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Abstract

Grinding is widely known for its low material removal rates and high surface quality. However, recent developments in
production processes for cubic boron nitride (CBN) abrasive grains have led to commercially available grain sizes larger
than 300 um. These superabrasive CBN-grains allow higher material removal rates during grinding of hardened steel com-
ponents. Currently, these components are pre-machined with turning processes before hardening and finishing the work
piece by grinding. However, the turning process can be eliminated by grinding with coarse CBN-grains since higher depths
of cut are achievable when machining hardened components. This paper explores the limits of grinding wheels using grains
with a size of B602 during soft and hard machining in comparison to conventional B252 grains. It is shown that the use of
coarser grains leads to lower process forces, higher (tensile) residual stress and higher surface roughness. Residual stress and
surface roughness are of less importance as these grains are to be used mainly in roughing operations with ensuing finishing
operations for the required surface properties. Over all investigations, especially in hard machining, neither grain nor tool
wear was observed for the B602 grains, whereas the B252 tool was severely clogged during the experiments. Additionally,
the grinding force ratio indicates that the coarse grain tools have not yet reached their productivity limit as it increases over
all investigated feeds. This indicates improving tool performance with lower amounts of rubbing for increasing feed rate

during hard grinding and shows the potential for the industrial use of higher feed rates with larger grains.
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1 Introduction

Increasing demand for quality and efficiency in production
technologies creates high pressure to optimize machine
tools, tools, and processes. Especially geometrically unde-
fined cutting with its significance for high-precision parts
and high-quality surfaces needs to be constantly improved
to meet the markets demands [1, 2]. However, grinding is
no longer solely used for finishing operations. High per-
formance grinding with cutting speeds of v, >80 m/s and
depths of cut of a,> 0.3 mm instead focuses on high material
removal rates [3]. Tawakoli [4] introduced the concept of
High Efficiency Deep Grinding (HEDG) as a combination
of deep-creep feed grinding with efficient high-rate grinding
[5]. Further studies, including the work of Stephenson [6],
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Morgan [7], and Jin [8] investigated the industrial applica-
tion of HEDG. The full scope of the processes applicability
and its limits is, however, not fully explored.

Grinding with cubic boron nitride wheels continually
gains importance for the machining of hardened steels and
many investigations focus on increasing the productivity of
rough grinding processes. In order to improve the perfor-
mance of CBN wheels, Aurich and Denkena focus on the
patterning of the abrasive layer [9, 10]. Marschalkowski and
Uhlmann work specifically on the tool design [11] and use
of electroplated tools [12] for high speed and high perfor-
mance grinding processes. Ichida investigated the influence
of ultrafine-crystalline abrasive grains in comparison to
mono- and polycrystalline grains in vitrified CBN wheels
on their performance [13].

These investigations show that the productivity for all
roughing operations is limited by tool life, which is influ-
enced by the grinding wheels bond and the specifications
of the used abrasive grains. The grain size limits the maxi-
mum material removal rate by defining the maximum chip
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thickness and chip space [1]. In construction and natural
stone mining, diamond grains of up to d, =800 um in diam-
eter are used in abrasive cutting [14]. Diamond grains are,
however, unsuited for the machining of (hardened) steel as
the steels iron acts as a catalyst that reduces the temperature
for the degeneration of the diamond to graphite and thus
enhances grain wear. CBN on the other hand, is chemically
inert to steel and therefore suited for the high performance
machining of steel. Until recently, the production of CBN
grain sizes larger than 300 um was not possible due to lim-
ited process control. However, no scientific investigations of
their process and wear behaviour have been conducted since
their availability. Preliminary investigations at the Institute
of Production Engineering and Machine Tools (IFW) of the
Leibniz University Hannover have shown the effectiveness
and efficiency of roughing processes using coarse CBN
grains. First results in the machining of hardened roller bear-
ing rings show material removal rates for grinding that are
significantly higher than in turning [15].

The present paper consequently focuses the limits of posi-
tively electroplated grinding wheels with CBN grains larger
than d, =300 pm when machining (hardened) steel shafts.
The material removal rate will be increased by varying feeds
in order to determine the process and wear behaviour of
these tools for roughing processes.

2 Experimental setup

In this paper, coarse CBN grinding wheels with grain sizes
B252 and B602 are used to machine soft and hardened 100Cr6
steel shafts with a diameter of dy, =60 mm and a length of
dy =300 mm on a Schaudt CR41 cylindrical grinding machine
with Castrol Variocut G 600 as coolant lubricant (CL). The

Primary
nozzle

Quenching
nozzle
An,q =88 mm
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Fig. 1 Experimental setup
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experimental setup used for this paper is shown in Fig. 1. The
shaft is fixed on both sides and driven by the work piece spin-
dle with a maximum rotational speed of n, ... = 1000 rpm
and a maximum torque of M, ... =48 Nm. Process forces
are measured by Kistler piezoelectrical dynamometers on
both clamping points and averaged. The grinding wheel
is driven by the tool spindle, which has a maximum out-
put of Pg..=43 kW at a maximum rotational speed of
g ax =6.000 rpm.

To cool and lubricate the process, three coolant nozzles are
used simultaneously. A primary nozzle supplies CL in cutting
direction with a fluid velocity of vy =50 m/s. A quenching
nozzle is positioned opposite to it in order to cool the shaft and
extinguish potential sparks. Since both nozzles are fed from
the same supply, the outlet profile of the nozzles is altered to
ensure high velocity on the primary nozzle and a high flow rate
on the quenching nozzle as can be seen in Fig. 1 (right). Addi-
tionally, a cleaning nozzle is set behind the grinding wheel,
which is used to deliver high-pressure CL to clean the grinding
tool from adhesions. Over all three nozzles, a cumulative flow
of Q¢ =130 /min is delivered.

The tools for the investigated peel grinding process are
dg=440 mm in diameter and feature a profile with an angled
roughing section and a flat section for finishing (Fig. 2). The
roughing angle is o= 12° in feed direction. Due to this profile,
the specific material removal rate is solely dependent on the
feedrate, which can be seen in Fig. 2. Increasing the depth of
cut a, also increases the width of contact b of the grinding
wheel. For additional clarification Eq. 1-3 calculate the spe-
cific MRR for peel grinding. It can be seen that the material
removal rate per width of active grinding wheel profile b is
constant for varying depths of cut a,.

In order to investigate the chip dimensions for both tools,
the machine was cleaned before each experiment and chips
were collected from open surfaces within the machine after
each experiment. These chips were then measured under a
microscope along their most prominent dimension.
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Fig.2 Tool specification and influence of depth of cut
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Table 1 Experimental plan

Process parameters Values
Cutting speed v, 100 m/s
Depth of cut (radial) a, 500 um
Speed ratio q 70
Feed f 0.3-1.8 mm
, 0, =m-d,n,-f- tana
Qy=7—= 0 (1
eff
w-d,-n,-f-a

With =—r = ¢ 2

0, = @
and a, = b,y - tana 3)

This paper focuses on the influence of an increased mate-
rial removal rate (MRR) on the process behaviour of coarse
CBN grains. To increase the MRR, the feed rate is increased.
Cutting speed, depth of cut, and cutting speed ratio (q=v//
v,,) have been established during preliminary experiments
[11] and are kept constant for all investigations. All fixed
and varied process parameters are shown in the experimental
plan in Table 1. The listed feeds are investigated in five steps
within the listed range. Each experiment was repeated once
and the results were averaged.

To ensure constant starting conditions for all investiga-
tions, the electroplated grinding wheels are cleaned from
adhering material before each experiment. For this pur-
pose, WINTER sharpening stones #4 with white aluminum
oxide are used by hand until all signs of clogging have been
removed.

3 Results and discussion
3.1 Process forces and grinding force ratio

In order to show the differing process behaviour for both
grain sizes in soft (left) and hard (right) grinding Fig. 3
shows the measured process normal forces for increasing
feeds. According to the state of the art, the number of abra-
sive grains that engage the workpiece influences the pro-
cess forces. With increasing numbers of grains throughout
the contact area, the process forces are enhanced. This
leads to lower process forces for larger abrasive grains
as larger grains reduce the number of abrasive grains in
the contact area. This is evident in Fig. 3 since lower pro-
cess forces occur over all investigations with the larger
B602 grains compared to the smaller B252 grains. While
the process forces are reduced by a growing number of
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Fig.3 Normal forces for soft and hard grinding with different grain
sizes

engaged grains, the load on a single grain is increased.
Additionally, when machining soft shafts, the exponential
incline of the normal forces over the investigated feeds
for the B252 tool also indicates clogging over the course
of the investigations. Due to the smaller chip space of this
tool and the comparatively large chip thickness, chips get
wedged in the chip space and cannot be removed by the
cleaning nozzle. This beginning material adhesion hinders
the chip removal further and leads to increasing amounts
of rubbing in the contact area, which leads to higher nor-
mal forces and continuously increasing clogging of the
tool. The B602 tool offers more chip space and conse-
quently does not show the same force development. The
forces increase linearly by about 45 N per 0.3 mm feed
increase, indicating no clogging and unchanged sharp
grains.

In hard machining the forces progress similarly. The nor-
mal forces for the B252 tool increase exponentially due to
growing material adhesion and the clogging up of the chip
space. However, hardened material forms smaller chips than
soft material according to the state of the art. This occurs
due to the more brittle material behaviour of hardened
steels, which subsequently leads to shorter chips. The clog-
ging of the B252 tool in soft and hard grinding indicates an
overload of the available chip space. This may be linked to
high process temperatures due to the high MRR and causes
softening of the material. Therefore, material adhesion is
more likely. Additionally, the progressing clogging of the
tool reduces the amount of coolant lubricant in the contact
area and thereby the cooling efficiency. Since the chip space
of the B252 tool is just about half as large as for the B602
tool, the overload of the chip space and the reduced coolant
supply leads to the exponential increase in process forces
seen in Fig. 3.
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Fig.4 Process forces and grinding force ratio for soft and hard grind-
ing with B602 grains

The process forces of the B602 tool rise linearly by about
50 N per 0.3 mm feed increase. This increase is slightly
higher by 5 N per 0.3 mm feed compared to soft machin-
ing due to the higher grain load when machining hardened
steel. A more detailed analysis of the tools wear behaviour
is discussed in chapter 3.2.

In order to further compare soft and hard grinding, the
process forces for both processes using the B602 grinding
wheel are presented in Fig. 4 (left). Here, it becomes evident
that the normal forces are higher by an average of 58 N in
hard machining, while the tangential and axial forces are
within a 5 N range of each other. Due to the high material
removal rate in this roughing operation, the process tem-
perature is very high, which can be seen in large amounts
of sparks during the process. Jin [8, 16] has shown that the
temperature of the contact area in High Efficiency Deep
Grinding increases up to the melting point of the machined
material. As the material softens up to this point, the initial
hardness of the material decreases regarding its influence on
the chip formation.

The grinding force ratio (GFR) u=F; / Fy presented on
the right of Fig. 4, sets both normal and tangential forces into
relation. It is an indication of a tools overall performance.
A high GFR indicates an efficient material removal process
with sharp grains and small amounts of friction between
grains and work piece. It becomes obvious that the B602
grains are at their performance limit at f> 1.5 mm in soft
machining as the GFR declines with higher feed rates. This
indicates that the tool begins to clog or the grains begin to
dull. This can also be seen by the slight exponential increase
in normal process forces of the soft grinding (Fig. 4, left)
whereas the forces in hard grinding increase linearly. Con-
sequently, the presented GFR for hard grinding increases
over all feeds without stagnation, indicating the potential
for higher feeds. The increasing GFR shows the growing
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efficiency of the material removal at higher feeds. While
the material removal is more efficient in soft grinding over
the investigated feeds, the growth rate of the GFR is higher
for higher feeds in hard grinding, verifying clogging-up and
thereby reducing the cutting efficiency in soft grinding. The
ever increasing GFR at high feeds shows the efficiency of
the hard grinding in comparison to the soft grinding. Brit-
tle material removal leads to less material adhesion to the
grains, preserving sharp grains in higher feeds. The overall
level of the GFR is lower in hard machining because the
increased hardness of the shaft leads to higher normal forces.
As the material 's Rockwell hardness is measured by indenta-
tion it is a measure of the normal force needed to bring the
abrasive grains of the grinding wheel to their working depth.
Therefore, the normal forces in hard grinding is higher than
in soft grinding, which, for constant tangential forces, leads
to a lower level of the GFR. In conclusion, the coarser B602
grains are well suited for rough grinding operations in soft
and hard machining, while the finer B252 grains are unsuited
for the presented processes.

3.2 Wear behaviour

Electroplated tools consist of only one layer of abrasive
grains within a Nickel matrix. Due to the high grain reten-
tion forces of this bond, the grains can protrude about 50%
of their diameter from the bond, leaving large chip spaces
in between. A single layer of grains also means that these
tools cannot be dressed. If the grains dull or break or if the
chip space is clogged, the tool can no longer be used. There-
fore, it is crucial to investigate the wear behaviour of these
tools. Microscopic pictures from a Keyence VHX600 digital
microscope in Fig. 5 show the tools initial state at the top
and the worn state at the bottom after a removed volume of

Initial state

Worn state

MR

No grain wear

Clogging

Wi/92347 ©IFW

Fig. 5 Initial and worn state of electroplated grinding wheels
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V =18.500 mm? which equals one pass of hard grinding
for the electroplated tools with grain sizes B252 and B602
in comparison. The material was removed with a depth of
cut of a,=0.5 mm and a feed of f=1.8 mm over a length of
1=200 mm. As described before, the B252 tool shows severe
clogging to a point where the grain protrusion is eliminated.
This leads to rubbing of the clogged material on the work
piece, resulting in high process normal forces and tempera-
tures. This explains the exponential incline in process forces
for this tool. For the larger grain size B602 (Fig. 5, right)
this effect cannot be observed as there is only little material
adhesion. After cleaning the clogging from the tools with
sharpening stones, the CBN grains themselves on both tools
were not visibly worn.

The clogging of the B252 tool can be traced back to the
fact that this tool provides an average chip space of about
126 pm while the B602 tool provides 301 um that equals
the grain protrusion of about 50% of the grain size. Con-
sequently, chips get wedged between grains more easily
and cannot be removed from the contact area as effectively
when the grain protrusion is lower. Additionally, the smaller
chip space leads to a lower coolant supply into the contact
zone, which impedes the removal of chips and thus leads to
increased process temperatures.

The chip space and its dimensions provide space for
forming chips within the tools topography. Therefore, not
only the chip space but also the chip dimensions need to
be considered for the tools’ wear behavior. If the chips are
larger than the provided chip space, they adhere to the tool
easily.

The normal chip length distribution is shown in Fig. 6 for
the B252 tool on the left and for the B602 tool on the right.
For both grain sizes, chips from soft and hard machining
were measured under a digital microscope Keyence VHX
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Fig.6 Normal chip length distribution for B252 and B602 in soft and
hard grinding

5000 and depicted accordingly. Due to the ductility of the
soft shafts, the chips do not break as easily and longer chips
result from the process. This can be seen for both grain sizes,
as the chips are longer in soft machining compared to hard
machining. This effect is particularly prominent for the B252
tool. The average chip size halfes from I;,;, =593 pm in soft
machining to l;,=302 um in hard machining for the same
process parameters. With the B602 tool the average chip size
decreases by 25% from l,;, =405 pm (soft machining) to
Lihip =299 pm (hard machining). With the assumption, that
every grain provides one main cutting edge at its center, the
cutting edges on electroplated tools are roughly a grain size
apart which was verified by measurements of the grain dis-
tances on microscopic images. This means that the chips on
the B252 tool are longer than the distance between cutting
edges and therefore larger than the chip space in between
grains. This leads to the clogging of the tool whereas if chips
are shorter than the distance between grains, as for the the
B602 tool, no clogging occurs.

Another visible effect is that the standard deviation for
both tools is lower for hard grinding than for soft grinding.
The standard deviation is a measure of how widely a param-
eter varies. Therefore, a small standard deviation is recog-
nizable in a narrow graph for the normal distribution. In
case of the B252 tool the standard deviation sp)s, (=243 pm
halves in hard machining to sg,s,,=115 um. For the B602
tool it only decreases by about 43% from spgq, =122 um to
Speo2.n = 86 um. This shows that the investigated chip lengths
vary more widely for the smaller grains. This can be accred-
ited to the fact, that one chip might be cut by more than one
grain or will get compressed into the available chip space,
while other chips expand in between grains.

Thus, it can be summarized that the wear behaviour of the
B252 tool is already at its maximum capacity. The increas-
ing clogging of the chip space reduces the number of sharp
grains, the amount of coolant supply and the chip removal
out of the contact zone. This leads to less effective material
removal, increasing process forces and temperatures. The
chip length, which is larger than the distance between grains,
further increases these effects by closing the chip space. In
order to increase the performance of the B252 tool, the chip
formation needs to be improved according to the tools avail-
able chip space.

As the B602 tool shows no signs of tool wear yet, the
grinding wheels performance is not limited over the pre-
sented feeds. Conclusively, this tool can be used at even
higher feeds to increase its performance.

3.3 Residual stress
In order to analyse the thermal and mechanical load on

the work piece, the residual stress (RS) was measured on
all ground shafts. All measurements were made once as
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Fig. 7 Residual stress after peel grinding with varying feeds for soft
and hardened shafts

the measurement accuracy was proven to be + 20 MPa.
The penetration depth on the surface of the shafts was
Tmax = 2.5 um in axial and peripheral direction in accord-
ance to DIN EN 1305. For clarity Fig. 7 only presents
the RS in the peripheral direction. The axial RS for all
investigations behave similarly on a slightly lower level.

Most investigated feeds induce tensile residual stress,
as the graphs in Fig. 7 show. For feeds of f=0.3 mm and
f=0.7 mm residual compressive stress was detected.
These stresses result from the thermomechanical load
during the process. While high process forces induce
residual compressive stress, high process temperatures
lead to tensile residual stress. Figure 7 shows increasing
residual stress for rising feeds for both grain sizes during
soft and hard machining. This increase per feed is most
significant for the B252 tools as the clogging of the tools
leads to large amounts of friction on the work piece sur-
face, which results in rising temperatures in the contact
area. On the other hand, the machining with the B602 tool
leads to higher total values of residual stress for all inves-
tigated feeds. As the resulting RS can be understood as a
ratio between process forces and contact area temperature,
high residual stress is induced by high temperatures or
low normal forces if the other variable remains constant.
Since the process forces are lower for the coarser grains,
the mechanical load on the work piece surface is reduced,
which explains the higher level of residual stress.

In conclusion, the measured residual stress is a result
from the process forces and temperature. As the hardened
material leads to higher normal process forces over all
investigations for both tools, the level of residual stress is
lower. The clogging of the B252 tool leads to increasing
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Fig.8 Surface roughness Rz for different grain sizes and feeds

contact area temperatures and therefore to higher (tensile)
residual stress, while the linear increase of the residual
stress of the B602 tool is credited to constant material
removal mechanisms at higher removal rates.

3.4 Surface roughness

As the presented tools are designed for roughing operations,
the surface roughness is not a focus point of this paper. It
is for future applications, however, important to present the
resulting surface roughness when working with these tools.
The surface roughness is proportional to the chip thickness
which is in turn a function of the grain size. Coarser grains
therefore lead to higher surface roughness. Figure 8 shows
the surface roughness Rz for increasing feeds for both tools.
On the left, the surface roughness of the soft shafts is shown,
while the right diagram presents the roughness of the hard-
ened shafts. It is apparent that the roughness after grinding
with the B602 tool is about twice as high as the roughness
after the use of B252 tools, measuring Rz =58 um for a feed
of f=0.3 mm while the B252 grinding results in a rough-
ness of Rz=31 um. The roughness progressively increases
with rising feeds for both tools to Rz=82 um (B602) and
Rz =41 ym (B252) for soft shafts. For hardened shafts, the
roughness increases over a range of 35 um <Rz <55 pm
(B602) and 20 um <Rz <40 um (B252).

Summarizing, the aforementioned clogging of the B252
tool leads to smoother surfaces resulting from additional
rubbing of the adhering material with the workpiece surface.
The surface roughness of the hardened shafts is overall sig-
nificantly lower than that of the soft shafts, as the material
separation is more brittle and therefore fewer bulgings occur
on both sides of a single grain engagement.
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4 Conclusion and outlook

Since CBN grains beyond grain sizes d,> 300 um have only
recently been introduced, there has been no research into
their performance. This paper shows investigations of elec-
troplated tools with B252 grains and coarse B602 grains
regarding their suitability for roughing operations of soft and
hardened 100Cr6 steel shafts under varying feeds. The pro-
cess forces were measured during the investigations, wear
behaviour, roughness and resulting residual stress were ana-
lysed. The following conclusions were drawn:

— The increasing grinding force ratio of the B602 tool indi-
cates improving material removal efficiency for higher
feeds, due to higher grain penetration of the workpiece
which reduces friction between grain and workpiece

— The B602 tool shows constant material removal mech-
anisms proven by an linear increase of residual stress.
Thus, its performance limit is not reached yet

— Process forces increase with higher feeds due to increased
grain loads

— Larger grains lead to overall reduced process forces

— The clogging up of the B252 tool’s chip space as a result
of the high chip lengths limits its performance

— The clogged B252 tool induces exponentially increasing
residual stress due to additional friction

— The B252 tool provides a lower surface roughness due to
rubbing of the clogged surface on the workpiece

— To reduce the clogging of the B252 tool, the chip dimen-
sions need to be altered by higher cutting speed or lower
feeds

— Brittle material removal leads to lower surface rough-
nesses in hard grinding

— The coarse B602 tool is well suited for high productive
roughing processes, while the B252 tool is unsuited for
the investigated high performance process

Further investigations will focus on the increase of grain
load to investigate the limits of these coarse B602 grains as
there has not yet been any sign of grain wear. Additionally,
improvements of the cooling conditions are being conducted
especially by varying the nozzle types and monitoring pres-
sure and flow rates to effectively cool and lubricate the con-
tact area.

The used electroplated bond was well suited to retain the
grains for all investigations and higher grain loads are pos-
sible. A key factor for the successful use of these tools is a
deeper understanding into their chip formation and contact
area temperatures. Investigations into this are currently con-
ducted at the IFW.
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