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T o provide stronger, more durable, and more  
precisely engineered components, heat treatment 
remains an indispensable step in manufacturing.  

One of the more recent transformative processes in  
this domain is low-pressure carburization (LPC). Un-
like traditional gas carburization, LPC takes place in a 
near-vacuum environment where carbon is delivered 
to the steel surface in a series of carefully timed “boost” 
and “diffuse” steps, shown in Fig. 1. This high-efficiency 
approach avoids intergranular oxidation and also offers 
manufacturers tighter control over case depth, carbon 
profiles, and cycle time. However, the high reactivity,  
rapid saturation, and steep gradients also make it  
challenging to design recipes. Small deviations in timing  
or pressure can lead to excess carbide formation, or  
inconsistent hardness. For gear makers, aerospace sup-
pliers, bearing manufacturers, and other high-precision 
industries, the ability to model and predict LPC behavior  
before committing to furnace time is now critical for  
reducing costly mistakes.

This article first outlines the fundamentals of LPC, 
then explores a case study using a software tool (DANTE 
VCarb) to design and optimize an LPC recipe for gear flank 
and root geometries. It concludes with how modeling can 
accelerate process development and reduce costs showing 
why LPC is fast, reliable, and increasingly indispensable.

In LPC, a carbon-rich gas, often acetylene, is pulsed 
into a sealed furnace at low pressure. Under these condi-

ADVANCING LOW-PRESSURE CARBURIZING  
THROUGH SIMULATION

This case study demonstrates how using software to design and optimize a low-pressure  
carburization recipe saves time and material and increases confidence in final part performance.
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tions, the steel surface quickly reaches a carbon saturation 
limit, after which carbides can form. Unlike gas carburiza-
tion, where carbon potential is governed by a continuous  
atmosphere, LPC saturates the surface rapidly and  
requires alternating boost and diffuse steps to achieve 
the desired profile (shown in Fig. 1). Boost steps intro-
duce carbon to enrich the steel surface, and diffuse steps  
pause the carbon supply, allowing carbon to diffuse  
deeper into the part and dissolve any incipient car-
bides. Balancing the length and number of these steps is  
essential. Boost steps that are too long or diffuse steps that 
are too short can leave undissolved carbides, undermining 
fatigue strength and mechanical properties. Conversely, 
boost cycles that are too short can leave a shallow, under- 
carburized case and lead to longer processing times.  
Because LPC is nonlinear and sensitive to material, geom-
etry, and furnace characteristics, it is difficult to design  
by feel. Software tools like VCarb aim to remove the  
guesswork by simulating the physics of LPC, which is based 
on Fick’s laws of mass diffusion. They allow engineers to 
specify alloy composition, geometry, desired case depth, 
and furnace conditions to generate a complete boost/ 
diffuse schedule along with predicting carbon, hardness, 
and carbide profiles.

CASE STUDY: DESIGNING AN LPC RECIPE FOR 
A SPUR GEAR GEOMETRY

This case study focuses on a spur gear made of  
AISI 5120, a low carbon alloy steel used for a wide range 
of applications in the automotive industry due to its  
versatility. In LPC, convex (outer) surfaces and concave  
(inner) surfaces affect the carbon uptake differently due 
to local diffusion dynamics. Concave surfaces like the 
inner radius of the root fillet will often have a shallower  
case depth and lower carbon than convex surfaces like the 
flank of the tooth. The selected gear geometry is a spur 
gear with an outer flank radius of about 6.2 mm and an  
inner radius of about 0.76 mm. The goal is an effective  
case depth of 1 mm with 0.35 wt% carbon (~50 HRC)  
at that depth and a final surface carbon of ~0.8 wt%,  
producing about 50-60 HRC after quenching. 

*Member of ASM International

Fig. 1 — Schematic representation of idealized LPC boost/diffuse 
steps.
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Furnace temperature was set to 925°C, with a partial  
pressure of 1.5 mbar acetylene atmosphere during the  
boost cycles. For process design, parameters like  
furnace control resolution (time steps), temperature,  
gas pressure, and the target case/carbon values are used  
as inputs. A monitor point just below the surface is also 
defined to control the upper and lower carbon bounds 
reached at that point. VCarb then automatically calcu-
lates boost step time until the monitor point reaches the  
desired value and then switches to a diffusion step until  
it drops to the lower bound. This cycle repeats until the 
target depth and final surface carbon are achieved. 

After the parameters are entered, VCarb calculates 
the full LPC schedule. For the example gear flank and  
input parameters, the resulting process required about 
28 boost/diffuse steps (14 pairs) totaling just over 6 hours 
of furnace time: approximately 1000 seconds of boosting  
and 21,000 seconds of diffusing, yielding an R-value (dif-
fuse/boost ratio) of about 21. A plot of predicted carbon  
concentration shows the targets were met by the analysis.  
Around 0.35 wt% carbon was achieved at the 1 mm 
case depth, which approached 0.8 wt% at the surface,  
corresponding to roughly 62 HRC if fully martensitic, Fig. 2.

EXTENDING THE RECIPE TO GEAR ROOT FILLET
With the flank recipe developed, attention turned 

to the root of the gear tooth, which has a concave inner  
radius of about 0.76 mm. Because diffusion behavior  
differs on concave surfaces, applying the flank recipe  
directly will yield a different case depth or surface carbon. 

Using VCarb’s prediction module, the previously  
developed recipe file is imported and executed. All  
material and process parameters remain the same ex-
cept for the inner radius geometry input. The model then  
predicts how the root will carburize under the same boost/
diffuse steps. Figure 3 shows the results of the analysis 

with a surface carbon in the root fillet predicted to be  
just under 0.7 wt% and a case depth of about 0.75 mm for 
0.35 wt% carbon. 

FURTHER CONSIDERATIONS
If results show excessive carbon at the surface or 

deeper than desired case depth, engineers can adjust the 
partial pressures to modulate carbon uptake, temperature 
to accelerate or slow diffusion, or delete or add boost/
diffuse steps to achieve the desired cycle. Each step time, 
temperature, partial pressure, and gas flow are adjust-
able, allowing engineers to tweak parameters to optimize 
the recipe before any actual furnace time. For example, if  
cycle time is a concern, raising the carburizing temperature 
to 950°C with the same recipe increases carbon diffusion. 
In this case, it was predicted to cut cycle time to about  
4.5 hours. By iterating these changes virtually, engineers 
can converge on an optimized schedule for both flank  
and root while balancing processing time and reducing  
the risk of forming harmful carbides. 

Another valuable modeling feature is the ability  
to predict carbide precipitation and dissolution during 
each step of the process. For AISI 5120, simulations  
showed negligible carbide formation under the case study 
conditions, but higher-alloy steels like 9310 displayed  
carbides up to 39 µm deep with the developed recipe. 
This case study illustrates how modeling transforms  
LPC process design from trial-and-error into a predictable,  
data-driven process. Traditional recipe development 
might require multiple furnace cycles to establish a  
set of boost/diffuse pairs. With a modeling tool, cycle 
times can be estimated, different materials or geometries  
can be compared, and carbide formation and hard-
ness profile can be predicted. The result is a shorter  
path to production-ready recipes, improved quality, and 
lower cost.
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Fig. 2 — Plot of carbon profile vs. depth from the spur gear flank 
surface.

Fig. 3 — Plot of carbon profile vs. depth from the spur gear root 
fillet surface. 
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THE FUTURE OF LOW-PRESSURE 
CARBURIZATION

Low-pressure carburization has evolved into a main-
stream, high-performance heat treatment method. Its 
ability to produce uniform, high-quality cases without 
risk of oxidation makes it ideal for complex geometries, like 
gears and shafts, used in high-performance applications. 
Yet, due to its nonlinear nature, process development 
for LPC is complex, requiring a balance of boost and 
diffuse steps, which shorten cycle times while still fully 
dissolving any carbides. As the gear example shows, a 
recipe developed for one surface can be tested virtually 
and adjusted for another test before committing to expen-
sive furnace runs. This not only saves time and material 
but also enhances confidence in final part performance.

Looking ahead, the integration of modeling into LPC 
process design promises to make heat treatment faster, 
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more reliable, and more sustainable. Process modeling 
is a tool to help better understand the dynamics of LPC 
and the knowledge gained can be applied to various 
materials and components. Moreover, these LPC recipes 
can be extended to more sophisticated, high-fidelity 
finite-element models capable of accounting for the entire 
component geometry. This allows prediction of micro-
structure phases, carbon, hardness, residual stress, and 
distortion produced from the whole heat treatment cycle. 
These results can then be mapped into service-loading 
models for more accurate predictions of part performance. 
For companies seeking to stay competitive in high-per-
formance manufacturing, combining LPC with advanced 
simulation is no longer optional, it is essential. ~HTPro

For more information: Jason Meyer, engineer, DANTE 
Solutions Inc., 7261 Engle Rd., Suite 105, Cleveland, OH 
44130, 440.234.8477, jason.meyer@dante-solutions.com.
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