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Abstract

The Cu precipitation in a quench-aged high-strength low-alloy steel is studied at the atomic scale by atom probe tomography and high-
resolution transmission electron microscopy. The results indicate that the Cu precipitates greatly correlate with carbides in the aspect of
distributional character, i.e., the two phases are prone to coprecipitate on the dislocations and/or interfaces (low angle boundaries of the
martensite laths). The crystallographic defects have a significant effect on the sizes, morphology and composition of Cu precipitates with

Ni and Mn segregation shell.

Cu precipitation strengthening plays an important role in the
fabrication of high-strength low-alloy (HSLA) steelst' ! The
nature of Cu precipitation and the actual distributional mor-
phology of the Cu precipitates have a significant effect on or
directly determine the strength and toughness of HSLA
steels.'*® Cu precipitation can occur during continuous cool-
ing of austenite by interphase precipitation and occur during
isothermal ageing of martensite by dislocation-interacted pre-
cipitation.”! In the former condition, the Cu precipitation
greatly correlates with the kinetics of austenite decompo-
sition.’®! In the latter condition, the Cu precipitation usually
depends on the extent of thermal ageing.!'®'* The martensite
lath boundaries and the dislocations favor the nucleation of Cu
precipitates as well as the segregation of solute atoms and the
precipitation of carbides. The reactions often overlap and
occur on the fine scale.!'*!

The structural, compositional and morphological evolutions
of Cu precipitates in Cu precipitation reaction are of fundamen-
tal scientific interest. High-resolution transmission electron
microscopy (HRTEM) investigations reveal that the structures
of Cu precipitates follow a complicated BCC — 9R —
3R — FCC sequence during the precipitation reaction.!'>%
Atom probe tomography (APT) studies suggest that at the
initial nucleation stage the developing BCC Cu precipitates
contain an equal amount of Fe with Cu as well as a small
amount of Ni and Mn. The Ni and Mn are prone to segregate
to the precipitate/matrix heterophase interface at the later
growth and coarsening stages of Cu precipitation.* ! At
the same time, the structural and compositional evolutions of
Cu precipitates are greatly size-dependent and are in association
with the morphological evolutions from spherical to ellipsoidal
and then rod-like shape.

Solute atom segregation to and Cu precipitation on dislo-
cations and interfaces are the most difficult microstructural
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features to quantify.>?>%!. In this paper, we characterize the
Cu precipitation on the crystallographic defects of dislocations
and martensite lath boundaries in a quench-aged Cu-bearing
HSLA steel using HRTEM and APT. The experimental steel
is received in as-rolled plate with 32 mm in thickness from
the Institute of Research of Iron and Steel (IRIS), Shagang
Group, China. The steel, with a composition of 0.04 C, 0.24
Si, 0.84 Mn, 1.15 Cu, 1.94 Ni, 0.51 Mo, 0.50 Cr, 0.043 Nb,
0.009 Ti, 0.03 Al, 0.004 N, 0.007 P and 0.004 S (wt.%), is
fully austenitized and solutionized at 900 °C for 30 min fol-
lowed by quenching in water at 25 °C, and then isothermally
aged at 500 °C for 4 h. The HRTEM observations are con-
ducted in a JEOL 2010 F (Tokyo, Japan) at 200 kV. The thin
foils for TEM are prepared by mechanically grinding sample
slices to 80-um thick and twin-jet electropolishing in a mixture
0f 90% alcohol and 10% perchloric acid at —30 °C under 50 V.
The APT experiment, using an advanced Imago (now Cameca
Instruments) local electrode atom probe (LEAP, 3000X HR,
CAMECA, Gennevilliers, France) employing voltage pulsing
mode, is performed at a residual pressure of 3 x 10~° Pa and
a specimen temperature of —223 °C, and with a pulse repetition
frequency of 200 kHz, a pulse-voltage to dc-voltage ratio of
15%. The specimens for APT are prepared by using a standard
two-stage electropolishing method at room temperature.l*”]
Data analysis is performed by using the Imago Visualization
and Analysis Software (IVAS) software. Cu precipitates are
identified using a 10 at.% Cu isoconcentration surface. For car-
bides, due to the small sizes and severe local magnification
effect,®”) the pulse-evaporated matrix and precipitate atoms
are overlapped, thus decreasing the measured C concentrations
in carbides. So the carbide precipitates are identified using a 2
at.% C isoconcentration surface. The distributions of Cu pre-
cipitates and carbides are employed to visualize dislocations
and subgrain boundaries, which are enclosed with selected
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cylinders as regions of interest (ROIs) for further composition
analysis. The two-dimensional (2D) concentration map and 1D
composition profile are used to characterize the solute atoms
variation along the dislocation line. The proxigram concen-
tration profile is utilized to study the solute atoms distribution
across the representative Cu precipitate/matrix heterophase
interface.

Figure 1 gives a series of (HR)TEM images showing the mi-
crostructures of the quench-aged steel. The low-magnification
bright-field TEM image in Fig. 1(a) reveals the lath-like mor-
phology of martensitic structure, although some of the lath
boundaries are hardly distinguished due to thermal aging.
Figure 2(b) suggests that there is a high density of dislocations
in the martensite lath interior. The defects of martensite lath
boundaries and dislocations are considered to be from being

(c)

tempered out during the brief thermal ageing for 4 h at 500 °C.
The recovery of martensitic structure does not occur to the pre-
sent ageing extent. The defects can induce the precipitation of
Cu precipitates and carbides, which in turn impede the migration
of dislocations to improve the strength.*®! HRTEM images in
Figs. 1(c) and 1(d) reveal the fine dispersion of spherical precipi-
tates on martensite lath boundary and dislocation, respectively.
Energy dispersive x-ray spectroscopy demonstrates that the pre-
cipitates are Cu-rich and with an amount of Mn and Ni. The Cu
precipitates are about 5 nm or below in size. The Moiré fringes
around the Cu precipitates indicate the appearance of significant
internal faulting, which is attributed to the elastic strains in
association with the growth of Cu precipitates. Besides, the Cu
precipitation on dislocation and at interface is consistent with
the reduction of strain energy.

Figure 1. (HR)TEM images of Cu precipitates in dislocated martensitic microstructures isothermally aged at 500 °C for 4 h. (a) Lath-like structure.
(b) Dislocation. (c) Cu precipitation at martensite lath boundary. (d) Cu precipitation on dislocation.
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Figure 2. APT reconstructed 3D atom distribution maps of the HSLA steel isothermally aged at 500 °C for 4 h. (a) Spatial distribution of C, Mo, Cu, Mn and Ni
atoms. (b) Cu precipitates and carbon-rich zones delineated by 10 at.% Cu and 2 at.% C isoconcentration surfaces (with a voxel size of 1.0 nm and a
delocalization distance of 2.0 nm), respectively. Two subset boxes as ROIs (ROI-1 as interface and ROI-2 as dislocation) are selected for detailed analysis. A PFZ
is detected near the interface. (c), (d) Side-view maps of interface and dislocation in (b) and the corresponding solute distribution in them.

APT results of the experimental steel aged at 500 °C for 4 h
are displayed in Fig. 2. The 3D atom maps in Fig. 2(a) clearly
show that the solute atoms are heterogeneously distributed,
especially for C and Cu. In the C map, the C-rich planar feature
corresponds to the martensite lath boundary that is also
enriched with Mo, Cu, Mn and Ni. There are also many
small regions with less concentrated enrichment, which are
considered to be in association with Cottrell atmospheres of
C or carbide clusters containing a small amount of Mo (see
Mo atom map) at individual dislocations. The formation of
these features usually occurs at the early stage of temper-
ing®** or even in an auto-tempering condition.*'! In the
Cu map, the Cu-rich precipitates are distinctly observed and
are seemingly located at the C-rich dislocations and lath bound-
ary. The enrichment of Mn in Cu precipitates is also clearly
observed. The Cu precipitation on C-rich dislocations
and lath boundary is further depicted by the 10 at.% Cu and
2 at.% C isoconcentration surface map in Fig. 2(b). The Cu pre-
cipitates, with a number density of 1 x 1072> m~ and an aver-
age radius of 2.32 £ 0.97 nm, are formed either at the 2D defect
of lath boundary or on the 1D defect of dislocation lines (see
Supplementary material). However, the Cu precipitates are
not homogeneously distributed in the whole analysis volume.
In the upper subgrain interior, a precipitate-free zone (PFZ) is
observed next to the lath boundary, and no C-enriched dislo-
cation is detected in this region. Most of the Cu atoms diffuse
from the upper subgrain interior to the subgrain boundary
during thermal aging, leading to the formation of the
Cu-depleted areas and the PFZ consequently. The lath bound-
ary supplies a fast diffusion path for Cu and C to induce the
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nucleation of the Cu precipitates and carbides. So the configur-
ation of defects is decisive for the precipitation morphology. At
the same time, the Cu precipitation and C segregation reduce
the energy of the subgrain interfaces and the dislocations, and
thus reduce the driving force for the recovery and recrystalliza-
tion of martensitic structure. The stabilization of defects by
solute segregation has been reported.[*> 4!

The average chemical compositions of Cu precipitates,
matrix and PFZ are summarized in Table I. The Cu precipitates
contain a large amount of Fe as high as to about 62 at.% and are
rich in Ni and Mn, which is consistent with the previous
studies.*” Because of the co-precipitation of Cu precipitates
and carbides at structural defects, additional C are usually
included in the Cu precipitate when computing the Cu isocon-
centration surfaces by IVAS, leading to higher C content in Cu
precipitates. The left matrix contains naturally less Cu but a
considerable amount of Ni and Mn. There is no obvious differ-
ence in the composition of the matrix and PFZ (just slightly
lower in Cu, Ni, Mn and Mo). It seems that the martensite
lath boundary next to the PFZ consumes more solute atoms
to precipitate out than matrix dislocations do. Two ROIs cutting
through the lath boundary [Fig. 2(c)] and dislocation [Fig. 2(d)]
are selected for the analysis of the composition distribution
around the structural defects. The enlarged isoconcentration
surface maps further indicate the coprecipitation of Cu precipi-
tates and carbides at the defects. However, the rotated
atom maps of C (yellow), Mo (cyan), Cu (red), Mn (blue)
and Ni (green) suggest that the Cu precipitate phases and
Mo-containing carbide clusters are not intersoluble, i.e., these
two features exist independently at the atomic level.
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Table 1. The chemical compositions measured by APT in at.% of Cu precipitates, matrix and PFZ in Fig. 2.

e-Cu Matrix PFZ
C 0.116 +0.009 0.031+0.001 0.029 +0.002
Cu 30.368 + 0.091 0.216 £ 0.002 0.204 +0.005
Ni 3.289+0.033 1.754+0.003 1.737 £0.009
Mn 2.417 +0.030 0.746 +0.002 0.715+0.002
Mo 0.405 £ 0.056 0.341£0.003 0.283+0.007
Cr 0.379+0.022 0.555 +0.004 0.592+0.010
Si 0.408 +0.014 0.500 +0.002 0.557 +0.005
Al 0.150+0.008 0.0300.001 0.031+0.002
P 0.022 +0.007 0.014+0.001 0.015+0.002
Fe 62.038 + 0.095 95.355 + 0.007 95.528 +0.010

Figure 3 gives the contour maps of C, Mo, Cu, Mn and Ni in
ROI-2 [see Fig. 2(d)], showing the composition gradients in the
vicinity of the selected dislocation. It is obviously seen that the
C-decorated dislocation intersects with four Cu precipitates.
The overlap of C and Mo suggests the formation of C—Mo clus-
ters, which represent the early nucleation stage of carbides
because of their low concentrations. Mn and Ni are prone to
segregate to the Cu precipitates. But the distribution extents
of the Mn and Ni are larger than that of copper, and a slight
tail of these solute atoms into the matrix is also evident.

Figure 4(a) is the corresponding 1D concentration profile
along the length of dislocation line. The enrichments of Ni
and Mn as well as depletion of C and Mo at the core of Cu pre-
cipitates are evident, which further indicates that the formation
of carbides and Cu precipitates during thermal aging occurs
independently. Figure 4(b) is the proxigram concentration pro-
file showing solute distribution from the center of a selected Cu
precipitates to the surrounding matrix. The figure reveals a dif-
fuse Cu precipitate/matrix heterophase interface rather than the
abrupt interface that is observed normally. And the Ni and Mn

Figure 3. 2D concentration maps of G, Mo, Cu, Mn and Ni at the dislocation in ROI-1 in Fig. 2. C segregation to the dislocations and preferential precipitation of

nanometer-sized Cu precipitates on the dislocation are evident.
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Figure 4. (a) 1D composition profile (at.%) of ROI-2 in Fig. 2 shows a composition variety along the dislocation line. (b) Proxigram concentration profiles (at.%)
for Fe, Cu, Ni and Mn with respect to 10 at.% Cu isoconcentration surface of precipitates in ROI-2 in Fig. 2, showing the partitioning behaviors of Ni, Mn,

Al and Si at the Cu precipitate/ferrite matrix heterophase boundary.

actually
interface.

In conclusion, Cu precipitation on dislocations and marten-
site laths interfaces has been directly observed by HRTEM and
APT in quench-aged Cu-bearing HSLA steel. The C segre-
gation and Cu precipitation occur simultaneously at the dislo-
cations and interfaces, but the two features are not
intersoluble and are independent in 3D distribution. The
co-clustering of Mo with C indicates the early nucleation
stage of carbides. The Cu precipitates are rich in Fe. Ni and
Mn are prone to segregation at the Cu precipitate/matrix hetero-
phase interface.

segregate at the precipitate/matrix heterophase
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