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The study investigates the effect of deep cryogenic treatment (DCT) on a high-alloyed ferrous alloy (HAFA) and
its effectiveness on carbide evolution and chemical shifts of alloying elements. With ex-situ and in-situ obser-
vations ranging from the microscopic to the nanoscopic level, we uncover the atomistic mechanism by which
DCT affects carbide precipitation, resulting in a 50% increase in carbide volume fraction. Synchrotron-based
scanning photoelectron microscopy provides insight into the agglomeration of carbon during exposure to
DCT. We find that Mo plays a crucial role in DCT through its modification of chemical bonding states, which is
postulated to originate from the loosely-formed primordial Mo,C carbides formed during exposure to cryogenic
temperatures. These in turn provide energetically favorable nucleation zones that accelerate the formation of
Mj7C3 carbides, which serve as intermediate states for the formation of My3Cg carbides, which most strongly
impact the mechanical properties. These results are supported by atom probe tomography, showing the pref-
erential formation of Mo-rich M7Cs carbides in DCT samples, resulting from greater solute mobility. This work
clarifies the fundamental mechanisms on how DCT affects HAFA, solving a long-elusive problem.

1. Introduction microstructural changes following DCT are (1) increased formation and
precipitation of finer carbides [6], sometimes described as e-carbides
and n-carbides [6,20,21], (2) a more homogenous microstructure

[20,22-25], (3) transformation of retained austenite into martensite

Deep cryogenic treatment (DCT) is a type of heat treatment [1,2] or
heat treatment technology [3] that has recently become popular due to

its cost-effectiveness [4], simple application [5] and positive effect on
surface and bulk materials properties. It can be applied to both ferrous
and non-ferrous alloys, and can affect properties such as hardness,
toughness, corrosion and wear resistance, prolonged material life, and
magnetic properties, amongst others [1,2,6-10]. DCT procedures are
thus important for many technologies and industries, such as medicine
[11,12], robotics [13], materials science [14,15], the fuel and energy
sectors [7], electronics [16], the aerospace, tool and steel industries
[3,17,18], musical instruments [19] and automotive industry [7]. The
changes in the material properties result from the chemical and physical
changes in the microstructure during DCT and subsequent tempering
(heating of material to induce carbide precipitation). The

[23,26,27], (4) formation of finer martensitic laths [28,29], (5) orien-
tation of newly formed martensitic laths in the [101] and [001] di-
rections [28], and (6) different oxidation dynamics on the surface
[28,30]. However, despite intensive experimental and some theoretical
research in the last decade, the underlying mechanisms for the strong
effect of DCT remains unclear.

Several theories have been proposed to describe how DCT affects the
microstructure and material properties. Jaswin and Mohan Lal (2015)
[23] and Kumar et al. (2016) [31] postulated that DCT increases the
driving force for the carbide nucleation through lattice energy reduc-
tion, and finer martensite formation from transforming retained
austenite, which together result in increased precipitation and finer
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carbides. Meng et al. (1994) [20] suggested that another possible
mechanism for retirement is the precipitation of n-carbides, instead of
e-carbides that normally form during conventional heat treatment.
However, Gavriljuk et al. (2013) [22] considers the theory relating to
these transiting carbides vague, as their short lifetime and metastability
in the initial stage of tempering make them hard to track and analyze.
Instead, Gavriljuk et al. (2013) [22] explained that the additional car-
bide nucleation occurs due to direct plastic deformation of the
martensite during exposure to DCT, which results in carbon displace-
ment and agglomeration with gliding dislocations. Another possible
mechanism is described by Collins (1996) [32], who stated that DCT
influences the production of internal stresses following the austenite to
martensite transformation. This effect, as proposed by Moore and Collins
(1993) [24], results in martensite conditioning, which promotes for-
mation of fine carbides through additional formation of nucleation sites.
They assumed that the additional nucleation sites are activated by
recombination and formation of crystal defects or carbon clusters, which
form a lower energy potential for preferential carbide nucleation.
Furthermore, Collins (1996) [32] suggested that internal stresses may
spawn twins and dislocations in crystal lattice defects. Huang et al.
(2003) [29] and Antony et al. (2020) [33] suggested that supersatura-
tion of martensite during DCT increases its lattice distortion and ther-
modynamic instability due to the extremely low temperature, which
then promotes the migration of carbon and alloying elements towards
nearby crystal defects. Akhbarizadeh et al. (2009) [34] proposed that
increased carbide precipitation results from martensite and austenite
lattice contraction. As a result of martensitic contraction and condi-
tioning, residual stresses in the material change to become compressive
[35].

To date, studies into DCT have been mainly focused on the physical
changes related to mechanical properties and have not linked these
changes to chemical effects connected with the modified microstructure
[6,36-38]. However, the proposed theories related to the stress, satu-
ration and distortion state of the matrix fail to explain the varying effect
of DCT on the properties of different highly-alloyed ferrous alloys
(HAFA) [21,36,37,39]. The effects of DCT on microstructure can vary
significantly between different HAFAs despite small changes in
composition [21,36,37,39]. Furthermore, no theory satisfactorily ex-
plains why DCT has no effect on carbide precipitation for certain HAFAs,
since the martensite transformation still occurs and should be similarly
modified by DCT, while in others a 100 % increase in carbide precipi-
tation was observed [21,36,37,39]. Thus, the current theories are unable
to explain the fundamental impacts of DCT on HAFA, which we specu-
late to be of chemical origin.

The relationship between surface and bulk properties following DCT
has not been thoroughly studied, especially the influence of solute
mobility and chemical state on the carbide formation and precipitation.
Some studies have suggested that the reduced number of carbide clusters
after DCT could be related to oxygen absorption and changes in oxida-
tion state of the metallic matrix [24,28]. Oxygen absorption analysis has
shown that DCT leads to refinement of martensitic laths in the matrix,
resulting in a smoother surface [28]. Some DCT studies [21,39-44] have
investigated the presence of selected alloying elements (Co, Cr and W) in
carbides, however no research was done to link this to chemical changes
during DCT and their migration in the microstructure. Only with the
understanding of the mechanisms behind DCT, and the manipulation of
carbides and other microstructural features following DCT, can the en-
hancements of targeted properties be understood. This would not only
confirm our proposed mechanism, but also provide the understanding
required for the full utilization of DCT on different metallic materials for
different technologies and industries.

In this work, we investigate the correlation between chemical
changes induced by DCT and the physical changes and proposed
mechanisms in a selected model HAFA, EN HS6-5-3 (also known as AISI
M3:2). The effect of DCT will be compared to a sample which has un-
dergone conventional heat treatment (CHT) without DCT. This has been
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performed using correlative microscopy and materials analysis tech-
niques, including scanning-electron microscopy (SEM), transmission-
electron microscopy (TEM), atom probe tomography (APT), small
angle neutron scattering (SANS) and in-situ scanning photoelectron
microscopy (SPEM) at the ESCA microscopy beamline at Elettra syn-
chrotron (Italy) [45]. Our findings reveal the change in the electron
binding energies of the alloying elements following DCT, and link those
changes to the modified microstructural evolution, particularly nano-
scale carbide formation and precipitation. The ex-situ microscopy re-
sults and the in-situ SPEM observations deliver a definitive answer and
reasoning to the DCT effect on carbide precipitation and the impactful
influence of the binding energy state of alloying elements on the pro-
posed mechanism of DCT.

2. Methods
2.1. Material and heat treatment

Selected material was PM high-alloyed ferrous alloy (HAFA) EN HS6-
5-3 (also known as AISI M3:2), supplied in soft annealed state by pro-
ducer ERAsteel, Hilden, Germany. The chemical composition of HAFA in
wt. %, is 1.29C, 5.90 W, 3.90 Cr, 4.80 Mo, 3.00 V, 0.69 Co, 0.006 S, 0.31
Mn and 80.10 Fe. HAFA samples were firstly heat-treated to austeniti-
zation at 1050 °C for 2 min in horizontal vacuum furnace IPSEN VTTC-
324R (Ipsen, Kleve, Germany) with uniform high-pressure gas quench-
ing using Ny at the pressure of 5 bars (average quenching rate was
approximately 7-8 °C / s). After quenching, samples were divided to two
groups: first-control, which was conventionally heat-treated (CHT), and
second-testing group, which was deep cryogenically heat-treated (DCT).
The first CHT group was after quenching exposed to triple tempering (3
x 600 °C for 2 h). Whereas; the second DCT group was subjected to
cryogenic temperatures by gradual immersion (10 °C / min) in liquid
nitrogen for 24 h (1 day) at —196 °C, which was performed immediately
after quenching and followed by only a single tempering cycle (1 x
600 °C for 2 h). Selected heat treatment parameters were chosen based
on our previous research of HAFA [21,28]. In addition, CHT and DCT
samples for SEM analysis were etched according to the methods
described in Jovicevic¢-Klug et al. 2021 [46].

2.2. Microscopy and phase analysis

Microstructural analysis of HAFA was performed using a scanning
electron microscope (SEM) Zeiss Crossbeam 550 FIB-SEM Gemini II
(Oberkochen, Germany), and a transmission electron microscope (TEM)
JEOL JEM-2100 (Tokyo, Japan) at Institute of Metals and Technology.
Phase analysis of HAFA is based/provided by our previous study [21].
Statistical evaluation of particles was conducted by SPSS, PASWSta-
tistics18, SPSS Inc., (Chicago, IL, USA).

2.3. Small angle neutron scattering (SANS)

Small angle neutron scattering (SANS) experiments were carried out
using the Yellow Submarine diffractometer at the Budapest Neutron
Center [47]. Samples for HAFA were attached to a sample changer and
were measured at room temperature. The range of scattering vectors g
was 0.016 to 0.45 A™!, where q = 4 74 sin® with 20 is the scattering
angle. In order to access to a broad range of g, two different configu-
rations were used with sample-detector distances were 1.15 m or 5.125
m with the incident neutron wavelength set to be 4.2 A. The raw data
have been corrected for sample transmission and room background.
Correction to the detector efficiency and conversion of the measured
scattering to absolute scale was performed by normalizing the spectra to
the scattering from a light water sample.
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2.4. Atom probe tomography APT

Specimens were prepared for atom probe tomography (APT) by
electropolishing matchstick sections, first using 25 % perchloric acid in
glacial acetic acid with ~ 15 V DC, then using 2 % perchloric acid in 2-
butoxyethanol at 5-10 V DC [48]. APT was performed using a Cameca
LEAP4000X Si at Sydney Microscopy and Microanalysis, The University
of Sydney. Specimens were analyzed at 50 K and evaporated in laser-
pulsed mode with 355 nm wavelength, 150 pJ laser pulse energy and
200 kHz repetition rate. The standing voltage was controlled to result in
a 2 % detection rate (0.02 ions per pulse), with 57 % detector efficiency.
Data reconstruction was performed using AP Suite 6.2 [49]. As no
crystallographic poles were observed on the detector and the data
collection ended without tip fracture, the radius evolution was calcu-
lated from the standing voltage, and the image compression factor and
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field factor were estimated using post-analysis SEM images [48]. Anal-
ysis of the reconstruction was performed using the IVAS module of AP
Suite 6.2. Cluster analysis of carbides was performed using the routines
included within AP Suite and considered clusters of C, C3 and C4 ions.
The maximum separation dp,y was chosen as the distance corresponding
to the maximum difference between the observed nearest-neighbor
distribution and that calculated by randomly assigning ionic identities.
The minimum cluster size was set to eliminate the probability of a
random cluster being included in the analysis. The erosion and envelope
parameters were both set to Ysdpqy. Isosurfaces were calculated using a
voxel grid with 1 nm spacing and 3 nm of delocalization.

2.5. Scanning photoelectron microscopy (SPEM)

The scanning photoelectron microscopy (SPEM) was performed at

i|Fe m

Fig. 1. Conventionally heat-treated (CHT) (a-e) and deep cryogenically heat-treated (DCT) (f-j) sample of HAFA. Micrographs (a-d, f-i) show typical microstructures
imaged under SEM, where M represents martensite (matrix) and the colored arrows indicate different types of carbides: yellow arrow is MC enriched by V, and red
arrow is MgC enriched with Cr, Mo and Fe [21]. Yellow circle in (a) marks the formation of complex bonbon carbides. Red circle in (f) marks the formation of
complex M,3Cg carbides (c-d and h-i) are enlarged selected regions. Micrographs (e and j) show dark-field STEM and EDS mapping of selected chemical elements for

the carbide precipitation interpretation.
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the ESCA Microscopy beamline at the Elettra synchrotron radiation
center.; The base pressure of the microscope chamber was 3 x 10710
mbar; and the photon energy of 750 eV. Samples were pre-quenched at
the Institute of Metals and Technology, and were then analyzed in-situ
during the DCT (24 h) and tempering stages (1 x 550 °C / 2 h for
both samples) for both setups (CHT/DCT). Before the experiments,
samples were ion milled with Ar to remove oxide layer and surface
contaminants. The cleanliness of each sample was thoroughly checked
and no contaminants were found. The surface chemistry of samples was
mapped with high spatial resolution and spectral surveys. The chemical
surface maps of Cls, Cr2p, Fe3p, Mo3d, V2p and W4f) were recorded at
photon energies of 750 eV (Fe-based). For a correct interpretation of the
maps a subtraction of the topography signal was also analyzed using
existing procedures [45], so that the photoemission intensity maps
represented the proper chemical contrast. The analysis of data was
conducted by IgorPro8, WaveMetrics (Portland, OR, USA) and Origin,
version 2021, OriginLab Corporation (Northampton, MA, USA).

3. Results and discussion
3.1. Carbide changes between CHT and DCT

The HAFA consists primarily of a martensite matrix supporting car-
bides of several different types. The primary carbides are MgC and MC,

(b) Fe

(a) Cn

&

"

CHT

DCT

~100nm

(c) Mo
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marked with colored arrows in the SEM micrographs shown in Fig. la
and Fig. 1f. These carbides are respectively enriched in W and V, and
form due to the specific alloying contents of the investigated HAFA and
its heat treatment scheme. In addition, sub-micrometer sized carbides
also form in the HAFA during the final tempering stage, which are pri-
marily enriched with Cr and Fe. These carbides are strongly affected by
the exposure to liquid nitrogen temperatures during DCT. In contrast to
the CHT HAFA, the DCT variant displays much higher density of M23Cg
carbides, a smaller average size and a more homogeneous distribution
across the martensitic matrix (compare Fig. 1a-d with Fig. 1f-i).

Given the changes to the morphology and distribution of the car-
bides, the chemical composition must be modified to compensate for the
massive changes in their nucleation and growth. These changes can be
identified through EDS analysis of the carbides. The Fe-based M3Cg
carbides in the CHT sample display enrichment of the main alloying
elements W, Mo and V, but also with Cr (see Fig. 1e). DCT samples also
have the M33C6 carbides observed in the CHT sample as well as an
additional subtype, which is considerably more enriched with Cr and V
(see Fig. 1j). The two alloying types of the sub-micrometer carbides
indicate the slow transition of the M23Cg carbides to the MgC carbides
that are the final carbide state after prolonged tempering [21]. However,
EDS provides no information about the carbides with diameter below
100 nm, which are present in both CHT and DCT samples (visible in the
SEM micrographs of APT tips in S1) [21]. In contrast to the larger sub-

(d) Cr (e) W

Hhw

Fig. 2. Atom probe reconstructions showing the 3D structure of conventionally heat-treated (CHT) and deep cryogenically heat-treated (DCT) samples of HAFA. The
columns show the distributions of alloying elements (a-f) C, (b-g) Fe, (c-h) Mo, (d-i) Cr and (e-j) W the selected testing samples for APT analysis. Note the scale bar is
approximate as these datasets were not spatially calibrated.
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micrometer My3Cg carbides, these carbides are more similarly sized and
distributed for both CHT and DCT samples.

3.2. Atomic scale chemical modifications of carbides with DCT

APT reveals the chemical composition of the nanometer-sized car-
bides of both CHT and DCT samples. Figs. 2 and S2a (CHT-3D model, Fe
and C) show APT reconstructions of the CHT and DCT samples, showing

100 (a) M7C3 major elements

-4 -2 0 2 4 6
Distance from isosurface (nm)

(e) Mo3Cg CHT (f) Mo3Ce DCT

Composition (at.%)
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the reconstructed positions of some important elements. Analysis of the
largest C-rich clusters reveals two major types of carbides in both the
CHT and DCT samples. The first group is determined to have a higher C
and Mo content, corresponding to an M7Cs carbide type (Fig. 3a), and
the other a higher Fe and Cr content, corresponding to the My3C¢ carbide
type (Fig. 3b). C isoconcentration surfaces (isosurfaces) and proximity
histograms (proxigrams) show the distribution of alloying elements
around the matrix:carbide interface of some large, exemplar carbides.

100 (c) M23Cg major elements

Fe+Cr

40

Composition (at.%)

Distance from isosurface (nm)

(i)

) 2.25 A
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& 33
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[
(9) M;C3 CHT g 1.25 1 3
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5, 2 0.75 -
pus <
s o o 0.50 -
0 I I 1 1 1 1 T 1 1 1 1 I
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Distance (nm) Distance (nm) MzsCs  MzsCe  M7Cs  M:Cs

Fig. 3. Proximity histograms (proxigrams) of the alloying content around exemplar (a, b) M;C3 carbides and (c,d) M23Cg carbides for both CHT and DCT samples,
generated from C isoconcentration surfaces (isosurfaces). Positive distances (right) are inside the carbide, negative distances (left) are in the matrix. For visual clarity,
major elements are shown in (a, b), minor elements in (c, d). Solid lines indicate data from the CHT sample, dashed lines from the DCT sample. The shaded region
represents the uncertainty in composition at each position. (e-h) Proxigrams displaying Mn distribution for both carbide types for both CHT and DCT samples.
Proxigrams from each carbide are visually overlaid to emphasize their similarity. (i) Average Mn contents from the core of each carbide found. The error bars
represent the standard deviation. Note that the distance axis in this figure should be considered approximate as these datasets were not spatially calibrated.
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Fig. 3a,b and 3c,d show proxigrams around the exemplar M;Cs and
M33Cg carbides, for both the CHT and DCT sample. With DCT the Mo
content is ~36 % higher for the M;C3 carbide and ~33 % lower for the
M33Ce carbide in comparison to the CHT ones. Additionally, the M23Cq
carbides display twice the V content after CHT compared to DCT (Fig. 3b
and S2b). These chemical changes indicate that with DCT the My3Cq
carbides preferentially form with higher Fe content and lower content of
other alloying elements. Such phenomena are explained by the lower
nucleation barrier of the My3C¢ carbides and higher mobility of the
alloying elements towards the larger carbides, which consume the
heavier alloying elements (Cr, V and Mo) [50]. This is further supported
by the Cr and Fe proxigrams, which identify a core—shell structure of
DCT carbides with enriched Cr shell. The possibility of diffusion-limited
carbide growth due to a different number of tempering cycles of the CHT
and DCT can be dismissed due to the similar C and Fe + Cr proxigrams
for both CHT and DCT M33Cg carbides. In contrast, the M;Cs carbides
show similar chemical structure and proxigram evolution between CHT
and DCT samples, with the exception of the Mo increasing in exchange
of Fe for DCT. This suggests that DCT induces a preferential formation of
secondary MyCg carbide type through the agglomeration of Mo in the
initial part of tempering. This is consistent with the thermodynamic
modelling, which indicates a sperate M;Cs carbide formation with the
additional exposure of the HAFA to cryogenic temperatures [21].

The phenomenon of increased carbide formation and dealloying of
them following DCT is also supported by the Mn content in the carbides.
Mn is generally a low-alloying element in carbides [51], so its smaller
variations within the carbides give an indication about the affinity to-
wards enrichment of carbides with solute atoms. The distribution of Mn
around all of the M33Cg and M7Cj3 carbides found is shown in Fig. 3e-h.
The average Mn contents in the core of the carbides are shown in Fig. 3i.
From the proxigrams of all the carbides, the affinity for alloying of M;C3
carbides is not altered, whereas for the M23Cg carbides there is a stronger
alloying with Mn for the CHT sample compared to the DCT sample.
Furthermore, the Mn content in M3Cg DCT is similar to the values of the
MjyCs carbides, which further support the lower alloying affinity with
DCT.

The APT results also suggested that the volumetric fraction of
nanometer-scale carbides is ~30 % larger for the DCT sample compared
to the CHT sample. However, the analysis volume in APT is very small,
and cannot represent a statistically valid determination of the nano-
scopic particles. Instead, the distribution of these nanometer-scale car-
bides was studied with SANS which probes centimeter-scale sample
volume but with sensitivity to nanometer-scale features. Fig. 4 shows the

0.05
0.04 - —DCT
—CHT

_.0.03 -
a
P

0.02 -

0.01

0.00 -

0 2 4 6 8
D (nm)

Fig. 4. Particle size (diameter D) distribution diagrams for both CHT and DCT
samples extracted from the SANS measurements on their states after tempering.
The inset depicts the structure of a unit cell of the My3Cq carbide that is
considered to be stable in such a small size range.
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extracted distribution diagrams from SANS measurements. These show
that there is a large number of scattering features of ~1-4 nm diameter
in both the CHT and the DCT sample. These are assumed to be nano-
scopic M23Cg carbides, due to their structural similarity to the Fe matrix,
as shown in Fig. 4. In correlation with APT results, the SANS data also
shows that the DCT sample has a ~#10 % higher fraction of nanoscopic
carbides. Together, these results clarify that DCT induces an increase in
carbide precipitation compared to the CHT samples across both micro-
meter and nanometer scale ranges.

3.3. Surface chemistry difference between CHT and DCT

SPEM was used in order to understand the evolution and behavior of
the alloying elements in the formation of carbides. The ex-situ experi-
ments confirm the duality of the My3Cg carbide evolution between the
CHT and DCT samples. This finding is supported by the SPEM elemental
maps shown in Fig. 5a (for CHT) and Fig. 5b (for DCT). The maps show
that MC and MeC carbides are distinguishable by their V and W content.
The M3Cg carbides in the CHT sample are larger and more alloyed,
whereas for the DCT samples they are considerably smaller and barely
detectable as their size approximates the spatial resolution of the system.
It should be noted that the carbides form not only within the martensitic
laths, but also in chains along prior austenite grain boundaries with
lower alloying content, which is best seen from the CHT sample (S3).
This is confirmed also through APT measurements that indicate an
alloyed state of grain boundaries between two martensite laths as pre-
sented in S3.

The single-point analysis spectra in Fig. 5c-e and S4 present the
chemical changes of the larger V-rich MC and W-rich M¢C carbides after
tempering that occur for both CHT and DCT samples. The major dif-
ference between the carbides is in the binding state of Cls, which is
shifted towards lower values (around 283 eV) in the MC compared to the
MgC (around 284 eV) [52]. This is considered to be due to the chemical
environment of the C in the MC carbide, where direct M—C bonds are
observed in the halite structure [52]. In MgC, the C is situated within the
octahedral interstitial sites of the FCC structure, and so they are less
tightly bonded to the individual metal atoms due to its high ligancy [52],
thus forming a similar chemical shift as the C situated within the matrix.
This also follows the theory that loosely bonded C is independent of the
chemical composition of the matrix and non-stochiometric carbides that
represent a chemically indifferent surrounding for the internal level of C
[53]. The double peak character of C1s of the MC carbide may represent
the formation of the core-shell type of carbide with a MyC to MC
structure formed due to tempering as reported in previous work [21]. In
this regard, it needs to be clear that the MC carbides before tempering
have a transitional character of V-enriched M,C carbide type related to
the modified alloying caused by prior austenitization heat treatment
[21]. Interestingly, the MC carbides display a 0.5 eV shift (dashed lines)
in the W4f spectra compared to the MgC carbides, considered to be a
result of the higher V presence in MC.

Despite their small size, single-point SPEM analysis can be used to
investigated, the chemical differences in the formed nanoscopic My3Cg
carbides before and after tempering. The spectra of the matrix (which
includes nanoscopic M23Cg carbides) (S5a-d) for both CHT (top) and
DCT (bottom) samples reveal that the My3Cg carbides evolve towards the
M;gC composition, following the slight presence of Mo (S5e) and W (S5f)
and generally low presence of V (S5c) after tempering. The V content is
in carbides slightly higher in the CHT carbides than the DCT carbides.
Also, DCT induces the M33Cg carbides to form with Mo that was not
present beforehand on the same position. It should be noted that the W
and Fe binding states have a chemical shift change of around 3.5 eV and
2 eV after tempering, respectively. Based on chemical shifts, the W state
is in matrix/metal bound state of WO, whereas in the carbide, it is in a
W*F state [54], corresponding to an oxide state of the surface that is
removed with tempering. The Fe shift also consistent with an an oxide
state [55]. As a result of the oxide formation, the Mo signal could be
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Fig. 5. SPEM color-coded elemental maps of selected areas of (a) the CHT and (b) the DCT sample before (top) and after (bottom) tempering. The white circles
indicate the exemplar positions probed for point-analysis with XPS. (¢)-(e) XPS chemical spectra of the larger MC (top) and MeC (bottom) carbides before (dark color)
and after (red color) tempering, for (c) Cls (d) V2p and (e) Fe3p, Cr3p, V3p and W4f. The data represents the chemical state of both carbide types for both CHT and

DCT samples.

potentially obscured from detection through XPS before tempering,
which is consistent with the lower contrast in the color-coded maps of
DCT sample before tempering, presented in Fig. 5b.

In both samples, Cr content of this HAFA results in M23Cg formation
during tempering. A comparison between sample types confirms the
higher content of Cr and V in CHT carbides compared with the DCT ones
when normalized to the Fe3p peak, supporting the APT results presented
in S5e-f. The W4f also changes after tempering, showing a + 0.3 eV shift
for the DCT M3Cq carbides compared to the CHT ones. This is again
considered to be related to the influence of the slight V alloying of the
M13Cg carbides with CHT, since the chemical shift of the W in the M23Cg

carbides is similar to that of the MgC carbides (compare Fig. 5e to S5d).
Furthermore, the separation distance between the two W peaks also
changes by about 0.1 eV and the width of the peaks is broader for the
DCT carbides. This may indicate another chemical state of W, which was
not characterized yet in the manuscript.

3.4. In-situ surface chemistry during deep cryogenic treatment

The underlying mechanism of the C redistribution and chemical state
changes of the different alloying elements is revealed using in-situ
SPEM. Fig. 6a shows smaller carbides formed in the DCT sample
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Fig. 6. (a) Greyscale Fe3p maps and SPEM color-coded elemental maps after quenching (before tempering and DCT) and after tempering with prior DCT. (b) Cr 3p2/3
maps with separated signal presentation of the Cr-O shift (above) and metal-metal shift (below).

following tempering. These smaller carbides are now visible as the
tempering removed some surface oxide. The chemical maps also show a
slight contrast gradient in the matrix after tempering (best seen from the
Mo + W + V map gradient from dark blue/purple to dark green across
the frame of the image). This gradient occurs due to the slight oxidation
formed during the sample transfer from the cooling stage to heating
stage for the in-situ measurements, which is performed in ambient
environment. However, this does not impair the development of the
carbides nor does it influence the surface to disrupt the SPEM analysis.
Fig. 6b illustrates this by showing the Cr3p peak associated with oxide
and metal, showing negligible Cr oxide formation [56]. Through the
deconvolution of the metallic portion and oxide portion, the non-
uniform oxidation is revealed and separated from the metallic peak,
thus revealing only the newly formed Cr-enriched M33Cg carbides. [56].

Through the deconvolution of the metallic portion and oxide portion,
the non-uniform oxidation is reveled and separated from the metallic
peak, thus revealing only the newly formed Cr-enriched My3Cg carbides.
In-situ measurements were performed during the DCT cooling process,
meaning the distribution and binding state for all elements could be
traced. It was found that only C displays a change in spatial distribution
during the cooling step (example C map before and after 24 h cooling in
Fig. 7). The changes are illustrated by subtracting the initial state with
the 24 h cooled state as depicted in Fig. 7. With this representation, the
changes also need to be carefully considered in relation to the

C1s quenched Cis 24 h CT

"24 h DCT-quenched

adventitious C re-deposition artifacts caused by the initial SPEM mea-
surements. In Fig. 7, the artifact is the circular-shaped C enrichment
formed over the position Al (marked in Fig. 6a) caused by the initial
high-energy exposure of the X-ray irradiation. With adjustment of the
acquisition parameters, subsequent measurements did not result in C
contamination. The remaining changes (exemplar features marked with
green circles in Fig. 7) are directly related to the segregation of C with
prolonged exposure to the cryogenic environment that serve as nucle-
ation points for the later My3Cq carbides. To confirm this, the marked
features are correlated with the Fe maps before and after tempering,
which confirm that carbides do form on the C-enriched positions (Fig. 7,
Fe3p SPEM maps after and before tempering), which were not present in
the initial quenched state. These results confirm that the C segregation is
effectively visible in the several hundred nanometer resolution, which
has up to now has not been reported previously.

Single-point analysis of the C evolution in the vicinity of the preex-
isting carbides and within the matrix also reveal that the C does not
change binding states during DCT cooling (Fig. 8a-d) and only changes
after the carbides are formed during tempering (see in Fig. 8d). This
indicates that the carbide-bound states are not modified with DCT
cooling, but only their distribution within the metallic matrix is altered.
Nevertheless, a change in binding state is determined for Mo, which
presents a slight shift of around 0.1-0.2 eV during DCT for all probed
positions (Fig. 8a-d). Surprisingly, the intensity ratio between the 3/2

§
Fe3p

Fig. 7. In-situ color-coded Cls concentration maps during entire DCT procedure. The green colored circular markings in the middle image are correlated with the
positions on the Fe3p maps after quenching, 24 h DCT cooling and after tempering. The 24 h DCT-quenched image depicts with orange coloration the changes in C

signal from the quenched state to the 24 h DCT cooled state.
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Fig. 8. (a)-(d) XPS chemical spectra of the different positions on the in-situ DCT sample, marked in Fig. 7, before DCT (dark color), during DCT (red color) and after
tempering (blue color) for (left to right) Cls, Mo3d, V2p and Fe3p, Cr3p, V3p, W4f.

and 5/2 Mo3d peaks changes that display a lower 5/2 intensity of about
30-50 %, when normalizing to the 3/2 peak. A possible explanation lies
in the transition of the Mo®" state to a Mo** state. The reasoning for
such a transition will be discussed further in the next section. This
feature illustrates the effect of DCT on the bonding state of Mo, which
uniquely impacts only this alloying element as the other elements do not
display any changes during DCT (Fig. 8). This phenomenon is specif-
ically visible around smaller prior MgC carbides and matrix (location A3,
Fig. 8c) that display the strongest modifications of the Mo peaks as well
as the additional presence of higher charged states of Mo during DCT. A
line scan of the Mo spectra across a carbide and surrounding matrix
before DCT and after DCT was performed. The line scan clearly shows
the shift changes bound to the matrix and not carbide itself with expo-
sure to DCT (S6). Notably, after warming the sample to room temper-
ature, the Mo peak shifts and new ratios remain similar. Only after the
tempering does the Mo return to a binding state similar to what it was
before DCT. This suggests that the modified state of Mo is a metastable
transition state, which is relaxed through input of the thermal energy
and precipitation and growth of carbides.

In response to the tempering procedure and Mo modifications, the W
binding in the matrix (locations A3 and A4, Fig. 8c-d) is changed in a
dissimilar fashion compared to the states found in CHT sample (S5d).
Both probed locations display a stronger asymmetry between the W4f; 5
and W4f5 5 peaks, at which the latter displays a halved relative intensity
in comparison to the state before. This interesting feature cannot be
associated to the presence of the Cr enrichment caused by the formation
of the M23Cg carbides as similar enrichment does not form such changes
in the CHT sample. It is proposed that Mo plays a crucial role in the
different carbide precipitation following DCT. It is also clear that this
feature is related only to the formation of the My3Cg carbides in the
matrix, since the W binding state remains similar around the MgC and
MC carbides (location A1 and A2, Fig. 8a-b). Additionally, a shift of
~0.6 eV shift towards lower energies is observed for the W4fs,» peak
suggesting preferential carbide build-up with specific incorporation of
W in a tighter form, such as W,C [57]. These are consistent with the ex-
situ measurement of the change of W binding state following DCT that
was partially obscured by the oxidized matrix.

3.5. Theoretical evaluation of C and Mo modification with DCT

The C segregation and change in Mo binding state are key to un-
derstanding how DCT affects the precipitation modification of this
HAFA. From the microstructural evaluation as well as previous studies
[21] the amount of precipitation is significantly higher with DCT,
yielding significantly higher volume fraction of My3Ces carbides than
what is expected from thermodynamic calculations [21]. This is
consistent with the improvement of some mechanical properties of this
HAFA as reported previously [58].

Based on our results, we propose that the mechanism is related to the
primordial formation of MyC-like agglomerates that provide a lower
energy barrier for the M;Cs carbides to form, and that these later
develop into M23Cg carbides. The proposed mechanism and individual
phenomena are sketched in Fig. 9a-c. The SPEM results show that,
during DCT the C atoms agglomerate at specific locations, forming C-
enriched area. This is consistent with the proposed theories of
cryogenically-activated C-capture through gliding dislocations and
dislocation recombination [22]. The dislocations meet at specific defects
and boundaries that act as sinks for the captured C atoms. Up to now,
most researchers postulated that only the C atoms play the main role in
the increasing the rate of precipitation. However, this is inconsistent
with individual HAFA that do not deliver increased precipitation
[21,39]. In our previous study we have confirmed that HAFAs with low
Mo and W alloying [39] do not form higher volume of M33C¢ carbides,
which was attributed due to the deterred carbide nucleation caused by
the high W content, and formation of larger MgC carbides.

However, with the SPEM measurements we can expand this expla-
nation to include the effect of Mo on M;Cs nucleation. We propose that
during the agglomeration of the C on specific sites, the C is further
attracted towards Mo rather than other alloying elements (Fig. 9a, from
step 1 to step 2 as marked on the figure) caused by the lowest energy
state of MyC carbides [59-61]. In response to this, the C and Mo form
pre-existing agglomerations/embryos for the precipitation of the next
stage of carbides, that can form more effectively and in a densely during
tempering. As a result, the embryos rapidly transition to many MoyC
carbides, which can immediately transform into M7Cs. This leads to a
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Fig. 9. The schematic representation of carbide evolution and surface chemistry changes during DCT in combination with Mo.
large increase in the precipitation and growth of carbides. At increased
temperatures there is an increase in the mobility of alloying elements 10 e wihoutDET
towards newly carbides M;Cs during warming up and tempering . W! ou
(Fig. 9b). This accelerates the overall reaction sequence, as shown in X 81— with DCT M. 3C6
(Fig. 10). This explains why DCT enables high volumetric fractions of sl M.C .
M33Ce, at quantities that would normally require more than 10 h of S 2 :
tempering in a CHT sample. -03 6 .-'
Due to the increased precipitation density, depletion of alloying el- o ~
ements and morphological reformation of carbides also occurs during = _:
tempering. In response to this, the Cr enrichment for the M23Cg carbides g 47 :'
with DCT is lower as the transition from M5Cgs is faster and bound to a "q's =
smaller prior carbide volume (Fig. 9b). s ,:
In DCT samples, the remaining alloying elements (W, Mo and V), are = 27 .-:
also diverted toward the preexisting large carbides, which form an g — = MC
enriched shell (see Fig. 9¢). This results in a lower concentration of W, | ':.,‘»*"'
Mo and V in My3Cg DCT carbides compared to the CHT ones. Due to the 0
thermal activation of the alloying elements, the binding state of these : - . .
elements is also changed (Fig. 9¢). Not all of the carbides have equal 0.01 01 1 10 100 1000

transformation kinetics, leading to residual M;Cs carbides for both CHT
and DCT. As a result of the shorter tempering time for DCT, the M;Cs

Time (h)

carbides have a higher Mo content in comparison to the CHT ones, as
displayed by the APT results. This is consistent with the proposed model
with prior Mo-enriched MyC carbides acting as nuclei for the M;Cs
carbides. With the above proposed theoretical assessment and chemical

10

Fig. 10. The graph represents the theoretically modelled precipitation of main
carbide types in the high-alloyed ferrous alloy, with and without DCT. The
application of DCT causes the shift in the time of precipitation towards earlier
stages of the order of the precipitation.
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as well as microstructural results, we provide the first holistic model of
the influence of DCT on HAFA and also the first theoretical justification
for its varying effectiveness on different HAFA and their properties that
is instigated by the alloying composition and its atomistic effect on the
primordial carbide formation. Furthermore, this study provided the
means to explain the chemical and microstructure origin of modified
properties (mechanical properties [6,42,58], corrosion properties
[62-65], surface properties [28] and wear properties [66-69]) of HAFA
with DCT.

4. Conclusion

By using APT, SANS and SPEM, we have studied the effect of DCT on
the formation of carbides in HAFA, specifically the segregation and
agglomeration of carbon and the alloying elements. This study confirms
the following:

1. DCT increases carbide precipitation (by at least 18 vol%) on both
micrometer and nanometer scale. DCT promotes a higher density of
sub-micrometer M33C¢ and M7;Cs carbides, and modifies their
structure.

2. The APT data provides the first near-atomic scale confirmation of the
effect of DCT on the mobility of alloying elements during tempering
and the preferential formation of M;Cg carbides with Mo enrichment.
With DCT, the nanoscopic M23Cg carbides develop with lower Cr, V
and Mo alloying content, but with a core-shell structure with an
enriched Cr-shell.

3. SPEM reveals that DCT does not alter the chemical binding state of C.
However, it changes the binding state of Mo towards higher charge
state (from Mo>" to Mo*H).

4. With exposure of HAFA to cryogenic temperatures, the C is
agglomerated into regions around 100 nm diameter. The change in C
and Mo are associated with the development of loosely-formed pri-
mordial MyC carbides that act as nucleation points for next genera-
tion carbides.

5. The Mo modification with DCT leads to enhanced formation of Mo-
enriched M;C3 carbides. The modified M;C3 carbides are thermo-
dynamically associated with a separate M;C3 sub-type that is theo-
retically feasible at cryogenic temperatures. The increased
population of M;Cs carbides results in a significant increase in M23Cg
carbide nucleation and precipitation, thus reaching the maximum
number of carbides in shorter tempering times.

6. The Mo activation with DCT provides a meaningful mechanism for
the diverse influence of DCT on the precipitation dynamics of
differently alloyed HAFA and provides the first consistently appli-
cable explanation for the improved precipitation kinetics.
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