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1.  Introduction

The copper precipitation mainly in Fe–Cu based systems 
and very low carbon ferritic steels has been studied exten-
sively in the literature1–11) whereas there is very little infor-
mation about copper-alloyed low carbon steels. Improved 
strengths, high strain hardening rates during static and cyclic 
loading as well as extended elongation under tension have 
been reported for a copper-alloyed 18CrNiMo7-6 steel for 
gearbox applications due to the nano-precipitates of copper 
after aging.12) Some improved tensile properties from the 
former works12,13) will be recalled here for discussion. The 
conventional Transmission Electron Microscopy (TEM) 
could not prove their presence so far whereas the advanced 
method such as Small Angle Neutron Scattering (SANS) 
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was able to prove the average size of the precipitates in the 
investigated compositions.12,13) The SANS, nevertheless, 
cannot yield any information on the crystal structure of the 
precipitates or their orientation relationship with the matrix. 
The latter is important to better understand the strain hard-
ening behavior during monotonic and cyclic loading of the 
steels and to tailor their properties so that the service life of 
components can be extended.

It is well-known that the low solubility of copper in 
ferrite allows the precipitation of copper in iron alloys at 
nominal copper content higher than 0.7 mass% after aging 
at 400–650°C.1,14) Figure 1 represents the different possible 
forms of copper precipitates in iron alloys. Before the onset 
of precipitation, copper atoms substitute the iron atoms 
randomly within the solid solution. At the infant stage of 
precipitation, the copper atoms start losing the randomness 
in the solid solution by substituting one iron atom in the 
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middle of each unit cell. This stage is called B2 ordered 
structure or cluster as reported recently15–17) with the aver-
age radius of 2 nm.17) The BCC copper phase, whose maxi-
mum radius lies between 2 to 4 nm,4) forms when copper 
substitutes all iron atoms in the unit cell. The precipitates 
lose their coherency partially when growing and transform-
ing into the twinned monoclinic martensitic 9R phase, 
with a radius size of 3.5–7.5 nm.6) Wang et al. reported 
the co-existence of a twinned hexagonal close-packed 2H 
variant with much smaller unit cell in the same precipitate, 
besides the 9R structure.18) The 9R structure turns into semi-
coherent ellipsoidal Cu-rich precipitates or the so-called 3R 
structure with orthorhombic unit cell19) at a range of radius 
between 9 to 15 nm.9,20) Finally, the stable, fully incoherent, 
ε-FCC copper precipitates are formed at the radius larger 
than 20 nm.10) Rassoul21) as well as Jung et al.22) reported 
the decelerated copper precipitation transformation kinet-
ics due to increased carbon content. The carbon content in 
the investigated 18CrNiMo7-6 is 0.19 mass%, significantly 
higher than almost all other systems studied in the litera-
ture. X-ray Absorption Near Edge Spectroscopy (XANES) 
and Extended X-Ray Absorption Fine Structure (EXAFS) 
spectra has become the key for phase identification and has 

successfully solved the complexity in this paper. Several 
papers23–25) employed the X-ray absorption spectroscopy 
(XAS) technique in identifying the evolution of cubic cop-
per phases, but either the investigated systems were very 
low carbon steels or binary Fe–Cu. The phase identification 
of the copper precipitates in the 18CrNiMo7-6 steel has not 
been performed by XAS coupled with the first-principles 
calculation before, up to the knowledge of the authors.

2.  Experimental Details

2.1.  Materials and Heat Treatments
The standard 18CrNiMo7-6 steel was modified by adding 

1.5 and 1.0 mass% copper and named as 18CrNiCuMo7-6-15 
and 18CrNiCuMo7-6-10, respectively. More information 
regarding the metallurgical processing of the steel and 
the following pre-forming is available elsewhere.12,13) The 
nominal chemical compositions of the studied steels deter-
mined by Optical Emission Spark Spectroscopy (OES) are 
given in Table 1. The aluminum content was measured by 
wet chemical analysis whereas the amounts of nitrogen and 
oxygen were determined by the carrier gas method.

The thermal cycle started with 2-step solution annealing 
at 940°C (60 and 30 minutes) followed by 850°C for 10 
minutes before quenching in oil for 15 minutes to stimulate 
the case hardening process. The subsequent aging at 500 
and 480°C in this work, for the 18CrNiCuMo7-6-15 and 
18CrNiCuMo7-6-10 alloys, respectively, simulated high 
temperature tempering in martensitic steel and will be under 
the focus of research. The aging durations were varied from 
aging, in order to obtain a peak cyclic strain hardening coef-
ficient in each composition, to overaging (see Table 2) as 
were determined in previous analysis.12)

2.2.  The XAS Measurement
The XAS measurements were carried out at beamline 

BL8 of the Siam Photon Laboratory (SPL) at Synchrotron 
Light Research Institute (SLRI), Nakhon Rachasima, 
Thailand, similar to a previous work.26) The SPL ring oper-
ates with an electron energy of 1.2 GeV with a beam cur-
rent of 150–80 mA. All the mirror-polished samples were 
scanned for Cu K-edge absorption spectra in fluorescent 
mode, making an angle between to the sample surface and 
to the detector at 45°. The incoming beam with a cross 

Fig. 1.	 The sequence of the evolution of the copper precipitates in 
iron alloys; a) solid solution and b) B2 ordered structure in 
4 unit cells; c) BCC; d) 2H; e) 9R; f) 3R. The gray spheres 
represent Fe atoms, and larger orange spheres represent Cu 
atoms. (Online version in color.)

Table 1.  The nominal compositions in mass% of the copper-added 18CrNiCuMo7-6-15 and 18CrNiCuMo7-6-10 alloys.

Name C Si Mn P S Cr Mo Ni Al Cu N O

18CrNiCuMo7-6-15 0.185 0.34 0.59 0.004 0.021 1.53 0.270 1.73 0.045 1.45 0.014 0.0008

18CrNiCuMo7-6-10 0.195 0.31 0.57 0.003 0.026 1.50 0.265 1.52 0.043 0.97 0.012 0.0010

Table 2.  The aging treatment of the studied samples.

Samples Alloy Name Aging Parameters

1.5/O
18CrNiCuMo7-6-15

Overaged at 500°C for 360 min

1.5/A Aged at 500°C for 166 min

1.0/O
18CrNiCuMo7-6-10

Overaged at 480°C for 240 min

1.0/A Aged at 480°C for 50 min
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section of 1 × 16 mm penetrating down to 100 μm results 
in an illuminated volume of 1.6 mm3.26) The detector used 
in the fluorescent mode is made of highly sensitive 13 
germanium elements.

A thin copper foil was scanned in the transmission mode 
to provide a standard spectrum of the ε-FCC phase using 
a 40-cm long chamber containing a gas mixture of argon 
and helium with a pressure of 1 MPa. In addition, XANES/
EXAFS spectra of the other copper forms were calculated 
by the first-principles calculation as will be described in the 
following section.

3.  The First-principles and XAS Calculation

All structural models are constructed from the Density 
Functional Theory (DFT) by using projector augmented 
wave (PAW) method.27) The generalized gradient approxi-
mations (GGA)28) from is used to describe exchange cor-
relation, as implement in the Vienna Ab initio Simulation 
Package (VASP).29) The plane wave cutoff was set at 520 
eV. Special sampling points in the Brillouin zone were 
generated by the Monkhorst-Pack scheme,30) and a k-point 
mesh of 9 ×  9 ×  3 was used for BCC, 9R and 3R structures, 
whereas that of 5 ×  5 ×  5 was set for the 2H. The structural 
models of B2 (Cu 27 atoms and Fe 27 atoms) and solid solu-
tion (Cu 1 atom and Fe 53 atoms) structures were performed 
by using a 3 ×  3 ×  3 supercell with 54 atoms of Fe unit 
cell (BCC; space group Im3m) and 2 ×  2 ×  2 k-points grid 
meshes for Brillouin zone integrations. The tolerances for 
all geometry optimization are set as the difference between 
cycles in total energy and force being 0.1 meV/nm and 0.1 
meV, respectively. All crystal structures are shown in Fig. 1.

The obtained structures from DFT were used to simulate 
XANES/EXAFS spectra by using the FEFF code utilizing 
a full multiple scattering approach based on ab initio over-
lapping muffin–tin potentials.31) The muffin–tin potentials 

used in the FEFF code are self-consistent calculations with 
the Hedin–Lundqvist exchange-correlation function.32) The 
XANES/EXAFS spectra of copper were calculated in a 
spherical radius of 0.5 nm and the full multiple scattering 
calculations include all possible paths within a larger cluster 
radius of for all models. The Cu K-edge XANES/EXAFS 
simulated spectra were then obtained using the FEFF9 code 
for all structures.

4.  Results

The normalized EXAFS spectra in E and k-spaces of all 
four samples are depicted in Fig. 2. To process and enhance 
the EXAFS signal in the high k-region, they are plotted with 
k2χ(k). Larger differences between the samples can be seen 
in the XANES region despite the high similarity in samples 
1.5/A and 1.5/O. The self-absorption correction in Athena 
yields identical spectra due to the very low concentration of 
copper in the samples. In Fig. 3, all the simulated EXAFS 
spectra in E and k-spaces of the 3R, 9R, 2H, BCC, B2 and 
solid solution are plotted together with the ε-FCC from 
copper foil.

To help identify the phase in each sample, the XANES 
spectra are plotted in E-space until 9 050 eV and compare 
the possible structures as displayed in Figs. 4 and 5. It is 
rather clear that both the 1.5/A and 1.5/O contain the same 
structure, 9R, resembling the characteristic hump at short 
before 9 000 eV. The sample 1.0/A, after the optimum 
aging, matches well with the XANES spectrum from the B2 
ordered structure and infers containing purely this structure. 
The 1.0/O exhibits the flattening in the oscillation at 8 990 
and behind 9 010 eV and implies the possibility of co-
existence of other phases after the overaging.

Possible conclusions are that, (i) the 1.0/A tends to form 
only the B2 ordered structure while (ii) the sample 1.5/O 
contains only the 9R structure. To prove if the 1.0/O con-

Fig. 2.	 The EXAFS spectra of all investigated sample in a) E and b) k-spaces. The samples 1.5/A and 1.5/O are com-
pared in the small window showing the very high similarity. (Online version in color.)
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tains the co-existence of 9R structure, the Linear Combina-
tion Fit (LCF) method was employed to resolve its possible 
fraction the 1.0/A and 1.5/O as standards for the B2 and 

9R structures, respectively. Please note that the modeled 
spectra are not valid as fitting standards for LCF. Figure 
6(a) reveals the LCF results, yielding 61.3% of the 1.0/A 

Fig. 4.	 The XANES spectra of the 1.5/O and 1.5/A, compared 
with the modeled 9R and 3R structure in dash lines.

Fig. 5.	 The XANES spectra of the 1.0/A and 1.0/O compared with 
the modeled B2 and solid solution structure in dash lines.

Fig. 6.	 The LCF result of the a) 1.0/O and b) 1.5/A samples, with the weighted fractions of the 1.0/A and 1.5/O fitting 
standards (as B2 and 9R structures), and the residual. (Online version in color.)

Fig. 3.	 The EXAFS spectra of all modeled structures in a) E and b) k-spaces, compared with the ε-FCC from copper 
foil. (Online version in color.)
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and 38.7% of 1.5/O sample with very small fractional mis-
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2  of 0.0003078. This means that the 

overaged sample of 1.0/O forms a mixture of the B2 ordered 
structure and 9R twinned martensitic copper phase with the 
atomic ratio of 61.3 to 38.7. The LCF of the 1.5/A sample, 
in contrast, confirms a very low amount of 6.9 atomic% of 
the B2 structure in the 1.5/A sample, as plotted in Fig. 6(b), 
with a very low R value of 0.0004567.

5.  Discussion

In order to gain more insight in the phase shift in all sam-
ples, the EXAFS spectra should be also analyzed in R-space. 
Figure 7 plots the EXAFS spectra of the samples, compared 
with the calculated B2 and 9R structures, taken the k-range 
of 0.3–1.0 nm. The experimental FT-XAFS feature of the 
1.0/A sample is similar to the calculated spectrum for the 
copper atom in the B2 structure obtained using the FEFF 
code. This result implies that the peak around 0.1–0.3 nm in 
1.0/A sample is considered as a Cu–Fe bonding, which will 
decrease while the bonding transforms to Cu-Cu in the 9R 
structure. Likewise, with increasing the copper contents, the 
feature of FT-XAFS spectra around 0.3–0.5 nm in the 1.5/O 
sample decreases and becomes similar to the 9R structure. 
However, the 1.0/O and 1.5/A samples still exhibit the fea-
tures of B2 cluster, which corresponds to the LCF in Fig. 6.

We can now summarize the XAS results and com-

pare with our previously published results from SANS 
as tabulated in Table 3. The XANES/EXAFS identified 
the copper structures as the ordered B2 and martensitic 
9R. After the extra long overaging period of 6 hours at 
500°C in the 18CrNiCuMo7-6-15 grade (1.5/O), the small 
fraction of the B2 structure transforms completely into 
the semi-incoherent twinned 9R structure and only the 
9R phase remains. Somewhat higher noise in the 1.5/A 
sample could arise from the decreasing X-ray flux along 
the beamtime as this sample was scanned after the 1.5/O. 
The SANS technique detected the precipitates of copper in 
the 1.5/A sample with an average radius of 3.159 nm.13) 
This is in fair agreement with the literature stating that the 
9R structure starts from a radius of 3.5 nm.6) The 1.5/O 
sample possibly contains larger size of the 9R precipitates 
due to the overaging treatment. However, such difference 
in size cannot be detected by XAS because the scattered 
X-ray from the neighboring atoms only within 0.8 nm, i.e., 
three unit cells of BCC iron, can contribute to the EXAFS 
spectra. In the 18CrNiCuMo7-6-10 grade, the SANS also 
detected a smaller precipitate radius of 1.650 nm in the 
aged sample (1.0/A).12,13) This radius size corresponds to 
the coherent BCC structure in the literature before the B2 
structure has been investigated intensively. After the long 
overaging time of 240 minutes, some B2 cluster becomes 
9R martensite.

The stress-strain curves reported in our previous publica-
tions12,13) are replotted in Fig. 8(a) for further discussion. 
The benchmark material is the standard 18CrNoMi7-6 steel 
without copper addition under the same aging parameters 
for comparison. It is designated with temperature/time. 
Here, the aging acts as a high temperature tempering that 
recovers the ductility and toughness for the martensitic 
matrix at the expense of significant drop in the yield (YS) 
and tensile strengths (UTS) while forming copper precipi-
tates. This point is the fact that the peak strength cannot be 
indicated easily by tempering curves. The increase in YS 
by 1.0 mass% copper addition after aging at 480°C for 50 
minutes (1.0/A) is as high as 124 MPa, accounted for 11.6% 
increase from the benchmark. On the other hand, its UTS is 
improved in a lesser degree, i.e., 72 MPa. A similar trend 
is seen in the 1.5/A sample, aged at a higher temperature of 
500°C for 166 minutes, with a significantly lower improve-
ment in both YS and UTS according to the longer tempering 
period but with superior ductility.

The material behavior under cyclic loading is not only 
influenced by its static strength but also by the strain harden-
ing potential. The latter becomes relevant when local plastic 
flow (microyielding) occurs due to the different deformation 

Fig. 7.	 FT-XAFS spectra, plotted to compare with the simulated 
B2 and 9R structures. (Online version in color.)

Table 3.  Summary of the XAS results and additional information from SANS.

Sample Copper content [mass%] Thermal history XAS results SANS results

1.5/O
18CrNiCuMo7-6-15

Overaged at 500°C for 360 min 9R N/A

1.5/A Aged at 500°C for 166 min 93.1% of 9R, 
6.9% of B2

Radius of 3.159 nm with a 
volume of 1.16% by SANS13)

1.0/O
18CrNiCuMo7-6-10

Overaged at 480°C for 240 min 61.3% of B2, 
38.7% of 9R N/A

1.0/A Aged at 480°C for 50 min B2 Radius of 1.650 nm by 
SANS12)
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behavior of e.g. non-metallic inclusions versus the matrix. 
It needs to be assessed together with its strength in order to 
predict its resistance to fatigue. Figure 8(b) replots the strain 

hardening rate, d

d

σ
ε







, of the same samples as a function of 

the true plastic strain. It is clear that the copper precipitates 
assist the strain hardening from the strain of 0.01. The lower 
strength 1.5/A sample exhibits superior strain hardening rate 
to the 1.0/A sample. Both copper-added alloys reveal larger 
ductility, which is most pronounced in the 1.5/A sample. 
This is preferable for damage tolerant design in compo-
nents withstanding a large number of cyclic loads, such as 
gearboxes. In contrast, the condition 1.0/A with an increase 
in the yield strength is rather suitable for safe life design.

The observed mechanical properties reflect the different 
strengthening mechanisms from B2 and 9R phases. The 
former produces the so-called ordered domain strengthen-
ing by generating anti-phase boundaries as reported by 
Han et al.17) The lower yield strength improvement here 
(ca. 120 MPa in the 1.0/A sample compared with ca. 220 
MPa in Han et al.17) can be explained by the lower copper 
content (1.0 mass% compared with 2.1 mass% by Han et 
al.17)). Moreover, in our case, only little improved work 
hardening arises as the dislocations already cut through 
the ordered structure in the course of deformation.33) On 
the other hand, the 1.5/A sample, containing semi-coherent 

9R structure, results in less improved YS but higher d
d

�
�

 

according to the generation of the geometrically necessary 
dislocations (GNDs) and back stresses from the Orowan 
loops.33) Note that the area between the gauge length, next 
to the winding part of the sample was scanned for the 
spectra. This area is less susceptible to the deformation 
during the tensile testing.

One question still remains unanswered: the reason for the 
increased ductility. In the previous work, it was suggested 
that a strain-induced BCC-to-9R transformation occurs 
under tension similar to the TRIP-effect in TRIP-steels 
which adds an additional increment to the overall ductil-
ity.1,13) However, the EXAFS modeling performed within 
this paper does not suggest the presence of mixed B2 and 

9R precipitates in the sample 1.5/A but nearly pure 9R (93 
atomic%) so that the latter hypothesis seems rather unlikely. 
A slightly smaller primary grain size of the austenite was 
detected in the previous work, which may have some effect 
on the ductility by means of grain refinement. Nonetheless, 
the exact reasons for the slightly increased ductility need to 
be studied thoroughly in future work.

6.  Conclusions

EXAFS analysis by using the synchrotron XAS was 
successfully used for the first time to identify the unknown 
phases of copper precipitates in a copper-added martens-
itic 18CrNiMo7-6 steel where the states of peak strength 
could not be determined by means of tempering curves. 
The analysis helped explain the prior observed mechanical 
behavior by establishing microstructure-property correla-
tion. Based on the performed analyses, the following can 
be concluded:

•  The B2 ordered structure could be identified in the 
18CrNiCuMo7-6 sample alloyed with 1 mass% copper 
and aged for 480°C for 50 minutes. This led to the high-
est improvement in yield strength but moderate increased 
strain hardening rate. After the overaging time of 240 
minutes, the co-existence of the semi-coherent of 9R could 
be proven.

•  Almost only the 9R structure of pure copper pre-
cipitates was detected in the 18CrNiMo7-6 samples alloyed 
with 1.5 mass% copper. A small amount of the B2 structure 
(6.9%) was found after aging at 500°C for 166 minutes. 
Only the 9R phase stayed stable after the long overaging 
time of 360 minutes. This structure resulted in the optimum 
strain hardening rate and ductility and is recommended for 
improving the damage tolerance of gearbox components.

Supporting Information
[CIF files of modeled copper precipitates structures for 

EXAFS]
This material is available on the Journal website at https://

doi.org/10.2355/isijinternational.ISIJINT-2021-409.

Fig. 8.	 a) The engineering stress-strain curves and b) the strain hardening rate, d
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,13) of the benchmark 18CrNiMo7-6 

alloy compared with its copper-added variations with the same aging parameters. (Online version in color.)
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