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a b s t r a c t 

A Cu precipitation-mediated austenitic transformation during ageing treatment of a 15–5 PH stainless 

steel is revealed through atom probe tomography, in situ synchrotron X-ray diffraction and computational 

thermodynamics and kinetics. The austenitic transformation is proposed to occur through the pathway: 

Cu precipitation at the martensite/retained austenite interfaces or at martensite lath boundaries → par- 

titioning of austenite stabilizing elements towards interfaces of the Cu precipitates → reverted austenite 

formation. 

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Maraging stainless steels, such as 17–4 PH and 15–5 PH, have 

ide applications in e.g. aerospace and nuclear industry where 

he combination of strength, toughness, corrosion resistance and 

eldability is required [1–3] . The properties of maraging stainless 

teels can be tuned by controlling the microstructural evolution 

uring the final ageing treatment. This microstructural evolution 

s complex with the occurrence of several interrelated microstruc- 

ural phenomena such as dislocation annihilation, stress relaxation, 

ath martensite coarsening, formation of reverted austenite and 

recipitation of multiple particles (Cu, G phase, Cr-rich phase, Si- 

ich phase, Nb-rich phase, secondary carbides, etc. [4–9] ). In the 

resent work we specifically target the correlation between the 

ormation of reverted austenite, Cu precipitation and elemental 

artitioning that occur during the ageing treatment of a 15–5 PH 

teel. The seminal work by Couturier et al. [6] reveals several in- 

eresting microstructural features of a quenched and aged 15–5 PH 

teel: i) the microstructure is not fully martensitic after quenching 

rom the solution treatment temperature, and the small amount 

f austenite present after quenching increases during the subse- 

uent ageing, i.e. reverted austenite forms; ii) retained austenite 

nd reverted austenite were distinguished based on the knowl- 

dge that the retained austenite maintains the composition of the 

igh-temperature austenite whereas the reverted austenite is en- 

iched with austenite stabilizers (Ni, Mn, C); iii) the identified re- 
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erted austenite forms at the martensite/retained austenite inter- 

aces and at martensite lath boundaries; iv) the identified reverted 

ustenite has a high density of Cu precipitates, suggested to in- 

icate the formation of Cu precipitates prior to the formation of 

everted austenite. In the present work we add further explana- 

ions to the microstructural evolution in 15–5 PH steel during age- 

ng by elaborating on the microstructural transformation pathway 

iscussed in Couturier et al. [6] . We designate this transformation 

athway as Cu precipitation-mediated reverted austenite forma- 

ion. We propose that: firstly, Cu precipitation occurs at the tem- 

ered martensite/retained austenite interfaces or at martensite lath 

oundaries; secondly, Ni and Mn atoms partition towards inter- 

aces of the Cu precipitates, where a core-shell structure is devel- 

ped; thirdly, the areas enriched with austenite stabilizers (Ni and 

n) transform into reverted austenite. This microstructural trans- 

ormation sequence is supported by atom probe tomography (APT) 

nalysis, computational thermodynamics and kinetics, and in situ 

ynchrotron X-ray diffraction (SXRD) during ageing treatment. 

A commercial 15–5 PH alloy, provided by Outokumpu Stain- 

ess, with a nominal composition 0.028C–0.60Si–0.69Mn–15.67Cr–

.92Ni–0.42Mo–0.25Nb–3.29Cu–Fe balance (wt%) was investigated. 

he heat treatment was conducted in a tube furnace with pro- 

ective argon atmosphere. Solution treatment was performed at 

170 °C for 1 h prior to quenching in brine. Thereafter ageing 

t 500 °C for 20 h was conducted prior to quenching in brine. 

he aged sample was analysed by APT. The APT measurements 

ere performed using a local-electrode atom-probe (CAMECA LEAP 

0 0 0X-HR) equipped with an energy-compensating reflectron for 
c. This is an open access article under the CC BY license 
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Fig. 1. APT 3D reconstruction of precipitates and elemental distribution in a 20 h aged specimen at 500 °C: (a) the overall view of the measured volume with elemental 

distribution and isoconcentration analysis of Cu, Ni, and Mn; (b) the distribution of Cu atoms for a selected part of the measured volume; (c) 10 at% Cu isoconcentration 

analysis, showing the absence of Cu precipitates in the Cu-rich bulky phase; and (d) 10 at% Cu + 7 at% Ni isoconcentration analysis, showing the lamellar structure. 
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mproved mass resolution. The details of sample preparation, mea- 

urement parameters, 3D reconstruction and quantitative analysis 

f Cu precipitates can be found in Ref. [10] . Thermodynamic calcu- 

ations were performed using the Thermo-Calc software [11] and 

he TCFE10 database. DICTRA simulation [12] was performed at 

00 °C for 6 h, using the thermodynamic database TCFE10 and 

he diffusion database MOBFE5. A planar two-phase Fe-Cr-Ni-Si- 

n-Mo alloy system was defined with moving boundary consist- 

ng of a bcc phase for martensite with the nominal contents of 

he alloying elements and a cell size of 100 nm divided into 50 

rid points with a geometric ratio of 1.05 starting from the zero 

osition, and a fcc nucleus (austenite) attached to the martensite, 

hich should grow during the simulation. In situ SXRD experi- 

ents during ageing treatment were conducted at the P02.1 beam- 

ine at the PETRA III synchrotron source, DESY, Germany [13] . A 

ample with the dimensions 1 × 1 × 15 mm 

3 was measured using 

 monochromatic X-ray beam with an energy of 59.866 keV (wave- 

ength: 0.20713 Å). The temperature control was imposed with the 

id of a Linkam furnace T95 with a precision of 1 °C. The X-ray

eam was collimated to 0.4 × 0.2 mm 

2 . The sample to detector 

istance was about 1287 mm, precisely determined by using mea- 

urements from a standard CeO 2 powder specimen prior to the 

nalysis of the in situ measurements. In situ measurements were 

onducted for a total duration of 6 h ageing at 500 °C. This treat- 

ent was performed in three steps, including: heating from RT 

o 500 °C at a rate of ~ 0.5 °C/s, isothermal holding for 2 h, and

ooling from 500 °C to RT at a rate of ~ 0.5 °C/s. This was done

n an as-quenched sample which was heat treated in a tube fur- 

ace prior to the in situ X-ray measurements. 2D diffraction pat- 

erns were acquired every 10 s with a Perkin-Elmer EN1621 area 
2 
etector. The software package Fit2D [ 14 , 15 ] was used to integrate 

he 2D patterns into 1D patterns. Austenitic peaks 111 γ , 200 γ and 

20 γ , and tempered martensitic peaks 110 α, 200 α and 211 α were 

tted using pseudo-Voigt function through multi-peak fitting in 

he software LIPRAS [16] . Integrated peak intensities were there- 

fter used to evaluate the volume fraction of austenite using the 

irect comparison method [17–19] . 

Fig. 1 a shows the APT reconstruction of precipitates and atoms 

n the 20 h ex situ aged specimen. Cu precipitates are dispersed 

n the tempered martensitic matrix. Ni and Mn atoms segregate at 

he Cu precipitates forming a core-shell structure, as known from 

revious studies [20] . The first interesting structure in this 3D re- 

onstruction is the two lamellar structures ( Fig. 1 d), which has 

 higher number density of Cu precipitates ( Fig. 1 c) and are en- 

iched with Ni and Mn ( Fig. 1 a). The other interesting structure 

ere is the bulky area between the two lamellar structures. It has 

 clearly higher Cu concentration than the tempered martensitic 

atrix ( Fig. 1 b). In order to understand what these two specific 

tructures are as well as their formation mechanism, a comparison 

f the chemical analysis from APT and thermodynamic calculations 

see Table 1 ) is carried out. It is found that the Cu-rich bulky struc-

ure has almost the same composition as the nominal composition 

f the material, suggesting that this structure is austenite retained 

fter quenching from the solution treatment. This result is con- 

istent with previous work [6] . The composition of the tempered 

artensitic matrix is almost the same as the equilibrium composi- 

ion of bcc at 500 °C as calculated by Thermo-Calc. The agreement 

etween the thermodynamic calculations and the APT analyses for 

he retained austenite and the tempered martensitic matrix indi- 
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Table 1 

Comparison of compositions (at%) of phases and structures from APT analysis and thermodynamic calculation. 

Phases (method) Fe Ni Mn Si Cr Cu Nb Mo C 

Nominal composition of the materials 73.0 4.6 0.69 1.2 16.7 2.9 0.15 0.24 0.13 

Cu-rich bulky phase (APT) 74.1 4.0 0.83 1.6 16.7 2.3 0.08 0.23 1.9E −2 

Tempered martensite (Thermo-Calc) 80.3 3.6 0.34 0.94 14.7 0.055 3.8E −4 0.029 5.7E −6 

Tempered martensite (APT) 79.4 2.2 0.48 1.7 15.8 0.089 0.015 0.18 7.0E −3 

Austenite (Thermo-Calc) 59.6 23.1 2.91 3.2 9.9 1.3 9.0E −4 0.026 1.8E −5 

Lamellar structure including precipitates (APT) 60.6 11.1 1.78 1.7 16.1 8.1 0.099 0.24 2.9E −2 

Lamellar structure matrix (APT) 62.9 10.7 1.84 2.0 21.4 0.5 0.21 0.26 6.3E −3 

Table 2 

Comparisons of volume fraction, number density, and mean radius of Cu precipitates in the lamel- 

lar structure and tempered martensite from APT analysis. 

Phases Number density (m 

−3 ) Volume fraction (%) Mean radius (nm) 

Lamellar structure (4.05 ± 1.23) E23 6.75 ± 2.05 2.85 ± 1.05 

Tempered martensite (1.56 ± 0.61) E23 2.54 ± 1.07 3.05 ± 1.04 
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ates the reliability of both the APT analyses and the thermody- 

amic calculations. 

The lamellar structure was postulated as reverted austenite 

ased on its Ni/Mn/C-rich feature in the previous work [6] . How- 

ver, the chemical composition of the reverted austenite was not 

iscussed in relation to computational thermodynamics results, 

reventing the establishment of a clear rationale for the forma- 

ion mechanism of the lamellar structure. We try to elucidate 

his hereafter by combining experimental and computational anal- 

ses. Firstly, the concentration profile analysis of the whole lamel- 

ar structure including Cu precipitates (using a thicker cylinder as 

hown in Fig. 2 a) or the lamellar structure matrix (using a thin- 

er cylinder through the matrix of the lamellar structure, which 

s not shown here), shows that the Ni and Mn concentrations are 

imilar in the two cases, but are lower than the equilibrium com- 

osition of austenite calculated by Thermo-Calc (see Table 1 ). In 

ddition, there is a good agreement in the Fe content (about 60 

t%) between the APT analysis and the calculation. These results 

uggest that the lamellar structure is probably reverted austenite, 

nd has still not reached equilibrium composition. It can also be 

een from Table 1 and the concentration profile in Fig. 2 a and b

hat the Si contents in tempered marteniste, retained austenite and 

he lamellar structure are almost the same, i.e. no Si segregation 

as observed, which reduces the likelihood of the lamellar struc- 

ure to be G phase (Ni 16 Mn 6 Si 7 ). Secondly, proxigram analysis of 

ll the Cu precipitates in the lamellar structure and in the tem- 

ered martensitic matrix (see Fig. 2 c and d) shows that the maxi- 

um Cu concentration at the core is 71.4 ± 5.1 at% and 80.0 ± 5.1 

t% for precipitates in the lamellar structure and tempered marten- 

ite, respectively. This suggests that the Cu precipitates in both the 

amellar structure and tempered martensitic matrix have still not 

eached equilibrium composition, since the Cu concentration of fcc 

u precipitates in the austenite at equilibrium should be close to 

00 at% [21] . In addition, the volume fraction, number density, and 

ean radius of Cu precipitates are analysed in both the lamellar 

tructure and the tempered martensite for a quantitative compar- 

son (see Table 2 ). The results show that the volume fraction and 

umber density of Cu precipitates are higher in the lamellar struc- 

ure than in the tempered martensite, which may result from the 

ower nucleation barrier for Cu precipitation at the boundaries. The 

ean radius of Cu precipitates in the lamellar structure and tem- 

ered martensite is similar considering the error margin. Thirdly, 

he chemical driving force for Cu precipitation in austenite as a 

unction of Ni and Mn contents at the ageing temperature 500 °C 

s calculated by Thermo-Calc (the composition used for the calcu- 
3 
ation is 16.7Cr-2.9Cu-1.2Si-xNi-yMn-Fe balance (at%)). The results 

uggest that the driving force for Cu precipitation in austenite is 

elow 2E –11 J/mol with variations of Ni (0–12 at%) and Mn (0–2 

t%) contents in austenite. Since the Cu precipitates cannot form 

n the retained austenite during ageing (see Fig. 1 ), it cannot form 

n the lamellar structure either considering the significantly low 

riving force for Cu precipitation. On the other hand, the increase 

f Ni and Mn contents around the core-shell structure enhances 

he driving force for reverted austenite formation (see Fig. 3 ). The 

ormation of a (Ni/Mn-rich) shell structure can also be noticed 

n Fig. 2 c and d, where Ni and Mn have a higher concentration

round the precipitate-matrix interface as compared to the con- 

entrations within precipitates and matrix, respectively. These ob- 

ervations lead us to propose the following transformation path- 

ay for the lamellar reverted austenite: Cu precipitation occurs at 

he interfaces of tempered martensite and retained austenite, fol- 

owed by the segregations of Ni and Mn towards interfaces of the 

u precipitates facilitated by the formation of Cu core-(Ni/Mn-rich) 

hell structure and fast diffusion rate at the boundaries. This fur- 

her leads to the formation of reverted austenite around the core- 

hell structure promoted by the austenite-stabilising elements Ni 

nd Mn. 

We have identified the lamellar structure as reverted austen- 

te already, but to further support these observations in situ SXRD 

as employed to quantitatively study the evolution of austenite 

uring the ageing treatment. Fig. 4 shows the kinetic increments 

n austenite volume fraction during in situ ageing at 500 °C. In 

ther words, the y-axis in Fig. 4 means the increment of austenite 

olume fraction during 500 °C ageing compared to the first data- 

oint measured when the sample is heated to 500 °C for each cy- 

le. The first cycle shows a relatively high increment rate at the 

ime range of 0–1.5 h. One possible explanation for this is that 

he high enrichment of austenite-forming elements mediated by 

u precipitates occurs at the boundaries, which leads to a higher 

ormation rate of reverted austenite at the early stage of ageing. At 

he final stage of the first cycle (after ~ 1.5 h), the formation rate 

f reverted austenite is mainly determined by the diffusion rate 

f austenite-forming elements from the tempered martensitic ma- 

rix, thus the formation rate of reverted austenite becomes stable, 

aintaining the same gradient with that of the second and third 

ycles. The linear fitting of the data-points of the latter two cycles 

hows that the volume fraction increment rates ( i.e. the slope of 

he lines comprised of the data-points) are (0.038 ± 0.002) vol%/h 

nd (0.037 ± 0.003) vol%/h, respectively. It is noteworthy that the 

bove results indicate that the reverted austenite formed during 
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Fig. 2. APT quantitative analysis of elemental partitioning and concentration: (a) concentration profiles of elements through various phases and structures as shown in the 

inset; (b) concentration profiles of elements through a Cu precipitate within the lamellar structure; (c) proxigram of all Cu precipitates in the lamellar structure; and (d) 

proxigram of all Cu precipitates in tempered martensite. 
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geing is a diffusion-controlled process as the evolution of austen- 

te fraction is highly time-dependant. This is in agreement with the 

ork of Brandl et al. [5] where a diffusion-controlled transforma- 

ion from martensite to austenite was suggested for 15–5 PH, even 

hough austenitization instead of ageing was investigated there. In 

rder to underpin the SXRD results of reverted austenite formation 

inetics, DICTRA simulations of austenite reversion at lath marten- 

ite boundaries were performed at 500 °C for 6 h. These simula- 

ions show a high increase of the austenite reversion kinetics at 

he early stage of ageing, which is in agreement with the SXRD 

esults. With the progress of time, the kinetics becomes relatively 

onstant, with a kinetic evolution of (0.018 ± 0.002) vol%/h and 

0.014 ± 0.002) vol%/h for the time range 2 to 4 h and 4 to 6 h,

espectively. Overall, the DICTRA simulations are in fair agreement 

ith the SXRD results; however, the underestimated kinetics in 

ICTRA is expected considering mainly the neglected high dislo- 

ation density of the martensite that would increase diffusivity. 

In summary, the reverted austenite formation kinetics during 

geing of a maraging stainless steel 15–5 PH is verified through 
4 
n situ SXRD quantitative analysis and DICTRA simulations. Sup- 

orted by APT and computational thermodynamics analyses, it is 

roposed that the mechanism of reverted austenite formation dur- 

ng ageing of maraging stainless steel 15–5 PH, follows the path- 

ay: Cu precipitation at interfaces of tempered martensite and re- 

ained austenite due to the lower nucleation barrier at the bound- 

ries → segregations of alloying elements (Ni and Mn) towards 

he interfaces of Cu precipitates facilitated by the formation of 

ore-shell structure and fast diffusion rate of atoms around bound- 

ries → formation of reverted austenite facilitated by the enrich- 

ent of austenite-stabilising elements (Ni and Mn). 

This work was performed within the VINN Excellence Centre 

ero-m 2i, financed by VINNOVA, the Swedish Government Agency 

f Innovation Systems, Swedish Industry and KTH. The authors are 
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Fig. 3. Computational thermodynamics predictions of chemical driving force 

(J/mole) for austenite formation in tempered martensite at 500 °C as a function 

of Ni and Mn contents in tempered martensite. The composition used for the cal- 

culation is 14.7Cr-0.055Cu-0.9Si-xNi-yMn-Fe balance (at%). 
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