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Abstract 
The mechanical properties of precipitation-hardened stainless steels rely on a complex 

multi-scale microstructure developed during a sequence of quenching from austenitization, 
followed by a precipitation heat treatment. Important features of the resulting microstructure 
include the microstructure of martensite, retained and reverted austenite, nanoscale 
precipitation and the homogeneity of the Cr concentration. In this paper, the microstructure 
of a Cu-bearing 15-5PH steel is thoroughly characterized along the precipitation heat 
treatment, using a combination of transmission electron microscopy with phase and 
orientation mapping, atom probe tomography, in-situ small-angle X-ray scattering and X-ray 
diffraction. The fraction of austenite is observed to increase during the ageing treatment, 
together with the precipitation of the Cu precipitates, which present a core-shell structure 
with a shell enriched in Ni, Mn and Si. After heat treatment, the Cr concentration is found to 
be slightly inhomogeneous in the matrix, with in addition some significant segregation at the 
dislocations. 

 
 

Highlights 
 

 The multi-scale microstructure is characterized along precipitation heat treatment 
 

 Austenite reverts during precipitation treatment 
 

 Cu precipitates form with a core-shell structure with a Ni, Mn, Si enriched shell 
 

 Cr segregates on dislocations during heat treatment 
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1 Introduction 

Precipitation hardened stainless steels are used for a wide range of applications requiring 
the combination of high strength, good toughness and corrosion resistance [1]. In most cases 
their process route involves the formation of a martensitic microstructure during a quench 
from the austenite field, followed by an ageing treatment where precipitation occurs. 
Depending on the alloy, this precipitation involves most classically Cu, such as in the 15-5PH 
or 17-4PH alloys, NiAl such as in the 13-8PH alloy or even Ni3(Mo,Ti). Tailoring the 
characteristics of this precipitation in terms of volume fraction and size allows adjusting the 
balance of the steel in terms of yield strength (or ultimate tensile strength) and fracture 
toughness [2]. Thus, the Cu precipitation sequence in Fe based alloys [1,3–5] and its impact 
on mechanical properties of PH stainless steels 17-4PH and 15-5PH [6–10] has been 
thoroughly investigated during the last decades. 

However, the microstructure of a steel such as the 15-5 PH at the end of the precipitation 
ageing treatment is very complex, involving features at different scales, that depend on each 
step of the thermal history, which can each have determining influences on the materials’ 
properties and on their subsequent evolution during in-service ageing: 

- The martensitic structure inherited from the quench may evolve during the ageing 
treatment, with modifications of the dislocation density and/or lath structure 

- The alloy is not 100% martensitic and austenite may be present after the quench 
(retained austenite) as well as develop during the ageing treatment (reverted 
austenite) [11,12]. In the latter case, there can be complex solute partitioning and 
interaction with the other microstructural features  

- Precipitation of Cu can interact with the other solutes present in the material such as 
Ni, Mn, Si: these elements may be partitioned during the formation of the precipitates 
and therefore influence their formation 

- The presence of other precipitates such as carbides is also of interest  
- The Fe-Cr solid solution may not be entirely homogeneous at the end of the ageing 

treatment 
The present contribution aims at determining the role of the ageing treatment on the 

development of these different microstructural features through a multi-scale 
characterization procedure carried out both in the as-quenched state and during, or after the 
ageing treatment. The grain structure will be evaluated at fine scale using automated crystal 
orientation mapping (ACOM) in the transmission electron microscope (TEM). In addition, the 
fraction of austenite will be evaluated by X-ray diffraction (XRD). The precipitate 
microstructure will be evaluated in-situ during the ageing treatment using small-angle X-ray 
scattering (SAXS), supported by TEM. Atom probe tomography (APT) will be used to evaluate 
the distribution of chemical species in the precipitates and in their vicinity, as well as to 
evaluate the distribution of Cr atoms in the matrix, and in a particular case to determine the 
partitioning between austenite and martensite.  

2 Material and experimental methods 

The material used in this study is part of an industrial casting, supplied by the company 
Aubert&Duval, which composition range is given in Table 1. The major alloying elements are 
chromium, nickel and copper but it also contains lower amounts of silicon and manganese, 
niobium and molybdenum and very low carbon. After its solidification, the steel has been 
forged, homogenized at 1040°C, air quenched and finally tempered at 505°C giving rise to 
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precipitation hardening. In this study, we have at our disposal the material both in the air 
quenched and precipitation hardened conditions. 

For optical microscopy observations, the samples were electrochemically etched using a 
solution of hydrofluoric acid diluted in water (15%) with a tension of 15V. 

XRD experiments were conducted on a PANalytical X’PERT MPD apparatus equipped with 
a 1D detector, using a cobalt source (wavelength 1.789Å) on samples with very low roughness 
(final polishing with alumina 0.04µm) to increase the separation of the (110) martensite and 
(111) austenite peaks. The austenite volume fraction 𝑓𝛾 was then determined in comparing 

the intensity of these two peaks, respectively 𝐼𝛼 and 𝐼𝛾, according to the method proposed by 

Tanaka and Choi [13]: 
 

 𝑓𝛾 =

𝑅𝛼
𝑅𝛾

⁄ 𝐼𝛾

𝐼𝛼 +
𝑅𝛼

𝑅𝛾
⁄ 𝐼𝛾

 (1)  

 𝑅 =
𝐹2𝑃𝐿𝑒−2𝑀

𝑎6
 (2)  

 
with 𝑎 the lattice parameter, 𝐹 the structural factor of the considered crystalline planes, 𝑃 the 
multiplicity factor, 𝐿 the Lorentz polarization factor and 𝑒−2𝑀 the temperature factor 

(numerical values in Table 2). In the present case the ratio 
𝑅𝛼

𝑅𝛾
⁄  is equal to 1.28. 

For SAXS experiments, 300μm sheet samples were cut from the bulk material and thinned 
down to 40μm ±20µm by mechanical polishing. The experiments were conducted at the 
European Synchrotron Research Facility (ESRF) on the BM02-D2AM beamline using an X-Ray 
energy of 5.983 keV and a 2D-CCD camera. The images obtained from the CCD camera were 
then corrected for electronic noise, spatial distortion, pixels efficiency and background noise. 
All the corrected images were azimuthally averaged in order to obtain the scattered intensity 
as a function of the scattering vector amplitude ranging from 3x10-2Å-1 to 6x10-1Å-1 in the 
present case. The scattered intensity was converted to absolute measurement using a 
reference amorphous carbon sample [14]. In-situ measurements were carried out during the 
ageing treatment in a custom-built furnace allowing for transmission SAXS measurements.  

TEM samples were cut from the bulk material in the precipitate hardened condition, 
thinned down to 80μm using mechanical polishing, and then cut in 3mm disks and 
electropolished using a double jet TenuPol 5 with a mixture of 10% perchloric acid, 20% 2-
butoxyethanol and ethanol at 2°C under 14V voltage. The experiments were conducted on a 
Jeol 3100 instrument, both in conventional imaging mode and in scanning mode with a 
continuous recording of diffraction patterns for ACOM measurements using the ASTAR 
software, allowing us to obtain crystallographic orientations and phases maps of a selected 
area of material [15]. 

APT experiments were conducted on a LEAP 3000X HR instrument. Samples of dimensions 
0.2x0.2x15mm3 were cut from the bulk material and prepared according to the two-step 
polishing procedure described in [16] using first a mixture of 5% perchloric acid in acetic acid 
and then a mixture of 2% perchloric acid in 2-butoxyethanol with a voltage varying from 25V 
to 5V. APT measurements were carried out using the laser mode (wavelength 532nm) of the 
LEAP instrument with an energy varying from 0.6nJ to 0.2nJ and an evaporation rate up to 1% 
at a temperature of 40K. 
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3 Results and discussions 

3.1 Microstructure of martensite 

After homogenization treatment at 1040°C, the material microstructure is fully austenitic 
with equiaxed grains of diameter approximately 20 µm. The austenite undergoes a martensitic 
transformation during the subsequent quench giving rise to the formation of lath martensite 
inside the former austenite grains. This martensitic structure is still present after the 
precipitation treatment (Figure 1). It is body centered cubic, due to its very low carbon 
content, with a lattice parameter measured by XRD of 2.87Å. The martensitic microstructure 
is characterized in more detail using ACOM imaging in the TEM, as shown in Figure 2. The 
phase maps (Fig. 2(a) and (c)) show that the material is essentially martensitic, but also 
highlight zones of austenite. The orientation maps in Figure 2(b) and (d) show the presence of 
the laths of a few µm separated by high angle grain boundaries. Within the laths, the crystal 
orientation is observed to vary continuously (Figure 2(e)) which is typical for the presence of 
a high dislocation density characteristic of martensite [17], and retained after the ageing 
treatment. 

 
3.2 Austenite 

As demonstrated by the phase maps of Figure 2, the microstructure of the 15-5 PH steel in 
the aged condition contains a small but significant fraction of austenite. The austenite islands 
are present as elongated islands with a thickness of 10-100 nm and a length up to 1 µm. They 
are mainly observed at the grains and laths boundaries of the martensitic structure. A 
systematic study of the orientation relationship between the martensite and these austenite 
islands has been carried out. It can be found in [18]. This study shows that the classical 
Kurdjumov-Sachs (KS) and Nishiyama-Wassermann (NW) are present in the microstructure 
[19–21]. 

Figure 3 shows X-ray diffractograms obtained both before and after the heat treatment. 
Small austenite peaks can be observed. The volume fraction of austenite after the ageing 
treatment was characterized according to the method of Tanaka and Choi [13]. In order to 
minimize possible texture effects on this evaluation, measurements were carried out in the 
three principal planes of the forged bar. They yielded very close values, averaging to 1.5% ± 
0.34% (2σ) for the aged material. This value appears compatible with the ACOM 
measurements, although the area measured in this latter case is not sufficient to warrant a 
statistically valid value. 

A quantitative evaluation of the austenite fraction before heat treatment is more 
challenging because of the lower intensity, but the presence of the peak indicates that 
austenite is already present. The above method gives 0.2% ± 0.34% of austenite.  

The comparison of these two values shows that there is only a very small amount of 
retained austenite after the air quench and that the major part of this phase in the aged 
material has formed during the precipitation heat treatment at 505°C by reversion of 
martensite.  

To further differentiate between the retained and reverted austenite, and evaluate the 
related spatial distribution of chemical species, an atom probe tip was measured along about 
700 nm (corresponding to 48 million atoms). The material of this tip was further aged 2000h 
at 350°C after the ageing treatment at 505°C, in the framework of a study of long-term ageing 
in the 15-5 PH steel. However this additional heat treatment does not change the distribution 
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of solute at the scale that is discussed here [18] so that the results presented hereafter are 
applicable to the microstructure in the 505°C aged state. 

Along the reconstructed APT volume, shown in Figure 4, several interfaces were crossed, 
including those surrounding austenite, as will be inferred from the local composition and 
microstructure. The local composition of the different encountered regions are given in Table 
3. 

The bottom of the analyzed volume is representative of the bulk material’s microstructure 
with a dense distribution of nm-size Cu precipitates (defined by a 10 at% Cu iso-concentration 
surface), which will be detailed in subsequent paragraphs. This region clearly corresponds to 
the aged martensite. In the upper half of the Figure 4, a zone has a very peculiar 
microstructure, namely a Cu and Ni content very close to the nominal composition of the alloy 
(of the order of respectively 2 and 5 at%), with the Cu completely in solid solution. This last 
point means that Cu has not precipitated during the ageing treatment, so that we can infer 
that the material in this region was retained austenite in the as-quenched state, inheriting the 
nominal composition of the alloy from the mother austenite phase at high temperature. 

This retained austenite is surrounded by two regions with a high Ni, Mn and C content. 
This high content of austenite stabilizers indicates that these zones consist of reverted 
austenite formed during the 505°C ageing treatment, involving a strong solute partitioning. 
Interestingly, these zones contain a high density of Cu precipitates, meaning that Cu 
precipitation probably occurred rapidly during the first stages of ageing, followed by the 
formation of the reverted austenite. A similar zone is observed in the lower half of the tip, 
however in this case not connected to retained austenite. Although the APT observation lacks 
a sufficient lateral extension to allow for conclusively determining the relationship between 
the different zones, these results suggest that reverted austenite can nucleate both on 
retained austenite and within the martensite (presumably on a lath boundary). 

Finally, these reverted austenite regions are surrounded by regions of composition 
consistent with that of martensite, containing however a low density of Cu precipitates. A 
reasonable explanation for this low Cu content is diffusion to the reverted austenite during 
the ageing treatment, helping to form the high density of Cu precipitates observed in these 
regions.  

 
3.3 Niobium carbides 

The presence of niobium carbides is expected in this steel grade since niobium is added in 
order to trap the low level of carbon into carbides. These precipitates have been characterized 
in details in the 15-5PH grade by Habibi-Bajguirani [7,22,23]. In agreement with this work, we 
observed for the two studied conditions of the material spherical precipitates of 
approximately 300nm in diameter (Figure 5) identified by ACOM and selected area diffraction 
(not shown here) as niobium carbides. Their volume fraction is low and according to previous 
work [24], they are not expected to play a role in the mechanical behavior of the 15-5PH steel. 

 
3.4 Copper precipitates 

The copper precipitates appear during the heat treatment at 505°C subsequent to the 
quench. Their characteristics are particularly important because they play a prominent role in 
the control of the alloy’s yield strength [7]. Apart from the austenitic regions or the martensite 
immediately surrounding these regions, their distribution appears to be homogeneous within 
the material as shown by APT in Figure 4 and confirmed by TEM in Figure 6. These observations 
also show the nearly spherical nature of the Cu precipitates, as well as an approximate 
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diameter of 5 nm. Such a near-spherical geometry is expected from a relatively low ageing 
temperature and time [7,25].  

The atom probe characterization makes it possible to access more detailed information on 
the composition of the Cu precipitates, and of their surrounding. Figure 7 shows a 2 
dimensional Ni composition map across a copper precipitate showing that the precipitates 
have a core-shell structure. A statistical characterization of this core-shell distribution of 
chemical species in the precipitates can be obtained by calculating a proxigram on all the 
interfaces defined by the 10 at%Cu iso-concentration surfaces [26]. The proxigram, averaged 
on 118 precipitates (70 closed and 48 opened isosurfaces) is shown in Figure 8. This proxigram 
shows a Cu content reaching 80 at% at the precipitate core. A focus on the minor 
concentration species (Figure 8b) evidences that a shell enriched in nickel and manganese, 
and in a lower extent in silicon, surrounds the precipitates. This type of core-shell structure 
with a shell rich in nickel and manganese has already been observed in different alloys 
containing these two elements [27–31]. According to the work of Isheim and co-authors the 
reason of the presence of such a shell is a decrease of the matrix/precipitate interface energy 
[31]. However one could also invoke a “snowplow effect” related to the expulsion of these 
chemical species from the precipitates during their formation [28,29]. In order to decide 
between these two possible causes for the Ni-enriched shell we compared the mean 
composition in the assembly precipitate + shell on one hand and in the surrounding matrix on 
the other hand. The first one is the ratio of all Ni atoms counted inside the isoconcentration 
surfaces used to obtain the proxigram in Figure 8 to all atoms inside these surfaces. The second 
one is the same ratio outside the isoconcentration surfaces. We obtain a mean concentration 
of 7.76% inside the assembly precipitates + shells and 5.48% in the matrix. The higher value of 
Ni concentration in both precipitates and shells is incompatible with a “snowplow effect” as 
the only mechanism of the shell formation; therefore some of the Ni atoms present in the 
shell have to come from the surrounding matrix. It is worth mentioning that this shell has a 
chemical composition that approaches that of the G phase [32], which is known to form during 
low-temperature ageing in this alloy family [33]. Therefore, it can be expected that the 
formation of the G phase may be favored in the area surrounding the Cu precipitates. 

We obtain from the SAXS experiments the size distribution of the precipitates and, since 
we have characterized thanks to the APT technique the composition of the precipitates and 
of the surrounding matrix, we can also obtain their volume fraction [34]. For this purpose we 
assume that the precipitate size follows a lognormal distribution f(R) of spheres of median 
radius 𝑅0 and size dispersion 𝜎. We also assume that the precipitates are pure copper in a 
matrix with a composition of 80%at iron, 15%at chromium and 5%at nickel so we can calculate 
the electron density contrast ∆𝜌 between the precipitates and the matrix in order to deduce 
the volume fraction 𝑓𝑣 from the integrated intensity 𝑄0, calculated from the integration of the 

scattered intensity I(q) at scattering vector q: 

 𝐼(𝑞) = ∫ 𝐾𝑉2 (
𝑠𝑖𝑛(𝑞𝑅) − 𝑞𝑅𝑐𝑜𝑠(𝑞𝑅)

(𝑞𝑅)3
)

2

𝑓(𝑅)𝑑𝑅

∞

0

 (3)  

 𝑓(𝑅) =
1

𝜎𝑅√2𝜋
𝑒𝑥𝑝(−

1

2
(
𝑙𝑛 (𝑅 𝑅0

⁄ )

𝜎
)

2

) (4)  

 𝑄0 = ∫ 𝐼(𝑞)𝑞2𝑑𝑞
∞

0

= 2𝜋2∆𝜌2𝑓𝑣(1 − 𝑓𝑣) (5)  
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The fit of the precipitate size distribution to the SAXS intensity of the material aged at 
505°C (Figure 9) provides a mean radius equal to 2.6nm with a relative standard deviation of 
0.35. The calculation of the integrated intensity gives a volume fraction equal to 3.4%. 

Further information on the precipitation kinetics was obtained by performing in-situ SAXS 
measurements during heat treatments. A first heat treatment was designed to mimic the 
industrial ageing treatment, with a relatively slow heating ramp of 5 K/min up to 505°C.  

Figure 10 presents the evolution of the mean radius of the precipitates on the left-hand 
side and the one of the integrated intensity on the right-hand side. The time scale has been 
chosen such as t=0 corresponds to the time when the sample reached 500°C. The integrated 
intensity has not been translated into volume fraction because the aspect of its evolution led 
us to suspect that the contrast term ∆𝜌2 may be changing during the experiment because of 
a change in the chemistry of the precipitates, especially in the very early stages. These graphs 
show a precipitate radius of about 0.5 nm at the end of the heating ramp. This radius can be 
considered as a nucleation radius. During subsequent ageing, the size progressively increases 
to reach 2 nm after 1h of ageing, this being compatible with the 2.6 nm radius measured at 
the end of the ageing treatment. As already mentioned, the evolution of the integrated 
intensity is more peculiar. Initially zero in the as-quenched state, it goes through a slight 
maximum at the end of the heating ramp, before reaching a plateau after 10 min of ageing. 
Assuming that this plateau corresponds to the same precipitate composition as characterized 
at the end of the ageing treatment discussed above, we calculated a volume fraction of 3.3%, 
very close to the volume fraction measured at the end of the 505°C ageing treatment (3.4%, 
see above).  

As discussed by Osamura and his coauthors [28], the presence of the Ni and Mn enriched 
shell around the copper precipitates may be due to the sweeping out of these elements during 
the clusters growth and their transformation from BCC to FCC, leading to a change in the 
precipitates composition during the beginning of the heat treatment. This change in 
composition could result in a maximum in electron density contrast and thus explain the 
presence of the peak of integrated intensity at the very beginning of the ageing treatment. An 
alternative explanation could also be the redissolution at the end of the heating ramp of a 
small amount of the smaller precipitates formed during the ramp. 

These results show that the Cu precipitates mainly nucleate during the heating ramp, so 
that the volume fraction is close to equilibrium at the beginning of the isothermal holding. The 
question then arises about the influence of the heating rate on the nucleation conditions and 
thus on the end microstructure. This was investigated by subjecting the as-quenched material 
to the same isothermal holding at 505°C with a much faster heating rate of 100 K/min. The 
results of Figure 10 show that this change of heating rate has no influence either on the 
precipitate size evolution or on the integrated intensity.  

Another point of interest is the ageing temperature. The properties of the 15-5 PH alloy 
can be tailored by adjusting the ageing treatment. While the ageing treatment at 505°C 
studied here provides a material with a strength of 1200 MPa,  a higher ageing temperature 
of 550°C has been used before, resulting in a strength level of 1070 MPa associated to a lower 
hardness and a higher ductility [7,9]. We investigated the precipitation kinetics at this 550°C 
ageing temperature with a heating rate of 5 K/min. The results in Figure 10 show that the 
precipitation kinetics followed during this heat treatment is qualitatively similar to that at 
505°C. As expected, the nucleation size of precipitates is the same, since this precipitation 
stage corresponds to the heating ramp, which is the same between these two ageing 
temperatures. During the isothermal stage, the growth rate of the precipitate size is as 
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expected higher than at 505°C, resulting in a 0.5 nm radius difference after 1h of ageing. This 
difference is compatible with the measured size of about 5 nm [24,27] in the aged state at 
550°C (1070 MPa grade 15-5 PH material). In parallel, the integrated intensity at the plateau 
is lower at 550°C as compared to that reached at 505°C, which is consistent with a higher level 
of Cu solubility in ferrite with increasing temperature. 

 
3.5 Solute segregation at dislocations 

During APT experiments we detected alignments of complex ions NbN+/++ enriched zones 
(dark green surfaces on Figure 11). These alignments are characteristic of segregation of 
niobium and nitrogen along dislocations, allowing us to observe indirectly these crystal 
defects. In addition, we detected chromium-enriched zones (dark orange surfaces on Figure 
11) together with these segregations of niobium and nitrogen. This is an indication of 
heterogeneous precipitation of chromium on dislocations. The core of these precipitates have 
a chromium concentration higher than 30%. Isoconcentration surfaces set at high chromium 
concentration (25%at) have a maximum size of a few nm. Although we did not perform APT 
measurements in the as-quenched state, this enrichment must have appeared during the 
ageing treatment, as the dislocations in martensite appear too fast during the quench to allow 
for substantial Cr diffusion. According to the work of Xiong et al. [35], the temperature of  
505°C is close to the solvus line of the miscibility gap for the relatively low Cr content of our 
alloy. This can lead to a slow phase separation by nucleation and growth. The driving force 
being very low in this case, this phase separation is most likely to start heterogeneously on 
the dislocations.  

In addition to this evaluation of the distribution of Cr atoms at the dislocations in the aged 
state, we evaluated the statistical spatial distribution of Cr in the ferrite matrix (i.e. away from 
dislocations) by two complementary methods performed on the same APT volumes, excluding 
the regions containing Cu precipitates or segregation on dislocations. First, we compared the 
distribution of compositions 𝑀(𝐶) measured by scanning a box of 100 atoms of base 1x1 nm 
through the APT reconstructed volume, and compared it to the theoretical distribution 𝑅(𝐶) 
for a random distribution of Cr atoms. The difference between the two distributions allows 
defining the degree of phase separation through the so-called V parameter [36–39].  

 𝑉 =
∑ |𝑀(𝐶) − 𝑅(𝐶)|𝐶

∑ 𝑅(𝐶)𝐶
 (6)  

Figure 12a shows the distribution of Cr atoms in a slice of a reconstructed APT volume, and 
Figure 12b shows the experimental and random concentration distributions, whose difference 
result in a V parameter of 0.08. This low value is of the same order of magnitude, though 
higher, that the 0.02 V parameter measured by Danoix et al. in the unaged ferrite of a CF8M 
duplex stainless steel [40]. Another way to estimate the degree of phase separation is to 
calculate on the APT volume the radial distribution function (RDF) of Cr atoms [41]. The 
amplitude of the deviation from the value of 1 of this RDF represents the amplitude of 
fluctuations in solute content, and the extension of this deviation provides an estimate of the 
spatial extension of these fluctuations. This RDF is plotted for the aged material in Figure 12c. 
A small deviation is observed for sizes smaller than 0.5 nm, showing a low degree of very short 
range clustering of Cr atoms. Both analysis techniques thus agree in the fact that the Cr atom 
distribution in the aged state is nearly uniform away from dislocations, with a small tendency 
of clustering at very fine scale.  
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4 Conclusion 

In the present work we have made a thorough characterization of the microstructure of 
the 15-5 PH steel in the precipitation-hardened state. Its main characteristics are as follows: 

- The matrix is in majority a lath martensite, whose internal structure still contains a high 
density of dislocations despite the ageing treatment at 505°C. 

- The material contains elongated islands of austenite mainly localized at grains and 
laths boundaries with a volume fraction of about 1.5%. 

- The material contains approximately 3% volume fraction of finely dispersed small Cu 
precipitates (mean radius of 2.6 nm). Their core contains 80% Cu and they are 
surrounded by a shell rich in Ni, Mn and to a smaller extent in Si.  

- The distribution of Cr atoms is not completely homogeneous, with the presence of 
small Cr-rich precipitates along dislocations together with segregations of Nb and N, 
and a small degree of phase separation in the matrix. 

In addition, our study has evidenced the way in which this microstructure develops during 
the ageing treatment, from the as-quenched state, namely: 

- In the as-quenched state the volume fraction of retained austenite is of the order of 
0.5%. This retained austenite has the composition of the base material, and during 
ageing its Cu remains in solid solution. The reverted austenite that forms during ageing, 
however, is much richer in austenite formers (Ni, Mn, C), and is surrounded by a 
martensitic area nearly free of Cu precipitates.  

- Precipitation of Cu occurs very rapidly during the heating ramp at 505°C, so that the 
equilibrium volume fraction is reached when reaching this temperature. Subsequently 
during isothermal holding, precipitate coarsening is observed. Changing the heating 
rate has no influence in the investigated range. When increasing the ageing 
temperature to 550°C precipitation coarsening occurs faster and a lower equilibrium 
volume fraction is reached. 
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 𝑎 (Å) 𝜃 (°) 𝐹2 𝑃 𝐿 𝑒−2𝑀 𝑅 

𝛼(110) 2.8765 26.11 969.7 12 0.99 0.958 19.9 

𝛾(111) 3.5949 25.55 4183.5 8 1.04 0.96 15.5 

 
 
 

Element Reverted austenite Retained austenite Depleted martensite 
Average 

concentration of the 
alloy 

Cr 14.24 15.24 14.90 15.85 

Ni 16.13 5.31 4.10 4.65 

Cu 0.40 2.09 0.14 2.61 

Mn 1.72 0.97 0.73 0.81 

Si 1.15 0.80 0.75 0.75 

Mo 0.15 0.18 0.17 0.16 

Nb 0.05 0.03 0.01 0.13 

C 0.13 0.03 0.03 0.115 

Table 3: composition (at%) of the different zones of the volume in Figure 4 determined in spherical ROIs. 

 Cr Ni Cu Mn Si Mo Nb C P S Fe 

Min 14 3.5 2.5 0 0 0 0 0 0 0 bal. 

Max 15.5 5.5 4.5 1 1 0.5 0.45 0.07 0.03 0.015 bal. 

Table 1: Chemical composition of the 15-5PH alloy (wt%)  

Table 2: Values used for the computation of the ratio 
𝑹𝜶

𝑹𝜸
⁄  
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Figure 1: Optical micrographs of the 15-5PH alloy after the precipitation heat treatment showing the prior austenite 
grains (a) and the martensite laths they contain (b). 

(a) (b) 
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(c) (d) 

(e) (f) (g) 

Figure 2: ACOM phase and orientation maps in the aged condition showing the microstructure of martensite, the spatial 
distribution of austenite. (a) and (b) phase and orientation maps of a first area. (c) and (d) phase and orientation maps of a 

second zone (quality index is superimposed to these two maps to illustrate the microstructure within the martensite laths). (e), 
(f) and (g) misorientation profiles for the linescans shown in figure (d), respectively within martensite, across a martensite grain 

boundary containing a martensite island, and across an austenite island embedded in martensite. 
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Figure 3: Comparison of the diffractograms before (as-quenched state) and after the ageing treatment at 505°C 
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Figure 4: APT reconstructed volume of a sample aged 2000h@350°C. Only Ni (green) and Cu (red) atoms are represented as 
well as 10at% isoconcentration surface for the same elements. The different zones are discussed in the text. 



18 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: Bright field TEM micrograph of the aged material showing the distribution of the Cu precipitates 

 

 

  

Figure 5: Bright field TEM micrographs showing spherical niobium carbides (arrows). Right hand side figure shows a 
larger magnification image of one carbide.  
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Figure 7: Ni concentration map on a cross section of a 
copper precipitate in an APT volume obtained don the 

aged material 

Copper 
precipitate

Figure 8: Proxigrams  averaged on all the 10% Cu iso-concentration surfaces in the aged material, obtained from the 
APT volumes (a) and (b) differ by the concentration scale. 

(a) (b) 

Figure 9: Measured SAXS intensity and fit by the intensity 
calculated from a log-normal distribution of spheres. 
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NbN 0.3%at 
isoconcentration 
Cr 25%at 
isoconcentration 
Cu atoms 

Figure 11: Alignments of NbN and Cr enriched zones in the 
precipitation hardened material 

Figure 10: Evolution of the mean radius (a) and the volume fraction (b) of copper precipitates during heat treatments at 
505°C and 550°C. 

(a) (b) 
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(a) (b) 

Figure 12: Distribution of the Cr atoms in a 15nm thick slice of the aged material APT volume (a) and the associated 
frequency distribution (b) and RDF (c) obtained for subvolumes containing only the matrix. 

(c) 


