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Abstract

Atom probe tomography (APT) is now routinely used to study solute atom segregation
at crystalline defects in different materials. The present study reports unexpected
observations concerning carbon (C) segregation at dislocations in APT volumes analyzed
from two different industrial steel grades. APT analyses reveal that C segregation at
dislocations could only be observed with Mo co-segregation. Indeed, Transmission Electron
Microscopy (TEM) observations on APT tips and correlative TEM-APT analysis show that
despite dislocations being present in the samples prior to APT analyses, C segregation was
not observed in the absence of Mo segregation. Statistics on the distribution of C
composition in the different APT volumes from Mo-free steels show important
discrepancies, with 35% of the volumes exhibiting C content in solid solution five times
higher than expected. It is concluded that APT measurements of both C segregation at
dislocations and C content in solution in iron may be incorrect due to the possibility of
dislocations leaving the APT samples when subjected to a high electric field before or during

field-evaporation.

Highlights

e (Csegregation at dislocations was observed by APT only with Mo co-segregation

e TEM images show that dislocations are present in the tips prior to APT analyses

e (Csegregation detection by APT at dislocations in steels without Mo is challenging

e Csolid solution content in steel measured by APT present important inconsistencies
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1. Introduction

Atom probe tomography (APT) is an advanced microscopy technique that offers
unprecedented insights into the nanoscale structure and composition of materials (Baptiste
Gault et al., 2012; Larson et al., 2013; Cerezo et al., 2007; Gault et al., 2021). By providing
three-dimensional atomic-scale information, APT is a particularly useful tool for revealing
local enrichments of solute atoms, especially in the context of segregation at crystalline
defects such as dislocations (Blavette et al., 1999; Wilde et al., 2000; Takahashi et al., 2016;
Zhou et al., 2021; Aboulfadl et al., 2015), grain boundaries (Zhou et al., 2016; Takahashi et
al., 2012; Resende et al., 2021; Herbig et al., 2014), or the analysis of precipitates
(Zandbergen et al., 2015; Takahashi et al., 2020; Kamboj et al., 2023; Landes et al., 2025), as

to better understand the microstructure-properties relationship.

Regarding steels, it is well known that C segregates at dislocations, affecting their
mechanical properties (Elsen & Hougardy, 1993; Pereloma & Timokhina, 2017; Lavaire, 2001;
Belotteau, 2009; Marais, 2012; Baird, 1963; D V Wilson & Russell, 1960; D.V. Wilson &
Russell, 1960; Da Rosa et al., 2017; Medouni, 2022; Medouni et al., 2021). C segregation is
explained by the stress field existing around a dislocation (Hirth & Lothe, 1982; Friedel,
2013), which can be partially relieved by the accumulation of interstitial atoms in the
surrounding of the dislocation, such as C and N in steels (Cottrell & Bilby, 1949; Veiga et al.,
2013, 2015; Pascuet et al., 2017; Ventelon et al., 2023; Lithi et al., 2018; Clouet et al., 2008;
Cochardt & Schoek, 1955). Thus, C segregation at dislocations leads to a decrease of the
system Gibbs free energy. Although a great deal of indirect evidence of C segregation at
dislocations is available, it appears that C segregation at dislocations was not observed as

often as expected in APT studies performed on steels.



An extensive literature review concerning C segregation at dislocations in steels using APT
reveals surprising results. On the one hand, C segregation is observed in some steels (Miller,
2006; Smith et al., 2013; Liu & Zhao, 2012; Medouni, 2022; Medouni et al., 2021; Thuvander
et al., 2021; Da Rosa et al.,, 2017; Macchi et al., 2024; Caballero et al., 2007; Xiao et al.,
2016). On the other hand, some of the APT results available in the literature do not allow
clear identification regarding the nature of local C enrichments (Pereloma & Timokhina,
2017; Park et al., 2010; Pereloma, Bata, et al., 2012; Soliman et al., 2020; Caballero et al.,
2010; Pereloma, Beladi, et al., 2012). Without calling into question the relevance or the
quality of the works cited above, some of these results raise questions about the real nature
of the observed C enrichment: carbon segregated at a dislocation, carbon clusters, elongated
carbide, APT artefact? The lack of published data on this specific issue, which has many

industrial implications, is rather surprising.

In the present paper, solute atom segregation on dislocations is investigated by APT in two
industrial steels used as structural materials for nuclear power plants: a low-alloy steel and a
C-Mn steel. APT volumes were collected in both steels during two PhD theses, summing up
to 156 volumes in the low-alloy steel and 171 volumes in the C-Mn steel. Dislocation density

was estimated using transmission electron microscopy (TEM).

2. Materials and Methods

The first material is a low-alloy steel weld containing 0.095 C- 1.6 Mn - 0.9 Ni - 0.5 Mo - 0.25
Si - 0.007 N (wt%) (0.44 C — 1.63 Mn — 0.87 Ni — 0.3 Mo - 0.5 Si — 0.028 N in at %). The
compositions were determined using optical emission spectroscopy or combustion analysis
for C and N. Welding was carried out by deposition of 36 consecutive passes by submerged
arc welding. The root and the skin of the weld were ground. The cooling time from 800 °C to
500 °C was estimated at 20 seconds for most welding passes. The microstructure of the weld
metal is bainitic, which is consistent with that described in the literature (Jorge et al., 2021;

Bhole et al., 2006). This first steel will be referred in this paper as the “0.5 Mo” steel.

The second material is a C-Mn steel weld containing 0.065 C - 1.37 Mn - 0.27 Si - 0.013 V -
0.014 N (wt%) (0.3 C—1.38 Mn — 0.54 Si — 0.014 V — 0.056 N in at %). Welding was carried



out by deposition of 36 consecutive passes by manual arc welding. The cooling time from
800 °C to 500 °C was estimated at 5 seconds for most welding passes. The microstructure of
the weld metal is a mix of acicular ferrite and polygonal ferrite, which is consistent with that
described in the literature (Abson, 2018; Jorge et al., 2021). Previous studies on this weld
exposed its sensibility to dynamic strain-aging (DSA), caused by C and N segregation at
dislocations (Mottay et al., 2024). This steel will be referred in this paper as the “0 Mo” steel.
The main difference between the two steels relies on the addition of Mo in the first one (as

well as Ni, but it will prove unimportant for this study).

For both steels, a post-weld heat treatment (PWHT) was performed at 600°C for at least 90
minutes to relax internal stresses and reduce Dynamic Strain-Aging (DSA) sensitivity by
precipitating C and N from solid solution into carbides and nitrides (Landes et al., 2025;

Mottay et al., 2024; Wagner et al., 1996, 2000; Achar et al., 1998).

Dislocation density was estimated from TEM images with the line intercept method (Martin
et al., 1995), using a microscope Tecnai from Thermo Fisher Scientific operated at 200 kV.
APT analyses were performed on a Cameca LEAP 3000X-HR in voltage mode, with a 20%
pulse fraction, 200 kHz pulse repetition rate and 0.5% detection rate. The specimen
temperature was set at 50 K (“0 Mo” steel) or 65 K (“0.5 Mo” steel). The temperature has
been optimized for both steels in order to maximize data quality without increasing the APT
tips fracture rate. The detection efficiency of the equipment is 37%. APT data were
reconstructed and treated using the IVAS 3.6.14 software. In these two steels, C composition
measurements in voltage mode is not challenged by overlapping peaks with other elements,
as might be the case for Ti-containing steels (Angseryd et al.,, 2011). C prominent peaks
appear at 6 Da (C*), 12 Da (C**) and 24 Da (C,'") in the mass spectra, without any overlap
with other elements in this study. The possible presence of C.** at 24 Da was not considered
in this study, the reasons for it being discussed later. Typical mass spectra for both steels are
presented in Supplementary Materials. APT tips and TEM foils were prepared in a dual-beam
focused ion-beam and scanning electron microscope (FIB-SEM) Helios Nanolab 600 from
Thermo Fisher Scientific, using the standard lift-out procedure (Larson et al., 2013), with two

cleaning steps at 5 kV and 2 kV to limit Ga implantation.



3. Results

Figure 1 presents typical TEM images of the “0.5 Mo” (Fig. 1a) and the “0 Mo” steels (Fig.
1c). In the TEM images, the observed black lines are interpreted as dislocations. Indeed,
dislocations disrupt the local crystalline order and affect electron diffraction. Diffraction
contrast occurs when diffracted electrons interfere with transmitted electrons. This leads to
bright and dark areas in the TEM micrographs, allowing dislocations to be visualized as black
lines in bright field imaging mode (Hirth & Lothe, 1982; Saka, 2021). In both steels, the
dislocation density was estimated to be 0.8-3 x 10™ m™ using the line intercept method
(Martin et al., 1995), on the basis of 10 TEM micrographs for each material. This value is in

2 with a

agreement with that reported in the literature for weld steels, about 10** m
possible under-estimation, less than a factor 2, of this value due to dislocation invisibility

criterion (Yang & Bhadeshia, 1990; Mottay et al., 2024; Landes et al., 2025).

Typical APT samples are also presented for both the “0.5 Mo” steel (with Mo, fig. 1b) and the
“0 Mo” steel (without Mo, fig. 1d). For “0.5 Mo”, solute atom local enrichments are
observed along three lines, highlighted by 1 at % Mo iso-concentration surfaces in fig. 1b.
Segregation of Mo, Mn and C are observed along these lines (fig. 2). According to the
literature (Kamboj et al., 2023; Smith et al., 2013; Liu & Zhao, 2012; Medouni, 2022;
Medouni et al., 2021), these local enrichments correspond to the segregation of the solute
atoms along dislocations. It is worth noting that dislocations are observed only after PWHT

in this material. No dislocations were observed in the as-welded condition.

A typical APT sample from the “0 Mo” steel is presented in Figure 1d. In this volume, a planar
enrichment of solute atoms is observed, accompanied by atomic density variations along the
same plane (fig. 2d). This is typical of C, Mn, and N grain boundary segregation (Takahashi et
al., 2020; Langelier et al., 2017). Local enrichment of V and N atoms with a V/N ratio close to
1 is also observed, corresponding to a VN precipitate. The shape of the precipitate in the
reconstructed APT data may be altered due to evaporation artefacts (Larson et al., 2013; B.
Gault, Moody, et al., 2012). Cementite particles (FesC) were observed in some APT volumes
(not presented). Surprisingly, dislocations have not been observed in the “0 Mo” steel, with

or without PWHT.
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Figure 1: (a) typical bright-field TEM micrograph of the “0.5 Mo” steel, with a dislocation density estimated to
10" m'z.(b) typical APT sample from the “0.5 Mo” steel with segregation of solute atoms at dislocations
highlighted by 1 at % Mo iso-concentration surfaces. (c) Typical TEM micrograph of the “0 Mo” steel, also
exhibiting a dislocation density estimated to 10™ m?. (d) Typical APT sample from the “0 Mo” steel, showing a

small precipitate and a decorated grain boundary. No decorated dislocation was observed in this material.

Solute enrichments on the different crystalline defects in the APT samples from fig. 1 are
quantified in fig. 2. 1D concentration profile through the dislocations (radial direction) of
“0.5 Mo” steel are plotted in fig. 2a (top dislocation), fig. 2b (bottom right dislocation) and

fig. 2c (bottom left dislocation). These graphs clearly evidence C, Mn and Mo segregation on
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dislocations, whereas Cr and Ni do not segregate on dislocations in this material (or weakly,
as in fig. 2b). The excess of solute atoms along dislocation lines were quantified using the
radial integral profile method proposed by Da Rosa et al. (Da Rosa et al., 2017). The excess of
solute atoms on the top dislocation (fig. 2a) reaches 16 at.nm™ for C, 11 at.nm™ for Mn and
15 at.nm™ for Mo. The excesses are 28 at.nm™ (C), 12 at.nm™ (Mn), 30 at.nm™ (Mo), for the
bottom right dislocation, fig. 2b, and 29 at.nm™ (C), 7 at.nm™ (Mn), 38 at.nm™ (Mo) for the
bottom left dislocation, fig. 2c. The 1D concentration profile across the grain boundary of “0
Mo” steel is presented in fig. 2d. It is seen that Mn, C and N segregate on the grain boundary
with interfacial excess values (Maugis & Hoummada, 2016) being 3.5 at.nm? (Mn), 3.6

at.nm? (C) and 2.1 at.nm™ (N).
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Figure 2 : Quantification of the different solute atom enrichments observed. (a-c) 1D concentration profile

through the dislocations of “0.5 Mo” steel, in the radial direction (d) 1D concentration profile across the grain

boundary from “0 Mo” steel. The Fe density map evidences a higher density of Fe ions at the grain boundary.

A 3D density map of iron in this APT sample is presented fig. 2d. Interestingly, it can be seen
that there is a higher Fe density on the grain boundary. In other words, the grain boundary
can be detected without the segregation of solute atoms, but only thanks to iron atoms. It



appears that dislocations observed in the “0.5 Mo” steel do not produce iron density
variations (fig. 3).

A (a)

Mo C

80 nm

80 nm

Figure 3 : Details of the dislocations observed in "0.5 Mo" steel (a) Mo, C and Fe atom maps. The dislocations
are not observed in Fe atom map. (b) Heatmap of Mo and Fe atomic density in the volume. High densities are in
red, low densities in blue. Dislocations are evidenced as high Mo densities but do not produce density variations
of Fe. (c) Iso-densities of Fe at 20 nm? (low density), 30 at.nm? (mean density) and 40 nm? (high density).
Dislocations do not produce any density variations in Fe

Fig. 3 presents details of the APT volume from “0.5 Mo” steel (fig. 1b). Dislocations are
observed from Mo and C atom maps (fig. 3a), arrowed in black. However, they are not
distinguishable in Fe or Mn atom maps, where arrows point the expected location of

dislocations. This has two major implications. First of all, Mn atoms do not allow the



dislocation to be located, even though they are segregated on the dislocation (=~ 10 at.nm™).
This might be explained by the rather low Mn enrichment compared to the Mn content in
the matrix. Moreover, dislocations do not produce Fe density variations in the APT samples.
This observation is confirmed by further analyses of Mo and Fe density variations in the APT
sample (fig. 3b) which reveal that dislocations appear as lines of higher Mo density but they
do not produce Fe density variation. The absence of iron density variation is all the more
confirmed in fig. 3c, which represents three iso-densities of Fe atoms: 20 at.nm™ (low
density), 30 at.nm™ (about the mean density of Fe in the sample) and 40 at.nm™ (high
density). Then, it can be concluded that dislocations do not produce any density variations in
iron, whether higher or lower densities. The reasons and consequences of these

observations will be discussed later.

Previous research showed that FIB preparation, as well as some experimental techniques as
TKD, could induce structural defects in the analyzed APT tips (Saksena et al., 2024; Tweddle
et al., 2022; Gault et al., 2023). Based on these results, it could then be proposed that FIB-
milling prevents the detection of segregation on dislocations. To investigate this hypothesis,
the Ga implantation in the APT tips is presented for both the “0.5 Mo”, fig. 4a, and the “0
Mo”, fig. 4b. The “0.5 Mo” volume contains a dislocation, highlighted by a carbon iso-
concentration with a threshold at 1 % at. C, Mo, Mn and N are segregated on this
dislocation, with excess quantities of 6, 14, 4 and 3 at.nm™, respectively. Each blue dot
represents a Ga atom, implanted during FIB preparation. The Ga content is equal to 0.005 at
%, with a homogeneous distribution. The “0 Mo” volume contains small enrichment of
vanadium, evidenced by V iso-concentration of 0.6 at %. These aligned precipitates are
interpreted as VN particles, generally found on dislocations. Carbon does not enrich the
precipitates and does not form a line joining the VN particles. However, the total carbon
content in this “0 Mo” tip is 0.102 at %. A slight Ga enrichment is observed at the apex of the
tip, because of FIB preparation, and the total Ga content is 0.017 at %. No Ga enrichment is
found near the VN particles. Thus, a slight Ga implantation is observed in both the APT tips,
because of FIB preparation. However, this contamination is extremely low, and not localized
around atomic enrichments (precipitates, dislocations). Then, it is not expected that it could
lead to C “desegregation”. Moreover, dislocations are observed in the “0.5 Mo” steel, which

tips are prepared by FIB using the same procedure.
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Figure 4 : Ga implantation in APT tips from (a) "0.5" Mo steel and (b) "0 Mo" steel. A slight Ga contamination is
observed, but it is not localized around atomic enrichments. Dislocations are still observed in the “0.5 Mo” steel,
even with Ga implantation due to FIB preparation.

The effect of preparation and analysis condition was further investigated in both steels, fig.
5. APT tips were prepared using the electropolishing method, in the “0.5 Mo” steel without
heat-treatment, i.e. in a condition where dislocations are not observed. Fig. 5a presents a
typical volume prepared by this method. An important carbon enrichment is identified,
along with manganese and molybdenum, most probably corresponding to a cementite
particle. The proxigram between the ferritic matrix and the precipitate is plotted, with the
interface defined as a 12.5% carbon iso-concentration. This evidences that the carbon
content in the precipitate is close to 25%, with an enrichment in manganese and
molybdenum, suggesting that the precipitate is indeed a cementite particle, MsC. However,

dislocations were still not observed in tips prepared by the electropolishing method.
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Figure 5 : (a) APT tip from "0.5 Mo" steel prepared by electropolishing method. (b) APT tip from "0 Mo" steel
analyzed by laser pulsing

Furthermore, APT analyses were performed in the “0 Mo” steel in laser mode on a LEAP
6000 XR, at a base temperature of 50K, 200 kHz pulse rate and 30 pJ laser energy. Samples
were FIB prepared. A typical volume, containing 12 million ions, is presented in fig. 5b. Some
solutes, such as C and Si, present linear enrichment along the tip axis, or on the tip surface,
evidenced by iso-densities of C (0,18 nm™) and Si (0,5 nm™). This results from surface
migration of solute during APT analyses, as was already observed by Gault and collaborators
(B. Gault, Danoix, et al., 2012), and is thus an APT artifact. The carbon content in this tip is

rather high, reaching 0.052 at %, although no dislocation was observed. Then, it seems that
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laser-pulsed APT experiments do not allow observing C segregation on dislocations in the

studied C-Mn steel.

> 4 e, 4k

Figure 6 : Typical TEM images of the “0 Mo” steel tips prepared for APT measurements (a) bright-field and (b)

dark-field condition. Dislocations (red arrows) are present in the samples after FIB preparation.

As was previously mentioned, in all the APT volumes analyzed from the “0 Mo” steel, not a
single decorated region potentially corresponding to a dislocation could be observed. This is
particularly surprising, as C is expected to segregate at dislocations. Indeed, the stress-strain
curves from this material exhibit dynamic strain-aging sensitivity at 300 °C and elasto-plastic
instabilities (yield point phenomenon) at 20 °C (Mottay et al., 2024). Both these phenomena
are attributed to the interactions between C atoms and dislocations during plastic
deformation (tensile tests at 300 °C) or prior to deformation, due to natural ageing (tensile
tests at 20 °C). On average, APT samples collected in this steel contain 11 million ions, taking
into account the 37% detection efficiency of the APT equipment. This leads to an average
APT volume of 1.3 x 10° nm?, based on the iron (Fe) atomic density of 84.7 at.nm™. The
dislocation density in this sample being in the order of 10" m?, a 40 nm long dislocation is
expected to be observed every 3 APT samples. As previously mentioned, dislocations in Fe
show no density variations in APT volumes, fig. 3 (contrasting with other crystalline defects

such as grain boundaries, fig. 2d, or precipitates (B. Gault, Moody, et al., 2012; Zhou et al.,
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2016)). Consequently, one cannot conclude whether the volumes are free of dislocation or C

does not segregate at dislocations, thus preventing their observation.

TEM observations were performed on APT tips before field evaporation in order to
investigate this lack of segregated dislocations in the APT samples. Fig. 6 presents TEM
micrographs acquired on two different FIB-prepared APT tips from the “0 Mo” steel before
evaporation. Dislocations are observed in the tips (red arrows) both in bright field (fig. 6a) or
dark field (fig. 6b) conditions. Based on the dislocation density estimated from the TEM thin
foils (Fig. 1), one dislocation should be observed for every 34 million atoms analyzed in APT,
corresponding to one dislocation for every 3 analyzed APT samples. This is in relatively good
agreement with the TEM observations performed on APT tips. Thus, dislocations are indeed
present in some of the APT samples before analysis. Furthermore, the dislocations located in
the APT tips should be present in the reconstructed volumes. For example, the dislocation in
fig. 6a is located at about 40 nm from the tip apex. Therefore, it is expected to be observed
in the corresponding APT volume. This result then suggests that the non-observation of
segregation on dislocations in “0O Mo steel” is rather explained by a startling C behavior

rather than by the absence of dislocations in the samples, at least before the APT analysis.

An in-depth study of APT volumes containing VN particles in the “0 Mo” steel reveals
interesting results regarding C behavior. Indeed, VN particles tend to nucleate
heterogeneously on dislocations (Gladman, 1997; Maugis & Gouné, 2005). Imaging of TEM
thin foils reveals the presence of small precipitates (diameter < 5 nm), on dislocations (fig.
7a). Unfortunately, the small size of the precipitates did not allow for the identification of
these particles, which are most probably small VN precipitates. Indeed, numerous VN
precipitates were observed in APT volumes collected from the “0 Mo” sample, presented in
fig. 7b (as well as in fig. 1d and 7c). On average, these precipitates contain 450 + 100 atoms
and are strictly vanadium nitrides, without carbon enrichment. Surprisingly, dislocations are
not observed in these APT volumes, whereas VN are expected to precipitate on dislocations.
Moreover, the C content in these APT volumes is abnormally high, 0.1 at % in fig. 7b and
0.062 at % on fig. 7c. This high C content cannot be explained by the presence of VN

precipitates since they do not contain carbon.

13



620 ppm.at Cin APT volume

Figure 7 : (a) Typical TEM image from the “0 Mo” steel showing small precipitates (<5 nm) on dislocations. (b)
APT volume from the “0 Mo” steel evidencing small VN particles. No dislocation is observed in this volume. (c)
Correlative TEM and APT analysis of a “0 Mo” tip. Two precipitates are visible in both TEM and APT (red
arrows), evidence by 1 at % V iso-concentration. The dislocation linking the two precipitates in the TEM image is

not observed in the APT volume

Fig. 7c presents the result of a correlative TEM-APT analysis performed on the “0 Mo” steel.
An APT sample was prepared by FIB and observed in TEM, before being analyzed by APT. The
TEM image reveals the presence of 2 small precipitates (red arrows) connected by a

dislocation. These precipitates (VN particles) are indeed observed in the corresponding APT

14



volume. However, no linear solute enrichment connecting the two precipitates is observed
in the APT volume, which could correspond to the dislocation observed in the TEM
micrograph. Again, it is difficult to state if the dislocation moved during APT measurements
(move toward the tip surface during field-effect evaporation for instance) or if it is not
observed because C surprisingly does not segregate at the dislocation, despite a C content in
this APT volume reaching 620 ppm.at and C room temperature diffusion (Gladman, 1997).
Furthermore, as for the VN-containing APT volumes from fig. 7b, the C content in the APT
samples appears abnormally high and cannot be explained by the presence of VN
precipitates, which do not contain carbon. We have estimated the carbon concentration that
could arise from the dislocation. We estimate the dislocation to be 30 nm long, with a mean
carbon excess of 50 at.nm™. This leads to 1,500 carbon atoms on the dislocation.
Considering that these atoms homogenize in the whole APT volume, which contains 4 million
atoms, this leads to a carbon content of 0.0375 at %, to which we add the expected carbon
content in the matrix, about 0.015 at %. This leads to a theoretical carbon content of 0.0525

at % in the APT volume, in close agreement with the measured value using APT, 0.062 at %.

It was shown that TEM imaging, and electron microscopy in general, could affect APT
specimens by modifying carbon segregation on defects (Hickel et al., 2014; Tweddle et al.,
2022; Saksena et al., 2024), and this might have happened in this correlative TEM-APT
analysis (fig. 7c). However, the observed VN particles in APT samples are never on
dislocations, and carbon content is excessively high, as is the case in fig. 7b. Besides, it was
shown that cleaning steps at 5kV and 2kV during FIB preparation nearly hindered Ga
contamination in the APT samples (Larson et al., 2013), as experimentally confirmed in fig. 4.
Then, TEM observations from fig. 7c might have modified carbon segregation in the APT
volume, but FIB preparation cannot explain the absence of C segregation on dislocations in

all the other APT samples.

As mentioned previously, unexpected high C contents in solution in the “0 Mo” steel were
found in a significant number of APT volumes. The distribution of C content in the different
APT volumes of the “0 Mo” steel is presented in fig. 8a. The quantity represented on the y-
axis corresponds to the number of APT volumes in a given class of carbon content, each
multiplied by their ion quantity. This procedure limits the bias associated with the size of APT

volumes. Larger volumes are given more weight than smaller ones. This statistical analysis
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comprises only APT volumes analyzed in same conditions (50 K, 0.5% evaporation rate, 20%
pulse fraction, and 200 kHz pulsing), exempt of C enrichment (such as grain boundary
segregation or carbides), and with a minimum number of collected ions fixed at 2 million.
Carbon compositions are background corrected. The same procedure is applied for the “0.5

Mo” steel (fig. 8b).
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Figure 8 : Statistics on the C solution concentration measured in individual APT volumes from (a) “0 Mo” steel

and (b) “0.5 Mo” steel. The “quantity of ions”, y-axis, correspond to the number of APT volumes as a function of
their carbon content, multiplied by the quantity of ions in each APT volume. Each material presents APT volumes
with rather low carbon concentration (<0.03 or 0.05 at %) as well as volumes with surprisingly high C content,
which represent 35% of the volumes analyzed, or 25% of the ions collected. The carbon content of this volume is

similar to the global carbon content of APT volumes in which dislocations were observed (grey stars).

As can be seen in fig. 8a, most of the APT volumes exhibit a C solution content close to 0.01
% at, in good agreement with the expected carbon composition in solid solution (considering
that most of the carbon is precipitated as carbides (Wagner et al., 1996; Mottay et al., 2023;
Wagner et al.,, 2000)). The distribution of these APT volumes follows a Gaussian-like
distribution centered on 0.01-0.015 at %. Nevertheless, an important proportion of the APT
volumes exhibits unexpected high C compositions in solution, reaching up to 0.16 at %. The
threshold for these “high carbon” volumes is fixed at 0.03 at %, which seems to be the end
on the Gaussian distribution. 35% of APT volumes, or 25% of the collected ions, present
carbon content higher than 0.03 at %. Interestingly, this proportion of high carbon APT
volumes (1 out of 3-4) is highly similar to the expected dislocation density (1 dislocation

every 3 samples).
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Statistics regarding C distributions were also performed on the “0.5 Mo” steel (fig. 8b). The
same criterions were considered to include a sample in the analysis (identical APT analyses
conditions, no C enrichment, 2 million ions minimum). The distribution of carbon content is
rather peculiar. Once again, we consider two populations of carbon content. One with a
carbon content smaller than 0.05 at %, which is considered as the solid solution (even
though 0.05 at % is already a high value for C content in solid solution after post-weld heat
treatment) and one with a carbon content larger than 0.05 at %, which is abnormally high
and cannot be attributed to the solid solution. It was shown in fig. 1b that some dislocations
are observed in the “0.5 Mo” steel. The carbon contents of these dislocations-containing
samples are displayed as grey stars. The carbon value corresponds to the one of the whole
volume, including the matrix and the segregation on the dislocations. It appears that the
carbon content of these volumes containing a dislocation is similar to that measured in C-

segregation-free volumes.

This suggests that the abnormally high C content comes from the segregation on dislocations
that might have been homogenized. This proposition is all the more supported by the
evidence that, as in the “0 Mo” steel, the high carbon volumes represent 41% of the APT
samples, or 25% of the ions collected. In other words, the proportion of high carbon APT
volumes is similar to the expected dislocation density, and the carbon content in these

volumes is similar to the C content in dislocation-containing samples.

As was stated in the materials and methods section, the C prominent peaks appear at 6 Da
(C*"), 12 Da (C**) and 24 Da (C,™) in the mass spectra, for both materials. It is well known
that carbon is often detected as cluster ions that may overlap each other (i.e. C,% and C** at
12 Da or G,** and C,** at 24 Da). In this study, C,>* and C,** were not considered as possible
cluster ions. Moreover, correlated field evaporation was demonstrated in the literature
(Takahashi et al., 2011; Marceau et al., 2013), regarding the detection of carbon in steels. All
these elements tend to minimize the detected carbon content and yields conservative
results. In other words, the unexpectedly high carbon content cannot be explained by an
overestimation of carbon in the mass spectra. However, it might be even higher if molecular

carbon was indeed involved.
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4. Discussion

Mo and C co-decorated dislocations are easily observed in APT volumes in Mo-containing
steel samples (fig. 1b and 4a). Dislocation density is in agreement with that expected, as
determined by electron microscopy. However, these segregated dislocations do not show
density variations (fig. 3), suggesting that dislocations, in the studied steels, cannot be
detected in APT volumes without sufficient impurity segregation (Mn segregates on
dislocations, fig. 2, but cannot be used to locate the dislocations, fig. 3). In contrast, C
segregated dislocations are not observed in APT volumes from samples free of Mo, despite
the presence of dislocations in APT tips before field-evaporation (fig. 6 and fig. 7).
Furthermore, the C content found in solution in the APT volumes can be significantly higher
than expected. From these observations, the reason for dislocations not to be detected in
APT volumes could be: i) C does not segregate at dislocations, despite its high content and
room temperature ageing, ii) the dislocations are mobile during field-evaporation and leave
the APT sample while segregated carbon atoms can homogenize in the volume, removing

the trace of segregation, or iii) sample preparation modifies solute behavior.

APT sample preparation by FIB may possibly induce damages, resulting in a modified solute
behavior (Saksena et al., 2024; Tweddle et al., 2022), but this cannot explain the absence of
segregation on dislocations in the “0 Mo” steel as Ga implantation is limited in the first
nanometers of the APT tips after a two steps cleaning procedure at 5 kV and 2 kV, as shown
by Larson (Larson et al., 2013) and experimentally confirmed in fig. 4. Besides, samples from
“0 Mo” and “0.5 Mo” steels were prepared using the same procedure on the same
equipment. In both steels, a slight Ga contamination is observed, but dislocations are only
observed in the “0.5 Mo steel”. The reason for that cannot be the specimen preparation,
which is the same in both samples. C segregation could possibly be altered by FIB
preparation, but it should be observed in both samples. Besides, electropolished tips, fig. 5a,
did not reveal dislocations in the APT tips. This is in accordance with results available in the
literature, where very few research evidence C segregation on dislocations in steels without
Mo, whatever the preparation method. Supposing that electropolishing preparation allowed
for detection and quantification of C segregation on dislocations in steels, it would be
expected that much more results would have been published, as well as quantification of
segregated C quantity in different conditions.
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Concerning C segregation, further investigation in the as-welded “0.5 Mo” steel revealed
that segregated dislocations are only detected in APT volumes after post weld heat-
treatment (PWHT). Indeed, APT measurements performed on the as-welded “0.5 Mo” steel
did not reveal any decorated dislocations out of 40 volumes. It is important to note that Mo
atoms occupy substitutional Fe sites, while C atoms occupy interstitial sites. Consequently,
the fact that Mo is not found to segregate at dislocations before PWHT can be explained by
its low diffusion kinetics. However, C should be found at dislocations since its segregation is
not kinetically limited. This observation leads to an important conclusion: APT
measurements do not evidence C segregation, but evidence C and Mo co-segregation.
Indeed, Mo-C attractive interactions are well known in steels (Thuvander et al., 2021; Gupta
et al., 2022). Thus, three scenarios can be considered:

1) Cdoes not segregate on dislocations without Mo;

2) Segregated Mo is able to prevent the displacement of dislocations during APT
measurements, but not C. Then, C segregation is observed only with Mo, because
Mo retains the dislocation in the sample;

3) Neither segregated C nor Mo can prevent dislocations to move and leave the APT
sample during field-evaporation. However, Mo atoms are immobile at room
temperature and mark the initial location of the dislocation the APT sample. The,
due to Mo-C attractions, part of the segregated C atoms stay close to Mo, at the
initial location of the dislocation.

The first scenario is not likely as C is known to segregate around dislocations (Cottrell &
Bilby, 1949; Medouni et al., 2021; Veiga et al., 2013; Baird, 1971). One should note that in
the last scenario, the amount of segregated C measured by APT might not correspond to the
entire amount of segregated C, as interstitial C atoms located further away from Mo atoms
(no Mo-C interaction) in the Cottrell atmosphere could leave after the desertion of the
dislocation. This could explain the discrepancies observed between the segregated C amount
measured experimentally by APT and theoretical expectations. Indeed, C dislocation
segregation values reported by APT measurements are generally very low compared to

calculated values (Veiga et al., 2013; Cochardt & Schoek, 1955).
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Since atomic density variations in dislocation vicinity were never observed in iron APT
volumes (fig. 3), even in the presence of Mo, the presence of the structural defect in APT
volumes is not easily evidenced, allowing scenarios 2) and 3) to be considered. These
scenarios are supported by our results obtained using correlative TEM-APT analyses and
TEM images of APT tips, clearly showing the presence of dislocations in the tips prior to APT
analysis (fig. 6). Correlative STEM-APT experiments were performed on a model Fe-9Mn
alloy (Kuzmina et al., 2015; Kwiatkowski da Silva et al., 2017). Interestingly, the authors
showed that all dislocations visible in STEM were not detected in APT due to a lack of solute
segregation on some specific dislocations. Indeed, Mn, a substitutional atom in steels, is not
expected to segregate around screw dislocations as they do not interact with substitutional
atoms (Hirth & Lothe, 1982; Friedel, 2013). Then, the “invisible” dislocations in APT could be
the screw ones. However, traces of carbon are present in the model Fe-9Mn, 0.035 at %,
which are more than enough to induce a significant segregation on dislocations. The
segregation of carbon on dislocations was not reported by the authors, whether because it

was not the focus of their study, or whether because it was not detected by APT.

Besides, other defects, such as GBs and nano-clusters, show atomic density variations in iron
APT volumes, as is the case in fig 2d. Finally, dislocations exhibit atomic density variations in
other materials (Si, Ge (Perrin Toinin et al., 2016)). However, the ability of dislocations to
move in APT tips at low temperature (20-80 K) during field-evaporation remains to be
studied, even if the literature suggests that dislocations may be mobile when subjected to an
electric field (Ba et al., 2020; Li et al., 2023, 2022; Huang, 2021; Birdseye & Smith, 1970;
Rendulic & Miiller, 1967), probably because of the induced stress. If dislocation motion in
the APT tips during field evaporation is considered as possible, it most probably depends on
the dislocation nature and its slip plane. Field lon Microscopy (FIM) analyses, and more
specifically 3D FIM analyses (Klaes et al., 2021) were performed on the “0 Mo” steel. These
analyses did not evidence the presence of dislocations in the samples, suggesting that they

were displaced by the applied electric field.

This study evidences the positive role of Mo on the detection of C segregation on
dislocations. We suggest that other elements could have the same effect as Mo, provided

that they respect some criterion:
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1- They segregate on dislocations;
2- They have attractive interactions with carbon;
3- The ratio between the concentration on the defect and the bulk concentration is
sufficient to identify the segregated element (Mn does not respect this criterion in
this work, fig. 3)
We could expect Cr (Caillard, 2016) and B (Da Rosa et al., 2017) to have similar effects as Mo,

in favoring the detection of C segregation on dislocations.

Furthermore, dislocation displacement towards the surface of APT tips during analysis could
also explain the high C fraction measured in solution in some of the APT volumes. First, one
can note that the statistic corresponding to APT volumes exhibiting an abnormally high C
composition in solution matches that of APT volumes that should contain at least one
dislocation (fig. 8). Second, APT volumes from the “0.5 Mo” steel containing C atoms co-
segregated with Mo on a dislocation (fig. 8b) show a total amount of C similar to that found
in the APT volumes from both steels showing unexpectedly high C content. For example, the
APT volume from the “0.5 Mo” steel showed in fig. 1b contains a total of 730 at. ppm of C,
while the APT volume from the “0 Mo” steel showed in fig. 7c contains a total of 620 at. ppm
of C. These observations suggest that the high carbon APT volumes analyzed from the “0
Mo” steel were containing at least one dislocation with C segregation before APT
measurements, but as the dislocations left the tip due to the applied electric field, C
interstitial atoms could homogenize until no composition gradient could be found in the tip

volume.

The mechanism for this homogenization is still unknown, but we could expect an effect of
the applied electric field (B. Gault, Danoix, et al., 2012), or stress-induced diffusion during
APT analysis (Birdseye & Smith, 1970; Rendulic & Miiller, 1967). However, APT analyses
using laser pulses do not enhance the detection of C segregation, compared to voltage
pulses, fig. 5b. Then, it could also be proposed that the important surface-to-volume ratio of
an APT tip leads to the diffusion of carbon to the free surface, rather than staying segregated
on the dislocation line. The hypothetical diffusion of carbon to the free surface would be

kinetically possible, considering the room temperature diffusion of carbon over a few tens of
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nanometers, accelerated by pipe-diffusion. The apparent homogenization of carbon could be

achieved due to carbon surface migration during the APT analysis, as evidenced in fig. 5b.

Conclusion

C segregation was studied by APT in two different steel welds containing similar dislocation
densities, before and after post-weld heat treatment. The first steel contained Mo, while the
second steel was Mo-free. TEM observations and correlative TEM-APT investigations were
used to estimate the dislocation density in the two steels and to observe dislocations in APT
tips. The results show that C segregation at dislocations could be detected only with Mo co-
segregation, leaving no trace of dislocations in the APT volumes analyzed from the Mo-free
steel. Furthermore, 35% of the APT volumes obtained from the Mo-free steel exhibit C
content in solid solution unexpectedly high (up to five times the expected value). TEM
observations confirmed that dislocations are present in some of the APT samples before
field-evaporation, and APT measurements show no atomic density variations close to the

dislocations revealed by C and Mo co-segregation.

These observations strongly suggest that dislocations have been “removed” from the APT
volumes, possibly due to the high electric field applied to the samples in APT. In this case,
Mo segregation could be still observed in APT volumes, even after the desertion of the
structural defect, due to Mo (substitutional) very slow diffusion kinetics. The observed C co-
segregation would result from the attractive interactions between these two elements.
However, due to the short-distance Mo-C interactions, most of the segregated carbon is not
paired to a Mo atom. This could explain the important differences between excess carbon
atoms on dislocations experimentally determined using APT and the theoretical carbon
excess on dislocations at equilibrium. In the Mo-free steel, the C atoms (interstitial) initially
segregated at dislocations would be free to homogenize in the volume once the structural
defect had deserted the sample, leading to homogenous C compositions and unexpected

high contents.

Data availability
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