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Abstract: Two industrially processed low-alloyed martensitic tool steel alloys with compositions
Fe-0.3C-1.1Si-0.81Mn-1.5Cr-1.4Ni-1.1Mo-0.13V and Fe-0.3C-1.1Si-0.81Mn-1.4Cr-0.7Ni-0.8Mo-0.14V
(wt.%) were characterized using small-angle neutron scattering (SANS), scanning electron microscopy
(SEM), Scanning transmission electron microscopy (STEM), and atom probe tomography (APT). The
combination of methods enables an understanding of the complex precipitation sequences that occur
in these materials during the processing. Nb-rich primary carbides form at hot working, while
Fe-rich auto-tempering carbides precipitate upon quenching, and cementite carbides grow during
tempering when Mo-rich secondary carbides also nucleate and grow. The number density of Mo-rich
carbides increases with tempering time, and after 24 h, it is two to three orders of magnitude higher
than the Fe-rich carbides. A high number density of Mo-rich carbides is important to strengthen
these low-alloyed tool steels through precipitation hardening. The results indicate that the Mo-rich
secondary carbide precipitates are initially of MC character, whilst later they start to appear as M2C.
This change of the secondary carbides is diffusion driven and is therefore mainly seen for longer
tempering times at the higher tempering temperature of 600 ◦C.

Keywords: tool steel; precipitation; carbides; martensite; tempering; STEM; APT; SANS

1. Introduction

There is a continuous interest in improving the mechanical properties of high-performance
steels grades used in tooling applications such as plastic extrusion. These materials rely on a
high hardness originating from the precipitation of carbides and a martensitic structure. The
industrial materials included in this study are produced in a continuous casting line, hot-
worked in a plate mill, quenched to martensite, and eventually tempered to stimulate secondary
precipitation and improve toughness. This production line, with a high throughput of steels, has
a relatively narrow process window which puts requirements on optimal alloying to provide
high cleanliness and an absence of coarser carbides. It is of interest to maximize the precipitation
of secondary carbides at the tempering temperature but avoid excessive precipitation at high
temperatures during hot working and austenitization.

Strong carbide-forming elements are added to the martensitic tool steels to form
nano-sized secondary carbides, which precipitate at tempering, giving strength to the
material. Examples of elements used as carbide formers are Ti, Nb, Mo, and V [1,2]. Steels
alloyed with V and Mo were extensively studied throughout the years [3–17] following the
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continuous development of new and better techniques to characterize carbides in higher
resolution. Most of these studies are based on model alloys, with a limited number of
alloying elements and homogenized microstructures heat-treated in controlled laboratory
conditions. In this work, it is of interest to follow industrial low-alloyed tool steels, which
will have a non-homogeneous microstructure due to segregations at processing.

The investigated steels are multicomponent (Fe-C-Si-Mn-Cr-Ni-Mo-V-Nb-Ti-N), which
means that several types of particles can form during processing. Secondary carbides are of
main interest in this work: Fe-based cementite M3C, Mo-based carbides such as M2C and
M6C, Cr-rich carbides M23C6 and M7C3, and complex Mo-V mixed carbides MC. Primary
carbides, carbonitrides, and nitrides are of less interest in this work.

The precipitation of carbides at quenching and tempering is often divided into four
different stages [18]: (i) carbon segregation and clustering, (ii) decomposition of retained
austenite, (iii) precipitation of iron carbides, and (iv) precipitation of secondary carbides [18].
The redistribution of carbon atoms is expected to take place already during quenching
due to the high mobility of the carbon atom. This phenomenon is called auto-tempering
and is well described in the work of Speich [19]. More recently, Hutchinson et al. [20]
showed by performing APT that already after quenching, lath boundaries and dislocations
were decorated with carbon atoms, which could result in the nucleation of auto-tempering
carbides (AT-carbides). The nucleation and growth of AT-carbides are difficult to predict,
especially for commercially produced steels, where the cooling rate is limited due to the
finite thickness of the plate. Different types of iron carbides are suggested to precipitate as
AT-carbides, i.e., hexagonal ε and orthorhombic η carbides [21].

Secondary carbide precipitation with metallic elements such as molybdenum and
vanadium require higher temperatures for activation due to substitutional diffusion. A
strengthening effect of these carbides is normally seen when tempering in the 500–600 ◦C
range [18]. The precipitation of secondary carbides is often assumed to take place by
so-called separate nucleation, with MC/M2C formation proceeding through the dissolution
of cementite [16]. At longer tempering, carbides can also form by in situ transformation,
with a more gradual transformation of a new carbide at the carbide/matrix interface. These
secondary carbides are typically either a hexagonal M2C type or cubic MC-type of carbides.
Both these carbides are solid solution phases with quite similar stability and composition.
It is shown that minor differences in alloying could alter the stability of these carbides. VC-
type carbides are expected to form in steels with V/Mo-ratios well below 1 since vanadium
is a stronger carbide former than molybdenum. The absence of Mo2C-type carbides was
reported in steels with V/Mo-ratios as low as 0.23 [12]. In a study by Baker and Nutting [5],
steel with a V/Mo-ratio of 0.26 was investigated, and no Mo2C carbides were detected after
tempering at 400–750 ◦C and up to 1000 h. In the same study, it was shown that Mo could
replace V in VC-type carbides with 10–50% depending on temperature [5]. Similar results
were reported by Pickering [6], who studied steels with V/Mo ratios between 0.22–1.56.
Two steel grades with even lower V/Mo-ratios, 0.11 and 0.17, were studied in this work.

Secondary carbides in low-alloyed steels are often small and in low phase fractions.
Therefore, it is necessary to analyze large sample volumes with high-resolution techniques
to resolve these precipitates and to obtain good statistics. We apply small-angle neutron
scattering (SANS) in the present work to quantify the nanoscale precipitates in the bulk of
the steel. Scanning transmission electron microscopy (STEM) and atom probe tomography
(APT) complement the SANS measurements to provide information about the structure
at the nanoscale. The microscale is covered by scanning electron microscopy (SEM), and
hardness measurements provide mechanical property data. An accurate understanding of
precipitation in these materials and quantitative data on precipitation is essential for the
further optimization of these types of steels and to improve the physical-based modeling
of the precipitation reaction [22,23]. The SANS results help to further understand the
secondary hardening effect which is controlled by the number density and volume fraction
of small carbides, information that is difficult to obtain with conventional methods.
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2. Materials and Methods
2.1. Materials

The chemical compositions of the studied industrial low-alloyed steels are given in
Table 1. Steel sheets, about 70 mm thick, which had undergone hot-working, austenitization,
and oil quenching at SSAB Special Steels, were tempered at 550 ◦C and 600 ◦C up to 24 h
with intermediate steps of 0, 0.5, 1, and 4 h. All tempered steel sheets were subsequently
quenched in water. The sample denoted 0 h represents the ramping up to tempering
temperature and direct quenching in water. It took about 1 h to reach the tempering
temperature. One as-quenched sample for each material was analyzed as a reference and is
denoted as AsQ. A Carbolite-Gero CWF 12/65 furnace (Carbolite-Gero, Hope, Derbyshire,
England) with a 301 PID furnace controller was used for the tempering trials.

Table 1. Chemical composition of studied steels, values in wt.%.

Element Fe C Si Mn Cr Ni Mo V Ti, Nb

Material A Bal. 0.3 1.1 0.81 1.5 1.4 1.1 0.13 Traces
Material B Bal. 0.3 1.1 0.81 1.4 0.7 0.8 0.14 Traces

2.2. Hardness Measurements and Optical Microscopy

Hardness measurements were performed to investigate the difference in hardness
depending on alloy, tempering temperature, and time. A Qness, Q10A+, hardness tester
(QATM, Golling, Salzburg, Austria) was used, and 25 measurements at HV5 were used to
evaluate the hardness of each sample. Samples for optical microscopy (OM) were prepared
by standard metallographic preparation and etched in 2% Nital solution.

2.3. Electron Microscopy

SEM imaging and energy-dispersive X-ray spectroscopy (EDX) were performed on
samples that was ground and polished with SiC-paper down to 4000 grit, thereafter polished
with diamond suspension, and finally polished using a SiO2 suspension. The samples were
gently electro-etched in a solution with 90% acetic acid and 10% perchloric acid at room
temperature, 20 V for 20 s, to enhance the contrast between the matrix and the carbides.

The SEM imaging was performed in both backscattered electron and in-lens secondary
electron mode in a Jeol JSM-7001F SEM (Jeol, Akishima, Tokyo, Japan). An Oxford Instru-
ments X-MAX 80 mm2 detector (Oxford Instruments, Abingdon, Oxfordshire, England)
was used for the EDX-analysis. The imaging and EDX-analysis were performed with an
acceleration voltage of 5 and 10 kV and a working distance of 4.5 and 10 mm, respectively.

STEM imaging and EDX were conducted on carbon extraction replicas for the detection
of the metallic elements in carbides. For the preparation of carbon extraction replicas,
samples were ground and polished down to 0.25 µm with diamond paste, followed by
rapid etching for 5 s in 2% Nital. Afterward, a carbon film was deposited on the etched
surface using a Precision Etching and Coating System (PECS) (Gatan, Pleasanton, CA, USA)
to a thickness of about 20 nm. The removal of the film was conducted by immersing the
samples in 10% Nital etchant until the carbon film was released from the surface. Small
pieces of the carbon replica were then placed on TEM copper grids. EDX data regarding the
at.% of iron, chromium, manganese, molybdenum, and vanadium were collected for each
particle analyzed. Carbon and all elements below 1 at.% were excluded from the analysis.

2.4. Atom Probe Tomography

APT samples were cut into rods approximately 0.3·0.3·15 mm3 in size using a slow-
speed diamond saw. Ultra-sharp samples were then prepared using a two-stage elec-
tropolishing procedure. In the first stage, a neck was created by polishing in a layer of
a strong electrolyte (10% perchloric acid, 20% glycerol, and 70% methanol) atop a heavy
inert liquid (Galden). In the second stage, the entire rod was polished in a weak electrolyte
(2% perchloric acid in 2-butoxyethanol) until the part below the neck was separated at
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the position of the neck made in the first stage. The samples were further polished using
pulsed polishing (typically 3 pulses of 3 ms duration) in the weak electrolyte to clean the
surface. All polishing was conducted at around 17 V, and Pt was used as a cathode.

The atom probe used was a LEAP 3000X HR (Imago Scientific Instruments, Madison,
WI, USA). The analyses were made in laser pulse mode, with a laser wavelength of 532 nm
at a pulse frequency of 200 kHz, laser pulse energy 0.30 nJ, sample temperature 50 K, and
evaporation rate 0.5%. The reconstructions were made using the voltage reconstruction
scheme, with an image compression factor of 1.65, a k-value of 4.0, and an evaporation field
of 25 V/nm. The results are presented using atom density maps. The chemical composition
of particles was obtained using iso-surfaces. The iso-surfaces were obtained using a cubic
voxel size of 1.0 nm3 and with a delocalization of 3.0 × 3.0 × 1.5 nm3. APT analyses were
carried out on samples from Material A in conditions: AsQ and tempered at 600 ◦C for 0, 4,
and 24 h.

2.5. Small-Angle Neutron Scattering Experiment

Ex situ SANS experiments using unpolarized neutrons were performed at the Swiss
spallation neutron source SINQ and the SANS-I instrument [24], Paul Scherrer Institute (PSI,
Villigen, Brugg, Switzerland). Experiments were conducted using a beam of cold neutrons
monochromated by a velocity selector. The wavelength (λ) of the incident neutrons was
6 Å, and the wavelength resolution (∆λ/λ) was 10%. A magnetic field of 1.5 T was applied
perpendicular to the incident beam to separate the magnetic and nuclear scattering and to
minimize the magnetic scattering parallel to the magnetic field. The magnetic field was
assumed to be high enough to saturate the sample. The experiment was conducted at
three different sample-to-detector distances, 2, 6, and 18 m. A circular aperture with a
diameter of 13 mm was used to limit the incident neutron beam on the sample. The sample
thickness was close to 1 mm for all samples irradiated. Calibration to absolute scale was
conducted by measuring a standard water sample with a known scattering cross-section.
The investigated q-range was 0.03–2.5 nm−1, corresponding to particle diameters of about
1.3–100 nm in real space. All measurements were corrected regarding background, sample
thickness, and sample transmission. A schematic of the performed SANS experiment is
shown in Figure 1. The BerSANS software program (August 2014, Uwe Keiderling, Berlin,
Germany) [25] was used for data correction, and the Sasfit software program (0.94.11, PSI,
Villigen, Switzerland) was used for model-dependent fitting [26].
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Figure 1. Driving simulator—billboard.
Figure 1. Schematic of the small-angle neutron scattering (SANS) setup used at SINQ, and the SANS-I
instrument, Paul Scherrer Institute (PSI).
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2.5.1. SANS Theory and Data Analysis

The following section gives a brief description of the SANS theory and data analysis
procedure applied in the present work. Further details on the relevant SANS theory can be
found in the work of Guinier and Fournet [27] as well as Squires [28].

The intensity I(q) of neutrons coherently elastically scattered at small angles can be
formulated as:

I(q) =
(
ρp − ρm

)2Np

∣∣∣∣∣∣∣
∫
Vp

ρ(r)eiqrd3r

∣∣∣∣∣∣∣
2

(1)

We assume that all particles are identical with uniform scattering length density ρp
in a matrix with a uniform scattering length density ρm. If all particles are identical and
their position is uncorrelated, the integral can be divided into an integral over the particle
volume Vp and a contrast factor, which depends on the difference between the scattering
length density of the particles and the matrix [29]. By assuming that the position of the
precipitates is uncorrelated, we do not consider a structure factor, i.e., we assume S(q) = 1.
The integral describes the scattering intensity of particles randomly positioned in the matrix
and has been solved analytically for different particle shapes. The differential scattering
cross-section of a polydisperse and dilute system can thus be calculated by [30]:

I(q) = ∆ρ2
∫ ∞

0
V(R)2N(R)F(q, R)2dR (2)

R is the radius of any particle, ∆ρ =
(
ρp − ρm

)
is the difference in the scattering

length density between particle and matrix, called the scattering contrast factor, V(R) is
the volume of particle, N(R) is the number of scattering bodies per volume with radius R,
and F(q, R) =

∫
V(R)ρ(r)eiqrd3r is the form factor. F(q, R) depends on the size and shape

of the dispersions and hence varies; several form factors for typical particle shapes found
in steel are readily accessible in the literature [26]. From the microstructure analysis using
SEM, TEM, and APT, two different form factors were considered, small spheres and large
randomly oriented rods.

If a saturation magnetic field is applied during the measurement, the scattering pattern
will become anisotropic with an isotropic nuclear scattering contribution and a sin2-term
for the magnetic scattering contribution, i.e.,

∆ρ2 = ∆ρ2
nuc + ∆ρ2

magsinα2 (3)

with α being the angle between the scattering vector and the magnetic field.
In this study, sectors 0◦ ± 15◦ and 180◦ ± 15◦ were evaluated to consider the nuclear

scattering cross-section (sectors parallel to the magnetic field), which was used to analyze
the precipitation of secondary carbides.

2.5.2. Modeling of SANS Data

A Porod background from the matrix containing large particles was assumed for all
measurements together with an incoherent background at high q, and subtracted from
the scattering curves, see Figure 2. Larger particles outside the detected length-scale give
scattering signals at all q-values. The background scattering from interfaces between
matrix and large particles can be modeled by a power law of q−4. Scattering from large
particles and the isotropic background was fitted over the whole q-range for each scattering
measurement by c0 + c4q−4.

For a representative plot regarding the background subtraction for the as-quenched
sample, see Figure 2a,b. Red-colored data points represent the measurement after data
correction, black the background (power-law plus incoherent), and blue the data after
background subtraction. Scattering contrasts used for fitting are presented in Table 2. The
scattering length densities were calculated from the chemical compositions measured with
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APT for Fe-rich and Mo-rich carbides. Either one or two log-normal size distributions were
fitted to the background corrected SANS curves through a least-square fitting process in the
Sasfit software [31]. For tempered samples, a representative plot of Material A tempered
at 600 ◦C for 1 h is given in Figure 2c, and the corresponding fitting procedure of the
subtracted 1D curve is given in Figure 2d. For all tempered samples, bimodal log-normal
size distributions were fitted to the 1D curve representing cementite and Mo-rich carbides.

Mathematics 2022, 10, 1403 5 of 14

Figure 2. Driving simulator—smartwatch.

Figure 2. Signals without Porod background and particle fitting. The fitting procedure of Material A,
AsQ is given in (a,b), and Material A 600 ◦C 1 h is given in (c,d).

Table 2. Input parameters for model-dependent fitting.

Scatterer Shape SLD (A−2) Contrast Factor (A−2)

Matrix - 7.8 × 10−6 -
Fe-rich Cylindrical, l = 100 nm, r = modeled 6.77 × 10−6 1.03 × 10−6

Mo-rich Spherical, r = modeled 3.88 × 10−6 3.92 × 10−6

3. Results and Discussion
3.1. Hardness Measurements

Hardness (HV5) for both materials plotted against tempering time at 550 ◦C and 600 ◦C
is presented in Figure 3. It can be seen, for both tempering temperatures and both materials,
that the hardness decreased drastically from the AsQ-state to 0 h. Hardness stabilizes for
samples tempered at 550 ◦C up to 4 h, after which the hardness slightly decreases up to
24 h. At 600 ◦C, hardness decreases continuously with time. However, between 0 h and
4 h, there is a tendency of stabilization in hardness also for samples tempered at 600 ◦C.
Material A, which has higher alloying (Mo and Ni), had a higher hardness compared to
Material B.
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Figure 2. Driving simulator—smartwatch.Figure 3. Microhardness as a function of tempering time.

3.2. General Microstructure

The microstructure of the as-quenched sample consisted of martensite and small
contents of both bainite and retained austenite. From investigations by OM and SEM, it was
evident that the microstructure underwent some segregation during steel manufacturing.
For the segregation results in areas with different distributions of primary particles, see
Figure 4a,b. Figure 4b show a micrograph with areas both rich in and relatively free from
primary precipitates. The optical micrographs show a martensitic structure with large
primary particles believed to be M6C (encircled in Figure 4b). Electro-etched samples were
analyzed in SEM. The large M6C carbides were seen at prior austenite grain boundaries,
see Figure 4c. This segregation of substitutional elements and precipitation of M6C carbides
is assumed to locally influence the V/Mo ratio and the stability of secondary carbides.

Thin elongated AT-carbides precipitated in the martensitic blocks are shown in Figure 4c,d.
Some blocks are free from AT-carbides. This could be related to inhomogeneity in chemical
composition or different formation temperatures of laths during quenching giving rise to carbon
diffusion to AT-carbides. The coarser particles formed at high-temperature processing were
assumed to be outside the detected length scale in the SANS experiment; therefore, they would
only affect the overall appearance of the SANS curve in the form of background. However, the
thickness of the AT-carbides was within the detected length scale.

Representative micrographs of samples tempered for 0 and 24 h at 600 ◦C are given in
Figure 5. After 0 h, most of the AT-carbides within the laths were dissolved and replaced
with carbides precipitated on the lath boundaries, representing the dissolution of metastable
iron carbides and the formation of cementite Fe3C. The size of the Fe3C carbides increased
with tempering time. Moreover, parallel to the formation of Fe3C carbides, indications
of small particles within the martensitic laths were seen already after 0 h, see Figure 5a.
However, further investigation using STEM or APT was necessary to confirm their presence.
Retained austenite was seen after 0 h but was expected to be fully transformed after 24 h.
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Figure 3. Results by gender for: (a) PncSL; (b) PST; (c) AMS; and (d) AS.

2.2. Differences between Drivers with a Driver’s License and Drivers in the Process of Training in
Driving Schools

Figure 4. Results for respondents who have a driver’s license and for respondents who are in the
process of training in driving schools for: (a) PncSL; (b) PST; (c) AMS; and (d) AS.

Figure 4. Micrographs of the AsQ-sample of Material A. (a) Overview of AsQ sample taken in optical
microscope (OM) showing a segregated microstructure. (b) Micrograph showing areas rich (encircled)
and poor in primary particles. (c,d) Images were taken in scanning electron microscope (SEM) on
electropolished surfaces. In (c), arrows point at large spherical M6C carbides in lath and grain boundaries.
In (d), arrows point at small rod-like iron carbides seen within the martensitic laths.
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Figure 3. Results by gender for: (a) PncSL; (b) PST; (c) AMS; and (d) AS.

2.2. Differences between Drivers with a Driver’s License and Drivers in the Process of Training in
Driving Schools

Figure 4. Results for respondents who have a driver’s license and for respondents who are in the
process of training in driving schools for: (a) PncSL; (b) PST; (c) AMS; and (d) AS.
Figure 5. Images were taken in SEM on electropolished surfaces. Arrows point at areas of retained
austenite. Rod-like particles within or on the martensitic lath boundaries are iron-carbides (a) Samples
tempered at 600 ◦C for 0 h and (b) after 24 h.

3.3. Carbide Analysis with STEM

The identification of phases in STEM was conducted by studying the metal composi-
tion with EDS. Note that both the martensitic matrix and retained austenite were expected
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to dissolve during the etching step during the sample preparation, and only the carbide
phases were considered during STEM-EDS analysis.

STEM analysis on carbon replicas shows similar trends for materials A and B regarding
the particle types and their evolution at tempering. In the AsQ-sample, relatively small
Nb-rich carbides about 10 nm in diameter were detected, which are believed to precipitate
during hot rolling. Some V, Mo, and Ti were found in these particles as well. A micrograph
showing a representative appearance of the Nb-rich carbide is seen in Figure 6a.

AT-carbides within the martensitic laths were found on the carbon replicas from the
AsQ-sample. It is believed that some AT-carbides are lost in the preparation when etched
in Nital due to the high iron content and their coherency with the matrix, as discussed in
the early work by Baker and Nutting [16]. However, in some martensitic laths, AT-carbides
could be found. Only iron could be detected in these carbides. No secondary carbides were
found in the AsQ-sample, which indicates that the quenching from austenitization was fast
enough to prevent precipitation of Mo/V type secondary carbides.

The 0 h reheated sample showed cementite carbides on the carbon replica, which
appeared as both spheres and elongated rod-like particles; both large and relatively small
cementite carbides were seen. In contrast to the At-carbides in the AsQ state, the cementite
is enriched in chromium, manganese, and molybdenum. Except for cementite carbides,
both primary Nb-rich and small Mo-rich carbides were detected. The Mo-rich carbides also
contain Fe, Cr, and V and can be approximated to have a spherical shape. Both cementite
and Mo-rich particles are seen in the micrographs in Figure 6b–d, representing samples
tempered at 0 h, 1 h, and 24 h.
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Figure 5. Results of three driving scenarios: no campaign, billboards, smart watch, for: (a) PncSL;
(b) PST; (c) AMS; and (d) AS.

Figure 6. Results of three driving scenarios: no campaign, billboards, smart watch, for: (a) PncSL;
(b) PST; (c) AMS; and (d) AS.

Figure 6. Representative bright field images from the scanning transmission electron microscopy
(STEM) and energy dispersive X-ray spectroscopy EDS analysis on carbon replicas of Material A.
(a) AsQ and samples tempered at 600 ◦C for (b) 0 h, (c) 1 h and (d) 24 h.
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High Mo and low V content in the secondary carbides would indicate that they are M2C.
However, diffraction studies show that they are predominately MC in the early stages of
tempering at 600 ◦C. With longer times and higher tempering temperature, the amount of
M2C increases significantly, and only small amounts of M2C were found in samples tempered
at 550 ◦C. The average metal contents are reported in Tables 3 and 4 for cementite and Mo-rich
carbides, respectively. The general trend for cementite is that the Cr, Mn, and Mo increase
with tempering time. For the Mo-rich particles, Mo and V increase with tempering.

Table 3. At% of metal constituents in cementite carbides.

Material ◦C Method Time, h Fe Cr Mn Mo V

A 550 EDS 0 60.1 ± 8.7 21.8 ± 6.4 2.0 ± 1.5 5.0 ± 2.9 1.4 ± 1.3
EDS 1 71.5 ± 6.9 15.7 ± 3.9 3.4 ± 1.9 7.0 ± 6.5 0.5 ± 1
EDS 24 73.0 ± 2.3 15.1 ± 2.9 4.1 ± 1.3 4.6 ± 1.6 0.6 ± 0.7

600 EDS 0 65.1 ± 8.5 15.1 ± 3.2 2.7 ± 1.1 12.4 ± 8.1 1.7 ± 2.6
EDS 1 68.3 ± 7.3 17.5 ± 5.2 5.5 ± 1.1 5.7 ± 9.0 1.0 ± 4.9
EDS 24 68.4 ± 6.7 18.3 ± 5.8 6.8 ± 0.8 4.6 ± 1.6 1.1 ± 0.7

B 550 EDS 0 78.4 ± 5.4 14 ± 4.3 3.1 ± 2.0 2.5 ± 0.9 -
EDS 1 74.9 ± 4.5 14.6 ± 4.0 3.5 ± 2.1 3.9 ± 1.2 -
EDS 24 63.5 ± 7.8 19.2 ± 5.5 4.5 ± 2.2 8.0 ± 6.1 1.7 ± 0.9

600 EDS 0 79.0 ± 5.2 12.2 ± 3.1 2.9 ± 1.5 4.5 ± 2.1 -
EDS 24 69.7 ± 4.8 17.5 ± 3.7 5.2 ± 0.9 6.0 ± 1.6 -

Table 4. At% of metal constituents in Mo-rich carbides.

Material ◦C Method Time, h Fe Cr Mn Mo V

A 550 EDS 0 43.1 ± 4.4 22.2 ± 5.7 - 26.7 ± 3.3 2.5 ± 1.8
EDS 24 46.0 ± 2.5 29.1 ± 6.8 - 13.8 ± 5.8 1.7 ± 1.0

600 EDS 0 24.9 ± 8.5 13.0 ± 3.2 - 51.9 ± 8.1 6.5 ± 2.6
EDS 1 20.4 ± 7.3 11.1 ± 5.2 - 60.9 ± 9.0 5.5 ± 4.9
EDS 24 13.7 ± 4.8 12.3 ± 4.9 - 61.0 ± 3.6 11.4 ± 3.5

B 550 EDS 0 44.1 ± 2.4 30.9 ± 3.4 - 16.1 ± 3.8 -
EDS 1 44.0 ± 2.8 29.3 ± 5.0 - 14.0 ± 1.6 1.7 ± 1.3
EDS 24 36.4 ± 8.1 17.5 ± 7.1 - 32.2 ± 3.7 5.9 ± 5.0

600 EDS 0 29.9 ± 3.7 14.7 ± 2.3 - 45.2 ± 3.8 7.6 ± 4.0
EDS 24 12.4 ± 4.3 14.7 ± 3.4 - 60.1 ± 2.5 10.5 ± 3.9

3.4. Carbide Analysis with APT

APT measurements were performed on four different samples from Material A, AsQ,
and samples tempered at 600 ◦C for 0, 4, and 24 h. In the AsQ sample, only C was
not randomly distributed. C was found to be segregated to martensitic lath boundaries,
although no distinct particles were detected in this analyzed volume, see Figure 7a.

For the material reheated to tempering temperature, 0 h sample, the rearrangement of
metallic elements occurred. Large, elongated cementite carbides were seen, including Cr and
Mn and a minor concentration of Mo and V. A second population of carbides was seen, rich in
Mo and V, located both at dislocations and isolated within the martensitic laths. Both Cr and
Mn were relatively evenly distributed in the matrix and were maintained at longer tempering
times. The content of Mo, and especially V, decreased in the matrix with tempering.



Metals 2022, 12, 758 11 of 16

Mathematics 2022, 10, 1403 7 of 14

Figure 5. Results of three driving scenarios: no campaign, billboards, smart watch, for: (a) PncSL;
(b) PST; (c) AMS; and (d) AS.

Figure 6. Results of three driving scenarios: no campaign, billboards, smart watch, for: (a) PncSL;
(b) PST; (c) AMS; and (d) AS.

Figure 7. APT results for material A tempered at 600 ◦C. Distribution of C, Cr, Mn, Mo, and V after
(a) quenching, (b) 0 h at 600 ◦C, (c) 4 h at 600 ◦C, and (d) 24 h at 600 ◦C (axes in nm).

To approximate the size of formed carbides, iso-surfaces were created with specific
boundary thresholds regarding the limiting element composition within each particle
type. From each particle type, the average chemical composition was calculated for all
particles defined as cementite or Mo-rich. For the 0 h sample, iso-surfaces of Mo-rich
carbides were created with Mo + V > 10 at.%. The concentration of Fe in the Mo-rich
carbides was relatively high; however, the ion density was low, which is a known artifact
of APT analysis for alloy carbides such as (Mo, V)2C and (Mo, V)C [32], a consequence
of the high evaporation field of such carbides resulting in local magnification [33]. The
diameter of isolated and rounded Mo-rich carbides is typically 6 nm, whereas the diameter
of the elongated Mo-rich carbides on dislocations is about 2 nm. There is no difference in
composition when comparing the rounded and elongated carbides. It should be noted that
most carbides appear larger in the APT reconstruction due to the local magnification effect.
In the current analyses, the carbide volume was estimated to be about three times larger
than the true volume, equivalent to the 1D magnification being 1.7 times too large, from
the observed density variations [32,33]. This effect does not influence cementite.

After 4 h of tempering, more distinct Mo-rich carbides were formed; see element distribu-
tion in Figure 7c. The iso-surface threshold for Mo-rich carbides was set to Mo + V > 30 at.%.
Compared to the 0 h sample, the Mo-rich carbides were larger. The rounded carbides had
a diameter of typically 9 nm, and the carbides at dislocations had a diameter of about 2 nm.
Large, elongated cementite carbides were also detected in the 4 h sample.

The radii of the analyzed cementite particles in the 0 and 4 h samples were about
15–30 nm, and the length was 100–200 nm (although they can be larger, as the analyzed
volumes are of this order). The radius increased with tempering time. At 24 h, no cementite
carbides were detected, see Figure 7d. However, both large and small cementite particles
are known to be present in the STEM results.

For the 24 h sample, the iso-surface threshold for Mo-rich carbides was set to
Mo + V > 30 at.%. Furthermore, two types of Mo-rich carbides were encountered in the 24 h
sample located in martensitic laths, small carbides such as Mo-rich carbides found in the
0 h and 4 h samples, and one large carbide in the same APT reconstruction with higher Mo
content and lower C content which would indicate an M2C structure. This indicates that
the Mo-rich carbides are MC in the early stages of tempering and that the amount of M2C is
increasing with tempering time at 600 ◦C. Whether this transformation can be characterized
as separate nucleation or as in situ could not be determined. The average size of the Mo-rich
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carbides was close to 8 nm after 24 h, about the same as after 4 h. The average composition of
Mo-rich carbides from the APT analysis is presented in Table 5.

Table 5. Chemical composition (at%) of Mo-rich carbides found in samples tempered at 600 ◦C.

Time, h Type C Si Mn Cr Mo V Fe

0 MC 15.4 ± 0.1 2.80 ± 0.1 1.40 ± 0.1 9.1 ± 0.2 12.9 ± 0.2 3.7 ± 0.1 53.4 ± 0.3
4 MC 37.8 ± 0.3 0.48 ± 0.1 0.53 ± 0.1 6.0 ± 0.2 34.1 ± 0.4 11.8 ± 0.2 8.5 ± 0.3

24 MC 34.0 ± 0.2 0.64 ± 0.1 0.58 ± 0.1 8.4 ± 0.2 33.0 ± 0.3 11.1 ± 0.2 11.6 ± 0.2
24 M2C 30.7 ± 0.6 0.20 ± 0.1 0.97 ± 0.3 9.0 ± 0.5 51.1 ± 0.8 4.9 ± 0.3 2.5 ± 0.3

3.5. Carbide Analysis with SANS

Plots showing averaged SANS data of Materials A and B are given in Figure 8a–d, for
tempering at both 550 and 600 ◦C. At 550 ◦C, there is a steady increase in intensity at high
q-values from the AsQ state up to 24 h. For 600 ◦C tempering, a similar effect is seen when
comparing the AsQ condition to 0 h with an increase at high q-values. However, in contrast
to the results at 550 ◦C, the intensity is relatively stable from 0 h up to 4 h at high-q. With
further tempering at 600 ◦C, the intensity at high q-values then decreases at 24 h.
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Figure 7Figure 8. Measured SANS data of tempered samples. (a) Material A at 550 ◦C, (b) Material A 600 ◦C,
(c) Material B at 550 ◦C, and (d) Material B at 600 ◦C.

For samples tempered at 550 ◦C, there is a continuous drop in intensity at low q-values
from AsQ to 0 h and 0.5 h, after which the intensity is relatively stable up to 24 h of
tempering. This could be the dissolution of AT-carbides formed during quenching, followed
by the rapid formation and growth of cementite on lath boundaries in the same q-range
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during tempering. This is supported by the microscopy examination. Similar trends
regarding the dissolution of AT-carbides were reported by Leitner et al. [34].

For 600 ◦C tempering, a drop in intensity from AsQ-state to 0 h is also seen at low
q-values. In contrast to the results at 550 ◦C, the intensity then increases from 0 to 24 h,
which can be related to the growth of relatively large cementite carbides. Similar trends
can be seen for Material B at both tempering temperatures.

Background subtraction and model-dependent fitting were performed as described in
Section 2.5.2. From the microscopy investigations, it is known that Nb-rich carbides and
AT-carbides are present in the AsQ-sample and within the detected length scale. A weak
knee can be seen in the scattering data, related to relatively large particles with a wide size
distribution. Niobium carbides are considered small (from TEM, about 10 nm in size) and
few and they are assumed to disappear in the signal from other features. It is therefore
believed that the signal in the AsQ-samples is from AT-carbides formed during quenching.
From the microscopy investigations, they should give a signal in the current q-range (at
low q-values).

Size distributions normalized to particle volume are presented in Figure 9. The difference
between AsQ and 0 h at low q, as mentioned above, is believed to be related to the dissolution
of AT-carbides and the formation of Cr and Mn enriched cementite at lath boundaries. The
Mo-rich carbides are in the 1–10 nm size range, which is finer compared to cementite which
is 5–30 nm in size. Comparing the effect of tempering at 550 and 600 ◦C, lower temperature
yields more Mo-rich carbides, which are also more stable with time. For 550 ◦C, the number of
Mo-carbides continues to increase up to 24 h, whereas at 600 ◦C, a peak value is reached after
1 h. The more stable particle structure at 550 ◦C is one reason for the more stable hardness
values compared to 600 ◦C tempered material.
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Figure 8Figure 9. Particle volume normalized size distributions. (a) Material A 550 ◦C, (b) Material A 600 ◦C,
(c) Material B 550 ◦C, (d) Material B 600 ◦C.

After 4 h tempering at 600 ◦C, the peak of the normalized size distribution of Mo-
carbides decreases with further tempering time, and its size distribution starts to overlap
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with cementite. This decrease in intensity could be a result of MC to M2C transformation,
which is accompanied by an overall size increase. Similar results were reported earlier [5,35],
where the enrichment of Mo is said to increase the growth rate of MC. The SANS results
agree with the STEM results that showed that the cementite and Mo-rich carbides had
overlapping size distributions, and the collective information from SANS, STEM, and APT
provides a strong indication of the transformation from MC to M2C after 4 h at 600 ◦C. This
effect is not seen for samples tempered at 550 ◦C.

The presence of carbides such as cementite and Mo-carbides in the same size range
makes it difficult to determine the absolute carbide fractions with SANS. The cementite
growth is restricted due to the partitioning effect of Cr, Mn, and Si, which hinder further
growth. However, the high number density of Mo-rich carbides and the relatively large
difference in SLD-contrast between these carbides make it possible to study the overall
evolution of nano-sized carbides.

The number densities of cementite and Mo-rich carbides are presented in Figure 10a.
The Mo-rich carbides are present in a much higher density compared to cementite. Their
high density is believed to be an efficient obstacle for dislocation movement, thereby
strengthening the material. At 600 ◦C, the total hardness drops continuously with time
which is believed to be due to dislocation recovery and softening, which is to some extent
hindered by the relatively stable Mo-carbides in the structure. When tempering up to 24 h,
even the Mo-carbides grow, and the number density decreases.
Mathematics 2022, 10, 1403 10 of 14

Figure 9

3. Discussion

When analysing compliance with the speed limit for both genders, in the no-campaign
scenario, male participants did not respect the speed limit in 30.48% of situations, while
female participants did not respect the speed limit in 20.83% of situations. The percentage of
non-compliance with speed decreases for both genders in the scenario when the campaign
was shown on billboards (men—23.02%, women—18.4%), while respondents of both
genders exceeded the speed limit in the scenario when their campaign message was
displayed on a smartwatch (men—14.13%, women—12.5%). These results are consistent
with a study conducted by Etika et al. (2021), showing that male drivers are more willing
to exceed the speed limit than females. When analysing PST, AMS and AS, a similar
conclusion can be drawn, that male participants drive in longer time intervals above
the speed limit, have a higher top speed over the speed limit and have higher average
overspeed values, unlike female participants. The presented results are in line with many

Figure 10. Results from the SANS modeling for both materials and tempering temperatures. (a) Num-
ber density and (b) volume fraction.
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The volume fraction of cementite and Mo-rich carbides as a function of time and
temperature at tempering is shown in Figure 10b. The fraction of Mo-rich carbides in-
creases with time at 550 ◦C up to 24 h, whereas the 600 ◦C tempering reaches a maximum
after 0–0.5 h. This effect is believed to be due to a strongly temperature-activated pre-
cipitation sequence of Mo-rich particles. On the other hand, the cementite shows quite a
stable fraction.

4. Conclusions

• The high hardness in the as-quenched materials remains at longer tempering times at
550 ◦C compared to 600 ◦C. The recovery and softening of the martensitic structure
are compensated by the continuous precipitation of Mo-rich carbides occurring up to
24 h at 550 ◦C. Due to the diffusion-activated precipitation, the nucleation and growth
of Mo-rich carbides seem finished already within 1 h of tempering at 600 ◦C.

• Iron carbide precipitate as auto-tempering carbides at quenching, confirmed by SEM
and STEM. On reheating to tempering temperatures at 550–600 ◦C, most of the At-
carbides dissolve related to the formation of chromium and manganese enriched
cementite at lath boundaries.

• At later stages of tempering, two different particle populations were seen in smaller
size ranges up to 20 nm. TEM and APT identified these to be cementite (5–20 nm in ra-
dius) or Mo and V rich (1–5 nm in radius). The same results could be interpreted by the
SANS results. The size distributions were determined using model-dependent fitting.

• At the early stages of tempering and after 4 h at 600 ◦C, TEM and SANS results show
the presence of both cementite and Mo and V-rich carbides in the same size ranges.

• The estimation of both number densities and volume fractions with SANS provides
additional understanding of the overall carbide evolution during tempering and its
impact on mechanical properties, data that are difficult to accurately obtain with
conventional methods.

Author Contributions: Conceptualization, E.C., P.H., M.A. and H.M.; methodology, E.C., P.H., M.A.
and H.M.; validation, H.M., P.H. and E.C.; formal analysis, E.C., J.K., M.T. and F.L.; investigation,
E.C.; resources, M.A., H.M. and P.H.; data curation, E.C.; writing—original draft preparation, E.C.;
writing—review and editing, E.C., H.M., P.H., J.K. and M.T.; visualization, E.C.; supervision, H.M.
and P.H.; project administration, H.M. and E.C.; funding acquisition, H.M. and P.H. All authors have
read and agreed to the published version of the manuscript.

Funding: The authors acknowledge the financial support from the Swedish Foundation for Strategic
Research under grant No. FID15-0043.

Data Availability Statement: The data presented in this study are available from the corresponding
author upon reasonable request.

Acknowledgments: SSAB special steel is gratefully acknowledged for their financial support and for
providing the experimental materials. This work is based on experiments performed at the Swiss
spallation neutron source SINQ, Paul Scherrer Institute, Villigen, Switzerland.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Chen, C.Y.; Yen, H.W.; Kao, F.H.; Li, W.C.; Huang, C.Y.; Yang, J.R.; Wang, S.H. Precipitation Hardening of High-Strength

Low-Alloy Steels by Nanometer-Sized Carbides. Mater. Sci. Eng. A 2009, 499, 162–166. [CrossRef]
2. Lagneborg, R.; Siwecki, T.; Zajac, S.; Hutchinson, B. The Role of Vanadium in Microalloyed Steels. Scand. J. Metall. 1999, 28,

186–241. [CrossRef]
3. Dépinoy, S.; Toffolon-Masclet, C.; Urvoy, S.; Roubaud, J.; Marini, B.; Roch, F.; Kozeschnik, E.; Gourgues-Lorenzon, A.F. Carbide

Precipitation in 2.25 Cr-1 Mo Bainitic Steel: Effect of Heating and Isothermal Tempering Conditions. Metall. Mater. Trans. A Phys.
Metall. Mater. Sci. 2017, 48, 2164–2178. [CrossRef]

4. Zhang, Y.; Luo, P.; Yan, H.; Zhang, H.; Li, J. The Effect of Bainite Type on the Evolution of Carbide Constituent During an
Accelerated Aging in Cr-Mo-V Steel. J. Mater. Eng. Perform. 2019, 28, 578–585. [CrossRef]

5. Baker, R.G.; Nutting, J. The Tempering of a Cr-Mo-V-W and a Mo-V Steel. Iron Steel Inst. Spec. Rep. 1959, 64, 1–22.

http://doi.org/10.1016/j.msea.2007.11.110
http://doi.org/10.1179/1743284714Y.0000000549
http://doi.org/10.1007/s11661-017-4045-6
http://doi.org/10.1007/s11665-018-3808-6


Metals 2022, 12, 758 16 of 16

6. Pickering, F.B. Precipitation Processes during the Tempering of Martensitic Alloys Steels. Iron Steel Inst. Spec. Rep. 1959, 64, 23–41.
7. Smith, E.; Nutting, J. Direct Carbon Replicas from Metal Surfaces. Br. J. Appl. Phys. 1956, 7, 214–217. [CrossRef]
8. Honeycombe, R.W.K.; Seal, A.K. The Effect of Some Minor Elements on the Carbides Precipitated during Tempering. Iron Steel

Inst. Spec. Rep. 1959, 64, 44–56.
9. Woodhead, J.H.; Quarrell, A.G. Role of Carbides in Low-Alloy Creep Resisting Steels. J. Iron Steel Inst. 1965, 203, 605–620.
10. Senior, B.A. A Critical Review of Precipitation Behaviour in LCr-Mo-V Rotor Steels. Mater. Sci. Eng. A 1988, 103, 263–271.

[CrossRef]
11. Liu, Z.; Liu, C.; Miao, L.; Guo, X.; Ding, J.; Zhang, H. The Evolution of Complex Carbide Precipitates in a Low Alloy Cr-Mo-V

Steel after Long-Term Aging Treatment. Materials 2019, 12, 1724. [CrossRef] [PubMed]
12. Wen, T.; Hu, X.; Song, Y.; Yan, D.; Rong, L. Carbides and Mechanical Properties in a Fe-Cr-Ni-Mo High-Strength Steel with

Different V Contents. Mater. Sci. Eng. A 2013, 588, 201–207. [CrossRef]
13. Singh, R.; Banerjee, S. Morphological and Compositional Changes of the Carbides in CrMoV Ferritic Steel. Mater. Sci. Eng. A

1991, 132, 203–211. [CrossRef]
14. Janovec, J.; Svoboda, M. Influence of Tempering Temperature on Stability of Carbide Phases in 2. 6Cr-O. 7Mo-O. 3V Steel with

Various Carbon Content. Metall. Mater. Trans. A 1994, 25, 267–275.
15. Dunlop, G.L.; Honeycombe, R.W.K. Ferrite Morphologies and Carbide Precipitation in a Cr-Mo-V Creep-Resisting Steel. Met. Sci.

1976, 10, 124–132. [CrossRef]
16. Baker, R.; Nutting, J. The Tempering of 2.25%Cr-L%Mo Steel after Quenching and Normalizing. J. Iron Steel Inst. 1959, 192,

257–268.
17. Thomson, R.C.; Miller, M.K. Carbide Precipitation in Martensite during the Early Stages of Tempering Cr- and Mo-Containing

Low Alloy Steels. Acta Mater. 1998, 46, 2203–2213. [CrossRef]
18. Speich, G.R.; Leslie, W.C. Tempering of Steel. Metall. Trans. 1972, 3, 1043–1054. [CrossRef]
19. Speich, G.R. Tempering of Low-Carbon Martensite. Trans. Metall. Soc. AIME 1969, 245, 2553–2564.
20. Hutchinson, B.; Hagström, J.; Karlsson, O.; Lindell, D.; Tornberg, M.; Lindberg, F.; Thuvander, M. Microstructures and Hardness

of As-Quenched Martensites (0.1–0.5%C). Acta Mater. 2011, 59, 5845–5858. [CrossRef]
21. Krauss, G. Heat Treated Martensitic Steels: Microstructural Systems for Advanced Manufacture. ISIJ Int. 1995, 35, 349–359.

[CrossRef]
22. Zhou, T.; Lu, J.; Hedström, P. Mechanical Behavior of Fresh and Tempered Martensite in a CrMoV-Alloyed Steel Explained by

Microstructural Evolution and Model Predictions. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2020, 51, 5077–5087. [CrossRef]
23. Zhou, T.; Babu, P.; Hou, Z.; Odqvist, J.; Hedström, P. Precipitation of Multiple Carbides in Martensitic CrMoV Steels -Experimental

Analysis and Exploration of Alloying Strategy through Thermodynamic Calculations. Materialia 2020, 9, 100630. [CrossRef]
24. Kohlbrecher, J.; Wagner, W. The New SANS Instrument at the Swiss Spallation Source SINQ. J. Appl. Crystallogr. 2000, 33, 804–806.

[CrossRef]
25. Keiderling, U.; Berlin, H.M.I. “BerSANS” Data Reduction Manual; Springer: Berlin/Heidelberg, Germany, 2000.
26. Kohlbrecher, J. User Guide for the SASfit Software Package SASfit: A Program for Fitting Simple Structural Models to Small Angle

Scattering Data Joachim Kohlbrecher; Paul Scherrer Inst.: Villigen, Switzerland, 2013.
27. Guinier, A.; Fournet, G. Small-Angle Scattering of X-rays; John Wiley & Sons, Inc.: New York, NY, USA, 1955.
28. Squires, G.L. Introduction to the Theory of Thermal Neutron Scattering, 3rd ed.; Cambridge University Press: Cambridge, UK, 2012;

ISBN 9781139107808.
29. Pynn, R. Neutron scattering: A Primer. Los Alamos Sci. 1990, 19, 1–31.
30. Cho, K.S.; Park, S.S.; Baek, S.W.; Shin, E.J.; Choi, D.H.; Yang, H.R.; Kwon, H. SANS-Characterized Influence of Degree of Rolling

Reduction on the Microstructure of Ti-Containing Cold-Work Tool Steel. J. Alloy. Compd. 2016, 655, 395–405. [CrossRef]
31. Breßler, I.; Kohlbrecher, J.; Thünemann, A.F. SASfit: A Tool for Small-Angle Scattering Data Analysis Using a Library of Analytical

Expressions. J. Appl. Crystallogr. 2015, 48, 1587–1598. [CrossRef] [PubMed]
32. Shinde, D.; Thuvander, M.; Rehan, A.; Ejnermark, S.; Stiller, K. Improving Compositional Accuracy in APT Analysis of Carbides

Using a Decreased Detection Efficiency. Microsc. Microanal. 2019, 25, 454–461. [CrossRef]
33. Miller, M.K.; Hetherington, M.G. Local Magnification Effects in the Atom Probe. Surf. Sci. 1991, 246, 442–449. [CrossRef]
34. Leitner, H.; Staron, P.; Clemens, H.; Marsoner, S.; Warbichler, P. Analysis of the Precipitation Behaviour in a High-Speed Steel by

Means of Small-Angle Neutron Scattering. Mater. Sci. Eng. A 2005, 398, 323–331. [CrossRef]
35. Smith, E.; Nutting, J. The Tempering of Low-Alloy Creep-Resistant Steels Containing Chromium, Molybdenum, and Vanadium.

J. Iron Steel Inst. 1957, 187, 314–329.

http://doi.org/10.1088/0508-3443/7/6/304
http://doi.org/10.1016/0025-5416(88)90516-2
http://doi.org/10.3390/ma12101724
http://www.ncbi.nlm.nih.gov/pubmed/31137871
http://doi.org/10.1016/j.msea.2013.09.030
http://doi.org/10.1016/0921-5093(91)90376-X
http://doi.org/10.1179/030634576790431976
http://doi.org/10.1016/S1359-6454(97)00420-5
http://doi.org/10.1007/BF02642436
http://doi.org/10.1016/j.actamat.2011.05.061
http://doi.org/10.2355/isijinternational.35.349
http://doi.org/10.1007/s11661-020-05922-x
http://doi.org/10.1016/j.mtla.2020.100630
http://doi.org/10.1107/S0021889800099775
http://doi.org/10.1016/j.jallcom.2015.09.191
http://doi.org/10.1107/S1600576715016544
http://www.ncbi.nlm.nih.gov/pubmed/26500467
http://doi.org/10.1017/S1431927619000424
http://doi.org/10.1016/0039-6028(91)90449-3
http://doi.org/10.1016/j.msea.2005.03.084

	Introduction 
	Materials and Methods 
	Materials 
	Hardness Measurements and Optical Microscopy 
	Electron Microscopy 
	Atom Probe Tomography 
	Small-Angle Neutron Scattering Experiment 
	SANS Theory and Data Analysis 
	Modeling of SANS Data 


	Results and Discussion 
	Hardness Measurements 
	General Microstructure 
	Carbide Analysis with STEM 
	Carbide Analysis with APT 
	Carbide Analysis with SANS 

	Conclusions 
	References

