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Abstract:

Precise estimation of carburization depth is mandatory to avoid failure and critical
degradation of high-performance mechanical parts. In this work, we studied magnetic methods
as an indirect way to obtain this information. Usual techniques consisting of complex
combinations of unrelated indicators have been left aside and replaced by a theoretical approach
based on the magnetization mechanisms.

A series of rod specimens were pre-characterized using destructive hardness tests and
classified into four categories from virgin to very deep carburization depth. Then, rods from each
batch were tested with different magnetic testing techniques. Identical experimental conditions
were kept to limit the degrees of freedom and ensure the viability of the conclusions. The
Magnetic Incremental Permeability (MIP) maximal amplitude AZ which is associated with the
domain wall bulging mechanism showed the highest linear correlation with the carburization
depth.

Based on these first observations, new experimental conditions were proposed: MIP AC
component frequency was reduced to 1 kHz, leading to a magnetic penetration large enough to
reach the specimen core. A sudden change in slope was observed on the MIP signature of the
treated specimens when the excitation field was close to the core coercivity (of similar magnetic
behavior as untreated specimens). The corresponding local slope obtained a very high 0.987
linear correlation coefficient vs. carburization depth and revealed low-frequency MIP as an

effective magnetic nondestructive technique for thick carburization evaluation.

Keywords: Metallurgical surface treatments, magnetic incremental permeability,
magnetization mechanisms



1 - Introduction

Carburizing, also known as carburization, is a metallurgical treatment in which iron or steel
parts absorb carbon while heated in the presence of a carbon-bearing material, like charcoal or
carbon monoxide. The purpose of carburization is to make the surface harder. Itincreases
strength and wear resistance. This technique is highly beneficial in preventing corrosion by
producing a hard layer (called “case”) on the part surface. Case-depth can range from as low as
200 um to as deep as 5 mm. Surface hardness can be as high as 800 —900 HV on the Vickers scale.
Case-depth is a fundamental parameter in various applications such as gears, bearings,
camshafts, and every mechanical part leading to withstand a sustained applied load [1]-[3].

The two most common heat treatments for surface hardening functional components are
carburizing and nitriding. In nitriding, nitrogen atoms replace carbon to diffuse into the surface
of the processed parts [4]. In carburizing, the case depth and the carbon content depend on the
processing time and the temperature. Longer carburizing times and higher temperatures typically
increase the depth of carbon diffusion [5].

For quality inspection, case depth has to be monitored precisely at the end of the
manufacturing process. Case depth measurement is sensitive to the type of case hardening,
original steel composition, quenching condition, and even the testing method. Most industrial
case depth evaluation tests are done destructively. It is measured normal to the finished part
surface. The technique consists of sectioning the piece, polishing the surface, and measuring the
hardness at regular depth intervals until it drops to the specified range. The effective case depth

is then estimated from a location where the hardness number reached a threshold value (around



540 HV for conventional steel) [6]. This method is efficient but meticulous and time-consuming;
it also needs to remove and destroy functional parts picked up from production.

Nondestructive methods exist as well. A popular one is the ultrasonic guided wave method,
based on the attenuation of Lamb wave, which is proportional to the hardness [7]. This technique
gives precise estimation but to be applied, ultrasonic guided wave needs to travel a certain
distance, limiting the method to thicker case-depth evaluation. Isotropic radiation, thermal
technique, Eddy current testing, and direct-current potential drop measurements are other
nondestructive methods giving correlation with hardness and are discussed in the scientific
literature [8]-[10]. Still, they are rarely used in the industrial context. The main reason is the
prohibitive quantity of data needed by the multi-variant regression analysis used to indirectly
evaluate the case depth from the experimental observations [9].

Magnetic methods are other nondestructive popular techniques [11]-[13], and techniques like
Magnetic Adaptive Testing have already been proven accurate for the characterization of
decarburized specimens [14][15]. Industrial devices based on magnetic signatures have already
been commercialized [16]:

e The Stresstech® controller relies on the Magnetic Barkhausen Noise (MBN) analysis
[17]. Once correctly set and when carburization remains superficial, this system can
provide reasonable case-depth evaluations. Still, a significant problem for this device
comes from the quasi-impossibility of distinguishing the effect of hardening treatment
from other influent factors (internal stress, dislocations, grain size, texture, plastic
strain, precipitates, phase changes, impurities, etc.). This statement is even more

critical considering that carburizing acts on these factors.



e The micromagnetic, multi-parametric, microstructure, and stress analysis (3MA®)
developed by IZFP Fraunhofer institute is an attractive alternative [18]-[20]. 3MA
accumulates and combines data from different magnetization signatures and identifies
the ultimate magnetic combination of indicators for case-depth evaluation. 3MA is
pragmatic and efficient but needs time-consuming experimental campaigns, leading to
non-transposable results. As denoted by Withers et al. [21], NDT magnetic controllers
are “mature, but a unified theory relating magnetic signals to basic magnetic
parameters is lacking. At present signals are equipment supplier-specific”.

In this study, we focused on thick case-depth evaluation (> 500 um). We opted for the usual
magnetic signatures and modified them for improved performance. In industrial equipment, the
magnetization mechanisms are triggered simultaneously, and their responses overlap, leading to
complex interpretations. Also, working conditions are set to meet the needs of production lines
(i.e., high-speed magnetization, etc.), limiting the controlling device capabilities.

Carburization induces profound changes in the magnetic response. Significant gradients are
predicted in the boundary separating the case and the core. An ideal way to evaluate case-depth
from magnetic measurement is to develop an experimental situation where the most responsive
magnetization mechanism can be isolated and easily monitored.

For this, we built an experimental setup and tested different magnetic signatures while
keeping the same experimental conditions (sensor, magnetization yoke, etc.) and tried to limit
the degrees of freedom. Rod-shaped specimens were tested. The impact of carburization on

three distinct magnetic signatures (Magnetic Incremental Permeability (MIP)[22][23], Magnetic



Barkhausen Noise (MBN)[13][24], and classic Ba(Hsurf) hysteresis loops, where B, is the average
cross-section flux density and Hsurt is the surface tangent excitation field) was checked.

Then, specific indicators were defined as representatives of the different magnetization
mechanisms. Pearson coefficients were calculated to verify the linear dependence between the
indicators and the case-depth thickness (measured destructively in a preliminary step from a
hardness controller on drop samples extracted from the tested specimen batch).

From the associated analysis, conclusions about the most appropriate indicator and
magnetization mechanism were drawn. Based on these first observations, we proposed new
experimental conditions: MIP alternative contribution frequency was reduced to 1 kHz, leading
to a controlled thickness large enough to reach the specimen core. A sudden change in slope was
observed in the MIP signature. Then, this local slope was considered a new indicator and led to
an outstanding linear coefficient.

This manuscript is organized as follows:

_ The tested specimens are described in the second section. This detailed description includes
the hardness measurements and case-depth destructive evaluation performed before the
magnetic tests.

_ The magnetic characterization setup is presented in the third section, and the experimental
results are provided in the last sub-section.

__Then, correlations are shown.

_ Improved experimental conditions are proposed, such as an alternative indicator. Together

with discussions and conclusions, they constitute the last section of this manuscript.



2 —Tested specimens

A series of rod specimens have been studied in this work (Fig. 1). All specimens were made of
16NiCrMo13 martensitic stainless steel [25]. The chemical composition and the physical
properties of 16NiCrMo13 picked up from the literature are provided in Table 1.

e 16NiCrMo13 chemical composition (mass fraction wt.%):

Element Si S P Ni Mo Mn Cu Cr C Al

min 0.15 - - 3 0.2 0.3 - 0.8 0.13 -
max 0.40 0.02 0.025 35 0.3 0.6 0.35 11 0.17 0.05

e 16NiCrMo13 physical properties:

unit Typical value

Poisson's coefficient - 0.3

Heat Capacity J-Kgteoct 484
Thermal conductivity W-mt.°eC? 62

Density - 7.87
Electrical resistivity nQ-cm 10

Expansion coefficient ct 11.5 10°

Young modulus Gpa 200

Yield Rpo2 Mpa 1000

Tensile R MPa 1300
Elongation % 13

Tab. 1 - 16NiCrMo13 chemical composition, mechanical and physical properties.
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Fig. 1 — Dimensions of the rod-shaped specimens and magnetic testing support illustration.
The series of specimens has been divided into four groups. The first group, called the “control
group,” was kept untreated; the other groups were submitted to incremental carburization
processes leading to the surface hardness levels displayed in Table 2 and measured from 1 kg

load Vickers hardness tests. The hardness threshold defining the case-depth was set to 580 HV.



Sample number case-depth rod (mm)
1 -
5 i control group
3 0.632
4 0.683 .
medium treatment
5 0.629
6 0.643
/ 0.877 Deep treatment
8 0.861
9 1.149
10 1.105 Very deep treatment
11 1.142

Tab. 2 — Case-depth estimation by destructive Vickers hardness characterization.

3 — Magnetic test

3.1 - Ferromagnetism and magnetization mechanisms

Ferromagnetism comes from atomic magnetic moments of electronic origin ordered into
small regions called magnetic domains. A magnetic domain includes up to 10'® magnetic
moments aligned in the same direction and orientation. The domain boundaries called “domain
walls” correspond to a progressive change of the atomic magnetic moment direction taking place
over hundreds of atoms (depending on energetic equilibrium) [26].

Magnetization in ferromagnetic materials involves complex mechanisms: firstly, the magnetic
domains with a magnetization oriented favorably to the applied magnetic field grow, while the
unfavorably oriented domains decline in proportion (Fig. 2 —a -> b). Then, the magnetization of
the resulting domain, initially oriented along an easy axis, coherently rotates towards the

direction of the applied magnetic field (Fig. 2 —c -> d).
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Fig. 2 — Schematic illustration of the magnetization process. (a) Demagnetized state (b) Domain wall
motion (c) Magnetization rotation. In practice, the two mechanisms can coincide.

Most of the magnetization mechanisms are associated with the magnetic domains, and more
particularly with their kinetic and distribution:

e  Domain Wall Bulging (DWB, low Hs,rf amplitude range [27][28]). DWB is associated with
local distortions of the domain walls under a low amplitude excitation.

e The Domain Wall's Irreversible Motions (DWIM, middle Hs,f amplitude range [29][30]).
DWIM is associated with the domain wall breaking away from a pinning site under the influence
of a medium amplitude excitation.

e The Domains’ Nucleation and Fusion (DNF, high Hsut amplitude range). FDN happens
under high amplitude excitation and includes all domains merging and creation activities.

e The Domain Wall Dynamic Answer (DWDA, frequency dependence, ripples, and
avalanches). DWDA is probably more a property than a proper mechanism. It corresponds to the
excess energy required by a dynamic magnetization process [28][31]-[33].

The last mechanisms are independent of the magnetic domain structure. These mechanisms
include:

e The Magnetization Rotation (MR, high Hsu+ amplitude range)[34]. MR is associated with

the rotation of the magnetic moments under the influence of very high excitation.
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e The Macroscopic Eddy Currents (MEC, AC Hs.rf)[35] constitute the fundament of the Eddy
Current Testing (ECT) method.

The magnetic signatures resulting from the practical situations described below give access to
a list of specific indicators. Some of them can be considered as privileged images of the
magnetization mechanism. Our primary assumption is that carburization will affect each
mechanism differently. Therefore, focusing on the most correlated indicator is the solution

promoted in this work.

3.2 - Experimental characterization setup

3.2.1 - Magnetic excitation

The magnetic inductor was made of two U-shaped FeSi 3 wt.% yokes. The leg size of the yokes
was 37 mm x 37 mm, and the inner distance between the legs was 69 mm. Two steel spacers
ensured the magnetic contact between the yokes and the rod specimens (see Fig. 1 for
illustration). Both spacers and tested specimens' surface states were visually good, and a limited
influence of the mechanical contacts was verified experimentally. The excitation coil was wound
around the yokes and supplied by a power amplifier (HSA 4014, NF Corporation, Yokohama,

Japan) driven by a frequency generator (Agilent 33220A, Santa Clara, Ca, USA).

3.2.2 - Magnetic instrumentation
a) Ba(Hsurr) major hysteresis cycles
For all magnetic tests, the tangent magnetic field Hsurs was measured locally on the surface of

the tested specimens in the field direction using a hall element sensor (SS94A, Honeywell,
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Charlotte, NC, USA). The magnetic response of the Hall element was pre-characterized using a
Helmholtz coil driven by a current source in a DC mode.

All the tested specimens were wound with two n = 150 turns sensor coils plugged in series, as
illustrated in Fig. 3. These sensors were used for all magnetic tests (MIP alternative component,
MBN raw signal, etc.). For Ba(Hsurf) characterization, the voltage drop due to the magnetization
variations was recorded using a sirius® acquisition card (Dewesoft, Trbovlje, Slovenia). B, was
obtained by numerical integration (Eqg. 3, where S is the cross-section, and e is the electromotive
force). A numerical correction was done to cancel the undesired drift due to the ambient noise

and the integration process.

Ba(t) = — 55 Jp e(Ddt 1

Hall effect
sensor

aji-

Sensor coil

10 mm

8mm 3mm

Fig. 3 — Local instrumentation for the magnetic characterization.
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b) Zmip(Hsurf), MIP butterfly cycles
The reversible permeability, observed by superimposing a high-level, quasi-static magnetic
field to a high frequency, small amplitude alternating magnetic field, is known as the magnetic

incremental permeability [36]. MIP mathematically expression is:

1 AB,

Hwmip = Mo AHgyrf

(2)
where o is the vacuum permeability, AHsus @ small variation of Hsur, and AB, the related
variation of Ba.

The MIP characterization measured the in-series sensor coil impedance using an LCR meter
(ZM2375, NF Corporation, Yokohama, Japan). The electrical current in the sensor coil was set to
lrms = 10 mA, inducing a magnetic excitation lower than a quarter of the coercivity (as
recommended in the literature [37]). The frequency of the alternative contribution was set to 50
kHz for the first tests and adjusted in the last part of the study. The resulting data provided by

the LCR meter consisted of the sensor coil impedance modulus, phase, real and imaginary parts.

b) MBNenergy(Hsurf) hysteresis cycles
During the magnetization process, the domain wall motions are stochastic. The MBN raw
signal is unpredictable and not reproducible. Time average indicators (RMS, raw signal envelope,
etc.) are preferred for the MBN analysis to solve this issue. In this study, we opted for the

MBNenergy [36][38]:

3 d sur
MBNenergy(t) = fot sign [I—ii_tf (S)] VI\%IBN (s)ds (3)
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Where Vwmen is the sensor coil electromotive force after filtering and amplification. The
construction of the MBNenergy hysteresis loop from the raw MBN measurement is illustrated in

Fig. 4.

O

(_

— MBN — sign(dH,,¢/dt)-MBN?
— Hsurf - Hsurf
L I H 5| L H 1
Time Time

energy

MBN

— [sign(dH,,¢/dt)-MBN?

o e
| - .| 1 ' _]

Time

— @

Hsurf

Fig. 4 — MBNenergy(Hsurf) hysteresis loop, construction process.

The MBNenergy is NOt per se energy, but as explained in [34][38], it can be assimilated as an
image of the domain walls' kinetic energy. To compare the MBNenergy(Hsurf) and the standard
Ba(Hsurf) hysteresis loops, it is possible to renormalize the MBNenergy measurement. Two options
can be followed for this renormalization:

e equalizing the hysteresis areas, assuming the domain walls motions as fully responsible

for the hysteresis loss contribution,
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e equalizing the beginning of the saturation elbow (where the rotation mechanism is
supposed to start) and considering rotation as a secondary source of hysteresis loss.

In practice, during the experiment, the MBNenergy quantity is returned by combining analogic

and numerical procedures:

e The sensor coil raw electromotive force is filtered and amplified using a Stanford Research
SR650 (Sunnyvale, CA, USA). The cut-off frequencies were set to 1 and 30 kHz, and the
gain to 90 dB-dec™.

e Thesquare (Step 2, Fig. 4), the integration (Step 3, Fig. 4), and a drift correction were done
numerically using Matlab® software.

All the data were averaged over four excitation periods to reduce the parasitic noises.

3.2.3 - Experimental results
a) Raw results
The first results depicted in Fig. 5 show the magnetic signatures described in sub-section 3.2.2

and measured for all specimens.
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Fig. 5 — Ba(Hsurf), 1Z1(Hsurf), and MBNenergy(Hsurf) for all tested specimens.

Once saturated, the MBNenergy(Hsurf) hysteresis cycles get noisy. Thus, for those cycles,

max(Hsurf) was limited to 5000 A-m™2.

The significant differences between the treated and the virgin specimens observed for all

magnetic signatures are worth noting.

b) Magnetic indicators vs. magnetization mechanisms and correlations

A list of magnetic indicators read on Fig. 5 signatures and selected for their privileged

relationship with the magnetization mechanisms was established:

_ MIP alternative contribution amplitude is set low enough to avoid DWIM (Domain Wall's

Irreversible Motions) but allowed DWB (Domain Wall Bulging). Thus, AZ = max(Z) — min(Z)

constitutes a good DWB image.
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_ Coercivities read on MIP, MBN, and Ba(Hsurf) are close and mainly due to DWIM. Still, we
opted for MBN coercivity as a DWIM representative. Even low, other mechanisms might
influence the coercivity of the other signatures (like MR for Ba(Hsurf)).

_ MBNenergy is an image of the domain wall velocity and DWDA (Domain Wall Dynamic Answer).

_ MR s preponderant once the Ba(Hsurf) cycle is closing (in the very high saturation level). Then,
Usat the saturation permeability has been selected as MR representant.

_ Remanence read on the IZI(Hsurf) MIP cycle was chosen as MEC representative. Remanence
is obtained when the quasi-static contribution is null, and the MIP answer solely depends on MEC
associated with the high-frequency behavior.

Table 3 shows these indicators and their associated magnetization mechanisms:

magnetization mechanism magnetic indicator
Domain Wall Bulging - DWB AZ - (MIP)
Domain Wall's Irreversible Motions - DWIM Coercivity - (MBN)
Domains’ Nucleation and Fusion - DNF -
Domain Wall Dynamic Answer - DWDA max(MBNenergy) - (MBN)
Magnetization Rotation - MR Hsat - (Ba(Hsurs))
Macroscopic Eddy Currents - MEC Remanence - (MIP)

Tab. 3 — Magnetization mechanisms and their associated magnetic indicators.

The absence of DNF indicator is worth noting. DNF is not associated with a feasible observation
from human-scale magnetic characterization equipment, and the energy exchanges related to
this mechanism are weak.

In the next step, Pearson coefficients were calculated to verify the linear correlation between

the case-depth measurements (Table 2) and the magnetization mechanisms represented by their
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specific indicators. Fig. 6 illustrates these correlations by depicting the evolution of the magnetic

indicators vs. case-depth.
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Fig. 6 — Magnetic indicators evolution as a function of case-depth.

With almost 0.94, DWB showed the highest Pearson coefficient. Multiple reasons can be given
for this, including the evolution of the microstructural properties during the carbon diffusion
process. By giving rise to more or stronger hinder defects, the magnetic domains' kinetic is
profoundly modified, affecting DWB and indirectly AZ read on the MIP curve. This observation
could also explain the good results of DWIM and the overall historical focus on MBN as a case-

depth magnetic characterization method.
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Fig. 7 — Pearson linear correlation coefficients, magnetic indicators vs. case-depth.

4 - Low-frequency MIP, an ideal way to magnetically characterize thick case-
depth

Section 3 conclusions highlight the use of DWB and MIP as the most case-depth correlated
magnetization mechanism and the best magnetic signature. Still, the way MIP has been tested
with a 50 kHz alternative contribution (accordingly to the literature recommendation [37][39]),

limits the thickness of a scanned area to the tested specimen's upper layers due to
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electromagnetic skin effect (6 = 100 um for permeabilities in the range of the MIP measured
ones).

Additional MIP tests were tried in the low-frequency range to overcome this issue and find
even better indicators. Different frequencies have been tested, but the best results displayed in

Fig. 8 were obtained at 1kHz.

541
521
Control group
S50r —Medium treatement
N 4gt —Deep treatment
—Very deep treatment
461
447
1 05 0 0.5 1
-1 4
oy (™) 10

Fig. 8 — 1 kHz, IZI(Hsurf) MIP curves for all tested specimens.

Interestingly, a sudden local change in slope is visible on the treated specimens, and this

observation is even more evident in the angle(Z)(Hsurf) curves depicted in the chart below (Fig. 9)

Control group
—Medium treatement
—Deep treatment
—Very deep treatment

3
H _(Am™ x10*

Fig. 9 — 1 kHz, angle(Z)(Hsurf) MIP curves for all tested specimens.
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This sudden local change in slope appeared to be highly correlated to the carburization
treatment. This can be explained by the distinct magnetic behaviors between the specimens’ core
(untreated and softer, magnetically speaking) and the carburized upper layer. The carbon
diffusion leads to the precipitation of carbides which, from a magnetization point of view,
generates hinder points and hardens the magnetic behavior (enlarged coercive field and reduced
differential permeability).

By decreasing the MIP alternative frequency range, the scanned thickness becomes large
enough to reach the uncarburized specimen core and generate a second peak at a lower
excitation level on the IZI(Hsurf) MIP signature. Of course, just like hardness, the change in the
magnetic answer is continuous and takes the form of a gradient; still, the difference between the
surface and the core behaviors is strong enough to induce such significant differences in the MIP
answer.

Based on this observation, a new indicator was defined: the slope dIZI/dHsurf at Hsurf = He virgin
sample (Where Hevirgin sample is the coercivity of the virgin specimen, i.e., untreated by carburization).
He virgin sample i €asy to find from our characterization and corresponds to the value of Hsyf when
IZI is maximal on the MIP curve of the virgin specimens.

Fig. 10 gives an illustration of this new indicator.
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Once dIZI/dHsurf at Hsurf = He virgin sample Was determined for all specimens, it was plotted as a

function of case-depth (Fig. 11), and the linear correlation coefficient was calculated.
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Fig. 11 - d|Z|/d Hsurf at Hsurf= Hc virgin sample VS. Case-depth.
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Remarkably, this coefficient reached the outstanding value of 0.987 and confirmed our

expectations about dIZI/dHsur at Hsurs = He virgin sample being an excellent case-depth indicator.

5 — Conclusion

Carburization is a metallurgical surface treatment performed on high-performance
mechanical parts. Making the specimen's upper layer harder increases strength and wear
resistance and helps prevent corrosion. For quality certification, it is required that the
carburization process and the resulting case-depth to be monitored during the whole
manufacturing process.

This study focused on magnetic control to evaluate thick case-depth carburization. A series of
rod-shaped specimens treated with different carburization levels and pre-characterized case-
depth were tested with different magnetic signatures.

Specific magnetic indicators were selected as privileged representatives of the magnetization
mechanisms and tested vs. case-depth. Domain wall bulging associated with AZ — (MIP) was the
most correlated mechanism.

Based on this first conclusion, a new configuration of incremental permeability was proposed
to obtain a scan area thick enough to reach the untreated specimen core. A new indicator still
associated with the sensitive domain wall bulging was tested (dIZI/dHsurf at Hsurf = Hc virgin sample)
and reached the very high 0.987 linear correlation vs. case-depth.

This study highlighted low-frequency magnetic incremental permeability as a powerful
magnetic signature for thick case-depth characterization. Of course, the number of tests was

limited. These first exciting results must be confirmed, including on specimens of different
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natures. Geometry also has a critical influence on the magnetic answer. Even if not described in
this manuscript, recent tests on flat plate specimens with a small-diameter pancake coil have led
to similar correlations, allowing us to conclude with the universality of the observations.

It is worth reminding here of the MIP simplicity, which can be implemented efficiently on the
production lines and generates no pollution. Good results were obtained at 1 kHz, but a
frequency sweep for the AC contribution could lead to alternative indicators giving access to an
even more accurate description of the carburization levels.

Besides carburization, other metallurgical treatments can potentially generate thick layer
modifications (shot peening, etc.). From the perspective of this work, it would be interesting to
test our method and the selected indicators in such new configurations.

Finally, simulation tools have been developed for years to simulate the magnetic answer and
the overall electromagnetic conversion of such NDT situations (wound coil, etc.). By combining
simulation results and new indicators, significant progress should be forecasted in understanding
the carburization process and its consequences on the magnetization answer. For this, models

considering a gradient of the physical properties would be the most valuable.
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