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ARTICLE INFO ABSTRACT

Keywords: The magnetic scattering of iron carbides in low-alloy tool steel was investigated ex-situ by polarized small angle
Steel ) neutron scattering measurements after tempering the steel at 550 °C and 600 °C. Magnetic features could be
Tempering detected in the as-quenched sample resulting in a negative interference term, believed to be either 8-FesC,
z;:lg;:non n-FeaC, or e-Fep 3C. During tempering the evolution of cementite could be studied by the variation of the
Cementite interference term and in y-ratio, which is the ratio of the magnetic to nuclear scattering length density contrast.
Martensite From scanning transmission electron microscopy (STEM) and atom probe tomography, it is evident that
SANS cementite (0-Fe3C) is present directly when reaching the tempering temperature of either 550 °C or 600 °C. At
SANSPOL longer tempering times, cementite gets enriched with substitutional elements like chromium and manganese,
APT forming an enriched shell on the cementite particles. STEM and energy dispersive x-ray spectrometry show that
STEM the chemical composition of small cementite particles approaches that of Cr-rich M;C3 carbides after 24 h at
EDS 600 °C. It is also seen that small non-magnetic particles precipitate during tempering and these correspond well

with molybdenum and vanadium-rich carbides.

1. Introduction

The industrial production route of commercial martensitic steel
plates, used in construction or tooling applications, involves as final
steps austenitization, quenching, and tempering. The tempering of these
martensitic steels is carefully made to control the strength and toughness
of the final products. The microstructural evolution of martensite during
tempering is classified into different stages [1,2], which include: carbon
redistribution to lattice defects and formation of pre-precipitation
clusters [3], recovery of dislocation structures, decomposition of
retained austenite [2], precipitation of FeyC-type transition carbides,
cementite (Fe3C), and alloy carbides. High martensite start temperature
(M) and a limited quenching rate can result in the redistribution of
carbon and carbide precipitation in the martensite already during
quenching. This is referred to as auto-tempering (AT), with the

* Corresponding author at: Swerim AB, Box 7047, SE-16407 Kista, Sweden.

formation of transition carbides such as eta () or epsilon (¢) [1,4], or the
stable carbide cementite (0).

Carbon has a strong impact on the strength of martensitic steel
grades [5]. In quenched-hardened steel, carbon can be in the form of
carbides like AT carbides or segregated into solid solution clouds (Cot-
trell atmospheres) [6]. Cementite precipitates in most steels below
700 °C, i.e. in the equilibrium regime of ferrite, predominantly at
martensitic lath boundaries if the martensite constituent has formed
[1,7]. If the steel is exposed to high-temperature tempering around
500-600 °C substitutional alloying elements are activated by diffusion.
For more alloyed steels, some or all the cementite particles dissolve and
are replaced with more stable alloy carbides. For less alloyed steel
without alloy carbides, partitioning of alloying elements takes place and
elements like chromium and manganese dissolve in the iron carbides.

In low-alloyed steel grades, elements like chromium and manganese
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are added to improve the final product properties, and to increase the
hardenability and thereby the processability of the steel. Chromium can
substitute iron in cementite [8], or stabilize chromium carbides like
Mj7C3 and M23Cs. Chromium together with manganese and silicon limits
the cementite growth rate due to partitioning [9,10], where chromium
and manganese are enriched in the cementite and silicon is rejected and
enriched in the matrix at the matrix/cementite interface. This parti-
tioning effect will lead to an accumulation of alloying elements at the
edge of the particles [7]. The enrichment of chromium in cementite can
thereby be a precursor for other carbides, which has been reported by
Lerbacher et al. [2]. Similar observations were reported in the early
work of Baker and Nutting [11], and Honeycombe and Seal [12].

Characterization of microstructural features in the nanometer size
range with methods such as electron microscopy (EM) [7] and atom
probe tomography (APT) [2] give very localized information. Small-
angle scattering methods with either neutrons or x-rays, supported by
EM and APT, make it possible to characterize larger sample volumes and
get more statistics and a better idea about the general evolution of nano-
sized features during or after processing. This is especially useful if
compared with mean-field computational modeling tools predicting a
precipitation sequence when average data of phase fraction, number
density, and particle size is needed. Polarized small-angle neutron
scattering (SANSPOL) has been used in several previous studies to
quantify the magnetic contribution of nanosized features [13-18].
Coppola et al. have performed SANSPOL experiments on steel samples
[19,20], and have shown the presence of magnetic precipitates with a
magnetic scattering length density that could be assigned to the
cementite phase. SANSPOL experiments and analysis of the interference
term are used to accurately determine the magnetic contrast with
respect to the nuclear one, and thereby possibly identify the carbide
type. Tool steels are thermodynamically complex with several different
coexisting precipitate types. Separating the measured signal from these
carbides with regular SANS can be difficult. SANSPOL is therefore a
useful method to separate the signals by modifying the scattering
contrast providing information that is not detectable with regular SANS,
as will be shown in this work.

Cementite has been reported to be ferromagnetic at room tempera-
ture and to become paramagnetic above its Curie temperature [21]. The
Curie temperature depends on the cementite composition and has been
reported to vary by several degrees (173-187 °C) depending on the Fe/C
ratio [21,22]. It is believed that the magnetic properties of cementite
will change further during the partitioning sequence of chromium and
manganese. Medvedeva et al. calculated that the total magnetization of
cementite decreases with increasing chromium concentration [8].
Complementary data pointing in the same direction were presented by
Shigematsu showing that the magnetic moment of cementite decreases
from 1.9 up for FesC to 0.4 up for (Fep.799Cro.201)3C [23]. A similar effect
has been reported for manganese partitioning, decreasing the magneti-
zation with increasing manganese content [24].

Several calculations have been reported to estimate the local mag-
netic moments [25-27]. Dick et al. calculated the average atomic
magnetic moment of cementite as a function of temperature and esti-
mated the average magnetic moment at 25 °C to be about 1.6 g [25].
Higher values of 1.7 — 1.9 yup per iron atom at 0 K have also been re-
ported [23-25]. The magnetic properties of the transition carbides  and
¢ have also been studied. Lv et al. estimated the average magnetic
moment of 1-FeyC by first principle calculations to be 1.1 yp or 1.3 up
depending on the model used, while it was calculated to be 0 for e-Fe,_3C
[28]. The different magnetic properties of cementite and transition
carbides mean that the SANSPOL method can be used to study the
evolution of transition carbides and cementite during the tempering of
steels. This report focuses on the evolution of these carbides during
tempering at 550-600 °C. The main interest is in the activation of
alloying elements by diffusion giving a partitioning effect. Even though
some studies have investigated the evolution of carbides in low alloy
steel [29] the detailed understanding of the transitions between
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elemental clusters, transition carbides, cementite and alloy carbides is
not well understood. SANSPOL measurements are supported by scan-
ning transmission EM (STEM) and APT measurements in order to
delineate the evolution of magnetic properties and chemical composi-
tion of the particles.

2. Material and methods

The studied low alloy steel was produced by the company SSAB. The
chemical composition is given in Table 1. Samples were austenitized and
quenched to room temperature (RT), and subsequently tempered at 550
and 600 °C for up to 24 h with intermediate steps of 0 h, 0.5 h, 1 h, and 4
h. The 0 h samples represent heating to tempering temperature and
directly quenching to RT. The samples were put into the preheated
furnace, and it took about 1 h for the material to reach the tempering
temperature of 550 and 600 °C. Details about the manufacturing con-
ditions have been explained in previous work [30].

2.1. Characterization

The STEM work was conducted using a Jeol 2100F operated at 200
kV and equipped with an Oxford X-MAXN 80TLE EDS detector. The
carbon extraction replicas were prepared by polishing sample surfaces
by standard methods. The polished surfaces were etched in 2% Nital
solution for about 5 s. A 20 nm thin carbon film was sputtered onto the
etched surface using a Gatan Precision Etching and Coating System. The
carbon film was removed by immersing the sample surface in 10% Nital
solution [30]. The EDS analysis was performed using line scans to study
the chemical distribution around cementite particles after different
tempering times, 0, 1, and 24 h at 550 °C and 600 °C.

APT was performed using a LEAP 3000x HR. The measurements
were conducted in laser pulse mode, with a laser wavelength of 532 nm,
pulsed with a frequency of 200 kHz. The laser pulse energy was 0.30 nJ,
and the sample temperature was 50 K. The IVAS 3.6 software (Cameca)
was used for data analysis. Samples for APT analysis were cut into thin
strips and electropolished into needles shaped samples [30].

Ex-situ SANSPOL experiments were performed at the Swiss spall-
ation neutron source SINQ and the SANS-I instrument [31], Paul
Scherrer Institute (PSI, Villigen, Brugg, Switzerland). Experiments were
conducted using a beam of cold neutrons made monochromatic by a
velocity selector. The wavelength (A) of the incident neutrons was 6 A
and the wavelength resolution (41/1) was 10%. A magnetic field of 1.5 T
was applied perpendicular to the incident beam to separate the magnetic
and nuclear scattering. The investigated Q-range was 0.03-2.5 nm
corresponding to a particle size of about 1.3-100 nm in real space. All
measurements were corrected regarding background, sample thickness,
and sample transmission. The BerSANS software [32] was used for data
reduction and the Sasfit software was used for model-dependent fitting
[33].

2.2. Polarized small-angle neutron scattering (SANSPOL)

Unpolarized small angle neutron scattering (SANS) studies on steel
samples are generally performed with an external magnetic field (H)
applied perpendicular to the incident neutron beam making it possible
to separate the nuclear and magnetic scattering. If the magnetic field is
high enough to saturate the sample, all magnetic scattering Fo; will be
directed perpendicular to the magnetic field. The nuclear scattering F,
which is independent of the external magnetic field, can be assumed to
be spherical symmetric (isotropic). The scattering intensity, in this case,

Table 1

Chemical composition of the studied steel in wt%.
Fe C Si Mn Cr Ni Mo A% Ti, Nb
Bal. 0.3 1.1 0.81 1.5 1.4 1.1 0.13 Traces
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can be described as:
1(Q) = Fy + Fiysin*a €))

Where o is the angle between the magnetic field and the scattering
vector (Q). The magnetic or the nuclear form factors are given by Fyu =
ApnuVPf(Q,R), where Apyy is the magnetic or nuclear scattering
density contrast between the particle j and the matrix, V,; is the particle
volume and f(Q,R) depends on the particle shape.

The nuclear scattering length density of a phase can be calculated by:

h=3 @

Where X; is the atom fraction of i, b; is the coherent scattering length
of atom i, and v; is the atomic volume of i. The magnetic scattering length
density can be calculated by the following equation:

Pl =22 ©)
v

Where po= 2710 ® misa constant, u is the mean atomic moment
and v is the mean volume per atom [34,35]. The nuclear and magnetic
scattering length density contrast is the difference in the scattering
lengths between the particle and the matrix, Apy, = PR, M — PN, m-

In a small angle neutron scattering experiment with polarized neu-
trons (SANSPOL), a spin-flipper is used to align the neutron spins to be
either antiparallel (4+) or parallel (—) to the magnetic field H. The
scattering is then the result of four different processes separated into two
categories, non-spin-flip, or spin-flip processes. The non-spin-flip rep-
resents when the spin is preserved |F**|? and |F~~|?, and spin-flip when
the spin of the incident neutron is flipped by the scattering |F*~|? and |
F |2 [36]. The measured neutron intensity, and its dependency on the
polarization, define the SANSPOL method.

When the magnetic field H is applied to measure a monodisperse
system with non-interacting particles, and when the magnetic moments
are fully aligned i.e., both the magnetic moments and the neutron po-
larization are parallel to H, the intensities of both the non-spin-flip and
spin-flip processes are given by:

1'Q) = ([FP Y+ (JF ) = Fy + {F3 — 2P(1 = 2f ") FyFy }sinfa (4)
and
Q) ={([F Y+ {(F ) = F3+ {F3 —2P(1 = 2f )FyFy }sir*a  (5)

P is the degree of polarization, P = (n" — n7)/(n* + n"), f* is the
efficiency of the spin flipper. The reversal of the spins from + to — is close
to unity when the spin-flipper is on (f* ~ 1) and zero when the spin-
flipper is off (f* ~ 0).

For polarization, the anisotropy of the scattering signals is like Eq.
(1.

I(Q) = A(Q) + B*(Q)sin’a (6)

The isotropic part A(Q) is the nuclear scattering (Flzv) and is inde-
pendent of polarization. However, for polarized neutrons the anisotropic
part B*(Q) is different for the two polarization states. A(Q) and :5(0))
with N different precipitates in the system can be written as:

AQ) =" Fr )
and
B0 =Y, (Fi“ —2P(1 = 2 EyiFus ) ©)

The scattering intensity of polarized neutrons includes a magnetic-
nuclear interference term, which is the difference in the intensities
given by Eq. (4) and Eq. (5).

I7(Q) = I' (Q) = Bysina® = 4Pf “sin’@y " FyFu; ©)
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The interference term (Bin= B (Q)-BT(Q)) is linear in the magnetic
amplitude and it is, therefore, possible to determine the absolute value
of the magnetic contrast (magnetic moment) depending on the nuclear
contrast (compositions of particles) [36]. From Eq. (9) it is possible to
determine the ratio between the magnetic and the nuclear form factors y
= Fy/Fy, which is proportional to the ratio of magnetic to nuclear
scattering length density difference, App/Apy [13,371.

From SANSPOL the y-ratio, for a system with multiple types of pre-
cipitates, can be accurately determined by

ZL;FNJFMJ _ Fy

—ratio = - ——i—7— = — 10
Y S - o 19

3. Results
3.1. Carbide analysis with STEM

Representative micrographs taken on carbon extraction replicas for
the as-quenched (AsQ) sample, and samples tempered at 600 °C for
0 and 24 h are presented in Fig. 1(a)-(c). Carbides are identified as bright
features in the micrographs presented in Fig. 1. AT-carbides believed to
be e-carbides, together with (Ti, V, Nb)C, and large MogC were found in
the as-quenched material. The latter, MogC, is too large to be in the
detected length scale (DLS) of the SANSPOL experiment [30]. However,
both AT-carbides and (Ti, Nb, V)C highlighted in Fig. 1 (a), are in the
DLS, both seen in between martensitic laths. Compositional measure-
ments across the AT-carbides/Fe;C indicate that they are pure Fe-
carbides, see Fig. 2. The AT-carbides are dissolved during heating to
tempering temperatures (550° and 600 °C) and are replaced by
cementite (FesC) mainly formed at martensitic lath boundaries. The
fraction and size of iron carbides, Fe3C, increase with tempering time as
seen in Fig. 1 (b) and (c).

Even though the nucleation and growth of cementite are rapid and
assumed to start at low temperatures [1,7], the coarsening of the
cementite appears to be restricted. The limited growth of cementite is
believed to be caused by the partitioning of Cr forming an Cr enriched
shell around the carbide. The partitioning of Cr could be studied with
STEM-EDS and is demonstrated by the EDS mapping of a cementite
particle in Fig. 3 (a). Maps of both Cr and Fe are shown after tempering
at 550 °C for 24 h. A line scan on the same particle was performed and
the elemental profile is plotted in Fig. 3 (b).

The partitioning of Cr was further studied by investigating the Cr/Fe
ratio in line scans across the cementite particles. The resulting Cr/Fe
ratios as a function of tempering time at 550 °C are presented in Fig. 4,
giving profiles after 0 h, 1 h, and 24 h of tempering. In the 0 h sample,
nearly no enrichment of chromium is seen in the iron carbide. However,
already after 1 h, and especially after 24 h, there is a strong enrichment
of chromium in the cementite. The corresponding Cr/Fe ratio according
to thermodynamic equilibrium calculations, for cementite and M;Cs, are
presented as references. Calculations were made with Thermo-Calc
using the steel database TCFE11. It should be noted that in the equi-
librium calculations, some phases are excluded since they are never seen
under practical heat treatment conditions for low-alloyed steels, like
diamond and graphite. In this report also M33Cg is excluded since there
is not enough time for it to form. Metastable carbides, in this case,
cementite and M7Cs, can be calculated and their composition evaluated
under meta-equilibrium.

The corresponding results for samples tempered at 600 °C are pre-
sented in Fig. 5. In comparison to 550 °C, the Cr/Fe ratio increases much
faster due to the higher temperature activating diffusion. The Cr/Fe
ratio exceeds the equilibrium values for cementite and approaches the
values for chromium carbide M;Cs.

3.2. Atom probe tomography

Atom probe tomography was also used to study the compositional
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Fig. 1. Dark-field scanning transmission electron microscopy (STEM) micrographs showing carbides (bright areas) on carbon extraction replicas. (a) AsQ sample, (b)
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Fig. 2. (a) Iron (turquoise) mapping with EDS on AT-carbides in as-quenched condition (on an extraction replica). (b) Corresponding line scan of the particle
indicated in (a), at.% plotted against distance. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)
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Fig. 3. (a) Mapping with EDS of iron and chromium in a cementite particle (on
an extraction replica) after tempering at 550 °C for 24 h. (b) Corresponding line
scan of the particle in (a), at.% plotted against distance.

evolution of cementite during tempering. Concentration profiles were
generated using proximity histograms (proxigrams) created from iso-
surfaces. Results after 0 h at 600 °C are shown in Fig. 6(a)-(b) where (a)
shows isosurfaces of C > 5 at.% and (b) the corresponding proxigram of
large carbide highlighted in the reconstruction. The results show
enrichment of Cr and Mn at the surface of the cementite particles,
consistent with a core-shell structure of the M3C. The peak values in the
shell were 5.7 + 0.1 at.% Cr and 2.9 £ 0.1 at.% Mn. It is also evident that
the cementite particle has been enriched with Mo and V, and Si has been
rejected from the particle and is enriched in the matrix at the matrix/
cementite interface. The Cr and Mn contents, in both core and shell, are
well below that of the equilibrium concentration of cementite at 600 °C.
The measured carbon concentration is about 25 at.%, which agrees well
with the predicted carbon concentration in cementite, M3C. Both the
size and shape of cementite particles correspond well with the carbides
in the STEM analysis shown in Fig. 1 (b) and (c).

Fig. 6(c)-(d) shows isosurfaces of C > 5 at.% and corresponding
proxigrams for cementite particle, the large carbide in the reconstructed
volume, after tempering for 4 h at 600 °C. The Cr and Mn concentration
has increased compared to the sample tempered for O h, to 7.3 & 0.04 at.
% Cr and 3.9 + 0.03 at.% Mn.
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Fig. 4. Bright-field (a) and dark-field ((c) and (e)) images and STEM-EDS line-scan profiles of the metal content across iron carbides (on an extraction replica). The
Cr/Fe-ratio is given after (a)-(b) heating to 550 °C, (c)-(d) 1 h at 550 °C and, (e)-(f) 24 h at 550 °C.

3.3. SANSPOL

Scattering curves for the flipper On and Off measurements perpen-
dicular to the magnetic field for the as-quenched sample are given in
Fig. 7(a). The intensity of the signal with the spin flipper Off (I | T),
compared with spin flipper On (I | 7), is higher for all Q, resulting in an
overall negative intensity in the interference term On-Off, (I | ~ —1, 1),
see Fig. 7(b), the intensity is approaching 0 at high Q.

The scattering intensities, perpendicular to H, for the two polariza-
tion states and interference terms for samples tempered for 0 h, 1 h, and

24 h at 550 °C and 600 °C are shown in Fig. 8(a)-(c) and (d)-(f),
respectively. For both temperatures, there is a strong dependency on
tempering time on the appearance of the flipper On and Off signals and
consequently the interference term. After reaching the tempering tem-
perature of 550C the variation of the interference term at Q-values <0.5
nm ! corresponds well with the size of cementite. The interference term
is initially negative but increases and becomes positive at longer
tempering times at both 550 °C and 600 °C. This is believed to represent
the chemical evolution of the cementite core, which influences both the
nuclear and magnetic scattering length contrast (SLD). For Q values
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Fig. 5. Bright-field images and STEM-EDS line-scan profiles of the metal content across iron carbides (on an extraction replica). The Cr/Fe-ratio is given after (a)-(b)

heating to 600 °C, (c)-(d) 1 h at 600 °C and, (e)-(f) 24 h at 600 °C.

>0.5 nm™, the interference term is positive and the Q-range corre-
sponds well with the size of the cementite shell and nanosized secondary
alloy carbides. This region is shifted towards lower Q with longer
tempering times. There is a clear difference between the two tempera-
tures, where the overall evolution of the scattering signals is faster at
600 °C compared to 550 °C.

The interference term and the corresponding y-profile as a function
of tempering time depend on the evolution in chemical composition,
magnetic properties, and the average dimension of the formed pre-
cipitates. From the STEM-EDS and APT results, it is known that the AT-
carbides consisted of Fe and C, with no dissolution of other alloying

elements [30]. These AT-carbides are believed to be replaced by
cementite when heating up to a tempering temperature, of 550 °C or
600 °C. With further heating, cementite particles get increasingly
enriched in substitutional elements like Cr and Mn while Si is rejected.
The evolution of cementite, both size, and composition, can be studied at
low Q < 0.5 nm ™. The composition of the cementite core and shell will
influence the scattering length contrast, both magnetic and nuclear,
which in turn will decide the sign of the interference term. Precipitation
of nanosized secondary alloy carbides takes place at elevated tempera-
tures, > 500 °C, and since they are about 1-5 nm in diameter their
evolution can be studied at high Q.



E. Claesson et al.

Materials Characterization 194 (2022) 112464

Concentration, at%

Concentration, at%

Distance, nm

Fig. 6. Iso-surfaces and corresponding proxigrams of studied FesC carbides. The arrows points at the iso-surface from which the proxigram was generated. (a)-(b)
carbide found in the sample heated to 600 °C and directly quenched in water (denoted 0 h). (c)-(d) results from carbides present after 4 h at 600 °C.
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interference term.

For the AsQ sample both the interference term and y are negative
over the whole explored Q-range as shown in Fig. 9(a) and (b), respec-
tively. The y-ratio is relatively constant at low Q which is believed to be
related to the presence of AT-carbides (Fe;C). A minimum of —0.8 in
y-ratio is found at ¢ = 0.75 nm™! corresponding to features with an
average dimension (diameter) of about 4.2 nm.

After 0 h at 550 °C, y is negative at low Q and a minimum is found at
Q = 0.23 nm™!, and the y-ratio reverses its sign for Q > 0.45 nm 1. A
maximum is reached at Q = 1.4 nm ™!, which is believed to be related to
the formation of secondary alloy carbides. With increased tempering
time the maximum undergoes an overall increase, and the position is
shifted towards lower Q, which is believed to be related to the change in
composition and increase in particle size, respectively. The maximum is
decreasing between 4 h and 24 h.

A similar trend can be seen for the minima at low Q. The y-ratio is
increasing with time and eventually becomes positive over the whole
measured Q-range after 24 h, which is assumed to be related to the
partitioning of substitutional elements in the cementite particle. The
shift of the minimum towards lower Q with increasing tempering time is
believed to be related to the overall growth of the cementite particles.

The evolution of the interference term and y-ratio with increasing
tempering time at 600 °C is shown in Fig. 10(a) and (b), respectively.
Like the samples tempered at 550 °C, two regions, at low and high Q, are

seen to have high magnetic correlations. The maximum at high Q rea-
ches a constant value already after 0 h at 600 °C, which is interpreted as
secondary alloy carbides reaching a steady composition. The position of
the maximum is almost constant up to 4 h, and a clear shift towards
lower Q can be seen first after 24 h, indicating a slow growth of the alloy
carbides. As for the case at 550 °C, the minimum at low Q is negative
after 0 h at 600 °C and is shifting towards lower Q at longer times. The
y-ratio also increases with increasing tempering time at 600 °C and
becomes positive after about 1 h.

4. Discussion

Iron carbides in martensitic steel grades can precipitate during
quenching due to auto-tempering. However, the type of iron carbide that
forms depends on the martensite start temperature, the quenching rate,
and the composition of the steel. The nucleation and growth processes of
these carbides are complex and are believed to vary locally in the
structure, possibly even between two neighboring martensite units. In
commercially produced steel sheets it is difficult to prevent micro-
segregation of both substitutional elements and carbon, which will be
inherited by the final product [30]. This will influence the overall pre-
cipitation during processing, and likely also the precipitation of transi-
tion carbides, the latter by local variations in carbon content and
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h at 600 °C and (f) 24 h at 600 °C. Grey areas represent when the interference term is <0.

hardenability, which would influence the M;-temperature. From STEM
imaging it is seen that the AT-carbides appear as long thin plates within
the laths, with a thickness within the detected gq-range of the SANSPOL
experiment. It is also believed that they do not undergo any significant
spheroidization or coarsening before they are transformed to cementite
upon tempering.

Time and temperature activate diffusion and give a more significant
partitioning of Cr and Mn to the iron carbide, as demonstrated by STEM-
EDS and APT results in this work. There is also some dependency on the
carbide size since longer diffusion distances require more diffusion to
equilibrate the carbide. Smaller carbides will more quickly reach an
overall higher Cr/Fe ratio compared to larger carbides. This is illustrated
in Fig. 11, which presents summarized STEM-EDS results of Cr/Fe ratios
for tempering at 550 and 600 °C, for 1 and 24 h, depending on carbide
size. A higher temperature of 600 °C more quickly increases the Cr/Fe
ratio compared to tempering at 550 °C. However, for the largest parti-
cles, longer times are needed to further increase the Cr/Fe ratio in the

particle core.

From the SANSPOL results for the AsQ sample, the interference term
is negative for all Q, reaching zero at both ends of the Q range. This can
be interpreted as having two features with a negative y-ratio. The y —
ratio = Fy/Fy is proportional to the ratio of magnetic to nuclear scat-
tering length density difference, App/Apn. If the y-ratio is negative
either Apys or Apy is negative. These are believed to be features with a
larger nuclear scattering length compared to the iron matrix. This is
assumed since the magnetic scattering length of any carbide found in the
samples is believed not to be larger than that of the Fe-matrix. Scattering
length densities of V- and Mo-rich MC and MC in the studied samples
were calculated to be 3.5301071* m~2 and 5.44e1071* m~2 respectively.
The only carbides of relevance in the studied alloy that have a higher
nuclear SLD are FesC phé¢ = 9.03¢10'* m™2, and Fe,C pRec =
9.56010 '* m~2, compared to the corresponding value for the iron
matrix pfe* = 7.8210714 m~2,

At low Q, y is nearly constant. This behavior is believed to be
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Fig. 11. Cr/Fe-ratio of the particle core from STEM-EDS line scans plotted
against particle diameter of carbides formed during tempering at 550 °C and
600 °C. Each point represents one carbide.

representing AT-carbides. The minima at y = 0.75 were found at Q = 1
nm~L. The latter with an average dimension of 4-5 nm, which could
correspond to the thickness of the carbides. It could also be that this
minimum represents carbon clustering formed during quenching, which
would be replaced early during tempering by the nucleation of
cementite and later by secondary alloy carbides. This could not be
concluded from the present study.

The partitioning of substitutional elements is believed to be seen in

the SANSPOL results as well, where a clear change in the signal can be
seen when comparing as-quenched material with material reheated to
the tempering temperature (0 h at 600 °C). The minima in the y-profiles
shift towards lower Q with increasing tempering time at 550 °C, which is
believed to be related to the growth of M3C. The minima also increase
with tempering time and become positive after 24 h. This is believed to
be related to the change in composition and the enrichment of substi-
tutional elements, e.g. chromium and manganese, which are known to
lower the mean atomic magnetic moment of M3C [21,24]. However, the
main reason for the change in the sign of the y going from negative to
positive at longer tempering times is the decrease in nuclear scattering
length density due to the enrichment of substitutional elements. The Cr-
rich shell of the cementite particle is believed to eventually result in an
in-situ transformation of cementite to Cr-rich M;Cs. However, this was
not confirmed in this report.

With longer tempering times, secondary MC carbides rich in mo-
lybdenum and vanadium precipitate in these kinds of steels
[1,11,12,30]. These particles are nonmagnetic and act as magnetic holes
in the ferromagnetic Fe-matrix and hence do give a non-zero contribu-
tion to the magnetic scattering in the SANSPOL results. The nuclear
scattering length contrast of the MC carbides is 3.53010* m~2, which
can be compared to reported values for iron matrix (BCC) close to
50107'* m~2 [19,34,35]. The y-ratio is proportional to the ratio of the
magnetic to nuclear contrast lengths, Apy/Apy. If assuming that both
the magnetic and the nuclear scattering volumes and shapes are equal,
and the matrix is magnetized to saturation, the y-ratio depends solely on
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Appt/ Apn. For nonmagnetic MC at equilibrium composition, Apy/Apy is
calculated to be 1.17 which agrees well with the maximum y-ratios at
high Q in Fig. 9b) and Fig. 10b). For 550 °C tempering a maximum in
y-ratio is reached after 4 h, compared to 0 h for 600 °C tempering. Some
MC carbides will undergo the MC to M,C transformation after further
tempering [30], which is assumed to be the reason for the decrease in
y-ratio at 24 h for both tempering temperatures.

5. Conclusions

The evolution of carbide precipitates in low alloy steel has been
analyzed using STEM-EDS, APT, and SANSPOL. From the experiments,
the following conclusions can be drawn;

e Iron carbides were formed during quenching from austenite. The
results indicate that they are transition carbides since they dissolve
during heating to tempering temperature. Cementite was formed
during heating to tempering temperature.

STEM-EDS results revealed that cementite particles obtain a core-
shell structure initially during tempering at 550 and 600 °C. The
shell is mainly enriched in Cr. By studying the Cr/Fe ratio as a
function of tempering it could be concluded that the concentration of
Cr is increasing with tempering time and that the chemical compo-
sition of cementite approached that of M;Cs after tempering at
600 °C for 24 h.

e From APT it was concluded that cementitewas enriched in Cr during
tempering, but also in Mn, Mo, and V while Si was rejected. Both the
Cr and Mn concentrations in the cementite shell increased between
heating to 600 °C and isothermal holding at 4 h at 600 °C.

The results indicate that the formation of Fe3C and the partitioning of
substitutional elements can be studied with SANSPOL. The magnetic
properties of M3C change with tempering time due to the enrichment
of substitutional elements at both the M3C core and the M3C/matrix
interface.

Increasing tempering temperature by 50 °C, from 550 °C to 600 °C
significantly accelerates the precipitation reaction which could be
seen with both STEM-EDS and SANSPOL.
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