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Abstract: Scratch tests are useful techniques to gain insight into the material removal mechanism of abrasive
machining processes. In most of the scratch tests, uncut chip thickness value is either constant or vary from
zero to maximum. However, in abrasive machining processes, uncut chip thickness value ranges from either
zero to maximum or vice-versa. Moreover, regular scratch tests conducted at very low speeds, and in which
either the indenter or the workpiece is stationary. Because of these limitations, the knowledge obtained from
the existing scratch test results is not valid for most of the abrasive processes. Hence, in this paper, the
influence of chip thickness variation, speed ratio, and depth of cut on the pile-up behaviour of AISI 1015 steel
and 2017A-T4 aluminium alloy surfaces were investigated. The workpiece having the comparable thermal
diffusivity value with the grit has shown a significant difference in its pile-up behaviour. Through a better
understanding of chip thickness influence on pile-up ratio, a mathematical was developed for kinematic
simulations. Using the developed model, kinematic simulations were done to visualise the scratch surface
topography and material pile-up by considering the grit trajectory path and chip thickness variation. Finally,

simulated surfaces were compared with the experimental results to show the proposed method applicability.

Keywords: kinematic simulations, scratching, surface grinding, minimum chip thickness, single grit,

ploughing, pile-up.

Nomenclature:
ap programmed or set depth of cut pm
b width of the scratch pm
bp pile-up width pm
bpi left side pile-up width pm
bpr right side pile-up width pm
bpt pile-up width at ploughing to cutting transition position pm
b: width of the scratch at ploughing to cutting transition position pm
Cp specific heat capacity J/kg K
d depth of the groove pm
de critical depth of cut pm
hp pile-up height pm
hpi left side pile-up height pm

hpr right side pile-up height pm
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hpt

pile-up height at ploughing to cutting transition position

heu uncut chip thickness
hewmar  maximum uncut chip thickness
h” minimum chip thickness
R entry entry region minimum chip thickness
R exit exit region minimum chip thickness
A total minimum chip thickness considering entry and exit regions together
hs” static minimum chip thickness
ha’ dynamic minimum chip thickness
k thermal conductivity
le contact length
lg geometric contact length
Ik kinematic contact length
q speed ratio (Ve/vw)
Ve cutting speed
Vw work speed
X, Y, 2 position coordinates
A1, A2 cross-sectional area of pile up material
As cross-sectional area of the groove
D diameter of the wheel
E Young’s modulus
E* equivalent Young’s modulus
Y yield strength
To cutting edge radius
Te nose radius
density
thermal diffusivity (k/ p.cp)
Poisson’s ratio
Introduction:

kg/m?

m?/s

Abrasive processes are widely used to produce components with the high surface finish and dimensional

accuracy for electronics, optics, and aerospace applications usually made out of hard, and difficult to machine

materials [1]. Despite this fact, the majority of the operations in the industry are still conducted according to

the thumb rules based on the workers experience due to the lack of predictive models that deal with surface

integrity [2]. To a large extent, it can be attributed to the abrasive processes complexity compared to the

machining operations with well-defined tool geometries such as turning, milling, and drilling. Different

methods such as fuzzy logic, artificial neural networks, and regression modeling are available to predict the

process responses in terms of known variables. Simulation techniques such as finite element (FE), kinematic

and molecular dynamics (MD) are developed to visualise the responses in a given 2D or 3D space [3]. Because



of better understanding and visualisation, simulations are getting more extensive attention, although a valid
model is required to perform the simulations. MD simulation helps to understand the process at the
microscopic level and especially useful to study the phenomenon covering gases, liquids, and solids [4]. FE
simulation helps to explore the process at both micro and macroscopic levels. Most of the FE simulation work
at the macroscopic level were confined to the thermal analysis, and works at the microscopic level were limited
to the single grit interactions rather than the whole process due to the higher computational times [5,6]. In a
shorter time, kinematic simulations can give a 3D view of the finished surface based on ideal geometric
penetration of abrasive grits into the workpiece compared to the FE and MD simulations [7]. Majority of the
3D geometric-kinematic models were developed for grinding process by considering several aspects of the
process such as: machine process interactions [8], vibrations [9,10], wheel wear [11], different grit shapes [12—
14], and dressing effect [15]. In recent years, progress has been made on predicting the ground surface
topography by virtual wheels modelled based on the stochastic analysis of grinding wheel topography
measurements [16—20]. However, the applicability of the kinematic simulation primarily depends upon the
integration of accurate material removal mechanism.

Scratch tests are useful techniques to understand the material removal mechanism of individual abrasive
grits. These scratch tests classified mainly as rotating and linear type. In rotating scratch tests (figure 1a),
the abrasive grit passes over the work surface, and its uncut chip thickness value varies from zero to a
maximum value (ap or A max) and then reaches to zero at the end of the cut. In linear scratch tests, abrasive
grit moves over the work surface either with a constant (hcu max) or gradually increased uncut chip thickness
value (0 to Acu max) (figure 1b and 1c). Irrespective of the test nature, at the beginning of the scratch, grit makes
elastic contact with the workpiece, which does not contribute to the material removal, followed by the
ploughing and chip formation. On an average, chip formation commences only after attaining a certain depth

of cut, also known as critical depth of cut (d¢) or minimum chip thickness (k") value.
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Figure 1. Illustration of uncut chip thickness variation along the grit path in (a) rotating scratch test, (b) linear scratch test

with a constant uncut chip thickness value, (c) linear scratch test with the gradual increased uncut chip thickness value

Factors that can affect the critical depth of cut value include the geometry of grit, its orientation, its rake
angle, and the friction coefficient [21]. Even after chip formation starts, ploughing still exists, as some of the
material from the cutting path pushed aside into ridges. From the linear scratch tests with different indenters,

a rake angle was found, where the chip formation starts after the ploughing phase and called a critical rake



angle [22,23]. However, linear scratch tests could transfer very little information to the grinding process
because of the grit trajectory path. Moreover, experiments similar to the grinding (rotating single grit
scratching, fly milling) revealed the depth controlled transition from ploughing to cutting and referred the
corresponding uncut chip thickness value as minimum chip thickness, which accounted for the well-known
size effect in grinding [24] as well as in micro machining processes [25].

There are predominantly two methods available to evaluate the minimum chip thickness value considering
the scratch surface profile for the ductile materials. The first method (Figure 2) considers the variation
between the groove area and pileup area, and the second method considers the variation between groove depth

and scratch length.

Figure 2. A typical transverse trace of a scratch at a specific groove depth

Out of these two methods, the first method is preferred due to the accuracy and its independent nature on the
scratch starting position. In this method, the pile-up ratio is used to identify the different regimes such as

rubbing, ploughing, and cutting. Pile-up ratio is the ratio between cross-sectional areas of pile-up and groove.

Pile — up ratio = @ 1)

3

According to the pile-up ratio, different regimes classified as given below [26].

rubbing region : Ar=A2=A3=0 pile-up ratio ~ o
ploughing region : (A1 +Az) > As pile-up ratio >1
transition region : (A1 +A2)=A3#0 pile-up ratio ~1
cutting region : (A1 +Az) <As pile-up ratio <1

From the literature, it can be observed that the reported works on the rotating scratch tests with various

relative moments between the grit and work surface are few as summarised in Table 1.

Table 1 Summary of the available scratch test literature classified according to grit and workpiece kinematics

author grit and workpiece materials grit kinematics workpiece kinematics
(stationary/rotating/linear) (stationary/moving)
Graham [23] tungsten carbide (grit)/ Al- rotating (2.83 m/s) stationary
alloy(workpiece)




Buttery and Hamed [27]

Rockwell, Vickers indenters/
SKF ball bearing steel, mild

steel, duralumin alloy

linear (up to 37 m/s)

moving (17.7 m/min)

Buttery and Hamed [28]

Rockwell, Vickers indenters/
SKF ball bearing steel with

different heat treatments

linear (up to 20 m/s)

moving (17.7 m/min)

S50C, SS41 steels, and

alumina

Kita et al., [29] cemented carbide, diamond/ rotating (up to 33 m/s) stationary
carbon steel

Moneim et al., [22] HSS/ free machining brass linear (0.013 m/s) stationary

Matsuo et al., [30] ¢BN and diamond / SUJ2, rotating (14, 30 m/s) stationary

Ohbuchi and Matsuo [31]

¢BN and diamond/ S50C steel

rotating (10, 20 m/s)

moving (0.33 m/s)

Wang et al., [32]

diamond / pure titanium

rotating (1-4 m/s)

stationary

Klocke et al., [33]

sintered corundum/ C45E

steel

linear (45 m/s)

moving (180 mm/min)

Subhash and Zhang [34]

diamond/ steel

rotating (105 m/s)

stationary

Brinksmaier and

Glwerzew [35]

synthetic diamond/ case

hardened steel 1.7131

rotating (0.3-3.1 m/s)

moving (300 mm/min)

Barge et al., [36]

tungsten carbide/ AISI4142

steel

rotating (52 m/s)

moving (0.5 mm/min)

Ghosh et al., [37]

diamond/ aluminium

stationary

rotating (16.7 m/s)

Aurich and Steffes [38]

cBN/ heat treated steel AISI
4140H

rotating (60-120 m/s)

moving

Anderson et al., [39]

diamond/ AISI4340

rotating (5-30 m/s)

moving (180 mm/min)

Opoz and Chen [40]

c¢BN / En24T steel, Inconel
718

rotating (5-10 m/s)

stationary

Daiet al., [41]

diamond/Inconel 718

rotating (30-160 m/s)

moving (97-547 mm/min)

Tian et al., [42]

diamond/ GH4169 superalloy

rotating (20-165 m/s)

moving (perpendicular to

cutting speed direction)

It is evident from the table 1 that the experiments have been conducted on very ductile materials such as
aluminium and brass also to understand the material removal mechanism and to compare with the other
materials irrespective of their grinding application. Moreover, all the works mentioned in Table 1 confirmed
the influence of kinematic conditions on cutting behaviour.

In rotating scratch tests, a scratch made by the single grit consists of two regions such as entry and exit region
as shown in figure la. Theoretically, the variation of uncut chip thickness geometry in the entry and exit

region represents the up and down grinding respectively, despite the same velocity directions. Owing to this,



in up and down modes, process responses such as forces and temperature profile varies irrespective of the
geometrical symmetry [43]. From table 1, it can also be observed that most of the works associated with the
single grit scratch tests considered either the workpiece or the grit as a stationary object. A few works
considered both as the moving objects either at a fixed low-speed ratio or at the very high-speed ratio. All these
cases failed to show the influence of relative speed between the grit and workpiece on the material removal
mechanism in conventional surface grinding conditions, i.e., the speed ratio is in between 100-200 [21]. The
relative speed between wheel and work surface determines the heat source moving rate that influences the
thermal effects inside the workpiece [44]. Hence, thermal softening and strain hardening phenomenon also
vary, which in turn may affect the minimum chip thickness value. Therefore, in the present work, the
interaction between the grit and the workpiece is studied to provide an insight into the effect of kinematic
condition and chip thickness variation on the material deformation mode. As the experimental conditions also
play a significant role, investigations were conducted under possible high-speed ratios. Further, based on the
experimental observations, a methodology has been developed to model the pile-up height and to simulate the

scratch surfaces considering separate minimum chip thickness values for the entry and exit regions.
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Figure 3. (a) experimental setup for rotating single grit scratch tests (b) close view of the utilized indexable insert (¢) 3D view
of the cutting edge (d) mirror polished workpiece surface before experiments (e) scratches on the work surface after

experiments



Experimental method:

Rotating single grit scratch experiments were performed on a high performance-grinding machine (ELB CAM
MASTER I/1 FR)!. A customised wheel (diameter 400 mm) with an indexable insert was used as a grinding
wheel. The experimental setup is shown in figure 3a. As the available grinding machine was not able to provide
the high table speeds, an additional linear driving unit was utilised to achieve the required feed rates.

A ceramic insert (SisN4) (Figure 3b)was used as the abrasive grit for the present experiments due to the well-
defined geometry similar to Barge et al., [36]. Due to the known geometry (Figure 3c), using an indexable
insert as the abrasive grit helps analyse the results and in the case of fracture during the experiments, it can
be replaced with the similar one. The indexable insert has a nose and cutting-edge radius of approximately
794 pm and 15 um respectively. Here onwards, in this work, the indexable insert referred to as the grit. Two
work materials AISI 1015 steel and 2017A-T4 aluminium alloy were selected to ensure a vast difference in
their equivalent Young's modulus to yield strength ratio (E*/Y). Higher the E*/Y ratio, lower the expected

minimum chip thickness and vice-versa [45]. Equivalent Young's modulus can be calculated with the following

expression.

92 _q2
i*= (1 191)+(1 192) (2)
E Ey E,

Mechanical properties of the selected grit and work materials are given in Table 2. It also includes the thermal
properties of commonly employed abrasive materials for comparison. Given E*/Y values for work material was

calculated with to SisN4 grit.

Table 2. Properties of grit and work materials [46,47]

E@GPa) | Y(MPa) | 9 |k (WmK) X0 a (mm¥s) | ¢, JKgK) | E*/Y | h'/ro [45]
p (Kg/m3)

AISI 1015 steel | 200 325 | 029 51.9 7.87 14.03 470 406.45 | 0.1437

2017A-T4 alloy | 72.4 276 | 0.33 134 2.79 54.5 880 236.83 | 0.2832
SisN4 310 i 0.27 30 3.29 13.81 660
diamond i i ~ 176002000 | 8.52 | 333-1110 511
cBN i i ~ [ 2401300 | 3.48 136-738 506
SiC i i - 100 3.21 44 710
Al,Os i i - 35 3.98 115 765

Sample surfaces were prepared by polishing and ensured to have an average roughness (Sa) value of less than
0.1 um before the scratching process (see Fig. 3d). After placing the workpiece on the linear driving unit, a dial

gauge was used to verify the flatness. Errors were minimized by levelling the workpiece with the help of very

1 Naming of specific manufacturers is done solely for the sake of completeness and does not necessarily imply
an endorsement of the named companies nor that the products are necessarily the best for the purpose.



thin metal strips, which were placed below the work surface. Experimental conditions were selected within
the typical range of surface grinding conditions (maximum table speed 15 m/min and a minimum cutting speed
of 5 m/s). The workpiece needs to travel a specific distance in the longitudinal direction to avoid overlapping
of scratches. Hence, to meet this requirement, minimum possible table speed and maximum possible cutting
speeds were identified. To check the scratches interaction, scratches were made on the work surface with
different speed (initial maximum cutting speed value is 60 m/s, and initial minimum table speed value is 1
m/min) combinations at 40 pm depth of cut. These values were gradually varied, and where no interaction
between the individual scratches was observed, those (table speed 5 m/min and cutting speed 30 m/s) values
were selected for the further experiments. Each experiment was repeated thrice to ensure the accuracy of the
reported results. Table 3 gives the detailed experimental conditions, as mentioned earlier, the maximum
possible depth of cut and maximum speed ratio values were considered to ensure the temperature influence

on scratching unlike standard scratch tests with micro and nano-indenters.

Table 3. Summary of the experimental conditions

No. | q ap (um) | vw (M/min) | ve (m/s)
1 20 10 15 5
2 20 | 20 15 5
3 20 | 30 15 5
4 20 | 40 15 5
5 60 | 10 5 5
6 60 | 20 5 5
7 60 | 30 5 5
8 60 | 40 5 5
9 120 | 10 15 30
10 | 120 | 20 15 30
11 | 120 | 30 15 30
12 | 120 | 40 15 30
13 | 360 | 10 5 30
14 | 360 | 20 5 30
15 | 360 | 30 5 30
16 | 360 | 40 5 30

All the experiments were performed in the longitudinal direction to create identical scratches (Fig 3e). During
the longitudinal scratching, the wheel was rotated, and the workpiece was moved in the opposite direction.
The depth of cut was set by adjusting the wheel in Y-axis. The single grit wheel was moved down slowly until
it makes initial contact with the workpiece surface. To ensure precise contact, this process was monitored by

the accelerometer (Kistler, 8692C50) signals. At the initial contact position, the coordinate value in the Y-axis



was considered as zero, and the workpiece was moved away in X-axis direction. The depth of cut and the wheel
rpm related to the required cutting speed were adjusted, and the linear driving unit was moved with the
required feed rate to make the scratches. After one pass, the process was repeated by shifting the table in the
Z-axis direction to generate the scratches for another set of conditions. After all the experiments, transverse
sections of scratches were analysed with an optical 3D measuring instrument GFM MikroCAD supported with
ODSCAD software. This instrument has a lateral and vertical resolution, and the measurement range of 0.7
um, 0.07 pm, and 500 um respectively. Each scratch was inspected at 12 distinct positions in between the
starting and end points (first six measurements correspond to entry region, and last six corresponds exit
region) to measure the pile-up area, groove area, and groove depth as shown in Figure 4a. In Figure 4b, for
the same condition, the microscopic image for the entry and exit regions is given.
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Figure 4. (a) Cross-sectional profiles of a single scratch at various positions along the scratch length direction (b) microscopic

image of the scratch in entry and exit regions

Results and Discussions:

For every experimental condition, the relation between the pile-up ratio and groove depth was identified by
fitting the most suitable power fit curve to find the minimum chip thickness value as shown in Figure 5.
Because, by measurements, it was difficult to identify the exact transition position between the ploughing to
cutting. It is also difficult to distinguish the pile-up and the background workpiece surface texture, especially

at the entry side.
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Figure 5. Example of minimum chip thickness values identification based on the pile-up ratio values (a) considering both
region values together for the analysis, (c) considering the entry region values only, and (c) considering the exit region values

only (speed ratio 360, depth of cut 30 um, AISI 1015 steel)

Measurements outside the 95% confidence bounds of the power fit curve were deleted as outliers. The groove
depth value (x-axis), at which pile-up ratio (y-axis) is equal to one was calculated using the model constants
(a and b, indicated in Figure 5) and considered that depth value as minimum chip thickness value. The
coefficient of determination (R2) value indicates the goodness of curve fitting. From Figure 5, the difference in
the minimum chip thickness value is evident in each region. It is an expected behaviour due to the material
accumulation, and interference of the strain rate and temperature [48] as explained by several researchers
[26,36]. Hence, to represent a realistic situation, each region values were considered individually (like Figure
5b and 5¢) and compared with the evaluations based on both region values (like Figure 5a). Summary of the

obtained minimum chip thickness values for all the conditions is given in Table 4Error! Reference source

not found..
Table 4 Summary of the measured minimum chip thickness values
h” (um) percentage of error compared to hs”

2017A-T4 alloy AISI 1015 steel

S. No (,:l;) q 2017A-T4 alloy AISI 1015 steel (hs"= 4 pm [45]) (hs"=1.75 pm [45])
hentry | Rexit | Rtotal | Bentry | B exit | Btotal | Bentry | Rexit | Rtotal | Bentry | Bexit | R total
1 10 20 | 3.90 | 486 | 466 | 2.00 | 3.99 | 3.98 | -2.6 | 21.6 | 165 | 14.2 | 128.1 | 127.4
2 20 20 | 491 | 6.90 | 444 | 1.23 | 554 | 5.00 | 22.7 | 72.5 | 11.0 | -30.0 | 216.6 | 185.7
3 30 20 6.10 | 792 | 4.54 | 0.98 | 6.00 | 6.17 | 52.5 97.9 13.5 | -43.8 | 242.8 | 252.6
4 40 20 6.84 | 8.48 | 540 | 0.69 | 7.58 | 7.24 71.1 | 112.0 | 35.0 | -60.6 | 333.1 | 313.7
5 10 60 3.64 | 433 | 3.14 1.59 | 3.27 | 3.58 -9.0 8.3 -21.5 | -9.0 86.8 | 104.6
6 20 60 4.16 | 6.04 | 451 | 0.91 | 4.33 | 4.80 4.1 50.9 12.8 | -47.9 | 147.5 | 174.3
7 30 60 4.45 | 6.21 | 448 | 0.64 | 4.89 | 5.54 11.3 55.3 12.0 | -63.6 | 179.2 | 216.6
8 40 60 559 | 7.02 | 4.84 | 0.62 | 7.50 | 6.60 | 39.7 75.6 | 21.0 | -64.3 | 328.5 | 277.1
9 10 120 | 3.86 | 3.79 | 4.25 1.60 | 3.59 | 3.01 -3.5 -5.2 6.3 -8.6 | 105.0 | 72.0
10 20 120 | 3.96 | 4.11 | 3.86 | 0.71 | 4.97 | 4.55 -1.1 2.6 -3.5 | -59.6 | 184.2 | 160.0




Figure 6. Variation in minimum chip thickness values for AISI 1015 steel (left) and 2017A-T4 alloy (right) considering (a,

b) entry region values only (c, d) exit region values only (e, f) entry and exit region values together

11 30 120 | 4.16 | 5.07 | 4.36 | 0.39 | 4.77 | 4.92 4.0 26.8 9.0 -77.6 | 172.6 | 181.1
12 40 120 | 4.77 | 5.44 | 4.68 | 0.03 | 6.58 | 5.76 19.4 36.0 17.0 | -98.6 | 276.3 | 229.1
13 10 360 | 3.92 | 3.81 | 3.44 | 1.16 | 3.59 | 1.81 -2.0 -4.7 | -14.0 | -33.8 | 105.4 3.4
14 20 360 | 3.81 | 3.71 | 3.27 | 0.42 | 410 | 2.66 -4.8 -7.3 | -183 | -76.2 | 134.3 | 52.0
15 30 360 | 3.79 | 3.48 | 3.16 | 0.14 | 4.66 | 4.09 -5.3 | -13.0 | -21.0 | -91.8 | 166.3 | 133.7
16 40 360 | 3.72 | 3.62 | 2.63 | 0.00 | 5.68 | 4.93 -7.0 | -11.9 | -34.3 | -99.7 | 224.6 | 181.7
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From the above table 4, it can be observed that the minimum chip thickness values are not the same for any
two conditions and showing a strong dependency on the set depth of cut value. It indicates that the minimum
chip thickness values predicted considering only material properties and cutting edge geometry are not
suitable for dynamic situations, which is evident from the percentage of error values in Table 4. Moreover,
several researchers (Table 1) reported the influence of depth of cut and cutting speed on the ploughing. Hence,
to further study the variation of minimum chip thickness values with kinematic conditions in the entry and
exit regions, and together, figure 6 is utilised. From figures 6a — 6f, it is evident that the minimum chip
thickness values are varying with the set depth of cut, speed ratio, and also on the mode of scratching (i.e., up
or down).

AISI 1015 steel is showing more deviation in the exit region from the expected [45] static minimum chip
thickness value (1.75 pm), unlike the entry region. Moreover, these values are higher than their static
minimum chip thickness value (predicted based on the grit and work material properties and grit geometry
neglecting kinematic conditions), unlike 2017A-T4 alloy. It can be attributed to the comparable thermal
diffusivity of AISI 1015 steel with SisN4, whereas 2017A-T4 has higher thermal diffusivity value than the
SisN4 and hence heat generation and the influence of temperature on the work surface is not significant. This
statement also supported by Qian et al., [49] recent work. According to them, the material which had the lower
thermal conductivity results in lower heat partition ratios and hence higher temperatures around the grinding
zone. Accordingly, in the present work, AISI 1015 steel has lower thermal conductivity value compared to the
2017A-T4 alloy. Due to this, higher temperatures in AISI 1015 steel can be attributed to the resulted in higher
minimum chip thickness values in the exit region compared to the entry region unlike 2017A-T4 alloy. Higher
temperatures with the increasing depth of cut [49] can also be attributed to this increased minimum chip
thickness values as shown in Figure 6. Variation in minimum chip thickness values for AISI 1015 steel (left)
and 2017A-T4 alloy (right) considering (a, b) entry region values only (c, d) exit region values only (e, f) entry
and exit region values togetherError! Reference source not found.. Further, linear regression lines were
drawn with an intercept equal to the static minimum chip thickness values as shown in Figure 6Error!
Reference source not found.. Hence, the values 1.75 and 4 shown inError! Reference source not found.
regression equations (i.e., minimum chip thickness equations for dynamic conditions) are the predicted
minimum chip thickness values under static condition for AISI 1015 steel and 2017A-T4 alloy respectively
[45]. This approach similar to Malkin et al.,[50] approach for thermal analysis. Following Table 5 shows the
summary of the predicted dynamic minimum chip thickness values (predicted based on the grit and work
material properties, grit geometry, and kinematic conditions) using linear regression equations given in Figure

6Error! Reference source not found..

Table 5. Summary of the predicted minimum chip thickness values using linear regression equations given in Figure
6Error! Reference source not found..

‘ S. No ‘ ap (um) ‘ q ‘ ha” (um)




2017A-T4 alloy AISI 1015 steel
ha'entry | ha’exit | hdtotal | hd entry | hd'exit | hd total
1 10 20 | 4.65 | 521 | 4.29 1.51 | 3.28 | 3.21
2 20 20 529 | 642 | 4.59 1.26 | 4.81 | 4.68
3 30 20 594 | 7.63 | 4.88 1.02 | 6.34 | 6.14
4 40 20 6.58 | 8.84 | 5.17 0.77 | 7.87 | 7.61
5 10 60 | 4.26 | 4.77 | 4.20 1.43 | 3.05 | 3.04
6 20 60 | 4.51 | 5.54 | 4.40 1.10 | 4.36 | 4.33
7 30 60 | 4.77 | 6.31 | 4.60 0.78 | 5.66 | 5.62
8 40 60 5.02 | 7.08 | 4.80 0.46 | 6.96 | 6.91
9 10 120 | 4.11 | 4.30 | 4.13 1.31 | 297 | 2.83
10 20 120 | 4.22 | 4.60 | 4.25 0.87 | 4.20 | 3.91
11 30 120 | 4.33 | 4.90 | 4.38 0.43 | 5.42 | 4.99
12 40 120 | 4.44 | 520 | 4.50 | -0.01 | 6.64 | 6.07
13 10 360 | 3.93 | 3.86 | 3.67 1.25 | 2.78 | 2.47
14 20 360 | 3.85 | 3.72 | 3.33 0.75 | 3.82 | 3.19
15 30 360 | 3.78 | 3.58 | 3.00 0.24 | 4.85 | 3.91
16 40 360 | 3.70 | 3.44 | 2.66 | -0.26 | 5.88 | 4.63

Negative values in table 5 can be considered as zero as they do not have any significance. It can also be
observed that on an average of 2017A-T4 alloy entry and exit region dynamic minimum chip thickness values
are 1.15 and 1.34 times higher than the static minimum chip thickness value. i.e., the work material, which
has higher thermal diffusivity value than the grit material has not shown much difference with its dynamic
minimum chip thickness value. However, for AISI 1015 steel, entry and exit region dynamic minimum chip
thickness values are 0.46 and 2.82 times higher than the static minimum chip thickness value due to the
comparable thermal diffusivity value with grit material. To investigate this behaviour, an insight into the
material flow with the forces and temperature is required. However, in the present work, it is not examined.
Further, using the obtained results, a methodology was developed to integrate the material pile-up behaviour
in kinematic simulations. As mentioned in the introduction, the applicability of the kinematic simulation
primarily depends upon the integration of accurate material removal mechanism, which includes material
pile-up also. However, to the best of our knowledge, all the kinematic simulation works related to the grinding
operations have not considered this phenomenon [8][9,10][12-14][15]. Hence, in this work, a methodology was
developed for the single grit simulation with material pile-up. Further, it could be implemented to the multiple
abrasives.

For kinematic simulations, a valid mathematical model is required to represent material pile-up, side flow,

and groove geometry during the scratching. Hence, for a mathematical model, above predicted dynamic



minimum chip thickness values in each region were considered as the groove depth value at the transition
position. Additionally, the following assumptions are made, which are also schematically shown in Figure 7:
1. left-side and right-side pile-up areas are the same
i. pile-up shape considered as an acute isosceles triangle. At the transition position, it has height A, and
base equal to b/1.5 (based on scratch measurements shown in Figure 4a)
1il. as mentioned earlier at the transition position (i.e. at d = ha") A; + A2 = A, whereas in simulations A =
2A3

iv.  the material front bulging effect was not considered

(@) -

Figure 7. (a) geometrical representation of measured scratch cross-section at transition position, (b) geometrical

representation of simulated scratch cross-section at the transition position

Apart from the above, other assumptions related to the kinematic simulations are also applicable such as
neglecting vibrations, elastic deflections, and wear of the grit. With the known cutting edge radius (x-axis) and
nose radius (z-axis) and set depth of cut (y-axis), a half-ellipsoid (grit shape for the simulations) is generated
similar to the grit (cutting edge and nose radius values are 15 pm and 794 pum respectively) used in the

experiments, shown in Figure 8a.

To generate an ellipsoid, following parametric equations are used:

X =T1,cosusinv 3)
z =71,sinucosv 4)
y = a,cosv 5)

for u € [-1/2, 0] and v € [-m, ]

For kinematic simulations, grit and workpiece were divided into n number of equal 2D segments along the z-
axis (Figure 8b). For every slice in the XY plane, following Eq. 6 is used to simulate the scratch depth in the

y-direction along the x-axis within the kinematic contact length value (Figure 8c).
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Figure 8. (a) simulated grit shape used for the kinematic simulations (b) slicing of the initial workpiece in the z-axis direction

(c) system of coordinates for a single scratch in XY plane

_ (x—lk)z

= —q, for0<x<I (6)

Kinematic contact length (Ix) can be expressed as [51]

b = (1+2)/Da, (7)

Modified 2D Z-map technique developed by Darafon [52] was used to simulate the material removal at every
position of the grit in a 2D plane (XY plane). Trajectory paths of the grit cross-section in YZ plane truncated
to ¥ = 0 to represent the simulation without pile-up (Figure 9a). To simulate the material pile-up height,
trajectory paths of the grit cross-sections in YZ plane truncated at a defined pile-up surface (power fit surface,
y =z¢, ‘¢’ is power fit coefficient or pile-up surface coefficient) in y-direction as shown in Figure 9b and then

these values connected to the corresponding pile-up width in the z-direction.

power fit surface for
exit side

—/— pile-up heights
—

—

(@)

initial worksurface

power fit surface for
entry side
pile-up heights

pile-up

it traject th ( aspect ratio: z-axis 1:1, y-axis 4:1, x-axis: 1:1)
grit trajectory pa

Figure 9. Schematic representation of kinematic simulation methodology (a) trajectory path of grit cross-sectional areas

truncation at zero plane (b) adding up pile-up material by different power fit pile-up planes in entry and exit regions



With the known geometric relationship between the groove area and pile area at the transition position as
shown in Figure 7b, pile-up surface coefficient value can be calculated. Because, to estimate the pile-up height
at every position corresponding to known pile-up width value, pile-up surface coefficient value is necessary.

The shape of the scratch is defined by the grit’s maximum cross-sectional area projected in the YZ plane. In
this case, due to the symmetry about x = 0, grit’s maximum cross-sectional area is equal to the tool nose radius
profile (Figure 8a). Profile of the grit’'s maximum cross-sectional area in the YZ plane at x = 0 can be

represented as the circle with the defined edge radius (re)value as given below:
y2+z2 =12 (8)

Scratch width (or groove width) corresponding to the depth can be calculated with the following equation:

b = 2/d(2r, — d) )

If b: is the width of the scratch at the transition position (or at the minimum chip thickness value(hy), it can

be calculated with the following equation:

b, = 2,/h,(2r, — h}) (10)

by considering the relation between the pile-up area and groove area at the transition position (based on Figure
7b), pile-up height (hp:) can be calculated by solving the equation 11.
A =243

2 cos™ (20 - (1, — hy) [2rhy — Y =T (11)

Substituting the values of b (equation 9), and other known variables (r, and hj(Table 5)) in the above Eq. 11
results in Ay value. Summary of the predicted pile-up height values using equation 11, at the transition

position are given in Table 6.

Table 6. Summary of the predicted pile-up height values at the transition position

hpt (Lm)
2017A-T4 alloy AISI 1015 steel

S.No | ap (um) | g

h ,entry hoexit | Biotal | B ,entry hoexit | R total

10 20 | 465 | 521 | 432 | 1.561 | 3.28 | 3.11

20 20 | 5.29 | 6.42 | 464 | 1.26 | 4.81 | 4.47

30 20 | 594 | 7.63 | 496 | 1.02 | 6.34 | 5.83

40 20 | 6.58 | 8.84 | 528 | 0.77 | 7.87 | 7.19

10 60 | 4.26 | 4.77 | 4.24 | 1.43 | 3.05 | 3.03

20 60 | 4.51 | 564 | 448 | 1.10 | 4.36 | 4.31

30 60 | 4.77 | 6.31 | 4.72 | 0.78 | 5.66 | 5.59

| Jf O O & W[ DN| ~

40 60 | 5.02 | 7.08 | 4.96 | 0.46 | 6.96 | 6.87




9 10 120 | 4.11 | 4.30 | 4.12 | 1.31 | 2.97 | 291
10 20 120 | 4.22 | 4.60 | 4.24 | 0.87 | 4.20 | 4.07
11 30 120 | 4.33 | 490 | 4.36 | 0.43 | 5.42 | 5.23
12 40 120 | 4.44 | 5.20 | 4.48 0 6.64 | 6.39
13 10 360 | 3.93 | 3.86 | 3.64 | 1.256 | 2.78 | 2.43
14 20 360 | 3.85 | 3.72 | 3.28 | 0.75 | 3.82 | 3.11
15 30 360 | 3.78 | 3.68 | 2.92 | 0.24 | 4.85 | 3.79
16 40 360 | 3.70 | 3.44 | 2.56 0 5.88 | 4.47

After knowing the h,; value at the transition position, it is possible to estimate the power fit surface coefficient

‘¢’ using equation 14.

y = z€ (12)
l
c=1 (13)

where ‘y' is the pile-up height (hy) and ‘2’ is the pile-up width (b)) at the transition position.

log hpe

€= logwo 14

Now at every position, corresponding to the pile-up width value, pile-up height can be calculated using the ‘¢’

value as given below:

hy = b,° (15)
loghpt
h, = b,Ps®0 (16)

where by 1s the pile-up width, which is equal to /1.5 as per assumptions (Figure 7b and Figure 4a).
With the help of the developed method, kinematic simulations were done for a length of 2lx. Error! Reference
source not found. Figure 10 shows the simulated scratch surfaces for the studied materials at the same

speed ratio and depth of cut.



z

( aspect ratio: z-axis 1:2, y-axis 1:0.7, x-axis: 1:1)
h% speed ratio 20, depth of cut 20 um

Figure 10. Simulated scratch surfaces showing the material dependent pile-up behaviour

Further, to show the variations with the kinematic conditions, simulations were done for the entry and exit
sides separately and shown in Figure 11 and Figure 12, also compared with the scratch surfaces resulted from
the experiments. It can be observed that the pile-up behaviour is decreasing with the increasing speed ratio
like the minimum chip thickness variation (Figure 6Error! Reference source not found.). Figure 12 shows
the exit sides of the simulated scratch surfaces variation with depth of cut. It can also be observed that at the
entry side, the pile-up behaviour is decreasing at a higher depth of cuts with the increasing speed ratio.
Developed simulation method also shows the variations in line with the several other researcher's observations

(Table 1) and with the current experimental findings.
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Figure 11. Scratch surface variations at the entry side with speed ratio and depth of cut
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Figure 12. Scratch surface variations at the exit side with speed ratio and depth of cut



From the above experimental and simulation results, it can be observed that simulation results are able to
represent the groove shape varies according to the experimental results. However, from the experimental
results, it can be seen from the entry side groove depth values that AISI 1015 steel has not shown variations
according to the depth of cut, which can be attributed to the initial grit and workpiece contact deflections
resulted from AISI 1015 steel higher yield strength value compared to 2017A-T4 alloy [53]. As the deflection

issues were not considered in the model and the same not reflected in simulations.

Conclusion and Outlook: In the present work, with the help of several single grit scratch test results on
AISI 1015 steel and 2017A-T4 aluminium alloy materials, kinematic simulations were done considering
predicted dynamic minimum chip thickness values where the transition from ploughing to cutting occurs.
These simulations included material pile-up because of ploughing.
With the help of experimental results on AISI 1015 steel and 2017A-T4 aluminium alloy work materials, the
following conclusions were drawn:

1. minimum chip thickness value was dependent on the grit and work material combinations as well as

kinematic conditions.

11. with an increase in the depth of cut, minimum chip thickness value in the exit region increases for
both the materials and deviates significantly from their static minimum chip thickness values at lower
speed ratios.

ii.  AISI 1015 steel, which has comparable thermal diffusivity with the SisN4 grit has shown significant
differences in between the entry and, exit region minimum chip thickness values. Whereas,2017A-T4
alloy has higher thermal diffusivity than the SisN4grit and not shown significant differences with chip
thickness variation.

1v. decreasing ploughing behaviour at higher speed ratios can be attributed to the effective thermal
diffusivity ratio of grit and work material. i.e., 2017A-T4 alloy, which has higher thermal diffusivity
value than the SisN4 grit showed more ploughing behaviour than the AISI 1015 steel.

V. proposed simulation technique with single grit considering the pile-up behaviour can be expanded to

multiple abrasive grits interaction.
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