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ORIGINAL RESEARCH ARTICLE

In Situ Measurements of NiAl Precipitation During
Aging of Dual Hardening Hybrid Steels

MAGNUS HORNQVIST COLLIANDER, STEVE OOI, KRISTINA LINDGREN,
TIMO MULLER, and MATTIAS THUVANDER

The performance of modern dual hardening steels strongly relies on a well-controlled
precipitation processes during manufacturing and heat treatment. Here, the precipitation of
intermetallic $-NiAl in recently developed dual hardening steels has been investigated during
aging using combined high-energy synchrotron X-ray diffraction and small-angle scattering.
The effects of heating rate and aging temperature on the precipitation kinetics and lattice
mismatch in two alloys (Hybrid 55 and Hybrid 60) were studied. Precipitation starts already
during heating, typically in the temperature range 450 °C to 500 °C. The precipitation process is
significantly faster at 570 °C compared to 545 °C for both steel grades, and the number density
reaches its maximum already within 1 hours during aging at 545 °C and within 15 minutes
during aging at 570 °C. The effect of heating rate is limited, but the precipitation during heating
increases in Hybrid 60 when slower heating rate is used. This led to slightly higher volume
fractions during subsequent aging, but did not affect the particle size. The lattice mismatch
between (-NiAl and the matrix initially develops rapidly with time during aging, presumably
due to a developing chemistry of the f# phase, until a particle size of around 1.5 nm is reached,
whereafter it saturates. After saturation, the lattice mismatch is small, but positive, and
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independent of temperature during cooling.
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I. INTRODUCTION

IN many demanding applications, such as engines,
bearings, or machine tools, exceptional properties in
terms of strength, corrosion resistance, and thermal
stability are required. Combining these properties is
challenging, and consequently many different steels and
grades have been developed to meet specific needs. One
particular class of materials, denoted dual hardening
(DH) steels, has found application in e.g., tooling
applications. These materials derive their properties
from a combination of coherent intermetallic precipi-
tates for strength and incoherent secondary hardening
carbides for improved toughness and ductility.["-
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Recently, a new generation of secondary hardening
steels, referred to as hybrid steels, has been developed.
These combine high-temperature strength (up to
550 °C) from the dual hardening mechanism with high
fatigue resistance, high hardenability (dimensional tol-
erance), Weldab111t¥ nitriding capability, and improved
thermal stablllty I Low levels of impurities reduce
segregation and improves homogeneity and uniformity
of the properties, and also enable economic large-batch
production. While DH steels have tradltlonally relled
mostly on Mo-rich M,C carbides!"*# or MC,”! the
Cr-rich (but Mo-lean) hybrid steels use Cr carbides
(M;C;5 or M»5Cy) as the strengthenmg phase ') The high
Cr content also provides corrosmn resistance in combi-
nation with the high Al content.!”

It is well known that the prec1pitation of coherent
NiAl in ferritic/martensitic steels is a very rapid process,
commencing within a minute of aging (at relevant
temperdtures) and likely initiating already during heat-
ing.* The NiAl particles nucleate homogeneousl;/
durlng annealing in the range 500 °C to 600 °C'%!
and in turn serve as nucleation sites for the secondary
carbides.”*'? This avoids the heterogeneous precipita-
tion of carbides on lath and grain boundaries, and the
more homogeneous distribution of secondary carbides
greatly improves the toughness.!'¥
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The NiAl precipitates contain a significant amount of
Fe in the initial stages,[2’4’8’15] and the Chemlstry devel-
ops continuously during aging and coarsening.**!”
This in turn affects the lattice mismatch, which is an
important parameter for controlling the coarsening rate,
and also contributes to the strength through coherency
strengthening. A thorough understanding of the NiAl
precipitation process is, therefore, essential for opti-
mization of materials and processes.

The present study aims to follow the development of
the NiAl precipitates during the entire heat treatment
through high-energy synchrotron X-ray scattering.
Solution-annealed samples of two different Hybrid steel
grades were aged in situ at 545 °C and 570 °C, while
combined time-resolved small-angle scattering (SAXS)
and wide-angle scattering (WAXS) were used to track
the microstructure evolution during the different stages.
The temperatures were chosen to represent two different
scenarios. At 545 °C, peak hardness is reached within
1 hours of aging, and the hardness remains constant for
at least 20 hours.’! At 570 °C, on the other hand, the
hardness decreases for aging times longer than some-
where between | and 4 hours.

II. EXPERIMENTAL

A. Material

Two different hybrid steel grades, designated Hybrid
55 (H55) and Hybrid 60 (H60), were supplied by Ovako
AB. The numbers, 55 and 60, refer to the hardness in
HRC attainable after tempering, which in turn depends
on the difference in carbon content (nominally 0.18 wt
pct in HS55 and 0.28 wt pct in Hybrid 60). The
concentrations of the other alloying elements are very
similar in the two grades (see Table I). The materials, in
the shape of blocks with dimensions 20 x 60 x 60 mm®,
were solution annealed for 45 minutes at 945 °C (H55)
or 1020 °C (H60), followed by air cooling, before the
in situ aging experiments to comply with the recom-
mended heat treatment procedure.

The microstructure of the as-received material was
characterized by scanning electron microscopy (SEM)
after standard metallographic preparation (grinding,
polishing, and etching with 15 pct Nital). A LEO Ultra
55 SEM operated at 5 keV was used to image the
samples in secondary electron mode with the in-lens
detector.

B. In Situ X-ray Scattering

In situ X-ray scattering experiments were performed
at the Swedish Materials Science beamline (P21.2) at the
PETRA III synchrotron, DESY, Germany The photon
energy was 60 keV (wavelength 1 = 0.2066 A) and the
beam size on the sample was 0.5 x 0.5 mm?’ Samples
were cut to rods with square cross section, 1 x 1 mm?
and length 12 mm. During aging, both WAXS and
SAXS data were collected at 10 seconds intervals
(acquisition times were 1.5 seconds for WAXS and
5 seconds for SAXS), except for one sample (H55/570/
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Table I. Chemical Composition in Wt Pct for Hybrid 55 and

Hybrid 60

C Si Mn Cr Ni Mo \" Al

Hybrid 55 0.18 0.1 0.31 5.05 6.10 0.69 0.49 2.30
Hybrid 60 0.28 0.1 0.28 5.61 594 0.69 049 241

20, see Table II) where data were collected with
20 seconds interval due to an error in the control script.
WAXS data were collected in transmission by two
VAREX XRD 4343CT flat panel detectors placed
approximately 2.8 m downstream of the sample position
and offset horizontally to make space for the SAXS
flight tube. At the end of the flight tube, approximately
14.5 m from the sample, a Pilatus X CdTe 2M detector
was placed for collection of SAXS data. The setup is
shown schematically in Figure 1. Exact detector posi-
tions were calibrated using LaBs (WAXS) and AgBeh
(SAXS). All data were reduced to 1D diffractograms
using PyFAI 0.20.0.t'¢:!7]

The samples were subjected to in situ aging in flowing
Ar in a Linkam TS-600 furnace. Aging treatments were
performed at 545 °C and 570 °C with aging times of 7
and 4 hours, respectively. The heating rate was generally
20 °C min~', but additional tests with lower heating
rate (5 °C min~") to 570 °C followed by 1 hours aging
at the target temperature were also performed. The full
set of in situ experiments is summarized in Table II. The
measured furnace temperature was cross-checked by
attaching a thermocouple to a dummy sample during
one heating and cooling cycle, showing a maximum
deviation of 7 °C between sample and control thermo-
couple. For the actual tests, the furnace output was used
for monitoring and controlling the temperatures. Dur-
ing heating, a constant heating rate was maintained, and
no overshoots were observed upon transition to the hold
segment (Figure 2(a)). After aging, the samples were
cooled as fast as allowed by the furnace, see Figure 2(b)
for a typical example. The temperature was below
100 °C within about 6 minutes, and the samples were
dismounted once the temperature was below 40 °C to
avoid excessive waiting time to reach room temperature.

Automatic Rietveld refinements of the resulting
diffractograms from the WAXS detectors proved diffi-
cult due to the combination of very small diffraction
peaks from the -NiAl phase and a complex, changing
background from the sample environment. Single peak
fitting was, therefore, performed using the MATLAB
plugin LIPRAS.['® Reﬁnements were, however, per-
formed for the samples before aging using GSAS-II.!""!

The limited g-range of the SAXS setup resulting from
the specific combination of wavelength, beam size, beam
stop, and sample-to-detector distance prevented extrac-
tion of the Guinier radlus (R,) from the SAXS curves, as
determination of ¢~* background at low ¢ was not
possible. Consequently, the average size was determined
from the maxima in the Kratky plots Le., Ry = f 3/qm
where g, is the position of the maximum in the I¢” vs ¢
plot.?%*!1' R, is often called the pseudo-Guinier radius,
and it has been shown that it is a good estimate of the
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Table II. Experimental Parameters for the Different In Situ Tests

Sample ID Material Heating Rate (°C min™") Aging Temperature (°C) Aging Time (h)
H55/545/20 hybrid 55 20 545 7
H55/570/20 hybrid 55 20 570 4
H55/570/5 hybrid 55 5 570 1
H60/545/20 hybrid 60 20 545 7
H60/570/20 hybrid 60 20 570 4
H60/570/5 hybrid 60 5 570 1
Debye-Scherrer rings
Vacuum flight tube
60 keV, 0.5x0.5 mm?
Linkam TS600
Water cooled SAXS
Ar shielding gas WAXS Pilatus X CdTe 2M
VAREX XRD4343CT SDD14.5m
SDD2.8m
Fig. 1-—Schematic of the experimental setup.
a b
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Fig. 2—Typical measured heating/cooling curves to/from 570 °C, exemplified by H60. Both heating rates (20 and 5 °C min™") are shown in (a).
Note the constant heating rate and absence of overshoot. The dashed horizontal line in (b) indicates 20 °C. The sample was dismounted at a

temperature of 40 °C to avoid excessive waiting time.

average particle radius at reasonable levels of polydis-
persity, i.e., R, ~ R

Similarly, volume fraction calculations from SAXS
signals were prevented by the limited g-range, since the
error induced by the required high-¢ extrapolation to
determine the scattering invariant was too large. We,
therefore, estimate the volume fraction, Vg, from the
intensities of the (100); and (200), diffraction peaks
following ASTM E975-131>¥) (ignoring the small volume
fraction of carbides) as follows:
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B B
V= g0/ Rigo
Ifoo/ leoo + B0/ Rpo

[1]

where R, is the theoretical intensity of the Akl reflec-
tion of phase p, which is given by

1 2 oW
Riy= <|F,,k,| mLP)e : 2]
where v is the unit cell volume, Fj;; is the structure
factor, m is the multiplicity, L is the Lorentz correction,

P is the polarization correction, and W is the
Debye—Waller factor. We assume a composition of
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(Nig.4Feq 1)(Aly4Feq 1) for NiAl (based on APT results
from References 6, 8, 15, 24 and reported site occupan-
cies®> 2™ and pure Fe for o/ when estimating ideal
intensities. Polarization correction was applied during
data reduction. Lorentz correction for flat panel detec-
tors in transmission from Norby er al®®! was used.
Temperature-dependent Debye-Waller factors were cal-
culated from the Debye model (see e.g., Reference 29 for
a more detailed description), using the Debye temper-
atures of 407 K for Fel*” and 402 K for NiALP" we
note that the Debye temperature is temperature depen-
dent, but only weakly so for both transition metals!®* 3%
and B-NiALFP 37 The exact choice of Debye tempera-
ture will only affect the absolute magnitude of the
calculated volume fractions, and not the relative behav-
ior of the different steels. The approximation clearly
introduces a significant uncertainty, but as no experi-
mental values are available for f-NiAl, the error is
presumably smaller than using room-temperature values
or simply ignoring the temperature effect. However, the
uncertainty must be considered when assessing the
resulting volume fraction calculations.

As the (200), and (200)4 peaks overlap, we correct the
(200),, intensity by subtracting the intensity of (200)g,
which in turn was calculated from the theoretical
intensity ratio between (200); and (100)s (as the latter
was readily measurable). Consequently, the final equa-
tion for the volume fraction is

B B
g0/ Rino
B B B B o
IfOO/RIOO + (1200 - [R2OO/R100} 1100) /R0

V= 3]

C. Atom Probe Tomography

To validate the size and volume fraction measure-
ments from SAXS/WAXS, samples of H55 were placed
in a pre-heated furnace and heat treated for 7 hours at
545 °C and 4 hours at 570 °C. From these samples,
specimens were prepared using standard electropolish-
ing of 0.3 x 0.3 x 15 mm® bars cut by a low-speed
diamond saw. A LEAP 3000X HR instrument (Imago
Scientific), with a detection efficiency of 37 pct, was used
in laser pulsing mode. The laser pulse energy was 0.3 nJ,
the temperature was 50 K, the pulse frequency was
200 kHz, and the detection rate was 0.5 pct. The
reconstructions were made using the voltage method in
the software IVAS 3.6.4 (Cameca) with an image
compression factor of 1.65 and a field factor of 4.0.

III. RESULTS AND DISCUSSION

A. Initial and Final State

Figure 3 shows SEM images of H55 and H60 in the
initial state, where a martensitic structure with retained
austenite at martensite lath boundaries can be seen. In
H55 (Figure 3(a)) primary MC carbides can be seen,
which are absent in H60 (Figure 3(b)) due to the higher
solution annealing temperature.

METALLURGICAL AND MATERIALS TRANSACTIONS A

Diffractograms of samples before and after aging are
shown in Figures 4(a) and (d). The microstructure of the
steels consisted primarily of martensite with a small
volume fraction of retained austenite (2.5 and 3.8 vol
pct, respectively, for H55 and H60 before aging from the
Rietveld refinements). The volume fraction of austenite,
qualitatively assessed from the relative intensities of
diffraction peaks, had decreased significantly after
aging. The austenite peaks in HS5 are broad and
asymmetric (most clearly seen for the peaks at high
diffraction angles), suggesting that small amounts of
bainite may have formed.”® In contrast, the austenite
peaks in H60 are narrower and symmetric. There are
several changes in peak position, shape, and asymmetry
of both the austenite and the martensite peaks, which
are issues outside the scope of the present investigation.
Here, we note that the agreement in lattice parameters
from single peak fitting (a, = 2.8803 A and a, =
3.6043 A for HSS, a,, = 2.8808 A and a, = 3.6026 A
for H60) agree well with those from the refinements
(ay = 2.8805 A and a, = 3.6081 A for HS5S5, a, =
2.8838 A and a, = 3.6017 A for H60), suggesting that
the use of single peak fits in the following provides
reliable information. Diffraction peaks corresponding to
MC carbides are seen in H55 (Figure 4(b)) but not in
Ho60 (Figure 4(e)), confirming the absence of carbides
after annealing at 1020 °C.

The (100)4 peak of NiAl at 20~4 deg (which was used
to track the evolution of -NiAl during aging) can be
clearly observed after aging (see Figures 4(a) and (d) and
magnified views in Figures 4(b) and (e)). The peak shape
was symmetric and fitted using a single Pearson VII
profile. The peaks are narrower after aging at 570 °C,
indicating a larger particle size. The presence of -NiAl
precipitates is also visible in the SAXS curves, see
Figures 4(c) and (f), and evaluation of ¢, indicates final
particle radii of around 1.5 and 2.0 nm after aging at
545 °C/7 hours and 570 °C/4 hours, respectively, simi-
lar for both alloys.

Apart from the precipitation of NiAl, we also note the
presence of many smaller peaks originating from car-
bides precipitated during aging. The intensities of the
carbide peaks were, however, generally too low to allow
reliable determination of the particular Cr- rich carbide
types. Detailed investigation of the Cr-rich carbide
precipitation will require dedicated experiments and will
not be further considered here.

B. Heating

While the onset of f precipitation could not be
resolved in SAXS due to the very small particle size and
the limited g-range, it can be monitored via the gradual
increase in the estimated volume fraction from WAXS,
see Figure 5. The intensity starts to increase at temper-
atures in the range 450 °C to 490 °C. For H55, there is
no clear effect of heating rate (Figure 5(a)), whereas H60
shows a more rapid increase in volume fraction with
temperature at the slower heating rate (Figure 5(b)). The
two alloys respond very similarly during heating at
20 °C min~' (Figure 5(c)), but at 5°C min~', the
precipitation process appears to start somewhat earlier,

VOLUME 55A, OCTOBER 2024—4149



Fig. 3—SEM images showing the fine martensitic structure of (¢) Hybrid 55, and (b) Hybrid 60. The orange arrows mark retained austenite
present at the martensite plate boundaries, whereas white arrows indicate undissolved carbides (Color figure online).
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Fig. 4—(a) X-ray diffractogram for H55 in the initial stage and after 4 h at 570 °C and 7 h at 545 °C (heating rate 2 + °C min™"); (b)
Magnified view of the (100); peak in (a) used for tracking the precipitation of -NiAl; (¢) SAXS curves corresponding to the same conditions as

in (a). (d) to (f) are the corresponding figures for H60.

and progress faster,

(Figure 5(d)).

in H60 compared to HS55

C. Aging

Figure 6(a) and (b) shows the evolution of the volume
fraction and particle radius (R,) with time for H55 and
H60 aged at 545°C and 570 °C (heating rate
20 °C min~" in all cases). When the aging temperature
is reached, the volume fraction is still very small
according to Figure 5 and SAXS data indicate a
particles size (radius) in the order of 0.6-0.7 nm. Full
saturation (equilibrium volume fractions) does not
appear to be fully reached for any of the samples,
although the samples aged at 570 °C appear to be closer
to saturation after 4 hours than the samples aged at
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545 °C aged for 7 hours. The final volume fractions are
similar at 545 °C and 570 °C, and slightly higher in H60
compared to HSS5, although a detailed analysis is
difficult considering the significant uncertainty in the
volume fraction estimation. The growth rate is consid-
erably slower at 545 °C, where a radius of around
1.5 nm is reached after 7 hours of aging, compared to
around 2.0 nm after 4 hours at 570 °C.

The number density evolution, calculated from the
average radius and volume fraction,

_ 3V
"~ 4nR3’
is shown in Figure 6(c). It reaches a maximum after

15-30 minutes (faster at 570 °C) and then decreases
continuously. This suggests an early onset of coarsening,

[4]
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Fig. 5—Evolution of the (100); peak intensity with temperature during heating to 570 °C. (a) H55 heated at 20 and 5 °C min~"'; (b) H60 heated
at 20 and 5 °C min~'; (¢) H55 and H60 heated at 20 °C min~"; (d) H55 and H60 heated at 5 °C min~".

although it is important to remember the caveats
associated with the use of ¢,, for particle size determi-
nation, and the fact that this number, even if correct,
only represents the average size and does not take the
size distribution into account. This is consistent with
previous APT measurements in similar alloys, where
coarsening of NiAl particles (identified from a decreas-
ing number density) started at very short aging times at
temperature between 500 °C and 610 °C,>*") at the
highest temperatures even within minutes.[*!”]

The size evolution at long times is well described by a
power law:

R=kt", [5]

where k and n are constants, see Figure 7. The values of
the power-law exponent, n, differ slightly between aging
temperatures, being higher at 570 °C (n = 0.27) com-
pared to at 545°C (n = 0.20-0.22), but is virtually
independent of alloy. These values are smaller than the
value of 1/3 expected when bulk diffusion is the
rate-controlling mechanisms.** %! However, exponents
in this range have been theoretically derived for situa-
tions where pipe diffusion along dislocations or low-an-
gle grain boundaries (n = 1/5"*!) or planar diffusion
along high-angle grain boundaries (n = 1/4*'"*) dom-
inates. For NbC precipitation in bcc Fe, it has been
shown that the exponent decreases with temperature,
from 1/3 at 800 °C to 1/5 at 600 °C, which is suggested
to reflect the increased role of diffusion along faults as
the temperature (diffusion rate) decreases.'® The

METALLURGICAL AND MATERIALS TRANSACTIONS A

current values of the exponents suggest that the precip-
itate growth is controlled by diffusion along linear and
planar faults. This is consistent with the observations
from APT investigations where the precipitates were
shown to be aligned on parallel Flanes, which were
suggested to be dislocation arrays.[ The slightly higher
values at 570 °C compared to 545 °C are consistent with
previous reports'®! and support the hypothesis that the
role of bulk diffusion increases with increasing
temperature.

The effect of heating rate on the precipitation process
during the subsequent hold time is shown in Figure 8.
Consistent with the observation during heating, there is
no significant effect on the volume fraction or size
evolution in HS55. For H60, the volume fraction is
consistently higher after heating at 5°C min~', in
agreement with the faster increase with temperature
during heating. The particle size, on the other hand,
appears to be unaffected by heating rate. The similar size
after heating, independent of heating rate for both
steels, indicates that the increased volume fraction
during slower heating is primarily related to an
increased nucleation rate and not growth of nuclei
during heating. This is consistent with the absence of an
initial increase in the number density in the H60 sample
heated at 5°C min~'. The higher nucleation rate
consumes more of the alloying elements, thereby reduc-
ing the driving force and effectively suppressing further
nucleation during the hold time. During aging, the
increase in radius and volume fraction primarily occurs
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Fig. 7—Fitting of a power law to the evolution of precipitate radius
with time during aging after heating at a rate of 20 °C min~!

through growth of existing particles. Although the
coarsening state has not been strictly reached (the
volume fraction is still increasing), the decreasing
number density suggests that smaller particles are
dissolving in favor of growth of larger ones.

The evolution of the lattice parameters of the f and o
phases are shown in Figure 9, together with the resulting
constrained lattice mismatch

5= 4 [6]
ag+ ay
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The lattice parameter of the f phase is slightly larger
than that of the matrix, leading to a positive value of the
mismatch. The mismatch decreases with aging time and
reaches a value of around 0.45 pct for both alloys during
aging at 570 °C. The final mismatch is around 0.55 pct
for both alloys after 7 hours aging at 545 °C. These
numbers confirm the expected small mismatch leading
to a low coarsening rate and good thermal stability.
While the coherency strengthening contribution is
expected to be small compared to other effects due to
the low value of the mismatch, it indicates that for a
given particle size, the coherency strengthening effect is
larger when aged at lower temperatures.

The decrease in the lattice parameter during aging is
much larger for the f phase than for o (resulting in
different scales on the y-axis in Figures 9(a) and (b)).
Note that  is the constrained lattice parameter mis-
match, which, if heavily influenced by the matrix should
be smaller than equilibrium (since a, is smaller than
ag.), and progressively increases with time as the
constraining effects diminish. As the initial value ag is
higher than the value at saturation, the observed
development of the lattice parameter is more likely due
to an evolving composition. The precipitates can be
expected to be richer in Fe in the early stages, due to the
abundance of Fe. With time, the in-diffusion of Ni will
bring the composition progressively closer to equilib-
rium. This is consistent with the measured lattice
parameters of ~ 2.94 A for FeopsAlps at 600 °C,H4
and ~ 2.89 A for Nig¢Alg4 at the same temperature
calculated from CTE values from Reference 45 com-
bined with the room-temperature lattice parameter from
Reference 25. Considering the room-temperature lattice
parameter for Nig4Aly4Fey, from Reference 25, the
expected (unconstrained) lattice parameters at 545 and
570 °C based on the CTEs from Reference 45 are
slightly above 2.9 A, in good agreement with the
measurements.

Figure 10 shows that the lattice mismatch develops
with size in a very consistent manner, and that it
saturates at a radius of around 1.5 nm (which equals
around 500 unit cells). As the development of the lattice
mismatch is mainly controlled by the lattice parameter
of NiAl, which in turn is a function of chemistry, the
saturation suggests that the composition of NiAl is
relatively close to equilibrium at a particle size of
1.5 nm. Detailed investigations have shown that the
chemistry of the f phase continuously develops with
time as the particles grow.*! However the particle
sizes in the study by Schober et al.'> were all below a
radius of around 1.2 nm (aging was performed at
500 °C for up to 10 hours), smaller than the size where
we observe a saturation. Delagne et al.” performed ex
situ aging studies at 500 °C, and the particle size was
significantly larger (radius 1 nm after 4 hours, 2 nm
after 10 hours, and 100 nm after 100 hours). The rate of
chemistry change decreased significantly between
4 hours (1 nm) and 10 hours (2 nm), which supports
our findings. The fact that the lattice parameters at
570 °C are slightly smaller than at 545 °C, in spite of the
higher temperature, could indicate a difference in Fe
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(b) average radius from SAXS, and (c) calculated number density of
PB-NiAl in H55 and H60 during aging at 570 °C after heating at
20 °C or 5 °C min .
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Fig. 9—Evolution of (a) f-NiAl lattice parameters, (b) martensite
lattice parameters, and (c¢) calculated constrained lattice mismatch
during the hold time. The heating rate was 20 °C min~" in all cases.
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Fig. 10—Evolution of the lattice mismatch with S-NiAl particle size
during aging at 545°C and 570 °C. The heating rate was
20 °C min~" in all cases.

content, but there is also an inherent uncertainty from
the single peak fitting.

D. Cooling

Finally, we turn our attention to the contraction of
p-NiAl during cooling, and the effect on the lattice
mismatch. As can be seen in Figures 11(a) and (b), the
contraction is similar for o and f, and the resulting
mismatch (Figures 11(c) and (d)) remains approximately
constant. The slightly larger mismatch in H55 after
aging at 545 °C observed previously remains during
cooling. As samples were removed from the furnace
before complete cooling, the values of room-tempera-
ture lattice parameters and lattice mismatch were
calculated by extrapolation of the data in
Figures 10(a) and (b) to 20 °C. The results are tabulated
in Table 111, where the room-temperature lattice param-
eters of the phases are compared to relevant literature
values and found to be consistent. We also note that the
martensite lattice parameter is smaller compared to the
values obtained from single peak fits before aging, as
expected due to the depletion of alloying elements, but it
is nevertheless consistent with other reports for marten-
sitic steels, e.g., Villa et al 149

Next, the coefficients of thermal expansion,

1 0a

CTE = 2T [7]
were considered. The CTEs for the o« and f were
obtained by applying Eq. [7] to a second-order polyno-
mial fit of the lattice parameters as a function of
temperature in Figures 11(a) and %b . The CTEs agree
well with literature values for NiAI"**) and martensite!*®!
(see Table 1V). CTEs for both phases are only weakly
temperature dependent, being some 15-20 pct higher at
the maximum temperatures compared to room

temperature.
There are very few reports of lattice parameters and
CTEs for f-NiAl precipitates in precipitation
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the calculated constrained lattice mismatch for H55 and H60, respectively. The heating rate before aging was 20 °C min~! in all cases.

strengthened steels, but Teng et al.*”) performed in situ
neutron diffraction measurements of a
Fe—18.9A1-9.8Cr—13Ni—1.8Mo alloy aged at 700 °C
for 100 hours, at temperatures up to 600 °C. This alloy
had a large volume fraction of -NiAl, around 27.5 vol
pct, with a size of around 100 nm. The lattice parameter
of the ff phase was smaller than in the present investi-
gation, and the ferrite (rather than martensite) lattice
parameter was significantly larger due to the much
higher concentrations of alloying elements, the majority
of which will expand the lattice. This led to negative
values of the lattice mismatch, in contrast to the positive
values reported here. CTE; was obtained from fitting
the reported temperature dependence of the lattice
parameter using a 1st-order polynomial (rather than a
2nd order as done for the current data, since only four
data points were available in Reference 47) and averag-
ing over the entire temperature range. However, we note
that ag increased linearly with temperature from 252 °C,
as expected, but the room-temperature value was
significantly lower than that obtained by extrapolation
of the high-temperature data. Excluding the room-tem-
perature data point, the value of CTE is consistent with
literature data for pure NiAl, and only slightly larger
compared to our results.

E. Validation and Uncertainties

Reconstructions of the APT analyses of H55 aged at
545 °C for 7 hours and 570 °C for 4 hours are presented
in Figures 12(a, b). The NiAl precipitates and the
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Cr-rich carbides are highlighted by isoconcentration
surfaces, as further described in the figure caption. The
former are nearly spherical, and it is clear that the size is
larger when tempered at a higher temperature. The
carbides are significantly larger and typically plate-like.
The Ni:Al ratio is close to 50:50, see Table V, but apart
from the presence of minor elements (not shown in the
table), the particles also contain large amounts of Fe,
around 35-40 at. pct. This is at least partially due to the
result of trajectory effects, caused by the difference in
evaporation field of the phases. Proxigrams
(Figures 12(c, d)) indicate that the Fe content in the
center of the particles, where the trajectory effects are
smaller, is around 15-20 at. pct. We note that these
results are consistent with the literature,!®%1%2% as well
as our assumed chemistry.

The size and the volume fraction of the NiAl
precipitates were determined by applying the parame-
ter-free method by Zhao er al.,*”! which uses the radial
distribution function (RDF), assuming equally sized
precipitates within each analysis and disregarding the
depletion around them. Figure 12(e) and (f) shows the
Ni—Ni and Al-Al RDFs, which were used to calculate
the particle size and volume fractions presented in
Table V.

The determined particle radii of 1.1 and 1.5 nm for
the two samples are slightly smaller than the 1.5 and
2 nm obtained from the SAXS measurement. The
difference could be related to statistical effects (APT
probes a very limited volume compared to SAXS, giving
a local average), but as the relative differences between
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Table I1I. Extrapolated Room-Temperature Lattice Parameters of Martensite and S-NiAl and Resulting Constrained Lattice
Mismatch at Room Temperature Compared to Literature Values

T (°C) ag (A) a, (A) Ort (Pct)

H55 545/7 h 20 2.8931 2.8756 0.60
H55 570/4 h 20 2.8896 2.8757 0.51
H60 545/7 h 20 2.8910 2.8788 0.42
H60 570/4 h 20 2.8901 2.8774 0.44
CIF COD-ID 9008802* 20 2.881 — —

Nig 4Feg 2Al 42 20 2.8879 — —

Nig 42Feq 15Alp 4 20 2.8857 — _

Ni sAlg s 20 2.887 — —

Nig sAly s 20 2.887 — —
EN 1.4418146 25 — 2.875 —
Fe—18.9A1-9.8Cr—13Ni-1.8Mo*” 27 2.8752 2.8829 — 026
Fe—18.9A1-9.8Cr—13Ni-1.8Mo!*”! 252 2.8925 2.8945 - 0.07
Fe—18.9A1-9.8Cr—13Ni-1.8Mo!*”! 477 2.9003 2.9019 —0.06
Fe—18.9A1-9.8Cr—13Ni-1.8Mo!*”! 600 2.9071 2.9063 0.01

*Value for NiAl from Crystallography Open Database.

Table IV. CTEs of all Phases Obtained During Cooling Compared to Literature Values

Temperature Range (°C)

CTE; (10° K ™) CTE, (10° K™Y

H55 545/7 h 20-545
H55 570/4 h 20-570
H60 545/7 h 20-545
H60 570/4 h 20-570
Average 20-570
NiA[4)] 20-570
EN 1.44181¢ 20-475
[Fe—18.9A1-9.8Cr—13Ni—1.8Mol*”! 20-600
Fe—18.9A1-9.8Cr—13Ni-1.8Mo*” 250-600

1.24 1.20

1.06 1.18

1.30 1.23

1.13 1.23

1.18 £ 0.11 1.21 £0.02
1.39 —

— 1.3

1.85 —

1.42 —

Italic values indicate the line containing the average values*The CTEs in Ref. [45] were expressed as polynomials covering the range 20 °C
to 1000 °C. The values presented here are the average values in the range 20 °C to 570 °C calculated from the polynomials.

the methods are similar (~35 pct) for both samples, it is
more likely that it is a systematic error. Potential sources
are differences in temperature between the in situ aging
and the ex situ heat treatment, as well as effects of
polydispersity. For a log-normal size distribution, the
approximation R,,~R used for size determination from
the pseudo-Guinier radius is valid for polydispersity
levels around 0.2, and the size will be increasingly
overestimated when the width of the size distribution
increases.”” To estimate the level of polydispersity in
our data, we extracted the size of all individual particles
in the analyzed volumes using isosurfaces. While
iso-surface-based size determination is not expected to
be quantitatively correct, it allows the width of the
particle size distribution to be estimated. Figure 13
shows histograms of the particle sizes in the two
specimens, and the result of fitting a log-normal
distribution. The polydispersity parameter in both cases
is around 0.35, which according to the analysis in
Reference 22 corresponds to an overestimation of the
radius by around 30 pct using the pseudo-Guinier
radius. Considering this, the results of APT and SAXS
are in good agreement, but it suggests that the sizes from
the SAXS measurements presented are overestimations

METALLURGICAL AND MATERIALS TRANSACTIONS A

of the real average particle size. However, assuming
similar levels of polydispersity in H55 and H60, this does
not affect the conclusions drawn in the present study.
While it would be possible to perform first-order
corrections to the particle sizes derived from SAXS
based on this, such corrections would assume a constant
polydispersity during aging, which is unlikely to be true
based on current knowledge of the precipitation process
in metallic materials, in particular in the coarsening
stage. The accuracy of the correction is, therefore, not
known and would introduce more uncertainties into the
analysis.

The volume fractions given by RDF methods are
around 7.3 vol pct for both heat treatment conditions,
which is consistent with the results obtained from
WAXS (6-7 vol pct). The APT values are, however,
not corrected for the presence of Fe in the particles,
which would increase the volume fraction linearly with
the assumed Fe concentration. This would result in
higher volume fractions from APT compared to WAXS,
which could, again, be related to possible differences in
temperature of the in situ and ex situ heat treatments,
but also the initial heating rate, which can have a
significant effect on the volume fraction (but not on the
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Fig. 12—APT reconstructions showing NiAl precipitates (purple) and Cr-rich carbides (brown) in the aged Hybrid 55 samples aged at (a) 545 °C
for 7 h; and (b) 570 °C for 4 h. (a) NiAl isosurfaces were created using Ni + Al = 25 pct and (b) Ni + Al = 23 pct. The different levels were
selected to provide best visual agreement when comparing the isosurfaces and the atom maps. In both cases the carbide isosurfaces were created
using Cr + C = 15 pct. Proxigrams of Fe, Ni, and Al are shown for (¢) H55 545°C 7 h and (d) H55 570 °C 4 h. (¢) and (f) show the

normalized Al-Al and Ni—-Ni RDFs, respectively.

Table V. Characteristics of the NiAl Precipitates in Hybrid 55, from APT

Sample Average Radius (nm) Volume Fraction (Pct) Ni Al Fe Ni/(Ni + Al)
RDF 545 °C/7 h 1.1 73 301 (1) 289(1)  35.7(1) 0.51
RDF 570 °C/4 h 1.5 7.3 28.5 (1) 27.6 (1) 39.2 (1) 0.49

12 . . particle size), see Figure 8. Comparison between the

’ W 545 °C/7 h techniques is not straightforward, the volume fractions

—— 545 °C/7 h lognormal fit from both APT and WAXS depend on the assumed

1r 570 °C/5 h ] chemistry of the particles. In the case of APT, the

——570 °C/4 h lognormal fit
0.8

0.6

PDF

0.4

0.2

Radius [nm]

Fig. 13—Histograms of the particle sizes estimated using a Ni + Al
isoconcentration of 25 at. pct. The lines show the results of fitting a
log-normal distribution function to the experimental data. Note that
the polydispersity parameter from the log-normal distribution is
approximately the same for both samples, despite the wider
distribution on a linear scale.
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volume fraction varies linearly with the assumed Fe
concentration, as mentioned, whereas in WAXS, the
effect is more intricate as the structure factors used for
calculation of ideal intensities depend not only on the
assumed composition of the particles (Fe content), but
also on the site occupancy. In general, however, an
increased Fe concentration will lead to an increase in the
estimated volume fraction. The fact that the chemistry is
expected to change during the precipitation process,
from very Fe rich in the early stages to lower concen-
trations at longer times,'**'>>¥ means that the structure
factors will vary during the experiment, which we
cannot account for in the present investigation. How-
ever, assuming a similar evolution of precipitate chem-
istry in H55 and H60, and a negligible dependence on
temperature as the differences between the aging tem-
peratures is relatively small, the conclusions drawn here
are not affected.

The number density is calculated from the radius and
volume fraction, and the uncertainty consequently
depends on the accuracy in the determination of both
these quantities. The effects are, therefore, more difficult
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to discuss, in particular with respect to the effects of
changing chemistry on the volume fractions. However,
under the assumptions above, the overall behavior and
the relative differences between the different samples will
not change.

In summary, given the uncertainties in both size and
volume fraction discussed above, the results presented in
this study should be considered as qualitative rather
than quantitative. Nevertheless, the relative differences
between samples are considered correct, providing
insights into the effect of different heat treatment
temperatures, heating rates and alloy chemistry on the
precipitation process. We note that an accurate time-re-
solved analysis of both size and volume fraction during
aging would be enabled by SAXS measurement with a
better tuned setup with a g-range allowing model-de-
pendent fitting of the data. If such experiments are
performed in anomalous scattering mode (ASAXS),
information about the time-dependent particle chem-
istry could be simultaneously obtained.

IV. CONCLUSIONS

Using in situ high-energy X-ray diffraction and SAXS,
we have investigated the development of -NiAl precip-
itates in two DH steels (H55 and H60) through the
entire aging treatment. We observe that

e Precipitation starts during heating, typically in the
temperature range 450 °C to 500 °C. The precipita-
tion during heating is more sensitive to heating rate
for H60 compared to HS55.

e The precipitation process (both in terms of volume
fraction and particle size) is significantly faster at
570 °C compared to 545 °C.

e The volume fractions in H60 are slightly higher than
in H55 when aged at the same temperature, while the
particles size does not differ between different alloys
aged at the same temperature.

e The number density peaks within 1 hours during
aging at 545 °C and within 15 minutes during aging
at 570 °C, and subsequently undergoes a continuous
decrease.

e There is no pronounced effect of heating rate on the
precipitation process in H55 during the subsequent
hold time. H60, on the other hand, shows a slightly
higher volume fraction, but the same particle size,
after heating at a lower rate.

o The lattice mismatch between NiAl and the matrix
initially develops rapidly with time, presumably due
to a developing chemistry of the f phase, until a
particle size (radius) of around 1.5 nm is reached,
whereafter it saturates. This suggests that the rate of
chemistry change has slowed down significantly at
this size. After saturation, the lattice mismatch is
small, but positive, and independent of temperature
during cooling.
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