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The coarsening kinetics of Cu-rich precipitates in a concentrated multicomponent Fe – Cu based steel, containing
1.12 at.% Cu, aged at 550 8C or at 550 8C plus 2 h at
200 8C is investigated. The temporal evolution of the precipitates, heterophase interfaces, and a-Fe matrix compositions and precipitate morphology are presented. Coarsening
time exponents are determined for the mean radius, hRðtÞi,
and number density, NV ðtÞ, and compared to the Lifshitz –
Slyzov – Wagner model for coarsening, modified for concentrated multicomponent alloys by Umantsev – Olson.
The experimental results indicate that hRðtÞi and NV ðtÞ are
in reasonable agreement with Umantsev – Olson model
behavior. Additionally, we compare the results to earlier investigations of similar concentrated multicomponent steels
containing 1.82 at.% Cu and 1.17 at.% Cu, aged at 500 8C.
Keywords: Coarsening; Phase separation; Fe – Cu alloys;
Atom-probe tomography; Precipitation

1. Introduction
Copper precipitation-strengthened steels are of considerable commercial importance due to their high strength,
good impact toughness, excellent weldability without preheat or postheat, and corrosion resistance [1 – 4]. This desirable combination of properties is derived from Cu precipitates, formed after solutionizing in the c-phase (fcc) field
and thermal aging below the eutectoid transformation temperature, found within these steels. The phase decomposition of binary, ternary, and quaternary Fe – Cu based carbon-free alloys or low-carbon steels has been studied
utilizing Mössbauer spectroscopy [5], field-ion microscopy
(FIM) [6, 7], atom-probe field-ion microscopy (APFIM)
[8 – 11], atom-probe tomography (APT) [12], conventional
and high-resolution electron microscopies (CTEM and
HREM) [11, 13 – 20], small-angle neutron scattering
(SANS) [21 – 24], extended X-ray absorption fine structure
(EXAFS) [25], X-ray absorption spectroscopy (XAS) [26],
small-angle X-ray scattering (SAXS) [13, 19], and computer simulations [27 – 34]. Fewer studies exist on multicomponent steels with increasing alloying content and microstructural complexity. The recent studies of Vaynman
et al. [2] and Isheim et al. [35 – 37] characterized the Curich precipitates found within multicomponent F – Cu based
steels at near-peak microhardness and in the slightly overaged condition.
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We have recently reported on the phase decomposition of
similar concentrated multicomponent F – Cu based steels
containing 1.82 at.% Cu, denoted NUCu-170 (170 designates the yield strength in ksi) [38], and 1.17 at.% Cu, denoted NUCu-140-1 (140 is the yield strength and 1 designates the experimental heat number) [39]. We described in
detail the temporal evolution of the morphology and composition of the Cu-rich precipitates from the as-quenched
condition to 1 024 h, when aged at 500 8C. The results were
compared to the Lifshitz – Slyzov – Wagner (LSW) model
[40, 41] for coarsening, modified for concentrated multicomponent alloys by Umantsev and Olson (UO) [42], and
shown not to satisfy strictly the temporal dependencies for
mean radius, hRðtÞi; number density, NV ðtÞ; and matrix
(mat.), precipitate (ppt.), and interface (int.) supersaturations, Cij ðtÞ, of an element i in phase j (j = mat., ppt., and
int.). The temporal dependency for hRðtÞi agrees with the
1/3 model prediction only at aging times greater than 64 h,
whereas the exponent for NV ðtÞ is less than the – 1 model
prediction, even to an aging time of 1 024 h. The differences between the experimentally determined results and
the UO model predictions are due to violations of the assumptions of the model, which affect the growth and coarsening behavior of the precipitates. The morphology of the
precipitates becomes rod-like at longer aging times because
of elastic strain-energy effects, the composition of the Curich precipitates evolve temporally, an Ni0.5(Al0.5 – xMnx)
phase forms at the heterophase interfacial region [43], the
precipitates are known to change phase, and the system
has not achieved a stationary state. Earlier investigations
on the growth and coarsening of binary Fe – Cu carbon-free
alloys at aging temperatures between 600 and 830 8C,
which is greater than the 500 8C we employed, reported
good agreement with the t1=3 power-law for hRðtÞi [15, 44,
45].
The focus of this investigation is the coarsening of the
Cu-rich precipitates in a concentrated multicomponent Fe–
Cu based steel containing 1.12 at.% Cu. This steel is being
studied as part of a program to develop an explosion resistant steel for the US Navy [2, 46, 47]. This steel, denoted
NUCu-140-3, has the same nominal composition as the
NUCu-140-1 steel in Ref. [39] but is aged at 550 8C rather
than 500 8C. The steels, when aged at 550 8C, attain better
Charpy V-notch (CVN) absorbed impact-energy values
when compared to aging at 500 8C; aging at 500 8C, however, results in higher yield-strengths [2]. In this article we
present results on the temporal evolution of the morphology
and compositions of the Cu-rich precipitates from 0.25 to
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4 h, when aged at 550 8C and also for the same times at
550 8C plus 2 h at 200 8C (double-aging treatment), utilizing atom-probe tomography (APT). The power-law time
exponents are experimentally determined for hRðtÞi and
NV ðtÞ. The results are discussed in context of the UO model
and compared to the results of the NUCu-170 [38] and the
NUCu-140-1 [39] steels.

2. Experimental methods
2.1. Material details
A 45.5 kg (100 lb) steel heat was vacuum induction melted
and cast at ArcelorMittal Steel Global Research & Development, East Chicago, Indiana. The heat was reheated to
approximately 1 150 8C and hot-rolled in multiple passes to
a thickness of 12.5 mm and air-cooled to room temperature.
The final hot-rolling temperature was 900 8C. The bulk
composition of the steel (NUCu-140-3), determined by
spectrographic analysis at ArcelorMittal Steel Global Research & Development, is presented in Table 1. The plates
were trimmed and cut into rods 12.5 mm · 12.5 mm ·
250 mm and solutionized at 900 8C for 1 h and then
quenched into water at 25 8C. Specimens (12.5 mm ·
12.5 mm · 25 mm blocks) for microhardness testing and
APT were aged at 550 8C for 0.25, 1, or 4 h and subsequently quenched into water at 25 8C. A second group of
specimens received the same thermal treatment and were
then additionally aged for 2 h at 200 8C and subsequently
quenched into water at 25 8C (double-aging treatment).
2.2. Vickers microhardness
Sections were cold mounted in acrylic and polished utilizing
standard metallographic procedures to a final surface finish
of 1 lm for microhardness testing. Microhardness testing
was performed in accordance with ASTM standards (ASTM
E 384-99) using a Buehler Micromet II microhardness tester
with a Vickers microhardness indenter, a load of 500 g, and
a testing time of 15 s. The reported microhardness values
are derived from 10 measurements on each specimen.
2.3. Atom-probe tomography
The steel blocks were further reduced to 0.3 mm ·
12.5 mm · 25 mm coupons, which were cut from the
center utilizing an abrasive saw. The APT tip blanks
(0.3 mm · 0.3 mm · 25 mm) were mechanically cut from
the coupons and electropolished using standard techniques
[48, 49]. Initial polishing was performed with a solution of
10 vol.% perchloric acid in acetic acid at 15–10 Vdc at
room temperature. This was followed by a manually controlled pulsed final-polishing procedure using a solution of
2 vol.% perchloric acid in butoxyethanol at 10–5 Vdc at
room temperature, producing a tip with a radius < 50 nm.

Local-electrode atom-probe (LEAP) tomography employing the LEAP 3000X (Cameca (formerly Imago Scientific
Instruments, Madison, WI)) [50, 51] was performed at a
specimen temperature of 50 K under ultrahigh vacuum
(UHV) conditions of ca. 1 10 8 Pa (ca. 7:5 10 11 torr).
The pulse repetition rate was 2 · 105 Hz and the pulse-voltage-to-standing-dc voltage ratio (pulse fraction) was 15 –
20 %.
Visualization and reconstruction of the atom-probe data
is performed using the Cameca Visualization and Analysis
Software (IVAS 3.0) package. The precipitates are identified utilizing an isoconcentration surface methodology
[52] with the threshold concentration set at 10 at.% Cu,
which yields morphologically and compositionally stable
results. The parameters chosen for obtaining noise-free isoconcentration surfaces are a voxel size of 1 nm, a delocalization distance of 4 nm, a sample count threshold of 5 %,
and a polygon filter level of 10 – 20.
Concentration profiles with respect to distance from the
reference isoconcentration surfaces are obtained utilizing
the proximity histogram (proxigram for short) with a bin
width of 0.25 nm [53]. The 2r error bars for the reported
concentrations are given by counting statistics,
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ci ð 1 ci Þ
ð1Þ
r¼
NTOT
where ci is the atomic fraction of an element i in a bin and
NTOT is the total number of ions in a bin.
The spherical volume equivalent radius, R, of a precipitate [54] is given by,
R¼

3 Natoms
4p th

ð2Þ

where Natoms is the number of atoms detected within a delineated precipitate; qth is the theoretical atomic density,
which is equal to 84.3 atoms nm – 3 for this steel; and g is
the estimated detection efficiency of 0.5 of the multichannel plate detector. The value of Natoms belonging to a precipitate is determined from the envelope method [49, 55],
based on a maximum separation distance, dmax, of 0.5 –
0.6 nm, a minimum number of solute atoms, Nmin, of 10 –
100 Cu atoms (depending on the aging time), and a grid
spacing of 0.2 nm. The details regarding selection of values
for the parameters utilized in the envelope method for this
steel are found in Ref. [54].

3. Results
3.1. Temporal evolution of the microhardness and
morphology
Figure 1 displays the Vickers microhardness (VHN) as
function of aging time. This figure demonstrates that an in-

Table 1. Composition of high-strength low-carbon steel.

wt.%
at.%

Cu

C

Al

Ni

Si

Mn

Nb

P

S

1.29
1.12

0.050
0.23

0.58
1.19

2.87
2.70

0.48
0.95

0.52
0.52

0.070
0.042

0.004
0.007

0.005
0.009

Balance is Fe.
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crease in microhardness is attainable when NUCu-140-3 is
aged at 550 8C. The added 2 h at 200 8C aging treatment
yields an additional small increase in microhardness at the
aging times studied. Both aging treatments attain peak microhardness at 0.25 h. The steels are overaged between
0.25 h and 1 h and reach a microhardness of 230.2 4.7
VHN when aged 4 h at 550 8C, and 251.1 3.9 VHN for
the double-aged specimens. When compared to NUCu-170
and NUCu-140-1, which are aged at 500 8C, NUCu-140-3
attains peak microhardness at an earlier aging time with significantly smaller values. The change in microhardness is
also less than for NUCu-140-1 and NUCu-170. Furthermore, unlike NUCu-170 and NUCu-140-1, we do not observe a microhardness plateau, which is most likely a result
of faster kinetics at the higher aging temperature.
Evolution of the Cu-rich precipitate morphology is seen
qualitatively in Fig. 2a – f, which depict subsets of an analyzed volume, 10 · 10 · 30 nm3 (3 000 nm3), each containing approximately 130 000 atoms, for each aging time studied. The morphologies when aged at 550 8C are displayed
in Fig. 2a – c and when aged at 550 8C plus 2 h at 200 8C in
Fig. 2d – f. These figures illustrate that the precipitates grow
and coarsen with increasing aging time. The precipitates,
which are delineated with 10 at.% Cu isoconcentration surfaces, possess a spheroidal morphology.
Representative Cu-rich precipitates are presented in
Fig. 3a – c when aged at 550 8C and in Fig. 4a – c when aged

at 550 8C plus 2 h at 200 8C. The Cu atoms are orange, the
Ni atoms are green, the Al atoms are teal, the Mn atoms
are mustard, the Fe atoms are blue, and the Si atoms are
gray, within the figures. The distribution of Ni, Al, and Mn
atoms adjacent to the Cu atoms, at the a-Fe matrix precipitate/heterophase interface, is illustrated for each aging time
and thermal treatment. Interfacial segregation is more pro-
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Fig. 1. Vickers microhardness (VHN) as a function of aging time
when the NUCu-140-3 steel is aged at 550 8C (open diamonds) and
550 8C plus 2 h at 200 8C (open diamonds with solid circles); and when
NUCu-140-1 (solid triangles), and NUCu-170 (solid circles) steel are
aged at 500 8C.

Fig. 2. Copper-rich precipitates as delineated by 10 at.% Cu isoconcentration surfaces, when the steel is aged at 550 8C for: (a)
0.25 h; (b) 1 h; (c) 4 h; and at 550 8C plus 2 h at 200 8C; (d) 0.25 h;
(e) 1 h; and (f) 4 h. Each reconstruction, 10 · 10 · 30 nm3
(3 000 nm3), is a subset of an analyzed volume and contains approximately 130 000 atoms.

Fig. 3. Three-dimensional atom-probe tomographic reconstructions of representative precipitates when the steel is aged at 550 8C for:
(a) 0.25 h; (b) 1 h; and (c) 4 h. The Cu, Ni,
Al, and Mn atoms are shown as spheres (not
to scale) allowing visualization of the precipitates and heterophase interfaces.
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Fig. 4. Three-dimensional atom-probe tomographic reconstructions of representative precipitates when the steel is aged at 550 8C for:
(a) 0.25 h; (b) 1 h; and (c) 4 h aged conditions
and subsequently aged for 2 h at 200 8C. The
Cu, Ni, Al, and Mn atoms are shown as spheres
(not to scale) allowing visualization of the precipitates and heterophase interfaces.
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is equal to 0.5 0.01 %, where the error is based on counting
statistics for both quantities. The quantity NV ðtÞ is a maximum
at 0.25 h and subsequently decreases indicating the onset of
coarsening. At 1 h, hRðtÞi increases to 2.6 0.2 nm, NV ðtÞ decreases to ð3:5 0:9Þ 1023 m–3, and
is equal to
1.5 0.01 %. Additional aging to 4 h yields hRðtÞi ¼
; 3:9 0:7 nm with NV ðtÞ ¼ ð1:1 0:5Þ 1023 m–3, and
equal to 1.8 0.01 %. The temporal dependency for hRðtÞi
is t0:38 0:08 , and for NV ðtÞ it is t 0:82 0:01 from 0.25 to 4 h.
When the steel is subjected to the double-aging treatment
we measure slight variations in hRðtÞi and NV ðtÞ. At 0.25 h,
hRðtÞi ¼ 1:4 0:1 nm, NV ðtÞ ¼ ð1:9 0:5Þ 1024 nm–3,
and equal to 1.1 0.02 %. The quantity NV ðtÞ is a maximum at 0.25 h and subsequently decreases indicating the
onset of coarsening. At 1 h, hRðtÞi increases to 2.2
0.1 nm, NV ðtÞ decreases to ð5:3 0:7Þ 1023 m–3, and
is equal to 1.3 0.01 %. Additional aging to 4 h yields
hRðtÞi ¼ 3:4 0:3 nm with NV ðtÞ ¼ ð1:4 0:4Þ · 1023 m–3,
and equal to 1.5 0.01 %. The quantity hRðtÞi is greater
at 0.25 h but smaller at 1 and 4 h, compared to when the
steel is aged only at 550 8C; whereas the quantity NV ðtÞ is
greater at 0.25 and 1 h but is the same at 4 h, within experimental uncertainty, see below. The temporal dependency
for hRðtÞi is t0:32 0:01 , and for NV ðtÞ it is t 0:93 0:01 from
0.25 to 4 h, which are similar, but not exactly the same, as
the values when the steel is aged only at 550 8C, which we
discuss in detail.
Fig. 5. The (a) mean precipitate radius, hRðtÞi; and (b) number density,
NV ðtÞ, as a function of aging time for NUCu-140-3 when aged at 550 8C
(open diamonds), at 550 8C plus 2 h at 200 8C (open diamonds with solid circles), and NUCu-140-1 (solid triangles) and NUCu-170 (solid circles), when aged at 500 8C. The values at 0.25 h for NUCu-140-1 are
based on 4 at.% Cu isoconcentration surfaces (open triangles) or the envelope method (gray triangles). The data of Osamura et al. [25] for
NV ðtÞ is displayed (open diamonds with plus symbols) in (b).

nounced at certain locations around the precipitates. Other
precipitates at the studied aging-states exhibit similar interfacial segregation and this observation is consistent with reported results in similar concentrated multicomponent
steels [35 – 37] and in NUCu-170 [38] and NUCu-140-1
[39], where we discuss the observed interfacial segregation
behavior in detail.
3.1.1. Coarsening
We first present results for when the steel is aged at 550 8C. At
0.25 h, the Cu-rich precipitates have formed within the matrix
(Fig. 2a) with hRðtÞi ¼ 1:2 0:1 nm (Fig. 5a), where the error
is given by the standard error of the mean. At 0.25 h, NV ðtÞ ¼
ð1:1 0:2Þ 1024 m–3 (Fig. 5b) and the volume fraction, ,
1118

3.2. Temporal evolution of composition
The temporal evolution of the concentration profiles is
presented in Figs. 6a – c and 7a – c. The figures represent
the temporal evolution of the Cu, Fe, Ni, Al, Mn, and Si
profiles from 0.25 to 4 h. These figures demonstrate
clearly that the composition of the precipitates, a-Fe matrix precipitate/interfaces, and a-Fe matrix are temporally
evolving. The observed interfacial segregation of Ni, Al,
and Mn is localized (nonmonotonic), whereas the observed interfacial segregation of Cu, Fe, and Si is delocalized (monotonic).
3.2.1. Far-field matrix compositions
In this investigation the plateau-points [56] within the matrix (far-field) yield the a-Fe matrix concentrations (Table 2), where the plateau-region of the proxigram is delineated by utilizing the Fe concentration profiles as a
fiducial marker. Only data points within the flat region of
the profile, a minimum of 1.5 nm away from the heterophase interface and with 2r < 0.4 at.% are included.
Int. J. Mat. Res. (formerly Z. Metallkd.) 102 (2011) 9
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Fig. 6. Proxigram concentration profiles
(at.%) for Cu, Fe, Ni, Al, Si, and Mn, when
the steel is aged at 550 8C, for (a) 0.25 h; (b)
1 h; and (c) 4 h. The dotted vertical lines indicate the a-Fe matrix/precipitate interface.
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Fig. 7. Proxigram concentration profiles
(at.%) for Cu, Fe, Ni, Al, Si, and Mn, when
the steel is aged at 550 8C, for (a) 0.25 h; (b)
1 h; and (c) 4 h; and subsequently aged at
200 8C for 2 h. The dotted vertical lines indicate the a-Fe matrix/precipitate heterophase
interface.

Table 2. Composition in at.% of the a-Fe matrix as determined by atom-probe tomography.
Cu

C

Al

Ni

Si

Mn

Fe

Nb

0.25 h at 550 8C
1 h at 550 8C
4 h at 550 8C

0.8 ± 0.01
0.3 ± 0.06
0.3 ± 0.006

0.05 ± 0.002
0.01 ± 0.01
0.2 ± 0.005

1.2 ± 0.01
1.1 ± 0.01
1.0 ± 0.003

2.7 ± 0.02
2.7 ± 0.02
2.6 ± 0.003

1.1 ± 0.01
1.1 ± 0.01
1.1 ± 0.004

0.3 ± 0.006
0.4 ± 0.006
0.5 ± 0.008

93.9 ± 0.03
94.5 ± 0.03
94.4 ± 0.03

ND
ND
0.04 ± 0.002

0.25 h at 550 8C
+ 2 h at 200 8C

0.5 ± 0.02

0.02 ± 0.003

1.1 ± 0.03

2.6 ± 0.04

1.1 ± 0.03

0.3 ± 0.01

94.4 ± 0.06

ND

1 h at 550 8C +
2 h at 200 8C

0.3 ± 0.04

0.03 ± 0.001

1.1 ± 0.008

2.8 ± 0.01

1.1 ± 0.007

0.4 ± 0.004

94.2 ± 0.02

0.002 ± 0.001

4 h at 550 8C +
2 h at 200 8C

0.4 ± 0.2

0.03 ± 0.02

1.1 ± 0.3

2.6 ± 0.4

1.3 ± 0.4

0.4 ± 0.2

94.2 ± 0.7

ND

ND = Not detected.
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The concentration of Cu decreases within the a-Fe matrix
for both thermal treatments. The concentrations of Fe and
Si are consistently greater than the nominal concentration
for the aging times studied for both thermal treatments.
Niobium is not detected within the a-Fe matrix, with the
exception of the 4 h at 550 8C and 1 h at 550 8C plus 2 h
at 200 8C aged states; whereas C is detected at a reduced
concentration when compared to its nominal value. In the
NUCu steels, Nb is not normally detected by APT due to
the existence of NbC precipitates at a smaller number density (£ 1022 m–3) than the Cu-rich precipitates [2, 57, 58].
Similarly, C is detected at smaller concentrations within
the a-Fe matrix due to the presence of NbC precipitates,
cementite (Fe3C) [36], and segregation at grain-boundaries
[36]. In the 4 h at 550 8C and 1 h at 550 8C plus 2 h at
200 8C aged states the presence of a NbC precipitate at
the boundary of an analyzed volume yields the measured
Nb concentration.
3.2.2. Composition of the Cu-rich precipitate cores
We first present results for when the steel is aged at 550 8C.
At 0.25 h of aging the precipitate cores are Cu-rich
(48.5 2.0 at.%) but also contain significant quantities of
Fe, Ni, and Al, and smaller quantities of Si and Mn (Table 3).
The Cu concentration increases as a result of further aging,
achieving a value of 72.0 1.4 at.% at 4 h. The Fe concentration decreases concomitantly from 38.8 2.0 at.% at
0.25 h to 9.9 1.6 at.% at 4 h. The concentrations of Ni

and Mn increase, whereas that of Al is constant within experimental uncertainty. At the aging times studied the Ni,
Al, and Mn concentrations are equal to or greater than the
nominal concentrations. The Si concentration is approximately constant but is less than the nominal concentration
at the aging times studied. Carbon and Nb are not detected
inside the precipitate cores, within the prescribed experimental uncertainty.
When the steel is subjected to the double-aging treatment
we measure similar, but not exactly the same concentrations within the precipitate cores (Table 3). The concentrations of Cu and Mn increase whereas Fe decreases, following similar trends as when the steel is aged only at 550 8C.
The concentration of Si, however, displays a continuous decrease. The concentrations of Ni and Al exhibit a more
complicated behavior. Both elements are, however, consistently found enhanced within the cores at the aging times
studied. Carbon and Nb are not detected inside the precipitate cores, within the prescribed experimental uncertainty.
For both thermal treatments the concentrations of Ni, Al,
and Mn are affected by the bccCu ! 9RCu ! 3RCu ! fcc
epsilon-Cu phase changes in the precipitates [14, 16, 17]
and the formation of a Ni – Al – Mn phase at the heterophase
interfaces, which has been discussed in detail [38, 43].
3.2.3. Composition of a-Fe matrix/precipitate interfaces
The composition of the a-Fe matrix/precipitate interfaces is
also displayed in Figs. 6a – c and 7a – c. The heterophase in-

Table 3. Composition in at.% of the Cu-rich precipitate cores as determined by atom-probe tomography.
Cu

C

Al

Ni

Si

Mn

Fe

Nb

0.25 h at 550 8C
1 h at 550 8C
4 h at 550 8C

48.5 ± 2.0
60.1 ± 1.1
72.0 ± 1.4

0.04 ± 0.04
ND
ND

6.7 ± 1.0
6.8 ± 0.6
6.5 ± 1.3

5.0 ± 0.9
6.8 ± 0.6
8.1 ± 1.5

0.4 ± 0.3
0.5 ± 0.2
0.4 ± 0.3

0.5 ± 0.3
0.8 ± 0.2
3.1 ± 0.9

38.8 ± 2.0
24.2 ± 1.0
9.9 ± 1.6

ND
ND
0.07 ± 0.07

0.25 h at 550 8C
+2 h at 200 8C

42.1 ± 2.2

ND

6.0 ± 1.0

6.6 ± 1.1

0..9 ± 0.4

0.4 ± 0.3

44.0 ± 2.2

ND

1 h at 550 8C +
2 h at 200 8C

57.2 ± 1.5

0.04 ± 0.03

10.1 ± 0.9

8.0 ± 0.8

0.5 ± 0.2

0.7 ± 0.2

23.4 ± 1.2

ND

4 h at 550 8C +
2 h at 200 8C

83.4 ± 1.0

0.02 ± 0.02

4.5 ± 0.6

5.5 ± 0.6

0.2 ± 0.1

1.2 ± 0.3

5.1 ± 0.6

ND

ND = Not detected.
Table 4. Composition in at.% of the precipitate/a-Fe matrix heterophase interfaces as determined by atom-probe tomography.
Cu

C

Al

Ni

Si

Mn

Fe

Nb

3.8 ± 0.07
9.8 ± 0.1

0.06 ± 0.01
0.01 ± 0.005

1.7 ± 0.04
2.7 ± 0.07

3.4 ± 0.06
5.0 ± 0.1

1.1 ± 0.04
1.0 ± 0.04

0.4 ± 0.02
0.6 ± 0.03

89.5 ± 0.1
80.9 ± 0.2

ND
ND

20.6 ± 0.4

0.1 ± 0.03

5.5 ± 0.2

7.5 ± 0.2

0.8 ± 0.08

1.9 ± 0.1

63.5 ± 0.4

0.2 ± 0.01

0.25 h at 550 8C
+ 2 h at 200 8C

5.2 ± 0.2

0.01 ± 0.01

2.1 ± 0.1

3.8 ± 0.1

1.1 ± 0.08

0.5 ± 0.05

87.2 ± 0.2

ND

1 h at 550 8C +
2 h.at 200 8C

8.1 ± 0.08

0.03 ± 0.005

3.2 ± 0.05

5.2 ± 0.06

1.1 ± 0.03

0.5 ± 0.02

81.8 ± 0.1

0.003 ± 0.001

4 h at 550 8C +
2 h at 200 8C

17.0 ± 0.1

0.03 ± 0.007

5..4 ± 0.08

7.3 ± 0.1

1.1 ± 0.04

1.0 ± 0.04

68.2 ± 0.2

ND

0.25 h at 550 8C
1 h at 550 8C
4 h at 550 8C

ND = Not detected.
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terfacial region, at as early as 0.25 h of aging for both thermal treatments, is enriched in Cu, Ni, Al, and Mn but is depleted in Fe (Table 4). We first present results for when the
steel is aged at 550 8C. The Ni peak concentration within
the interfacial region (6.1 0.5 at.%) is located at a distance of 0.375 nm close to the Mn peak concentration
(0.7 0.2 at.%), which is found at a distance of 0.625 nm.
The Al peak-concentration (7.0 1.3 at.%) is found toward
the center of the precipitate at 1.125 nm. At 1 h, the Ni
(8.9 0.5 at.%) peak-concentration is found at 0.875 nm,
the Mn (1.1 0.2 at.%) peak is located at a distance of
1.125 nm, while the Al peak concentration (7.1
0.8 at.%) is at a distance of 1.875 nm. Nickel, Al, and Mn
enhancements are also found at the center of the precipitates but with greater experimental uncertainties. At 4 h,
distinct enhancements of Ni (13.4 1.1 at.%) and Al
(10.7 1.0 at.%) are found collocated at a distance of
1.125 nm. Manganese exhibits enhancement from the interfacial region to the precipitate core, between 0.875 and
3.125 nm. Two Mn peaks are observed, 3.4 0.6 at.% at
1.375 nm, near the Ni and Al peaks, and 3.5 1.0 at.% at
2.375 nm, toward the center of the precipitate. Silicon is
also found within the heterophase interfacial region at a
concentration of approximately 0.8 – 1.1 at.%. Niobium is
not detected, with the exception of the 4 h at 550 8C state,
whereas C is detected at a reduced concentration when
compared to its nominal value.
When the steel is subjected to the double-aging treatment
we observe qualitatively similar results. At 0.25 h, a Ni
peak of 6.5 0.8 at.% is located at a distance of 0.375 nm.
A second Ni enhancement is observed at 1.625 nm but with
significantly greater experimental uncertainty. The Mnpeak (1.0 0.4 at.%) is located close to the Ni-peak at a
distance of 0.625 nm, whereas the Al-peak (7.0
1.7 at.%) is found toward the center at 1.375 nm. At 1 h,
the Ni (9.4 0.4 at.%) peak-concentration is collocated
with the Mn (1.1 0.1 at.%) peak at a distance of
0.875 nm, while the Al peak-concentration (10.5 1.1 at.%)
is at a distance of 1.875 nm. Nickel and Al enhancements
are also found at the center of the precipitates but with
greater experimental uncertainties. At 4 h, a distinct enhancement of Ni, Al, and Mn is observed at the heterophase
interfaces, with peak concentrations of 15.3 0.6 at.% for
Ni and 13.8 0.6 at.% for Al at a distance of 0.875 nm.
The Mn peak-concentration of 2.2 0.2 at.% is found at a
distance of 0.625 nm. Silicon is also found within the heterophase interfacial region at an approximately constant
concentration of 1.1 at.%. Niobium is not detected, with
the exception of the 1 h at 550 8C plus 2 h at 200 8C aging
state, whereas C is detected at a reduced concentration
when compared to its nominal value.
The temporal evolution of the Ni, Al, and Mn concentrations within the heterophase interfaces is related to that within the precipitate cores and is possibly affected by the phase
changes of the precipitate as has been discussed [38, 43].
3.2.4. Partitioning ratios
The temporal evolution of the partitioning ratio [54],
ppt:=mat:
ji
ðt Þ

¼

Cippt: ðtÞ

Cimat:;ff ðtÞ
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ð3Þ

ppt:=mat:

Fig. 8. Partitioning ratios, i
ðtÞ, of the concentrated multicomponent Fe – Cu steel as a function of aging time, when aged between
0.25 and 4 h at: (a) 550 8C; and (b) 550 8C plus 2 h at 200 8C. The horizontal dashed lines indicate the division between the precipitate and
matrix phases.

is displayed in Fig. 8a when aged at 550 8C and when aged
at 550 8C plus 2 h at 200 8C, Fig. 8b. The standard error for
i is determined by standard error-propagation methods of
the concentration errors [59]. Figure 8 illustrates clearly
that Cu partitions to the precipitates, whereas Fe and Si partition to the matrix for both thermal treatments. The Si behavior in Fig. 8a demonstrates slightly slower partitioning
kinetics than that displayed in Fig. 8b. Nickel, Al, and Mn
exhibit similar behavior, preferring the Cu-rich precipitate
phase from 0.25 to 4 h. The proximity of Al and Mn,
though, to the dashed-line separating precipitate and matrix-phases indicates that all three elements partition to the
interfacial region. The partitioning ratio for Mn demonstrates very similar behavior in both figures.

4. Discussion
4.1. Morphology
The difference in microhardness between the two thermal
treatments is possibly a result of further nucleation of precipitates. The results presented in Table 2 indicate that after
0.25 h of aging at 550 8C the Cu concentration within the
a-Fe matrix is still evolving temporally, assuming an equilibrium concentration of approximately 0.1 – 0.2 at.% as determined for NUCu-170 [38] and NUCu-140-1 [39]. Subsequent aging for 2 h at 200 8C reduces the Cu concentration
further with an increased value of NV ðtÞ indicating that additional precipitate nucleation is occurring. The quantity
hRðtÞi is slightly greater, however, which suggests that
some growth is occurring for the existing precipitates. A
smaller difference in NV ðtÞ is observed between 1 and 4 h,
while the values for NV ðtÞ are the same within experimental
1121
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uncertainty. We ascribe this to reduced nucleation current
during the double-aging treatment, as longer initial aging
at 550 8C reduces the Cu concentration within the matrix.
The steady-state nucleation current (number of nuclei per
unit volume per unit time), J, in classical nucleation theory
(CNT), is given by [60],
J / exp

WR
kB T

ð4Þ

where WR is the critical net reversible work required for the
formation of a critical spherical nucleus, kB is Boltzmann’s
constant, and T is the absolute temperature in Kelvin. The
quantity WR is the nucleation barrier, which is inversely
proportional to the square of the volume free energy
change, FV , involved in forming a nucleus, where F is
the Helmholtz free energy. The quantity, FV , is dependent
on the matrix supersaturation, which if smaller, reduces J.
Furthermore, growth and coarsening of existing precipitates
also reduces the value of NV ðtÞ.
The spheroidal morphology of the precipitates observed
for both thermal treatments is consistent with that observed
for NUCu-170 [38] and NUCu-140-1 [39] at shorter aging
times.
4.2. Coarsening kinetics
The coarsening kinetics of NUCu-140-3 is faster than that
of NUCu-170 [38] and NUCu-140-1 [39]. The onset of
coarsening is observed for NUCu-140-3 at approximately
0.25 h. The double-aging treatment for NUCu-140-3 does
not change this observation. The onset of coarsening is observed for NUCu-140-1, which is aged at 500 8C, at 4 h,
whereas the onset of coarsening for NUCu-170 is 1 h,
which is also aged at 500 8C. Additionally, NUCu-170 possesses a greater Cu concentration, 1.82 at.%.
The difference in power-law time exponents for hRðtÞi is
seen in Fig. 5a. For NUCu-140-3 aged at 550 8C we observe
a temporal dependency of t0:38 0:08 , which is close, but not
exactly equal to the UO model prediction of 1/3. When this
steel is subjected to the double-aging treatment we observe
a temporal dependency of t0:32 0:01 , which is in approximate
agreement with the model prediction. We do not observe
temporal dependencies for hRðtÞi indicating a distinct nucleation regime nor do we observe a short diffusion-controlled growth regime [61, 62] as in NUCu-140-1 [39].
Furthermore we also do not observe temporal dependencies
for hRðtÞi indicating a transition regime from growth to
coarsening [61] as is the case for NUCu-170 [38]. Our results for NUCu-140-3 demonstrate that at 550 8C the temporal dependencies for hRðtÞi agree with the UO model as
early as 0.25 h, which is unlike NUCu-170 and NUCu-1401, where agreement occurs only at times ‡ 64 h. Additionally, our results for aging at 550 8C more closely concur with
the results for binary Fe – Cu [15, 44] and ternary Fe – Cu –
Ni [45] carbon-free alloys aged between 600 and 830 8C.
The difference in power-law time exponents for NV ðtÞ is
observable in Fig. 5b. For NUCu-140-3 aged at 550 8C we
observe a temporal dependency of t 0:82 0:01 , whereas we
observe a power-law time exponent of t 0:93 0:01 for the
double-aging treatment. Both values are less than the UO
model prediction of –1, indicating a slower rate of coarsening. Both dependencies are, however, greater than the val1122

ues reported for NUCu-170 [38] and NUCu-140-1 [39],
even at times ‡ 64 h, indicating that NUCu-140-3 is coarsening more rapidly when aged at 550 8C as anticipated.
In Fig. 5b we plot the reported data for NV ðtÞ for a quaternary Fe – Cu – Ni – Mn low-carbon alloy [23] aged at
550 8C for comparison with our results. We have previously
compared literature data with our results for aging at 500 8C
[39]. Osamura et al.’s data [23] was obtained from SANS
measurements (open diamonds with pluses) and indicates
coarsening commencing at 0.1 h for their alloy. The calcu0:12
lated temporal dependency of t0:10:9816:67h
for the data of
Osamura et al., signifies a faster rate of coarsening than
NUCu-140-3, which we attribute to the smaller solute concentrations and less complex precipitation kinetics of this
alloy [23]. The observed variation is also possibly due to
differences in measuring techniques.
4.3. Composition of the Cu-rich precipitates and
partitioning
We measure an Fe concentration of 38.8 2.0 at.% for
aging only at 550 8C and 44.0 2.2 at.% for aging at
550 8C plus 2 h at 200 8C, when the Cu-rich precipitates
are smaller than 2 nm in radius, Fig. 5a, which possess a
bcc structure [5, 16, 25]. This is consistent with our observations for NUCu-170 [38], where we measure between
39.9 4.2 and 27.6 2.1 at.% Fe. These values are, however, greater than our observations for NUCu-140-1 [39],
where we measured between 27.8 3.1 and 24.2 1.4 at.%
Fe, and earlier observations for NUCu-140-1, where the Fe
concentration of the precipitates is ~ 25 at.% at peak microhardness [2]. Both NUCu-170 and NUCu-140-1 were aged
at 500 8C; additionally, NUCu-170 contains a greater alloying concentration. The differences that occur between APT
and SANS measurements of the Fe concentrations in precipitates < 2 nm in radius are discussed in Ref. [38].
We also measure a Cu concentration of 48.5 2.0 at.%
for aging only at 550 8C and 42.1 2.2 at.% for aging at
550 8C plus 2 h at 200 8C, when the Cu-rich precipitates
are smaller than 2 nm in radius. This is similar to the concentrations observed for NUCu-170, where the precipitates
contain between 44.6 3.1 and 53.5 2.3 at.% Cu [38],
which is slightly less than that of NUCu-140-1, where we
measure between 50.5 3.5 and 56.6 1.6 at.% Cu. The
precipitates also contain quantities of Ni, Al, Mn, and Si,
which are similar to those found in NUCu-170 [38],
NUCu-140-1 [39], earlier atom-probe measurements for
model ternary [9, 10] and multicomponent Fe – Cu based alloys [36], and recent phase-field simulations of model quaternary Fe – Cu – Ni – Mn alloys [29, 30], and Langer –
Schwartz simulations of model Fe – Cu – Ni and Fe – Cu –
Mn alloys [34].
4.4. Heterophase interfacial segregation of Ni – Al – Mn
The observed segregation of Ni, Al, and Mn at heterophase
interfaces in NUCu-140-3 is comparable to that in
NUCu-170 [38] and NUCu-140-1 [39]. We discuss in detail
the formation of a Ni0.5(Al0.5 – xMnx) phase enveloping the
Cu-rich precipitates [38]. In NUCu-170 the stoichiometric
ratio for Ni : Al : Mn is observed to evolve temporally acheivining a ratio of 0.51 : 0.41 : 0.08 at 1024-h. This ratio is sugInt. J. Mat. Res. (formerly Z. Metallkd.) 102 (2011) 9
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Table 5. Temporal evolution of Ni : Al : Mn stoichiometric ratio
within the heterophase interfaces as a function of aging time.
Ni :

Al :

Mn

0.25 h at 550 8C
1 h at 550 8C
4 h at 550 8C

0.61
0.60
0.50

0.31
0.33
0.37

0.07
0.07
0.13

0.25 h at 550 8C + 2 h at 200 8C
1 h at 550 8C + 2 h at 200 8C
4 h at 550 8C + 2 h at 200 8C

0.60
0.58
0.53

0.32
0.36
0.40

0.08
0.06
0.07

gestive of a NiAl-type B2 phase. And we performed synchrotron radiation studies at the Advanced Photon Source
(APS), Argonne, Illinois, which demonstrate that this shell
does indeed have the B2 structure [43]. Comparable to
NUCu-170 and NUCu-140-1 the Ni : Al : Mn stoichiometric
ratio evolves temporally in NUCu-140-3 (Table 5). The values are similar, but not exactly the same, as NUCu-170 [38]
and NUCu-140-1 [39]. The observed variations are attributable to differences in aging temperature, which should affect the kinetics of forming the Ni0.5(Al0.5 – xMnx) phase.

5. Conclusions
The coarsening behavior of Cu-rich precipitates in a concentrated multicomponent Fe – Cu based steel containing
1.12 at. % Cu (Table 1) is studied experimentally. This steel
is denoted NUCu-140-3 (140 designates the yield strength
in ksi and 3 the heat number), is aged at 550 8C for times between 0.25 and 4 h. A second set of specimens received the
same thermal treatment and is further aged for 2 h at
200 8C. The aging times investigated are relevant for technological applications of this steel. Our investigation results
in the following findings:
1. The temporal dependencies for the spherical volume
equivalent mean radius, hRðtÞi, are t0:38 0:08 when aged
only at 550 8C and t0:32 0:01 for the double-aging treatment, which are both in approximate agreement with the
Umantsev – Olson (UO) coarsening model prediction of 1/3.
2. The number density of precipitates, NV ðtÞ, decreases
from ð1:1 0:2Þ 1024 m–3 at 0.25 h of aging to
ð1:1 0:5Þ 1023 at 4 h with a temporal dependency of
t 0:82 0:01 , when aged only at 550 8C. For the double
aging treatment, NV ðtÞ decreases from (1.9 0.5) ·
1024 m–3 to ð1:4 0:4Þ 1023 m–3 with a temporal dependency of t 0:93 0:01 . The coarsening power-law exponents indicate a slower rate of coarsening than the UO
model predicted value of –1, which indicate that a quasi-stationary-state is not achieved.
3. An increase in NV ðtÞ is observed after aging at 550 8C
plus 2 h at 200 8C when compared to aging specimens
only at 550 8C. The observed difference in the NV ðtÞ values decrease from 0.25 to 4 h, where the NV ðtÞ values are
identical, within experimental uncertainty. This increase
at 0.25 h is a result of greater quantities of Cu remaining
in the matrix at shorter aging times, Table 2, which most
likely results in the formation of additional nuclei due to
the larger supersaturation.
4. Copper partitions to the precipitate core, whereas Ni, Al,
and Mn partition to the heterophase interfaces, and Fe
Int. J. Mat. Res. (formerly Z. Metallkd.) 102 (2011) 9

and Si partition to the a-Fe matrix for both thermal treatments. The temporal evolution of Ni, Al, and Mn concentrations at the heterophase interfaces are localized
(nomonotonic).
5. The formation of a Ni0.5(Al0.5–xMnx) phase at the Cu-rich
a-Fe matrix precipitate interfaces is observed consistently in the steels studied: it envelops the precipitates.
6. From the above conclusions and our earlier studies on
NUCu-170 and NUCu-140-1 it is clear that it is difficult
to describe the temporal coarsening behavior of a concentrated multicomponent alloy using classical coarsening models, which do not allow for the temporal evolution of a precipitate’s chemical composition. An alternative approach is to utilize PrecipiCalc [63], which is a
more general approach to the problem of phase decomposition that includes thermodynamic and mobility data
bases. There are not yet, however, adequate thermodynamic and mobility databases that would allow its use
for the Fe–Cu based steel we report on in this article.
7. The results presented in this article demonstrate unequivocally that the composition of Cu-rich precipitates in Fe –
Cu based steels is kinetically determined as the approach
to the equilibrium composition is both temperature and
time-dependent. The time to achieve the equilibrium thermodynamic composition is temperature dependent and
therefore the precipitates may not achieve their equilibrium composition if the aging time is not sufficiently long.
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