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Nomenclature

Abbreviations | Unit Designation

3e um depth of cut

8ed um dressing depth of cut

ap mm width of cut

B J/(mm? s%®) | factor (Malkin)

b mm toothed width

d mm pitch diameter

deq mm equivalent wheel diameter

ds mm grinding wheel diameter

dseff mm effective grinding wheel diameter

€c J/mm?3 specific grinding energy

ec* J/mm?3 critical specific grinding energy

ew J/mm? basis value of the specific grinding energy

Fn N normal force

Fp um Pitch deviation

Fi N tangential force

Fe N/mm? specific tangential force

Fr um concentricity deviation

Fa um total profile deviation

Fg um total flank deviation

H mm height

Ko = modified Bessel function

k W/(m-K) thermal conductivity

L mm length

L I dimensionless half length of the heat
source

I mm half-length of source

g mm contact length

Mn mm normal module

mp-value mV magnetoelastic parameter

P w grinding power

Pc" W/mm? specific grinding power
Jaeger non-dimensional variable where

P ) X-L <p < X+L

Qmwr I/min metal working fluid flow rate

Qw mm3/s material removal rate

Qw mm?3/(mm-s) | specific material removal rate

qd - dressing speed ratio

Qw W/mm? heat flux density

T °C temperature

Tmax °C maximum contact zone temperature

t S time

Uqg - overlapping ratio

Ve m/s cutting speed

Vd m/s dressing speed

Vi mm/min feed speed

Vfa mm/min axial feed speed

Vit, Vw mm/min tangential feed speed

W mm width

Wi mm span

X I dimensionless distance to the center of
heat source

X mm coordinate in direction of v

Xo mm displacement in direction of x

X'Mn mm addendum modification

7 I dimensionless depth beneath the work-
piece surface
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z - number of teeth

z mm depth beneath the workpiece surface
a mm?/s thermal diffusivity

Ohn I normal pressure angle

B i helix angle

As um material stock to be removed

material stock to be removed at the begin-

As1 um . .
ning of the grinding process
material stock to be removed at the end of
As2 um o
the grinding process
At s contact time
€ - grinding energy partition
A W/(m-K) thermal conductivity
) i tilt angle

1. Introduction and state of the art

The determination of critical process limits of the grinding process is of particular im-
portance in order to achieve a productive process design in manufacturing workpieces
[1]. Exceeding the thermal process limit of the grinding process can cause the oc-
curance of tensile residual stresses, tempered or rehardened zones within the surface
layer of the ground workpiece steel material [2, 3]. These negative surface layer prop-
erties have an essential impact on the functional properties such as fatigue strength
and wear resistance of the ground workpieces [4]. The occurrence of tempered or re-
hardened zones as well as tensile residual stresses can lead to a significant reduction
in wear resistance and fatigue strength and thus to a reject of the machined workpieces
[5, 6]. In-process measurement technology for the determination of process quantities
(process forces F or grinding power Pc) and analytical process models based on them
can be used to identify thermal process limits during grinding. In grinding technology,
corresponding process models with reference to thermally induced surface and sub-
surface layer influence are often attributed to the moving heat source according to
Carslaw and Jaeger [7, 8, 9]. The heat conduction differential equation of the moving
heat source (equation 1) can be solved by an approximated solution, a two-dimen-
sional temperature field (equation 2). Taking into account grinding parameters referring
to the surface layer (Z=0 in equation 2) Malkin was able to establish a grinding burn

limit for the processing of hardened steels more than 40 years ago [10].

18T  oT
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with the modified Bessel function Ko, the dimensionless parameters
Vit X Vgt Z o Vi lg _ Vit " (X~ Xo)
2 0% 2t T2 q MIPE T o

Based on the assumption that a critical temperature at the surface is necessary to

X =

according to [11].

produce grinding burn, which can be determined by nital etching, Malkin empirically
determined a linear relationship between the specific grinding energy ec* (equation 3)
and a product of process and system parameters at which grinding burn occurs [10,
12].

e; =g, +B- dgd% . a;_)0.75 ) V\-A(IJ.S — QP_\‘; (3)
The limit represents an isotherm, so that according to Malkin, the maximum tempera-
ture becomes comparable to the eutectoid temperature of steel of 723°C [12], which
must be applied at least to the workpiece surface in order to generate grinding burn.

The factor B describes the slope of specific grinding energy if it is plotted versus the
product d2§5 a7 - vi99 [12, 13]. When applying Malkin’s approach, it must be taken

into account that a semi-infinite body and a constant energy ew, which is generated in
the process and which does not go into the workpiece, is assumed. Malkin was able to
reveal the relationship described in equation 3 in surface and cylindrical grinding pro-
cesses of hardened steels whereby conventional wheels and different cooling condi-
tions (wet and dry) were used. Process and system parameters of his trials are pre-

sented in detail in [10].

In kinematically more complex grinding processes such as discontinuous profile grind-
ing of case hardened gears, an increased risk of grinding burn due to line contact be-
tween grinding wheel and workpiece can occur [14]. In industry the discontinuous pro-
file grinding process is used for hard fine machining of gears with module sizes m up
to 40 mm [15]. To avoid grinding burn, especially when machining small batch sizes,
often very small depths of cut are chosen, which in turn has a negative effect on the
productivity. Currently, there are several approaches to avoid workpiece thermal dam-
age during grinding. These approaches are based on critical values of process param-
eters, such as the depth of cut or the tangential feed speed which were identified by
grinding experiments [16, 17, 18]. In order to detect grinding burn quickly and avoid it
by adjusting the process parameters systematically, the approach of surface layer

modification charts was developed (Figure 1, type 1) [19].
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® m‘ type 1 o 4 type 2

O\ F _ L=

; o thermal impact E 2o thermal impact
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T ®© thermal limit g o) thermal limit
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X £ Q < _

E 2| no thermal impact » no thermal impact >
contact time At contact time At

Figure 1. Two types of surface layer modification charts considering either the max.

contact zone temperature or the specific grinding power.

In surface layer modification charts, the maximum contact zone temperature Tmax is
plotted against the contact time At. The contact time can be calculated using equa-
tion 4.

l g - ds,eff

= =L =
Vs Vs

(4)

The contact time is the quotient of the contact length Ig and the feed speed vi, whereby
the depth of cut ae and the effective grinding wheel diameter dseff are required to cal-
culate the contact length. The contact time corresponds to the duration that one point
on the machined surface is within the contact zone and is thus exposed to the heat
generated in the contact zone. According to the idea to interpret the grinding process
as a moving heat source the temperature Tmax describes a measure for the heat inten-
sity and the contact time At a measure for its duration. In order to simplify the complex
transient heat flow conditions during the process described by thermal analytical [20]
and numerical model-based simulations [21, 22], it is assumed that a maximum tem-
perature rise is present at the contact zone during the contact time. With diagrams of
this kind, the possibility of a quick assessment whether or not grinding burn has oc-
curred without the additional use of further analysis methods such as Barkhausen
noise or nital etching is given. This allows a correction of the process parameters
(depth of cut and feed speed) and prevents grinding burn. Furthermore, process limits
can be identified and thus the productivity of the grinding process can be increased.

The applicability of surface modification charts has already been proven for surface
5
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and external cylindrical grinding of simple geometries [3, 23]. In [24] it was investigated
whether surface layer modification charts can also be used for discontinuous profile
grinding of gears and thus for complex geometries. For this investigation, a grinding
wheel with an integrated temperature measuring system was used [25]. During grind-
ing the maximum contact zone temperature at the pitch diameter of the gears was
determined. Although the applicability of these diagrams could be shown for discontin-

uous profile grinding of gears, especially two difficulties have been encountered.

e Grinding wheels with an integrated temperature measuring system are required for
the measurement of the maximum contact zone temperature [25]. The use of sur-
face layer modification charts (type1, Figure 1) is only possible in conjunction with
such a grinding wheel since otherwise the maximum contact zone temperature dur-
ing discontinuous profile grinding of gears could not be determined.

e For the generation of surface layer modification charts, a large number of gears
must be ground in order to obtain sufficient data points in the area of thermal impact
and in the area without thermal impact so that the thermal limit can be identified.
After the grinding tests, the ground gears must be checked for grinding burn. Since
individual teeth have to be eroded out for metallographic analysis, this is particularly

time-consuming and cost-intensive compared to workpieces with simple geometry.

The following section shows how these two difficulties can be overcome.

2. Concept to describe burning limits in discontinuous gear profile grinding

Consideration of heat intensity in discontinuous gear profile grinding by using
the grinding power Pc

In order to enable the use of the surface layer modification charts independently from
a temperature measurement system, they can be modified. The maximum contact
zone temperature is replaced by the in-process measured process quantity specific
grinding power P¢" (Figure 1, type 2) [13]. Thus, the heat intensity of the moving heat
source is expressed by a less complex and more industry-oriented measured value.
According to equation 5, the specific grinding power is the quotient of the grinding
power Pc and the width of cut ap as wells as the contact length lg. Since the grinding

power can be taken directly from the grinding machine and the width of cut as well as
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the contact length are known, the calculation of the specific grinding power can be

done without any further effort.

Pc

ap-lg

P, =

()

A further advantage of using Pc" instead of Tmax is, that there is a comparability of

surface modification charts and Malkin’s grinding limit approach. Due to the fact that

both the surface layer modification charts and Malkin's model contributed valid results

for the determination of thermal process limits in the past, Malkin's grinding process

limit determined for different hardened steels together with the process limits deter-

mined in this work will be considered in new P:"-At diagrams for discontinuous profile

grinding of gears. Malkin’s grinding data have already been converted to P."-At dia-

grams in [13] and are shown in Figure 2. The green dotted line represents a trendline

and its function is revealed.

350
_ W/mm?2 @ Malkin’s grinding burn limit
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Figure 2. Experimental data from Malkin [10,13] in a surface layer modification chart

(type 2, P:"-At).

In [13], these data which based on Malkin's grinding burn limit for hardened steel were

compared with experimental data from grind-hardening tests in surface and cylindrical

7



O J o U b w DN

AT U OTOIUTUTOTOT DS D EDSDSEWOWWWWWWWWWIONNNNONONNNNNERRR PP R R
GO WNHOW®O IR WNHFOWOWO-JAUEWNHFOWOWOJANBEWNRFR,OW®DJIONUEWNRLOWWIOUSWNE O W

grinding. In grind-hardening, the process parameters of the grinding process intention-
ally introduce so much heat into a non-heat-treated soft steel that final process step of
grinding simultaneously leads to a martensitic hardening of the steel material [26], thus
replacing the material heat treatment in the process chain [27, 28]. It could be shown
that in tests with different workpiece material/grinding wheel/metal working fluid com-
bination an area in P."-At diagrams can be identified in which a good grinding harden-
ing result was achieved. This was evaluated on the basis of the hardness achieved
and the hardening depth. This area lies above the process limit determined by Malkin
for grinding of hardened steels, which seems to be plausible due to the influenced
depth of material of grind-hardening compared to the first occurrence of grinding burn
in Malkin’s investigations. In spite of the fact, that the grind-hardening trials are not the
focus of this work, the results lead to important conclusions. In particular the uniform
area of successful grind-hardening tests, despite different system and process param-
eters, raises the question of the dependency of a critical grinding process limit of hard-
ened steels on these parameters. As already discussed in [13], the g-value, the pro-
portion of energy which is converted into heat and goes into the workpiece may differ
largely according to the actual grinding parameters and cooling conditions [28, 29, 30,
31]. This difference is underlined by research works [27, 32, 33, 34], where different
process parameters and cooling conditions led to different e-values. However, the

methods for determining these values also differed.

Method for a time and cost saving generation of surface layer modification
charts with analogy trials

In order to use simple geometries instead of gears for the generation of surface layer
modification charts for discontinuous profile grinding, the analogy trials developed by
Schlattmeier can be used [35]. According to Schlattmeier, every point along the invo-
lute as well as the tooth root can be described using the tilt angle ¢. As shown in Figure
3, the tilt angle results between the vertical line which is parallel to the centerline and

the tangent at the considered point of the involute or the tooth root.
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vertical lines parallel

to the centerline : P
—> |

involute

different points along
i the involute and the
tooth root | tooth root as well as the

i corresponding tangents

@, =90°
(p4 > (p3> (pz

Figure 3. Tilt angle @ of different points along the gear tooth flank profile.

By using workpieces with corresponding tilt angles, the machining conditions for indi-
vidual points along the involute as well as for the tooth root can be investigated. This
also makes it possible to assess in which areas along the involute grinding burn is

more likely to occur.

In the present work it was examined whether it is possible to generate surface layer
modifications charts for discontinuous profile grinding of gears by means of analogy
trials according to Schlattmeier. For this purpose, surface layer modifications charts
type 2 were generated for discontinuous profile grinding and for grinding of workpieces
with three different tilt angles (analogy trials). Then, both diagrams were combined,
compared, and the alternative method for a time and cost saving generation of surface
layer modification charts was assessed. In addition, an evaluation of the process limits
for AISI 5120 (20MnCr5) determined by the surface layer modification charts was car-
ried out on the basis of the grinding data determined by Malkin and transferred to a

P:"-At diagram. In particular, the question of the dependency of the thermal process

limits on process and system parameters of the grinding process was investigated.
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3. Experimental setup and procedure

For the experiments gears and workpieces with three different tilt angles @ consisting
of the case hardened steel AlSI 5120 (20MnCr5) were used. Before grinding, the gears
as well as the workpieces were conventionally case hardened. After the heat treatment
the gears as well as the workpieces had a surface hardness of about 750 HV and a
case hardening depth of approximately 1 mm. In Figure 4 the gear geometry and in
Table 1 the gear parameters can be found.

i
normal pressure ':'\

pitch
circle

centerline i

Figure 4. Geometry of the used gears for discontinuous profile grinding.

The experiments by discontinuous profile grinding were carried out on the gear grind-
ing machine KX 500 Flex (Kapp GmbH & Co. KG). Gradually the specific material re-
moval rate Q'wwas increased from 22.5 mm?3/(mm-s) in 2.5 steps to 40 mm3/(mm-s).
At a constant specific material removal rate, seven different combinations of the radial
depth of cut ae and the axial feed speed via were examined, whereby the axial feed
speed was reduced starting at 10000 mm/min with increasing radial depth of cut. Using
this procedure a total of 56 experiments were carried out, whereby each test was per-

formed three times for statistical verification. At each experiment the grinding power
10



was measured with a sensor integrated directly on the grinding spindle. In order to
ensure a uniform material removal according to the radial depth of cut and to compen-
sate the distortion due to the heat treatment, the gears were pre-ground. After pre-
grinding, the gears were measured geometrically (total flank deviation Fg, total profile

deviation Fq, concentricity deviation Fr, pitch deviation Fp, span Wk) on the precision
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measuring center P40 (Klingelnberg GmbH) to ensure a comparable geometry and

thus a common base for the main investigations. Table 1 summarizes the used grind-

ing-, pre-grinding- and the dressing parameters as well as the grinding wheel specifi-

cation and the cooling strategy.

Workpiece
Normal modul m, =4.5mm
Number of teeth z =47
Pitch diameter d =220.66 mm

Normal pressure angle a, =24°

Grinding parameters (Up grinding)
Cutting speed v, =35mis |
Depth of cut 8. =130-530 um
Width of cut a, =13.6 mm
Axial feed speed v, =2361 — 10000 mm/min

Specific material Q' = 22.5— 40 mm3/(mm-s)
removal rate

Pre-Grinding parameters (Up grinding)
Cutting speed V. =35mfs
Depth of cut a, =5x25um

Axial feed speed v; = 3500 mm/min

Helix angle B =16° 34"
Addendum modification x-m, =2.222 mm
Toothed width b =65mm
Grinding wheel
Specification:
93A30F15VPHG01W
(sintered corundum + white corundum)
Eg?ncgg grinding wheel d o =215.3 mm

Metal working fluid (MWF) supply

Oil-based (Houghton Cut-Max 902-10)
Conventional tangential nozzle

Flow rate Quwe =300 I/min

Dressing conditions
Dresser: Electroplated diamond dressing roll
form dressing (point contact)
Dressing speed vg =35 m/s
Dressing depth of cut ag. =2 x 50 um
Overlapping ratio Uy =4
Dressing speed ratio g4 =0.7

Table 1. Summary of the grinding, pre-grinding and dressing parameters as wells as

the gear parameters, the grinding wheel specification and the cooling strategy.

For the analogy trials, workpieces with tilt angles ¢ of 90°, 10° and 30° were used.

According to Figure 5, these workpieces can be used to investigate the machining

conditions at the tooth root, the tooth flank and the tooth tip.

11
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centerline tooth tip

\; P;= 30° T

\

téoth root
¢, =90°

workpieces with

different tilt angles @

Figure 5. Assignment of the workpieces with different tilt angles to the corresponding

points along the involute and the tooth root.

The analogy trials were carried out on the surface grinding machine ELB MicroCut A8
Unicon (ElIb-SCHLIFF Werkzeugmaschinen GmbH). The experimental setup used for
this purpose is shown schematically in Figure 6.

12
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dressed grinding wheels
accord.ing to the tilt angles ¢

o

""" grinding
wheel

1 g

machining {1\
¢, =90°| Path |as, i
¢, =10° \‘l'
@, =30° .. S
______________________________ *
Py P Ps

workpiece %

modified nozzle exits

% according to the tilt angles ¢
workpieces with

different tilt angles ¢

As,: material stock to be removed at the
beginning of the grinding process

As,. material stock to be removed at the
end of the grinding process

Figure 6. Grinding wheel, workpiece und nozzle geometries according to the tilt angle.

Depending on the tilt angles, the grinding wheels were accordingly dressed with a sin-
gle-point diamond dresser. In order to ensure a comparable fluid supply, the coolant

nozzles and the fluid flow rate Quwr were adapted. To minimize the experimental effort,

13
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grinding experiments with a continuously increasing depth of cut ae at a constant tan-
gential feed speed vt were carried out whereby the tangential feed speed was in-
creased in 1000 mm/min steps up to 6000 mm/min. At each experiment, the depth of
cut ae was increased so that the material stock to be removed As was increased from
As1 =100 um to As2 = 300 um. The required depths of cut ae according to the tilt angles

were calculated using equation 6.

As
sin @

(6)

Using this procedure a total of 18 experiments were carried out, whereby each test

Qe

was performed three times for statistical verification. In order to ensure a uniform ma-
terial removal according to the depth of cut and to compensate the distortion from heat
treatment, the workpieces were also pre-ground. After pre-grinding, the workpieces
were measured geometrically (height H, width W, length L, tilt angle ¢) to ensure a
comparable geometry and thus a common base for the main investigations. The work-
piece dimensions, the process and dressing parameters as well as the grinding wheel
specification and the cooling strategy can be found in Table 2. For the assessment of
the grinding power, the tangential force Ft was measured using the force plate type
9255B (Kistler Instruments GmbH).

14
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Workpiece Grinding parameters (Up-Grinding)

Height H =89mm Cutting speed v. =35m/s
Width W =21 mm Depth of cut a, =0.1-1.728 mm
Length L =89mm i
g el Material stock to be As =100 — 300 pm
¢ =90 removed
Titangle ¢ =10° Tangential feed speed vi = 1000 — 6000 mm/min
@ . = ;T,O SpeC|ﬁcI metaterlal Q= 2 — 30 mm/(mm-s)
Grinding wheel removal rate
Specification: ~~ |Pre-Grinding parameters (Up-Grinding) |
9AB0H16VCF2 Cutting speed v, =35m/s
(white corundum) Depth of cut 8, =2x 10 uym
Metal working fluid (MWF) supply Tangential feed speed v; = 2000 mm/min
Oil-based (Houghton Cut-Max 902-10) | Dressing conditions |
Conventional tangential nozzle Dresser: single-point diamond
Quwep=90c = 52 I/min Dressing speed vg =35 m/s

Flowrate  Quwrg=10c = 54.1 I/min Dressing depth of cut as, =3 x 10 um
Quwrp=30 = 62.4 I/min Overlapping ratio U, =3

Table 2. Summary of the used grinding, pre-grinding and dressing conditions as wells
as the workpiece geometry, the grinding wheel specification and the cooling strategy.

The test for a thermal damage (grinding burn) was carried out on the ground gears and
on the workpieces by means of nital etching, Barkhausen noise, the preparation of
metallographic cross sections and course of hardness beneath the surface. The oc-
currence of tempering zones in combination with a decrease in hardness was defined

as the beginning of thermal impact.

4. Results and discussion

Surface layer modification chart for discontinuous profile grinding of gears

To generate the surface layer modification chart for discontinuous profile grinding, the
calculations of the specific grinding power Pc" and the contact time At were carried out
using equation 1 and 2. The width of cut ap was 13.6 mm and the effective grinding
wheel diameter dseff was 215.3 mm (Table 1). In a first approach the conditions (ma-
terial stock to be removed As and contact length Ig on the pitch circle were assumed
for the whole profile, despite it is known that the local material stock to be removed As

is not constant along the profile. Nevertheless, the distribution of the current grinding
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power Pcin profile direction is not known so that these averaged conditions were as-
sumed. With the specific grinding power and the contact time, as well as the infor-
mation whether or not grinding burn occurred, it was possible to generate the surface
layer modification chart shown in Figure 7. Additionally, two metallographic cross sec-
tions are shown to illustrate how thermally influenced gears were distinguished from
thermally not influenced gears. The boundary of the tempering zone was determined
visually and by means of course of hardness beneath the surface. Furthermore, the
course of the thermal limit is qualitatively drawn in the surface layer modification chart
up to the contact time of about 0.06 s. From this contact time only a raw guess of the
further course of the thermal limit could be made due to missing data points (dotted
line), whereby it was ensured that all measuring points at which thermal impact oc-

curred were above this thermal limit.

90
= ,W/mm?2
o
g 70
o) 60
o
E’ 50 A
2 40
o
e 30
'O 20 thermal limit
§ 10 A no thermal impact

A thermal impact
0 1 1 1 1 I
0.00 0.05 0.10 0.15 0.20 S 0.30

contact time At

Figure 7. Surface layer modification chart for discontinuous profile grinding of gears.

It can be determined that a thermal impact can occur at all contact times from a certain
specific grinding power. In industrial practice, this means that grinding burn cannot be
reliably avoided even by choosing small depths of cut and thus short contact times.
The fact that some measurement points at which no thermal impact occurred, are
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above the thermal limit, could be attributed to measurement uncertainties. It should be
noted that this surface layer modification chart only applies to the selected combination
of grinding wheel specification, metal working fluid, material and material condition

(heat treatment).

Surface layer modification chart for grinding of workpieces with different tilt
angles (analogy trials)

For the generation of the surface layer modification chart based on the results of the
analogy trials, it should be noted that different contact conditions existed between the
grinding wheel and the workpiece according to the tilt angle ¢ (Figure 8). This has a

direct influence on the calculation of the specific grinding power and the contact time.

grinding wheel

i depth of cut

-:.l""';“tangen’.[ia| | o
feed speed workpiece Y=

Vi

width of
cut

Figure 8. Contact conditions during grinding of workpieces with different tilt angles.
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The width of cut ap was determined on the respective grinding wheels for all angles.
With the help of the width of cut, the effective grinding wheel diameter dsefr, which lies

in the middle of the contact zone, could be calculated with equation 7.

dserf = ds - ap - COsS o (7)
In addition, the cutting speed vc was determined as a function of the effective grinding
wheel diameter. The values for the width of cut, the effective grinding wheel diameter

and the cutting speed are summarized in Table 3.

tilt angle o 90° 10° 30°
width of cut a, 21.0 mm | 22.5 mm | 25.5 mm
grinding wheel diameterd; | 380 mm | 375 mm | 375 mm

effective grinding wheel
diameter d; ¢

cutting speed v, 35.0m/s | 32.8 m/s | 32.2 m/s

380 mm | 356 mm | 350 mm

Table 3. Measured width of cut and grinding wheel diameter as well as calculated ef-
fective grinding wheel diameter and cutting speed according to the tilt angle.

Using the values given in Table 3, it was possible to calculate the contact time accord-
ing to equation 1 and the specific grinding power with consideration of the measured

grinding tangential forces Ft with equation 8.

_ Fi(@) - ve()
¢ ap((P) ) |g((P)
With the calculated specific grinding power, the corresponding contact times and the

(8)

information whether or not grinding burn occurred, the surface layer modification chart
shown in Figure 9 could be generated. As in the surface layer modification chart for
discontinuous profile grinding (Figure 7), the course of the thermal limit was qualita-
tively inserted from the contact time of about 0.12 s. Until this contact time only a raw
guess of the thermal limit could be made due to the missing data points. The fact that
a measurement point at which no thermal impact occurred is above the thermal limit,

could be attributed to measurement uncertainties.
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Figure 9. Surface layer modification chart for grinding of workpieces with different tilt
angles (analogy trials).

It can be determined that despite identical process parameters (depth of cut and tan-
gential feed speed), the occurrence of grinding burn is significantly influenced by the
tilt angle. The risk of thermal damage increases with higher tilt angles. For example,
workpieces with the tilt angle of 10° only showed thermal impact in eight cases. In
contrast, almost all workpieces with a tilt angle of 90° were thermally influenced. Since
the machining conditions for individual areas along the involute and the tooth root are
to be investigated with the workpieces with the different tilt angles, this means that
grinding burn occurs primarily in the area of the tooth root and on the tooth tip. On the
other hand, there is a low risk of thermal damage in the area of the tooth root. This
behavior can be explained by the specific tangential forces Ft" (Figure 10). These were

calculated according to equation 9.

___Fio

ap(9) - lg(9)
Figure 10 shows the specific tangential forces for a tangential feed speed vs of
3000 mm/min.

9)

t
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Figure 10. Dependency of the specific tangential force on the tilt angle.

It can be seen that with increasing tilt angle, the specific tangential forces also increase
significantly. This in turn means that the workpieces with larger tilt angles are subject

to greater thermal load which increases the risk of thermal damage.

Combination and comparison of both surface layer modification charts

In Figure 11, the generated surface layer modification charts for discontinuous profile
grinding of gears and grinding of the workpieces with the different tilt angles (analogy
trials) are shown in a common diagram. The qualitative courses of the thermal limit

were also adopted.
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Figure 11. Combination of both surface layer modifications charts.

In general, an overlap of both diagrams can be observed between a specific grinding
power P¢" of 30 W/mm? to 60 W/mm? and between contact times At of 0.07 s and
0.27 s. It can also be determined that the courses of the thermal limit merge into each
other, which is indicated by the dotted line. These results suggest that the generation
of surface layer modification charts for discontinuous profile grinding can also be done
by means of analogy trials. Furthermore, it can be found that the values for the specific
grinding power for the analogy trials are lower than the values for discontinuous profile
grinding. For the analogy trials the specific grinding power varies between 8 W/mm?
and 53 W/mm? and for discontinuous profile grinding between 33 W/mm? and
86 W/mm?. Here it can be assumed that this could be mainly due to the lower feed
speeds. Feed speeds up to 10000 mm/min were selected for discontinuous profile
grinding, whereas up to 6000 mm/min were used for the analogy trials due to the ca-
pabilities of the different machine tools used. Further analogy trials with higher feed
speeds should therefore be attempted. In these experiments, in addition to the higher
feed rates, the material to be removed should be chosen below 100 um in order to
identify the specific grinding power at which grinding burn occurs for contact times
between 0.06 s and 0.12 s. With such experiments the dotted line and thus the raw

guess of the thermal limit between this contact times could be confirmed.
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The overlap of both surface layer modification charts, despite the different system pa-
rameters such as grinding wheel specifications, coolants and their supply conditions
used in the respective grinding processes, indicates that with the help of the specific
grinding power P¢" not only the influence of the geometry but also influences from other
system parameters of the grinding process can be taken into account. Thus the use of
such surface layer modification charts (P:"-At) would certainly depend on the material
of the workpieces to be ground and the grinding process, but not necessarily or much

less on the system parameters.

In order to check the material dependency, the Malkin data shown in Figure 2 was
included in the diagram. His data was determined with different steels, machined with
different system parameters, whereby Malkin identified one grinding burn limit for all
investigated, hardened, carbon and low-to-medium-alloy steels. Figure 12 shows the
experimental points of the gear profile grinding (Figure 7) and analogy trials (Figure 9)
in a surface layer modification chart (P."-Af), the resulting process limits for the case
hardened AISI 5120 steel and Malkin's data which led to grinding burn on different
hardened steels.

350
@ Malkin‘s grinding burn limit

. Wimm? B no thermal impact —
o é ® thermal impact
5 250 e |- © identified thermal limit — AlISI15120 |
2 &
S 200 y = 7.1019x0523
o O"%) R2=0.9619
C A
5 150 Lo
£ ®.
S) °.
> 100 _
=
& 50
Q
77

0 T L] L}

0.0001 0.001 0.01 S 1

contact time At

Figure 12. Experimental data of Malkin and the identified thermal process limit in a

surface layer modification chart (type 2, P:"-At).
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It can be seen that the investigation which was done in this work is very well in line
with the grinding results of Malkin. The determined process limits are almost identical.
Although different system parameters and different steels which were ground one spe-
cific process limit seems to be existent. Due to the fact that even different cooling con-
ditions do not result in a significant shift of the process limit, the question arises as to
the differences in heat distribution. The results presented in this work reveal that there
is at least a group of steel materials which seems to share a similar thermal process
limit, which either indicates similar heat distributions in the different investigations or a
much less effect of the heat distribution factor on the burning limits than usually as-

sumed.

5. Conclusion and outlook

By means of surface layer modification charts, the occurrence of thermal impact and
thus the risk of grinding burn can be detected without additional analysis effort and a
quick process adjustment can be carried out, e.g. by adaption the process parameters.
The generation of such diagrams for discontinuous profile grinding of gears is time and
cost-intensive due to the high demand on gears, the high experimental and the subse-
quent analysis effort for the detection of grinding burn. With the present work it was
shown that surface layer modification charts for discontinuous profile grinding can also
be generated by means of analogy trials. For this purpose, surface layer modification
charts based on the results after discontinuous profile grinding of gears as well as after
grinding of workpieces with different tilt angles were created and then merged. Despite
different system parameters in the grinding processes, matching thermal limits were
found. The experimental and the analysis effort for the analogy trials prove to be sig-
nificantly more time and cost saving. In future analogy trials, in which both higher tan-
gential feed speeds and lower material stock to be removed are to be aimed at, the
surface layer modification chart shown in Figure 11 is to be completed mainly in the
area of contact times between 0.06 s and 0.12 s. This could confirm the course of the

dotted line and thus the raw guess of the thermal limit in this area.

The results also suggest that system parameters such as the grinding wheel specifi-
cation or the cooling strategy are taken into account by the specific grinding power.
Thus, the experimental results of this work allow the assumption that the determined

process limit is not or just to a low extent depending on the system parameters. This
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assumption is supported by the thermal process limit determined by Malkin and con-
verted in surface layer modification charts. Malkin’s limit, identified for different ground
steels with surface and cylindrical grinding processes and thus different system and
process parameters, corresponds to the results generated in this work at workpieces
ground with a kinematically more complex process. That is the reason why the inves-
tigation of the material dependency of this thermal limit is part of future work. The re-
sults reveal that there is at least a group of steel materials which seems to share a
similar thermal process limit. Additionally the application of Malkin’s process model for
kinematically more complex grinding processes such as discontinuous profile grinding

should be investigated further in more detail.
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