (mm)

1 0.5 400 60 6.7 5%x5
2 0.5 200 150 12.7 5%5
3 0.5 400 60 11.4 5x%x5
4 0.5 100 120 14 5x%x5
5 0.5 100 90 12.9 5%x5
6 0.5 100 60 12.9 5%x5
7 0.5 400 60 11.3 5%x5
8 0.5 200 60 14.3 5%x5
9 0.5 100 150 14.1 5%x5
10 4 1000 60 4.7 5%x5
11 4 800 60 5.8 5%x5
12 4 600 60 8.4 5%x5
13 2 600 60 6.9 5%x5
14 3 400 60 8.2 5x%x5
15 3 600 60 7.1 5x%x5
16 2 400 60 7.8 5%x5
17 2 400 60 8.8 5%x5
18 0.5 400 60 6.4 5%x5
19 0.5 1000 60 4.2 5x4.1
20 0.5 1000 60 4 5x4.1
21 0.5 1000 60 4.6 5%x4.3
22 0.5 1000 60 4.7 5x4.1
23 0.5 1000 60 4.1 5x4.1
24 0.5 1000 60 3.7 5x42
25 0.5 800 60 3.9 5x4.5
26 0.5 600 60 4.2 5x4.6

Note: No. 3, No. 7, No. 19, No. 20, No. 22, No. 23 are under three passes conditions. No. 4 is
covered by a failed case after the area is measured.

from No. 10 (d =4 mm, F,, = 1000 N), No. 11 (d =4 mm, F}, =800 N), No. 13 (d =2 mm, F), =
600 N), No. 15 (d = 3 mm, F, = 600 N), No. 18 and No. 24 — 26 (d = 0.5 mm, F), = 400, 600, 800,
1000 N).

Figure 6.33 illustrates the sliding forces F, under the above conditions. In Fig. 6.33a, Fy is
around 50 N at F;, =400 N and d = 0.5 mm. When F), increases to 600 N, 800 N, and 1000 N in
Fig. 6.33b — 6.33d, F), increases to about 150 N, 170N, and 200 N, which are much larger than that
in Fig. 6.33a. Also, when the tool diameter increases to 2 and 3 mm, the values of F), are only 75 N

and 55 N at F, = 600 N. When the preload is further increased to 800 N and 1000 N in Fig. 6.33g
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and Fig. 6.33h, the sliding forces are about 100 N and 150 N, respectively. It is expected that the
sliding forces in Fig. 6.33a and Fig. 6.33e — Fig. 6.33g will not cause the deflection of the striking
tool since the forces are relatively small. Despite the sliding force in Fig. 6.33h being equivalent to
that in Fig. 6.33b, the tool diameter in Fig. 6.33h is much larger than (8 times) that in Fig. 6.33b.
This increases the deflection resistance of the striking tool, and hence the deflection does not occur

at d = 4 mm despite using a large preload (1000 N).
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Figure 6.33 Sliding forces under different tool diameters and preloads. (a) — (d): d = 0.5 mm, F),
=400 - 1000 N; (e) d =2 mm, F, =600 N; (f) d =3 mm, F, =600 N; (g) — (h) d =4 mm, F), =
800, 1000 N.

To better understand the behavior of the sliding forces in multiple passes, part of the scan history
(red rectangular period) in Fig. 6.33b is selected, as shown in Fig. 6.34. It is seen that there are two
types of sliding force. The striking tool generates a positive sliding force along the positive Y-axis.
After reaching the target boundary, the tool moves along the X-axis for a step and then continues to
move along the negative Y-axis to start another scan path, which creates the negative sliding force.
Each path’s small, jagged forces are the sliding force variation corresponding to each striking cycle.

Consequently, in Stage II of Phase I, the tool diameter and preload selection is crucial. Improper

selection will increase the risk of deflection during the PVST process, thereby damaging the piezo
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Figure 6.34 Part of sliding force history under the condition of d = 0.5 mm and F), = 600 N.
stack and the striking tool. The above results show that a proper tool diameter is not as small as
possible, and a proper preload is not as large as possible. A reasonable combination of the two
factors is essential for obtaining a desirable surface finish. When one wants to obtain intrinsic
roughness in the second stage of Phase I, a smaller tool diameter is better, but the preload cannot be
chosen too large. If a deflection occurs, the tool diameter can be appropriately increased, thereby
increasing the preload’s selection range. The new combination may also play an equivalent role in
improving surface roughness. Moreover, the sliding force can be used to monitor the deflection of
the striking tool with a specific diameter in real-time to decrease the risk of damage to the PVST

device assembly.

6.7.5 Effect of the number of passes on surface deformation in multiple passes

The optimal Sa from the above results is achieved under the condition of f = 100 Hz, V,,, =
60 V, vy = 1000 mm/min, d = 0.5 mm, and F}, = 1000 N, using the interweaving scan strategy in
Stage II of Phase I (Stage I of Phase I condition: f = 100 Hz, V), = 150 V, v = 1000 mm/min,
d = 0.5 mm, and F), = 400 N). Before applying the smoothing of Phase II on the treated surface
from Stage 11, a third pass is adopted to see whether it can further reduce the surface roughness in
the second stage of Phase I. This third pass method is based on the idea that more repeat passes
can remove more rough features if the new pass can strike on a different location to cover more
unaffected areas. Therefore, four strategies are proposed to implement the third pass.

1) Use a parallel scan strategy for the third pass and follow the same experimental conditions in
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the previous pass.

2) Use a parallel scan strategy for the third pass and follow the same experimental conditions
in the previous pass except for readjusting the Z value to maintain the preload used in the
previous pass; The reason for readjusting the Z value to get the same preload is because the
second pass already changes the surface features, and the old preload setting does not work
for the third pass.

3) Use an interweaving scan strategy for the third pass and follow the same experimental
conditions in the previous pass.

4) Use an interweaving scan strategy for the third pass and follow the same experimental
conditions in the previous pass except for Z value readjustment.

The results correspond to the four strategies can be seen in Fig. 6.32 and Table 6.5, which are
No. 22, No. 23, No. 20, and No. 19, respectively. No. 21 is the reference (two passes treatment) for
Strategy 1 and Strategy 2, and No. 24 for Strategy 3 and 4. Table 6.6 summarizes the Sa values
from these strategies. The results show that the third pass generally does not improve surface
roughness positively, except that Strategy 1 does improve the reference surface roughness slightly
It is observed that applying the Z value adjustment creates a worse surface roughness. This is

reasonable because the Z value adjustment likely increases the intrinsic roughness.

Table 6.6 Summary of Sa values under different strategies for the third pass.

Strategy 3rd Pass Sa (um) 2nd Pass Sa (um)
(1) Parallel + No Z adjustment 4.1 4.6
(2) Parallel + Z adjustment 4.7 4.6
(3) Interweaving + No Z adjustment 4.0 3.7
(4) Interweaving + Z adjustment 4.2 3.7

Overall, the above results indicate that it is not necessary to implement a third pass that is
similar to the pass in Stage II of Phase I. In this regard, the smoothing in Phase II can be directly

used for further improvement.
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6.8

Conclusions

This chapter has experimentally explored the non-resonant PVST emphasizing striking force,

surface texture, and surface finish of AM metal parts under various process parameters, including

vibration frequency, scan speed, driving voltage, tool diameter, engagement distance, and multiple

passes. It can be concluded that:

1)

2)

3)

4)

5)

PVST can induce surface plastic deformation to improve the surface finish of the initially
rough surface at different levels by controlling process parameters. Two surface texture
patterns are found: scattered pattern consisting of scattered treated and untreated areas and
uniform pattern with uniform treated areas throughout the surface.

Higher frequency results in lower vibration amplitude of the striking tool, causing a more
significant surface height difference between the flattened top layer and the rough bottom
layer. This difference dominates the computation of surface finish over the overlap effect of
successive indentations by varying vibration frequency. Larger height difference results in
less unaffected rough features, hence the surface roughness is larger.

Scan speed controls the overlap distribution density of the indentations and is proportional to
surface roughness. A larger driving voltage generates a more extensive vibration amplitude
and more substantial striking effect, decreasing the surface roughness.

Smaller tool diameter improves the surface finish and makes it easier to realize the uniform
surface texture. A uniform pattern occurs only at small tool diameter conditions. A large
uniform area with the same level of surface height at these conditions indicates the uniformity
and flatness of the treated area, significantly reducing surface roughness. The effect of tool
diameter on the surface finish is opposite on the initially rough surface compared to the
initially smooth surface.

Negative engagement distance is crucial to apply a compression-sliding type of deformation
to achieve a uniform pattern. Combined with a small tool diameter, the large engagement
distance enables the tool to reach the bottom of the roughness layer and creates intrinsic

roughness. The peak-to-valley roughness can be used as a starting engagement distance
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6)

7)

8)

9)

10)

if the corresponding preload is reasonable. A considerable engagement distance and the
compression-sliding type of deformation in PVST are necessary for a significant surface
finish improvement.

Large striking depth is more desirable than indentation overlap density to improve surface
finish. A combination of small tool diameter, large preload, and large driving voltage can
generate large striking depth to remove more rough features.

The relationship between surface roughness and striking force is linearly at large tool diameter
conditions and nonlinear at small diameter conditions. The ratio of indentation depth to
tool diameter increases when tool diameter decreases, increasing the nonlinearity. The

relationships are beneficial for monitoring surface roughness in real time from force signals.

A multiple-pass process can overcome the maximum force range limitation of the actuation
device. It enables PVST to be applied in multiple passes to avoid overlarge striking force
and accumulate surface finish improvement. Two phases are considered. Phase I reduces the
surface finish to a specific level by compression-sliding deformation. Phase II focuses on
smoothing the treated surface to a target finish.

The driving voltage does not significantly affect surface roughness in the multiple-pass
process. The interweaving scan strategy is better than the parallel scan strategy for smoothing
more ridges. A combined effect of a large preload and small tool diameter is critical to creating
intrinsic roughness, but deflection can occur if the preload is too large. The third pass does
not improve the surface finish in the second stage of Phase I.

Equivalent surface roughness can be achieved by combining moderate preload and small tool
diameter or large preload and large tool diameter. However, their mechanisms for improving

surface roughness are different.
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CHAPTER 7

CONCLUSIONS AND FUTURE WORK

In summary, this dissertation presents the design, characterization, and application scenarios
(initially smooth and rough surfaces) of piezo vibration striking treatment (PVST) in the mechan-
ical surface treatment field through plastic deformation. The results from the four experiments
demonstrate the feasibility and excellent controllability of PVST in terms of force and displacement
monitoring and surface deformation control. PVST can induce strikes with consistent intensity in
each cycle of tool vibration. The striking intensity and striking location can be well controlled,
leading to improved control of surface plastic deformation induced by the treatment. The essential
process parameters for PVST are tool vertical position, tool vibration frequency and amplitude
(driving voltage), striking overlap ratio (scan speed), striking tool diameter, and tool scan path.
Combining a piezo stack actuated vibration device with a CNC machine allows these process pa-
rameters to be directly or indirectly controlled and monitored in real time. The piezo stack vibration
device generally controls the tool vibration frequency and amplitude. In contrast, the CNC machine
controls tool position in the Z direction and tool scan motion (speed and path). The control of
tool vibration and tool vertical position is critical for controlling the local surface deformation
imposed by each individual strike. In contrast, controlling tool scan motion is critical for control-
ling the locations and layout of successive strikes. Such coordinated process controllability will
lead to enhanced controllable surface deformation beyond the capability of current striking-based
treatment processes, such as SP, SMAT, MHP, and UNSM. Consequently, PVST has the potential
to realize more efficient deformation-based surface engineering, including finish, residual stress,
hardness, and microstructure, for enhancing components’ performance, such as fatigue life and
wear resistance.

In this dissertation, the current research only presents these results in conventionally and
additively manufactured metals and specific experimental setups. However, the potential of non-
resonant vibration combined with CNC control or robot arms is foreseeable. They can be further

applied to surface treatment systems or manufacturing processes to improve the surface quality and
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material properties of the manufactured components, which will be helpful for rapid development
in the novel manufacturing industry.

The following future work is recommended within the scope of novel surface treatment and

advanced manufacturing using piezo vibration striking treatment.

» Force monitoring and feedback control using PVST can be implemented by extending the
current design to integrate a force sensor with the PVST device assembly. In that case,
the force signals are synchronized inside the PVST system instead of using an additional
dynamometer to record the force.

* Material properties after PVST, such as strength, hardness, residual stress distribution, mi-
crostructure, sub-surface properties, and fatigue life, should be further investigated using the
current PVST process.

* The verification of the smoothing effect in Phase II of the multiple-pass process needs to be
conducted to achieve an optimal condition to reach a surface finish level below ~ 1 ym.

* It is promising to use PVST as a pre-processing method for those superfinishing processes,
such as MAF, to explore their combined effect on getting a desirable surface finish.

* PVST can also be integrated into additive manufacturing processes to strike the surface for
each printed layer, which will help densify the layer and reduce the porosity and volumetric

defects in the process.
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