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Highlights
e In-situ observation of carbide formation during partitioning
e Application of HEXRD, APT and TEM for carbide identification
e Detection of cementite (0), Hagg (x)-carbides and NbC

e Carbide precipitation due to martensite tempering and austenite decomposition

Abstract

Current strategies for the 3™ generation of advanced high strength steels focus on the creation
of a multiphase microstructure containing substantial amounts of retained austenite to
enhance the mechanical properties. In the case of quenching and partitioning (Q&P) steels,
the stabilization of austenite is achieved by carbon diffusion from the supersaturated
martensite into the austenite, but carbon partitioning is often jeopardized by competing
reactions such as carbide formation. In the present study, in-situ high-energy X-ray diffraction
(HEXRD) was used to study the transformation kinetics during Q&P processing, and especially
carbide formation at higher partitioning temperatures.

It was found that this carbide precipitation resulted mainly from martensite tempering and
partially also from a decomposition of the austenite. The detection of minor diffraction peaks
that appeared during the partitioning step was assigned to 8- and x-carbide formation, which
was supported by correlative atom probe tomography (APT) and transmission electron
microscopy (TEM). Additionally, NbC was detected by APT, but the amount was obviously too
low to be detected by HEXRD. The applied methods are finally compared with regard to their
applicability for carbide identification in Q&P steels.
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1. Introduction

Increasing demands in the automotive industry encourage the development of new steel
grades with improved combination of strength and formability. Among these, the quenching
and partitioning (Q&P) processed steels have attracted growing interest and are considered
as one of the most promising concepts for lightweight body-in-white constructions [1-3].
During the Q&P heat treatment, a certain amount of supersaturated martensite is attained
after austenitization by partially quenching to a temperature between the martensite start
temperature (M) and the martensite finish temperature (My). Subsequently, the remaining
austenite is stabilized via carbon enrichment from the supersaturated martensite during the
so-called partitioning step. As a result, the high amount of tempered martensite enables high
strength, while ductility is provided by the substantial amount of meta-stable austenite and
the related transformation induced plasticity (TRIP) effect [4-6].

A key aspect of the Q&P concept is the stabilization of austenite by carbon diffusion.
Unfortunately, the carbon content available for partitioning is often reduced due to carbon
being trapped in the martensite by carbon clustering, carbon segregation, or carbide
formation [7,8]. Although silicon alloying is used to avoid carbide formation [2,9,10], it was
found to rather delay than completely prevent 8-carbide formation. Moreover, the effect on
the precipitation of transition carbides is not yet clear and might not be affected or even
accelerated by silicon. Regarding Q&P processing, 8-carbide, which appears preferentially at
higher partitioning temperatures and prolonged holding [11-13], &- [14] and n-carbides [15]
have been observed. Unfortunately, the investigation of carbides in Q&P steels is a challenging
task. The use of laboratory X-ray diffraction (XRD) often fails to detect carbides at all due to
the small volume fractions and consequently low intensities. Moreover, X-ray diffraction
patterns of transition carbides are quite similar, and thus difficult to distinguish. The same
problem arises in the case of transmission electron microscopy (TEM) due to the similar and
complex electron diffraction patterns. Nevertheless, TEM is among the most commonly used

methods for carbide identification. By this means, HajyAkbary et al.[14] detected the
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precipitation of e-carbides in a 0.3C-1.65i-3.5Mn (wt%) steel. These carbides were found to
occur during the first quench and re-dissolve during partitioning at 400 °C. Transition carbides
(€ or n) were also identified using TEM by Thomas et al. [8]. Furthermore, TEM was combined
with Mossbauer effect spectroscopy (MES) by Pierce et al. [15]. This enabled both the
identification and quantification of carbides in a 0.38C-1.48Si-1.54Mn (wt%) steel. They
detected n-carbides after quenching to 225 °C and holding for 10 s. The amount increased
from 1.4 to 2.4 at% during subsequent partitioning at 400 °C for 300 s. For a chemical analysis
of the carbides at atomic scale, atom probe tomography (APT) can be used. Based on the local
chemistry, carbides observed in a 0.59C-2.0Si-2.9Mn-0.038Al (wt%) steel after partitioning at
400 °C for 300 s were assigned as 0-carbide by Toji et al. [13]. However, carbide identification
based only on APT often remains uncertain, since the carbon content does not always match
the stoichiometric composition of 8-carbide (~25 at%), n-carbide (~29 at%) or e-carbide
(~33 at%). Moreover, carbon quantification by APT might be affected by the loss of carbon
due to a higher number of multiple hit events [16,17], or by the analysis condition, e.g.
measurement temperature [18-20], which can result in an over- or underestimation of the
carbon concentration.

An issue of the aforementioned methods is their limitation to the final heat-treated condition.
Hence, the precipitation kinetics are not directly accessible, although this is of high interest to
optimize partitioning parameters. Recently, Allain et al. [21] conducted in-situ high-energy
X-ray diffraction (HEXRD) experiments to investigate carbide precipitation during Q&P
processing of a 0.3C-2.5Mn-1.5Si (wt%) steel. The high signal to noise ratio allowed the
detection of small diffraction peaks in addition to the main austenitic and martensitic peaks.
These peaks appeared during reheating to the partitioning temperature of 400 °C and
remained unchanged during partitioning. Due to similar diffraction patterns of the transition
carbides, a clear identification by HEXRD turned out to be difficult, but n-carbides seemed
most likely. The presence of 8-carbide was ruled out, which was supported by correlative TEM
observations.

In the present work, different high-resolution techniques, including in-situ HEXRD, TEM and
APT, were combined for the first time to provide an advanced characterization of carbides
formed during Q&P heat treatments. The advantages of in-situ HEXRD experiments were
exploited for the real-time characterization of a Q&P steel partitioned at two different

temperatures (360 and 420 °C). The qualitative and quantitative analysis of the recorded
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diffraction patterns provided time-resolved information about the process of austenite
decomposition and carbon partitioning into the austenite, as it was previously reported in
literature [22-26]. The appearance of additional diffraction peaks indicated carbide formation
during partitioning at 420 °C. The crystallographic information obtained from both HEXRD
patterns and additional TEM investigations was used for carbide identification. Furthermore,
APT was used to identify the occurring carbides by their chemical composition. In order to
determine whether these carbides formed in martensite or austenite, a clear identification of
martensitic and austenitic regions was necessary. The carbon content obtained from the APT
measurements can serve as a basis for this distinction due to the generally higher carbon
content in the austenite. To support the identification of austenitic regions in the atom probe
tips, transmission Kikuchi diffraction (TKD) prior to the APT measurements was also applied.
This method was already used successfully to identify and study retained austenite in
TRIP-assisted steels [27]. Based on the obtained results, the applied methods are compared
and their strengths and application limits for the investigation of carbide formation in Q&P

steels are discussed.

2. Experimental procedure

2.1 Investigated steel and heat treatments

The chemical composition of the investigated steel is 0.2C/0.5-1.0Si/2.2-2.7Mn/<0.03Nb
(Wt%) or 0.9C/1.0-2.0Si/2.2-2.7Mn/<0.02Nb (at%), respectively. The martensite start
temperature (M) is 338 °C as determined by dilatometry. The material was provided in its
cold-rolled condition in the form of sheets with a thickness of 1.1 mm. Samples of 10 x 4 mm?
were cut and heat treated in a dilatometer DIL 805A/D from TA Instruments, using Al,O; rods
and a type S thermocouple for temperature control. The heat treatments comprised
austenitization at 850 °C, followed by a holding step at 750 °C for 10 s and subsequent
quenching with 50 °C/s to a quenching temperature T, of 230 °C. After 3 s at T, samples were
reheated with 30 °C/s to the partitioning temperature T, Partitioning was conducted for 300 s
either at 360 °C (HT360) or 420 °C (HT420). An overview of the conducted heat treatments
can be seen in Figure 1.

The heat treated samples were grinded and polished by conventional metallographic methods
followed by 3% Nital etching for a microstructural characterization in a scanning electron

microscope (SEM) ZEISS EVO 50.
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Figure 1: Schematic representation of the conducted heat treatments HT360 and HT420.

2.2 In-situ HEXRD

HEXRD experiments were executed at the PO7 beamline of HZG at PETRA IIl, DESY, Germany
[28]. During the entire heat treatments, diffraction patterns were recorded with a fast area
detector (Perkin Elmer XRD 1621) using monochromatic synchrotron X-ray radiation with a
photon energy of 100 keV (A = 0.124 A). Additionally, a LaB, standard sample was measured
as reference. The obtained 2D data was azimuthally integrated using the Data Analysis
WorkbeNch (DAWN) [29,30]. A Rietveld refinement procedure implemented in the
commercial software TOPAS from Bruker AXS applying the fundamental parameters approach
was used to determine phase fractions and lattice parameters. The refinement included zero
displacement, background, scale factors, unit cell parameters, temperature factors and
texture parameters. To account for the instrumental contribution to the line profile shapes,
the parameters of the instrumental function were determined by a fit of the LaB4 reference
sample. The obtained values were fixed and used for the refinement procedure of the actual
measurements. A double-Voigt approach was used for considering size and strain broadening

effects [31].

2.3 Transmission electron microscopy

For TEM investigations, samples of HT420 were mechanically thinned to a thickness of 90 um.
Subsequently, discs with a diameter of 3 mm were electropolished using 6 vol% perchloric
acid in 94 vol% acetic acid at 15 °C with a flow rate of 31 and an applied voltage of 16 V. Final
preparation comprised ion polishing using a GATAN precision ion polishing system (PIPS) with

a first polishing step at 1 keV for 10 min followed by a second step at 0.5 keV for 5 min. The
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TEM investigations were performed on a JEM-2200FS from JEOL operated at 200 kV at the
University of Sydney, Australia. Indexing of the obtained diffraction patterns was supported

by SP2 software [32].

2.4 Atom probe tomography

Steel strips were subjected to the heat treatments (HT360, HT420) as described in 2.1 on an
annealing simulator MULTIPAS. From these strips, atom probe tips were prepared by the
standard double-layer and micropolishing method described in [33]. Prior to the APT
measurements, the atom probe tips were examined via TKD in a dual-beam SEM/FIB Versa 3D
from FEI equipped with a Hikary XP EBSD system from EDAX. TKD scans were carried out
according to [34] at a working distance of 10 mm, an acceleration voltage of 20 kV, 4x4 binning
and a step size of 3 nm. The TKD scans were analyzed using the TSL OIM Analysis 7 software
applying a grain dilatation clean-up. This enabled a clear distinction of martensitic and
austenitic regions. APT measurements were conducted in a local electrode atom probe
(Cameca LEAP 3000X HR) either in voltage mode (pulse rate of 200 kHz, pulse fraction of 0.2,
sample temperature of 60 K) or in laser mode (laser energy of 0.3 nJ, pulse rate of 250 kHz,
sample temperature of 40 K) with a target evaporation rate of 0.5%. Data evaluation was
performed with the Imago Visualization and Analysis Software (IVAS) version 3.6. Regarding
carbon, peaks corresponding to C*, C#, C,*, C5*, C52* and C,2* were detected. The peak at 24 Da
could be either due to C,*, C42* or a mixture of both. The peak at 25 Da could correspond to
C,*, C42* or Cr?*. Apart from these peaks, no further severe peak overlapping occurred, and
thus no peak decomposition procedure was applied. Based on a comparison of the peak
heights at 25 and 26 Da, both peaks were indexed as Cr?*. The peak at 24 Da was assigned to

C,*, which might lead to a slight underestimation of the detected carbon concentration.

3. Results and discussion

3.1 Evolution of phase fraction and austenite lattice parameter

Figure 2a shows exemplary integrated 1D diffraction patterns recorded at different heat
treatment stages of HT360. Peaks corresponding to austenitic or ferritic (i.e.
ferrite/bainite/martensite) phase can be clearly identified. The material was fully austenitized
at 850 °C. During the subsequent cooling and holding at 750 °C, peaks of ferritic phase

appeared, but the signal was too low for a quantitative analysis. These ferritic peaks became
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more pronounced on further cooling and indicated the formation of ferrite and bainite prior
to the formation of martensite. Fitting of the diffraction data just before the onset of
martensite transformation revealed an amount of ferrite/bainite below 3%. At M, (338 °C)
austenite rapidly transformed, resulting in a martensite fraction of around 86% at the end of
the quenching step (230 °C). During partitioning (360 °C) until the end of the heat treatment
the major austenitic and ferritic diffraction peaks only changed slightly. For the fitting
procedure, austenite was modelled by using a face-centered cubic cell (fcc, Fm-3m). The
ferritic peaks were fitted by a body-centered cubic cell (bcc, Im-3m) above My, and then by a
body-centered tetragonal cell (bct, I14/mmm) to meet the predominantly martensitic fraction.
The resulting microstructure after HT360 and HT420 can be seen in Figure 2b and c,
respectively. The microstructure predominantly consists of tempered martensite (strongly
etched areas) with fine austenite films and austenite islands (raised features). Occasionally,

small platelets appear in the tempered martensite, that likely represent carbides.

(a)

Intensity / a.u.

Figure 2: (a) 1D diffraction patterns recorded at different heat treatment stages during HT360;

SEM images of (b) HT360 and (c) HT420.



The temporal evolution of austenite fraction and austenite lattice parameter after the end of
the quenching step is shown in Figure 3. The individual stages of reheating, partitioning and
final cooling are separated by vertical lines. As can be seen in the upper graph of Figure 3, the
austenite fraction f, decreases from 14% to 7% during partitioning. Note that f, does not
change during the final cooling, which suggests that no fresh martensite formed and austenite
was sufficiently stabilized to room temperature. Simultaneously to the austenite
decomposition, which is most pronounced at the very beginning of partitioning, the austenite
lattice parameter a, rapidly increases (center graph in Figure 3). While the curve constantly
increases for HT360, a fast initial dilatation can be seen for HT420 that reaches its maximum
after 40 s. Afterwards, the curve decreases again.

There are several factors influencing a,, i.e. temperature, carbon content and stress states. To
exclude the thermal contribution, a correction of the lattice parameter was executed
considering an exponential coefficient of thermal expansion (CTE) in accordance to the
procedure described by Allain et al. [25]. The coefficients necessary for the calculation of CTE
were obtained by the fit of dilatometer curves in the range of 400 to 800 °C. It has to be
mentioned that in this way the influence of internal stresses is not considered for the
correction of a,, despite the work of Allain et al. [25] showed that the austenite is subjected
to complex stresses along the entire Q&P heat treatment. The resulting difference curve agis
obtained after subtracting the calculated from the measured lattice parameter values can be
seen in the lowest graph of Figure 3. The measured dilatation of agi; by the end of partitioning
allowed an estimation of the carbon enrichment in the austenite. During the final quench, it
is assumed that the carbon content remains unchanged, and the observed increase of ag is
attributed to internal stresses arising upon cooling [25]. Using the relation given in [23]
(day, = 0.033 dC,), the measured dilatation during partitioning for HT360 (1.99 x 1072 A) can be
referred to a carbon increase of 0.60 wt%. For HT420, the maximum increase (1.76 x 102 A)
after 40 s corresponds to a carbon content of 0.53 wt%, while the increase by the end of
partitioning (1.51 x 102 A) yields a lower value of 0.46 wt%. The final amount of carbon in the
austenite can be estimated to be around 0.80 wt% (3.64 at%) for HT360 and 0.66 wt%
(3.00 at%) for HT420.
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Figure 3: Temporal evolution of austenite phase fraction (f,), measured austenite lattice

parameter (a,), and difference between calculated and measured austenite lattice parameter

(agifr). Note that t = 0 s indicates the end of the quenching step. Reheating, partitioning and

final cooling are divided by vertical lines.

Since carbon enrichment causes an expansion of a,, the contraction of a, seen for HT420 may
indicate carbon depletion due to austenite decomposition accompanied by carbide formation.
These findings are supported by the work of Bigg et al. [35], who also observed such a decrease
using in-situ neutron diffraction during partitioning of a 0.64C-4.57Mn-1.30Si (wt%) steel,
albeit at different partitioning conditions (M below room temperature, slow heating from
room temperature to a T, of 500°C and a total measuring time of 3 h). Furthermore,
decomposition of austenite at high T, was also reported in [11-13].

For both HT360 and HT420, f, decreases during partitioning. Since there is no indication of
austenite decomposition by carbide formation for HT360 (i.e. no decrease of a,), it can be
concluded that in both cases the decline of austenite fraction is mainly caused by bainite
formation, which is known to also compete with carbon partitioning [14,36,37]. Assuming that
the entire decrease of f, is caused by the formation of bainite, about 7% bainite is formed
regardless of the chosen T,. Even if carbide formation contributes to an austenite
decomposition in the case of HT420, the decrease of f, observed after 40 s is below 2%, and
thus small compared to the decrease caused by bainite formation that occurs particularly at

the beginning of partitioning.



Besides the HEXRD patterns, the dilatometer signal was also recorded during the in-situ
experiments and the temporal evolution of the relative length change during the partitioning
step is shown in Figure 4 (solid lines). Since the use of Al,O; push rods, as it was the case for
the HEXRD experiments, affects the accuracy of the dilatometer measurement to a greater
extent than SiO, push rods, the heat treatments were also conducted on a dilatometer 805A
using SiO, rods. The results are shown in Figure 4 as dashed lines. Using Al,O3rods, both curves
continuously increase during partitioning. With the use of SiO, rods, a contraction is observed
for HT420 starting after 40 s of partitioning, while the curve continuously increases and finally
levels off for HT360. The dilatometer curve represents the sum of the expansion caused by
bainite formation - and to a smaller extent also by carbon enrichment in the austenite - and
the contraction caused by carbon depletion of the martensite, either through carbon
partitioning into the austenite or carbide formation [38]. Thus, from the dilatometer curves
seen in Figure 4 it can be concluded that partitioning and bainite formation are the main

processes at 360 °C, while martensite tempering effects dominate at 420 °C.
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Figure 4: Measured relative length change during partitioning at 360 °C and 420 °C using Al,O4

(solid lines) and SiO, (dashed lines) rods.

3.2 Carbide identification by HEXRD

In order to detect even small amounts of carbides that form during partitioning with HEXRD,
the diffraction patterns were carefully examined and some are with exemplary results shown
in Figure 5 for HT360 (upper graph) and for HT420 (lower graph). Indeed, minor diffraction
peaks in addition to the main austenitic and martensitic peaks can be seen, although some

peaks might be better defined as humps than clear peaks. During the austenitization step, few
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peaks appear that are marked by red arrows. Compared to the diffraction pattern recorded at
the end of austenitization (red line), there are no additional peaks at the beginning of
partitioning (blue line). By the end of partitioning (green line) and at the end of the heat
treatment (black line), further peaks can be seen for HT420 (lower graph in Figure 5), which
are marked by black arrows. For HT360, there is only a sluggish hump visible at 3° (upper graph

in Figure 5, black arrow).
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Figure 5: Enlarged section of diffraction patterns (log scale) at different heat treatment stages

for HT360 and HT420.

For the identification of the additional peaks, patterns obtained from the Powder Diffraction
File (PDF) database of the International Centre of Diffraction Data (ICDD) were compared to
the present patterns. With regard to iron carbides previously found in Q&P steels, 8-carbide
[39], n-carbide [40] and e-carbide [41] were considered. Additionally, also the x-carbide [42]
and NbC [43] were taken into account, whereby the detection of NbC by HEXRD was assumed
to be unlikely, since the low Nb-addition allows the formation of a maximum of 0.034 wt%
NbC.

The diffraction pattern obtained at the end of HT420 together with the respective hkl peak
locations of the considered carbides are shown in Figure 6a-e. It can be seen that the most
prominent peaks of the iron carbides (Figure 6a-d) are around 3.5°, and thus highly overlap
with major peaks of the diffraction pattern. Moreover, pattern positions of the iron carbides

are very close, which further impedes a simple identification. Regarding the peaks that appear
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during partitioning (black arrows in Figure 5), a good match was found for 6-carbide (Figure
6a). The positions of x-carbide (Figure 6éb) fit with the peaks at 3.22° and 4.5°. The peaks at 3°
and 3.22° also coincide with those of e-carbide (Figure 6c). The worst match can be seen for
n-carbide in Figure 6d. As expected, NbC can be ruled out, since the most prominent peak at
2.75° is missing (Figure 6e). No match with the considered carbides was found for the peaks
that formed during austenitization (red arrows in Figure 5). Considering a possible oxidation
of the sample’s surface during austenitization, patterns of iron oxides were additionally taken

into account, and indeed a good match is found for Fe,O; [44] as can be seen in Figure 6f.
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Figure 6: Diffraction pattern (log scale) of HT420 sample at the end of the heat treatment
showing the hkl peak locations for (a) 6-carbide, (b) x-carbide, (c) e-carbide, (d) n-carbide, (e)
NbC and (f) Fe,0;.

A comparison of the diffraction patterns recorded during partitioning revealed a first clear
distinctness of carbide peaks from the background after about 120 s, which is delayed
compared to the contraction observed by dilatometry after 40 s (Figure 4). This is supposed
to be reasonable, since a minimum phase volume is necessary to obtain diffraction patterns
at all, and moreover carbon segregation and clustering prior to carbide formation does not

generate diffraction patterns, but may already lead to a contraction visible in the dilatometer.
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3.3 Carbide identification by TEM

The comparison of the diffraction peaks with different carbide diffraction patterns revealed
that ©-carbide is most likely present in the microstructure, but the occurrence of transition
carbides cannot be excluded. Moreover, the decrease of a, detected by HEXRD (Figure 3)
indicates carbide formation next to or in the austenite, but a considerable amount certainly
precipitated in the martensitic matrix due to martensite tempering. To further study the
carbides formed during partitioning, TEM investigations were carried out on HT420. Figure 7a
shows a bright field (BF) image of martensite containing plate-like precipitates with a length
of about 250 nm and a thickness of 15 nm. These precipitates can be identified as 6-carbide
based on the selected area electron diffraction (SAED) pattern shown in Figure 7b. Since the
SAED pattern was not taken from preferred orientation, conclusions regarding the orientation
relationship (OR) between martensite and 6-carbide are difficult to draw, but it is expected to
coincide with the OR typically found for martensite and ©-carbide, i.e. Bagaryatskii [45] or

Isaichev [46] OR.

B-carbide

Figure 7: (a) BF image of martensite containing 6-carbides with plate-like morphology (HT420);
(b) SAED pattern of 6-carbide with [121], zone axis and martensite with [533],, zone axis.
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Figure 8a shows a HRTEM image, where a single spherical carbide with a diameter of around
10 nm is embedded in austenite. Analysis of the crystal structure of the observed carbide was
done utilizing fast Fourier transformation (FFT). The FFT for austenite with diffraction zone
axis close to [110] 4 is depicted in Figure 8b, that of the carbide can be indexed as monoclinic
x-carbide with zone axis nearby [1§5]x (Figure 8c). Indexing of this phase has taken into
account the conversion of index number between plane and plane normal that is often
different for low symmetric crystals, such as hexagonal or orthorhombic structures.
In order to derive a statistically relevant OR between two phases, it is necessary to collect a
sufficient number of composited electron diffraction patterns or FFT images that contain both
phases. Due to the low number of x-carbides in the present case, this is difficult to achieve.
One possible OR between austenite and x-carbide can be extracted from the FFT image in
Figure 8d that was generated from an area covering both austenite and carbide:

[110]4 11 [135],

(220)4 1] (310), (1)

(111)4 || (121),.
The above expression of the observed OR can be reorganized to low index plane and direction
by applying composited stereographic projection (SP). Figure 8e shows the directional SP of
austenite with pole center at [010]4 overlapped with directional SP of x-carbide centered at [
132],. Due to the cubic crystal of austenite, the index in the SP can be referred to plane normal
or direction. However, for the monoclinic x-carbide, the plane normal (hkl) is generally not the
same as [uvw] even though they have the same numbers. For easy reading, plane normal and
direction indices are underlined. The zone axis [110]4 || [135], indicated in Figure 8d can be
found in the SP and is marked as ‘zone axis of FFT'. The observed parallel planes (220)4
[| (310), and (111)4 ]| (121), can be also found in the SP. Thus, equation (1) for the
observed OR can be simplified to

(010)4 || (111),

[100]4 || [112], (2)

[001]4 || [T32],.
Considering the cubic structure of austenite, equation (2) can be further written as:

(001)4 || (111),

[100]4 || [112], (3)

14
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Figure 8: (a) HRTEM image of HT420 showing spherical x-carbide embedded in austenite; (b)
FFT image from austenite with [TlO]A zone axis; (c) FFT image of x-carbide with zone axis
along [1§5]X; (d) composited FFT corresponding to both austenite and x-carbide providing
information of possible OR; (e) composited directional stereographic projection (SP) of
austenite [010]4 and x-carbide [132], derived from FFT shown in (d).

15



3.4 Carbide identification by APT

APT measurements were conducted on the HT420 condition. This not only enabled a chemical
analysis of the occurring carbides, but provided also information about the carbide formation
sites. Figure 9a shows the carbon atom map and isoconcentration surfaces with different
carbon thresholds of 0.95 at% (nominal carbon content), 5 at% and 15 at%. Apart from a
carbon-rich feature, the carbon concentration in the matrix is low (<1 at%), which supports
the identification as a martensitic region. The calculated proximity histogram based on the
15 at% isoconcentration surface is shown in Figure 9b. The carbon concentration increases to
about 25 at%. The manganese content slightly increases, while a clear reduction of silicon is
visible. The other alloying elements are distributed uniformly and are thus not presented here.
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Figure 9: APT measurement (voltage mode) of HT420: (a) carbon atom map and carbon
isoconcentration surfaces (0.95, 5 and 15 at%); (b) proximity histogram of the iron carbide

defined by 15 at% isoconcentration surface.

Another APT measurement of HT420 is depicted in Figure 10a, showing the carbon distribution
map and the isoconcentration surfaces of 5 and 15 at% carbon. The overall carbon
concentration of the entire measurement volume is substantially higher than the nominal
concentration, with a highly enriched area indicated by the 15 at% carbon isoconcentration
surface. The respective proximity histogram of the region indicated by an arrow is shown in
Figure 10b. The carbon concentration increases from 5 at% to 25 at%, while manganese does

not change. Again, silicon partitioning is obvious.
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Figure 10: APT measurement (voltage mode) of HT420: (a) carbon atom map and carbon
isoconcentration surfaces (5 and 15 at%); (b) proximity histogram of the iron carbide defined

by 15 at% isoconcentration surface (marked by an arrow).

The high carbon concentration measured in the atom probe tip shown in Figure 10a indicates
an austenitic region, but high carbon concentrations might also be measured for martensite
that formed from the carbon-enriched austenite during the final quench. The presence of
fresh martensite is assumed unlikely, since no further decrease of f, upon cooling was
detected by HEXRD (Figure 3). However, unambiguous identification of austenite based on
APT is not possible without crystallographic information. For this reason, a TKD scan was
conducted prior to the APT measurement, which was carried out in laser mode in order to
prevent early sample fracture. As can be seen in Figure 11a, austenite was observed within
the obtained TKD pattern, which confirmed that the top of the atom probe tip shown in
Figure 11b corresponds to an austenitic region. A non-homogeneous carbon distribution can
be seen, with a carbon-rich region at the top of the tip (Figure 11c) and a carbon-depleted

region at the bottom, including some carbon- and niobium-enriched areas (Figure 11d).
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Figure 11: APT measurement (laser mode) of HT420: (a) TKD scan of the atom probe tip prior
to the APT measurement; (b) carbon atom map; (c) enlarged section of the upper part of the
atom probe tip shown in (b) indicating 15 at% carbon isoconcentration surface; (d) enlarged
section of the lower part of the atom probe tip shown in (b) indicating 2 at% niobium

isoconcentration surface.

A 1D concentration profile across the austenite/martensite interface was calculated along the
cylinder marked in Figure 11c and the result is shown in Figure 12a. While the silicon content
stays unchanged across the interface, a pile-up of manganese can be seen on the austenite
side of the interface. This indicates partitioning of small amounts of manganese, which was
also reported in other studies [5,7,47]. A clear increase of the carbon concentration from
0.25 at% in the martensite to 3 at% in the austenite was determined. The 15 at% carbon
isoconcentration surface seen in Figure 11c indicates an area with even higher carbon
concentration at the edge of the tip. Figure 12b shows the proximity histogram of this surface.
The amount of manganese increases, and also the carbon concentration increases to nearly

20 at%. A decrease of silicon was also detected.
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Figure 12: (a) 1D concentration profile along the austenite/martensite interface as marked by
the cylinder in Figure 9c; (b) proximity histogram of the iron carbide marked by an arrow in

Figure 9c.

Indication of iron carbides were found in all presented atom probe tips. In the case of the
measurements shown in Figure 9 and 10, the carbon concentration reaches 25 at%, which is
the stoichiometric carbon composition of 6-carbide. For the atom probe tip shown in
Figure 11, the carbon concentration is slightly below 25 at%, but it is only a very small edge of
the carbide that has been detected. The decrease of silicon that was observed for all
measurements and also the slight manganese enrichment seen in Figure 9b and 12b are a
strong indication that the detected carbides are indeed 6-carbide. Several authors report a
repulsion of silicon at the early stages of 6-carbide formation followed by a gradual
enrichment of manganese with prolonged tempering [9,13,48,49]. However, definitive
carbide identification remains a subject of uncertainty due to the issues of carbon
quantification encountered with APT. The carbon concentration may be underestimated due
to carbon atoms that can get ‘lost’ during APT measurements because of more frequent
multiple hit events and the dead time of the detector [16]. Furthermore, the quantitative
analysis of APT measurements also depends on the analysis condition. For example, lower

sample temperatures are preferential to minimize the difference in the evaporation fields of
19



the different elements, but parameter studies in voltage mode showed that a decreasing
measurement temperature resulted in an overestimation of the nominal carbon
concentration of ©-carbide [18,19]. This was attributed to a loss in the detection of iron ions
[19]. Regarding laser-pulsed APT, it was found that the detected carbon concentration in
B-carbide increased with lower laser pulse energies, which was also attributed to a loss of iron
ions due to a detector pile-up [20]. In addition, no peak decomposition was applied in the
present work and the assignment of the peak at 24 Da to C,* might lead to an underestimation
of the carbon content. Nevertheless, the observed manganese enrichment and silicon
depletion plead for an assignment of the detected iron carbides as 6-carbide.

Proximity histograms of the observed niobium-enriched features shown in Figure 11d were
calculated and the results are shown in Figure 13. The other alloying elements do not change
and are thus not shown. The question arises whether these NbC have formed during
partitioning or before. Regarding cold-rolled sheets, Speer et al. [50] stated that NbC
precipitation should be fairly completed at latest after annealing, and is thus unlikely to occur
during partitioning. There are several studies concerning niobium alloying in Q&P steels,
where NbC was clearly identified by TEM [51-55] and precipitation during the partitioning
step was suggested. Though, clear evidence for NbC formation during partitioning can be only
found in [52]. In this work, a 0.485C-1.195Mn-1.185Si-0.98Ni-0.21Nb (wt%) steel was
subjected to a quenching-partitioning-tempering process with a combined partitioning-
tempering step at 400 °C for 10 or 1800 s. Four different types of carbides were detected,
among them fine NbC that nucleated in lath martensite during partitioning. However, the
niobium content of the steel investigated in the present work is much lower, and further
studies are considered necessary to provide clarity whether NbC precipitates during

partitioning or before in the case of low Nb-containing Q&P steels.
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Figure 13: Proximity histograms of (a) carbide 1 and (b) carbide 2 as marked in Figure 9d.

3.5 Comparison of the applied investigation methods

First indication of carbide formation can be derived from the SEM images shown in Figure 2b
and ¢, where small platelets are occasionally visible in the tempered martensite for both
HT360 and HT420. Further evidence is obtained from dilatometry, which presents a fast and
easy accessible method to gain an overview of the phase transformations taking place during
partitioning. The contraction seen during partitioning at 420 °C (Figure 4) results from stronger
martensite tempering, and consequently a higher carbide fraction was expected. Carbide
precipitation could be followed by in-situ HEXRD (Figure 5) and the marginal appearance of
additional diffraction peaks during partitioning at 360 °C (Figure 5) confirmed that the carbide
volume fraction of HT360 is obviously lower than that of HT420, but the carbide volume
fraction of both heat treatments was too small for a quantitative analysis. Moreover, a clear
carbide identification turned out to be difficult, because the peak positions of the different
iron carbides are in close vicinity, as can be seen in Figure 6. Another drawback regarding the
qualitative analysis of HEXRD patterns is that it is not possible to distinguish between the
carbides formed in martensite, which certainly contribute the most to the detected signal, and

carbides formed as a result of austenite decomposition. The additional information obtained
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from the in-situ HEXRD experiments, i.e. the temporal evolution of a, seen in Figure 3, clearly
shows that austenite is affected by the carbide formation, resulting in a decrease of the
austenite carbon content from 0.73 wt% after 40 s to 0.66 wt%.

TEM investigations enabled a simultaneous identification of precipitates and the surrounding
matrix. Among the applied techniques, it is also the only method that revealed information
about the carbide morphology. Regarding APT measurements, it was also possible to
distinguish between carbides, austenite and martensite based on the different carbon
concentration, which allows a distinction of the carbide formation in austenitic or martensitic
regions. The additional combination with TKD and the obtained crystallographic information
facilitates a clear phase identification and supports site-specific measurements of austenitic
regions and adjacent iron carbides. However, it must be emphasized that the TKD patterns are
primarily derived from the bottom 10 - 20 nm of the atom probe tip facing the EBSD camera
[56]. In order to examine the whole tip, additional scans after sample rotation are necessary.
Furthermore, the detection of carbides by TKD in the investigated steel is unlikely due to the
resolution limits of this technique (5-10 nm [57]). In addition, not the entire tip volume is
obtained in the atom probe due to its limited field of view [58]. Nevertheless, both APT and
TEM are indispensable to support carbide identification, and moreover they also enable the
characterization of smallest amounts of precipitates (in this case NbC by APT), that were not

detectable by HEXRD.

While ©-carbide formation resulting from martensite tempering and/or austenite
decomposition is in accordance with previous studies [11-13], x-carbides have not been
detected in Q&P steels so far. Martensite tempering involving a (g,n) --> x --> 6-carbide
sequence have been reported [59-62], and furthermore tempering of a 1.22 wt% C steel
revealed that austenite could decompose not only into 6-carbide (and ferrite), but also into
x-carbide (and ferrite) [63]. Moreover, further studies are necessary to investigate the impact
of the associated carbon depletion of the austenite on its stability, albeit the austenite
decomposition resulting from carbide formation was found to be negligible compared to the
austenite decomposition by bainite formation. The austenite fraction of both HT360 and
HT420 is 7% (see Figure 3), but the estimated carbon content in the austenite is around
0.14 wt% lower for HT420. Together with the stronger tempering of the surrounding

martensite at 420 °C, which was reported to negatively affect the mechanical stability of
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austenite [64], this may result in a reduced austenite stabilization that consequently affects
formability. Furthermore, there is a lack of information about the influence of carbide
formation in Q&P steels on the mechanical properties. Minor effects are expected by small
amounts of transition carbides, while excessive 6-carbide growth might deteriorate ductility.
In this case, a shortening of the partitioning time, especially at higher temperatures, would be

necessary.

4. Summary

In the present work, two different Q&P cycles, including quenching to 230 °C and subsequent
partitioning at 360 °C or 420 °C for 300 s, were studied by means of different high-resolution
characterization methods. In-situ HEXRD was carried out to study the processes taking place
during the heat treatments. During partitioning, the austenite fraction decreased from about
14% to 7%, which was attributed to bainite formation. A rapid increase of the austenite lattice
parameter at the very beginning of partitioning revealed clear carbon enrichment of the
austenite. After 40 s at 420 °C, the austenite lattice parameter decreased again, which resulted
in a lower austenite carbon content of 0.66 wt% compared to 0.80 wt% after partitioning at
360 °C. This decrease indicated carbide formation taking place as a result of austenite
decomposition.

Based on the obtained HEXRD patterns, the onset of carbide formation could be followed by
the occurrence of additional diffraction peaks, which were found to appear during partitioning
at 420 °C after about 120 s. These peaks could be most likely assigned to 8- and x-carbide, but
it was not possible to draw definite conclusions about the nature of carbides or their formation
sites without additional information. Hence, additional TEM and APT investigations were
conducted that confirmed the existence of 8-carbide formed as a result of martensite
tempering. Furthermore, x-carbide embedded in austenite was detected by TEM. The
assumption of austenite decomposition by carbide precipitation was also supported by APT
measurements, where austenite, which was unambiguously identified by a prior TKD scan of
the atom probe tip, and adjacent carbides were detected. These carbides could be identified
as cementite based on the local chemistry. Finally, NbC were also detected by APT, but it
remains unclear, whether NbC precipitated during partitioning or not, since the amount was

apparently too low to be visible in the diffraction pattern.
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