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HSLA-115 is a newly developed Cu-bearing high-strength low-carbon martensitic steel for use
in Naval structural applications. This research provides, for the first time, a comprehensive
compositional analysis of carbon redistribution and associated complex phase transformations
in an isothermal aging study of HSLA-115 at 823 K (550 °C). Specifically, we characterize
carbon segregation at lath boundaries, grain-refining niobium carbonitrides, cementite, and
secondary hardening M,C carbides, in addition to copper precipitation, by 3D atom probe
tomography (APT). Segregation of carbon (3 to 6 at. pct C) is observed at martensitic lath
boundaries in the as-quenched and 0.12-hour aged microstructures. On further aging, carbon
redistributes itself forming cementite and M,C carbides. Niobium carbonitride precipitates do
not dissolve during the austenitizing treatment and are inherited in the as-quenched and aged
microstructures; these are characterized along with cementite by synchrotron X-ray diffraction
and APT. Sub-nanometer-sized M,C carbide precipitates are observed after the formation of Cu
precipitates, co-located with the latter, indicating heterogeneous nucleation of M,C. The
temporal evolution of the composition and morphology of M,C carbides at 823 K (550 °C) is
described using APT; their precipitation kinetics is intertwined with Cu precipitates, affecting
the bulk mechanical properties of HSLA-115. Phase compositions determined by APT are
compared with computed compositions at thermodynamic equilibrium using ThermoCalc.
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I. INTRODUCTION

Low-CARBON (<0.06 wt pct) martensitic high-
strength low-alloy (HSLA) steels replaced the higher
carbon-containing high-yield (HY) steel grades as struc-
tural materials for Naval vessels during the 1980s.["-*!
The low carbon concentration of HSLA steels improves
weldability, which reduces the preheatlng requlrements
and decreases considerably the processing cost.l’! To
meet the strength requirements, Cu was added in
HSLA-80 and HSLA- 100 steels to utilize strengthening
from Cu prec1p1tates[ ! The numerals 80 and 100
denote the minimum obtainable tensile yield strength

DIVYA JAIN is with the Department of Materials Science and
Engineering, Northwestern University, 2220 Campus Drive, Evanston,
IL 60208. Contact e-mail: divyajain2016@u.northwestern.edu
DIETER ISHEIM is with the Department of Materials Science and
Engineering, Northwestern University, and also with the Northwestern
University Center for Atom-Probe Tomography, 2220 Campus Drive,
Evanston, IL 60208. DAVID N. SEIDMAN is with the Department of
Materials Science and Engineering, Northwestern University, and also
with the Northwestern University Center for Atom-Probe Tomogra-
phy and the NanoAl LLC, Illinois Science + Technology Park, 8025
Lamon Ave, Suite number 446, Skokie, IL 60077.

Manuscript submitted January 30, 2017.

Article published online May 9, 2017

METALLURGICAL AND MATERIALS TRANSACTIONS A

(YS) in ksi (1 ksi = 6.9 MPa). Since the approval of
HSLA-100 for surface combatant ships in 1989, efforts
were made by the US Navy to develop steels with similar
compositions as HSLA-100 but with higher YS, while
maintaining desirable impact toughness and weldability.
These efforts led to the development of an HSLA-115
steel, the composition of which is slightly richer in Cu
Ni, and Mo than HSLA-100 (composition 2).l°
HSLA-115 was approved for plate production in
2009 and has been used in the flight deck of the
CVN-78 aircraft carrier’”! and is the focus of this article.
Traditionally, commercial processing practices of
HSLA-100 steels have employed an austenitizing, a
water-quenching, and an aging treatment at tempera-
tures exceeding 873 K (600 °C), which results in a
tempered martensmc microstructure and over aged Cu
precipitates.!"® However, Wilson er al!'! reported a
rapid decrease in its YS for aging temperatures between
894 K and 950 K (621 °C and 677 °C), which limits its
applications. In our recent article on HSLA-115,") we
demonstrated that sub-nanometer-sized M,C carbides
(M is Mo, Cr, Fe) can be co-precipitated with Cu
precipitates in high number density (~10** m ) during
isothermal aging at 823 K (550 °C). This results in an
extended YS plateau during aging, compared to alloys
relying solely on Cu precipitation strengthening and can
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be used as a design principle to simultaneously optimize
strength and 1mpact toughness and develop higher
strength steels.”) Besides the two precipitating phases
described above, grain-refining niobium carbonitride
precipitates, Nb(C,N), and the embrittling cementite
phase are other important microstructural constituents
of HSLA-115 and similar HSLA-100 steels, which
influence phdse transformations and overall mechanlcdl
properties.'”) Microalloying additions of Nb (0.02 to
0.06 wt pct) to HSLA steels are performed to form
Nb(C N) precipitates, which pin austenite grain bound-
aries during hot rolhng and austenitizing treatments and
thus prevent excessive grain growth.'""'?) The dissolu-
tion of these prec1p1tates has been shown to cause severe
grain coarsening, as seen, for instance, in simulated weld
heat-affected zones of HSLA-100 steel.'®"*! Thus, the
stability of Nb(C,N) precipitates plays a key role in
controlling grain size, which in turn affects hardenabil-
ity, strength, and toughness properties. Cementite,
alternatively, is assocra.ted with poor impact toughness
properties of steels.!'¥ It forms due to the decomposition
of retained austenite and low-carbon martensite and/or
at the expense of the transient primary carbides, such as
epsilon carbide, Fe, 4C, and the eta carbide, Fe,C.I

In this article, we provide systematic nanoscale
analyses of carbon redistribution, segregation, and
carbide precipitation for HSLA-115, isothermally aged
at 823 K (550 °C), using 3D atom probe tomography
(APT). 3D APT is a unique technique that provides
three-dimensional spatial information of atoms as well
as their chemical identities (including that of the lighter
elements, such dS carbon) with a sub-nanoscale spatial
resolution.!"* ¥ We first describe the carbon redistribu-
tion that occurs during quenching after the austenitizing
treatment, which in turn results in carbon segregation at
martensitic lath boundaries. We then characterize nio-
bium carbonitride and cementite precipitates in terms of
their composition, morphology, and the partitioning
behavior of various alloying elements between the o-Fe
(b.c.c.) matrix and these precipitates; the evolution of
these carbides is also investigated by synchrotron X-ray
diffraction experiments, performed at the Advanced
Photon Source. Lastly, we describe, in detail, the
temporal evolution of the composition and morphology
of M,C carbides at 823 K (550 °C). Their evolution in
terms of mean radii, number densities, and volume
fractions has been described recently in correlation w1th
the mechanical properties in our companion paper.”
APT-measured chemical compositions of the carbide
precipitates—niobium carbonitride, cementite, and M,C
carbide (at long aging times)—are also compared with
the respective computed compositions at thermody-
namic equilibrium using ThermoCalc.

In recent years, quantitative information from APT
experiments combined with the theory-driven computa-
tional design-based approach has been used to design a
blast-resistant BA-160 steel, which is a low-carbon
martensitic steel, pre01p1tat10n strengthened by Cu pre-
cipitates and M,C carbides.'” ! Precipitate size distri-
butions obtained in 3D from APT can be used to
develop models, predicting the YS of precipitation-hard-
ened alloys. 22y APT with its sub-nanoscale spatial
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resolution allows one to determine the concentrations
of alloying elements at the heterophase interfaces and at
the grain boundaries, which helps in understanding the
kinetics of complex phase transformations, such as grain
boundary precipitation®®! and [%rowth mode of cemen-
tite during tempering of steels."””™ Using APT, one can
detect precipitates at ecarly aging times and hence
determine the temporal evolution of their compositions,
which can provide deep insights into their nucleation
kinetics?®? and has also been suggested to be useful in
estimating the remnant lifetime of steel components in
power plant steels.”

II. EXPERIMENTAL METHODS

The overall chemical composition of HSLA-115 steel,
as measured using optical emission spectroscopy, is
displayed in Table I. HSLA-115 steel samples were
subjected to two consecutive austenitizing treatments of
35 minutes each at 1185 K (912 °C), and each austeni-
tizing treatment was followed by water quenching to
room temperature. Multiple austenitizing treatments with
shorter holding times, as compared to single austenitiza-
tion of the same total durdtlon reduce the formation of
large isolated austenite grains.l'"! The as-quenched sam-
ples were then isothermally aged at 823 K (550 °C) for
aging times ranging from 0.12 to 256 hours and were then
water quenched to room temperature. High-intensity
synchrotron X-ray diffraction (XRD) scans were per-
formed on the polished samples having a final polish of
0.06 um colloidal silica at the 5-IDB beamline at the
Advanced Photon Source (Argonne National Labora-
tory, Argonne, IL, USA). Scans were performed from 26
ranging from 9.995 to 33.500 deg using a step size of
0.015 deg, a count time of 3 s per step, and a wavelength
of 0.71 A. At each step, the sample was rocked through
0.75 deg in 0 to reduce preferential orientation effects.
Nanotips for APT experiments were prepared by first
cutting blanks Wlth the dimensions of approximately
0.3 x 0.3 x 10 mm>. These blanks were then electropol-
ished at room temperature using a two-step electropol-
ishing procedure the details of which are provided in our
companion paper.”) APT experiments were performed
with a Cameca local electrode atom probe (LEAP)
4000X-Si tomograph, using a pulsed ultraviolet (wave-
length = 355 nm) picosecond laser, with an energy of 30
pJ per pulse, a pulse repetition rate of 500 kHz, and an
average evaporation rate (number of ions per pulse) of 2
pct. The samples were analyzed at a specimen base
temperature of 60 K (=213 °C) in ultrahigh vacuum
(<107® Pa) and the data obtained were analyzed using
the program IVAS 3.6 (Cameca, Madison, WI). The
chemical compositions of the different microstructural
features, identified by APT, are obtained using the
proxrmlty histogram (prox1gram) concentration proﬁle
method®”! and the errors reported are 20, where o is
obtained from counting statistics®® and is given by

o — C,’(l]; C,‘)’ [1]
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Table I. Chemical Composition of HSLA-115, as Measured by Optical Emission Spectroscopy

Elements Fe Cu Ni Mn Si Mo Cr Nb C \" N
Wt Pct bal. 1.29 3.37 0.97 0.22 0.56 0.64 0.02 0.05 <0.01 0.016
At. Pct bal. 1.13 3.21 0.99 0.44 0.33 0.69 0.012 0.23 <0.01 0.064

Table II. Tensile Test Results at Room Temperature for HSLA-115 in the As-quenched Condition and After Aging at 823 K
(550 °C) for 0.25, 1, 3, and 16 h, data from Jain et al."”

Aging Time (h) YS (MPa) UTS (MPa) Elongation to Failure (Pct)
As-quenched 856.3 £+ 20.6 1119.2 £ 6.9 18.5+ 1.0
0.25 986.8 + 11.8 1034.5 + 12.2 21.4 £ 0.6
1 967.6 £ 14.3 1004.2 + 7.0 224 +£0.7
3 972.1 £ 7.5 997.2 £ 9.8 248 £1.0
16 9114 £ 34 939.5 £ 6.6 222+ 0.6
where ¢; is the measured concentration of element i and 1050 YS 12002
N is the total number of atoms in the sampled volume. It 1000 Chammy lmpactenerey &
is noted that the average composition of the different = 1%
microstructural features is determined after taking the S 950 ] 150 8
weighted average of their core concentrations (based on g g
the total number of atoms). Since the analyzed volume > 900 4125 %
decreases significantly (smaller number of total atoms, 450 s
. 4100 £
N) toward the core of the microstructural features, the : . . O
weighted average is a more accurate representation of 0.25 3 16
their composition. as-quenched Aging time (h)

The APT mass spectra of the carbide precipi-
tates—NDb(C,N), cementite, and M,C carbides—are also
presented in this paper, since it is important to explain in
detail how the compositions of these phases were
obtained, which is not trivial due to critical isobaric
peak overlaps and various complex molecular ion peaks
in these mass spectra. Thermodynamic calculations are
performed using ThermoCalc, version S, and the ther-
modynamic data are obtained from the TCFEG6 steel
database (SGTE).

III. RESULTS AND DISCUSSION

A. Mechanical Properties

Tensile yield strength (YS), ultimate tensile strength
(UTS), and elongation to failure for HSLA-115 (at
room temperature) in the as-quenched condition and for
samples aged at 823 K (550 °C) for different aging times
are listed in Table II. The YS values are also plotted
with Charpy impact energy [measured at 255K
(—=17.8 °C)] for these samples in Figure 1. These results
reveal an increase of 67 pct in impact toughness after
3-hour aging from its value obtained in the 0.25-hour
aged condition, with a negligible decrease of 1.5 pct in
YS. More detailed discussion on these mechanical
properties is provided in our companion paper,’” where
we correlated the co-precipitation of M,C carbides with
Cu precipitates in HSLA-115 to this extended YS
plateau attained during aging at 823 K (550 °C).
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Fig. 1—Yield strength (YS) at room temperature and Charpy impact
energy at 255 K (—17.8 °C) for HSLA-115 in the as-quenched condi-
tion and after a%ing at 823 K (550 °C) for 0.25, 3, and 16 h, data
from Jain et al”’

B. Synchrotron X-ray Diffraction (XRD)

Figure 2 shows the XRD scans for HSLA-115 in the
as-quenched condition, and for samples aged at 823 K
(550 °C) for 0.25, 3, and 16 hours. We observe reflec-
tions corresponding to niobium carbide (NbC) in the
as-quenched sample as well as in all the aged samples,
Figure 2(a). Cementite (0..,) peaks are not observed in
the as-quenched sample but are present in all the aged
samples, Figure 2(a), confirming the formation of
cementite during aging at 823 K (550 °C). It is noted
that the low overall carbon concentration of HSLA-115
(0.23 at. pct or 0.05 wt pct) limits the volume fraction of
these carbides to less than 1 pct. Additional difficulty
arises in characterizing cementite due to the overlap of
its largest intensity reflection with that of (110), reflec-
tion.”!! Volume fraction of austenite in the as-quenched
sample, as calculated using the direct comparison
method, is less than 1 pct. Low volume fraction of
retained austenite is anticipated in the as-quenched
microstructure of such low-carbon low-alloy steels and
is in agreement with the findings for similar HSLA-100
steels.*”) Additionally, this retained austenite is unsta-
ble on aging, as is evident from the decrease in the
intensity of the (200), reflection in the XRD scans of the
aged samples, Figure 2(b).
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Fig. 2—Synchrotron X-ray diffraction scans of the as-quenched HSLA-115 sample and those aged at 823 K (550 °C) for 0.25, 3, and 16 h. The
subscripts Oce, and NbC on the reflection indices in (a) refer to niobium carbide and cementite, respectively, while the subscripts y and o in (b)

refer to austenite and ferrite, respectively.

(b)
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L
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(orthogonal views shown in a, b, ¢)
80 nm

Fig. 3—3D APT reconstruction of the as-quenched HSLA-115 sam-
ple. C-enriched regions are delineated by 1 at. pct C isoconcentration
surfaces (black). Niobium carbonitride precipitates are delineated by
15 at. pct (Nb + C) isoconcentration surfaces (brown). Only a fraction
of the Fe atoms are displayed (blue dots) and the other alloying ele-
ment atoms are omitted for the sake of clarity (Color figure online).

C. Atom Probe Tomography

1. Carbon segregation at martensitic lath boundaries

We observed the enrichment of carbon at several
regions in the 3D APT reconstruction of the
as-quenched sample, Figure 3. These C-enriched regions
are marked as 1, 2, and 3 in Figure 3 and are delineated
by 1 at. pct C isoconcentration surfaces. Proximity
histogram (proxigram) concentration profiles with
respect to distance from these isoconcentration surfaces
are displayed in Figures 4(a), (b), and (c¢) for regions 1,
2, and 3, respectively.

Carbon concentrations in the core of the C-enriched
regions (~2-nm region at the far right-hand side of the
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Fig. 4—Proximity histogram concentration profiles (at. pct) of Fe,
C, Ni, Cu, Mn, Cr, Si, and Mo for C-enriched regions 1, 2, and 3 in
Fig. 3 and their vicinity are displayed in (a), (b), and (c), respec-
tively. These C-enriched regions are delineated by 1 at. pct C isocon-
centration surfaces in Fig. 3, which is the 3D APT reconstruction of
the as-quenched HSLA-115 sample. Ordinate axis of the plots dis-
playing C, Ni, and Cu concentration profiles is drawn on a log scale
for clear visualization of the C concentrations in «-Fe matrix in the
vicinity of C-enriched regions.

proximity histograms in Figure 4) are 3.6 £ 0.1,
6.2 £ 0.1, and 6.4 £ 0.1 at. pct for regions 1, 2, and 3,
respectively, while the average carbon concentration of
the o-Fe matrix in proximity of these regions, as
obtained from the 2.5-nm region at the far left-hand
side of the proximity histograms in Figure 4, is
0.06 £ 0.01 at. pct. It is noted that the methodology
described by Geuser er al.*" that uses the distribution of
isolated atoms in atom probe reconstructions provides
an alternative method to determine the matrix concen-
trations of alloying elements. However, detailed analysis
using this method is beyond the scope of this work since
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proximity histogram concentration profiles provide the
C concentrations in the C-enriched regions as well as in
the o-Fe matrix, as a function of distance from the
interface between them.

Concentration profiles in Figure 4 also reveal that the
enrichment of carbon results mainly in the depletion of
Fe in these regions, while the alloying elements—Ni, Cu,
Mn, Cr, and Mo—exhibit negligible partitioning
between the o-Fe matrix and C-enriched regions. Sili-
con, however, behaves differently as its concentration is
enhanced near the interface with respect to its «-Fe
matrix concentration (most prominent in Figure 4(c)),
but decreases toward the inner core of the C-enriched
regions at the far right-hand side of the concentration
profile. This is suggestive of Si being rejected from these
C-enriched regions.

Several other studies have also reported similar C-en-
riched regions with varying carbon concentrations from 2
to 10 at. pct, and have interpreted their results as carbon
segregation at martensitic lath boundaries or as thin
austenitic films at these boundaries.** ! Carbon segre-
gation in the as-quenched sample suggests that carbon
diffusion occurs from the freshly formed martensite
during quenching. This process is facilitated due to the
extremely low solubility of carbon in lath martensite,”*”
coupled with a high martensite start temperature (M) of
HSLA-115. The M, temperature of HSLA-115, as
calculated from Andrew’s empirical formula, is 705 K
(432 °C),*¥ which is in good agreement with the mea-
surements of the M temperature of ~693 K (420 °C) for
similar HSLA-100 steels from dilatometry experi-
ments.!"'% While APT provides direct evidence of carbon
segregation, the same conclusion has been made based on
electrical resistivity measurements by Speich,*” who
suggested that most of the carbon segregates to disloca-
tions and lath boundaries in low-carbon as-quenched lath
martensites (C < 0.2 wt pct). In the present study, we
also measure much lower carbon concentration of 0.08
at. pct in the a-Fe matrix (excluding the C-enriched
regions), as compared to 0.21 at. pct C measured for the
entire analyzed volume of the as-quenched APT sample,
which is close to the alloy’s overall carbon concentration,
0.23 at. pct, Table III.

A similar C-enriched region is also observed in the
HSLA-115 sample aged at 823 K (550 °C) for
0.12 hours. This is evident from the distribution of
carbon atoms shown in the two orthogonal views of the
3D APT reconstruction of this sample, Figure 5(a).
Copper precipitates are also observed at this aging time
and are delineated by 7 at. pct Cu isoconcentration
surfaces. Proximity histogram concentration profiles
with respect to distance from 1 at. pct C isoconcentra-
tion surfaces are displayed in Figure 5(b). We obtain a
carbon concentration of 2.7 & 0.1 at. pct in the core of
the C-enriched region (~1-nm region at the far right-
hand side of the proxigram), which is comparatively less
than the carbon concentrations measured in similar
regions in the as-quenched sample. Additionally, we
observe the enrichment of Mn, Cr, and Mo in the
C-enriched region in this 0.12-hour aged sample,
Figure 5(b), which is in contrast to the homogeneous
distributions of these elements observed across the o-Fe
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Fig. 5—(a) 3D APT reconstruction (two orthogonal views) of the
HSLA-115 sample aged at 823 K (550 °C) for 0.12 h. Carbon atoms
are displayed as black dots, Cu precipitates are delineated by 7 at.
pct Cu isoconcentration surfaces (red), and the other alloying ele-
ment atoms are omitted for the sake of clarity; (b) proximity his-
togram concentration profiles (at. pct) of Fe, C, Ni, Cu, Mn, Cr, Si,
and Mo for C-enriched region in (a) and its vicinity (excluding the
Cu precipitates, which were removed from the dataset before the
proxigram analysis using the IVAS program) (Color figure online).

matrix and the C-enriched regions in the as-quenched
sample, Figure 4.

2. Niobium carbonitride precipitates

Three niobium carbonitride precipitates are observed
in the 3D APT reconstruction of the as-quenched
sample and are delineated by 15 at. pct (Nb + C)
isoconcentration surfaces (brown), Figure 3. Two of the
niobium carbonitride precipitates are dissected in the 3D
reconstruction, while the third one lies completely inside
it and is indicated by an arrow, Figure 3. Three
orthogonal views of this precipitate are also displayed
in this figure; the precipitate appears to have a thin
platelet-like morpholo[gg, which has been reported
earlier in other APTM** and TEM™! studies of
Nb-containing steels. The APT mass spectrum of this
precipitate is displayed in Figure 6(a). Carbon peaks are
obtained corresponding to C*", CT, C%", and G,
jons, while niobium is detected as Nb*", Nb*", and
Nb>" and as molecular ions—(NbN)*" and (NbN)>*
along with nitrogen. The peak at 14 amu contributes 3.7
at. pct of the total number of atoms associated with this
precipitate and is taken as '*N ", although there may be
some contribution from **Si* . We note that a number
of molecular ion peaks, identified herein, may easily be
overlooked and/or the ionic peaks may be wrongly
assigned in the bulk mass spectrum of the sample due to
the extremely low overall Nb concentration (0.012 at.
pct) in this alloy. For instance, the peak at 31 amu can
be incorrectly assumed to be “*Ni*", if we analyze the
precipitate using the mass spectrum of the bulk sample.
For an accurate analysis, Nb(C,N) precipitates should
first be isolated from the rest of the matrix and then the
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Fig. 6—(a) Atom probe tomographic mass spectrum of the niobium carbonitride precipitate, observed in the as-quenched HSLA-115 sample,
which is indicated by an arrow in Fig. 3. Mass peaks associated with Nb, C, and N are labeled in the mass spectrum, while those of other minor
elements in the precipitate, such as Fe, Mo, Cr, and V, are not labeled for the sake of clarity; (b) proximity histogram concentration profiles (at.
pet) of Fe, Nb, C, and N for the niobium carbonitride precipitate and its vicinity. A fiducial marker is placed vertically at the origin (0) of the

proxigram, which is chosen as the inflection point of the Fe concentration profile.

Table III. Chemical Composition (At. Pct) of the Niobium Carbonitride Precipitate Observed in the As-quenched HSLA-115 Sam-
ple, as Obtained from APT Measurements

Element Nb C N Fe Mo Cr v
APT-Measured Composition 432+ 14 416+14 98+£08 05+02 27+04 1.1+£03 0.5+0.20
Computed Composition, ThermoCalc  40.7 15.4 34.5 0.02 0.05 2.1 7.2

Equilibrium composition of niobium carbonitride from thermodynamic computations at 1185 K (912 °C) is also displayed.

analysis of the spatially segmented mass spectrum
should be performed separately to ensure correct iden-
tification of all mass peaks.

Thermodynamic  equilibrium  calculations  for
HSLA-115 predict that Nb(C,N) precipitates dissolve
above 1408 K (1135 °C) but are stable at the austenitiz-
ing temperature of 1185 K (912 °C) and are thus effective
in inhibiting grain growth during the austenitizing
treatment. Thus, the precipitates obtained in the
as-quenched sample are likely inherited from the austen-
itizing treatment. Proximity histogram showing the
concentration profiles of Fe, Nb, C, and N across the
hetero-interface between o-Fe matrix and the Nb(C,N)
precipitate is displayed in Figure 6(b). Table III lists the
composition of the Nb(C,N) precipitate obtained from
this proximity histogram along with its computed com-
position at thermodynamic equilibrium at 1185 K
(912 °C). From APT analysis, we obtain a combined
contribution of 51.4 at. pct from C and N, while the
metal composition is primarily Nb with some Mo, Cr, V,
and Fe. While the Nb concentration in the precipitate, as
measured by APT (43.2 at. pct), is in reasonably good
agreement with the predicted concentration from ther-
modynamic equilibrium calculations (40.7 at. pct), the
concentrations of the interstitial solute elements, C and
N, differ significantly between the two methods.

Thermodynamic equilibrium calculations at the
austenitizing temperature of 1185 K (912 °C) reveal
that the C concentration in Nb(C,N) precipitates
increases at the expense of N if the available
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concentration of N decreases from its overall bulk
concentration of 0.016 wt pct; this trend holds even for
lower bulk C concentrations than the 0.05 wt pct in this
steel. For instance, for bulk C concentration of 0.04 wt
pct and bulk N concentrations of 0.012, 0.008, and 0.004
wt pct, equilibrium calculations predict 26.9, 20.1, and
15.7 at. pct N and 22.9, 29.7, and 33.9 at. pct C,
respectively, in Nb(C,N) precipitates. Thus, we infer
that less than 0.016 wt pct N is available during the
austenitizing treatment as it may have combined with
pre-existing Nb(C,N) precipitates formed during prior
processing treatment steps, and this likely is the reason
that we obtain higher C concentration than N in the
Nb(C, N) precipitates analyzed by APT.

Additionally, the predicted equilibrium composition
overestimates V and to a smaller extent Cr in the
precipitate and underestimates the Mo and Fe concen-
trations. It also predicts negligible solubility of Si in
niobium carbonitride, which makes it reasonable to
?fSi%n the peak at 14 amu in the APT mass spectrum to

N

In the present study, we also observe a Nb(C,N)
precipitate in the APT reconstruction of the 16-hour
aged sample. XRD results described earlier revealed the
presence of niobium carbide in the as-quenched sample
and in the samples aged at 823 K (550 °C) for 0.25, 3,
and 16 hours, Figure 2(a). These precipitates are, how-
ever, only observed in the 3D APT reconstructions of
the as-quenched and the 16-hour aged samples due to
their low number densities.
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Fig. 7—(a) 3D APT reconstruction of the HSLA-115 sample aged at
823 K (550 °C) for 0.25 h. The cementite precipitate is delineated by
a S5 at. pct C isoconcentration surface (black). Copper precipitates
and M,C carbides are delineated by 10 at. pct Cu isoconcentration
surfaces (red) and 5 at. pct (C + Cr + Mo) isoconcentration surfaces
(dark green), respectively. Only a fraction of the Fe atoms are shown
(blue dots) and the other alloying element atoms are omitted for the
sake of clarity; (b) proximity histogram concentration profiles (at.
pct) of Fe, C, Mn, Cr, Mo, and Si for the cementite precipitate and
its vicinity. A fiducial marker is placed vertically at the origin (0) of
the proxigram, which is chosen as the inflection point of the Fe con-
centration profile (Color figure online).

3. Cementite precipitate

A cementite (0..,) precipitate is observed in the 3D
APT reconstruction of the 0.25-hour aged sample at
823 K (550 °C) and is delineated by a 5 at. pct C
isoconcentration surface, Figure 7(a). Also, displayed in
this APT reconstruction are the Cu precipitates (red)
and M,C carbides (dark green). C-enriched regions
observed in the as-quenched and 0.12-hour aged sam-
ples, Figures 3 and 5(a), respectively, and/or the decom-
position of the retained austenite and lath martensite in
the as-quenched microstructure are the likely sources of
carbon for cementite formation during aging at 823 K
(550 °C). The cementite precipitates’ coarser morphol-
ogy relative to the M,C carbides is evident in
Figure 7(a) and is usually associated with poor impact
toughness."* In our companion paper,”’ we discussed
the possible role of the cementite phase in the poor
impact toughness that results after 0.25-hour aging as
compared to the as-quenched sample: Figure 1 in the
present article. Here, we focus on the concentrations and
the partitioning behavior of alloying elements across the
o-Fe/0..m hetero-interface, obtained using the proximity
histogram displayed in Figure 7(b).

Analysis of the mass spectrum of the cementite
precipitate revealed carbon peaks at 6, 12, 18, 24, 36,
and 48 amu that correspond to C>*, C*, C;*", C, " or

METALLURGICAL AND MATERIALS TRANSACTIONS A

106

0 isotopes of Fe?*
A isotopes of Cr?*

105 4

104 +

Counts

103 5
102 p

101 4

mass-to-charge state ratio (m/q)

Fig. 8—Atom probe tomographic mass spectrum of the cementite
precipitate observed in the HSLA-115 sample aged at 823 K
(550 °C) for 0.25 h.

C,2", C3", and C4 " ions, respectively, Figure 8. These
include overlaps of C,* and C,*>" at 24 amu and of C4 "
and Mo>" at 48 amu. Contribution of C,2" to the
counts at 24 amu is inferred by the mass peak at 24.5
amu, which corresponds to (*?C3*C)**. We also observe
that counts at 48 amu exceed the counts at 49 amu,
which contradicts the relative natural isotopic abun-
dances for Mo”>". This indicates additional contribu-
tions from the other ions at 48 amu, which is most likely
C,". The individual contributions of the overlapping
ions at 24 and 48 amu were determined following the
methodology of relative isotopic abundances, described
by Sha et al™¥ for a binary Fe-C alloy.

In the proximity histogram, Figure 7(b), we obtain
localized concentration peaks of Mn, Cr, and Mo
having a width of a few nanometers near the 0..,/o-Fe
interface, with their peak concentrations of 3.0 + 0.2,
30+ 0.2, and 09 + 0.1 at. pct, respectively. The
diffusion distances of Mn, Cr, Mo, and Si for 0.25 hours
at 823 K (550 °C), estimated by one-dimensional

root-mean-squared distance, v2Dt are 20, 14, 5, and
38 nm, respectively, and are three-to-four orders of
magnitude smaller than that of carbon. Diffusion
constants (D) of these elements in a-Fe at 823 K
(550 °C) are listed in Table IV along with the corre-
sponding references.*>* These diffusion distances,
particularly of Mn, Cr, and Mo, reveal the sluggish
diffusion kinetics of these elements, which results in their
localized concentration peaks observed near the 0O.ep/
o-Fe interface. We note, however, that even the peak
concentrations of Mn and Cr (~3 at. pct each) obtained
from the APT analysis are significantly less than their
respective concentrations of 9.1 and 23.9 at. pct in
cementite, computed by considering thermodynamic
metastable equilibrium between ferrite and cementite
at 823 K (550 °C), Table V. However, these locally
enriched concentrations do indicate that the growth of
cementite precipitate is in an intermediate stage between
paraequilibrium (partitioning of only interstitial species
(carbon) occurs as per equilibrium thermodynamics)
and orthoequilibrium (partitioning of all elements
including the substitutional ones occurs).”” A similar
growth mode of cementite was also reported in an atom
probe study of an Fe-1.0C-0.30Si-0.2Mn-1.4Cr (wt pct)
steel, aged isothermally at 773 K (500 °C).°!
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In the core of the cementite precipitate (6-nm region at
the far right-hand side of the proxigram in Figure 7(b)),
we observe nearly homogeneous distribution of all
elements and the average composition of this region is
displayed in Table V. We note that the carbon concen-
tration in the core of the cementite precipitate is
22.7 £ 0.2 at. pct, as opposed to the stoichiometric value
of 25.0 at. pct. Similar and much lower levels of carbon in
cementite have been reported in other atom probe
studies.®” ¥ Carbon concentrations can be underesti-
mated during APT analysis due to the losses that can
occur due to multiple detection events, and in particular if
field evaporation leads to the formation of molecular
species and potentially their dissociation.’>*®! Partition-
ing ratios of elements, defined as the ratio of their
concentration in the core of the cementite precipitate to
their concentrations in a-Fe matrix,>” are also listed in
Table V. Partitioning ratios for each of Mn, Cr, and Mo
are greater than 1.5, indicating their enrichment in the
cementite precipitate. Alternatively, Si partitions away
from the cementite and has a partitioning ratio of 0.3. It
is noted that its minimum concentration in the cementite
precipitate is 0.08 & 0.02 at. pct (at ~3.6 nm from the
origin of the abscissa), which gradually increases to 0.16
at. pct in the core of the precipitate. Silicon is known to
suppress the formation of cementite during tempering in
steels.>+38%° 1t is believed that the rejection of Si from
cementite results in the increase in the activity of carbon
in Si-rich regions (in proximity of cementite), which
reduces the carbon flux toward cementite and restricts its
further growth."®>* In general, the partitioning behavior
of alloying elements, observed herein, in terms of their
enrichment/depletion is consistent with other studies,
which have also reported the enrichment of

n, 2441525460611 ¢p 243361 3nq Mo and depletion
of Sil?#41:323460.61 ipy cementite with respect to their
respective concentrations in the o-Fe matrix.

Table IV. Diffusion Coefficients of Different Elements in
a-Fe at 823 K (550 °C)

Element Diffusion Coefficient (cm? s~ ') References
C 1.26 x 1077 45
Mo 1.54 x 1071¢ 46
Mn 226 x 1071 47
Cr 1.06 x 10717 48
Si 7.93 x 10713 49

4. Temporal evolution of Cu precipitates and M>C
carbides at 823 K (550 °C)

The precipitation kinetics of Cu precipitates and M,C
carbides in HSLA-115 aged at 823 K (550 °C) are closely
interlinked with one another. Nucleation of Cu precip-
itates occurs first, Figure 9(a), and is followed by the
precipitation of M,C carbides with longer aging times,
most of which are co-located with Cu precipitates,
Figures 9(b) through (e). This indicates that Cu precip-
itates act as heterogencous nucleation sites for M,C
carbides; similar observations for Cu precipitates and
M,C carbides have been reported for a BA-160 steel®"
and an ultrahigh-strength carburized steel.l’” We also
observe a second burst of nucleation of both Cu
precipitates and M,C carbides between 1 and 3 hours
of aging at 823 K (550 °C); see Tables VI and VII,
respectively, for the temporal evolution of their mean
radii, number densities, and volume fractions. The
complex kinetics of these precipitates, as observed herein,
is likely affected by the interactions of these precipitates
with each other and with dislocations and lath bound-
aries in the microstructure. This was discussed in corre-
lation with the mechanical properties of HSLA-115 in
our companion paper.l”! Herein, we describe the temporal
evolution of the morphologies and compositions of Cu
precipitates and M,C carbides at 823 K (550 °C). As the
main focus of this article is carbon redistribution and
carbide precipitates, the temporal evolution of Cu pre-
cipitates is only briefly described.

It is known that Cu nucleates as coherent (b.c.c.)
spheroidal precipitates in a-Fe.l % As Cu precipitates
grow and coarsen upon aging, they undergo shear
transformations to 9R and 3R structures and finally
transform to the equilibrium f.c.c. structure.l®®®” As
their size increases, they also acquire elhgsmdal and
more elongated rod-like morphologies;?%%3-¢7-68! some
of these elongated precipitates after 16- and 256-hour
aging are marked by arrows in Figure 9(d, e, and g). The
elongated morphology of Cu precipitates is attributed to
a large anisotropy in the a-Fe/Cu precipitate interfacial
energy!® and/or the shear associated with partial
dislocations resulting in transformation to the 3R
structure.” In the 64-hour aged sample, Figure 9(f),
the observed platelet/disk-like morphology of the Cu
precipitate is attributed to the additional consideration
of elastic strain energy.[*”

M,C carbides are first observed in the 0.25-hour aged
sample, Figure 9(b). In the 3D APT reconstructions of

Table V. Chemical Composition (At. Pct) of the Core of the Cementite Precipitate Observed in HSLA-115 Aged at 823 K
(550 °C) for 0.25 h and the Partitioning Ratios of Elements, as Obtained from APT Measurements

Element Fe C Mn Cr Cu Ni Mo Si

APT-Measured 72.18 £ 0.22 22.71 £ 0.21 0.86 + 0.05 0.71 £ 0.04 0.37 £ 0.03 2.24 £+ 0.08 0.40 + 0.03 0.16 &+ 0.02
Composition

Partitioning 0.77 £ 0.002 34.56 +1.74 1.78 £0.14 1.63 £0.14 0.73 £0.07 0.78 £ 0.03 1.87 £0.22 0.31 £ 0.04
Ratio (APT)

Computed 40.59 25.0 9.08 23.89 — 0.31 0.76 —
Composition,
ThermoCalc

Metastable equilibrium composition of cementite from thermodynamic computations at 823 K (550 °C) is also displayed.
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Fig. 9—3D APT reconstructions of HSLA-115 samples aged at 823 K (550 °C) for (a) 0.12 h, () 0.25 h, (¢) 3 h, (d) 16 h (nanotip 1), (¢) 16 h
(nanotip 2), (f) 64 h, (g) 256 h (nanotip 1), and (/1) 256 h (nanotip 2). Only a fraction of the Fe atoms are shown (blue dots) and the other alloy-
ing element atoms are omitted for the sake of clarity. Copper precipitates are delineated by 10 at. pct Cu isoconcentration surfaces (red). M,C
carbides are delineated by 5 at. pct (C + Cr + Mo) isoconcentration surfaces (dark green) in all reconstructions except in (e), where 7 at. pct
(C + Cr + Mo) isoconcentration surfaces are used to delineate M,C carbides (Color figure online).

the 3- and 16-hour aged samples, elongated rod-like
carbides are observed to be distributed heterogencously
along a dislocation line and at a martensitic lath
boundary; see encircled regions in Figure 9(c) and
Figure 9(e), respectively. M,C carbides are known to

METALLURGICAL AND MATERIALS TRANSACTIONS A

assume an elongated needle/rod-like morphology in
a-Fell 4627076 and grow along (100),.g. directions due
to good lattice match along this direction.’’® As the
carbide precipitates coarsen further, they assume irreg-
ular spheroidal morphologies, which is indicative of a
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Table VI. Temporal Evolution of Mean Radius, (R(f)), Number Density, /V,(¢), and Volume Fraction, ® (Pct), of Cu Precipitates
in HSLA-115 Aged at 823 K (550 °C), data from Jain et al."”!

Aging Time (h) (R(?)) (nm) Ny(f) (m~3) @ (Pct)

0.12 1.34 + 0.54 (7.22 + 0.14) x 10* 0.61 + 0.01
0.25 1.60 + 0.81 (2.99 + 0.24) x 10% 0.93 + 0.07
1 3.36 £ 1.20 (7.30 + 0.55) x 10* 1.61 +0.12
3 3.15 £ 0.95 (1.62 £ 0.13) x 10% 2.68 £ 0.22
16 5.09 + 1.91 (3.24 + 0.19) x 10% 2.53 £ 0.15

Table VII. Temporal Evolution of Mean Radius, (R(¢)), Number Density, N,(f), and Volume Fraction, @ (Pct), of M,C Carbide
Precipitates in HSLA-115 Aged at 823 K (550 °C), data from Jain et al.””!

Aging Time (h) (R(7)) (nm) Ny(t) (m™3) @ (Pct)
0.25 1.07 £ 0.30 (7.10 £+ 1.17) x 10% 0.05 £ 0.01
1 1.22 + 0.42 (2.25 + 0.31) x 10?2 0.02 + 0.003
3 1.64 + 0.63 (1.46 £ 0.13) x 103 0.40 £ 0.03
16 2.06 + 1.62 (3.72 + 0.20) x 10? 0.45 + 0.02

loss of coherency with the matrix; two such carbides are
indicated by arrows in Figure 9(e and f). The temporal
evolution of the morphology of M,C carbides, as
described above, is consistent with the findings of Liddle
et al.”* who reported the transition of M,C carbides (in
AF1410 steel) from small clusters to rods to larger
irregular spheroidal particles with increasing aging times
at 783 K (510 °C). We next describe the compositional
evolution of Cu precipitates and M»C carbides at 823 K
(550 °C).

Copper precipitates observed in the 0.12-hour aged
sample (shortest aging time studied) contain ~50.0 at.
pct Fe, which is consistent with the composition of Cu
(b.c.c.) precipitates reported at earl;/ aging times in
several other atom probe studies.”®’”" In contrast,
negligible Fe concentrations have been reported in Cu
precipitates from small-angle neutron scattering (SANS)
studies.®*!) While the composition of Cu precipitates at
early aging times, as determined by APT, may be
affected by the artificial inclusion of matrix Fe atoms
due to ion trajectory overlaps,®? the SANS-based
analysis assumes the Cu precipitates in o-Fe to be
non-ferromagnetic, which is highly questionable in light
of the significant Fe concentrations reported from atom
probe studies. This remains an unresolved issue and has
been discussed in detail elsewhere.*¥ Cu precipitates
observed at longer aging times have much higher Cu
concentrations, which is consistent with other atom
probe studies.*!?%%¥ The average core composition of
Cu precipitates in the 256-hour aged condition,
Figure 9(h), is 91.4Cu-3.3Ni-4.2Mn-1.0Fe (at. pct).
For all aging times studied, we observe the segregation
of Ni and Mn at the a-Fe/Cu precipitate interface, which
has been reported and is attributed to the reduction in
the interfacial energy of the heterophase interface.*®7!
We note that the Cu concentration measured in the a-Fe
matrix (excluding the Cu precipitates) after 256-hour
aging is ~0.20 at. pct (0.23 wt pct), which is in excellent
agreement with the experimentally determined Cu sol-
ubility of 0.21 wt pct in a-Fe at 823 K (550 °C).*5 we
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now discuss in detail the compositional evolution of
M,C carbides by APT.

Proximity histogram concentration profiles of C, Mo,
and Cr obtained for the respective ten largest M,C
carbide precipitates in the 0.25-, 1-, 3-, and 16-hour
(nanotip 1) aged samples are displayed in Figure 10,
which reveal the enrichment of these elements in the
carbide precipitates. The coarser blocky carbide precip-
itate observed to the bottom right in Figure 9(d) has
been excluded from this analysis to obtain a well-defined
analysis of the smaller carbide precipitates and to
distinguish precipitates at different stages of their
growth.

It is important to mention that in the 3D APT
reconstruction, M,C carbide precipitates suffer from
local magnification artifacts owing to their higher field
evaporation strength than the matrix Fe atoms.*”! This
leads to ion trajectory overlaps and results in artificial
inclusion of matrix atoms in M,C carbides, which can
complicate the evaluation of their compositions, partic-
ularly during ecarly aging times. Additionally, carbon
concentrations measured by APT can be influenced by
the experimental variables, that is, specimen tempera-
turel® and laser pulse energy,®® as has also been shown
specifically for M>C carbides.®”%® Working within these
limitations, we focus on the temporal evolution of the
atomic ratios (Mo + Cr)/C and Mo/Cr in the M,C
carbide precipitates at 823 K (550 °C), rather than their
absolute compositions.

However, compositions of coarser M,C carbide
precipitates such as those indicated by arrows in
Figure 9(e and f) can be determined with much greater
accuracy and are described first. Their compositions, as
determined using proximity histograms (displayed in
Figure 11), are listed in Table VIII along with the
computed composition of M,C carbide at thermody-
namic equilibrium at 823 K (550 °C). The measured
carbon concentrations of these two carbides are similar
(30 to 31 at. pct) and in close agreement with the
expected stoichiometric carbon concentration of 33.3 at.
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Fig. 10—Proximity histogram concentration profiles (at. pct) of C,
Mo, and Cr for the ten largest M,C carbide precipitates and their
vicinity in HSLA-115 samples aged at 823 K (550 °C) for (a) 0.25,
(b) 1, (¢) 3, and (d) 16 h (nanotip 1).

pct in M, C carbides. Mass spectrum of the M»C carbide
precipitate, which is indicated by an arrow in
Figure 9(f), is displayed in Figure 12. Carbon mass
peaks are obtained corresponding to C**, C*, C5**,
C, ", and C; " ions, Mo is observed in charge states 2+
and 3+, while Cr field evaporates primarily in charge
state 2+. It is noted that C and Mo are also obtained as
combined molecular species in the form of (MoC)>".
We now describe the temporal evolution of the atomic
ratios (Mo + Cr)/C and Mo/Cr in the M»C carbide
precipitates at 823 K (550 °C).

Figure 13 displays plots of the atomic ratios (Mo +
Cr)/C and Mo/Cr for the ten largest M,C carbide
precipitates and their vicinity in the 0.25-, 1-, 3-, and
16-hour (nanotip 1) aged samples; proximity histogram
concentration profiles in Figure 10 were also obtained
from these carbides. Since the matrix is mainly Fe, any
contribution of Mo, Cr, and C from ion trajectory
effects is not anticipated to affect the ratios of (Mo +
Cr)/C and Mo/Cr significantly. Thus, these plots are
helpful for discriminating the carbide precipitates from
the matrix and in calibrating the potential compositional
influence from ion trajectory effects. In Figure 13, we
observe a gradual decrease in the (Mo + Cr)/C atomic
ratio from its value in the a-Fe matrix (left-hand side of
the plots) toward the carbide precipitates (far right-hand
side of the plots), where it approaches a plateau. This
plateau region to the right-hand side of the vertical
fiducial marker in Figure 13 is identified as the core of
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Fig. 11—Proximity histogram concentration profiles (at. pct) of Fe,
Mo, C, and Cr for (a¢) M,C carbide [indicated by an arrow in
Fig. 9(e)] and its vicinity; (b) M,C carbide [indicated by an arrow in
Fig. 9(f)] and its vicinity. Figures 9(e) and (f) show the 3D APT
reconstructions of HSLA-115 samples aged at 823 K (550 °C) for 16
and 64 h, respectively. A fiducial marker is placed vertically at the
origin (0) of the proximity histograms, which is chosen as the inflec-
tion point of the Fe concentration profile.

the M,C carbide precipitates, and the mean values of
atomic ratios (Mo + Cr)/C and Mo/Cr obtained from
these plateau regions for different aging times are
displayed in Figure 14.

At early aging times of 0.25, 1, and 3 hours, M,C
carbide precipitates are significantly sub-stoichiometric
in carbon and have the (Mo + Cr)/C atomic ratios of
2.5, 2.8, and 3.0, respectively, Figure 14(a). This ratio
decreases to 2.2 for carbides in the 16-hour aged sample,
thereby approaching the ideal value for M,C carbide
stoichiometry. Sub-stoichiometric carbon concentra-
tions in the M,C carbide precipitates have been previ-
ously reported.!?>:6%73:7389901 Olson er al.”*! performed
thermodynamic calculations to understand the compo-
sitional trajectory of M,C carbides in AF1410 steels,
aged isothermally at 783 K (510 °C), and attributed
lower carbon in the carbides at shorter aging times to
the reduction in the interfacial energy of precipitating
nuclei. For the coarser carbides, the proximity his-
togram analyses of which are displayed in Figure 11, the
(Mo + Cr)/C atomic ratio decreases to 2.0. It is noted
that while the metal content of these M,C carbide
precipitates consists primarily of Mo and Cr, they also
contain some Mn, Fe, and very little V, Ni, and Cu,
Table VIII. However, since their carbon concentrations
measured by APT (30 to 31 at. pct) are less than the
ideal 33.3 at. pct, the (Mo + Cr)/C ratio of 2.0 in these
carbides is slightly higher than the value of 1.9 obtained
by equilibrium thermodynamic calculations, which also
predict some Mn, V, and Fe in the M,C carbide,
Table VIII.
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Table VIII. Compositions (at. pct) of M,C Carbide Precipitates, Which are Indicated by Arrows in Fig. 9(e) and (f) in HSLA-115
Samples Aged at 823 K (550 °C) for 16 and 64 h, Respectively, as Obtained from APT Measurements and Equilibrium Composi-
tion of M,C Carbide from Thermodynamic Computations at 823 K (550 °C)

Element Mo Cr C

Fe Mn \" Ni Cu

APT-Measured
Composition, 16 h

APT-Measured
Composition, 64 h

Computed Composition, 58.3 5.6 33.3
ThermoCalc

40.35 £ 0.43 20.49 £ 0.36 30.12 £ 0.40 3.43 = 0.16 3.63 £ 0.16 0.20 £ 0.06 0.48 £ 0.06 0.30 £ 0.05

49.76 £ 0.28 13.63 £ 0.19 30.91 £ 0.26 1.81 &£ 0.07 2.62 £ 0.09 0.29 £ 0.03 0.26 £ 0.03 0.10 £ 0.02
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Fig. 12—Atom probe tomographic mass spectrum of the M,C car-
bide precipitate observed in the HSLA-115 sample aged at 823 K
(550 °C) for 64 h, which is indicated by an arrow in Fig. 9(f). It is
noted that the abscissa scale chosen is not linear to enlarge portions
of the mass spectrum for clarity.

The Mo/Cr atomic ratio in the M,C carbide precip-
itates at early aging times of 0.25, 1, and 3 hours is
nearly constant at ~1.3, but increases to 2.4 for carbides
in the 16-hour aged sample, Figure 14(b). Substitution
of Mo by Cr in M,C carbide reduces its lattice
parameter and is associated with the decrease in
transformation strains.’®°"*?! Heterogeneous nucle-
ation of M,C carbides at Cu precipitates coupled with
their sub-stoichiometric carbon composition, observed
herein, further reduces the nucleation barrier for M,C
carbide precipitation. The Mo/Cr ratio increases further
to 3.7 in the M,C carbide precipitate analyzed in the
64-hour aged sample, while this ratio is 7.8 for the
computed composition of M,C at thermodynamic
equilibrium, Table VIII. Thus, at early aging times,
when M,C carbide precipitates are presumably coher-
ent, they have a smaller Mo/Cr ratio and sub-stoichio-
metric carbon concentrations. At longer aging times, the
Mo/Cr ratio and the overall composition tends to
approach the predicted composition at thermodynamic
equilibrium.

IV. SUMMARY AND CONCLUSIONS

For the first time, detailed compositional analysis of
carbon redistribution and associated complex phase
transformations are provided for an HSLA-115 steel,
isothermally aged at 823 K (550 °C), which includes
carbon segregation at lath boundaries, niobium car-
bonitride precipitates, cementite, M,C carbide precipi-
tates, and the synergetic interactions with Cu
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Fig. 13—Atomic ratios (Mo + Cr)/C and Mo/Cr for the ten largest
M,C carbides and their vicinity in HSLA-115 samples aged at 823 K
(550 °C) for (a) 0.25 h, (b) 1 h, (¢) 3 h, and (d) 16 h (nanotip 1). The
portions of the diagrams on the right-hand side of the vertical fidu-
cial markers in these plots represent the core of the M,C carbide
precipitates with nearly constant (Mo + Cr)/C values.

precipitation that happens simultaneously. The results
are summarized in the conclusions below:

1. Segregation of carbon (3 to 6 at. pct C) is observed
by 3D APT at martensitic lath boundaries in the
as-quenched, Figure 3, and 0.12-hour aged samples,
Figure 5(a), indicating that the diffusion of carbon
occurs from the freshly formed martensite during
quenching, following the austenitizing treatment.
While Mn, Cr, and Mo are homogeneously dis-
tributed between the o-Fe matrix and the C-en-
riched regions in the as-quenched sample, Figure 4,
their enrichment is observed in the C-enriched
region in the 0.12-hour aged sample, Figure 5(b).
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Fig. 14—Temporal evolution of atomic ratios: (¢) (Mo + Cr)/C and
(h) Mo/Cr in the M,C carbide precipitates for HSLA-115 aged at
823 K (550 °C). For aging times of 1, 3, and 16 h, these values are
the mean values obtained from the analysis of the two APT nanotips
for each of these aging times. Coarser blocky carbide precipitates
observed to the bottom right in Fig. 9(d) and the one indicated by
an arrow in Fig. 9(e) have been excluded from this analysis to ob-
tain a clearer analysis of the smaller carbide precipitates and to dis-
tinguish precipitates at different stages of their growth.

On further aging, carbon is redistributed, forming
cementite and M,C carbide precipitates.

2. Some carbon in the as-quenched microstructure is also
associated with niobium carbonitride precipitates, as
they do not dissolve during the austenitizing treatment.
Composition of one such precipitate observed in the
3D APT reconstruction of the as-quenched sample,
Figure 3, having a thin platelet-like morphology, is
43.2Nb-41.6C-9.8N-2.7Mo-1.1Cr-0.5V-0.5Fe (at. pct)
or 79.9Nb-10.0C-2.7N-5.2Mo-1.1Cr-0.5V-0.6Fe (wt
pct). These precipitates are also present in the
microstructure after aging at 823 K (550 °C) for 0.25,
3, and 16 hours, as confirmed by synchrotron XRD,
Figure 2(a).

3. Cementite formation occurs during aging at 823 K
(550 °C), Figure 2(a). Carbon-enriched regions at
lath boundaries, Figures 3 and 5(a), and the decom-
position of retained austenite and lath martensite in
the as-quenched microstructure are the likely sources
of carbon for cementite formation. Core composition
of the cementite precipitate observed in the 3D APT
reconstruction of the 0.25-hour aged sample,
Figure 7, is 72.0Fe-22.7C-2.5Ni-0.9Mn-0.7Cr-0.4-
Mo-0.4Cu-0.2Si (at. pct) or 87.5Fe-5.9C-3.2-
Ni-1.1Mn-0.8Cr-0.8Mo0-0.6Cu-0.1Si (wt pct). Mn,
Cr, and Mo partition to the cementite precipitate,
while Si is rejected from it. A much higher degree of
enrichment of Mn, Cr, and Mo is observed near the
cementite/o-Fe interface than in the core of the
cementite precipitate, which is attributed to their
sluggish diffusion kinetics.

4. The precipitation kinetics of M,C carbides and Cu
precipitates are closely intertwined at 823 K
(550 °C). Their precipitation sequence coupled with
co-located nature suggests that Cu precipitates
catalyze the nucleation of M,C carbides,
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Figure 9(a, b, and c). M,C carbides assume elon-
gated rod-like morphologies as they grow and
coarsen; a significant fraction of these are observed
to be distributed heterogeneously along a disloca-
tion line and at a martensitic lath boundary,
Figure 9(c and e), respectively. On further aging
and consequent coarsening, they acquire irregular
spheroidal morphology, Figure 9(f).

5. The compositional evolution of M,C carbide pre-
cipitates during aging at 823 K (550 °C) is described
by measuring the atomic ratios (Mo + Cr)/C and
Mo/Cr in the core of the carbide precipitates using
3D APT. At early aging times of 0.25, 1, and
3 hours, M,C carbides are significantly sub-stoi-
chiometric in carbon with the (Mo + Cr)/C atomic
ratio varying from 2.5 to 3, and they have a nearly
constant Mo/Cr atomic ratio of ~1.3, Figure 14. On
further aging, their composition tends to approach
the computed composition at thermodynamic equi-
librium at 823 K (550 °C), with a nearly stoichio-
metric carbon concentration and a higher Mo/Cr
atomic ratio. Composition of one such M,>C carbide
precipitate observed in the 64-hour aged sample is
49.8Mo-13.3Cr-30.9C-2.1Fe-2.6Mn-0.3V-0.3Ni-0.1
Cu (at. pct) or 77.8Mo-11.3Cr-6.0C-1.9Fe-2.3Mn-
0.2V-0.3Ni-0.1Cu (wt pct).
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