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Abstract

This paper presents an important investigation atiemial removal mechanism in
grinding utilizing single grit scratch tests. Tiwestigation helps people to understand
the abrasive cutting behaviour when the abrasittinguedge shape alters during single
grit grinding. The results provide fundamental kieage of the grinding material
removal process which helps to improve grindinggrenance and quality. CBN grits

of 40/50 mesh size were used to perform scratth testhe alloy Inconel 718. The
concepts of material pile up ratio and materialoeah strength were introduced to
measure the material removal efficiency duringdjng. It is found that pile up ratio
decreases and material removal strength increases thie depth of cut increases,

albeit the material removal mechanism is highlyeteent on the abrasive grit cutting



edge shape. The material removal mechanism alengctiatch length shows different
behaviours at the entrance and exit sides of tfectng passes. When a grit was
moving along its scratch path, it pushed matedaed&rd resulting in high material
accumulation at the exit side of the scratches s€quently, cutting is more prominent
at the entrance side of the scratch, whereas pioggin pile-up is extremely high at the
exit side of the scratches. The research findimgides crucial information for grinding

process optimization.
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Introduction

High material removal rate and high surface quarg fundamental requirements of
most grinding operations. The material removalighif abrasive grits is of high
interest in order to understand the grinding betwavand its influence on the ground
surface creation, particularly at the micro sce#éh the entire grinding wheel-
workpiece interactiofy ?, it is difficult to evaluate an individual grit n&ribution to
material removal and difficult to observe the eféeaf abrasive grit geometrical

parameters, such as cutting edge shape, sizelegtial of cut on the ground surface.



It was postulated that there could exist threeestar material removal in grinding,
namely, rubbing, ploughing and cutting, to ultimatemove the material from the
workpiece surface in the form of tiny chipsAs an abrasive grit slides on the
workpiece surface for a small distance at theahgiage, the grit-workpiece interaction
does not cause any permanent change on the stofamgraphy, where the interaction
only occurs in the elastic range and recovers dsaistic spring back effect after the
interaction ends. This stage in the process ig@alibbing. The ploughing stage is
initiated with increasing penetration of the gnitd the workpiece while the abrasive
grit travels forward simultaneously. At this statie interaction occurs in both the
elastic and plastic regions, but no real matedaalaval occurs. When the shearing
stresses increase beyond the tearing stressqdptighed material in front of the grit is
finally removed from the workpiece in the form dfijgs. This stage is known as cutting.
Among these stages, rubbing has negligible corttabuo material removal, while
ploughing plays a crucial role influencing energynsumption, surface roughness
characterization, surface creation, and overaitieficy of the grinding process. In
order to improve material removal efficiency, etfee cutting should be maximized
while rubbing and ploughing should be minimizeddese they consume energy

without much contributing to the material remotzal



To investigate single abrasive grit — workpieceiacttion at the micro scale down to
the submicron scale as well as the material remchvalacteristics at that range, single
grit scratching tests have been utilized by masgaechers'. Albeit, there are a
substantial amount of tests performed by usingapeth abrasive grit or shaped cutting
tool (known geometry) such as a diamond indentstyus ° ***3 spherical toot* or
negative rake cuttér to reduce shape factor influence during mateeiaiaval, some
experimental works also exist with the actual aiveagrits® " ® * 1® Shaped tools are
good for experiments because they make easy cosoparwith computational
models* "% Besides, the shaped tools make parametric imatiin easy to study the
effect of speed, depth of cut, and hardness ofnmaéten the material removal
mechanisms by keeping the tool geometry stable.gwew scratches with shaped tools
diverge from the reality of actual grinding becatls® shapes of grit cutting edges
continuously alter due to grit wear and fractureustng during the grinding process.
Takenaka performed one of the earliest scratch tests asdrobd that a chip was
produced even at a small depth of cut (lower th&rmudn) in the form of torn leaves
from the workpiece surface although the rubbing glodghing phases are also
prominent in that range of depth cuts. Materialsgat was found mainly by the cutting
process when the depth of cut is higher than 1Kemanduri®® investigated the

grinding mechanism by using a highly negative rakgled diamond tool and observed

chip formation up to a rake angle of -75°. SKadescribed the material removal



process during single grit-workpiece interactiormagextrusion-like mechanism. Wang

et al®®

performed single grit scratching test with a cahdiamond tool on pure

titanium to characterize the material removal mera. The scratches depth of the
tests was around 60 pm with a cutting speed of 084 They observed that there
exists four zones in the interaction region, namalstagnant zone, a lamella zone with
shear bands, a hardened sublayer zone, and a ptgagone during front ridge
development in scratching test. Klecka and SubRisivestigated the material removal
mechanism and associated damages in single andedsarbtches on alumina materials
with different grain size (2 um, 15 um and 25 umsing a diamond tip dresser as a
scratch tool. Experimental result showed that tiegecritical separation distance
where the maximum material removal occurs for a glinteracting scratches. Critical

scratch separation distance was identified as 90128 um and 150 pum for the

materials with grain size of 2 um, 15 um and 25 gespectively.

In the literature, the effect of cutting speed waglied mainly using shaped abrasive
grits in order to minimize the influence of gritagte alteration during scratching t&st
14.27 The majority of the research show that loweriogtspeed and depth of cut
increase the proportion of ploughing and make wegtiéss efficiertf 2" % The
influence of cutting speed may not be captured@pyately when the grit feature

changes significantly due to grit wear and fractumehe cutting edges. Thus, in this



research, the effect of cutting speed was not dglidue to significant alteration in the
grit profile during scratching. Rather, this paemainly focused on morphological

alteration in aspects of ploughing and cutting lgiscratching.

In this paper, the interaction between single abeagrit and workpiece is studied in
order to provide broader insight into the grindmgchanism. Although the influence of
abrasive grit operating condition and the grit-wmece interaction are the main issues
to be investigated in this paper, the grit weamameenon, attritious wears, and fracture
wear also exist on the cutting edges of the giiridus wear phenomena on the grit can
be observed by the variation of grit profiles ie 8tratch tests. For instance, the
transformation of scratches from the single edgatsie to the multiple edge scratch can
be considered as the result of the fracture oftiteluring scratching test. Previous
researcher®’ illustrated that attritious wear accounts for wear flats on the grit

cutting edges and cause a reduction in cuttingtybil the abrasive grits, while fracture
wear is part of abrasive grit loss due to grit kegge or entire abrasive grit dropping

from the abrasive wheel due to bond fracture.



Experimental procedure

Scratching test setup

Single grit scratching tests were conducted on @oftam 250 Ultragrind machine
centre. The machine centre is able to perform pi@tigrinding and diamond turning
with 3D complex surface forms and is capable ofegeting surfaces having an average
surface roughned$3abetter than 1 nm. In order to accommodate a sigfescratching
test, a test setup was designed and manufacturgtbas in Figure 1. The workpiece
was mounted on a Kistler 3 axis piezoelectric faemsor. In addition, an acoustic
emission (AE) sensor was mounted near the workpeedetect the contact between the

grit and the workpiece.
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A Cubic Boron Nitride (CBN) grit of 40/50 mesh sm@s used for the scratching tests.
Inconel 718 with a hardness of 355 HV at a 1 kgl lwas used as a workpiece. The
workpiece surface was ground and polished pridihéoscratching tests. The polished
average surface roughndgawas around 0.04 pm throughout the scratching serfa
The diameter of the steel wheel was measured &n3#. after grinding the
circumferential surface of the steel wheel by usiriggh speed spindle (rotational
speed N = 20000 rpm or peripheral speed\3.37 m/s). The steel wheel provided a
run-out error less than 1 um. A CBN grit was gloetb the circumferential surface of

the steel wheel by using Loctite Super Glue as shiaigure 1. The same grit was



used during the experiment as long as the griestay the wheel surface. In case of the
grit dropped off from the steel wheel, a new grituld be reinstalled to continue the
experiment. Throughout this investigation, the sanitewas used without experiencing
the grit dropping off the steel wheel. A traverseagching method was used to generate
scratches at different depths of cut. Figure 2 shihve schematic of this traverse
scratching method. The workpiece surface was tgtigghtly to generate scratches
leading to different depth of cuts; the heighteliéince between the two ends of the
scratching surface was less than 13 pum. More @etdiscription of the scratching

process and the traverse scratching method weea givprevious publicatioh
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Scratch profile measurement

A microscopic view of some single grit scratchesaarinconel workpiece with
increasing depth of cut is shown in Figure 3. it ba seen that some scratches are less
than 100 um in length and less than 1um in groyghdd he scratch profiles of the
samples were measured by using a Talysurf CCl 800@ light interferometer. A
sample of the resulting 3D profile measuremenh@as in Figure 4, where the

gouging features can be clearly seen. After 3Dilebf the scratches were obtained,

2D profile sections were extracted from the deepesit of the scratches to measure



the groove depth, groove area, and pile-up argar&is shows the 2D profile of the
scratches at the deepest point, from which thé pdeup and groove area sections will

be used for analyses.
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The profile of the scratches shows that the sh&figecscratched grooves is altering at
every consecutive scratch generation due to alberaf the cutting edge shape of the
grit. With increasing numbers of scratch generatiba grit wear will present itself in
the profile of the scratches. The alteration ofghecutting edge occurs mainly due to
wear flat generation and fracture of the grit. kdlikely, grit fracture leads to new
cutting edges, which will maintain sharp cuttingyes throughout the scratching. This
phenomenon is also known as a self-sharpeningglthimgrinding process. Because

it is impossible to measure the grit profile aff@ch consecutive scratching pass under
current test setup, the profile of the scratchewges on the workpiece can be
reasonably considered as the out-most profile efjtit, albeit errors may exist due to
elastic deformation, which is insignificatit *. As seen in Figure 5, scratched grooves
also included some tiny scratches (spikes) indidarain scratches. These tiny
scratches could attribute to the existence of sbatting edges on the grit edge which
engaged with the workpiece. Although these tingtetres could also be generated due
to brittle fracture of the workpiece material, rafesl pattern of the cross section profiles
observed in the consecutive scratches (Figuredwetier, suggest that the tiny
scratches were generated mainly by micro sharmguttdges existing on the grit

surface. In some circumstances, the grit fractotgdcbe very influential in creating



multiple cutting edges which would, therefore, gate multiple edge scratches. Figure
6 shows the point where the multiple edge scratabpsared on the Inconel 718
workpiece after production of several single cgftauge scratches. Similar
phenomenon was also observed during the scratishaesn EN24T steel where the
adjacent multiple scratches developed after songesedge scratches’ formation as
shown in Figure 72 In the case of multiple cutting edges with diéfierr cutting edge
heights, increasing the depth of cut could fad#itle generation of multiple edge
scratches. It was observed that the single gritnguedge can be altered into three
different shapes as shown in Figure 8, dependinth@mvear mechanism on the grit
surface: (1) a single cutting edge which generatgsgle scratch (Figure 8-(a), (2)
adjacent multiple cutting edges which act as alsiogtting edge and create a single
scratch (Figure 8-(b)), and (3) multiple distinatteng edges which act as a separate
cutting edges and generate separate scratchesgf&gua)). It is noted that the cutting
edges profiles, illustrated in Figure 8, were netasured profiles; they were
hypothesized from the resultant scratches’ crososeprofiles. During the adjacent
multiple cutting edges’ engagement with the workpiethe ploughed material at the
adjacent side edge was squeezed together, whidloneed the ploughing function and
led to less actual material removal (i.e. lescedfit in terms of cutting) during
scratching. On the other hand, during the multifidginct cutting edges’ engagement,

the separate scratches due to the separate cedkiygs on the grit do not contribute to



each other’s material removal, thus, dissimilatheformer one (Figure 8-(b)). The
material removal is strongly dependent on theayriting edge shape and other factors
(such as, grit cutting edge sharpness, bluntneslsgepth of cut). The efficiency of the
material removal in terms of cutting and ploughjmgcesses will be analyzed through
the paper by introducing a concept of pile up ratid material removal strength in later
section. Figure 9-(a) shows an interferometry mesament of distinct scratches
generated by different cutting edges on the samearmpl Figure 9-(b) shows 2D profiles
of the scratches extracted from Figure 9-(a). Tiitefrgcture wear is considered as the
main responsible mechanism that changed the saugle scratches into multiple edge

scratches.
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In the scope of this work, the investigation of em&tl removal mechanism during

single grit scratching on the Inconel workpiecesmkccount of the grit cutting edge
shape alteration in the ploughing and cutting meidma analysis. Prominent material
removal mechanism is decided using a measure@ipilatio, which is defined as the
ratio of total pile up area to total groove sectwea in the cross section under the
consideration (Figure 10). The pile up areas and\gr section areas were calculated at
the deepest point of scratches by using Mountaifierare (TalyMap universal version
3.1.9), which is a software built for the surfaceasurement on Talysurf CCI 3000
interferometer. Accordingly, the material removaéngth is defined as a new measure
to quantify material removal efficiency along tleeagch profile and it is determined by
subtracting total pile up area from the groove smection area as shown in Figure 10.
According to the concept of pile up ratio and mateemoval strength, the higher the
pile up ratio and material removal strength, ttss line actual material removal, hence,
the lower cutting efficiency. It is a simplified pach which does not take into account
material flow (material accumulation) along scratghdirection. Nevertheless, it is a
good measure to demonstrate the influence of nahtemoval across the cross

sectional area of the scratch.
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Single grit grinding results and analyses

Material removal at the middle of scratching paths
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Figure 14 and Figure 15 show the variation of tie yp ratio with depth of cut and
groove area in a test when the grit has two distintting edges interacting with the
work sample at each pass of the grit and genenatedistinct scratches with different
profiles. The trend line looks generally similapi@vious graphs for the single cutting

edge grit, but the pile-up ratio looks to be hightattered (lower coefficient of



determination B). Large variation in this test is due to the getien of two different
scratches by two different cutting edges. The csession profiles of different scratches
given in Figure 14 can be considered as the rédlect the two different cutting edges’
profiles. In Figure 14, at a depth of cut of abbi um it can be seen that the scratch
profile above the trend line is sharper than the loglow the trend line. The sharpness
of the grit cutting edge was determined by exanginire scratch cross section profile.
Basically, scratch width to depth ratio and leviest@epness of the cross section profile
are the criteria for deciding a grit cutting edgeither sharp or less sharp. Thus,
scratches are clustered into two groups accordirlyetir cross section profiles:
scratches with sharp cutting edges and scratchtbdess sharp cutting edges. The
former ones have higher pile up ratio, which arénfgalaced above the trend line,
compared to the later ones, which are placed b#ievwrend line. However, some
scratches generated with less sharp cutting edgelso placed above the trend line and
result in high pile up ratio (e.g. with pile upicabf 1.5 at 1.05 um depth, seen on
Figure 14). That means pile up ratio variation va#pth of cut represents highly
scattered distribution when two different scratobfipes are created due to multiple
cutting edges on the grit. In that case, pile tjp ngersus groove section area shows
better correlation and also coefficient of detefation R value (0.4644) shows slightly
better fit as shown in Figure 15. Majority of sctags with less sharp cutting edge have

less pile up ratio placed below the scratches shdrp cutting edge have higher pile up



ratio. However, when the groove area is very sfeadl < 5 pur), pile up ratio could be
very high for both less sharp and sharp cuttirgesdas shown in Figure 15. This
suggests that cutting edges (sharp or less shetrgjnailarly when creating very small
scratches. Therefore, this different behaviourutfieg edges indicates that the sharp
cutting edge could give higher pile-up ratio so ¢h#ing efficiency could be lower

when creating larger scratches with higher depttuof

Similarly, Figure 16 and Figure 17 show the vaoatof pile up ratio with depth of cut
and groove area, respectively, for a different fEse scratches in this test also present
two different scratch profiles created by two diffiet cutting edges. Two cutting edges
interact with the workpiece at each pass of thie @me of the cutting edges was sharper
while the other was less sharp. As shown in thiet sgde of Figure 16 and Figure 17,

the sharper cutting edge has a narrower width coedpa the less sharp one. Thus, the
sharper the grit cutting edge (narrower the widitig, higher the pile-up ratio, while
wider the cutting edges (less sharp) results owelt pile-up ratio. This result is also

consisting with previous graphs in Figure 14 arguFe 15.



O Sharp cutting edge
O Less sharp cutting edge

1.8 -
1.6
1.4 -
1.2 -

0.8
0.6
0.4
0.2

Pile-up ratio

Depth of cut (pm)

Traverse scratching; Workpiece: Inconel 718; Grit: CBN (40/50 mesh), Vo= 0.18m/s




1.8
1.6
1.4
12

0.8
0.6
0.4
0.2

Pile-up ratio

1

R?=0.4644

O Sharp cutting edge

O Less sharp cutting edge

]

0 5

10 15
Groove area (pm?)

Traverss scratehing, Workpiess: Inconsd 718; Geit: CBN (40/80), Vo=l 18 mis




1.6

fd OBlunt cutting edge ”: B Sharp cutting
’ O OSharp cutting edge :
1.2
1 .
.8
© 0.8 - -
o R*=0.3094 /O , Blunt (less sharp)
7 0.6 - a O 0o " 1 cutting edge
g O (@] & 5 4 1 !
o 04 R? =0.3356 a ‘T
0.2 1 m 1
m 0
0 U 1 T 1 U 1
0 0.5 1 1.5 2 2.5 3 3.5
Depth of cut (um)
Traverss scratehing,; Workpiecs: Inponel 718; Grit: CBN E0/50 mesh);, Vo= 384 mis
e - 0 , ! n




1.6
OBlunt cutting edge "\ Sharp cutting
1419 o ) 8711 edge
OSharp cutting edge i:
1.2 3
2 4
2 " R? = 0.4533 €
E 0.8 - e
S . g
O 04 - R? = 0.3658 © = 2 f
0.2 -
O O O
0 T T |l
0 20 40 60 80
Groove area (um?)
Traverse seratohing: Workpderes: Inoonsl 718; Grit: CBN {40/50 mesh); Vo= 384 mis
LI | L} O , ! ! mn

Material removal mechanism along scratch path

In the previous section, the measurements were aloine deepest point of the
scratches. The material removal mechanism alorgaéch path cannot be represented
by a cross section obtained only at the deepest pbthe scratch. A longitudinal and
lateral cross-section along the scratch path omntt@nel 718 is as shown in Figure 18.

The fundamental material removal characteristioa@the scratch path were revealed.




Figure 19 shows the variation of the pile up rafieng the scratch path beginning from
the initial grit-workpiece interaction and contingito the end of scratch. The pile-up
ratio is relatively smaller in the first half ofd@tscratch than that obtained in the second
half of the scratch as shown in Figure 19. At thigal stage of scratch in Figure 19, few
spikes points for the pile up ratio represent miateemoval mechanism dominantly
exist as a material swelling up without notabl#ding because of very shallow cutting
depth in that region (see Figure 20 for pile upratepth of cut variation). Once
remarkable cutting action began, pile up ratio gempdown to around 0.5, after than it
is continuously rising with fluctuating trend towdarthe end of scratch. The reason of
increasing pile up ratio towards the end of scratmhld be partly attributed to ploughed
material accumulation in front of the grit whileethrit moves toward the end of scratch.
At the end of the scratch, very high pile up raftegl to 5) were measured with almost
no cutting action. Grit pushed forward material éoés the end of the scratch and
material accumulation became very high at thesd# of the scratch. In that region,
scratched groove by the grit is above the workpgegéace level, that is, the grit cut the
accumulated material rather than work surface ttseend of scratch part in Figure 21).
Similarly, little material swelling up above therface level at the entrance of the
scratch was observed (see the entrance of scratting-igure 21), but this cannot be
attributed to material accumulation at this stagseems the grit squeezed some

material up around two sides of it without cuttangfion when it started penetrating into



the workpiece. Interestingly, scratch depth pradileng the scratch direction does not
follow the ideal circular trajectory; it was obsedvuneven depth profile along the
scratching direction as shown in Figure 21. Thisasause actual abrasive grit was used
in the test rather than shaped cutting tool. Mim@ak and wear could take place on the
grit cutting edges during single scratch generatmal this would change the cutting
edge geometry. Sudden change in the cutting edyeejey resulted in uneven scratch
depth profile. It can also be claimed that theiogtability of the grit is better at the
entrance side of the scratch than that at thesedetof the scratch. Material removal
strength with depth of cut along the scratch padlk graphed in Figure 22. It shows that
cutting action is a significant material removalainanism when increasing depth of cut.
Negative values of material removal strength whaithplaced mainly at the exit side of
the scratch represent the pile up ratio is abovty.ubhe scratched groove in this region

placed above the work surface level and formetienaiccumulated material.
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Summary

The cutting ability of a CBN grit on Inconel 718 taaal sample was studied by
utilizing a series of single grit scratching te§snilar to actual grinding processes, the
abrasive grit cutting edge profile changed durimgdcratching tests. Experiments
showed that the cutting edge shape alterationeofjth during scratching process was
one of the most influential parameters to determirmeninent material removal

mechanism in terms of rubbing, ploughing and cgttiFhe pile up ratio and the



material removal strength were used as measureptesent the material removal
mechanism. The scratches of single cutting edgerausitiple cutting edges were
generated, which demonstrated that different maltezmoval mechanism could exist
simultaneously in grinding due to various cuttimigyes presented. The pile up ratio
decreases with increasing the depth of cut albethighly dependent on the grit
cutting edge shape. Sharp cutting edge resultb@yher pile up ratio compared to that
found in less sharp cutting edge, when two distitting edges exist on a grit.

Besides, material removal strength increases witteasing depth of cut.

The material removal mechanism along the scrattiyas also investigated in detalil.
It was found that the cutting ability of the griaw/better at the entrance side of the
scratch than that at the exit side of the scr&étughed material due to material
accumulation increases towards the end of scrattiei second half the scratch. Thus,
pile up ratio was found dramatically high at thé& eide of scratch compared to that
found at the entrance side of the scratch. Thempmenon helps to explain the

different grinding behaviour between up cut and dawt grinding.
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