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Abstract

Vacuum carburizing is an advanced surface-treatment process used for gears and other high-duty steel components
because it provides a uniform case, controllable case depth, and limited oxidation. This review summarizes numerical
methods for vacuum carburizing, with emphasis on process parameters, surface carbon transfer, carbon diffusion,
carbon-concentration fields, phase transformation, residual stress, and distortion. Early calculations based on Fick's law
and empirical diffusivity relations have developed into coupled finite-element models of carburizing and quenching.
Recent studies from 2024 to 2026 further introduced carbon-level-dependent diffusion calibration, full-process
multiphysics simulation, and machine-learning surrogate models for rapid carbon-field prediction. Across these
approaches, predictive accuracy depends primarily on realistic carbon-flux boundary conditions, alloy- and
concentration-dependent diffusivity, internally consistent material data, and geometry-resolved experimental
validation. Future work should combine physically based models, uncertainty analysis, and reduced-order prediction
to support robust process optimization and closed-loop control.
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1. Introduction

Vacuum carburizing is an environmentally favorable heat-treatment route for producing a hard, wear-resistant surface
while retaining a tough core. Compared with conventional gas carburizing, it can operate at approximately 900-1050
°C, shorten the treatment cycle, reduce harmful emissions, and avoid intergranular oxidation because the process is
conducted in an oxygen-free environment [1-3]. These advantages have promoted its use in automotive, aerospace, and
machinery components.

The technology emerged in the late 1960s, but early methane- and ethylene-based processes suffered from soot
formation and nonuniform cases [4]. The later use of acetylene enabled faster surface reactions and more stable low-
pressure pulse carburizing [5]. Modern process design therefore focuses on controlling repeated boost and diffusion
stages rather than relying on trial-and-error schedules.

Numerical simulation has become an important part of intelligent heat treatment. Commercial and research codes
combine finite-element, finite-volume, or finite-difference methods with descriptions of heat transfer, gas flow, carbon
diffusion, phase transformation, stress, and deformation [6]. Figures 1 and 2 summarize representative heat-treatment
software and the principal couplings considered in such simulations.
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Figure 1 Numerical simulation software for heat treatment. Redrawn by the authors based on Ref. [6].
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Figure 2 Schematic diagram of multiphysics coupling. Redrawn by the authors based on Ref. [6].
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The quality of a vacuum-carburized component depends on temperature, pressure, gas flow, boost and diffusion times,
steel composition, and subsequent quenching. Experiments remain essential, but full factorial testing is costly,
particularly for large gears and deep cases. Simulation can reduce the number of trials, reveal the evolution of carbon,
microstructure, stress, and distortion, and identify practical process windows [7, 8]. This review therefore focuses on

the parameters and models that control vacuum carburizing, followed by recent developments in coupled and data-
driven prediction.

2. Parameters in numerical simulation of vacuum carburizing

Vacuum-carburizing models require two groups of inputs. Process variables include temperature, pressure, gas flow,
boost time, diffusion time, and the target surface carbon content. Material and model parameters include the surface-
transfer coefficient, carbon diffusivity in austenite, saturation concentration, thermophysical properties,
transformation kinetics, and mechanical properties. The process variables define the cycle, whereas the model
parameters determine how carbon and heat are transported and how the component responds during quenching.

The surface-transfer coefficient governs carbon uptake from the atmosphere, while the diffusion coefficient controls
redistribution within austenite. Both vary with temperature and may also depend on carbon content, alloy composition,
pressure, and surface condition. Reliable simulation therefore requires physically meaningful initial and boundary
conditions and parameters calibrated over the intended process range rather than at a single operating point.
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Figure 3 Hardness distribution of carburized layers at different carburizing times. Redrawn by the authors based on
Ref. [7].
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Figure 4 Hardness distribution of carburized layers at different carburizing temperatures. Redrawn by the authors
based on Ref. [7].

2.1. Process parameters

Effective cycles balance a short boost stage, which rapidly raises the surface toward carbon saturation, with a longer
diffusion stage, which deepens the case and reduces excessive surface carbon. The required durations depend on steel
composition, temperature, target case depth, and the permissible surface carbon level [9].

Early process-design methods used enrichment ratios, flow-to-surface-area relations, and diffusion calculations to
determine pulse schedules. Subsequent experiments quantified the effects of pressure and temperature on carbon flux,
and segmented-flux models improved the description of carbon input during low-pressure carburizing [10, 11]. These
studies established the basis for replacing fixed empirical schedules with calculation-assisted cycle design.

Multiphysics models extended this approach by coupling temperature, carbon diffusion, phase transformation, and
stress. Guo et al. reproduced measured carbon and hardness profiles in gear steel, while later simulations of 20MnCrS5
components showed that longer diffusion increased case depth and concentration uniformity [12, 13]. The results
consistently indicate that temperature has the strongest effect on diffusion rate, whereas the boost-to-diffusion ratio
controls the surface gradient.

Recent applications have focused on production steels and complex gears. For 20CrMnTi steel, increasing diffusion time
lowered the surface carbon concentration but deepened the case, with close agreement between simulation and
experiment [14]. For a 9310 aircraft gear, orthogonal process optimization showed that a moderate temperature
increase could shorten the cycle, while the boost-stage carbon input controlled the tooth-surface case thickness [15].

2.2. Key model parameters

The diffusion coefficient and surface-transfer coefficient are the principal parameters governing carburizing kinetics
[16]. Vacuum carburizing differs from conventional gas carburizing because acetylene decomposes rapidly on the steel
surface and can create a transient carbon-rich layer. The initial driving force is therefore high, but the effective flux
changes as the surface approaches saturation and carbides form.

Gas-phase and surface-reaction models have been developed to estimate this flux. CFD studies of propane and acetylene
pyrolysis showed that homogeneous reaction models can predict gas composition, while heterogeneous surface models
are required for complex components [17, 18]. Under high acetylene flow, the surface may approach saturation rapidly,
and the transfer coefficient can be related to molecular arrival, decomposition efficiency, and steel density:
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ﬁ(t) = Smclz(t)/ Pm (1)

where mc is the molar mass of carbon in acetylene, pm is the density of steel, and S is the dimensionless reaction
efficiency. Boundary-condition studies have shown that the active saturation time and the measured carbon profile can
be used to identify the effective transfer parameter [19]. Langmuir-type boundary conditions also provide a useful
description of carbon uptake under low pressure [20].

Carbon diffusivity in austenite is not constant. It increases with temperature and is influenced by carbon concentration
and alloying additions. Models that neglect these effects can reproduce only a limited range of steels and process
conditions [21]. Finite-element calculations using composition- and concentration-dependent diffusivity have therefore
replaced simple constant-coefficient treatments in many applications [22, 23].

For multicomponent case-hardening steels, physically based diffusivity relations account for substitutional alloying
elements and austenite saturation. Experimental studies confirm that composition can substantially alter both the
diffusion coefficient and the final carbon profile [24]. Models must also represent the reduction in carbon flux when a
carbide layer develops at the surface.

Recent work has improved parameter identification. A pulse-carburizing model for 15Cr14Co12Mo5Ni2W steel
incorporated carbide effects and a segmented enrichment boundary condition [25]. For AISI 9310 steel, inverse
calibration of a carbon-level-dependent diffusivity relation reproduced the characteristic inverse-S carbon profile more
accurately than conventional equations [26]. These results support the use of steel-specific calibration rather than a
single universal diffusivity model.

37000-6600C

D(T, C, M) = {0.47exp (~1.6C)exp (- T2 x 2)

Accordingly, carbon-field predictions are most reliable when temperature, carbon concentration, and alloy composition
are included explicitly in the diffusion model and the surface flux is calibrated from representative experiments.

3. Research on the carbon-concentration field, residual-stress field, and distortion

3.1. Carbon-concentration field
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Figure 5 Changes in carbon concentration at the workpiece surface during repeated boost and diffusion stages.
Redrawn by the authors based on Ref. [13].

Case depth and surface carbon concentration are the main indicators of carburizing quality. During each boost stage the
surface approaches the austenite saturation concentration; during diffusion the surface concentration falls while carbon
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penetrates farther into the steel. Repeating these stages produces the sawtooth surface history illustrated in Figure 5
and gradually increases the effective case depth. Fick's second law is normally solved with finite-element or finite-
difference methods using measured or calibrated boundary conditions.

Finite-element models that include acetylene-specific boundary conditions and alloy effects have reproduced measured
profiles in SCM415 steel [27]. CarbTool and related programs extended the same framework to different alloys and both
atmosphere and low-pressure carburizing routes [28]. These studies demonstrate that the same diffusion equation can
be used widely if the surface condition and material parameters are selected consistently.

Production-oriented simulations have been used to determine pulse ratios, case depth, and edge effects. For 20CrNi2Mo
steel, a boost-to-diffusion time ratio near 1:10 produced reasonable agreement between calculated and measured case
depth [29]. Simulations of vacuum-carburized Fe-based materials also reproduced the inward decrease in carbon
concentration shown in Figure 6 [30].
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Figure 6 Cross-sectional carbon-concentration curve. Redrawn by the authors based on Ref. [30].

More recent models combine diffusion with phase transformation and quenching. Simulations of carburized C-rings and
gears linked the carbon gradient to martensite formation, hardness, retained austenite, and local distortion [31].
Numerical solutions based on calibrated gradient models have also agreed closely with layer-removal measurements
[32]. The remaining errors are concentrated near corners, tooth roots, and other regions where gas access, heat transfer,
and mesh resolution differ from one-dimensional assumptions.

3.2. Residual-stress field and distortion

Residual stress and distortion result from the interaction of thermal gradients, carbon-dependent phase transformation,
transformation strain, and mechanical constraint. Their prediction is important because compressive surface stress can
improve fatigue resistance, whereas excessive tensile stress or distortion can cause cracking and dimensional loss.
Carburizing and quenching should therefore be simulated as a continuous process chain rather than as independent
steps.

Validated finite-element studies have predicted microstructure, residual stress, distortion, and subsequent loading
response in vacuum-carburized coupons and gears [33]. Comparative calculations for plain-carbon and alloy steels
showed that carbon gradients, martensite, and retained austenite strongly affect the magnitude and location of residual
stress [34]. Gear simulations have also reproduced hardness, case depth, and dimensional change with useful
engineering accuracy [35].
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4. Recent developments, challenges, and future directions

Recent research has concentrated on faster carbon-field prediction, improved coupling between carburizing and
quenching, and validation on industrial geometries. These developments complement rather than replace physically
based diffusion models.

4.1. Recent developments from 2024 to 2026

Data-driven surrogate models can reduce computational cost. A BP neural network trained on finite-element data
predicted one- and two-dimensional carbon fields with sub-percent average relative error and reduced the time for a
two-dimensional calculation to approximately 0.12 s [36]. A later model expanded the training set to multiple
geometries and confirmed that the largest errors occur near corners and sparsely sampled regions [37]. Such models
are promising for optimization, provided that their training data represent the intended steel, geometry, and boundary
conditions.

The carburized carbon gradient also changes the phase-transformation sequence during quenching and therefore the
residual-stress field [38]. Full-process models now predict carbon content, retained austenite, hardness, residual stress,
deformation, and case depth within one computational framework [39, 40]. This integration is essential for assessing
whether a cycle that produces the required carbon profile will also meet dimensional and performance requirements.

Industrial studies provide practical validation. Experiments on automotive gear steels showed that higher vacuum-
carburizing temperatures increase case depth but may promote abnormal grain growth, while moderate cycle-time
reductions can preserve surface hardness and microstructural uniformity with a controlled decrease in case depth [41,
42]. Differences between tooth flanks and roots further demonstrate the need for geometry-resolved validation.

4.2. Challenges and future priorities

Despite these advances, transfer of calibrated models between steel grades, furnaces, and component geometries
remains difficult. Four priorities are particularly important:

e Develop coupled process-chain models linking carburizing, quenching, cryogenic treatment, and tempering,
with reduced-order versions for routine process design.

e Establish standardized material databases containing composition- and carbon-dependent thermophysical,
transformation, diffusion, and mechanical properties with uncertainty ranges.

e (Calibrate carbon flux, transfer coefficients, and heat-transfer boundary conditions over multiple temperatures,
pressures, pulse schedules, and steel grades.

e Validate physically constrained surrogate models on complex industrial components using carbon profiles,
microstructure, hardness, residual stress, and distortion.

5. Conclusion

Numerical simulation of vacuum carburizing has progressed from one-dimensional diffusion calculations to coupled
descriptions of surface transfer, carbon diffusion, phase transformation, residual stress, distortion, hardness, and case
performance. Recent advances include steel-specific diffusivity calibration, full-process carburizing-quenching models,
and machine-learning surrogates trained on finite-element data. Their practical reliability still depends on realistic
boundary conditions, alloy- and concentration-dependent material parameters, uncertainty assessment, and
experiments representative of the intended component geometry and process window. Combining validated
multiphysics models with rapid reduced-order prediction offers a practical route to robust cycle optimization and
closed-loop control.
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