
20   AUGUST 2023

METAL URGENCY ///
JUSTIN SIMS

MECHANICAL ENGINEER  ///  DAN T E SOL U TIONS

 he finish machining of a gear 
is undoubtedly one of the most 
important manufacturing steps. It 

sets the geometry, surface condition, and 
residual stress profile that will see service 
conditions. Many heat treatments exist that 
induce favorable compressive residual stress-
es in the near surface of the gear, improv-
ing fatigue life. However, a chain is only as 
strong as its weakest link and the situation 
is no different for a gear’s working surfaces; 
its fatigue life is only as good as the smallest 
near-surface compressive stress. Given that 
most quench-hardening processes result 
in a nonuniform size change, the material 
which must be removed to ensure the gear is 
within the dimensional requirements must 
also be removed nonuniformly. Although 
the dimensions are brought within the tol-
erances specified by the gear designer, the 
final residual stress and hardness profiles are 
at the mercy of the amount of material which 
must be removed.

If properly executed, a case-hardening 
process such as carburization or induction 
hardening should induce compressive residual stresses from the 
surface to approximately the case-core interface. The compressive 
stress then transitions to a tensile stress just below the case-core 
interface. The residual stress state is in static equilibrium and any 
modification to the stress profile, by removing a layer of material for 
example, will create a state of nonequilibrium. To correct the non-
equilibrium state, the residual stress will change. Much work has 
been done to evaluate the effects of grinding, one of the most com-
mon finishing operations, on the rebalancing of the residual stress 
profile in gears. Depending on the amount of material removed 
and the amount of material removed during each pass, the stress 
change can be minimal or significant. [1 – 4] In conjunction with the 
rebalancing, grinding processes can induce a temperature increase 
at the near surface of the workpiece due to frictional effects. If the 
temperature is kept sufficiently low, there will be no detrimental 
effects to the material’s properties. As the surface temperature 
begins to approach 200°C however, several microstructural chang-
es may occur. The first, depending on the tempering temperature 
employed after quench hardening, is the possibility to reduce the 
hardness and residual stress by over-tempering the component. If 

Tools are available to simulate complex gear measurements  
after heat-treatment simulation.

Evaluating effect of heat treat on flank slope profile 
deviation of steel gears using simulation

T

Figure 1: Gear parameters used to generate the 3D CAD gear model in IGD.
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the temperature continues to rise, significant stress relaxation may 
occur. If the temperature rise is not reasonably controlled, the tem-
perature may get high enough to induce a phase change to austenite. 
An unintended phase change at this stage of the manufacturing pro-
cess could result in catastrophic failure if the component is placed 
directly into service. [5 – 6] 

The deviations to the tooth’s flank slope profile are of the utmost 
importance to the gear’s in-service performance; particularly with 
respect to contact stress, bending stress, wear behavior, and opera-
tional noise. Due to variations in a component’s cross-sectional thick-
ness and variations inherent to local-fluid behavior, most quenching 
processes will alter the slope profile of the tooth flank. This devia-
tion must be corrected before the gear is able to enter service. [7 – 9] 
Heat-treatment simulation software, when combined with power-
ful post-processing algorithms designed to evaluate simulated gear 
distortion, can be an indispensable tool to design and process engi-
neers. As discussed in the December 2022 Metal Urgency column 

(https://thermalprocessing.com/media/
FlipBook/2022/1222/1222-TP.html#p=18), 
the heat-treatment simulation software 
DANTE can predict the distortion and stress 
from the quench-hardening process of steel 
gears. Rochester Institute of Technology’s 
software program, Integrated Gear Design 
(IGD), is a powerful pre- and post-processing 
software tool used for gear design and in-
service performance evaluations. When the 
two softwares are used together, simulated 
gear distortion can be quickly and easily 
evaluated and compared to measurements 
of actual components. [10] This article will 
take advantage of the powerful capabili-
ties afforded by the combination of the two 
software programs to evaluate the effects of 
different quenching conditions on the flank 
slope profile deviation of a spur gear made of 
carburized AISI 9310. The gear parameters 
used to generate the 3D CAD gear geometry 
in IGD are shown in Figure 1.

The heat-treatment process, simulated using DANTE and Abaqus, 
consisted of the following steps: austenitization, carburization, 
transfer from the carburizing furnace to the quench tank, oil 
quenching, and tempering. The focus of this study was to evaluate 
the effect of various quenching speeds on the flank slope profile 
deviation. A nominal oil quench was defined as the heat transfer 
coefficient (HTC) as a function of part surface temperature data 
set available as a generic HTC definition in DANTE. This curve was 
scaled by 25, 50, 75, 125, 150, 175, and 200 percent to account for 
different oil types or variations which may be present during a 
quenching process.

IGD was used to quickly evaluate the flank slope profile devia-
tion of both flank surfaces, as shown in Figure 2. The data can be 
exported as an Excel file and further manipulated and compared. 
Figure 3 shows the slope profile deviation over the flank surface for 
five of the eight cases simulated; others removed for clarity. For the 
simulated geometry and processing conditions, the profile variation 

Figure 3: Slope profile deviation over the tooth flank for five simulated quenching conditions.

Table 1. Total slope profile deviations for the eight simulated cases, in microns.

Figure 2: Slope profile deviation measurement tool in IGD.

	 25%	 50%	 75%	 Nominal	 125%	 150%	 175%	 200%
RS	 32.1	 32.9	 33.8	 34.3	 34.6	 34.8	 34.7	 34.4
LS	 27.2	 28.1	 28.8	 29.3	 29.6	 29.7	 29.6	 29.4
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remained nearly consistent over the length of the flank between the 
cases, indicated by the near-parallel lines in Figure 3. However, at 
any given location on the flank there is an approximately 5 µm dif-
ference between the fastest and slowest cases evaluated. Depending 
on the case depth and the residual stress gradient, this may create 
inconsistent performance between supposedly similar gears. From 
Figure 3, much more material would need to be removed near the 
tooth tip, compared to the amount removed near the root to correct 
the slope profile.

The total slope profile deviation, a commonly reported value dur-
ing quality assessments, can also be determined. Table 1 shows the 
total flank slope profile deviation for the eight cases evaluated. The 
slower quench rates significantly affect the total slope profile devia-
tion, while the faster quench rates do not. However, from Figure 3 it 
is clear that the faster quench rates do have an effect on the size of 
the flank, which must be known to produce a dimensionally accurate 
final component. Figure 4 shows the contour maps of the left flank 

slope profile deviation generated in IGD. Viewing the results over the 
entire flank helps illuminate differences between processing condi-
tions and exactly how a flank profile is distorting. 

Evaluating the slope profile deviation induced by various quench-
ing conditions is just the first step in a full evaluation of the effects 
on hardness and residual stress. The next step would be to evaluate 
the effect of material removal on the residual stress and hardness, 
noting any conditions that result in an unfavorable condition. Finally, 
the new hardness, residual stress, and dimensions can be brought 
back into IGD to conduct tooth contact analysis and/or loading simula-
tions to evaluate and compare various heat treatments on in-service 
performance. 

In conclusion, IGD and DANTE can provide a powerful tool to eval-
uate the effects of heat treatment on gear properties and performance. 
DANTE lifts what was once considered a black box in heat treatment, 
revealing the causes and effects incurred during heat treatment of 
steel gears. Additionally, what was once considered a near impossible 
task by heat-treatment simulation software, IGD easily evaluates sim-
ulated gear distortion using the same measurements that are used in 
industry to assess gear quality.   
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Figure 4: Contour maps of the slope profile deviation generated in IGD for the 
(A) minimum, (B) nominal, and (C) maximum quenching rates evaluated.




