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a b s t r a c t 

The near-surface properties of maraging steels are key to controlling their mechanical properties. They can be tai- 
lored by surface treatments such as shot peening and can also be influenced by prior machining. This study aims 
at determining the respective roles of grinding and shot peening processes on the near-surface microstructure 
of Custom 465 maraging stainless steel. A combination of experimental techniques, including X-ray diffraction 
(XRD), transmission electron microscopy (TEM), and atom probe tomography (APT) provides an in-depth char- 
acterization of the initial microstructure and its modifications. The results show that grinding results in a very 
shallow nano-crystalline region less than 1 μm thick, which contains a high fraction of retained austenite and 
where most Ni 3 Ti precipitates initially present, have been dissolved. Shot peening, on the other hand, results in 
a moderate localized strain close to the surface, and in a deeper destabilization of the retained austenite initially 
present, which decreases from ∼5% to ∼2% in the first 100 μm below the surface. It has no visible effect on the 
precipitate microstructures. The different mechanisms that may cause these modifications are discussed. 

I

 

c  

h  

i  

t  

t  

h  

p  

a  

p  

t  

c
 

k  

f  

s  

p  

4  

c  

a  

A  

p  

r  

I  

c  

s  

a  

t  

i  

p  

t  

i  

p
 

a  

g  

c  

e  

l  

t  

h
R
A
2

ntroduction 

Maraging stainless steels offer a promising alternative for replacing
onventional high strength martensitic steels for applications requiring
igh levels of mechanical properties, with a property portfolio compris-
ng high strength, toughness and corrosion resistance [ 1 , 2 ]. However,
heir fatigue strength, which is an important property for these struc-
ural components, is relatively low in comparison with the conventional
igh strength steels [3] . Shot peening is an effective treatment for im-
roving the fatigue strength of maraging steels [4–7] . This treatment is
 cold-work surface treatment that results in the introduction of com-
ressive residual stresses at and immediately beneath the surface, with
he purpose of delaying the initiation of surface cracks and pushing the
rack initiation to subsurface regions [ 8 , 9 ]. 

Numerous studies have been performed to improve the state of
nowledge on shot peening and gain a better understanding of its ef-
ects on surface roughness [ 10 , 11 ] and on the distribution of residual
tresses [ 8 , 12 , 13 ]. An extended summary about these changes has been
rovided by Schulze [14] , and by Llaneza and Belzunce [15] on the AISI
340 steel. However, only a few studies have been carried out on the mi-
rostructure changes induced by shot peening, due to difficulties in char-
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cterizing fine-scale changes in a shallow surface layer (around 1 μm).
s reported in the literature, shot peening may result in locally severe
lastic deformation and grain refinement, and can lead to a decrease of
etained austenite content, as a result of strain-induced transformation.
t should be noted that the presence of a nano-crystalline grain structure
lose to the surface is generally obtained from severe shot peening [16] ,
uch as high-energy shot peening [ 17 , 18 ], air blast shot peening [ 19 , 20 ]
nd ultrasonic shot peening, sometimes entitled surface mechanical at-
rition treatment [21–23] . Conventional shot peening does not necessar-
ly result in grain refinement in the near-surface layer if the quantity of
lastic strain is not sufficient, as reported by Maleki and Unal [24] for
he AISI 1045 steel. On the other hand, phase changes due to shot peen-
ng are well established, especially for case hardened steel [ 25 , 26 ], du-
lex steels [27] , austenitic steels [ 28 , 29 ] and for maraging steel [30] . 

The initial near-surface microstructure prior to shot peening is also
n important point to analyse and control. Industrial components are
enerally machined before shot peening, which can result in a signifi-
ant modification of the surface layer, due to mechanical and thermal
ffects. The near-surface of machined components, also named white
ayer, has received some attention in the past decades. Several au-
hors have shown that this white layer is composed of very fine grains
d. 
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Table 1 

Nominal chemical composition of C465 (mass %). 

Fe C Ni Cr Mo Ti Si 

Bal. 0.01 11.1 11.5 0.9 1.7 0.05 
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5  
size < 100 nm) induced by severe plastic deformation during turning or
rinding [31–36] . Additionally, except for a few investigators [ 32 , 36 ],
arious studies have noticed an increase of austenite content in this layer
 31 , 35 , 37–39 ] . 

The present study is carried out on the Custom 465 maraging stain-
ess steel, which as the other grades of Ti-containing maraging steels,
s hardened by the nano meter-scale precipitates of hexagonal 𝜂-Ni 3 Ti
hase [40–46] formed in a martensitic structure. Based on an in-depth
nalysis of the initial microstructure, the main objective of this work is
o evaluate the different near-surface modifications of the microstruc-
ure caused by the combination of machining and shot peening, and
o understand the respective roles of these two processes on the final
icrostructure. For this purpose, a systematic characterization is car-

ied out, combining advanced phase and crystal orientation mapping
ASTAR-ACOM [ 47 , 48 ]) in the transmission electron microscope (TEM)
ith phase fraction quantification by X-ray diffraction (XRD) and more

onventional electron back-scattered electron diffraction (EBSD) in the
canning electron microscope (SEM), as well as atom probe tomography
APT). The microstructure of the base material will be compared to the
ub-surface microstructure of components subjected to machining, shot
eening and the combination of the two. 

xperimental Procedures 

aterial 

The steel grade investigated is the commercial Custom 465® merg-
ng stainless steel (C465). The material was produced using a vacuum in-
uction melting-vacuum arc remelting (VIM-VAR) process. Afterwards,
he material was homogenized and forged into a billet of 88.9 mm in
iameter. The chemical composition of the steel investigated is given in
able 1 . 

The billet was initially solution annealed at 980°C for 1 h followed
y water quenching and then refrigerated at -73°C for 8 h to allow for
 more complete martensitic transformation. This state corresponds to
he received material. Samples were extracted from the annealed bil-
et, at mid-radius position, along the forging direction. Ageing was per-
ormed at 510°C for 4 h. After this age-hardening heat treatment, half
f the samples were carefully mirror polished to obtain a surface free of
ny microstructural modifications, using SiC papers, diamond suspen-
ion and Master Met finishing using a Vibro Met vibrating polisher. The
ther half part was ground. Shot peening treatment was performed on
oth states using an air blast machine, with the following conditions:
230 shot (diameter of 0.58 mm and hardness of 58 HRC), coverage of
50% and Almen intensity of F25A. 

icrostructural characterization 

Characterization of the microstructures has been made by using
canning electron microscopy (SEM), electron backscatter diffraction
EBSD), X-Ray diffraction (XRD), grazing incidence XRD (GIXRD), auto-
ated crystallographic orientation mapping (ACOM) tool attached to a

ransmission electron microscope (TEM), and atom probe tomography
APT). 

Samples for SEM analysis were prepared by polishing with a dia-
ond suspension and final polishing with colloidal silica suspension.
BSD technique was applied to map the lath martensitic structure, the
ocation and the morphology of the austenite phase in the martensitic
atrix. Measurements were performed using a ZEISS Ultra 55 field emis-
2 
ion gun scanning electron microscope equipped with a high-speed CCD
amera for pattern recording, and analysed by TSL-OIM software. XRD
nalysis was carried out to determine the austenite volume fraction. The
easurements were performed with a PANalytical X’Pert MPD labora-

ory diffracto meter using a Co K 𝛼 radiation source (1.78896 Å) to avoid
e fluorescence and therefore to obtain a larger penetration depth, en-
uring that the measurements are representative of the bulk material.
he diffraction data were collected over a 2 𝜃 range from 47° to 115°,
canned with a step width of 0.033° and a counting time of 2s per step.
he collected spectra were analysed following the Rietveld method us-

ng the FullProf software to determine the volume fraction of austenite.
IXRD was performed on a Rigaku Smartlab five-circle diffractometer,
sing a Cu K 𝛼 radiation source (1.5418 Å). The acquisitions were con-
ucted from 40 to 85°, with a step of 0.05°, 10 s by step and an incidence
ngle of 1.8° (penetration depth around 65 nm). ACOM-TEM, using the
STAR TEM attachment, provides orientation and phase with the reso-

ution of a scanning TEM [48] . Measurements were performed using a
EOL 2100F FEG-TEM operating at an accelerating voltage of 200 kV
nd equipped with the “Digistar ” precession system from NanoMEGAS
PRL. The precession angle was 0.5° and the step size for the acquisi-
ion was 2 nm. Reference samples for ACOM-TEM from the bulk material
ere mechanically polished to a thickness of 80 μm, then disks of 3 mm
ere punched from the sample. Finally, these disks were electropol-

shed with a double-jet Struers Tenupol-5, using a polishing solution
ith 70%vol of ethanol, 20% vol. of 2-butoxyethanol and 10% vol. of
erchloric acid at 2°C. Additionally, cross-section TEM thin foils were
repared by Focused Ion Beam (FIB) on a Helios NanoLab 650 (FEI)
o evaluate the near surface modifications. Samples for APT were pre-
ared using two different methods. For bulk material analysis, samples
ere prepared using the two stage electrolytic polishing process to ob-

ain sharp tips suitable for APT analysis [49] . For near surface analysis,
pecimens were lifted out from a cross section of the shot pinned mate-
ials, and welded on silicon pre-tips in a the Thermo Scientific TM Helios
FIB DualBeam 

TM System with Xe ions. Annular milling was conducted
ntil an apex radius of curvature smaller than 70 nm was obtained. Anal-
ses were conducted on a CAMECA LEAP® 4000 HR in voltage mode,
t a temperature of 50 K, with a pulse to standing voltage ratio of 20%,
 nominal pulse repetition rate of 200 kHz and a detection rate of 0.5%.
ata were analysed using IVAS 3.8 software. 

. Characterization of the base material 

.1. Microstructure at grain and phase scale 

The grain distribution of the base metal, namely the aged C465 steel,
s shown in Fig. 1 . Both the optical microstructure ( Fig. 1 a), and the
BSD orientation map ( Fig. 1 b) show the typical morphology of lath
arten site. The observations reveal the prior austenite grains subdi-

ided into packets, blocks and laths, in agreement with other obser-
ations realized on maraging steels [ 50 , 51 ] or in low-carbon steels
 52 , 53 ]. The average size of prior austenite grains is 30 𝜇m. 

The morphology and the localization of the austenitic phase were
haracterized by EBSD ( Fig. 2 a) and TEM-ASTAR ( Figs. 2 b-e). These
bservations show that the austenite is characterized by coarse patchy
egions located at the prior austenite grain boundaries and by finer elon-
ated regions at the lath boundaries. From these images, it is difficult to
btain a reliable fraction of austenite because of a heterogeneous distri-
ution of austenite and possibly strain-induced transformation during
ample preparation (EBSD). Thus, the volume fraction of austenite was
btained from XRD, performed on a mirror polished sample with the
ame surface finishing as for EBSD. The pattern, shown in Fig. 3 , reveals
hat the microstructure consists of martensitic and austenitic phases, as
xpected based on the previous observations. The marten site has a bcc
tructure, which is consistent with the low carbon content of this steel.
he volume fraction of austenite, obtained by Rietveld refinement, is
.8 ± 0.2%, which is of the same order of magnitude as the results ob-
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Fig. 1. Optical micrograph of C465 etched at 200X magnification (a) and EBSD-IPF map showing orientation mapping (b). 

Fig. 2. Phase and orientations map obtained by EBSD (a) and TEM-ACOM/ASTAR (b-e): (a), (c) and (e) distribution of marten site (red) and austenite (green); (b) 
and (d): inverse pole figures showing orientation mapping 

Fig. 3. XRD pattern normalized according to the highest marten site M(110) peak (M = marten site, A = Austenite). 

3 
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Fig. 4. (a) Virtual Bright Field micrograph of the base material and (c, d) Virtual Dark Field micrographs showing Ni 3 Ti precipitates, taken from the spots indicated 
by the circles in the acquired diffraction pattern in one point in the image (b). (e) Reconstructed image of the different variants (see [55] for details). 

Fig. 5. Iso-surface of a reconstructed atom probe tip 
for a concentration in Ni of 30%, with grey and green 
colour for the surfaces above and below 500 nm 

2 . The 
reconstructed volume is 40 × 40 × 280 nm 
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2  
ained by Ifergane et al. [45] on the Custom 465 alloy or Munn and
nderson [54] on the PH13-8Mo alloy, both in aged condition. 

.2. Fine-scale microstructure 

.2.1. Transmission Electron Microscopy 
Transmission electron microscopy of the aged specimen shows a

artensitic structure containing a high density of dislocations (Virtual
right-field (VBF) image in Fig. 4 (a)). Virtual dark-field (VDF) images
onstructed from precipitate diffraction spots [48] are shown in Fig. 4 (c)
nd (d). They reveal the presence of fine needle-like precipitates cor-
esponding to the hexagonal 𝜂-Ni 3 Ti phase. The observed precipitates
ave average dimensions of 5 nm x 14 nm, which is in good agreement
ith the results obtained by Ifergane et al. [45] , also on an aged C465
lloy. Using a multi-phase indexing strategy [55] for the phase identifi-
ation implemented in the ACOM analysis software, the distribution of
he different variants of the 𝜂 phase can be reconstructed, as shown in
ig. 4 (e), and the precipitate pole figures (see [55] ) can be compared to
hat of the matrix. These pole figures confirm the reported orientation
elationship between the 𝜂 phase and the matrix: 

̄
} {

̄
}

1 1 1 
𝛼′ ∕∕ 11 2 0 

𝜂
𝑒𝑡 { 011 } 𝛼′ ∕∕ { 0001 } 𝜂

4 
.2.2. Atom Probe Tomography 
The initial precipitate microstructure has been further investigated

y atom probe tomography. Fig. A1 in appendix shows the distribution
f Fe, Cr, Ni and Ti atoms in a reconstructed volume. Ni and Ti rich
recipitates are clearly evidenced. These precipitates are split into two
orphologies, one corresponding to the rod morphology of the Ni 3 Ti
hase observed by TEM ( Fig. 4 ), and the other spheroidal, of much
maller size. These precipitates are both rich in Ni and Ti. Their dis-
ribution and morphology can be better visualized by representing the
urface of iso-concentration (or iso-surface, for short) at a Ni concen-
ration of 30% threshold, with a different colour for the particles whose
urface are larger or smaller than 500 nm 

2 . This representation is shown
n Fig. 5 . The precipitate distribution appears clearly bi-modal. 

The composition of both precipitate families can be evaluated by
alculating a proxigram for each of the two families (small and large
articles). The two proxigrams, averaged on all precipitates of the same
amily in the reconstructed volume, are plotted in Fig. 6 . A composition
lateau is reached in both cases at the core of the precipitates, which
ndicates that the core composition should be a reliable measurement
f the precipitate composition. For the small particles, the precipitate
omposition was calculated from the average of the proxigram between
 and 2.5 nm. However, when examining the mass spectrum of the anal-
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Fig. 6. Proxi-grams calculated on the Ni 3 Ti particles as defined by the 30%Ni iso-surface. Positive distances are within the particles and negative values are in the 
matrix. (a): proxi-gram on the small particles (as defined by the interface area); (b) proxigram on the large particles; (c) proxi-gram on all particles. 

Table 2 

Compositions (in at%) obtained from the atom probe tomography analysis: nominal alloy content, overall compo- 
sition of the atom probe tip, composition of the small and large particles, and composition of the matrix. Standard 
deviations (in brackets) are due to counting statistics. 

Fe Cr Ni Ti Si Mo Al 

Nominal 73.8 12.3 10.5 1.97 1.0 0.52 
Tip 77.43 (0.01) 9.89 (0.01) 10.03 (0.01) 1.81 (0.005) 0.11 (0.001) 0.53 (0.002) 0.14 (0.001) 
Small 2.24 (0.03) 0.21 (0.01) 67.10 (0.08) 28.07 (0.08) 1.37 (0.02) 0.26 (0.01) 0.28 (0.01) 
Large 2.39 (0.03) 0.82 (0.02) 69.45 (0.08) 25.36 (0.07) 0.06 (0.004) 0.42 (0.01) 1.21 (0.02) 
Matrix 83.67 (0.01) 10.55 (0.01) 5.00 (0.01) 0.12 (0.001) 0.07 (0.001) 0.51 (0.003) 0.04 (0.001) 
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s  
sis, the overlap of the 52Ti and 52Cr isotopes results in an ambiguity of
he measurement of these elements. By considering that the 52Ti isotope
epresents 5.18% of the total Ti, a corrected composition was computed,
iven in Table 2 . The same analysis was made on the large particles, and
heir corrected composition is also provided in Table 2 . These measure-
ents show that the precipitate composition of both families is very

imilar, with a Ni content close to 2/3, a Ti content close to 1 4 and a
ery small residual Fe and Cr content ( ∼2 and 1 at% respectively). The
ain compositional difference between the two precipitate families is

heir Al and Si contents: the small particles contain a much higher Si
ontent (1.4 vs 0.1 at%) whereas the large particles contain a higher Al
ontent (1.2 vs. 0.3 at%). 

The matrix concentration can also be determined by the proxigram
ethod, provided that all particles, whatever their family, are consid-

red simultaneously ( Fig. 6 c). A stable plateau is obtained, showing that
here is no significant core-shell structure with solute elements expelled
5 
rom the growing particles still present in high concentration around the
articles. The matrix concentration is then calculated by averaging the
lateau between -7.5 and -2.5 nm and the resulting concentrations are
rovided in Table 2 , along with the nominal alloy concentration and the
verall composition of the atom probe tip. The solid solution appears to
e almost free of residual Ti while the residual Ni concentration is still
 at%. Because of the low residual Ti amount, 52Ti correction was not
pplied to the matrix. 

The number densities of the two precipitate families can be estimated
rom the number of objects detected in the atom probe tip. For the large
articles, whose length is similar to the small dimensions of the recon-
tructed volume, each particle intercepted by the tip surface is counted
s 1 2 particle. The resulting precipitate number density of small and large
articles, averaged on 5 measured samples, is respectively 5. 10 23 and
.5 10 22 m 

− 3 . Their respective volume fraction can be estimated by con-
idering the number of atoms inside the iso-surfaces at 30%Ni, which
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Fig. 7. Crystalline contrast SEM images of cross-sections of 
polished sample (a, b) and ground sample (c, d), respectively 
before (a, c) and after shot-peening (b, d). 
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s for small and large particles respectively 329000 and 356000 atoms.
his suggests that the volume fractions of the two precipitate families
re approximately equal. The total volume fraction of the precipitates
an be estimated by the solute balance between the precipitates and ma-
rix, considering that the atomic volumes are identical in the precipitates
nd matrix. Using the Ni concentration, the solute balance provides a
otal precipitate volume fraction of 8.7% when calculated on the nom-
nal alloy concentration, and 8.0% when calculated on the average tip
oncentration 

. Effect of grinding and shot peening on the microstructure 

.1. Influence of grinding and shot peening on the microstructure at the 
rain scale 

A general view by crystalline contrast SEM of the microstructure of
he sample cross-sections after machining and/or shot peening is given
n Fig. 7 . For the polished sample, there is no clear evidence of plastic
eformation at the surface after shot peening, as the microstructure at
his scale appears identical to that of the initial state. On the contrary, a
ayer of much finer microstructure is clearly observed close to the sam-
le surface of the ground sample. This layer, which corresponds to the
hite layer reported in the literature, has an average thickness of about
 μm. Chomienne et al. [56] report similar observations on the 15-5PH
fter turning, as well as Barry and Byrne [31] in two turned hardened
artensitic steels. These SEM images show no significant modification

f this layer after the shot-peening process. Thus, independently of the
urface preparation applied (grinding or polishing), the grain structure
oes not seem to be affected by shot peening at this observation scale. 

In order to characterize the extreme surface of the sample, in terms
f morphological and structural features, grain size and phase trans-
ormations, observations using TEM-ACOM have been realized on FIB-
repared cross-sections prepared at the sample surface. The virtual
right field images and the corresponding orientation and phase maps of
he cross-sections of the polished samples before and after shot-peening
re presented in Fig. 8 . As expected, the polished sample does not show
ny surface particularity as compared to the bulk microstructure. The
icrostructure of the shot peened sample shows some sign of plastic de-

ormation, with some near-surface diffraction contrast in the VBF image
nd moderate orientation gradients in the first 100 nm of depth. How-
ver, no major modification of the grain microstructure is observed in
his state. 
6 
To provide a more precise view of the depth subjected to plastic
eformation through the local distribution of mis-orientations, Kernel
verage Mis-orientation (KAM) [57] analysis was performed. Fig. 9
resents the KAM maps generated from the orientation maps (scan size
f 600 × 600 nm 

2 ), considering the second neighbours and a threshold
f 5°. This analysis indicates that shot peening results in some plastic
eformation near the sample surface. New sub-grain boundaries (visi-
le as green lines and corresponding to higher deformation within the
rain) are observed. 

The ACOM-TEM cross-sections corresponding to the ground sam-
le before and after shot-peening are presented in Fig. 10 . The direct
urface of both samples exhibits a highly refined grain structure, com-
ared to the bulk microstructure, whose thickness extends from 600 to
200 nm. The average grain size decreases gradually when approach-
ng the sample surface. Crystallite size ranges are respectively for BCC
nd FCC phases ( Figs. 10 c, 10 f ) from 2 to 100 nm (average of 45 nm)
nd from 2 to 35 nm (average of 15 nm). Furthermore, observations re-
eal an increase of austenite content, with an average austenite surface
raction in this layer around 15%. However, it must be pointed out that
he austenite fraction observed in this near-surface region is relatively
eterogeneous, as shown by the additional maps provided in appendix
 fig. A2 ). Although it is always much larger than that of the base mate-
ial, it is observed to vary significantly from place to place. Below this
one, larger grains presenting high orientation gradients are observed.
o significant difference is observed between the microstructures of the
round specimens before and after shot-peening. 

Analyses using GIXRD have been performed to complement this in-
estigation and access the phase identification at near surface with a
ore macroscopic technique. An important point to be considered is

hat, since the characterization must be carried out in the immediate
ayer below the surface, no surface preparation can be carried out. Con-
equently, the surface shows significant roughness, and only a qualita-
ive analysis of phase fractions can be conducted. For all experiments, an
ncident angle of 1.8° has been used, which leads to a depth of penetra-
ion of X-Rays around 65 nm. The GIXRD pattern corresponding to the
our previous samples are presented in Fig. 11 . The diffraction peaks of
ll samples correspond to BCC structure (marten site or ferrite) and FCC
tructure (austenite). By comparing GIXRD patterns of polished (a) or
round (c) samples, significant differences in austenite content are vis-
ble. The peaks corresponding to the austenite phase (FCC) are indeed
uch more intense for ground samples (c) than for polished sample (a).
hese results are in agreement with the previously shown TEM obser-
ations and confirm the large increase of austenite content at near sur-
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Fig. 8. Virtual bright field (a,d), orientation 
(b,e) and phases maps (c,f) of (a, b, c) the pol- 
ished sample and (d, e, f) the polished and shot- 
peened sample obtained by ACOM-TEM exper- 
iments. For the orientation maps, BCC and FCC 
phases respectively appear in red and in green. 

Fig. 9. KAM maps for near surface microstructure of polished samples (a) before and (b) after shot peening. 
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ace due to the grinding process. Both patterns corresponding to ground
amples before (c) and after shot peening (d) are quite similar, sug-
esting that shot peening has no noticeable effect on the near-surface
ustenite phase fraction. Even if quantitative analyses cannot be per-
ormed, the intensity of peaks corresponding to the austenite phase sug-
ests that the austenite content formed during grinding is even higher
han the proportion observed on TEM specimens. The lower austenite
raction observed in TEM specimens could result from the release of
he residual stresses during TEM sample preparation which could trig-
er the transformation of some of the metastable austenite into marten

ite. s  

7 
Additionally, the evolution of austenite volume fraction with the
istance from the sample surface has been evaluated by XRD measure-
ents. The procedure to obtain a depth profile of phase fractions was to
erform successive diffraction measurements (with a penetration depth
f X-rays estimated to ∼10 μm using a Co X-ray source) followed by
ontrolled polishing to a depth determined from the evolution of the
hape of Vickers indents made prior to the measurements. Analyses
ave been carried out from a depth of 10 μm from the surface until
 depth of 1000 μm. The measurements of austenite content for the
ifferent samples are shown in Fig. 12 . The samples not subjected to
hot peening, i.e. after grinding or polishing only, show no significant



C.L. Nué, A. Deschamps, F. Danoix et al. Materialia 20 (2021) 101220 

Fig. 10. Virtual bright field, orientation and phases maps of the ground sample (a, b, c) before and (d, e, f) after shot-peening obtained by ACOM-TEM experiments. 
For the orientation maps, BCC and FCC phases respectively appear in red and in green. 

Fig. 11. GIXRD patterns of the (a) polished, (b) polished + shot peened, (c) ground and (d) ground + shot peened samples. 

8 
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Fig. 12. Austenite volume fraction as a function of depth in reference material, 
grinding or in shot peened near surface regions of C465. 
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Fig. 14. Atom probe tip at near surface of the machined + shot peened sample 
showing the distribution of Fe, Cr, Nu and Ti atoms. 
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ariation of the austenite fraction with depth. The average austenite
olume fraction, determined from XRD patterns, is respectively of 5.8
nd 5.2% for polished or ground samples (as compared to 5.8% for the
ulk sample, see section 3.1 ). After shot peening, both samples show a
ecrease of the austenite content, which happens progressively over the
rst 100 μm below the surface. Thus, shot peening results in the trans-

ormation of austenite to marten site near the surface, which reveals
he mechanical instability of austenitic phase, as also observed by Kim
t al. [25] for carburized SAE 4028, or Wong et al. [30] for the 17-4PH
teel. 

.2. Influence of grinding and shot peening on the precipitate microstructure

Fig. 13 shows a TEM characterization of the rod-shaped 𝜂 precipi-
ates near the sample surface in the polished + shot peened sample. The
recipitate distribution remains homogeneous, comparable to the ini-
ial microstructure shown in Fig. 4 . No modification of the precipitate
icrostructure caused by shot peening is visible. 

Characterization of the machined state in the near surface is more
ifficult because of the extremely small grain size. Actually, it was not
ossible to reach a characterization using ACOM imaging, because the
uperposition of several grains in the TEM sample thickness prevented
solation of the weak precipitate diffraction spots. Thus, an APT char-
cterization was carried out on the machined + shot peened specimen.
he sample was prepared using a platinum coating to serve as surface
rotection. It is estimated that the apex of the sample whose reconstruc-
ion is shown in Fig. 14 is located within 100 nm from the surface. The
PT characterization shows an almost homogeneous distribution of the
ain addition elements, especially Ni and Ti. This result thus strongly

uggests that the 𝜂 precipitates are dissolved in the surface layer during
ig. 13. TEM analysis of the polished + shot peened state close to the sample surface
olour circles on the diffraction pattern (e). 

9 
he machining operation. Part of the APT specimen shows some degree
f heterogeneity of the distribution of Ti and to a smaller degree of Ni,
hich however cannot be attributed to well-defined 𝜂 precipitates. It

ould be the sign of remaining solute heterogeneity due to the precipi-
ates dissolution. 

iscussion 

The present study aimed at reaching a detailed description of the
icrostructural modifications caused by grinding and shot peening pro-

esses on the aged C465 stainless steel. In order to compare the mi-
rostructural changes, a detailed analysis of the initial microstructure
as first carried out, then the measurements and analyses were per-

ormed at near surface after grinding, after shot peening and after the
ombination of the two processes. 

First, it is of interest to discuss the microstructure in the initial state.
verall, the microstructure corresponds to that found in the literature,
ith a hierarchical grain structure resulting from the aged marten site,
nd an austenite phase fraction slightly above 5%. The high resolu-
ion of our ACOM-TEM measurements allow to precisely determine the
hape and location of the austenite phase with respect to the marten
ite grains, namely at the grain and lath boundaries, similarly to what
as been shown in other maraging stainless steels before [58] . At the
icroscopic scale, the presence of rod-shaped 𝜂-Ni 3 Ti precipitates cor-

esponds to the abundant literature on steels strengthened by Ni and Ti
dditions [43–46] . However, to our knowledge, the presence of small
pherical precipitates observed in the present case has never been de-
ected, although in retrospect it could be suspected in the TEM dark
eld micrographs of Ifergane et al. [45] . Even if we have no structural

nformation on these spheroidal precipitates, the fact that their compo-
: virtual bright field (a), virtual dark fields (b, c, d) associated to the indicated 
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ition is almost identical to the rod-shaped ones strongly suggests that
hey are also of the 𝜂-Ni 3 Ti phase. It has been well established that the
-Ni 3 Ti phase forms during ageing from the growth of spherical Ni and
i rich clusters [ 46 , 59 ]. Besides, several studies have shown that the
recipitation kinetics of 𝜂-Ni 3 Ti is significantly accelerated by the pres-
nce of dislocations, e.g. by comparing materials subjected to different
evels of strain [ 59 , 60 ]. Thus, a reasonable hypothesis for the presence
f a bi-modal precipitate distribution is that the rod-shaped precipitates
esult from the growth of clusters nucleated at dislocations, while the
pheroidal precipitates result from the growth of homogeneously nu-
leated clusters. Interestingly, while the alloying content in the major
olute elements is almost the same in the two precipitate families (Ni,
i but also Cr, Fe, Mo), relatively large differences exist in the (small)
ontent of Si and Al. 

Now we can discuss the effect of grinding on the near surface of the
aterial. Microstructural investigations have revealed the formation of

n ultrafine structure in the surface layer of the machined material, sim-
lar to what is observed e.g. in the white and brown layers of pearlitic
teels [ 61 , 62 ] or during rolling contact fatigue [63] . The thickness of the
ffected layer is around 1μm, which is consistent with the observations
f Barbacki et al. [32] . This layer is composed of grains of extremely
mall size ( < 100 nm) corresponding to BCC and FCC phases. This result
uggests that the white layer is in large part due to grain refinement
nduced by severe plastic deformation [ 31 , 35 ]. It was not possible to
stimate precisely the austenite phase fraction in this layer. However,
ased on the TEM-ACOM observations, which probably underestimate
he austenite phase fraction due to internal stress relaxation, and on the
IXRD measurements, this fraction lies in the 15–50% range, thus much
igher than that of the base material. As it is highly unlikely that the
eformation itself induces the formation of austenite, this high fraction
ndicates that the temperature reached in this zone during grinding is
bove the ferrite-to-austenite transus, with a ferrite-to-austenite trans-
ormation possibly accelerated by the deformation. It is at first sight
urprising that this austenite does not transform into marten site upon
ooling. This could be explained by two factors, namely the nanometre
ize of the grains, which retards the martensitic transformation [64] ,
r a material transfer from the machining tool into this layer, such as
arbon, which could stabilize the austenite phase. Due to a heteroge-
eous distribution of carbon in the measured atom probe tip it was very
ifficult to conclude on this last hypothesis, but overall the carbon con-
ent in the near surface was found higher than in the bulk material. The
igh temperature and very large strains reached in this nanostructured
urface layer can also explain the complete disappearance of the precip-
tate microstructure in this zone as evidenced by APT, which results in
n almost homogeneous distribution of solutes. Nano-indentation mea-
urements have been carried out both in this surface layer and in the
ase material, and do not show any strong hardness variation as a func-
ion of the distance with the surface. This indicates that the absence of
ardening precipitates is compensated in this zone by the presence of
he grain nanostructure. 

On the other hand, shot peening has a very different influence on
he microstructure as compared to grinding. Our results show that the
aterial deformation below the surface is relatively moderate. It is not

ufficient to induce large changes in the grain structure, but results in
ntra-granular mis-orientations due to the presence of dislocations, both
omogeneously distributed and organized in sub-grain boundaries. This
isible effect of plastic deformation is much localized, in the first μm be-
ow the surface. At a much larger scale, our depth profile of the austen-
te phase fraction shows that shot peening results in a reduction of the
ustenite phase fraction by up to a factor of 2 down to 2.5%. This re-
uction is strongest in the first 20 μm but extends at least over 100 μm,
hus at a much larger scale than the apparent plastic deformation. It
orresponds to the generally reported austenite destabilization by strain
 (

10 
r stress-induced phase transformation [64] , however our results sug-
est that the stress effect is probably dominant. At precipitation level,
o visible change in the precipitate size distribution is observed, con-
istently with the estimated very low plastic deformation and lack of
trong temperature change. There does not seem to be any visible in-
eraction between the grinding and shot peening processes: no change
f the white layer due to grinding is observed after shot peening, and
eversely the presence of the white layer does not seem to change the
ffect of shot peening on the austenite destabilization. 

onclusion 

The effect of grinding and shot peening on the near-surface mi-
rostructure of Custom 465 have been analysed, based on the mi-
rostructure analysis of the main phases (marten site and austenite) and
f the hardening precipitates ( 𝜂-Ni 3 Ti). The comparative analysis of the
ifferent states makes it possible to evaluate the respective role of these
wo processes. 

The initial microstructure consists of a classical martensitic structure
ith ∼5% retained austenite located at the grain and lath boundaries.
he alloy is hardened by a dense distribution of 𝜂-Ni 3 Ti, whose fraction

s almost 10%. Atom Probe Tomography reveals, for the first time to the
uthors’ knowledge, that these precipitates have a bi-modal distribution,
onsisting of small spheroidal precipitates and the classical larger rod-
hape precipitates. It is suspected that these two families are respectively
ucleated in the bulk and on the marten site’s dislocations. 

Grinding induces the formation of a white layer at the alloy’s sur-
ace. ACOM-TEM analyses revealed that the grain sizes of the white
ayer were considerably smaller ( < 100 nm) than the bulk, as a result
f the severe plastic deformation. This layer extends to approximately
00 nm below the sample surface. Furthermore, the austenite fraction
n this layer is very high, in the range 15–50%, accompanied by almost
omplete dissolution of the hardening 𝜂-Ni 3 Ti precipitates. These two
eatures are compatible with a thermally-induced formation of austen-
te and precipitate dissolution, and a high fraction of retained austenite
ue to the nano crystalline grain size and possibly a carbon enrichment
ue to transfer from the cutting tool. 

Shot peening results in the decrease of retained austenite content
n a depth of about 100 μm, by a strain or stress-induced transforma-
ion of austenite. This effect does not seem to interact with the effect
f grinding. This multi-scale complexity of sub-surface microstructure
nd associated mechanical behaviour will have to be considered when
valuating the material’s mechanical behaviour. 
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Figs. A1 and A2 

Fig. A1. Distribution of the main solutes in an atom 

ig. A2. Additional phase maps of the near-surface microstructure of the
round sample, showing in red the BCC phase and in green the FCC phase.
hese additional maps illustrate that the austenite fraction in the sub-surface
egion shows large local fluctuations. 
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