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A virtual inspection method for heat-treated gears to better
correlate simulation results with measurements.

Bridging simulation and measurement

components in modern mechanical systems. Their perfor- While it’s easy to compare predicted changes in outer diameter or

H ears are among the most critical and geometrically complex =~ (CMM) data or shop inspection charts.

mance depends not only on precise geometrybutalsoonthe  roundness, more subtle gear characteristics such as tooth thickness,
precise machining of distortions caused by microstructural transfor-  slope profile deviation, and runout have been harder to visualize or
mations and thermal strain that occurs during heat treatment. For  quantify virtually. The challenge then remains making distortion
decades, manufacturers have relied on physical inspection after hard-  results from heat treatment simulation measurable in the same terms
ening to assess how heat treatment altered the gear. However, such  as physical inspection.

measurements are often costly, time-con-
suming, and difficult to relate to predictive
simulations. A new integrated approach devel-
oped by DANTE Solutions, Inc. and Rochester
Institute of Technology demonstrates how
digital tools can simulate, measure, and
even “virtually inspect” a heat-treated gear
before it ever enters a furnace. Presented
in “Integrated Heat-Treatment Simulation
with Virtual Inspection of Distorted Gears”
[1] at the 2023 ASM Heat Treating Society
Conference, the study outlines how com-
bining the DANTE heat-treatment simula-
tion software with Integrated Gear Design
(IGD) allows engineers to bridge the divide
between thermal-mechanical modeling and
shop-floor inspection. By merging simulation
results with virtual metrology tools, engi-
neers can predict distortion and evaluate com-
mon inspection metrics such as slope profile
deviation, distance over balls, and base tan-
gent length directly within the digital model.
This integrated workflow effectively turns the
heat-treatment simulation into a full virtual
inspection process.

THE CHALLENGE: PREDICTING
DISTORTION IN GEARS

Gear design involves tight tolerances and a
delicate balance of geometry, material prop-
erties, and processing parameters. Standards
guide designers toward suitable dimensions,
but the final heat treatment can introduce
distortions that shift those dimensions out
of spec. Simulation tools such as DANTE have
long provided insight into the stress, phase
transformation, and distortion that occur
during processes such as carburizing and
quenching. Yet these results can sometimes
be difficult to translate into the same lan-
guage as coordinate measurement machine
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THE TOOLS: DANTE AND IGD
| DANTE (Distortion ANalysis for Thermal
[ Engineers) is a multiphase material modeling
: system that interfaces with major finite ele-
St _ X ) ment solvers such as ABAQUS and ANSYS. It
—— =l { | ; simulates heat-treatment processes in steels,
e R 1 ' aluminums, and nickel alloys, predicting:
iR, - > Y » Microstructural evolution (austenite,
) ferrite, pearlite, bainite, martensite).
: ; (o~ » Residual stress and distortion.
E \ » Carburization, nitriding, and precipita-
e maektt o tion effects.
Figure 1: Pre-heat-treatment gear geometry » Final hardness and phase distributions.
developed in IGD. DANTE models capture transformations
and stresses at each stage of the thermal
T R " g «  cycle and have been widely used for process
' ' | optimization, distortion minimization, and
f { | | \ failure analysis. In this study, the predicted
= | [ \ distortion modeling result forms the input
[ { * | i [ | for virtual inspection in IGD.
| Integrated Gear Design (IGD) is a com-
puter program for gear design and simula-
tion co-developed by RIT and the Polytechnic
University of Cartagena. It can generate gear
. 7 geometries from manufacturing param-
'\ﬂ eters, apply microgeometry modifications,

perform tooth contact and finite element
analysis, and automate virtual inspection
of distorted geometries. IGD’s standout
feature is its ability to build finite element
models directly compatible with DANTE. It

B

e T can export meshes for heat-treatment simu-
s e e lation and, once the simulation is complete,
Figure 2: Measured slope profile deviations and import the distorted geometry back into
deviations defined with 1GD. the software. There, engineers can compare
Element C Mn P S B
Percent 0.18 - 0.22 0.70-1.10 0.030 Max 0.050 Max 0.0005-0.0030

Table 1: Chemical composition of SAE 10B22.



the as-heat-treated gear with the nominal or
finished geometry using the same measure-
ments that would be made in a metrology lab.

CASE STUDY: VIRTUAL

INSPECTION OF A CARBURIZED
PINION GEAR

A combined IGD/DANTE model of a pinion
gear was developed to demonstrate an exam-
ple method of virtual inspection, bridging the
gap between simulation results and actual
gear inspection measurements. The material
used in this case study is SAE 10B22, with a
chemical composition shown in Table 1.

The heat-treatment process steps include
gas carburizing, austenitizing, transferring
to quench tank, oil quenching, and temper-
ing. Using IGD, the pre-heat-treatment geom-
etry is built from standard parameters such
as number of teeth, diametral pitch, and
base, form, and root base diameters, shown
in Figure 1.

Variations in the tooth surface that influ-
ence gear noise and transmission error were
also measured on four teeth and input into
the pre-heat-treatment model. Figure 2
shows the measured profile deviations (FHA)
with the IGD profile definitions defined; the
right flank averaged 17.7 pm and the left 12.9
pm, with about a 5 pm range on each side.

IGD enables users to define these devia-
tions directly over the gear profile, which is
challenging to perform directly in most CAD
platforms. Incorporating these small geo-
metric variations before simulation ensures
that the virtual twin accurately reflects real
manufacturing conditions. With the gear
parameters and slope definitions defined, the
FEA mesh is developed for the heat-treatment
model. Figure 3 illustrates IGD’s mesh setup
interface, where the user defines elements
across the face width and tooth profile. The
generated mesh and exposed surfaces are
exported into an ABAQUS input format, form-
ing the finite element model used by DANTE
for thermal-mechanical simulation. The
mesh in the heat-treatment model was devel-
oped with finer elements near the part sur-
face to capture the steep thermal, chemical,
and phase transformation gradients present
in the heat-treatment process. The developed

geometry is brought into ABAQUS and the material properties and
boundary conditions, thermal and chemical, are applied for the DANTE

heat-treatment model.

SIMULATION RESULTS

The DANTE model predicts several common heat-treatment results
including hardness, carbon profile, phase composition, residual stress,
and distortion. While hardness and stress predictions align naturally
with laboratory data, distortion has been harder to validate in the
same manner as a CMM would measure. The method of integrating
IGD and DANTE allows the 3D displacement results to be directly
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Figure 3: Developed mesh for the finite element
model.
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Figure 4: Distortion results for the heat-treatment
model in the X direction (a), Y direction (b), Z
direction (c), and cylindrical coordinates for the
flank radius (d).

Figure 5: Measured slope profile deviations and
predicted deviations measured with IGD, after heat
treatment.

compared to the measurable inspection data.
Figure 4 shows DANTE’s displacement predic-
tions along the X (a), Y (b), and Z (c) axes, while
Figure 4 (d) transforms these into radial coor-
dinates. The nodes on the flank surface can
be directly plotted for comparison of the
flank deviations, but this would need to be
automated on a case-by-case basis, which is
time/cost prohibitive.

Using IGD’s built-in profile deviation tool,
the post-heat-treatment model is read in, and
the slope profile deviations are compared to
the physical measurements, Figure 5. The
simulation results agree well with the mea-
sured data:

Measured (after hardening):

» Right flank: 36.7 pm average (range ~
15 pm)

» Left flank: 28.3 pm average (range = 3
pm)

Predicted (simulation):

» Right flank: 33.9 nm

» Left flank: 28.9 pm

The virtual inspection successfully cap-
tured the direction and magnitude of dis-
tortion within experimental scatter, dem-
onstrating the potential for quantitative
process verification entirely within the vir-
tual domain.

CONCLUSIONS

The integration of DANTE and IGD demon-
strates a breakthrough in gear-process sim-
ulation. By combining DANTE’s heat treat
predictions with IGD’s gear modeling and
virtual inspection capabilities, a framework
for complete digital evaluation of gears was
shown. More inspection metrics can be used
within IGD, such as the distance over balls,
distance over pins, or the base tangent length.
The ability to perform digital inspection using
the same metrics as a CMM, directly from the
simulation brings manufacturers one step
closer to the digital twin ideal. As virtual
tools grow more powerful, engineers may one
day “measure” every heat-treated part before
it ever leaves the computer. In that future,
gear production will rely on virtual precision
instead of costly trial and error. §
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