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Abstract:

This article presents a method to characterize the electroless plated micro grinding tools using an optical
measuring device. Abbott Firestone curve characteristics, such as height distribution, void volume, and
material volume obtained from the topography measurements, were used to define the term “volume ratio.”
This parameter distinguishes the micro grinding tools according to the planar grit density. As a result, micro

grinding tools can be classified similar to the conventional grinding wheels.
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Introduction:

In any grinding process, it is essential to know the grinding wheel composition. The type of abrasive, grits
size, wheel hardness, wheel structure, and bond type are parameters, which designates the conventional
grinding wheel. This information is readily available to the user from the wheel marking system [1]. Of all
the parameters, it is essential to know the structure number of the wheel, which indicates the volume
percentage of abrasive grits in a given wheel. The higher the structure number, the higher the wheel porosity
[2]. A higher porosity provides the space for coolant and chips. In the case of a metal bonded wheel, the free
space available in between the grits act as the chip space. However, this porosity information is not readily
available for the micro grinding tool because of the randomness in the tool manufacturing process.

The abrasive grits can be deposited onto the micro grinding tool base substrate surface (Figure 1a) by various
methods, such as electroplating [3], electroless plating [4], electroforming [5], cold spray [6], and CVD [7].
Irrespective of the method, it is difficult to estimate the volume fraction of the abrasive grits deposited on the
tool surface (Figure 1c). Of all the manufacturing methods, the electroless plating method is an economical
way to produce small-sized tools. Various factors involved in the electroless plating process complicates the

analytical estimation of planar grit density (i.e., number of grits per unit area) on the tool substrate.
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Figure 1. (a) SEM image of micro grinding tool base substrate before coating, (b) schematic of the electroless plated surface
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(c) SEM image of micro grinding tool base substrate after plating

Several works reported the micro grinding tools application on hard, brittle, and ductile materials [8-10].
Experiments have been performed to understand the micro grinding process mechanics [11,12], improve the
grinding performance [13][14], and to test the quality of the tools that resulted from various deposition
methods [15]. All these works emphasized the importance of optimum tool and cutting conditions selection.
Additionally, in micro machining, the size effect [16] related to the uncut chip thickness (Am) also plays an

important role, which is expressed as [1]
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where A is the average distance between the grits on the tool surface, vw is the feed rate, vs is the cutting

speed, a is the depth of cut, and r is the radius of the tool.

It is evident from equation (1) that apart from the process conditions (vw, vs, and a), parameters associated
with the tool (A and r) also influence the uncut chip thickness value. For the successful micro grinding process,
it is required to have the Am value higher than the minimum chip thickness value for ductile materials, and
for the brittle materials, the A, value should be less than the critical chip thickness value [8—10]. It indicates
that for the grinding of brittle materials, such as ceramics, it is recommended to have a tool with lower A
value, and for the ductile materials, it should be higher. As mentioned earlier, for the conventional grinding
wheels, the wheel marking system helps in assessing the wheel porosity, and hence, A value. However, for
micro grinding tools, this type of information is not available.

Scanning electron microscopy, optical profilometry, and stylus-based methods are commonly used to measure
the conventional grinding wheel topography [17]. Because of the smaller tool sizes (< 1 mm), it i1s difficult to
implement the tactile measurement techniques for micro grinding tools despite their accuracy. The

application of the SEM technique is time-consuming and also needs post-processing to get the topography



information. Several works reported the various physical and stochastic modeling methods for grinding wheel
visualization [18]. However, for the micro grinding process modeling and experimental work, it is essential
to know the nature of the tool. Few works on the micro grinding tool simulation have adopted the conventional
stochastic approach without real topography measurements [19,20]. It is common to use the optical methods
in metal cutting process for various purposes, such as process monitoring, tool condition monitoring, and for
the characterization of finished surface [21,22]. To the best of our knowledge, the characterization of the
micro grinding tools in any method is not yet reported. Hence, in this article, a method has been proposed to
characterize the micro grinding tools based on the Abbott Firestone curve parameters that resulted from the
topography measurements. As a result, the nature of the grits distribution on the tool surface can be known,

which is crucial for a reliable micro grinding process design.

Characterization Method:

Mathematically, Abbott Firestone curve is the cumulative probability density function of the surface profile's
height. Heights distribution is the histogram of the surface heights that quantifies the number of points on
the surface that lies at a given height. Heights distribution curve obtained from the tool topography

measurement shows the grits height distribution in between the minimum and maximum protrusions.

To understand better, various terms used in the topography characterization are defined below:

base plane—the plane, which is placed on the level of the bond as shown in Figure 1b.

mean heighe plane—the plane, which is parallel to the base plane and located at grits mean height.
maximum height plane—the plane which is parallel to the base plane and located at maximum protruded
grit.

void volume— the volume of the space in between the base plane and a plane at the set height.

material volume—the volume of the material in between the maximum height plane and a plane at the set

height.

It this study, we considered the chip space volume as the void volume, and grits volume as the material
volume at the mean height plane. It is evident from Figure 2b, f, and j that if the set plane is close to the
minimum protruded grit, then the available chip space volume is also the minimum. If the set plane moves
away from the base plane, the chip space volume increases, which is the maximum at the maximum height

plane. It is also evident from Figure 2b, f, and j that if the set plane is close to the maximum protruded grit,



then the available grits volume is the minimum. In this case also, as the set plane moves away from

maximum height plane, grits volume increases, which is the maximum at the base plane.
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Figure 2. Schematic of (a, e, 1) grits distribution on tool surface (b, f, j) heights distribution, grits volume and chip space

volume curves (c, g, k) grits space and chip space below the mean height plane (d, h, 1) grits space and chip space above

the mean height plane (a, b, ¢, d—with lower planar grit density tool; e, f, g, h—with medium planar grit density tool; i, j,

k, —with higher planar grit density tool).

Schematically, Figure 2 also shows the variation in grits space and chip space with different planar grit

density. With reference to the mean height plane, the following term “volume ratio” is established and

calculated to characterize the micro grinding tools with the available grits volume and chip space volume

data.



grits volume above the mean plane

volume ratio = 2)

chip space volume below the mean plane

If the volume ratio is high, it indicates the structure of the micro grinding tool as “dense,” that means, the
distance between the grits is less, which can result from either higher grits volume or lower chip space
volume. If the volume ratio is low, it indicates the structure of the micro grinding tool as “open,” that means,
the distance between the grits is high, resulting from either lower grits volume or higher chip space volume.
As schematically shown in Figure 2, this parameter volume ratio can consider planar grit density into the
account. In the case of tools with lower planar grit density, available grits volume above the mean height
plane is less, and the chip space volume below the mean height plane is high. It results in a lower-volume
ratio. Similarly, at the mean height plane, available grits volume is high, and chip space volume is less for
the tools with higher planar grit density. It results in a higher volume ratio. Based on these statements, it
can be said that, for a tool, a higher-volume ratio indicates the higher planar grit density; subsequently, the
distance between the grits reduces. Smaller “volume ratio” indicates the lower planar grit density and the

higher distance between the grits.

Measurement method:
Steel base substrates with different end diameters (460, 360, 260, 160 pm) were electroless plated with cBN
grits of different sizes by adding varying quantity in plating solution, as shown in Figure 3 and also

summarized in Table 1.

Table 1: Summary of ¢cBN grits size and quantity used in the plating solution for the tools shown in Figure 3.

Tool number cBN grits size (um) quantity of grits in plating solution (g)
1-4 20-30 3
5-8 20-30 6
9-12 06-12 3
13-16 06-12 6

Varying the grits quantity in the plating solution is one way to produce tools with different planar grit
densities. However, in all the cases, the exact amount of the grits deposited to the base substrate is unknown.
Apart from this, all the other conditions during the plating process were kept the same and followed the

standard procedure [23].
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Figure 3. SEM images of micro grinding tools with different base substrate diameters, grits size, and amount of grits in

the plating solution

Micro grinding tools produced by the electroless plating were characterized using an optical 3D measuring
system MikroCAD supported with ODSCAD software. It has a lateral and vertical resolution, and a
measurement range of 0.7 pm, £35 nm, and 500 pm, respectively. The optical measurement method consists
of digital strip projection with micromirror projectors (Digital Micro-Mirror Devices [DMDTM]). In this
method, strips with a sinus-like brightness intensity are projected onto the surface of the measurement

object, and their image is recorded with a CCD camera (Figure 4).
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Figure 4. Schematic of the measurement system working principle (adapted from instrument manual).
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Figure 5. 2D and 3D views of the tool (a) with the obtained raw data (b) within the selected area (c) after polynomial and

Gaussian filters (d) variations in grits height distribution, grits volume and chip space volume with the grits height from

base palne (one of the sample measurement for tool 5).



The height image of the measuring object is calculated from the position of the strips and the gray value of
the individual image points. All the measurements were performed on the tool side surface at four different
places (90°separation) within the tool active length part. As explained above, the measurements were
performed on all the tools shown in Figure 3. To obtain reliable information for analysis, filters are used to
remove noise and macro feature (shape of the tool) derived from the measured 3D profile data. The Gaussian
filter is used to remove the measurement noise, and a polynomial filter is used to remove the form of the tool.

For clear understanding, the procedure adopted for a single measurement is shown in Figure 5.

Results and discussion:

Based on the topography measurements, the volume ratio of each tool is calculated at the mean height plane.
As a summary of all measurements, Figure 6 is given. In Figure 6, a comparison is made in between the
tools which have the same grits size and base substrate diameter but there are varying amounts of grits in

the plating solution.
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Figure 6. Volume ratio and grits mean height for the different micro grinding tools shown in Figure 3.

Using the above Figure 6, the following observations can be made:



1. tools prepared with the higher amount of grits (6 g) in plating solution resulted in a higher volume
ratio compared to the lesser amount of grits (3 g)
1l tools prepared with bigger grits (20-30 um) shown maximum variations in the volume ratio compared

to the tools with smaller grits (6—12 pm)

From Figure 3 also, it is evident that the tools prepared with a higher amount of grits in plating solution
resulted in a higher number of grits deposition compared with the lower amount of grits. In that way, it can
be confirmed that the proposed term volume ratio differentiates the micro grinding tools topography
according to their planar grit density. The reason for higher standard deviation values with bigger grits can
be attributed to the grit size itself, because grit volume is directly associated with the grit size and an increase
in the grit size results in an increase in volume, which is in the order of magnitude 3. Moreover, in the case
of bigger grits, it can also be observed that the base substrate with larger diameter resulted in higher-volume
ratio. It is because the larger surface areas have a higher probability of retaining the grits during the plating
process. Based on the observed volume ratios, the micro grinding tools are classified into three categories as

given below and also shown in Figure 6.

dense structure: volume ratio — 0.45-0.35
medium structure: volume ratio — 0.35-0.25

open structure: volume ratio — 0.25-0.15

Conclusions:

A method has been proposed to characterize the electroless plated micro grinding tools based on the 3D
topography measurements. The inverse relation between the girts volume and chip space volume with grits
height has been used to define the characterization parameter volume ratio. Optical profilometry enables a
simple and fast characterization of micro grinding tools. The proposed method was able to identify the planar
grit density variation and enables to categorize the micro grinding tools similar to conventional grinding
wheels. Topography measurements on the micro grinding tools with different diameters, grits size, and girts

distribution confirms the relevance of the term volume ratio with the planar grit density variation.

Acknowledgment:
This work was financially funded by the Deutsche Forschungsgemeinschaft (DFG, German Research

Foundation) — 252408385 - IRTG 2057.



References:

(1]

[10]

[11]

[12]

[13]

[14]

Malkin S, Guo C. Grinding technology: Theory and application of machining with abrasives / Steven
Malkin, Changsheng Guo. 2nd ed. New York: Industrial Press; 2008.

Marinescu ID, Hitchiner MP, Uhlmann E, Rowe WB, Inasaki I. Handbook of machining with grinding
wheels. Boca Raton: CRC Press; 2016.

Aurich JC, Engmann J, Schueler GM, Haberland R. Micro grinding tool for manufacture of complex
structures in brittle materials. CIRP Annals 2009;58(1):311—4.

Arrabiyeh PA, Kirsch B, Aurich JC. Development of Micro Pencil Grinding Tools Via an Electroless
Plating Process. J. Micro Nano-Manuf 2017;5(1):11002.

Chen S-T, Tsai M-Y, Lai Y-C, Liu C-C. Development of a micro diamond grinding tool by compound
process. J Mater Process Tech 2009;209(10):4698-703.

Gong YD, Wen XL, Cheng J, Yin GQ, Wang C. Experimental study on fabrication and evaluation of a
micro-scale shaft grinding tool. J Mech Sci Technol 2014;28(3):1027-37.

Gabler J, Pleger S. Precision and micro CVD diamond-coated grinding tools. Int J Mach Tool Manu
2010;50(4):420-4.

Aurich JC, Carrella M, Walk M. Micro grinding with ultra small micro pencil grinding tools using an
integrated machine tool. CIRP Annals 2015;64(1):325-8.

Arrabiyeh P, Raval V, Kirsch B, Bohley M, Aurich JC. Electroless Plating of Micro Pencil Grinding Tools
with 5-10 pm Sized ¢cBN Grits. Adv Mat Res 2016;1140:133—40.

Cheng J, Gong Y, Wang J. Modeling and evaluating of surface roughness prediction in micro-grinding
on soda-lime glass considering tool characterization. Chin J Mech Eng 2013;26(6):1091-100.

Cheng J, Gong YD. Experimental study of surface generation and force modeling in micro-grinding of
single crystal silicon considering crystallographic effects. Int J Mach Tool Manu 2014;77:1-15.

Cheng J, Gong YD. Experimental study on ductile-regime micro-grinding character of soda-lime glass
with diamond tool. Int J Adv Manuf Technol 2013;69(1-4):147—60.

Cheng J, Wang C, Wen X, Gong Y. Modeling and experimental study on micro-fracture behavior and
restraining technology in micro-grinding of glass. Int J Mach Tool Manu 2014;85:36—48.

Chen S-T, Jiang Z-H. A force controlled grinding-milling technique for quartz-glass micromachining. J

Mater Process Tech 2015;216:206—15.



[15] Géabler J, Schiafer L, Menze B, Hoffmeister H-W. Micro abrasive pencils with CVD diamond coating.
Diam Relat Mater 2003;12(3-7):707-10.

[16] Mian AdJ, Driver N, Mativenga PT. Identification of factors that dominate size effect in micro-machining.
Int J Mach Tool Manu 2011;51(5):383—94.

[17] Li X, Wolf S, Zhi G, Rong Y. The modelling and experimental verification of the grinding wheel
topographical properties based on the ‘through-the-process’ method. Int J Adv Manuf Technol 2014;70(1-
4):649-59.

[18] Doman DA, Warkentin A, Bauer R. A survey of recent grinding wheel topography models. Int J Mach
Tool Manu 2006;46(3-4):343-52.

[19] Kunz JA, Mayor JR. Stochastic Modeling of Microgrinding Wheel Topography. J. Micro Nano-Manuf
2013;1(2):021004-021004-11.

[20] Anandita S, Mote RG, Singh R. Stochastic Analysis of Microgrinding Tool Topography and Its Role in
Surface Generation. J Manuf Sci E_T ASME 2017;139(12):121013-121013-14.

[21] Bohm JA, Vernes A, Vellekoop Md. Investigation of chatter marks on ground surfaces by means of
optical methods. Optics and Lasers in Engineering 2011;49(11):1309-13.

[22] Fang F-Z, Huang K-T, Gong H, Li Z-J. Study on the optical reflection characteristics of surface micro-
morphology generated by ultra-precision diamond turning. Optics and Lasers in Engineering
2014;62:46-56.

[23] Arrabiyeh PA, Dethloff M, Miiller C, Kirsch B, Aurich JC. Optimization of Micro Pencil Grinding Tools

via Electrical Discharge Machining (EDM). J Manuf Sci E_T ASME 2018.



