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Abstract: In this paper, an approach to predict thermo-mechanically induced changes of
sub-surface properties during discontinuous profile gear grinding is presented. The
approach faces industrial boundary conditions, such as varying material stock removal as
well as the drawback of possible localized thermal damage on the ground tooth flanks. The
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In this paper, an approach to predict thermo-mechanically induced changes of sub-surface properties during discontinuous profile gear
grinding is presented. The approach faces industrial boundary conditions, such as varying material stock removal as well as the
drawback of possible localized thermal damage on the ground tooth flanks. ‘The basic idea is to consider the sub-surface properties after
grinding as a function of "tempering time” and temperature due to the short-time heat treatment by the grinding process. Conseguently,
a time-temperature-diagram showing surface layer modifications for profile gear grinding based on the measurement of local contact

zone temperatures has been set up.

Gear, Grinding, Thermal damage

1. Introduction, motivation and research objective

During profile gear grinding an elevated risk for thermal
damage exists due to the line contact between grinding wheel and
worlkpiece [1] as well as due to the typical artefacts resulting
from the case hardening, such as thin (10 - 20 um) surface
oxidation layers with decreased hardness and increased ductility
or localized very hard carbide networks. A further typical
phenomenon contributing to thermal grinding damage results
from varying material removal rates caused by the distortion of
gedr flanks due to the hardening process.

‘I'he identification of thermal process limits has been a research
topic of utmost importance in the past [2, 3, 4].

From a physics point of view, the formation of surface layer
properties is a function of temperature, duration time of heat
impact as well as mechanical impact [S). A simplified approach
targeted for industrial boundary conditions was proposed by the
authors in [6]. This approach is based on the premises of Carslaw
and Jaeger [7] and maps the resulting surface layer properties
over two selected parameters of the Carslaw-Jaeger-solution for
contact zone temperatures: maximum contact zone temperatures
Tmax and contact times At (= ly / vp) (in so called surface
modification charts, Figure 1, right).
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Figure 1. Sought time-temperature-diagram for discontinuou profile
gear grinding.

However, the applicability of the surface modification charts for
profile gear grinding has been unclear due to significantly

different characteristics of profile gear grinding compared to
surface grinding that was investigated in [6] (Figure 2). In
particular, in profile gear grinding, the heat input varies due to
both a varying local material stuck removal As normal to the
ground tooth flank and a varying specific material removal rate
Q'w along the ground tooth profile.

The complex process geometry of profile gear grinding alsv
impedes the applicability of the su far conventional thermal
approaches like for example [2] due to a limited validity of the
Carslaw-Jaeger-approach [7]. As a result, the lack of industrially
applicable approaches enforces multiple tifal-and-error-tests
leading to significant efforts and costs.

Therefore, the target of this paper is to examine the
applicability of surface layer modification charts for profile gear
grinding. Moreover, the demand for practical applicability
requires to consider that the actual depths of cut ae, and thus the
contact times At (= fg / v} are unknown due to geometrical
deviations of the gears resulting from previous production steps.

. 2

<,

~ o AS
122} 1
N, Q
\ w
Oy a.

Root ’I‘i'p
Tooth Profile height h

Profile width b

Figure 2. Analysis of local depth of cut a., material stock removal As and
specific material removal rate Q% for a) discontinuous profile gear
grinding after |1] and b) surface grinding.



The typical results of varying contact conditions during profile
gear grinding are inhomogeneous surface layer properties of the

ground tooth flanks (Figure 3).
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up surface modification charts, since the contact times At cannot
be identified in advance.

All grinding experiments were performed by keeping the
nominal depth of cut ae constant over the whole ground tooth
profile. The contact zone temperatures were measured at two
locations: 1) T at the left flank near the tooth root and 2) 7Tz at
the right flank near the pitch circle. Based on its temperature
stability and emissivity, which is comparable to steel surfaces, a
platinum heating element was used to calibrate the infrared
temperature measurement system. The measured temperatures
are thus assumed to be a good approximation of the real contact
zone temperatures.

Local temperaure measurement

Figure 3. Introduction of the analysis chain.

Thus, the resulting surface layer properties can be identified
precisely only by post-process-analysis, such as Barkhausen noise
measurement or residual stress measurement at multiple surface
spots of a gear flank. An in-process-detection of thermal damage
under industrial boundary conditions is not possible so far, since
the available signals (grinding power, AE-signal etc.) result from
the sum of all local contact conditions on both ground tooth
flanks. Consequently, there is a very low chance to detect strictly
localized thermal damage, which is a quite frequent phenomenon
during gear grinding processes.

In this paper, the in-process-detection of local thermal damage
is aimed at by using an infrared temperature measurement
system, which was presented in [6], in combination with a newly
developed surface layer modification chart adapted to the specific
characteristics of gear profile grinding. Due to the complex
geometric conditions during gear profile grinding, it is at least
questionable, if it is still an appropriate assumption, that a heat
impact on one specific spot of the ground surface at the tooth
flank can be estimated with At calculated from the local geometric
contact length I; and the axial feed speed vy, Therefore, in a first
step, this issue has to be analyzed. In the case of insufficient
results, a new approach to estimate the heat impact duration is
needed and has to be elaborated in a second step. The main
research hypothesis of this paper is that the critical temperature
and heat impact duration depend on the preceding heat
treatment, the gear was exposed to before profile grinding takes
place. In conventional heat treatment, the well-known Hollomon-
Jaffe-parameter [8] is an appropriate quantity to characterize
thermal effects taking temperature and time into consideration.
In the following, both quantities will be considered based on
experimental and analytical investigations.

2. Experimental and analytical procedure

In order to set up surface modification charts for profile gear
grinding, two different process strategies were chosen: a) the
material stock removal was equalized by a damage-free pre-
grinding process (the grinding parameters are listed in Figure 4).
Thus, a defined material stock removal As and defined contact
times At during the subsequent grinding experiments were
assumed. b) A surface modification chart was sought for non-pre-
ground gears with common concentricity deviations (up to 100
pm) as well as with previously described surface oxidation layers.
Especially the non-defined material stock removal As requires a
reasonable extension of the basic approach according to [6] to set
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Figure 4. Experimental setup and workpiece analysis.

The analysis of the ground workpieces included an
identification of the material stock removal As by a profile and
helix measurement before and after grinding as well as the
combination of Barkhausen noise measurement and nital etching
to detect thermally damaged areas on the ground flanks. The
resulting surface layer properties at the locations T: and 72 along
the ground tooth profiles were consequently linked to the locally
measured temperatures during the grinding process and
presented as single points in the targeted surface modification
chart. The values of the contact time At were calculated by using
the following equation:

! .
At = b S _— [1]
Vra U,f'a

where dy denotes the local grinding wheel diameter at 77 and at
T2 respectively.

3. Results and discussion

After pre-grinding, two areas of surface layer properties were
identified in the resulting surface layer modification chart (Figure
5). Ground tooth flanks with no thermal damage are
characterized by relatively low levels of Barkhausen noise and
metallographic cross sections indicating no undesired changes of
the initial surface layer state. In contrast to that, thermally



damaged tooth flanks can be characterized by significant changes
of the Barkhausen noise level in combination with dark etching
areas resulting from the nital etching procedure and the
subsequent metallographic inspection. The primary focus was
laid on the industrially relevant transition between no thermal
damage and dark etching areas which are frequently the primary
subject of industrial grinding burn tests [4]. However, especially
at lower contact times At (marked area in Figure 5), this
transition could not be identified clearly. This limits the
applicability of the presented surface modification chart in a
certain but relevant region.
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Figure 5. Surface layer modification chart for profile grinding of the tooth
root (referring to the position of the optical fiber T:) and the pitch
diameter (Tz) after pre-grinding (constant material stock removal As).

The unclear transition between the area of no thermal damage
and the area of thermal damage is assumed to be caused by the
simplified calculation of the contact time At according to Equation
(1). The time during which a single point of the workpiece surface
experiences increased contact zone temperatures may differ from
the value of At. This can be seen in Figure 6a, which depicts
exemplary time-temperature-plots (calculated according to
Carslaw and Jaeger) at a single point of the workpiece surface. It
is clear, that the heat impact duration, quantified by the
tempering time At: over the tempering temperature T7: can
significantly exceed the contact time At, which is reached
approximately at the maximum contact zone temperature Tmax. In
Figure 5, this phenomenon was neglected, which led to a partial
overlap of the considered areas of surface layer properties
without a clear transition line.
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Figure 6. a) Schematic illustration of the approach to identify the

tempering time At and b) characteristic metallographic cross sections for

the time-temperature-plots 1 - 3 ina).

According to [8] in conventional heat treatment, thermally
induced changes of the workpiece material properties can be
characterized by temperatures exceeding the tempering
temperature T: achieved during the preceding heat treatment.
This explanation can be considered as being valid in the case of
short contact times since temperatures below the tempering
temperature T; would require significantly longer contact times
(beyond the common contact time range for grinding processes)
to cause a detectable change of the surface layer properties.

However, in grinding, exceeding the tempering temperature Tt
does not necessarily imply thermally induced changes of the
workpiece surface layer, as the results in Figure 5 show. Thus, it
is assumed that a time-based criterion is needed in addition.
Since the physics background of thermal damage are identical in
conventional heat treatment and in grinding [8], it is reasonable
to introduce an analogy to the empirical Hollomon-Jaffe-
Parameter H from the conventional heat treatment for the profile
grinding process considered in this paper:

i (¢ + toeg) @)

4= 1000 ’

where the material constant € has to be estimated
experimentally. The Hollomon-Jaffe-parameter H quantifies the
change of workpiece material properties after tempering as a
function of time t and temperature T. Thus, the "degree” of
thermal impact during grinding can be correlated with a change
of the H-value. Deductively, it is reasonable to assume, that the
thermal damage limit during the grinding process can be
identified by setting the Hollomon-Jaffe-parameter H to a critical
value H.. Considering the non isothermal impact during grinding
and according to the recommendations summarized in [9],
temperature 7' can be approximated by the “peak” temperature
Tmax and time t by the tempering time At::

1000 - H,
max = 7 3 oo Ar (3]

C + log At,
If the surface modification chart is modified by substituting the
contact time At by the tempering time At:, a clear transition line
corresponding to the onset of dark etching areas is visible (Figure
7). Since only the maximum contact zone temperatures Tmax were
experimentally measured, the tempering times At: were
estimated from time-temperature-plots according to the Carslaw-
Jaeger-solution for known values of l; and Twae This has to be
considered as a first approximation of the real tempering times
Aty, since the validity of assumptions of Carslaw and Jaeger is
limited.
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Figure 7. Modified surface layer modification chart for profile grinding of
the tooth root (T:) as well as of the pitch diameter (Tz) after pre-grinding.



The tempering temperature T: used to calculate the At-values
matches the preceding heat treatment (200 °C).

However, the transition line representing the onset of first dark
etching areas can be identified well by assuming Hc = const. and
approximating Tmax according to Equation (3). Finally, the
thermal damage limit can be approximated by the following
function resulting from Equation (3):

1300 + 20
Tax = At [K];
(6.00 + 0.05) + ]ogTﬁ

€ = (6.00 + 0.05);
H. = (1.30 £ 0.02); (4)

which is valid for the interval of tempering times At: = 0.08 - 0.22
s. The approximated value of C differs significantly from its
common values in conventional heat treatment (C = 15 - 23 for
various workpiece materials, as reported in [9]). It is
questionable, if this difference is caused by a possible deviation
between measured and real contact zone temperatures Tuax.
However, by assuming € > 15 in Equation (3), the effect of varying
tempering times At: on the critical Tmar-value would be almost
insignificant, which contradicts the experimental observations.
Thus, it can be assumed, that the grinding process (due to its
short-time non isothermal impact) requires C-values, which
cannot be predicted on the basis of conventional heat treatment
processes,

As depicted in Figure 7, the thermal damage limit given by
Equation (4) works well for both locations at the tooth root (7T1)
and at the pitch diameter (72). This indicates a significantly
improved applicability of the modified surface modification chart
in Fig. 7 for multiple different locations along the ground tooth
profile.

In the case of non-pre-ground gears, the exact calculation of the
contact times At is not possible due to varying material stock
removal rates As. Thus, similarly to the analytical procedure for
pre-ground gears, tempering times At; need to be estimated by
means of the Carslaw-Jaeger-solution for contact zone
temperatures.

Due to the surface oxidation layer of non-pre-ground tooth
flanks, it is expected that the thermal damage limit for non-pre-
ground gears will deviate from its approximation after pre-
grinding in Equation (4). This can be seen in the resulting surface
modification chart for non-pre-ground gears in Figure 8.
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Figure 8. Modified surface layer modification chart for profile grinding of
the tooth root (T:) without pre-grinding (varying material stock removal
As).

The thermal damage limit for non-pre-ground workpieces can
be described by the following function:

4000 + 50 C = (11.00 + 0.10);

H. = (4.00 £ 0.05); (5)

Tnax = At [K];

(11.00 £ 0.1) + log 7§
which is valid for At: = 0.12 - 0.30 s. The approximation of the
thermal damage limit for non-pre-ground gears provides, if
compared with the results for pre-ground gears, different values
of C and He. This is most probably due to different workpiece
material properties within as well as directly beneath the surface
oxidation layer, which consequently leads to an altered surface
modification chart. It seems that the presence of the surface
oxidation layer, which reveals approximately the hardness of an
unhardened steel, causes the “decrease” of the thermal damage
limit indicated in Figure 8. Nevertheless, the results obtained
here clearly confirm the significant impact of the surface
oxidation layer observed in industrial practice with regard to a
higher risk of thermal grinding damage.

4. Conclusions and outlook

The results show that the application of surface layer
modification charts for discontinuous profile gear grinding
requires a substitution of the contact times At resulting from the
geometrical contact length [; and the axial feed speed vu by
tempering times At. The tempering times At provide a more
precise quantification of the time-dependent thermal impact and
allow a clearer definition of thermal limits during the grinding
process. These are identified by setting up an analogy of the
Hollomon-Jaffe-parameter H originating from the conventional
heat treatment. In the case of pre-ground gears it was shown that
the identified thermal limit by means of a critical Hollomon-Jaffe-
parameter H. works well at different locations along the ground
tooth profile.

Future research activities will include the identification of
thermal limits for different typical gear materials and heat
treatment states. Moreover, the approach presented in this paper
shall be used to optimize multistage processes by elaborating a
critical heat affected depth after roughing to be removed by a
subsequent finishing.
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