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Copper precipitation in cobalt-alloyed precipitation-hardened
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The influence of cobalt addition on precipitation of copper in a high-strength stainless steel was investigated using three-dimen-
sional atom probe tomography. A decrease in copper precipitate size with narrowed distribution was observed in cobalt-containing
steel. The concentration profile across the precipitate–matrix interface indicated rejection of cobalt atoms from the copper precip-
itates. This behavior was explained with first-principles calculations using energy-minimization criterion.
� 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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Precipitation-hardened (PH) steels are classified
as such because they derive strength from nanometer-
size precipitates formed during thermal aging. The stain-
less steel designated 17-4 PH is a low-carbon martensitic
alloy that is precipitation hardened by Cu. Early works
on Fe–Cu steel indicate that the peak hardness is
achieved when the Cu precipitates are coherent (body-
centered cubic (bcc)) within the martensite matrix [1–
3]. Cu precipitates have been observed in high-strength
steels using atom probe tomography (APT) [4–9].
Recently, using APT, it has been reported that the con-
centration of Cu in these Cu precipitates is 50–70 at.%
[6–8,10–12]. An enrichment of Ni and Mn at the Cu pre-
cipitate–matrix interface has also been observed [7,8,10].
These studies [4–12] demonstrate that APT is an effec-
tive technique for estimating the precipitate size,
morphology, and composition across the precipitate–
matrix interface, and thereby assists in further under-
standing of precipitation in steels.

Co addition to martensitic steel has been reported to
increase strength by inhibition of dislocation recovery
and reduction in martensitic block size, thus producing
a higher secondary hardening [13]. Co addition to
wrought 17-4 PH steel has led to an increase in hardness
[14,15]. Recently, the authors observed an increase in
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strength and toughness by Co addition to cast 17-4
PH steel [16]; however, the effect of Co on the Cu precip-
itation in cast 17-4 PH steel was not fully understood.

In the present work, APT and first-principles investi-
gation have been employed to understand the effect of
Co on Cu precipitate formation.

Three cast alloys, 17-4 PH with no Co, and 17-4 PH
alloyed with 3 wt.% and 7 wt.% Co additions, were
melted in a 45 kg coreless induction furnace under an
inert gas (Ar) cover protection and cast into no-bake
molds with a top riser to obtain Y-blocks measuring
18 mm � 130 mm � 60 mm, and into ceramic shell
molds preheated to 1253 K to produce tensile specimens.
Chemical analysis of each heat was obtained using an
arc spectrometer ARL 4460, a LECO TC 500 analyzer
to measure oxygen and nitrogen, and a LECO CS 600
analyzer to determine carbon and sulfur (see Table 1).

The specimens of 0 wt.% Co and 7 wt.% Co steels
were homogenized for 10.5 h at 1473 K, and those of
3 wt.% Co steel were homogenized for 4 h at 1473 K,
to minimize the lath packet size, delta ferrite and segre-
gation in the microstructure, as described elsewhere [16].
Next, these specimens were solution treated at 1323 K
for 1 h and quenched into a salt bath, maintained at
423 K. The 0 wt.% Co and 3 wt.% Co specimens were
peak aged at 755 K for 75 min; the 7 wt.% Co specimen
was peak aged for 90 min [16]. The room temperature
tensile and Charpy V-notch properties of these alloys
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Table 2. Tensile and Charpy V-notch (CVN) toughness properties of
0 wt.% Co, 3 wt.% Co and 7 wt.% Co 17-4 PH alloys.

Alloy,
wt.% Co

UTS, MPa Y.S, MPa % Elongation CVN, J

0 1280 ± 55 1140 ± 94 7.4 ± 0.02 3.7 ± 1.8
3 1360 ± 22 1250 ± 36 9.3 ± 2.8 5.6 ± 2.3
7 1440 ± 31 1290 ± 67 9.3 ± 0.6 5.3 ± 1.5

Figure 1. A 40 nm � 40 nm � 40 nm representative isosurface of Cu
precipitates in (a) 0 wt.% Co 17-4 PH, (b) 3 wt.% Co 17-4 PH and (c)
7 wt.% Co 17-4 PH.

Table 1. Chemistry of the alloys studied.

Alloy Unit Chemical composition

C Mn P S Si Cu Ni Cr V Nb Co O N Fe

0 wt.% Co wt.% 0.042 0.41 0.02 0.01 0.81 2.95 3.88 15.74 0.07 0.29 0.06 0.02 0.02 Bal
at.% 0.19 0.41 0.04 0.02 1.59 2.55 3.63 16.64 0.08 0.17 0.06 0.07 0.06 Bal

3 wt.% Co wt.% 0.035 0.42 0.02 0.01 1.00 2.83 3.71 15.27 0.07 0.29 2.79 0.01 0.01 Bal
at.% 0.16 0.42 0..04 0.02 1.96 2.45 3.48 16.15 0.08 0.17 2.60 0.05 0.05 Bal

7 wt.% Co wt.% 0.035 0.40 0.02 0.02 1.01 2.67 3.45 14.64 0.06 0.26 6.94 0.01 0.02 Bal
at.% 0.16 0.40 0.04 0.03 1.98 2.31 3.24 15.51 0.06 0.15 6.49 0.05 0.07 Bal

Bal = balance.
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with 95% confidence limits are reported in Table 2 [16].
It was observed that addition of Co led to an improve-
ment in strength as well as toughness [16].

Specimens of 0.3 mm � 0.3 mm � 10 mm were cut
from peak-aged blanks, and tips for APT were prepared
by electropolishing at room temperature in two steps:
initially with 10% perchloric acid in acetic acid at
15–17 V DC, and final polishing using 2% perchloric
acid in butoxyethanol at 13–14 V DC. The specimens
were analyzed using a local electrode atom probe
LEAP4000XSi tomograph manufactured by Cameca,
Madison, WI (formerly Imago Scientific Instruments).
The analyses were done with a 500 kHz pulse repetition
frequency, 50 pJ pulse energy, specimen temperature of
40 K, and a 1% evaporation rate. IVAS 3.4 software
was used to perform an atom-by-atom 3-D reconstruc-
tion of the data sets and data analysis [17]. To calculate
proximity histogram [18] concentration profiles, the Cu-
rich precipitates were discriminated by a 10% Cu isocon-
centration surface, obtained with a voxel size of 1 nm
and delocalization of 3 nm. Approximately 2000 precip-
itates were analyzed in each specimen. To take potential
distortion [19] of the precipitates in the reconstruction
into account, the precipitate radius was calculated from
the number of atoms in a given precipitate, and not mea-
sured directly from the reconstruction. The cluster
search method with maximum separation algorithm
[20] was used to calculate the number of atoms and vol-
ume of the precipitates. The minimum number of atoms
defining a cluster, Nmin, was 50 atoms and the critical
distance, dmax, between solute atoms was 0.6 nm. The
average volume equivalent radius of these spherical
Cu precipitates calculated using Eq. (1) were 2.26 ±
0.016 nm in 0 wt.% Co, 2.15 ± 0.014 nm in 3 wt.% Co,
and 2.18 ± 0.014 nm in 7 wt.% Co 17-4 PH steel.

V ¼ n
qatomic � f

ð1Þ

For Eq. (1), n is the number of atoms detected for each
Cu precipitate by maximum separation algorithm, V is
the volume of the precipitate, qatomic is the atomic density
of bcc iron, and f is the overall detection and reconstruc-
tion efficiency, estimated to be 0.5 [7]. Figure 1 presents a
representative volume of 40 nm � 40 nm � 40 nm for all
three alloys investigated, with the Cu precipitates dis-
criminated by a 10 at.% Cu isoconcentration surface.

The probability of two data sets being different from
each other with statistical significance can be determined
using a statistical t-test analysis. The unequal variance t-
test analysis was conducted between the Cu precipitate
radii of 0 wt.% Co and 3 wt.% Co steel, and 3 wt.% Co
and 7 wt.% Co steel. The probability of the radii data
of 0 wt.% Co and 3 wt.% Co steel being different is
>0.99 and that for 3 wt.% Co and 7 wt.% Co is >0.94,
thereby indicating that the data sets were different to a
statistically significant extent. Figure 2 presents the Cu
precipitate size distribution with respect to radii normal-
ized by the mean radius for each of the three alloys. The
standard deviation in the radius of the precipitates is
0.715 nm in 0 wt.% Co steel, 0.643 nm in 3 wt.% Co steel
and 0.637 nm in 7 wt.% Co steel. It is observed that the
size distribution is narrower in the steels with Co as com-
pared to the steel with no Co.

The isoconcentration surfaces outlined at 10 at.% Cu
delineate all areas with a Cu concentration greater than
10 at.%. The proximity histogram concentration profiles
of Fe, Cu, Cr, Ni, Co, Si and Mn were determined with
respect to the distance from this isoconcentration sur-
face as described in Ref. [7] and are shown in Figure
3. The concentration of Cu in the center of the Cu pre-
cipitates is 50–70 at.%, in agreement with the observa-
tions in Refs. [7,8,10–12] and the interface showed
strong enrichment by Ni and Mn, similar to those found
in Refs. [7,8,10]. The concentration of Co in the precip-
itates was much less than in the matrix, indicating that
Co is rejected from the Cu precipitates into the matrix
during the Cu precipitate formation.

First-principles density functional calculations were
performed to estimate the effect of Co on Cu precipitate
formation. The calculations of electronic structure and
total energies were performed using the Vienna Ab initio
Simulation Package (VASP) within a projector aug-
mented wave (PAW) formalism [21–23] with the
generalized gradient approximation for the exchange-



EmixðMeCuÞ ¼ EðCu53MeÞ � 53EðCuÞ � EðMeÞ ð3Þ

Figure 2. Normalized and scaled Cu precipitate particle size distribu-
tions in 17-4 PH steel with (a) 0 wt.% Co, (b) 3 wt.% Co and (c) 7 wt.%
Co, after aging to peak hardness.
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correlation functional [24]. The equilibrium lattice
parameters of bcc Fe, hexagonal close-packed Co and
face-centered cubic Cu calculated with 16 � 16 � 16
k-points in the Brillouin zone were found to be in a good
agreement with earlier experimental results [25]. The
atomic interactions between Fe, Co and Cu in bcc Fe
matrix were studied by comparing the total energy of
54-atom supercells with different Co and Cu substitution
sites. The purpose of study of each configuration is out-
lined in Table 3. The substitution sites used in the mod-
els are shown in Figure 4.

Model A was used to evaluate the Cu–Cu interaction
in bcc Fe (Fig. 4a). It included two Cu atoms in bcc Fe.
Three configurations were compared: (i) the first nearest
neighbors Cu1–Cu2, (ii) the second nearest neighbors
Cu1–Cu3 and (iii) the remote Cu1–Cu4 positions. With
respect to configuration (iii), the decrease in energy was
0.23 eV in configuration (i) and 0.08 eV in configuration
(ii). These results demonstrate that the interaction be-
tween the first and the second nearest Cu atoms is
strongly attractive in bcc Fe. Similar results have been
observed in Refs. [26,27].

Model B was used to determine the atomic interac-
tion between Cu and Co atoms in bcc Fe (Fig. 4a).
Three configurations were compared: (i) the first nearest
neighbors Cu1–Co2, (ii) the second nearest neighbors
Cu1–Co3 and (iii) the remote Cu1–Co4 positions. The
energy gain was less than 0.01 eV for all different Co
locations relative to Cu; and thus, Co has no preference
to occupy the sites near a Cu atom.

For models C, D and E, the Cu precipitate was mod-
eled as a bcc-like Cu-precipitate consisting of nine Cu
Figure 3. Proximity histogram concentration profiles of Fe, Cu, Cr, Ni, Si
10 at.% Cu isoconcentration surface: (a) 0 wt.% Co, (b) 3 wt.% Co and (c) 7
atoms [Cu9] inserted into bcc Fe matrix (Fig. 4b). Model
C was used to determine the preference of Co to occupy a
center site or corner site within a Cu precipitate present in
the bcc Fe matrix. The total energy of structurally relaxed
[CoCu8] Fe45 supercells and the Co–Cu distance were
compared for two configurations: (i) Co in the center of
the Cu-precipitate (site 2), and (ii) Co substituted for a
Cu atom at the corner of the Cu-cube (site 1). We found
that case (ii) was energetically more favorable by 0.80 eV
as compared to case (i). The Co–Cu distance in case (i)
was 2.482 Å and in case (ii) was 2.494 Å. The distance be-
tween the Fe and Co atoms in case (ii) was 2.416 Å, which
is lower as compared to the Co–Cu distances. From this
model, it was predicted that the formation of the strong
Fe–Co bonds is the reason for the Co-in-corner configu-
ration being energetically more favorable.

Model D was used to determine the relative preference
of Fe or Co to be present in the Cu precipitate in a bcc Fe
matrix. In this model [FeCu8] CoFe44, one Fe atom is in
the center of the Cu-precipitate (site 2), whereas Co
substituted for a remote Fe atom (site 4), i.e. Co is in
the Fe matrix away from the Cu precipitate. It was ob-
served that the configuration [FeCu8] CoFe44 in which
Co substituted for Fe and was at a distance away from
the Cu atoms (site 4) was lower in energy by 0.09 eV than
the configuration [CoCu8] Fe45 with Co in the center site
of the Cu precipitate (Model C, case (i)). This model pre-
dicts that inside a Cu precipitate, the presence of Fe
atoms is energetically preferred over Co atoms.

Model E was used to determine whether Co atoms
prefer to be present close to or far away from the Cu
precipitate. In this model, [Cu9] Fe44Co, the bcc-like
Cu precipitate [Cu9] contained neither Fe nor Co, and
Co was present in the Fe matrix (i) near the nine-atom
Cu cube, at the body center of an adjacent unit cell (site
5); or (ii) far from the Cu precipitate (site 4). In case (i),
four Co–Fe bonds and four Co–Cu bonds were formed
as compared to case (ii) where eight Co–Fe bonds were
formed. The total energy of case (ii) was lower by
0.42 eV than the case (i). Hence Fe–Co bonds are more
stable than the Co–Cu bonds.

Further, using the 54-atom bcc supercell, the mixing
energies Emix of impurity metal (Me) in bcc Fe and
bcc Cu were calculated according to the following
equations:

EmixðMeFeÞ ¼ EðFe53MeÞ � 53EðFeÞ � EðMeÞ ð2Þ
and Mn across the Cu precipitate–matrix interface, with respect to a
wt.% Co.



Figure 4. Atomic positions of Cu, Co and Fe in (a) Models A and B,
and (b) Models C, D and E. The substitution sites are numbered in the
figure. The sites substituted by atoms in each configuration are denoted
in parenthesis.

Table 3. First-principles study of different atomic configurations of Cu
and Co in bcc Fe.

Model Purpose

A Cu–Cu interaction
B Cu–Co interaction
C Preference of Co to occupy corner vs. center site in

Cu precipitate
D Preference of Fe vs. Co in Cu precipitate
E Preference of Co to occupy a near vs. far away site

from Cu precipitate
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where E(Fe53Me) and E(Cu53Me) are the total energies
of the 54-atom supercell of bcc Fe and bcc Cu, respec-
tively, with substituted impurity Me; and E(Fe), E(Cu)
and E(Me) are the total energies of the corresponding
pure metals. A large difference in mixing energies of Cu
and Co in bcc Fe was observed. The Emix was determined
to be +0.56 eV and �0.14 eV for 1.8 at.% content of Cu
and Co in bcc Fe, respectively, which correlates with the
low solubility of Cu in bcc Fe and the existence of bcc
Fe–Co solid solutions up to �75 at.% Co as observed
in the Fe–Co phase diagram [28]. The mixing energies
of 1.8 at.% Fe and 1.8 at.% Co in bcc Cu are both posi-
tive, +0.21 eV and +0.48 eV, respectively, which is in ac-
cord with the limited solubility of both Fe and Co in Cu.

From the above models and mixing energies, it is ob-
served that in Fe–Co–Cu system, Co has a strong ten-
dency to form strong Fe–Co bonds. Hence, during
thermal aging, it is expected that Co would be rejected
from the Cu precipitate to the interface and matrix,
and over time this would result in a lower concentration
of Co in the Cu precipitate as compared to the interface
and matrix. The lower concentration of Co in the Cu
precipitate as compared to the matrix observed using
APT (Fig. 3b and c) is hence explained.

In summary, APT in conjunction with first-principles
studies have been used to investigate Cu precipitation in
17-4 PH steel. The average radius of the Cu precipitates
is statistically significantly lower in the Co-alloyed 17-4
PH steel as compared to the steel with no Co. The
distribution of Cu precipitate radii narrowed with Co
addition and Co is rejected out of the Cu precipitate
during precipitate formation. Therefore, it is concluded
that the presence of Co significantly affects the size and
size distribution. The first-principles study shows that
the tendency to form strong Fe–Co bonds leads to rejec-
tion of Co from Cu precipitates.
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