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Abstract. In order to ﬁnd a method to characterize the inclusion distribution of high-cleanliness materials,
complementary techniques were tested, such as high-frequency (80 MHz) ultrasonic testing, X-ray
tomography or Extreme Value Analysis (EVA). The micro-cleanliness was also characterized by standard
methods based on observations of polished surfaces by light optical or scanning electronic microscopy. The
combination of all these techniques, enhanced by metiS software, allows us to determine the complete 3D
distribution of oxides or to estimate the probability of largest inclusion size by modelling virtual samples. At
the end, fatigue testing was performed in order to try to link fatigue results to previous characterization
outcomes.
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1 Introduction
Steels for the aerospace or automotive industry require
enhanced inclusion cleanliness. So-called “high-cleanliness”
materials, because of their low volume fraction of
inclusions, makes it possible to improve their mechanical
characteristics, especially the fatigue life duration, and
component weight reduction.
However, the standard methods of characterization
seem to have reached their limits to discriminate materials
by their level of cleanliness. For instance, the 10 MHz
ultrasonic testing, commonly used at the billet or ingot
step, can only detect macro-inclusions several hundred of
microns in length. Observations of metallurgical sections
with an optical or scanning electron microscope make it
possible to characterize micro-inclusions (< 15 mm) but are
not representative enough for the detection of mesoinclusions (> 15 mm) due to low detection probability. To
complement these observations, these materials are most
often characterized by numerous fatigue tests, which offer a

* e-mail: aurelie.franceschini@irt-m2p.fr

true performance indicator on the endurance of future
parts. Such tests are long (censoring at 5 or 10.106 cycles)
and expensive.
For these reasons, alternative inclusion characterization techniques were evaluated. The study focuses on a low
alloyed steel air processed with or without a subsequent
remelting sequence. The meso-cleanliness was investigated
using high-frequency (80 MHz) ultrasonic testing. The
micro-cleanliness was characterized by optical and scanning electronic microscopy, combined with image analyses
software. This technique has already been successfully used
on a very high cleanliness steel [1]. For some typical defects
(alignment, meso-inclusion…), additional analyses were
carried out: X-ray tomography [2] to precise their shape
and EDS to identify their chemical composition. Furthermore, virtual samples, generated with simulation software
metiS [3], were investigated to model the most likely
inclusion size distribution. This simulation allowed us to
estimate the probability of largest inclusion size by
Extreme Value Analysis (EVA). Finally, fatigue testing
was performed to identify the inclusions responsible for
failure. The results were compared with other cleanliness
characterization methods for both air melting and
remelting process routes.
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Table 1. Steel composition (wt.%).
C
(%)

Si
(%)

Mn
(%)

Ni
(%)

Cr
(%)

Mo
(%)

V
(%)

Al
(%)

S
(%)

0.30

0.3

0.5

0.2

3.0

0.85

0.3

0.01

< 0.001

2 Materials and methods
The studied alloy is a low alloyed steel (see Tab. 1), for
which a high cleanliness is required. Several characterization techniques were evaluated for two processing routes
– air processing with or without a subsequent remelting
sequence – which lead to very different inclusion populations. The steel cleanliness was studied on heat treated
rolled bars, with a mechanical resistance Rm ≈ 1300 MPa.
Light optical microscopy (LOM), combined with image
analyser system, is one of the most common method used to
evaluate inclusion content of steel. This method is based on
the contrast difference between non-metallic inclusion and
the ferrous matrix. Its main advantage is to perform fast
automated measurements, even for large ﬁeld observations.
Although, it does not enable to identify the composition of
inclusions, it makes it possible to sort inclusions by types
(sulphide, oxide or nitride) according to grey level difference,
size and morphology. In the frame of this study, LOM was
performed on ﬁelds with area of 5000 mm2 to establish the
inclusion density, with a detection limit of 3 mm.
The inclusion characterization was also performed
using ﬁeld emission gun scanning electron microscopy
(FEG-SEM), combined with energy dispersive spectroscopy (EDS) and image analyser system. The identiﬁcation of
inclusions is based on the contrast difference between nonmetallic inclusion and the ferrous matrix. This method
enables also to dissociate oxides from nitrides or sulphides
by grey level difference. Then this technique makes it
possible to evaluate the composition of inclusions with EDS
analyses. Two measurement conditions were used for this
study: a) detection limit of 0.5 mm on 50 mm2 area; b)
detection limit of 3 mm on 200 mm2 area.
Ultrasonic (US) testing is a non-destructive technique
based on the propagation of ultrasonic waves in the tested
material. An ultrasound transducer connected to a
computer is passed over the object being inspected.
Reﬂected ultrasounds come from an interface, such as
the back wall of the object or from an imperfection, like an
inclusion, within the object. The computer displays a signal
with an amplitude, representing the intensity of the
reﬂection, and the arrival time, representing the distance
from the surface. For this study, frequency of 80 MHz was
used in order to detect reﬂectors of more than 20 mm
equivalent diameter on an acoustic microscope SAM 301
from PVA Tepla. This technique is applied on bearing
steels for many years, and well described in [4]. The analysis
was performed on samples after: a) annealing heat
treatment (700 °C for 34 h), in order to reduce reﬂections
of US signal due to the microstructure; b) polishing step
(Ra < 0.2 mm), in order to avoid reﬂections due to the
roughness of surface. The volume analysed per sample was
about 10 cm3.

Fig. 1. Comparison of inclusion density distribution for inclusion
size > 0.5 mm for both samples (grey area: imprecise values due to
an insufﬁcient surface area analysis for inclusion density
measurement).

Additional analyses were performed on some particular
defects detected by ultrasonic testing (alignment, large
isolated particle). First, X-ray tomography [2] was
investigated on 3  3  10 mm3 samples on a phoenix v|
tome|x s X-ray system at INSA Lyon. For the purposes of
the study, the voxel size was set to 2 mm, which is sufﬁcient
for the observation of inclusion size of 10–20 mm. The
volume analysed per sample was about 0.027 cm3. Then, for
the alignment, the sample was polished until it was
revealed at the surface. The alignment was thus characterized by SEM and EDS analyses.
Fatigue tests were performed to identify the inclusions
responsible for failures in each process route. The fatigue
specimens were taken cross-wise on rolled bars. Considering the diameter of the bars, the gage part was perfectly
centred on the core of the product. The specimens had a
gage length measuring Ø5.6 mm  16 mm, which corresponds to a volume of 0.4 cm3. The tests were carried out on
hydraulic machines with imposed stress with a load ratio
Rs = 0.1 and a frequency of 50 Hz. Tests are stopped after
5.106 cycles. The test conditions were chosen to explore
both the behaviour near the fatigue limit, and the
behaviour at higher stress levels. For each specimen, a
fracture surface analysis was performed using a conventional SEM combined with an EDS sensor. The initiation
zone was observed and analysed to determine the size and
the chemistry of the inclusion(s) at the origin of the
fracture. Nearby inclusions were also characterized.

3 Results
3.1 Micro-cleanliness
The Figure 1 shows the inclusion numerical density
distribution for both processes. The inclusion density
distribution varies from several decades depending on the
size of the inclusions and the level of cleanliness associated
with the production process. This ﬁgure reveals also that,
even with an analysed area of 5000 mm2, microscopy is not

A. Franceschini et al.: Metall. Res. Technol. 116, 509 (2019)

3

Table 2. Inclusion composition evaluated from SEM-EDS
analyses.

Inclusion
composition
(SEM-EDS
measurements)

Air melting

Air melting
+ remelting

Al2O3–MgO
Al2O3 with MgO > 30%
Isolated CaS–MnS
Some TiN

Al2O3–MgO
Some CaS
Some TiN

Fig. 2. Inclusion repartition by nature.

Fig. 3. Comparison of length/width ratios for both processes.

sufﬁcient to obtain reliable values for inclusion size above
10 mm.
Whatever the process, oxides are the main population
of inclusions (Fig. 2). The oxides of the remelting processed
sample are essentially spinel-type oxides (Al2O3–MgO),
whereas there are also magnesia-rich oxides (Al2O3 with
MgO > 30%) after air melting (Tab. 2).
Sulphides and nitrides are present signiﬁcantly only on
the sample resulting from air processing, at levels 2 to 5
times lower than for the oxides. Sulphides are composed of
a mixture of MnS and CaS for the air processed sample, and
only CaS for the remelting. Some TiN were found on both
processes (Tab. 2).
Image analysis also provides information on the
morphology of inclusions. Figure 3 shows the distribution
of the length/width ratios for each process on rolled bars. It
can be noted that the l/L ratios are centred on 1.4 (rather
spherical inclusions), with a maximum ratio of 5.3 for the

air processed sample. For remelting processed sample, the
distribution of this ratio is more spread out, with values
mainly between 1.4 and 2.6, but with no value above 3.
3.2 Meso-cleanliness
The objective is to look for inclusions larger than those
characterized in the previous chapter. With ultrasonic
testing at 80 MHz, inclusions larger than 20 mm should be
detected [4]. Examples of C-scan for each process are
presented in Figure 4. With a quick visual analysis, one
immediately notices a signiﬁcant difference in inclusion
numerical density between each sample.
The comparison of reﬂector density distribution
conﬁrms that there are 15 to 20 times fewer reﬂectors for
remelting processed sample (Fig. 5). Moreover, three
alignments, from 0.25 to 0.75 mm length, were found in the
air processed sample but none after remelting process. In
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Fig. 4. Example of C-scan map for each sample.

Fig. 5. Comparison of reﬂector density distribution for both samples above 20 mm.

the inspected volume, the largest reﬂector has an
equivalent diameter of 48 mm for air processed sample,
not far from the one from remelting processed sample
(41 mm).
3.3 Additional analyses on typical defects

Fig. 6. Detection of an alignment in air processed sample by
three techniques: US 80 MHz, X-ray tomography and SEM.

Due to their particular composition (mainly calcium
aluminate-based oxides), some big inclusions in the ascast stage could be sufﬁciently stretched by the rolling step
to form an alignment [5]. In order to study an alignment
from air processed sample, a tomography test specimen was
prepared following the protocol presented in Section 3. The
C-scan of the studied alignment is in Figure 6. The length of
the alignment is estimated to 1.2 mm; however, it is
difﬁcult to estimate the size of the inclusions composing it,
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Fig. 7. Location and volume reconstruction of an alignment and globular inclusions from air processed sample.

Fig. 8. Micrographic observation of the alignment and focus on two particular areas.
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Fig. 9. Fatigue life plots for air melting and remelting process. The empty squares on the graph represent the crack initiation sites on
notch. The squares on the right side (with arrow) correspond to specimens that did not break after 5.106 cycles.

Fig. 10. Inﬂuence of location and size of initiation area on the fatigue life.

since the multiple reﬂectors can amplify the detected
signal.
On the XY section of the specimen observed by
tomography, we notice the presence of 6 inclusions in
addition to the alignment (Fig. 7a). The globular inclusions
were not detected by high frequency ultrasound because of
their location in the specimen. Indeed, only the volume
between 0.4 and 0.9 mm deep is probed. The volume
reconstruction of the 4 largest inclusions is in Figure 7b;
they have an equivalent diameter between 15 and 20 mm.
The alignment was difﬁcult to locate because of a very
low signal-to-noise ratio. The volume reconstruction of this
alignment is in Figure 6. It consists of very small inclusions,
from 5 to 15 mm equivalent diameter.
After analysing by X-ray tomography, the specimen
was polished until the alignment is revealed at the surface
for SEM observations. In the polishing surface, the visible

part of the alignment is slightly less than 900 mm (Fig. 8).
The alignment consists of fragmented particles, the largest
of which has an apparent diameter of 16 mm in the polishing
surface.
The Figure 6 shows the comparison of detection of the
same alignment by US 80 MHz, X-ray tomography and
SEM.
3.4 Fatigue testing
Fatigue testing is mainly carried out for two purposes:
– identify or check the mechanical behaviour of a given
material;
– characterize the inclusion cleanliness of a material.
Both manufacturing processes have signiﬁcantly
different fatigue limits resulting from different levels of
inclusion cleanliness (Fig. 9). However, for high stress levels
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Fig. 11. 3D oxide density distribution modelled with metiS software.

(Fig. 10). If the initiation area is close to specimen edge, the
presence of the free surface will accelerate the propagation
of crack. This inﬂuence of the edge is often considered by
using the notion of “ﬁsh-eye”, which corresponds to a zone
of different aspect compared to the rest of the facies of
rupture, all around the initiation area. If the ﬁsh-eye is
complete and is not in contact with the surface, the fatigue
life is controlled by inclusion size.
The main difference between the two processes is the
size of the defects that initiate the failure:
– about 5 to 15 mm isolated particles and large alignments
larger than 100 mm for the air-process;
– only isolated particles from 10 to 20 mm for the remelting
process.
Fig. 12. Mean and extrapolated value issued from extreme
values analyses: Mean: mean of 100 virtual measures on 24
areas of 150 mm2; Extrapolated value: extrapolated value for
A = 100 000 mm2.

(≈1150 MPa), the different processes seem to converge
towards a single curve.
The results demonstrate a clear effect of inclusion
cleanliness depending on the stress level. This evolution is
explained by the relative importance of the initiation and
propagation phases according to the applied stress level:
– at low stress level, initiation is an important part of the
specimen life and the characteristics of the defect
(internal or on surface, small or large inclusion) therefore
plays a predominant role over the obtained lifetime;
– at high stress level, the initiation is fast and the specimen
life is mainly lead by the propagation phase, which is
independent of the type of initiation site considered.
The specimen fatigue-life is mainly controlled by the
distance between the initiation area and the free surface

The chemistry of inclusions present at fracture area is
similar for both processes, mainly with particles composed
of alumina and magnesia.
The sharp decrease of oxide density (especially for
inclusion larger than 10 mm) obtained with the remelting
process (see Fig. 11) is well correlated with the subsequent
increase (+25%) of fatigue life.
3.5 Complete oxide size distribution
On the basis of the inclusion size distributions, measured
by microscopy (LOM + FEG-SEM) and ultrasonic testing
(80 MHz), a complete oxide size distribution was calculated
using Datamet’s metiS software [3]. A 3D size distribution
was modelled based on 2D analyses (LOM + FEG-SEM)
for 3–10 mm inclusion range and on 3D analysis (US
80 MHz) for inclusion larger than 20 mm. The intermediate
size range was interpolated to evaluate the ﬁnal 3D size
distribution in the range 3–50 mm. Due to this interpolation, the oxide size distribution between the 3–50 mm can
be obtained for each production route. It is plotted on
Figure 11.
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Fig. 13. Schematic representation of inclusion measurements methods depending on inclusion size and inspected area or volume of the
sample.

3.6 Statistics of extreme values
Extreme value analysis is a statistical method to estimate
the most likely maximum size of inclusion in steel. It
requires the preparation of numerous polished samples,
which is time consuming. To overcome these difﬁculties,
virtual 3D samples were conceived based on the inclusion
density distribution obtained by different methods (SEM,
LOM and US). Based on ASTM E2283 standard and with
the help of metiS software, 24 virtual areas of 150 mm2 were
created, and these measurements were repeated 100 times.
The extrapolated values for the largest inclusion in
100 000 mm2 area are 35 ± 4 mm diameter for air processing,
and 21 mm ± 4 mm diameter for the remelting process
(Fig. 12). These estimated values are close to the maximum
size of reﬂection detected with the US-80 MHz method
(50 mm for air processing and 35 mm for the remelting
process) and to the typical size revealed by fatigue testing
(up to 20 mm for isolated particles).

4 Discussion
The characterization work focused on a low alloyed steel
grade produced by two different processes (air-cast, aircast + remelting sequence). These two production routes
lead to two different levels of cleanliness. This allowed to
compare in a relevant way the potentialities of each method
of characterization according to the level of cleanliness.
The Figure 13 is a schematic representation of inclusion
measurements methods, representing the size range of
detected inclusion depending on the area or volume of
inspection. All techniques are complementary to characterize the whole distribution of inclusions.
X-ray tomography provides additional information to
conventional techniques, such as the shape and location in

volume of inclusions. However, it requires a lot of time to
prepare samples and data processing to reconstruct the
images, and defects to characterize should be detected by
another technique. Therefore, it cannot be substituted to
techniques such as SEM or high frequency US.
In Figure 11, it is noticeable that the inclusion density
distribution varies from several decades depending on the
size of the inclusions and the level of cleanliness associated
with the production process. It is therefore necessary to
adapt the analysis surface or volume accordingly. The
metiS software enables to estimate the variability of each
measurement method. Tables 3 and 4 below summarize the
estimation of the minimum area or volume required to
observe one inclusion, based on size and process route.
As demonstrated in these tables, an analysed surface of
1000 mm2 is suitable for evaluating the cleanliness of air
processed samples up to 10 mm, while for remelting
processed samples an area of 5000 mm2 is necessary.
Therefore, there is an interest in increasing the area of
analysis (large ﬁelds method) to better quantify the
occurrence of large inclusions or to analyse high-cleanliness
processes. Likewise, for ultrasonic testing, an analysed
volume of 10 cm3 is appropriate for evaluating the
cleanliness in the range 20–50 mm of the air processed
samples but does not allow to obtain representative
measurements on remelting processed samples for inclusions larger than 30 mm.
The metiS software enables also to calculate the
amount of oxygen associated with the oxides measured
in the 0.5–50 mm range and compares it with the value of
total oxygen measured by combustion (Tab. 5). This
inclusion oxygen content represents approximately
50–70% of the total oxygen content for air processing.
For the remelting process, this ratio becomes very low (less
than 20%). It is likely that for the remelting process, a large
part of the oxygen remains in dissolved form or at most
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Table 3. Estimation of the minimum area required to
observe one inclusion (mm2).
Equivalent
diameter (mm)

Air melting

3
5
10
15
20

5
50
250
1000
2500

Air melting + remelting

Table 4. Estimation of the minimum volume required to
detect one inclusion (mm3).
Air melting

3
5
10
15
20
30

0.005
0.05
1
10
50
500

Table 5. Comparison between measured total oxygen
content and estimated oxygen content from oxide inclusions > 0.5 mm.
Air melting Air melting +
(ppm)
remelting (ppm)

50
250
2000
5000
15 000

Equivalent
diameter (mm)

9

Air melting +
remelting
0.05
0.5
10
100
500
10 000

precipitates in the form of very small oxides, less than
0.5 mm. This is why the estimated amount of the inclusion
oxygen based only on the amount of oxides larger than
0.5 mm length is largely lower than the total oxygen
measured by combustion. The total oxygen content is
therefore not a relevant indicator for determining the
cleanliness level in this case.
Both manufacturing processes have signiﬁcantly different levels of inclusion cleanliness, resulting in different
fatigue limits. For high stress levels, the different processes
seem to converge towards a single curve.
The main differences between the two processes with
regard to fatigue resistance are:
– the size of the inclusions that initiate the failure: a few
microns for air processed samples; mainly from 10 to
20 mm on remelting processed samples;
– alignment structure: for air processed samples, continuous alignment of particles; for remelting processed
samples, particles on the same axis but rather far apart
from each other.
Both processes lead to different distribution populations for oxides from 0.5 to 10 mm. However, the
chemistry of the inclusions is very similar for the two
processes, mainly with particles composed of alumina
and magnesia.

5 Conclusion
Two steel production routes, air melting with or without a
subsequent remelting sequence, were investigated using

Total oxygen
6
content (measured)
Estimated oxygen content 4
from calculated
oxides density distribution
obtained by
SEM measurements
(oxide > 0.5 mm)

4
0.5

various inclusion characterisation techniques. Each technique ﬁtted an inclusion size range and, depending of
cleanliness level, characterisation area or volume should be
adapted to be representative. X-ray tomography could give
some inputs on shape and relative position of inclusions,
but only on defects previously identiﬁed by another
technique. Modelling allowed reconstruction of the 3D
distribution of the inclusion sizes measured by each
technique. It also enabled estimating variability of each
technique. Virtual Extreme Value Analysis enabled
estimating the largest inclusion potentially present in
the alloy. The improvement in fatigue resistance (+25%)
was consistent with the level of cleanliness, greatly
improved by the remelting process. Fracture surface
analysis of fatigue specimens provided additional information with respect to the above techniques, in particular the
failure sensitivity associated with the presence of small
particle alignments. In conclusion, all techniques used in
this study were complementary to evaluate the cleanliness
of melts. Conventional techniques made it possible to
discriminate between two different process routes but
fatigue testing remains the most sensitive method to
measure the quality of a product.
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